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For over 35 years, biological scientists have come to rely on the research protocols and
methodologies in the critically acclaimed Methods in Molecular Biology series. The series was
the first to introduce the step-by-step protocols approach that has become the standard in all
biomedical protocol publishing. Each protocol is provided in readily-reproducible step-by-
step fashion, opening with an introductory overview, a list of the materials and reagents
needed to complete the experiment, and followed by a detailed procedure that is supported
with a helpful notes section offering tips and tricks of the trade as well as troubleshooting
advice. These hallmark features were introduced by series editor Dr. John Walker and
constitute the key ingredient in each and every volume of the Methods in Molecular Biology
series. Tested and trusted, comprehensive and reliable, all protocols from the series are
indexed in PubMed.
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Preface

This is the Third Edition of Biosensors and Biodetection: Methods and Protocols published in
the Springer Protocols Methods in Molecular Biology series. Biosensing, bioengineering,
and biomedical technologies are discussed from an experimental point of view alongside
detailed protocols useful in developing similar devices. While the first (volumes 503-504)
and second (volumes 1571-1572) editions of the Methods in Molecular Biology series
focused on biosensor technologies, in this edition we expanded the scope of subjects to
include non-sensor biomedical technologies.

This edition complements and broadens the previous editions by presenting new
technologies not included in previous editions which are still relevant today. For example,
the Kretschmann configuration for surface plasmon resonance (SPR) or the fabrication of
various electrochemical electrodes is well described in the previous editions, and we refer the
reader to the previous editions.

The third edition includes two volumes:

Volume 1 Biosensors and Imaging Technologies provides experimental protocols on biosen-
sors and medical imaging technologies such as tomography, MRI, and NMR.

Volume 2 Biomedical Technologies is tfocused on biomedical technologies including molecu-
lar and cellular analytical methods, experimental new drug delivery approaches, guided
surgery, implants, and tissue engineering.

Biosensor and Biodetection Technologies

A biosensor is defined by the International Union of Pure and Applied Chemistry (IUPAC)
as “A device that uses specific biochemical veactions mediated by isolated enzymes, immunosys-
tems, tissues, organelles or whole cells to detect chemical compounds usually by electrical, thermal
or optical signals” [1]. All biosensors are based on a two-component system:

1. Biological recognition element(s) (ligands) such as an enzyme, antibody, DNA, or cell
that facilitates a specific binding or biochemical reaction with the target analyte. The
ligand determines the specificity of the biosensor.

2. Signal conversion unit (transducer) which converts ligand binding into a measurable
signal (e.g., electrical, optical, piezoelectric).

Dr. Leland C. Clark pioneered research on biosensors in the early 1960s and developed
the “enzyme electrode” concept for glucose concentration measurement using the enzyme
Glucose Oxidase (GOD) [2], thereby incorporating both ligand and transducer. Glucose
monitoring is essential for diabetes patients. Even today the most common clinical biosensor
technology for glucose analysis is the electrochemical detection method envisioned by Clark
more than sixty years ago. Current glucose monitoring is performed using rapid point of
care biosensors made possible through advances in electronics that have enabled sensor
miniaturization and simple, rapid, and accurate analysis.

Vii
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Biosensing Modalities

1. Direct (label-free) recognition semsors in which the biological interaction is directly
measured by the transducer (e.g., change of refraction index) without any enzymatic
or biochemical assay.

2. Indivect detection semsors which rely on labeling utilizing secondary elements. The most
commonly used secondary elements are enzymes (usually catalytic) and fluorescent tags.

Ligands for Biosensors

Ligands are molecules that bind specifically with the target molecule to be detected. The
most important properties of ligands are affinity and specificity. Of the various types of
ligands used in biosensors, immunosensors—particularly antibodies—are the most common
biosensor recognition element. Antibodies (Abs) are highly specific and versatile and bind
strongly and stably to specific antigens. However, Ab ligands have limited long-term stability
and are difficult to produce in large quantities for multi-target biosensor applications where
many ligands are needed.

Other types of ligands such as aptamers and peptides are more suited to high-
throughput screening and chemical synthesis. Aptamers are protein-binding nucleic acids
(DNA or RNA) selected from random pools based on their ability to bind other molecules
with high affinity. Peptides are another potentially important class of ligand suitable for
high-throughput screening due to their ease of selection. However, the atfinity of peptides is
often lower than that of antibodies or aptamers, and peptides vary widely in structural
stability and thermal sensitivity.

Volume 1 focused mainly on biosensor or imaging device transducers and applications.
It includes four technologies (1) Optical Sensors, (2) Electrochemical Sensors, (3) Quartz
Crystal Microbalance Sensors, and (4) Monitoring and Imaging Technologies. While the
chapters address biological questions, the focus of this volume is the detection and analytical
technologies used to answer the question.

1. Optical-based detection is very versatile and encompasses a broad array of technologies
including direct, label-free, and indirect methods as discussed above. The most notable
label-free modality is probably surface plasmon resonance (SPR), which enables real-
time, label-free, and noninvasive detection. While in the previous edition we described
SPR devices based on the Kretschmann prism configuration or Grating-coupled SPR
sensors, in this edition we present localized surface plasmon resonance (LSPR) asso-
ciated with metal nanostructures. Other optical label-free technologies described in
Volume 1 include photonic crystals and waveguide interferometers. Fluorescence is the
most widely used modality for indirect optical detection, especially for detection of
multiple analytes using a wide array of fluorophores. These fluorophores could be
coupled with numerous detection modalities including smart phones which enable
point of care analysis. This edition provides protocols for several optical analytical
modalities not addressed in the previous edition including spectrometry and
spectroscopy.

2. Electrochemical biosensors are probably the most widely used biosensors for clinical
applications due to their use for glucose monitoring by diabetes patients. Commercial
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electrochemical biosensor devices are relatively low cost and widely available. The
devices can be adapted for other applications by using assays generating glucose, such
as the DNA-invertase assay, which catalyze the hydrolysis of sucrose into glucose which
then can be measured by electrochemical glucose monitors. The chapters in this part
provide protocols on diverse electrochemical biosensors including DNA generated
electric current biosensor, on-chip impedimetric monitoring of bacterial viability and
electrochemical aptamer-based sensors for molecular monitoring in situ in the living
body, and other technologies.

3. Ounartz crystal microbalance (QCM) encompasses a piezoelectric class of direct detec-
tion biosensors which are not widely used, probably because of their relative complexity.
However, the technology has become more accessible in recent years. QCMs are very
sensitive and work by measuring changes in frequency of a quartz crystal resonator
produced by mass variations of bound analytes. The chapters in this part describe
analysis of cancer cell detection and in vitro metabolic flux in living cells.

4. Monitoring and imaging technologies provides experimental protocols for several imag-
ing modalities including MRI, NMR, tomography, and ultrasound imaging. These
protocols address various aspects of imaging including imaging agents, computation
(machine learning; and mixed models), and several tomography modalities including
electrical impedance and bioluminescence tomography and protocols on magnetic
resonance fingerprinting. Also discussed is an important imaging technology based on
ultrasonic devices; this includes a wearable ultrasound sensor for monitoring respiratory
behavior, a minimally invasive ultrasonic transducer for studying neuromodulation, and
an acoustic angiography device which provides high-resolution, three-dimensional
maps of microvasculature.

While recognizing the impossibility of describing the fast-moving field of biosensing in a
single publication, this book presents descriptions of experimental methods for the basic
types of biodetection technologies, including optical and electrochemical biosensors and
imaging technologies. We hope to provide the reader a sense of the enormous importance
and potential for these devices.

This book describes the basic types, designs, and applications of biosensors and imaging
technologies from an experimental point of view. We have assembled manuscripts represent-
ing the major technologies in the field and have included enough technical information so
that the reader can both understand the technology and carry out the experiments
described.

The target audience for this book includes medical, engineering, and biomedical
researchers who are developing biomedical technologies. Other target groups are biologists
and clinicians who ultimately benefit from development and application of the technologies.

In addition to research scientists, the book may also be useful as a teaching tool for
bioengineering, biomedical engineering, and biology faculty and students. To better repre-
sent the field, most topics are described in more than one chapter. The purpose of this
redundancy is to bring several experimental approaches to each topic, to enable the reader to
choose an appropriate design, to combine elements from different designs in order to better
standardize methodologies, and to provide readers more detailed protocols.

Bethesda, MD, USA Miguel R. Ossandon
Rockville, MD, USA Houston Baker
Rockville, MD, USA Avrabam Rasooly
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A Compact Surface Plasmon Resonance Biosensor
for Sensitive Detection of Exosomal Proteins
for Cancer Diagnosis

Yun Wu, Xie Zeng, and Qiaogiang Gan

Abstract

Exosomes are nanosized (50-150 nm) extracellular vesicles released by all types of cells in the body. They
transport various biological molecules, such as DNAs, RNAs, proteins, and lipids from parent cells to
recipient cells for intercellular communication. Exosomes, especially those from tumor cells, are actively
involved in caner development, metastasis, and drug resistance. Recently, many studies have shown that
exosomal proteins are promising biomarkers for cancer screening, early detection and prognosis. Among
many detection techniques, surface plasmon resonance (SPR) is a highly sensitive, label-free, and real-time
optical detection method. Commercial prism-based wavelength/angular-modulated SPR sensors afford
high sensitivity and resolution, but their large footprint and high cost limit their adaptability for clinical
settings. We have developed an intensity-modulated, compact SPR biosensor (25 cm x 10 cm x 25 cm) for
the detection of exosomal proteins. We have demonstrated the potential application of the compact SPR
biosensor in lung cancer diagnosis using exosomal epidermal growth factor receptor (EGFR) and pro-
grammed death-ligand 1 (PD-L1) as biomarkers. The compact SPR biosensor offers sensitive, simple, fast,
user-friendly, and cost-effective detection of exosomal proteins, which may serve as an in vitro diagnostic
test for cancer.

Key words Surface plasmon resonance, Biosensor, Exosome, EGFR, PD-L1, In vitro diagnostics,
Cancer diagnosis

1 Introduction

Exosomes are cell secreted small (30-150 nm) extracellular vesicles
[1-3]. They transport various cargos, such as DNAs, RNAs, pro-
teins, and lipids, from parent cells to recipient cells for cell-cell
communication [1-3]. Exosomes play important roles in cancer
initiation, progression, metastasis and drug resistance, and thus
have become promising cancer biomarkers [4, 5]. Recent studies
have shown that exosomal proteins are promising biomarkers for
cancer screening, early detection, and prognosis. For example,
exosomal glypican-1 expression distinguished early- and late-stage
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pancreatic cancer patients from healthy controls and patients with
benign pancreatic diseases with very high sensitivity and specificity
[6]. The levels of exosomal PD-L1 differentiated responders from
nonresponders to anti-PD-1 immunotherapy [7].

The expression of exosomal proteins can be measured by many
methods, such as western blot, enzyme-linked immunosorbent
assay (ELISA), flow cytometry, surface plasmon resonance (SPR),
and liquid chromatography—mass spectrometry (LC-MS). Among
them, SPR is a highly sensitive, label-free, and real-time optical
detection method based on an attenuated total reflection (ATR)
geometry. As shown in Fig. 1, a thin layer of metal film (e.g., a
50-nm-thick Au film) is deposited on top of the prism surface. A
laser beam is employed to illuminate the glass/metal surface. At a
specific incident angle, that is, resonance angle, nearly all light
tunnels through the thin metal film and is coupled to surface
plasmon (SP) modes propagating along the upper metal surface,
leading to a sharp resonance dip in the reflectivity curve (Fig. 1b).
This dip is extremely sensitive to the surface refractive index change
induced by the absorption of biomolecules, which underlies the
principle to use SPR technique to monitor biomolecular interac-
tions on the metal surface [8, 9]. As shown in Fig. 1b, the most

a b

* T e T © z
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| Surface plasmon polariton wave =
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Fig. 1 Sensing mechanism of SPR. A thin layer of metal film is deposited on the prism surface. When a laser
beam is shed on the glass/metal surface at a specific incident angle, that is, resonance angle, nearly all light
tunnels through the thin metal film and is coupled to surface plasmon (SP) modes propagating along the upper
metal surface, leading to a sharp resonance dip in the reflectivity curve. The absorption of biomolecules on the
surface changes local refractive index, affects the optical properties of SP modes and results in the change of
coupling wavelength, resonance angle, or intensity of reflected light, which are the three widely used sensor
outputs for the detection of biomolecules
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frequently used SPR sensor outputs are resonance angle, coupling
wavelength and intensity of reflected light.

Commercial SPR instruments, such as Biacore 2000 SPR
instrument and Biacore 3000 SPR instrument (GE healthcare),
have been used to measure the levels of several exosomal proteins,
including CD63 and CD9, CD24, CD44, EpCAM, and HER2 for
cancer diagnosis [10, 11]. These prism-based SPR instruments
typically use wavelength and angular modulation and provide
high detection sensitivity (~0.3 pg/mm?), however, their large
footprint, the need of a bulky coupling prism and high cost limit
their applications in clinical settings [12]. To overcome these chal-
lenges, miniaturized versions of prism-based SPR sensors have been
developed as compact and low-cost devices to enable sensitive,
simple and fast measurements of various biomolecules
[13, 14]. For example, the first portable SPR system, Spreeta™
2000, was developed by Texas Instrument in 1999-2000
[15, 16]. Recently, several portable, prism-based SPR biosensors
have been developed to detect antibodies [17, 18], pathogens [19],
and bacteria [20]; however, their applications in the detection of
exosomal proteins for cancer diagnosis have not yet been explored.

We have developed an intensity-modulated, compact SPR bio-
sensor with dimensions as small as 25 cm x 10 cm x 25 cm [21]. As
shown in Fig. 2, the compact SPR biosensor consists of a continu-
ous wave solid state laser at 785 nm, an optical splitter, a prism, a
small rotation stage, a mirror, and two photodetectors. The input
laser beam is split into two beams by an optical splitter, that is, a
sensing beam (50% laser energy) and a reference beam (50% laser
energy). The sensing beam goes through the prism and reaches the
gold-coated biochip sitting on the small rotation stage. By adjust-
ing the angle of the stage, the SP mode is launched at the gold
surface, which interacts with biomolecules bound on the surface.
The binding of exosomal proteins to antibodies changes local
refractive index, affects the optical properties of the SP modes,
changes the intensity of the reflected laser beam, and thus permits
optical detection of exosomal proteins (Fig. 2¢). The intensity of
reference beam is used to normalize the reflection intensity signals.
The normalized intensity (i.e., reflection intensity /reference inten-
sity x 100%) is reported as SPR signals.

To measure the expression of exosomal proteins by compact
SPR biosensor, deionized (DI) water is first applied to the biochip
to set the SPR angle and collect the baseline intensity signals
(Lyater)- Then DI water is replaced with PBS, and the intensity
signals of PBS (Ipgs) are recorded. Exosomes are then added after
removing PBS, and incubated on the biochip at room temperature
to allow the capture of exosomes by antibodies. Finally, the biochip
is washed with PBS three times to remove unbounded exosomes,
and the intensity signals of captured exosomes (lexosome) are
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Fig. 2 Overview of compact SPR biosensor. (a) Schematic diagram and (b) photos of compact SPR biosensor
and the biochip. (¢) Schematic diagram of exosomal protein detection via compact SPR biosensor. (Repro-
duced from Liu et al. [21] with permission from ACS Publications)
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recorded. The expression of exosomal protein (E) is calculated
using the following equation:

chosomc — IPBS
E=—"r_——— 1
IPBS - Iwater ( )

In this chapter, we introduce the procedure of setting up the

compact SPR biosensor and the protocol of using the compact SPR
biosensor to measure the expression exosomal proteins in human
serum samples for cancer diagnosis. Lung cancer is selected as the
disease model. Epidermal growth factor receptor (EGFR) and pro-
grammed death-ligand 1 (PD-L1) are selected as the biomarkers.

2 Materials

2.1 Optical
Components

of the Compact SPR
Biosensor

2.2 Materials
and Supplies

. A solid state laser at 785 nm (Coherent, Cat #: OBIS 785 LX,

100 mW).

2. A 50:50 beam splitter cube (Thorlabs, Cat #: BS017).

w

0 NN O\ Ul W~

N QN ULk N

. A right-angle prism dielectric mirror, 750-1100 nm,

L = 25.0 mm (Thorlabs, Cat #: MRA25-E03).

. A rotational stage (Newport, Cat #: 481-A).

. A prism (Thorlabs, Cat #: PS 911).

. A cage cube (Thorlabs, Cat #: CCM1-4ER).

. Two photodetectors (Thorlabs, Cat #: S121C).

. Analog handheld laser power meter console (Thorlabs, Cat #:

PM100A).

. Index-matching fluid (Thorlabs, Cat #: MOIL-30).

. Glass slides (Fisher Scientific, Waltham, MA) are cut into smal-

ler square pieces with length of 25 mm.

. Centrifuge tubes and microcentrifuge tubes (Fisher Scientific).
. Deionized water.

. Acetone (VWR, Radnor, PA).

. Isopropyl alcohol (Fisher Scientific).

. Nitrogen gas (Airgas Inc., Buffalo, NY).

. SYLGARD® 184 silicone elastomer kit (Dow Corning Corpo-

ration, Midland, MI) is used to prepare the polydimethylsilox-
ane (PDMS) sheet following the manufacturer’s protocol.
Briefly, the two components are mixed at 10:1 mass ratio.
The mixture is poured into a P150 petri dish to form a liquid
layer with thickness of 5 mm. The mixture is then degassed to
remove air bubbles, and cured at room temperature to form the
PDMS sheet.
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2.3 Equipment

11.

12.

13.

14.

15.

1e6.

17.

18.

. P150 petri dishes (Fisher Scientific).
. Biopunch tissue punches (Ted Pella Inc., Redding, CA).
10.

Phosphate buftfered saline (PBS, 1x, pH = 7.4) is prepared by
mixing 10x PBS butffer (Fisher Scientific, Cat #: BP3994) with
DI water at volume ratio of 1:9 and stored at room
temperature.

Methyl-polyethylene glycol-thiol (PEG200, MW =200 g/mol,
Thermo Fisher Scientific, Waltham, MA, Cat #: 26132) is
dissolved in 1 x PBS at the concentration of 10 mM and stored
in aliquots at —20 °C.

Biotinylated-polyethylene  glycol-thiol  (biotin-PEG1000,
MW = 1000 g/mol, Nanocs, New York, NY, Cat #:
PG2-BNTH-1K) is dissolved in 1x PBS at the concentration
of 10 mM and stored in aliquots at —20 °C.

The mixture of PEG200 and biotin-PEG1000 (molar ratio of
3:1, 10 mM) is prepared by mixing 3 parts of 10 mM PEG200
with 1 part of 10 mM biotin-PEG1000. The mixture is stored
in aliquots at —20 °C.

NeutrAvidin (Thermo Fisher Scientific, Cat #: 31000) is dis-
solved in DI water at the concentration of 50pg/mL and
stored in aliquots at —20 °C.

Biotinylated anti-EGFR antibodies (Abcam, Cambridge, MA,
clone number EGFRI1, 0.1 mg/mL) is diluted in 1x PBS to
working concentration of 50pg,/mL before use.

Biotinylated anti-PD-L1 antibodies (Thermo Fisher Scientific,
clone number MIH1, 0.5 mg/mL) is diluted in 1x PBS to
working concentration of 50pg,/mL before use.

De-identified human serum samples are obtained from Roswell
Park Comprehensive Cancer Center (Buftalo, NY).

Total exosome isolation reagent (from serum, Thermo Fisher
Scientific, Cat #: 4478360).

. Ultrasonic cleaner (Branson 2800, Branson Ultrasonics, Pen-

field, NY).

. AXXIS electron-beam evaporator (Kurt J. Lesker Company,

Jefferson Hills, PA).

. Eppendorf centrifuges (5804R and 5424R, Hauppauge, NY).
. PE-50 XL benchtop low pressure plasma system (Plasma Etch,

Inc., Carson City, Nevada).
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3 Methods

3.1 Setup

of the Compact
SPR Biosensor (See
Fig. 2a, b)

3.2 Preparation
of the SPR Biochip
(See Fig. 2c)

1. Install the laser and the heat sink on the optical table, and then
place the beam splitter cube at the laser output to split the light
into one sensing beam (yellow line in Fig. 2a, b) and one
reference beam (blue line in Fig. 2a, b).

2. Install the rotational stage, reflection mirror, and photodetec-
tor 2 in Fig. 2a, b on an optical breadboard, and then fix the
breadboard vertically on the optical table so that the reference
beam can be reflected into the photodetector 2 by the mirror.

3. Mount the prism into an empty cage cube which is fixed on the
rotational stage so that the prism can rotate together with the
stage.

4. Rotate the prism roughly to tune the incident angle of the laser
beam close to the SPR angle. Install photodetector 1 in Fig. 2a,
b on the optical table, and adjust its location and angle to
collect the reflected light from the prism.

5. Apply a drop of refractive-index matching fluid at the incoming
light spot on the prism, and place the biochip atop so that an
even thin layer of refractive-index matching fluid is sandwiched
between the prism and the biochip (see Note 1).

6. Use the micrometer of rotational stage to finely scan the inci-
dent angle while monitoring the reflected light intensity to
approach the minimum intensity position (i.e., the SPR reso-
nance condition).

7. The setup is ready to monitor biomolecular interactions on the
biochip surface by recording the intensity change of the
reflected light in real time.

To prepare the SPR biochip shown in Fig. 2¢, a glass slide is
thoroughly cleaned and then coated with a 49 nm Au thin film. A
PDMS sheet with a 6 mm hole is bound on the glass slide to serve as
the sample well.

1. The glass slide is immersed in 40 mL acetone in a 50 mL
centrifuge tube and cleaned with an ultrasonic cleaner for
10 min at room temperature. Then the glass slide is dried
with a nitrogen gas stream.

2. The glass slide is immersed in 40 mL isopropyl alcohol in a
50 mL centrifuge tube and cleaned with an ultrasonic cleaner
for 10 min at room temperature. Then the glass slide is dried
with a nitrogen gas stream.

3. The glass slide is immersed in 40 mL DI water in a 50 mL
centrifuge tube and cleaned with an ultrasonic cleaner for
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3.3 Surface
Modification
of the SPR Biochip

10 min at room temperature. Then the glass slide is dried with a
nitrogen gas stream.

4. A 2-nm Ti adhesion layer followed by a 49-nm Au thin film are
deposited on the sensing area of the glass slide by electron-
beam evaporation at the deposition rate of 1 A /s (see Note 2).

5. A square PDMS sheet with length of 20 mm and thickness of
5 mm is prepared. A hole of 6 mm is punched using a tissue
punch in the middle of the PDMS sheet to be used as the
sample well.

6. The PDMS sheet with the 6-mm hole and the gold-coated
glass slide are treated with oxygen plasma for 5 min. Then the
PDMS sheet is bound onto the glass surface by firm press. The
biochip is ready for use (see Note 3).

Antibodies against exosomal protein targets are conjugated on the
surface of the biochip through biotin—avidin interaction. The com-
pact SPR biosensor can be used to monitor the surface modification
process (Fig. 3).

1. The sample well of the biochip is cleaned by three times of
washing with DI water, 50pL DI water each time (see Note 4).

2. The mixture of PEG200 and biotin-PEG1000 (molar ratio of
3:1,10 mM in 1 x PBS, 50puL) is added to the sample well. The
biochip is incubated at room temperature for 1 h.

3. Unbound mixture of PEG200 and biotin-PEG1000 is
removed from the sample well by three times of 1x PBS
washing, 50pL 1x PBS each time.

4. NeutrAvidin (50pg/mL, 50pL) is added to the sample well.
The biochip is incubated at room temperature for 1 h.

250% Neutravidin washing-___ : washing
@ PEG sl
240% -  mixture | ot
T 30% PES 7 b antiEGFR
N PBS was. Ing antibody
E 20% - [ > |
H o
= 10% L
Uﬂ/n v " o . "
0 5000 10000 15000 20000
Time (s)

Fig. 3 Compact SPR biosensor monitors the biochip surface modification
process. A representative real-time SPR response upon the addition of PBS,
PEG mixture, NeutrAvidin, and anti-EGFR antibodies during the biochip surface
modification. (Reproduced from Liu et al. [21] with permission from ACS
Publications)
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3.4 Isolation

of Exosomes from
Human Serum
Samples

3.5 Detection

of Exosomal Proteins
Via the Compact SPR
Biosensor

5.

Unbound NeutrAvidin is removed from the sample well by
three times of 1 x PBS washing, 50pL 1 x PBS each time.

. Biotinylated antibodies, such as biotinylated anti-EGFR anti-

bodies or biotinylated anti-PD-L1 antibodies (50pg/mL,
50puL) are added to the sample well. The biochip is incubated
at room temperature for 1 h to conjugate antibodies on the
surface of the biochip through biotin—avidin interaction.

. Unbound antibodies are removed from the sample well by

three times of PBS washing, 50pL 1x PBS each time. The
surface modification of the biochip is completed (se¢ Note 5).

. Human serum samples are centrifuged at 10,000 x g4 for

30 min to remove debris. The supernatant is collected and
transferred to a new tube.

. To isolate exosomes from serum samples, 10pL total exosome

isolation reagent (from serum) is added to 50pL serum. The
mixture is incubated at 4 °C for 30 min and centrifuged at
10,000 x gtor 1 hat4 °C to pellet exosomes. The supernatant
is removed and the exosome pellet is resuspended in 50pL 1 x
PBS (see Note 6).

. The exosome solution is sonicated in the ultrasonic bath for

10 min at room temperature to better disperse exosomes in
PBS (see Note 7).

. The sample well of the biochip is rinsed with DI water for total

three times, 50pL DI water each time. Then 50pL fresh DI
water is added to the sample well.

. The laser is turned on and aligned to the center of the

sample well.

. The angle of the rotation stage is adjusted so that the intensity

of the reflected light reaches the lowest value. The intensity of
the reflected light (Lyacer) is recorded at room temperature for
15 min or till signal is stabilized.

. The DI water is removed. 50pL 1 x PBS is added to the sample

well. The intensity of the reflected light (Ipgs) is recorded at
room temperature for 15 min or till signal is stabilized.

. The 1x PBS is removed. 50pL exosomes are added to the

sample well. The intensity of the reflected light at room tem-
perature for 100 min or till signal is stabilized.

. The exosomes are removed by three times of 1 x PBS washing,

50pL 1x PBS each time (see Note 8).
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7. 50pL 1x PBS is added to the sample well. The intensity of the
reflected light (L.xosome) at room temperature for 15 min or till
signal is stabilized.

8. Representative real time SPR curves for the detection of exo-
somal EGFR and exosomal PD-L1 are shown in Fig. 4. The
expression of exosomal protein (E) is calculated using Eq. (1).

d
40% -
S ——— i
> — PBS washing
5 30% - f |
E \(‘H-\.
;E . Exosomes from Stage Il
£ 20% 1 NSCLC patient
=
E 10% | Water EGFR positive exosomes
=z
| — -
' ] PBS
0% . . .
0 5000 10000 15000
Time(s)
b
20% -
E _;4 PBS washing
e
= | Exosomes from Stage Ill|
E 10% - NSCLC patient serum '-.{___
E
E
S - PD-L1 positive exosomes
PBS
0% Water
0 T T 1
0 4000 8000 12000

Time(s)

Fig. 4 Compact SPR biosensor detects exosomal proteins in serum samples from
non—small cell lung cancer (NSCLC) patients. (a) A representative real-time
response curve of compact SPR biosensor detecting exosomal EGFR in
the serum sample from a stage Il lung cancer patient. (b) A representative
real-time response curve of compact SPR biosensor detecting exosomal PD-L1
in the serum sample from a stage Il lung cancer patient. (Reproduced from Liu
et al. [21] with permission from ACS Publications)
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. Carefully put the biochip on top of the prism and avoid any

bubble formation. A tape can then be used to secure the

. To ensure the tight binding of PDMS sheet on the glass slide to

prevent leakage in the following experiments, only selected area
of the glass slide is coated with gold for sensing. Other area
used for PDMS binding is better not to be coated with gold.

. A 50 g weight can be put on top of the PDMS sheet overnight

to help tightly bind the PDMS sheet on glass surface.

. Carefully remove liquid from the sample well. Do not scratch

. The biochip can be stored at 4 °C for up to 7 days.

6. The exosome pellet may not be visible. Remove supernatant

carefully from the opposite side of the microcentrifuge tube to

. To better disperse exosomes in PBS, exosomes can be passed

through a 27G needle several times. The dispersion, size, and
number concentration of exosomes can be characterized by
nanoparticle tracking analysis (NanoSight, Malvern Panalytical

. The SPR signals after each PBS wash can be recorded to moni-

tor the washing process as shown in Figs. 3 and 4.

4 Notes
biochip on the prism.
the surface of the biochip.
avoid disturbing the exosome pellet.
Inc., Westborough, MA).
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Electrochemistry Coupling Localized Surface Plasmon
Resonance for Biochemical Detection

Zetao Chen, Yanli Lu, Qingging Zhang, Diming Zhang, Shuang Li,
and Qingjun Liu

Abstract

Localized surface plasmon resonance (LSPR) associated with metal nanostructures has developed into
highly useful sensor techniques. LSPR spectroscopy often shows absorption peaks which could be used for
biomedical detection. Here we report nanoplasmonic sensors using LSPR on nanostructures such as
nanoparticles, nanocups, and nanocones to recognize biomolecular. These sensors can be modified for
quantitative detection of explosives and evaluation of enzymatic activity. Electrochemical LSPR sensors can
also be designed by coupling electrochemistry and LSPR spectroscopy measurements for biochemical
detection. Multiple sensing information can be obtained and electrochemical LSPR property can be
investigated for biosensors. In some applications, the electrochemical LSPR biosensor can be used to
quantify heavy metal ions, neurotransmitters, and sialic acid. The biosensors exhibit better performance
than those of conventional optical LSPR measurements. With multitransducers, the nanoplasmonic bio-
sensor can provide a promising approach for biochemical detection in environmental monitoring, health-
care diagnostics, and food quality control.

Key words Localized surface plasmon resonance (LSPR), Nanostructure, Two-dimensional material,
Electrochemistry, Biochemical detection

1 Introduction

Optical detection is particularly a promising method because it
allows for remote transduction without any physical connection
between excitation sources and detecting elements. In recent
years, several nanostructured sensors such as photonic crystal, whis-
pering gallery mode (WGM), and surface plasmon resonance (SPR)
are increasingly being employed by optical spectroscopy for
bio-molecular detection [ 1-3]. These sensors can respond to target
molecules at low concentrations by observing shifts in resonance
wavelength before and after conjugation of biomolecules to the
sensor surfaces. A common drawback, however, is that optical
biosensors, such as SPR and WGM, often required a complex
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Light

Electrical field

Fig. 1 Schematic of localized surface plasmon resonance (LSPR), where the free conduction electrons in the
metal sphere are driven into oscillation due to coupling with incident light

system. There is a need to fabricate devices that ensure precise
alignment of light coupling to biodetection volume and generate
the desired optical phenomena.

Metal nanostructures have recently been reported to modulate
localized surface plasmon resonance (LSPR) spectroscopy for prob-
ing biomolecular interactions [4-6]. LSPR is often induced by
incident light when it interacts with noble metal nanostructures,
such as gold nanoparticles (AuNPs), that have smaller sizes than the
wavelength of the incident light (Fig. 1). The light can be coupled
in direct perpendicular transmission between incident light and
spectrometer to obtain LSPR wavelength shifts without complex
optical coupling [7-9]. Thus, it can be measured by a robust optical
sensing platform minimizing the alignment requirement. For the
enhancement of optoelectronic properties of metal nanoparticle,
two-dimensional (2D) materials such as graphene oxide (GO) and
molybdenum disulfide (MoS,) are ideal building blocks because of
their large specific surface area and rich binding sites
[10, 11]. Besides, GO functionalized nanoparticles can exhibit
unique physical and chemical properties such as ultrasensitive fea-
tures and excellent catalytic properties [12, 13]. When combining
the AuNPs with MoS, sheets, the plasmonic-electrical effect,
including the plasmon-induced “hot electrons,” could play a sig-
nificant role in enhancing optical properties of optic devices
[14]. Therefore, the nanocomposites of noble metal particles and
2D materials could take advantages of each nanomaterial to present
outstanding optical properties for biochemical detection.

Other detection techniques such as electrochemistry can also
be combined with LSPR spectroscopy while providing unique
advantages in sensitivity and selectivity. To generate stable LSPR
spectroscopy with the coupling of electrochemical, nanochips such
as nanocups and nanocones were fabricated by scanning beam
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lithographies, such as electron beam lithography (EBL) and
focused ion beam (FIB) lithography [15, 16]. Multiple sensing
information can be obtained and electrochemical LSPR property
can be investigated for the electrochemical LSPR biosensors which
was designed by coupling electrochemistry and LSPR spectroscopy
measurements. In some applications, the electrochemical LSPR
biosensor can be used to quantify heavy metal ion, neurotransmit-
ters and sialic acid. The biosensors exhibit better performance than
those of conventional optical LSPR measurements. For instance,
voltammetry can be used to modulate electrochemical reactions on
nanostructures and provide additional selectivity to LSPR monitor-
ing of small molecule interactions [17].

Nanoimprint lithography is a method of fabricating nanometer
scale patterns, and offers advantages including low cost, high
throughput, and high resolution. It often creates nanostructure
patterns by molding and curing of monomer or polymer resist on
nanostructured template, while adhesion between the resist and the
template is controlled to allow proper release. Nanoimprint lithog-
raphy is currently used to fabricate devices for electrical, optical,
photonic and biological applications [18, 19]. In our work, nano-
composites of 2D materials and AuNPs were synthesized and
nanostructures such as nanocup and nanocone were fabricated for
biosensor applications [20-24]. The nanocomposites of AuNPs
and 2D materials such as graphene oxide (GO) and MoS, can be
synthesized for the detection of explosives and evaluation of enzy-
matic activity. Nanoplasmonic biosensors coupling with electro-
chemical technique using nanocups or nanocones can be
employed to quantify heavy metal ions, neurotransmitters, and
sialic acid.

2 Materials

2.1 Optical and
Electrochemical
Measurement System

1. Halogen cold light source (DT-MINI-2, Ocean Optics Inc.,
Dunedin, Florida, USA).

2. Spectrophotometer (USB2000+, Ocean Optics Inc., Dunedin,
Florida, USA).

3. Three fiber bundles (QP230-0.25-XSR, Ocean Optics Inc.,
Dunedin, Florida, USA).

4. Optical fiber attenuator (FVA-ADP-UV, Ocean Optics Inc.,
Dunedin, Florida, USA).

5. Collimating lens (F230APC-633, Thorlabs Inc., Newton, New
Jersey, USA).

6. Absorb sample pool (SPL-CUV-ABS, Pulei Inc., Hangzhou,
China).
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10.

p—

2.2 Acquisition and
Immobilization of
Sensitive Materials

W N

. Multimode microplate reader (SpectraMax Paradigm, Molecu-

lar Devices Co., USA).

. Electrochemical workstation (CHI 660E, CH Instruments,

Texas, USA).

. Ag/AgCl reference electrode (CHI 111, CH Instruments,

Texas, USA).

Pt counter electrode (CHI 102, CH Instruments, Texas,
USA).

. Phosphate buffer saline (PBS) (se¢ Note 1).
. Mercaptophenyl boronic acid (MPBA).
. Octapeptides (Cys-Leu-Val-Pro-Arg-Gly-Ser-Cys,

CLVPRGSC) (see Note 2).

4. Tetrapeptides (Cys-Arg-Gly-Cys, CRGC) (see Note 2).

—

2.3 Fabrication of
Nanocup and
Nanocone Devices 3

. TNT-specific peptides (WHWQRPLMPVSIC) (see Note 1).

. UV light-curing flood lamp system (EC-Series, Dymax, USA).
2. E-beam evaporation system (FC/BJD2000, Temescal, USA).
. Scanning electron microscope (SEM, XL30-ESEM, Philips,

Netherland).

4. Centrifuge (TGL-16, Cence, China).

Nanocone quartz template fabricated by e-beam lithography.

6. UV curable polymer (NIL-UV-Si, GuangDuo Nano Ltd., Suz-

10.
11.
12.
13.
14.

15.

16.

17.
18.

hou, China).

Dimethyl dichlorosilane (CP, Aladdin, Shanghai, China).
Titanium (>99.99%, Sigma-Aldrich, USA).

Gold (99.99%, Sigma-Aldrich, USA).

(Poly)ethylene terephthalate (PET) substrate.

Teflon roller.

Transparent epoxy resin adhesive.

Graphite (>99.95%, Aladdin, Shanghai, China).

Chloroauric acid (HAuCly, >99.9%, Aladdin, Shanghai,
China).

Trisodium citrate (NazCsHs07, >98%, Aladdin, Shanghai,
China).

Molybdenum disulfide (MoS,, diameter 0.1-4 pm, Aladdin,
Shanghai, China).

Sodium hydroxide (NaOH, >96%, Aladdin, Shanghai, China).
K4[Fe(CN)s]/K;[Fe(CN)s] (AR, Aladdin, Shanghai, China).
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2.4 Reagents for 1. Thrombin (human, Sigma-Aldrich, USA).
Biochemical Detection 2. Human serum albumin (HAS, Sigma-Aldrich, USA).
3. Insulin (porcine, Sigma-Aldrich, USA).
4. 2,4,6-trinitrotoluene (TNT).
5. Dopamine hydrochloride solution (Sigma-Aldrich, USA).
6. Serotonin (AR, Aladdin, Shanghai, China).
7. Sialic acid (Sigma-Aldrich, USA).
3 Methods
3.1 Preparation of AuNPs can be synthesized by sodium citrate reduction method and
Biosensors used for the optical LSPR detection [25]. Nanocomposites of

AuNPs and 2D materials can be prepared for use in LSPR spectros-
copy for monitoring the binding events occurring on the surface of
o ) composites. The synthesis process of graphene oxide (GO) and
Specific Peptides AuNPs is showed in Fig. 2a.

3.1.1  Construction of
Nanocomposites with

1. Through the chemical oxidation and exfoliation of the graphite
powder, the graphene oxide (GO) flakes are obtained.

A Chloroauric acid (HAuCl,) Octapeptides
o Cys (Q Arg
oy
) Leu O Gly
Q Vval Ser

Pro

uj\j
W \‘l’\é

—
Synthesis

s J AuNPs

Fig. 2 The synthesis of nanocomposites and the immobilization of sensitive peptides. (a) Synthesis process of
AuNPs@GO and the self-assembly immobilization process of octapeptides on the nanocomposites. (b) The
synthesis process of AUNPs@MoS, and the immobilization process of TNT-specific peptides on AuNPs@MoS,
through Au-S covalent bonds
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2. 1.225 mL of 1% chloroauric acid (HAuCly) is mixed with 3 mL

well-dispersed GO solution (~0.5 mg/mL) and 150 mL deio-
nized water.

. After standing in the dark for 30 min, the mixture is heated to

80 °C with continuously stirring, and then 2.1 mL of 1%
trisodium citrate (NazCsHsO7) is added for the reduction of
HAuCly to AuNPs (~37.8 nm in diameter).

. The heating is kept at 80 °C for 1 h, while the stir is lasted for

75 min. With further centrifugation at 350 x g for 10 min, the
nanocomposites (AuNPs@GO) are finally obtained.

. Specifically designed octapeptides (Cys-Leu-Val-Pro-Arg-Gly-

Ser-Cys, CLVPRGSC) and tetrapeptides (Cys-Arg-Gly-Cys,
CRGC) are synthesized by solid-phase peptide synthesis
(SPPS) [26, 27], which the octapeptides are synthesized as
the optimal cleavage site and the tetrapeptides are synthesized
as the ecasiest design of the compared peptide sequence. These
two kinds of peptides are immobilized on the nanocomposites

through Au-S bond.
To chemically combine MoS, and AuNPs, the synthesis is

carried out by one-step conjugation in aqueous solvents without
any reducing reagent, as showed in Fig. 2b.

1. 60 mL aqueous dispersion of MoS, (0.1 mg/mL, synthesized

by intercalation-exfoliation) is sonicated for 2 h, then is added
into a 100 mL Erlenmeyer flask. While the MoS, aqueous
dispersion is under vigorous stirring, HAuCly is added to it
until the concentration of HAuCl, became 0.01%.

2. After stirring for 10 min at room temperature (~22 °C), the

reaction mixture is heated to 60 °C for 5 min. Finally, the
nanocomposites of MoS, with AuNPs (AuNPs@MoS,) are
purified by centrifugation (1600 x g for 30 min at 4 °C) and
stored at 4 °C in an opaque glass container for the sensing
studies.

. The TNT-specific peptide chain ( WHWQRPLMPVSIC) is

synthesized with solid-phase peptide synthesis (SPPS) by step-
wise addition of protected amino acids to growing peptide
chains, which could be synthesized commercially. Then the
peptides are dissolved in PBS (0.1 M, pH 7.2) at 1 mg/mL
for composites biofunctionalization.

. For assembling the nanocomposites with peptides, 10 mL

freshly prepared AuNPs@MoS, solution is adjusted to pH 8.0
with sodium hydroxide (NaOH), then 100 pLL TNT-specific
peptides (1 mg/mL) is added. The mixture is preserved at 4 °C
in the dark for 12 h for assembling the peptides with AuNDPs
through Au-S covalent bonds.



A Teflon
roller

l

UV curing

Electrochemistry Coupling Localized Surface Plasmon Resonance for. .. 21
E-Beam E-Beam
'UV A Lithography Lithography
polymer
-— — ——
AuNPs
Template l AgNPs
PET substrate
UV curable polymer
|
e @ MPBA
deposition C o e ©
—_— —

Fig. 3 The fabrication process of nanochips. (a) Flowchart for nanocup-based nanochip fabrication by
nanoimprint lithography. (b) Fabrication and functionalization process of the nanocone-based nanochip

3.1.2 Fabrication of LSPR

Nanochips

The nanochips consist of nanocup or nanocone devices and sensi-

tive material such as MPBA. The nanocups and nanocones can be
fabricated for use in LSPR spectroscopy for biochemical detection
[28, 29]. The nanostructures are imprinted by nanocone template
made on quartz substrate and deposited with AuNDPs by following

steps, as showed in Fig. 3a.

1. A master nanocone array (nanocone height is 500 nm, and

pitch 350 nm, periodicity 350 nm) is fabricated on glass sub-
strates using the laser interference lithography patterning and
reaction ion etching technique. It is passivated with dimethyl
dichlorosilane solution for 30 min and then rinsed three times
with ethanol and deionized water. This promotes the forma-
tion of a hydrophobic silane layer on the template, which in
turn promotes removal of cured polymer replica with nanocup
structures.

. The two-dimensional square lattice is transferred to a flexible

and optically transparent polydimethylsiloxane (PDMS) film
using nanoreplica molding process. 5 pL. of UV-curable poly-
mer (NOA-61) is evenly spread on the top of the nanocone
master through a Teflon roller and a PET sheet of 250 mm
thick is carefully put on top of the polymer, to avoid the bubble
formation and to act as a substrate.

. To obtain the nanocup array structure, a UV light-curing flood

lamp system is used at average power density of 105 mW cm 2

to solidify the UV polymer on the template and PET interface.
The polymer is cured by UV light for 60 s at room temperature.

. To deposit AuNPs, 5 nm thick Titanium is deposited first and

used as adhesive layer. Then, AuNPs are deposited on sidewalls
and bottom of nanocups. The depositions are both performed
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3.2 Nanocomposites
for LSPR Spectroscopy
Detection

3.2.1 AuNPs@GO as
Substrates for Thrombin
Detection

with a six pocket e-beam evaporation system. The diameter of
nanoparticles is about 20 nm.

Finally, the structure of the nanocup arrays with nanoparticles
on sidewalls is successfully fabricated. The left inset of Fig. 3a shows
a scanning electron microscope image of the nanocup arrays.

The nanocone arrays are fabricated by nanoreplica molding
technique and modified with nanoparticles where the top and side
of the walls are closely packed with AuNDPs and silver nanoparticles
(AgNDs), as showed in Fig. 3b.

1. The original nanocone array on the flexible (poly)ethylene
terephthalate (PET) substrate is fabricated by laser interference
lithography and reaction ion etching techniques. A 4-in. silicon
oxide with the thickness of 100 nm is sputtered on the nano-
cone array using K-J-Lesker-PVD-75 system to make the sur-
face hydrophilic.

2. AuNPs are deposited onto the nanocone array by electron
beam evaporation with a sixpocket system (FC/BJD-2000,
Temescal Inc., USA). AgNDPs are deposited by electrochemical
reduction. The mercaptophenyl boronic acid (MPBA) is
immobilized firmly on the nanochip by the metal-S bond for
sensitive sialic acid sensing. The right inset of Fig. 3a shows a
scanning electron microscope image of the nanocone arrays.

As the resonant absorption of nanocomposites is adjustable via the
surface refractive index, the change of the particle surface could
reflect in the shifts of absorption peaks. Due to the thrombin could
cleave Arg-Gly sites on peptides, it could divide the octapeptides
into two sections and lead to the redispersion of nanocomposite
molecules from aggregation status induced by the octapeptides
(Fig. 4a). The detection of thrombin demonstrated the evaluation
of enzymatic activity. Based on this, the thrombin could be detected
through the following steps [21].

1. In the presence of sodium citrate, AuNPs (~37.8 nm in diame-
ter) could be reduced from chloroauric acid, and nucleate grow
on the GO nanosheets due to electrostatic interactions
between particles and oxygen groups (Fig. 4b).

2. 3 mL AuNPs@GO is mixed with 150 pL octapeptides at
1.2 mM and oscillated at 300 x g for 1 min. Then, 150 pL
thrombin solutions at different concentrations (1 fM to
10 pM) are added respectively into the mixed solutions and
oscillated at 300 x g for another 1 min and incubated for
10 min before dose-dependence measurements, with PBS
applied as control.

3. Mixtures are immediately placed into the quartz cuvette for
absorption spectroscopic measurement (Fig. 4c¢). It could be
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seen that with thrombin dose increasing, the responding spec-
tra demonstrated an increase of the absorption peak at
~528 nm, while a decreasing absorbance could also be seen
at wavelength larger than 600 nm.

4. This absorbance ratio could be employed for quantitative anal-
ysis. As shown in Fig. 4d, the absorption ratio values (Abss,g/
Absggg) exhibited a good linear relationship with the logarithm
of thrombin doses.

5. To evaluate the specificity of the biosensor, human serum
albumin (HSA) and insulin (porcine) are chosen for the com-
parison with thrombin detection. HSA is a serum albumin
protein composed of several hundreds of amino acids like
thrombin, which is the major component of blood. The insulin
is an important protein hormone with only 51 amino acids,
which regulates the sugar level in the blood. All of them are
essential proteins in the blood.
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3.2.2 AuNPs@MoS. as
Substrates for Explosive
Detection

Based on the nanocomposites of 2D MoS, and AuNPs which are
synthesized by a one-step green process, a biosensor is constructed
for explosive detection [20]. The AuNPs@MoS, is used as sensor
substrate and TNT-specific peptides are employed as biosensitive
components for the detection of explosives. When exposed to
2.4 ,6-trinitrotoluene (TNT), the biosensor showed significant
absorption peak changes in visible spectra with a concentration-
dependent behavior. The charge-transfer interactions happened
between the peptides and explosive molecules, which could invoke
optical absorption changes (Fig. 5a). Based on this, the TNT could
be detected by the following steps.

1. Firstly, TNT is diluted into nine different concentrations
2 x 107, 4 x 1077, 1 x 1075, 2 x 107% 4 x 107,
1x107°2x%x107°4x107° 1 x 107* M) with anhydrous
methanol (Fig. 5b). Then 20 pL different concentrations of
TNT are added to the peptide-functionalized AuNPs@MoS,
(200 pL) respectively. Anhydrous methanol (20 pL) is also
added to the peptide-functionalized AuNPs@MoS, as the con-
trol trial.

2. To confirm the function of TNT-specific peptides, AuNPs@-
MoS, without being functionalized are used to detect TNT
solutions (4 x 1077, 2 x 107% 4 x 107% 2 x 1073,
4 x 107° M) by repeating the same procedures.

3. To compare the performance of AuNPs@MoS,, pure AuNPs,
and pristine MoS, for TNT detection, the same steps are
performed to detect TNT using functionalized AuNPs and
MOSZ.

4. To evaluate the specificity of the biosensor, 4-NT and DNT are
chosen to be detected with the biosensor, because they are also
nitroaromatic explosives which are the analogues of TNT
(Fig. 5¢). 4-NT and DNT are dissolved in anhydrous methanol
at five concentrations (4 x 1077, 2 x 107° 4 x 107¢,
2 x 107°,4 x 107° M). The same operation steps are repeated
for the detection of 4-NT and DNT.

5. The stability of the biosensor is also tested with the same
procedures. 48 mL. AuNPs@MoS, is functionalized with pep-
tides on the first day, then in the following days, 3 mL
AuNPs@MoS, solution is daily removed and centrifuged at
1600 x g for 30 min at 4 °C to remove unbound peptides.
The sediment is then redispersed in deionized water and the
centrifugation process is repeated several times to guarantee a
relatively pure aqueous solution of peptide-functionalized
AuNPs@MoS,. These functionalized nanocomposites then
are used to detect 4 x 107® M TNT, which lasted for 16 days
so as to test the stability of the biosensor (Fig. 5d).
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3.3 Electrochemical
LSPR Biosensor for
Small Molecule
Detection

3.3.1 Electrochemical
LSPR Measurement

LSPR is not only influenced by refractive index change on the
nanostructure surface, but also by potential and current density
on the surface of a metal film [28]. Thus, LSPR sensors can be
combined with electrochemistry to implement synchronized elec-
trical and optical responses. The combination of electrochemistry
and optical LSPR measurement can provide a multitude of infor-
mation from different signal transductions and provide novel
approaches to elucidate detailed processes for electrochemical
reactions.

The apparatus for electrochemical LSPR measurement is depicted
in Fig. 6a. Optical measurement is performed in transmission
mode. The light is emitted from the source below the nanostruc-
ture such as nanocup array device, delivered through the device and
finally received by a spectrophotometer. The LSPR signal is
measured and analyzed by transmission spectroscopy.
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1. For electrochemical measurements the potential-dynamic elec-
trochemical measurement of cyclic voltammetry (CV) is used
to investigate the electrochemistry properties of nanocup
device and the electrochemical modulation to LSPR. The
nanocup device is used as working electrode, while platinum
electrode is used as counter and the Ag/AgCl electrode is used
as reference electrode. The 3-electrode system is utilized for

the applying of potentials and the detection of electrochemical
signals.

2. In the synchronous measurement, the range of the transmis-
sion spectrum is from 300 to 1000 nm with step of 0.5 nm.
The transmission spectrum can be recorded when the surface of
nanocup had RI change and electrochemical current (Fig. 6b).
The electrochemical reactions are measured using an electro-
chemical workstation in a standard three-electrode system.
5 mM Ky Fe(CN)s]/Ks[Fe(CN)g] (1:1) is employed as
redox couple in aqueous solution for electrochemical charac-
terization. The scanning rate of CV is fixed at 0.02 V /s and the
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transmission spectrum is simultaneously recorded and saved
every 5 s. Thus, the transmission spectrum is obtained to
represent optical LSPR, in 0.1 V steps during voltage scanning
with different electrochemical current (Fig. 6¢).

3. Figure 7 shows a schematic diagram of the electrochemical
LSPR measurement apparatus. For optical detection, there
are three fiber bundles, two collimating lenses, an optical fiber
attenuator, a light source, and a spectrophotometer. Fiber
bundles are used to provide optical linkage between the lens,
the attenuator, the light source and, the spectrophotometer.
The spectrophotometer is also directly connected to the light
source by data cable. Thus, the spectrophotometer can syn-
chronously capture light emitted by the light source and deliv-
ered through nanocup devices.

4. For electrochemical detection, the nanocup device is used as
working electrode, while platinum and Ag/AgCl electrodes are
used as counter electrode and reference electrodes, respectively.
These three electrodes are all linked to an electrochemical
workstation and inserted into a spectrometer measuring cell
filled with redox solution. Careful arrangement of these three
electrodes should maintain successful delivery through the cell.
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3.3.2 Electrochemical
LSPR Spectroscopy for
Heavy Metal lon Detection

5. The electrochemical LSPR measurements for nanocup are fur-
ther carried out and analyzed with transmission spectrum and
synchronous CV scanning. As seen in Fig. 6b, a significant
LSPR dip shift is recorded in the transmission spectrum when
electrochemical current on the nanocup surface is changed
from 0 to 0.2 mA. The resonance wavelength is shifted from
558 to 564 nm but there is no significant shift observed for
LSPR peaks.

6. Optical measurements within CV scanning are carried out and
the wavelength shifts of LSPR dips are shown in Fig. 6¢. Dur-
ing scanning, the wavelength of dip is shifted from 566 nm to
573 nm with an increase of current from 0.25 to 0.5 mA. When
the current returned to 0.25 mA, the wavelength also
decreased with declining current. These results indicate that
the current change on the nanocup surface can modulate LSPR
of nanocup and produce a wavelength shift in LSPR. The LSPR
in transmission dip around 550 nm can be enhanced by elec-
trochemical current and can be analyzed as an indicator in
electrochemical LSPR detecting.

Utilizing electrochemical for the enhancement of LSPR on nano-
cup, electrochemical LSPR biosensors can be fabricated with higher
sensitivity in the synchronous measurement mode. Combining the
electrochemical method with LSPR measurement, the dual detec-
tion system demonstrated a detection limit of part-per-billion level
for aqueous heavy metal ions, such as lead, copper, and zinc
[24]. The detection process involves the following steps.

1. The measuring system for heavy metal detection is included a
standard three-electrode system and a perfusion system
(Fig. 8a). The nanocup device is utilized as working electrode
while platinum and Ag/AgCl are used as counter-electrode
(CE) and reference electrode (RE), respectively. A halogen
cold light source and a CCD camera serve as LSPR measure-
ment system. The nanocup is placed against the chamber wall
and perpendicular to the light pathway. In addition, a perfusion
system is introduced to enable sample solution loading and
internal circulation, which is generally required in stripping
voltammetry to promote thorough heavy metal ions electro-
plating onto the nanocup meanwhile remove the gas bubbles
generated during the electrochemical reaction.

2. Standard divalent lead, zinc, and copper solutions (Sigma-
Aldrich co., LLC) are diluted with sodium acetate buffer solu-
tion (pH 5) to desired concentrations (ranging from 10 to
100 pg/L). For analysts of divalent lead, zinc, and copper,
the deposition potential is typically set to be —1.47 V. Since
every heavy metal has its own oxidization potential, therefore
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Fig. 8 Electrochemical LSPR sensor based on nanocup array for heavy metal ion detection. (a) Schematic
illustration of experimental apparatus for the detection system. (b) Statistic for transmission changes of LSPR
characteristic peak of lead, copper, and zinc. (¢) LSPR spectra observed at nanocup surface as different heavy
metal galvanized onto the sensing region (blank buffer solution was used as control). (d) Plot for variations of
transmission bank peak wavelength and transmission intensity changes

during the positive sweep, different metal electroplated on the
working electrode is oxidized to the ionic form at different
potential. The spectrometer is set to monitor the entire elec-

trochemical process and thereof recorded the corresponding
LSPR signal (Fig. 8b).

. When electroplated with heavy metal layer, the transmission

decreases while the characteristic peak demonstrates a bath-
ochromic shift, as shown in Fig. 8c. The coverage of heavy
metal layers alters the refractive index condition on the interac-
tion surface, and therefore changes the electron density distri-
bution, which in turn changes the plasmonic absorbance band
and eventually causes a bathochromic shift in transmission
spectrum.

. For lead-galvanized nanocup, the transmission peak appears at

539.8 £ 5.1 nm, while 548.0 &+ 3.1 nm and 554.2 & 1.5 nm
for copper- and zinc-galvanized nanocup respectively.
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3.3.3 Electrochemical
LSPR Spectroscopy for
Neurotransmitters
Detection

3.3.4 Electrochemical
LSPR Spectroscopy for
Sialic Acid Detection

Figure 8d plots the variance of transmission changes and wave-
length shifts of characteristic peaks under a series of concentra-
tion. There is no significant overlapping of transmission peak
wavelength between different heavy metal ions, which vali-
dated the feasibility to the differentiate metal ions by their
transmission peak wavelength when galvanized onto nanocup
surface.

The electrochemical LSPR spectroscopy measurement system can
also be used in neurotransmitters detection [22]. The detection can
be performed by the following steps.

1. The coupled measuring system is comprised of two compo-

nents, that is, the LSPR monitoring system and the electro-
chemical measuring system. For the LSPR monitoring system,
a halogen cold light source (DT-MINI-2, Ocean Optics Inc.,
Dunedin, USA) is utilized as light source, while a spectropho-
tometer receptor (USB2000p, Ocean Optics Inc., Dunedin,
USA) is used to record the transmission spectrum of the nanos-
tructured electrode.

. Electrochemical LSPR detection for neurotransmitters. Using

the coupled measuring system, the optical and electrochemical
detection for neurotransmitters could be implemented simul-
taneously (Fig. 9a, b). The stock solution of dopamine and
serotonin are diluted by PBS solution to desired concentrations
(5 pmol/L, 25 pmol/L, 50 pmol/L, 75 pmol/L and
100 pmol/L), and then loaded into the electrochemical reac-
tion chamber before conducting the LSPR-CV detection
process.

. The mixed solution is detected by CV and transmission spec-

troscopy simultaneously. In Fig. 9¢, the CV of mixed solution
of dopamine and serotonin at 25 pmol /L, 50 pmol/L, and
75 pmol /L, respectively is shown. As seen from the inset, two
anodic currents for dopamine and serotonin appeared respec-
tively on the potential of 0.14 V and 0.30 V, as reported in
relevant publications.

. LSPR responses curve is obtained alone with the CV current, as

shown in Fig. 9d, where the concentration of each neurotrans-
mitter (dopamine, serotonin) is 25 pmol /L (obtained by com-
bining the standard solution of 50 pmol/L), while the
concentration of ascorbic acid is made as 100 pmol /L.

The nanocone-based LSPR nanochip is decorated by AuNPs and
AgNPs for dynamic electro-optical spectroscopy. Mercaptophenyl
boronic acid (MPBA) is immobilized firmly on the nanochip by the
metal-S bond for sensitive sialic acid sensing. Then the biosensor is
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Fig. 9 Electrochemical LSPR sensor based on nanocup array for neurotransmitter detection. LSPR and
electrochemical responses of dopamine (a) and serotonin (b) during CV. (c) Cyclic voltammogram (CV) of
the mixed solution at 25 pmol/L, 50 pmol/L and 75 pmol/L (inset is the CV at the range of 0.1-0.5 V), anodic
currents for dopamine and serotonin could be clearly seen as marked in the figure. (d) Spectroelectrochemical
responses of the mixed solution. Corresponding to the two anodic currents, bathochromic shift of the second
transmission peak was divided into two stages, separated by the turning point, and each corresponded to
different neurotransmitters

constructed and the detection for sialic acid can be performed by
the following steps [23].

1. LSPR detection is carried out on a reflection spectrum system
(Fig. 10a). The spectroscopy system includes a halogen cold
laser (DH-mini UV-Vis-NIR, Ocean Optics Inc., Dunedin,
USA) and a spectrophotometer (USB2000 +, Ocean Optics
Inc., Dunedin, USA). The emitting probe with six fiber bun-
dles delivers incident light to the nanochip. The receptor probe
with one fiber bundle delivers reflected light to the spectropho-
tometer. The range of the reflection spectra used is from 400 to
650 nm with 0.36 nm intervals. Electrochemistry detection is
carried out on a PARSTAT 4000 electrochemical workstation
(AMETEK Inc., USA) with the nanochip as working electrode
(WE), platinum as counter electrode (CE), and Ag/AgCl as
reference electrode (RE). The electrochemical responses are
monitored by linear sweep voltammetry (LSV). The range of
the potential is from 0 to 0.3 V with a scan rate of 0.05 V/s.
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Fig. 10 Electrochemical LSPR sensor based on nanocone array for sialic acid detection. (a) The apparatus of
the system and the schematic diagram of electrochemical LSPR (IWE working electrode, CE counter electrode,
RE reference electrode, E electrochemical signal, O optical signal, e~ hot electrons, h* hot holes, the dashed
black line depicted the conduction band with a Fermi energy (Eermi) and the dashed blue line indicated the
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2. In order to detect sialic acid, MPBA thiol-containing boronic
acid, is modified on the nanochip through stable metal-S cova-
lent bonds. PBS with pH of 7.4 is taken as the solvent for sialic
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acid as the MPBA has special binding affinity with sialic acid in
physiological environment with pH value of 7.4. The sialic acid
is prepared with different desired concentrations, 0.05 mM,
0.1 mM, 0.2 mM, 0.5 mM, 1 mM, 2 mM and 5 mM, respec-
tively. The relationship between sialic acid and the characteristic
peaks and valley of LSPR with the impact of LSV is showed in
Fig. 10b, and the relationship between sialic acid and currents
of LSV with the impact of LSPR is showed in Fig. 10c.

3. For specificity detection, sodium chloride, potassium chloride,
L-glutamic acid, human serum albumin, uric acid, lactic acid,
and ascorbic acid are applied as control groups. The concentra-
tions of these substances are all 1 mM with PBS as solvent. In
addition, the same batch of the functionalized nanochip are
tested with 1 mM sialic acid for 1 day, 2 days, 3 days, 4 days,
5 days, 6 days, 7 days, 15 days, 30 days, and 50 days for stability
verification.

4 Notes

1. Phosphate buffer saline (PBS) is used as the solvent for pro-
teins. The solution is prepared by dissolving 137 mM NaCl,
2.68 mM KCl, 1.47 mM KH,POy, and 8.10 mM Na,HPO, in
pure water and pH is fixed at 7 4.

2. Peptides used in our study are synthesized by the standard solid
phase method. Synthesized peptides are tested by high-
performance liquid chromatography (HPLC) and mass spec-
trometry (MS) to verify amino acid sequence and purity. The
peptides are stored in the form of freeze-dried powders before
experiments and dissolved in PBS at 500 pg/mL.
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Preparation of Surface Plasmon Resonance Aptasensor
for Human Activated Protein C Sensing

Semra Akgoniillii, Seda Koyun, Handan Yavuz, Arzum Erdem,
and Adil Denizli

Abstract

Nucleic acid aptamers are an emerging class of artificial ligands and have recently gained attention in several
areas. Here we report the design of a surface plasmon resonance (SPR) aptasensor for highly sensitive and
selective sensing of human activated protein C (APC). First, DNA aptamer (DNA-Apt) specific for APC is
complexed with N-methacryloyl-L-cysteine (MAC) monomer. Then, 2-hydroxyethyl methacrylate
(HEMA) and cyanamide are mixed with the DNA-Apt/MAC complex. The SPR aptasensor is character-
ized by atomic force microscopy, ellipsometry, and contact angle measurements. Selectivity of SPR apta-
sensor is carried out in the presence of myoglobin (Myb), hemoglobin (Hb), and bovine serum albumin
(BSA). Limit of detection (LOD) and limit of quantification (LOQ) values are 1.5 ng mL™' and
5.2 ng mL™", respectively. DNA-Apt SPR aptasensor performance for APC detection is also examined in
artificial plasma.

Key words Activated protein C, Surface plasmon resonance, DNA aptamer, Aptasensors

1 Introduction

Biomolecular recognition plays the main role in nature. There are
various biomolecular couples in biological systems, including hor-
mones and hormone receptors, antibodies and antigens, enzymes
and substrates, and DNA promoters and transcription factors. Most
of these biomolecules have high binding force and specificity, and
their interactions are well known. These natural biomolecular cou-
ples are of huge interest in diverse biological and biomedical appli-
cations, one of which is biosensing. However, many biomolecules
(e.g., antibodies and enzymes) have fragile functional structures.
They can be easily denatured and lose initial functions in an envi-
ronment different from its ideal conditions. For this reason, these
molecular couples have limited analytic applications in many cases.
As a result, it is of great interest and significance to discover syn-
thetic ligands that recognize target molecules and are stable in hard
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biological and chemical conditions. Nucleic acid-based aptamers
are a kind of artificial ligands that have great potential for a variety
of biosensor applications. Additionally, aptamers have unique char-
acteristics not found in natural biomolecules. Aptamers can be
chemically synthesized in a simple and reproducible style. They
can be chosen in physiological or nonphysiological conditions
against various target analytes [1].

Aptamers are short single-stranded 15—40 bases long DNA or
RNA molecules, which can be chosen from combinatorial libraries
of artificial oligonucleotides [2, 3]. Aptamers can recognize inor-
ganic or organic target molecules such as amino acids, proteins,
toxins, drugs, and even living cells [4-6]. They are also named
“chemical antibodies” owing to being isolated from a synthetic
operation by Systematic Evolution of Ligands by EXponential
(SELEX) enrichment. Figure 1 shows the general SELEX process.
This process starts with the production of the random DNA /RNA
library that contains up to 10'* to 10'® single-stranded oligonu-
cleotides. The DNA or RNA aptamers are fabricated by combina-
torial chemical synthesis methods. The target molecules and
oligonucleotides are incubated to enable molecular recognition
during the selection of the aptamers. In theory, the aptamers will
bind to the targets and the unbound oligonucleotides will be
removed because of different physical properties. After washing,
the oligonucleotide sequences bound to the targets will be
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"
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Fig. 1 The diagram of SELEX procedure
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amplified to produce the new library for further selection. The
process is generally repeated [1].

Additionally, aptamers have unique characteristics not found in
natural biomolecules. Recently, interest in the use of aptamers in
the biorecognition area has increased [4]. Their unique features to
attach to specific targets have made them a reliable recognition
element. Compared to other recognition elements, aptamers gen-
erated from in vitro selection have many advantages, including high
affinity and perfect specificity [ 7]. Aptamers can be easily fabricated,
conducive to surface modifications, have low immunogenicity, and
offer stability and good affinity to targets [8]. Therefore, they have
been used for the detection of biomarkers, in order to enable
the early detection of diseases [2]. Also, aptamers have gained
prominence because of their capability to bind target proteins [9].

Aptamers as recognition elements in biosensors have created a
new type of sensors called aptasensors [2] in combination with
diverse analytical techniques such as fluorescent [10], optic [11],
piezoelectric [12], and electrochemical [13] aptasensors for fast
and sensitive detection of targets. These methods have excellent
advantages in terms of sensitive recognition, rapid response, simple
portability, a modest requirement of sample volumes, and easy
signal amplification [7].

Optic sensors for sensing biological and chemical analytes are a
rapidly growing area with potential applications in many important
fields such as medical diagnostics, food analysis, environmental
monitoring, agriculture, security, genomics, and proteomics. The
optic biosensors offer a unique technology that enables label-free
and direct observation of biomolecular interaction in real time. In
optic biosensors, refractive index change is induced by biomolecu-
lar interactions and they are typically based on interferometric
transducers. These transducers are based on spectroscopy of guided
modes of dielectric waveguides or metal-dielectric waveguides. In
the last two decades, surface plasmon resonance (SPR) based bio-
sensors have been increasingly utilized for label-free detection, real-
time analyses of various biological and chemical molecules [14].

As shown in Fig. 2, when polarized light is passed through the
prism in the sensor chip coated with a thin metal film (e.g. gold) on
its surface, the light is reflected by the metal film, which acts as a
mirror. Upon changing the angle of incidence and monitoring the
intensity of the reflected light, it is observed that the intensity of the
reflected light exceeds at least (Fig. 2, line A). At this angle of
incidence, the reflected light induces surface plasmon resonance,
inducing surface plasmons, resulting in a decrease in the intensity of
reflected light. The free electrons of the metal film can interact with
the photons of p-polarized light; it reduces the intensity of reflected
light by inducing a wave-like oscillation of free electrons [15].

Surface plasmon resonance is a perfect method for monitoring
changes in the refractive index in the immediate surroundings of
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Fig. 3 A sensorgram: principle of detection of analyte-ligand (e.g.,
target—aptamer) interactions by an SPR sensor

the metal surface. When the refractive index changes, the minimum
intensity observed angle will change as shown in Fig. 2, where line
A shows the graph of the reflected light intensity versus the incom-
ing angle and B is plot after the change in the refractive index. SPR
can not only measure the difference between these two conditions
but also the change in time if the angle of resonance observed at the
bottom changes. Figure 3 shows the shift of the so-called sensor-
gram of time. If this change is due to a biomolecular interaction,
the kinetics of interaction can be examined in real time [16].
Surface plasmon resonance (SPR) sensors have been well uti-
lized as a highly sensitive biosensor that can detect association and
dissociation of biomolecules on a gold-coated chip without labeling
and in real time [17-20]. SPR biosensors are effective tools for real-
time detection of interactions of diverse chemical and biological
targets [21-23]. SPR biosensors have been also applied for
the detection of analytes of interest in medical diagnostics (cancer
markers, antibodies, proteins, hormones, drugs, toxis, and allergy
markers) and environmental protection (phenols, aromatic hydro-
carbons, polychlorinated biphenyls, and pesticides) [ 14, 24].
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Protein C (PC) is a clotting inhibitor and the most important
anticoagulant and antithrombotic agent of the human coagulation
mechanism. In human blood it is found at a concentration of 4.0
pg/mL. In plasma, human protein C circulates as a zymogen. Pro-
tein C is activated on endothelial cells by thrombin bound to
thrombomodulin. Activated Protein C (APC) is the key enzyme
of the protein C pathway [19]. APC is the blood protease with
anticoagulant properties. Also, APC is a cell-signaling activity
mediated by protease-activated receptor 1. A real-time, fast, low
detection limit, cost-effective, and reliable approach approach for
the development of highly sensitive and selective detection meth-
ods has been presented for APC monitoring [19]. Here, we report
an SPR-based aptasensor for selective detection of human activated
protein C.

2 Materials

2.1 Optical System
for Surface Plasmon
Resonance

Light
source

.f o

Prism —=_ _

1. The SPR analysis is carried for APC kinetic analysis using SPR
imager II (GWC Technologies, WI, USA) (Fig. 4a) (see Note
1).

2. The SPRchipTM sensor chip is designed for the SPRimager®1I.

3. Quartz Halogen Lamps (6 V 10 W 2000 Hz), (4 mm base)

(Catalog No. L6402, International Light Technologies, Pea-
body, MA, USA).

4. SPR gold chips (SPRchipTM); 1 mm x 18 mm x 18 mm with
gold surface thickness ~ 50 nm (Fig. 4b) are obtained from the
GWC Technologies.

Camera

i
.

-
b -

-

Fig. 4 (a) A surface plasmon resonance (SPR) apparatus; and (b) SPR chip
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2.2 UVLight

2.3 Contact Angle
(CA) Analysis

Refractive index of glass: 1.72.

. SF10 equilateral prism is obtained from GWC Technologies.

. Refractive index matching oil is utilized between the disposable

SPR sensor chip and the prism.

. Fisherbrand lens paper 4” x 6" (Catalog No: 11-996, Fisher

Scientific, USA) is used for prism cleaning.

. CCD camera: it captures data on the entire SPR sensor chip

surface simultaneously with a camera.

The UV lamp is utilized to initiate polymerization.

4.

. The UV light is supplied from UVP (Cambridge, UK).
. Black-Ray B-100AP High Intensity UV lamp is 100 W and

provides 360 nm UV.

. At 18 in. (457 mm), it produces a highly intense center of UV

irradiance approximately 5 in. (127 mm) in diameter.

Lamp head rotates 360° when attached to a base (Fig. 5).

The chip surface hydrophilicity is analyzed by contact angle analysis
(CA): The CA analysis of the unmodified, DNA-Apt SPR aptasen-
sor is performed with KRUSS DSA 100 (Hamburg, Germany)
(Fig. 6a).

Fig. 5 UV light apparatus



Preparation of Surface Plasmon Resonance Aptasensor for Human Activated. . . 43

Fig. 6 (a) Contact angle apparatus; and (b) needle

2.4 Atomic Force
Microscope

2.5 Ellipsometry

2.6 Working Solution

1.

2.

The instrument configuration includes microscope optics,
high-resolution and high-speed camera, lens, syringes, and
focusing and control elements in a closed housing.

A disposable syringe (volume, 1 mL) with stainless steel needle
(4, 0.5 mm) with a PP Luer-lock connector is used (Fig. 6b).

. The surface tension and liquid-liquid interfacial tension

are measured using the pendant drop method. The sessile
drop method is applied for the measurements and average CA
values are calculated for the SPR aptasensors.

The SPR chip surface roughness is characterized by an atomic force
microscope (AFM) (Park System, XE-100E, Korea).

Nanofilm-EP3 Nulling Ellipsometer, Accurion GmbH, Germany is
used to analyze the SPR chip surface thickness.

1.

2.

0.1 M phosphate buftered saline (PBS) of pH 7.4 is used as an
adsorption buffer for the SPR aptasensor system (see Note 2).

Deionized water is obtained from the nanopore water purifica-
tion system (Barnstead D3804 NANOpure®). Pure water has a
resistance of 18.0 M /cm. It is used as a cleaning solution.

. H,SO4~H,0, mix (hot or acidic piranha solution) is used as a

cleaning and activating agent for SPR chip surface; H,SO4 and
H,0, 3:1 (Catalog No: 64271, Merck, Darmstadt, Germany).

. Ethyl alcohol (EtOH) is used as a washing solution for the SPR

chip surface (see Note 3).
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5.

6.

10.

11.

12.

13.

14.

15.

16.

17.

L-Cysteine methyl ester (Sigma-Aldrich, St. Louis, MO) is used
for the synthesis of MAC monomers.

Methacryloyl chloride (Sigma-Aldrich, St. Louis, MO) is used
for the synthesis of MAC monomers.

. 2-Hydroxyethyl methacrylate (HEMA) is used as a monomer

(Sigma-Aldrich, St. Louis, MO).

. 0.1 mmol cyanamide (Sigma-Aldrich, St. Louis, MO) is uti-

lized in the design of aptasensors.

NaCl is used as a desorption agent.

a,o’-Azoisobutyronitrile (AIBN) (Sigma-Aldrich, St. Louis,
MO) is used as initiator for polymerization starts.

Allyl mercaptan (CH,CHCH,SH) of 3 mM (Sigma-Aldrich,
St. Louis, MO) is used for the thiol group.

Human activated protein C (APC) is obtained from Haemtech
(VT, USA).

Artificial human plasma is supplied by Tokra Medical (Ankara,
Turkey).

Single-stranded activated protein C (APC) specific DNA apta-
mer is obtained by Ella Biotech (Berlin, Germany).

The 5-amino-linked single-stranded DNA  Aptamer
(DNA-Apt), which is specific for APC [25] and also the short
synthetic oligonucleotide (random DNA) are supplied from T
IBMOLBIOL (Berlin, Germany). The DNA-Apt and random
DNA stock solutions (500 pg mL ") are prepared in ultrapure
water and kept frozen.

DNA Aptamer
5'-NH,-C6-GCC TCC TAA CTGAGC TGTACT CGA CTT
ATC CCGGAT GGG GCT CTT AGG AGG C-3'.

Random-DNA
5'-NH,-C6-CAAA GAA GTG GCA GGA AGA GTC GAA
GGT CTT GTTGTC ATT GCT GCA CAC CTT-3'.

2.7 Synthesis Polymerizable MAC monomer includes a thiol group, a linker
of N-Methacryloyl- group, connected to the aptamer.

L-Cysteine (MAC)
Monomer

1.

5.0 g of rL-cysteine methyl ester and 0.2 g of NaNO, are

dissolved in 30 mL of aqueous K,CO3 solution (5%, v/v).

2. This solution is chilled down to 0 °C.

3. 4.0 mL of methacryloyl chloride is poured slowly into this
solution, under a nitrogen atmosphere and is stirred magneti-
cally at room temperature for 2 h.

4. The reaction mixture is adjusted at pH 7.0.
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5.

The unreacted methacryloyl chloride is extracted with ethyl
acetate.

The aqueous phase is evaporated in a rotary evaporator.

The residue (i.e., MAC) is crystallized in a 1:1 (v/v) ethanol-
ethyl acetate system.

3 Methods

3.1 Prepared
of DNA-Apt SPR
Aptasensor

3.1.1 Thiol Modification
of SPR Chip

3.1.2 Design of DNA-Apt
SPR Aptasensor

3.2 Characterization
of SPR Chip

DNA-Apt for SPR aptasensor is immobilized onto the gold surface
of'an SPR chip by the following procedure: (1) Thiol modification
of SPR chip (2) Apt-Aptamer is complexed with MAC monomer
(3) Apt-Aptamer-MAC is mixed HEMA and cyanamide (4) mono-
mer mixture is poured onto the SPR chip gold surface for the prep-
aration of DNA-Apt nanofilm based SPR chip surface.

Surface modification of SPR aptasensors is performed for the
attachment of thiol groups.

1.

The SPR gold surface is cleaned in an acidic piranha solution
and then dried.

. Allyl mercaptan (CH,CHCH,SH) of 3 mM is dropped onto

the gold surface of the SPR chip (Fig. 7a).

. SPR chip is incubated overnight in a fume hood to introduce

thiol groups to the gold surface.

. SPR chip surface is cleaned with ethyl alcohol for removal of

unbound allyl mercaptan molecules and dried.

. 0.1 mmol MAC-APC specific DNA aptamer (100 pg/mL)

complex is prepared using MAC as the monomer (see Note 4).

. 0.25 mmol HEMA, 0.1 mmol cyanamide, and MAC-DNA-

Aptamer complex are mixed together (Fig. 7b).

. 2.0 mg AIBN is added to the last solution.
. The last solution (10 pL) is dropped on the SPR surface (see

Note 5).

. The polymerization is initiated under the UV light (100 W

360 nm UV) for 30 min (Fig. 5).

. The DNA-Apt SPR aptasensor is cleaned with ethyl alcohol-

water solution (50%, v/V).

DNA-Apt SPR aptasensor chip surface is characterized by the con-
tact angle, atomic force microscope, and ellipsometry analysis.

Atomic force microscope (AFM) enables high-resolution scan-

ning of the surface. AFM is used to image the topography of solid
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Fig. 7 Schematic diagram of design of SPR aptasensor chip; (a) thiol modification; (b) preparation of aptamer-
based SPR chip

surfaces at high resolution. It can also be utilized to measure force—
distance curves [26].

1. SPR chip was placed on the device.

2. AFM analysis is performed in noncontact mode.

3. XY Scanner: 45 pm X 45 pm—XY scanning resolution:
0.02 nm.

4. Z-scanner: 12 pm—Optical microscope: 800x-ADC/DAC
full 16 bit resolution.

5. The lever is usually silicon or silicon nitride.

6. Desired chip zone is shown using a Pt/Ir alloy wire with a
diameter of 0.25 mm.

7. The chip surface topographic image resolution is about 0.5 pm
(about 50 nm).

8. Surface images and 3D images are taken at different scales.



Preparation of Surface Plasmon Resonance Aptasensor for Human Activated. . . 47

(b)

19UUBOS 7

/ 1
SO
q il
A
‘1‘

= Sample

X-Y scanner

Fig. 8 (a) AFM apparatus and (b) working principle

9. The sample field of 10 x 10 pm? is displayed with a resolution
of 256 x 256 pixels and the 2 pm s~ ! scanning rate.

10. In Fig. 11b an AFM image of the DNA-Apt chip is displayed;
the roughness value of the DNA-Apt chip is calculated as 5.24
(Fig. 8).

Contact angle analysis is performed for surface hydrophilicity
of modified SPR chip surface.

Contact angle (CA) between a liquid and a solid surface
(e.g. chip surface) is analyzed with a contact angle device. A tangent
(0, angle) is formed between the solid surface and the liquid. The
probability of determining solid surface tensions from contact-
based has been defined by Young in 1805. The contact angle of a
liquid drop on a solid surface is identified by the mechanical equi-
librium of the drop under the action of three interfacial tensions
(Figs. 6 and 9).

These interfacial tensions are solid-liquid, y; solid—vapor, y;
and liquid-vapor, 7. This mechanical equilibrium correlation is
represented by Young’s equation:

Viy cost = Vsv = Vsl (1)

where 67 is a contact angle which can be entered into Young’s
equation [27]. A contact angle less than 90° shows that the wetting
of the solid surface is suitable and a fluid spread over a large field on
the solid surface. A contact angle greater than 90° usually shows
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that wetting of the solid surface is unfavorable and a fluid reduces
its contact with the surface and forms a compact liquid
droplet [28].

1. The contact angle value of DNA-Apt SPR chip is determined as
58.2° (Fig. 11a). The sessile drop method is applied to the chip
surface and average contact angle values are calculated for the
SPR aptasensor chip.

2. The contact angle value of bare chip is calculated as 65.2°.

DNA-Apt SPR aptasensor average surface thickness is charac-
terized using a Nanofilm-EP3 Imaging Nulling Ellipsometer. The
imaging ellipsometer uses classical null ellipsometry and real-time
ellipsometric contrast imaging (Fig. 10).

1. The laser beam is elliptically polarized after it passes through a
linear polarizer (P) and a quarter-wave plate (C). The ellipti-
cally polarized light is then reflected off the sample (S) onto an
analyzer (A) and imaged onto a CCD camera through a long
working distance objective.

2. Light source: Laser (L) is a broadband laser for the highest
image quality with a wavelength of 532 nm and an incidence
angle of 62°.

3. CCD camera: High quality, monochrome GigE CCD camera.
Wavelength: 360-1000 nm 1392 x 1040 pixel, 12 bits, max.
25 frames per second (fps).

4. An objective for focus scanner is used (10x objective); lateral
ellipsometric resolution: 2 pm, FOV: 400 pm x 400 pm,
depends on AOI.

5. In the chip surface layer thickness analysis, a four-zone
auto nulling method integrating the sample field of almost 50
pm x 50 pm is followed by a fitting algorithm.

6. In Fig. 11c the ellipsometry image of the DNA-Apt chip is
shown. The polymer film thicknesses value is calculated as
94.0 £ 2.10 nm.

1. The DNA-Apt SPR aptasensor is used for kinetic analysis with
SPR imager II.
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Fig. 10 Ellipsometry apparatus

(@) | (b)

Fig. 11 (a) Contact angle image; (b) AFM image; (c) ellipsometry image of DNA-Apt aptasensors chip

3.3 Kinetic Analysis 2. A stable angle is set manually at the left angle flank of the
with DNA-Apt SPR SPR-dip.
Aptasensor 3. A peristaltic pump (IDEX/Ismatec REGLO-CPF Digital Peri-

staltic Pump) delivers the liquid sample to the chip cell at a rate
of 0.5 mL/min.
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4. DNA-Apt SPR aptasensors interact with APC solutions in the
concentration linear range from 0.005 to 4.0 pg/mL.

5. The SPR aptasensors are cleaned with ethanol solution and

pure water.

6. The system is equilibrated pH 7.4 PBS buffer solutions for
3 min, then protein adsorption APC solution for 10 min.

7. After 10 min, the system attained rebalance.

8. 0.025 M NaCl is utilized in the desorption step of the DNA-

Apt SPR aptasensor.

9. SPR aptasensor system is washed with deionized water for

5 min.

10. In this SPR sensor system, the primary SPR response is in PTU
(Pixel Intensity Unit). The SPR signal change obtained in PIU

is converted to the real change in reflectivity, AR%.

11. The SPR sensor signal response is a linear function of the
surface coverage supplied A% R < 10%.

12. As seen in Fig. 12a, as the APC concentration rises, the AR
value increases. The AR, value reached equilibrium at
around 4.0 pg mL ™" and the equilibrium value is set at 5.82.

13. DNA-Apt SPR aptasensor is performed for the determination

of APC in artificial plasma.

14. DNA-Apt SPR aptasensor performance has been also examined
for the detection of APC in artificial plasma samples. APC
concentrations ranging from 0.005 pg mL ™! to 0.5 pg mL ™~}
were spiked to artificial plasma samples.

15. Asshown in Fig. 12b, changes in the DNA-Apt SPR aptasensor
response from APC spiked artificial plasma samples are directly
proportional to the increase in spiked APC concentration.

3.4 Selectivity Selective recognition is important for sensing analysis. Aptamers

have perfect characteristics and attach to specific targets.
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Fig. 12 (a) The real-time APC detection at different concentrations; (a) equilibration; (b) adsorption; (c)

regeneration; and (b) real-time APC detection from spiked biological sample
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3.5 Reusability

IN

w

Change in reflectivity, AR

o

. Human activated protein C (APC), 1.0 pg mL™".
. Bovine serum albumin (BSA) (Catalog No. 3059, Sigma-

Aldrich, St. Louis, MO).

. Myoglobin (Myb) (Catalog No. MI1882, Sigma-Aldrich,

St. Louis, MO).

. Hemoglobin (Hb) (Catalog No. H2500, Sigma-Aldrich,

St. Louis, MO).

. The protein interaction is performed in the presence of 1.0 pg/

mL APC and other proteins (BSA, Myb, and Hb) with
DNA-Apt aptasensors (see Note 6).

. The AR, value results show that there is decreased binding

between the DNA-Apt and other proteins (Fig. 13 and
Table 1). In Table 1, we compared isoelectric points (pI) and
molecular weight (MW) values of human plasma proteins.

Reusability is the most important advantage of SPR based aptasen-
sors. The reusability of the sensor is also one of the main aspects of
aptasensor applications. In the desorption step, NaCl solution is
used to remove the APC attached to the chip surface. Reusability of
aptasensor is repeated APC adsorption—desorption cycles.
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Fig. 13 Selectivity of DNA-Apt SPR aptasensors; comparison of DNA-Apt SPR aptasensor with BSA, Hb,

and Myb

Table 1

Isoelectric points (pl) and molecular weight (M) values of human plasma proteins

Protein pl My, (kDa)
APC 4448 62

BSA 4.9 67

Hb 6.8-7.0 64.5
Myb 6.8-7.2 17
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1. Reusability of the DNA-Apt SPR aptasensor is displayed by
four equilibration—-adsorption—desorption cycles that are

repeated using aqueous APC protein solutions.

2. 1.0 pg/mL of APC sample sequentially interacts with the SPR

aptasensors (see Note 7).

3. The SPR aptasensor reusability results for APC detection is

displayed in Fig. 14.

4. Fig. 14 shows (a) adsorption (b) desorption steps.

5. Results displayed that the SPR signal response reduced by

0.68% after four cycles.

3.6 Isotherm Models ~ APC analyte-DNA-Apt SPR aptasensor interactions are deter-
mined by carrying out kinetic analysis, equilibrium binding param-
eter (Scatchard), and Langmuir, Freundlich, and Langmuir—
Freundlich adsorption isotherm models. The isotherm model can
be assessed using the following equations.

Equilibrium kinetic analysis:

dAR/dt = by CARpax — (kC + kg) AR

Scatchard:

AR /[C) = Ka(ARmax —

Langmuir:

AR = {ARy[C]/Kp + [C]}

AR¢,)

(2)

(3)
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Freundlich:

Langmuir-Freundlich:

AR = ARy [C]""

AR — {ARmax[C]””/KD + [C]W}
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1. AR s the response measured by binding.

2. Cis APC protein concentration (pg mL™").

3. 1/n refers to Freundlich exponent; kg (s ') and k&, (ug mLs ")
values refer to the forward and reverse kinetic rate constants (see

Note 8).

4. Kp (ug mL™') and K, (pg/mL) ' are forward and reverse

equilibrium constants.

5. Max, eq, and ex indicate maximum, equilibrium, and experi-
mental, respectively.

The calculated parameters for all models are shown in Table 2.
For APC molecule, the linearity of the Langmuir equation is better
than Freundlich and Langmuir-Freundlich isotherm models. The
best-fitted model to describe the interaction between the DNA-Apt
SPR aptasensor and APC molecule is the Langmuir model. Accord-
ing to these results, the binding of APC onto DNA-Apt SPR
aptasensor is monolayer. The AR, value calculated by the Lang-
muir model is close to the experimental AR, value [29, 30]
(Figs. 15 and 16).

Table 2
Kinetic and isotherm parameters

Equilibrium analysis

Association kinetic

(Scatchard) analysis Langmuir Freundlich Langmuir-Freundlich
AR 7.942 AR 0.003 AR 8.312 ARy 3478 AR 17.331
Ka (pg/ 0.975 Kp (pg/mL) 0.002 Kp (pg/mL) 1.120 1/» 0.465 1/n 0.465
mL)"!
Kp (pg/mL) 1.025 Ky (ug/ 1.428 Ky (pg/ 0.892 R? 0.9882 Kp (pg/mL) 0.015
mL)~! mL) !
R? 0.929 R? 0.700 R? 0.994 Ky (ng/ 64.716
mL)~!
R? 0.993




54 Semra Akgondlld et al.

a g b 70 . € 0.02
. 60
05071 |y =-60,472x + 71,168 0-15 .
<3 € 40 R? = 0,7889 o
<30 0.01
2 y = 3.8798x + 0.5179 20 y = —0,9756x + 7,7449
1 R2 = 0.9885 R? = 0,9292 0.005 y =0,003x + 0,0021
10 R = 0,9334
\
0 T T | 0+ T T T ) 0% T T T : )
0 0.5 1 15 0 2 4 6 8 0 1 2 3 4 5
¢, ppm AR ¢, ppm

Fig. 15 Mathematical approaches for determination of kinetic parameters. (a) Concentration dependency of
APC-Apt SPR aptasensor. (b) Equilibrium analysis (Scatchard). (¢) Association kinetics analysis
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Fig. 16 Mathematical approaches for determination of isotherm parameters. (a) Langmuir; (b) Freundlich; (c)
Langmuir—Freundlich

4 Notes

1. SPRimagerll of GWC Technologies (Madison, WI, USA) was
originally designed by Robert M. Corn’s group of the Univer-
sity of California—Irvine.

2. PBS butffer is prepared by dissolving 0.01 M disodium hydro-
gen phosphate (Na,HPO,) (Catalog No. 106586, Merck,
Darmstadt, Germany), 0.002 M potassium dihydrogen phos-
phate (KH,POy) (Catalog No. 104873, Merck, Darmstadt,
Germany), 0.0027 M potassium chloride (KCl) (Catalog
No. 104936, Merck, Darmstadt, Germany), and 0.137 M
sodium chloride (NaCl) (Catalog No. 746398, Sigma-Aldrich,
St. Louis, MO) in 500 mL of pure water.

3. The SPR aptasensors are washed with ethyl alcohol-water solu-
tion (50%, v/v).
4. Complex formation is performed in the rotator for 1 h.

5. A volume of 10 pL dropped onto the chip surface is dispersed
homogeneously by spin coating.

6. PBS solution (pH 7.4) is used as an adsorption buffer.

7. In reusability study, % change in reflectivity values is obtained
for four cycles.
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8. When applying the equilibrium kinetic analysis, the slope of
curves and plotted concentration vs. slope curve to determine
k, and &y are calculated.
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Large-Scale Nanogrooved Photonic Crystals for Label-Free
Biosensing by Guided-Mode Resonance

Miquel Avella-Oliver, Gabriel Sancho-Fornes, Rosa Puchades,
and Angel Maquieira

Abstract

We have developed large-scale one-dimensional photonic crystals from standard recordable Blu-ray disks,
tailored to sense unlabeled biorecognition events on their surface. These materials rely on coating, with
layers of 80 nm of titanium oxide, nanogrooved polycarbonate plates obtained from regular disks. As a
result, they present guided-mode resonances that we have demonstrated that can be exploited to quantify
biorecognition events by means of the bandgap positions in the transmission spectra. These photonic
crystals have displayed well-correlated dose—response curves in immunoassays to quantify IgGs, C-reactive
protein, and lactate dehydrogenase. The detection limit reached is 16 ng/mL, 2pg/mL, and 18 ng/mL,
respectively. Herein we describe the experimental procedures and methods to fabricate and functionalize
these photonic crystals, perform immunoassays on them, set up an optical system to measure their response,
and process the resulting data to perform bioanalytical determinations in label-free format.

Key words Photonic crystal, Guided-mode resonance, Groove, Grating, Titanium oxide, Blu-ray
disk, Immunoassay, CRP, LDH

1 Introduction

A key aspect in the field of biosensing is the development of simple,
affordable, and user-friendly biosensors that overcome the limita-
tions of standard benchtop analytical systems and support the use of
these bioanalytical devices out of specialized labs [1-3]. Along
these lines, the progress in nanoscience and nanotechnology in
the recent years has given rise to a growing control in the develop-
ment of nanostructured materials and an increasing understanding
of light-matter interaction events at the nano and micro scale
[4, 5]. These advances have materialized in a great scientific activity
on transduction phenomena and nanomaterials to sense biorecog-
nition events, for example by means of surface plasmon resonance
[6, 7], interferometry [8], or surface-enhanced Raman scattering
[9], among others. Another group of important advances within

Miguel R. Ossandon et al. (eds.), Biomedical Engineering Technologies: Volume 1, Methods in Molecular Biology, vol. 2393,
https://doi.org/10.1007/978-1-0716-1803-5_4, © Springer Science+Business Media, LLC, part of Springer Nature 2022
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Table 1

this context are the ones based on photonic crystals tailored to
transduce biorecognition events [10]. Rather than a particular
optical principle, the term photonic crystal refers to optically active
materials constituted by periodic (one-, two-, or three-
dimensional) lattices at the nanoscale that may present different
light-matter interaction phenomena.

All these bioanalytical approaches involve important solutions
for the development of biosensors. For instance, they enable direct
detection of unlabeled macromolecules and real-time measurement
of biorecognition processes [11, 12]. However, these systems also
involve expensive materials together with costly, complex, and
nonscalable fabrication methods, which limits the scope of the
resulting biosensors and their potential impact in daily applications.
Herein we describe a simple method to create inexpensive and
large-scale one-dimensional photonic crystals from standard
Blu-ray disks and to use them for label-free immunosensing.

Compact disk systems are consumer electronics that has
demonstrated a huge potential to develop point-of-care biosensors
[13-16]. The disks are circular platforms (12 cm diameter, 1.2 mm
thickness) constituted by an assembly of superposed layers. One of
them is made of polycarbonate and contains a groove, embedded
on one side, that extents as a spiral along the disk. The structural
features of the grooved pattern as well as the multilayered configu-
ration depends on the type of compact disk system (CD, DVD,
Blu-ray, etc.) as well as on the data recording specifications of the
disks (read-only memory, recordable, or rewritable) (Table 1). The
multilayered structure of rewritable Blu-ray disks (BD-R is

Characteristic features of recordable CD, DVD and Blu-ray disks

CD-R DVD-R BD-R
Layers® Label Label Label
Reflective metal PC (0.6 mm) PC (1.1 mm)
Recording dye Reflective metal Reflective metal
(grooved structure) Recording dye Recording dye
PC (1.2 mm) (grooved structure) (grooved structure)
PC (1.2 mm) Protective polymer (0.1 mm)
Period” 1600 nm 740 nm 320 nm
Height® 200 nm 175 nm 20 nm
Width® 600 nm 320 nm 130 nm
Price® ~0.2 € ~0.25 € ~0.55 €

*Layered structure of the disks

(laser incidence from the bottom). The term “label” refers to the printed or printable

coating typically included onto the disks, and “PC” means polycarbonate. The position of the “grooved structure” within
the layered assembly is indicated in parentheses. Omitted layer thickness values are neglectable at the millimetric scale
"Topographical features of the grooved polycarbonate structures. Groove dimensions may slightly change from brands

and manufacturers (see Note 2)
“Approximate price per disk
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Fig. 1 General scheme of the method to develop and apply these photonic crystals for label-free biosensing,
including (a) original multilayered structure of BD-R disks, (b) part of the BD-R removed, (¢) polycarbonate
plate with the nanogrooved grating, (d) scheme of the photonic crystal measuring an assay, and (e) example of
the bandgaps in the polychromatic transmission spectra and the resulting wavelength shift (A1) generated by
the biorecognition event

constituted by a 1.1 mm thick polycarbonate layer, whose nano-
grooved structure is coated with a thin film of a reflective metal,
followed by a film of a recording dye, and a 100pm thick protective
polymeric layer on top (see Note 1), as schematized in the Fig. la.
For the BD-R disks used in this approach, the periodicity of the
grooved nanostructure along the radial direction of the disk is
320 nm, the depth of the grooves is about 20 nm, and their
width is about 130 nm (see Note 2) (Fig. 1c¢).

The main idea behind this development is to use the nano-
grooved structure of the disks as an optically active material from
which creating functional nanomaterials for biosensing. This is a
homogeneous, extremely inexpensive (~0.55 €/disk) and large-
scale (more than 85 cm? /disk) structure that is massively fabricated
in the industry. Therefore, exploiting these materials for bioanalysis
introduces attractive possibilities toward simple, affordable, and
deliverable to end users label-free biosensors. Other state-of-the-
art developments have used this concept to transduce biointerac-
tions by means of surface-enhanced Raman scattering [17],
diffraction-based sensing [18], and Fano resonance [19]. Herein
we describe one-dimensional photonic crystals based nanogrooved
polycarbonate chips from standard BD-R disks, coated with a film
of 80 nm of titanium oxide, and tailored to transduce



60 Miquel Avella-Oliver et al.

biorecognition events on their surface by means of guided-mode
resonances (Fig. 1d).

The guided-mode resonance phenomenon of these materials
relies on the waveguide behavior of the titanium oxide on polycar-
bonate (see Note 3). The nanogrooved structure of the BD-R disks
acts as a diffractive grating that couples, in the titanium oxide film, a
given range of wavelengths of an incident white light (se¢ Note 4).
Then, the guided light leaks out of the waveguide and interferes
with the incident beam, which creates bandgaps in the transmission
spectrum. The wavelengths that meet these coupling conditions
depend on the thickness of a biological layer on the material.
Consequently, binding events of unlabeled biorecognition assays
performed on these photonic crystals can be monitored by means
of the wavelength shifts in the resulting transmission bandgaps
(Fig. le).

The original study on the experimental and theoretical aspects,
as well as the optical and structural characterizations to conceive
and apply these materials was presented in a previous publication
[20]. Herein we focus on a detailed description of the practical
procedures to fabricate and use the optimized material resulting
from the original study. In particular, this chapter reports a com-
prehensive description of the materials and protocols to obtain the
nanogrooved polycarbonate plates from standard BD-R disks, coat
them with titanium oxide, covalently attach biological probes on
them, arrange the optical measurement setup, perform unlabeled
biorecognition assays, and process the resulting data to quantify the
concentration of different targets in samples.

2 Materials

2.1 Chemicals

1. Phosphate-buftered saline (PBS) was prepared to yield 8§ mM
Na,HPO,, 2 mM KH,PO,, 137 mM NaCl, and 2.7 KCl mM
at pH = 7.4 in purified water (MilliQ, Millipore Iberica), and
filtered through 0.2pm pore size syringe filters (Fisher
Scientific).

2. PBS-T was prepared as PBS, but including polysorbate
20 (Tween 20, Sigma-Aldrich) 0.05% v/v in its composition.

3. Ethanol (96% v/v extrapure, Scharlau).

4. Glutaraldehyde solution (25% wt in H,O), (3-aminopropyl)
triethoxysilane (99%) (se¢e Note 5), bovine serum albumin
(BSA), lactate dehydrogenase from rabbit muscle (LDH),
C-reactive protein (CRP), rabbit anti-BSA IgGs, and mouse
anti-CRP IgGs from Sigma-Aldrich. Rabbit anti-LDH IgGs
were obtained by rabbit immunization (se¢ Notes 6 and 7).
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2.2 Photonic Crystal 1.

Ultra-high-vacuum magnetron sputtering system (ATC series,

Preparation AJA International Inc.).

2. Computer numerical control drilling machine
(Bungard CCD).

3. UV lamp (UVOH 150 LAB, FHR, 254 nm, 50 mW/cm?).

4. Oven (J.P. Selecta, mod 210).

5. Hydrophobic ink pen (Mini PAP Pen, Thermo Scientific).

2.3 Optical Setup 1. Breadboard, optical post assemblies (posts, holders, mounts,
etc.), and other standard optomechanical components from
Thorlabs.

2. White light source (Schott-Fostec ACE DDL, tungsten halo-
gen lamp, 380-780 nm, max. 150 W) coupled to a lightline
split into four lines (Fostec 02 ,/00).

3. Planoconvex spherical lens (Linos px f150, focal length
150 mm).

4. Diaphragm (Thorlabs D368S).

5. Silver rectangular plane mirror in an adjustable cube mount
from Linos.

6. Fiber adapter (Linos 25/FSMA).

7. Fiber optic probe (Avantes FC-UV200-2-SR).

8. Spectrophotometer (Avantes AvaSpec-2048TEC-USB2) (see
Note 8).

3 Methods
All the stages involved in the fabrication and use of these photonic
crystals for label-free biosensing are described in this section and
schematized in Fig. 2.
Section 3.1 Section 3.2 Section 3.4 Section 3.5

—

DATA
FUNCTIONALIZATION ]—’[ASSAY}’[pRocEssmG]

grooved disk (1-6)

activation (1-2) ]

T
A

i

cut into chips (7-8)

I‘

TiO; coating (9-10) [ probe attachment (6-8) ] Section 3.3

FABRICATION }[
: |
|

sylanization (3-5) ]

OPTICAL
SETUP

v

Fig. 2 Flow chart of the methods involved in the fabrication and use of these photonic crystals to perform
bioanalytical determinations in label-free format. The numbers in parentheses indicate the protocol steps
described within the corresponding section
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3.1 Fabrication The fabrication of the photonic crystals relies on obtaining the
internal grooved structure of standard recordable Blu-ray disks
(BD-R, MediaRange 4x speed 25 GB) (see Note 2), cutting the
disks into chips, and coat them with TiO,. The corresponding
procedure is disclosed in the following steps:

1. Make a circular cut on the protective layer of the disks in an
external diameter (about 11.6 cm) using a utility knife (Fig. 3a)
(see Note 9).

2. Lift up a small part of the protective layer by inserting the tip of
the utility knife into the groove of the previous circular cut (see
Note 10). Then, take the lifted part with the fingers (using lab
gloves) and peel off the whole protective layer by pulling it
toward the opposite edge of the disk (Fig. 3b) (see Notes 11
and 12).

An alternative strategy in this step is to firmly attach a piece
of'adhesive tape (about 4 cm long) on the circular cut, and pull
from it to lift up and peel off protective layer.

Another option in this step is to peel off the protective layer
by blowing a high stream of compressed air in the circular cut.
It may be especially useful in small parts that may remain
attached to the disk.
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(C)| |(D)

n
apnsYsibaM

wenae BT % A-08

=

Fig. 3 Photographs of the procedure to obtain the raw nanogrooved polycarbonate plates from standard
recordable Blu-ray disks: (a) making the external circular groove on the disk, (b) peeling off the protective
layer, (c) the disk without the protective layer (left) and the removed protective layer (right), and (d) the
resulting nanogrooved polycarbonate disk after dissolving the metallic and the recording dye layers (see Note
16)



Large-Scale Nanogrooved Photonic Crystals for Label-Free Biosensing by. . . 63

3.

10.

Immerse the disks (grating side up) in a solution of hydrochlo-
ric acid (1 M) for 60 min at room temperature in the fume
cupboard to remove the metallic layer on the grooved pattern
(see Notes 13 and 14).

. Rinse the disks by immersing them (grating side up) into three

successive baths of purified water (Milli-Q, Millipore Iberica).

. Rinse the disks by immersing them (grating side up) into three

successive baths of ethanol, to remove potential residues of the
recording dye.

. Rinse again the disks by immersing them (grating side up) into

a bath of purified water. Dry the disks using a stream of com-
pressed air (Fig. 3¢) (see Note 15).

. Design the cutting pattern (Fig. 4a) and cut the disks into

rectangular chips (1.5 x 1.2 cm) using a computer numerical
control drilling machine (drill diameter = 1 mm, rotational
speed = 50,000 rpm, translational speed = 750 mm,/min)
(see Note 17).

. Repeat steps 4 and 5.
. Coat the nanogrooved side of the disks with 80 nm of TiO, by

ultra-high-vacuum magnetron sputter deposition (Fig. 4b).

To separate the chips, cut the joints of the cut disk (Fig. 4a)
using the utility knife. Once isolated, manipulate the chips
from the edges, with tweezers, in order to avoid scratches on
the grating side.

A practical strategy to store and handle the disks after the

fabrication (as well as along intermediate steps) is fixing them face
down (grooved grating down) in standard compact disks cases.

(A) (B)

1.5¢em
g

Fig. 4 (a) Image of the cutting pattern used to cut the disks in the computer numerical control drilling machine.
The red circles in the top-center chip indicate the joints (about 0.5 mm long) created in all the chips to keep
them attached to the disk. (b) Photograph of the resulting disks after the whole fabrication process
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3.2 Functionalization

3.3 Measurement
System

Once fabricated the chips, the surface of the photonic crystals is
functionalized to covalently attach the probes (BSA, anti-CRP IgG,
and anti-LDH IgG for the assays herein addressed) on the titanium
oxide film, according to the following procedure:

1. Wash the chips by immersion in EtOH for 5 min in an orbital
stirrer (~40 rpm) and dry them using a stream of compressed
air (see Note 18).

2. Put the chips (grating face up) under a UV lamp (254 nm,
50 mW/cm?) for 10 min. Meanwhile, prepare a solution of
(3-aminopropyl)triethoxysilane (2% in ethanol) to be ready by
the end of the irradiation.

3. Immediately after the irradiation, immerse the chips in the
(3-aminopropyl)triethoxysilane solution for 30 min (se¢ Note
19) and stir (orbital stirring, ~40 rpm) at room temperature.

4. Rinse the chips by immersion in ethanol and dry them with
compressed air.

5. Bake the chips in an oven at 95 °C for 30 min. Next, wash them
by immersion in PBS and dry the chips with compressed air.

6. Immediately afterward, immerse the chip in a solution of glu-
taraldehyde (2.5 v/v in PBS) for 30 min (orbital stirring at
~40 rpm) at room temperature (se¢ Note 20). Rinse the chips
by immersion in purified water and dry them using a stream of
compressed air.

7. Immerse the chips in solutions of probe (BSA, anti-CRP IgG or
anti-LDH IgG, 100pg/mL in PBS) for 30 min (orbital stir-
ring, ~40 rpm) at room temperature.

8. Rinse the chips by immersion in PBS-T and dry them using a
compressed air stream.

A custom optomechanical setup is used to measure the optical
response (the polychromatic transmission spectra) of the photonic
crystals. This setup basically relies on a collimated beam of white
light that hits the chips (with the assays on them) and a spectro-
photometer that collects the spectra of the light transmitted
through the material. A photograph of the measurement system is
shown in Fig. 5, and the steps to arrange it are described below:

1. Clamp one of the lightlines in the optomechanical setup, set
the intensity control knob of the light source to its nine o’clock
position (see Note 21).

2. To collimate the beam, fix the planoconvex spherical lens at
150 mm from the output of the lightline (se¢ Note 22) and
align it for the light beam to hit perpendicularly the center of
the lens.
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Fig. 5 Optomechanical setup employed to experimentally measure the polychromatic transmission spectra of
the photonic crystals: (a) schematic diagram, (b) real image, and (c) zoomed view of the photonic crystal
within the system

3. Fix a diaphragm after the collimation lens and parallel to
it. Align the diaphragm with the center of the light beam and
set its aperture to 3 mm of diameter.

4. Set a mirror after the diaphragm to reflect the beam perpendic-
ularly toward the breadboard.
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5. Attach the chip (grating side up) on a glass slide by using small
strips of adhesive tape in two sides of the chip, fix the glass slide
in the optomechanical setup (se¢e Note 23), and align it for the
center of the chip to be hit by the light beam.

6. Fix the tip of the fiber optic probe (using a fiber adapter) below
the chip and align it for the light beam to hit perpendicularly
the center of the probe.

7. Connect the other tip of the fiber optic probe to the
spectrophotometer.

8. Connect the spectrophotometer to a personal computer (trans-
mission spectra acquired with the software AvaSoft 7.8
for USB2).

The photonic response of these materials involves two band-
gaps in the transmission spectra upon irradiation of unpolarized
light, one from the coupling of the transverse magnetic
(TM) polarization and the other from the transverse electric
(TE) polarization. In raw chips of the photonic crystals, the TM
bandgaps appear centered at around 525 nm and the TE ones at
around 590 nm (Fig. 6a). The bandgaps generated by the TE are
the ones selected to sense biointeractions on the materials by means
of wavelengths shifts [20].

Besides, if the irradiation angle tilts along the perpendicular
direction of the grooves, both bandgaps split symmetrically into
two and the separation between them increases together with the
incident angle, whereas the averaged wavelength remains constant
(Fig. 6b) [20]. An effective strategy to enable robust measurements
and to minimize potential imprecision and artifacts coming from
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Fig. 6 Photonic response. (a) Transmission spectra of the raw material with the TM (left) and TE (right)
bandgaps. (b) TE bandgap at perpendicular irradiation (black continuous line) and split TE bandgaps upon an
irradiation angle of 6° (red dashed line). (¢) Processed transmission spectra of a functionalized photonic
crystal before (black continuous line) and after (red dashed line) the incubation of target IgGs (100pg mL~7).
Dotted vertical lines correspond to the bandgaps position, continuous vertical lines represent the averaged
wavelength of the split bandgaps of each spectrum, and the difference between them corresponds to the
wavelength shift (A4) generated by the assay and used as analytical signal
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34 Assays

3.5 Data Processing

the incidence angle and the curvature of the grooved structure, is to
use a chip holder with a fixed tilt (along the perpendicular direction
of the nanogrooves), and then use the averaged wavelength of the
two split bandgaps as analytical signal. The custom holder used in
this development (step 5 above) tilts the chip 5° (see Note 24),
which separates the split TE bandgaps about 42 nm (see Note 25).

To perform and measure biorecognition assays on the photonic
crystals, the transmission polychromatic spectra of the chips were
assessed after incubating target solutions on the chip, according to
the following procedure:

1. Delimit the assay area on the chip by drawing a circle (4 mm
diameter) with a hydrophobic ink pen on the grating side (see
Note 26).

2. Acquire the initial (before the sample incubation) transmission
spectra of the assay area.

3. Dispense solutions (40pL per assay area) containing different
concentrations of the targets (anti-BSA IgGs, CRP and LDH
in this work) in PBS-T on the photonic crystal, and incubate
them for 30 min at room temperature.

4. Rinse the chips with PBS-T, then with purified water, and
finally dry them in an air stream.

5. Acquire the transmission polychromatic spectra (535-752 nm)
by averaging 50 scans (integrating time = 1 s) of each spot of
the grid (Fig. 6¢).

The number of assays per chip can be increased by performing
successive target incubations on the same assay area. For that,
repeat several times the steps 3-5 above. This strategy enables to
minimize the consumption of chips in characterization assays, but it
must be noted that to obtain a neglectable accuracy deviation, the
incubated solutions must contain an increasing concentration of
target and the concentration difference between two successive
incubations should be at least one order of magnitude (see Note
27). As observed in Fig. 7, the target concentration in different
immunoassays correlates well with the resulting signal in the exper-
imental dose-response curves. From these results, the detection
(SNR = 3) and quantification (SNR = 10) limits obtained are
16 ng/mL (100 pM) and 465 ng/mL (3.1 nM) of anti-BSA
1gGs, 2pg/mL (87 nM) and 7pg mL (304 nM) of CRP, and
18 ng/mL (13 nM) and 50 ng/mL (36 nM) of LDH, respectively.

Once the assay is performed on the functionalized chips and ana-
lyzed in the measurement system, the resulting spectra are pro-
cessed with a Savitzky—Golay filter using Origin Pro 8 software
(OriginLab Corporation) to smooth them. For each acquisition,
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Fig. 7 Dose-response curves of different label-free immunoassays obtained with the method herein described:
(@) BSA probes and anti-BSA IgG targets, (b) anti-LDH IgG probes and LDH targets, and (c) anti-CRP IgG probes

and CRP targets

the position of the two longer wavelengths valleys (split TE band-
gaps) is averaged. The wavelength sifts (A1) generated by the assay
(used as analytical signal) are determined by subtracting the aver-
aged wavelength before the target incubation (step 2 in Subhead-

ing

3.4) to the one after it (step 5 in Subheading 3.4) (Fig. 6¢).

Experimental noise values are calculated as the standard deviation
of the AA obtained from the measurement of ten blank samples
(Opg/mL of target). Signal-to-noise ratios are determined by divid-
ing each A by the calculated noise value (Fig. 7).

4 Notes

. The metal used is typically aluminum, and the recording dye in

BD-R disks is made of an organic compound not specified by
the manufacturers. Regarding the protective layer, various
compositions are employed by the different manufacturers.
For example, TDK corporation employs the one named
durabis®.

. We have experimentally observed that the dimensions of the

nanogrooved structure can slightly differ from BD-R disks
fabricated by different manufacturers. Note that slight struc-
tural differences in the starting nanogrooved pattern may mod-
ity the optical response of the resulting materials.

. The refractive indexes of titanium oxide and polycarbonate

(at 632.8 nm) are 2.8736 and 1.58132, respectively. This
significant difference supports the waveguide behavior of the
titanium oxide layer.

. It is important to note that, despite the spiral shape of the

nanogrooved structure along the disks, the period of the
grooves is about eight orders of magnitude shorter than the
diameter of the disk. Therefore, the curvature of the grating
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10.

11.

12.

13.

14.

15.

16.

becomes neglectable, especially in outer radius of the disk and
incident beam diameters of a few millimeters.

. Store this silane in a desiccator and manipulate it under inert

(nitrogen) atmosphere.

. We used a custom anti-LDH antiserum produced in our lab by

rabbit immunization, but there are many commercially avail-
able options for anti-LDH IgGs.

. All the bioreagents were stored in frozen (—20 °C) aliquots and

diluted before use.

. For sensitive bioanalytical measurements in this system, the

resolution of the spectrophotometer used in the measurement
setup should be at least 0.1 nm.

. A practical trick to easily create this circular cut at constant

diameter is to place the disk in an individual compact disk
case, hold firmly the tip of the knife on the selected diameter
with one hand, and rotate the disk with the other along the
whole perimeter of the cut.

This step may create slight scratches on the disk surface, close
to the circular cut, caused by the knife tip. However, note that
the outer diameter of the disks (above 10 ¢cm) will be subse-
quently removed in order to fit the disk into the sputtering
chamber.

Pull it carefully and slowly in order to try to peel it off in one
piece. If the protective layer breaks during the pulling process,
peel off the remaining parts on the disk as before. After remov-
ing the protective layer, both the metallic and the recording
dye layers normally remain attached on the polycarbonate side,
but they can be peeled oft together with the protective layer in
some instances. In any case, do not omit the steps 3-5 of this
procedure.

Beyond this point, the nanogrooved structure is not protected,
so the disks and the subsequent chips must be manipulated
from the sides in order to avoid scratches and damaging of the
structure.

Suitable containers to carry out immersions of the whole disks
are crystalizing dishes and the lids of 25-pack disk cases.

Along the immersion in hydrochloric acid, it must be observed
that the original blueish color of the remaining metallic parts
on the disk becomes colorless.

Another practical way to dry the disks is by centrifugation, for
example by using a custom centrifuge adapted to spin compact
disks.

Most BD-R disks are labeled on the unstructured side of the
polycarbonate layer, and some of these labels are resistant to
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17.

18.

19.

20.

21.

22.

the hydrochloric acid solution of the step 3 in Subheading 3.1.
These labels can be solved with harsher chemical conditions,
and it may be necessary in some instances depending on the
configuration (color, thickness, homogeneity, etc.) of this
layer. However, with the BD-R disks used in this development,
we have experimentally observed that this label does not inter-
fere with the measurements. In Fig. 3¢, it can be observed the
back side of the remaining label on the bottom of the polycar-
bonate plate.

Polycarbonate can melt and solidify on the drill during the
process. To obtain a clean cut, this must be often checked,
and the drill must be cleaned when necessary.

Besides CNC drilling machines, other methods can also be
used to cut the disks into chips. A simple alternative is a sharp
utility knife, although the thickness of this polycarbonate plate
(1.1 mm) needs for multiple iterations to be completely cut.
Another simple option are scissors, while in this case special
care must be took to avoid plane deformations by shearing in
the resulting chips. A laser cutter can also be used for this
purpose, and in this case special effort must be put into pro-
tecting the disk and optimizing the cutting conditions in order
to avoid the grooved surface to become damaged by the fumes
generated during the cutting process.

All the immersions of the chip along the functionalization
protocol are performed in glass vials.

Shorter times may lead to an inefficient functionalization, and
we have experimentally observed that the titanium oxide layers
may generate small cracks under longer reaction times.

The titanium oxide surface becomes hydrophobic after the
step 3 of the protocol in the Subheading 3.2, which makes
the chip float in aqueous solutions. Therefore, this immersion
is performed on the surface of the glutaraldehyde solution,
with the grating side of the chip down.

This position of the knob corresponds to a 10% of the lamp
intensity, which leads an intensity of about 3.75 W per lightline
(according to the specifications of the light source). We have
experimentally observed that high light intensities must be
avoided in order to obtain well-defined bandgaps in the trans-
mission spectra.

The distance between the output of the light source and the
collimation lens is critical and it must be set according to the
focal distance of the employed lens (150 mm in this case).
Beyond this point the beam is collimated, the distance between
the rest of the elements of the optical setup is not critical and it
can be qualitatively determined from Fig. 5b, c.
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23. A custom 3D printed piece was fabricated and used to fix this
glass slide and mount it in the setup. Alternatively, commer-
cially available optomechanical accessories can be used for this
purpose.

24. To tilt the chip in the right direction, it is important to take
into account the orientation of the grating in the step 5 of the
protocol for the measurement system.

25. Alternative setup configurations with incident light angles
(along the perpendicular direction of the groove) above 8-9°
would overlap the split bandgaps coming from both polariza-
tions, thus hindering the determination of their spectral posi-
tion. In this case, a linear polarizer could be included
somewhere in the beam path between the lens and the photo-
nic crystal, and set it to polarize the light along the nanogroove
direction, thus filtering out the TM polarization and its
corresponding bandgaps in the transmission spectrum.

26. This is useful to keep aqueous solutions on the chip during the
incubations, and can also be used to avoid different solutions to
merge along their incubation on multiple assay areas in a single
chip. Besides, a simple alternative for this purpose is to use
custom incubation masks with circular chambers in an
adhesive film.

27. Other potential strategies (not studied in this work) to increase
the number of assays performed per chip are either regenerat-
ing the chip by applying harsh chemical conditions (and then
carry out a new functionalization) or removing the bound
targets by incubating chaotropic agents (and then performing
a new assay).
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Plasmonic Nanoparticle Conjugation for Nucleic Acid
Biosensing
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Gregory J. Tsongalis, and John X. J. Zhang

Abstract

This chapter details the use of gold nanorods conjugated with peptide nucleic acid probes for sequence-
specific detection of circulating tumor DNA (ctDNA). ctDNA is gaining increased attention as a biomarker
for liquid biopsy, the process of detecting molecules in the peripheral blood rather than a tissue sample. It
has wide ranging applications as a diagnostic and prognostic biomarker with a similar mutational profile as
the tumor. Plasmonic nanoparticles offer a relatively rapid, amplification-free method for detection of
ctDNA through the use of sequence-specific peptide nucleic acid (PNA) probes. In this chapter, we discuss
methods for probe design, conjugation to plasmonic particles, and ctDNA quantitation with the resulting
sensor. This chapter is a resource for those looking to use plasmonic gold particles for sensing in a solution
format for a range of applications.

Key words Biosensor, Liquid biopsy, Nanosensor, Plasmonic, Localized surface plasmon resonance,
Gold nanorod, Circulating tumor DNA, Peptide nucleic acid

1 Introduction

1.1 Liquid Biopsy Earlier detection of cancer is widely considered to be one of the
and Circulating largest unmet needs in the cancer space. Currently, the most com-
Tumor DNA mon diagnostic methods include imaging and tissue biopsy, which

can be burdensome for the patient because of cost and invasiveness.
There are also some recent blood protein biomarker tests that are
slowly becoming more widely used. As the field rapidly trends
toward personalized care, molecular diagnostics are becoming
more promising for individualized monitoring of patient tumor
burden, as well as genetic and phenotypic characteristics [1]. Such
tests could inform patient diagnosis and prognosis, as well as pro-
vide information for targeted therapy [2, 3]. Specifically, genomic
analysis of cancers has become the standard of care for precision
medicine [4].

Miguel R. Ossandon et al. (eds.), Biomedical Engineering Technologies: Volume 1, Methods in Molecular Biology, vol. 2393,
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1.2 Plasmonic
Biosensing

Liquid biopsy is growing in popularity because of the promise
of minimally invasive cancer detection. The most common liquid
biopsy biomarkers currently being studied include circulating
tumor cells (CTCs), circulating tumor DNA (ctDNA), and exo-
somes [5, 6]. ctDNA is a particularly promising biomarker because
it can capture both the genetic and epigenetic changes within a
tumor. Moreover, its short half-life allows for a representative
snapshot of the tumor’s current genetic profile [7, 8]. Enrichment
and quantitation of ctDNA, however, is a challenge because of its
low concentration and the presence of non—-tumor-specific cell-free
DNA in the blood.

One challenge with the capture of ctDNA is that it exists in
extremely low concentration in the blood, and unlike cells, DNA
fragments are small enough that they cannot be detected using
conventional imaging [9, 10]. Thus, local enhancement is neces-
sary for the spectroscopic detection of ctDNA in a patient fluid
sample.

Surface plasmon resonance (SPR)—the collective electron-
electromagnetic wave oscillation at a metal-dielectric interface—
has been used extensively to monitor biochemical interactions
which locally change the refractive index near the sensor surface
[11]. This resonance results in highly enhanced electric fields which
are sensitive to changes in the local environment and can transduce
minute changes in the local refractive index (down to ppm concen-
trations) without the need for fluorescent labeling for signal ampli-
fication [12] . Such label-free operation not only simplifies the
measurement setup, but also avoids contamination/interference
of the fluorophores with the target analytes [13]. Furthermore,
owing to their high sensitivity, SPR sensors enable fast, real-time
monitoring of target analytes, including real-time binding dynam-
ics (e.g., protein—peptide interactions) [14]. The combination of
high sensitivity, real-time operation, and compatibility with
biological samples has established SPR sensing as an important
tool for biochemical investigations.

Metallic nanoparticles which support localized surface plasmon
resonance (LSPR) have also been investigated for sensing applica-
tions. The LSPR modes depend on the nanoparticle material,
geometry, and surrounding dielectric environment. Importantly,
the LSPR modes—including resonance wavelength, bandwidth,
and electric field decay profiles—may be tailored to the specific
application through careful design of the nanoparticle geometry
and arrangement (i.e., ordered arrays). The electric field decay
length, in particular, plays in important role in the sensitivity of
the device [13]. For optimal sensitivity, It is desirable for the field
decay length to spatially overlap with the target analytes of interest
[13, 15]. In general, the field decay profiles in LSPR sensors are
better matched to the dimensions of biochemical target analytes
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(10s of nm, compared to 100s of nm in SPR systems); however, the
main benefit is that the LSPR field profiles may be tailored almost
arbitrarily by appropriate design of the nanoparticle, opening a
wide range of possibilities in highly sensitive, target-specific biosen-
sing. LSPR-based biosensors typically use a simpler experimental
setup and are less sensitive to thermal and vibrational variation.
Given the freedom of design and the desirable sensing character-
istics, LSPR-based nanoparticles are used as the sensing platform
for this work.

In the context of biosensing, LSPR-based sensors show spectral
resonance shifts that increase in wavelength as monolayers on sur-
face of the nanoparticle increase in thickness and/or refractive
index [9, 13]. Thus, we can functionalize nanoparticles with a
selective probe for ctDNA capture and confirm the successtul con-
jugation through a spectral red-shift [10, 16, 17]. Then, with
increased concentrations of ctDNA in solution, we will expect the
spectra to lead to further successive red shifts [9].

1.3 Gold Nanorods This chapter outlines the use of gold nanorods for sequence-specific
Biosensing Platform capture and detection of ctDNA [9, 18]. The principle of operation
for the sensor is that the gold nanorods are conjugated with peptide
nucleic acid (PNA) capture probes complementary to the ctDNA
sequence of interest (Fig. 1). The resonance spectrum of these
starting nanorods in solution is measured before putting in contact
with the analyte. The conjugated rods are suspended in the sample
of interest, and if ctDNA is present it will bind to the PNA probes.
Due to the LSPR modes on the nanoparticle, this binding will cause
a red shift in the optical response that can be measured by a shift in
the peak location of the optical absorbance spectrum. The two
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Fig. 1 Sensor Principle of Operation. (a) Functionalized gold nanorods are introduced to the sample that may
contain ctDNA. (b) ctDNA will bind in a sequence-specific manner to PNA probes on gold nanorods. (¢) Change
in local refractive index will induce an LSPR-based resonance shift and peak wavelength can be measured.
(Reprinted from Biosensors and Bioelectronics, 130, Amogha Tadimety, Yichen Zhang, Kasia M. Kready,
Timothy J. Palinski, Gregory J. Tsongalis, John X.J. Zhang, “Design of peptide nucleic acid probes on
plasmonic gold nanorods for detection of circulating tumor DNA point mutations”, 236-244, (2019), with
permission from Elsevier)
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1.4 Peptide
Nucleic Acids

1.5 Applications

1.5.1  Cancer Diagnosis
and Targeted Therapy

1.5.2 Companion
Diagnostics

1.5.3 Noncancer
Applications

spectra can be processed and peak shift, corresponding to concen-
tration of ctDNA in solution, can be quantified.

Peptide nucleic acids (PNAs) are a class of synthetic bioprobes that
have a hybrid peptide-nucleic acid structure [19]. They consist of
the same type of nucleobases found in nucleic acids bound to a
peptide backbone [20, 21]. PNAs can selectively bind double-
stranded and single-stranded DNA sequences with high
sequence-specific affinity [22]. In this study, PNA probes comple-
mentary to ctDNA sequences of interest are conjugated to plasmo-
nic nanoparticles for sequence-specific capture and detection.

The techniques proposed in this chapter put forth a platform that
can be used for one-step capture and quantitation of ctDNA. The
same methodology could be used for detection of cell-free DNA for
noncancer applications. Some of the example applications for this
platform are detailed below.

ctDNA is generally understood to harbor somatic mutations repre-
sentative of the host tumor [8]. It has been detected in more than
75% of patients with advanced cancers, and about half of patients
with localized tumors using digital droplet PCR [23]. One of the
greatest promises of liquid biopsies is the potential to detect cancer
before the presentation of clinical signs or a lesion on standard
imaging scans. If this is the case, the detection of ctDNA could
lead to earlier diagnosis of cancer and determination of the appro-
priate personalized therapy.

Companion diagnostics are diagnostic tests that are approved to
determine if a patient is an eligible candidate for a particular ther-
apy. They have exploded in the research and clinical fields upon the
growth of precision and personalized medicine, and are relied on to
determine potential safety and efficacy of personalized treatments.
The techniques outlined in this chapter could be applied to com-
panion diagnostics because they allow for the detection of patient-
specific somatic mutations that may indicate eligibility for persona-
lized molecular therapies. As the field begins to further understand
the underlying genetic mechanisms of disease, the application space
for rapid DNA detection will grow.

A number of noncancer conditions have been known to release cell-
free DNA into the bloodstream that could be captured using a
similar methodology. Cell-free DNA has been associated with con-
ditions including pregnancy, organ transplantation, stroke, autoim-
mune disorders, and myocardial infarction [24]. For the
development of diagnostics for some of these other conditions,
the techniques outlined in this chapter could be applied.
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Extensive work has been done using massively parallel DNA
sequencing for the detection of somatic variants in human tumors
which help oncologists select the best and most appropriate therapy
for the patient. However, obtaining tumor tissue may not always be
feasible in patients with advanced disease due to the intolerability of
the invasive nature of the procedure. In addition, monitoring of
disease progression and resistance to therapy would require multi-
ple biopsies at various time points, making this a less desirable
practice. Identification of biomarkers in the “liquid biopsy” is
very appealing because it only requires a simple blood draw and
can be performed at multiple time points during the course of the
patient’s disease. The simplicity of acquiring this type of specimen
makes use of the liquid biopsy very feasible for monitoring disease
progression, response to therapy and development of resistance
[25]. In addition, there is a significant amount of work being
done to see if detection of ctDNA can be used for early detection
of disease in asymptomatic patients and to detect relapse or metas-
tases. Because the use of plasmonic nanosensors does not require
any DNA/RNA extraction or PCR amplification steps, this tech-
nology could provide a rapid assessment of ctDNA in a cost effec-
tive manner with a throughput suitable for the clinical laboratory.

2 Materials

2.1 Required
Reagents/Supplies [9]

1. Carboxylated Gold Nanorods (Nanopartz, C12-40-780-TC-
DIH-50, Conjugated Gold Nanorods 40 x 124 nm,
SPR = 780 nm, 2.5 mg/mlL, OD = 50, 1 mL, Carboxyl
Polymer, DIH).

2. PNA Probes (PNABio, 15 base pair sequence, 50 nmol con-
centration, HPLC purified; multiple sequences ordered but the
primary G12V mutation probe had a sequence of TAC GCC
AAC AGC TCC (Melting temperature 42.5 °C WT and
47.2 °C Mutant). The lyophilized PNAs are dissolved to
100pM in TE Buffer and stored in the freezer until use.

3. After thermodynamic simulation is complete, additional PNA
probes are ordered. (PNABio, 15 base pair sequence, 50 nmol
concentration, HPLC purified; modified PNA probes had a
sequence of TAC GCA AAC AGC TCC (melting temperature
24 °C WT and 36.5 °C Mutant) and TACGCG AAC AGC
TCC (melting temperature 24 °C WT and 37.8 °C Mutant)).
The lyophilized PNAs are dissolved to 100pM in TE Buffer and
stored in the freezer until use.

4. Synthetic Duplex and Oligo DNA (IDTDNA, 100 nmol,
mutant and wild type double stranded oligo sequences are
5-ACT TGT GGT AGT TGG AGC TGG TGG CGT AGG
CAA GAG TGC CT-3 and 5'-ACT TGT GGT AGT TGG
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2.2 Working
Solutions [9]

2.3 Instrumentation
for Conjugation
and Readout

2.4 Computational

P
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AGC TGT TGG CGT AGG CAA GAG TGC CT-3). The
lyophilized sequences are dissolved to 100uM in TE Bufter
and stored in the freezer until use.

. 96-well plates (Falcon, Multiwell flat bottom plates with lids,

sterile, 353072).

. Low Retention Eppendorf tubes (Fisherbrand microcentrifuge

tubes, 0.6 mL graduated, flat cap tubes, low retention,
02-681-311).

. Activation Buffer is prepared from 0.1 M MES (MEX mono-

hydrate, Sigma, 69892-100G) and 0.5 M NaCl (sodium chlo-
ride, Sigma, S$7653-250G) and buffered to pH 6.0 in
molecular grade water. This buffer is stored wunder
refrigeration.

. 10 mM CTAB (Hexadecyltrimethylammonium bromide or

Cetrimonium bromide, Sigma, H9151-25G) is prepared in
molecular grade water. The solution is stored under
refrigeration.

. 375 mM EDC ( N-(3-dimethylaminopropyl)- N-

'-ethylcarbodiimide hydrochloride, Sigma-Aldrich, E7750-
5QG) is prepared in Activation Buffer. The solution must be
prepared fresh for each conjugation procedure.

. 937.5 mM NHS (N-hydroxysuccinimide, Sigma-Aldrich,

130672-5QG) is prepared in Activation Buffer. The solution
must be prepared fresh for each conjugation procedure.

. Tris-EDTA (TE) Bufter is prepared from 10 mM Tris HCI (Tris

Hydrochloride, 1 M Solution (pH 8.0/Mol. Biol.), Fisher
BioReagents, BP1758-100) and 0.1 mM EDTA (Ethylenedia-
minetetraacetic acid disodium salt dihydrate, Millipore Sigma,
E5134-50G) in molecular grade water. The solution may be
stored at room temperature until use.

. Centrifuge (Eppendorf Centrifuge 5810 R with microcentri-

fuge attachment).

. Vortexer (Fisher Vortex Genie 2, Cat. No. 12-812).

. pH Meter (Hanna Instruments Edge).

. Weighing Scale (Ohaus Adventurer Pro Balance).

. Microplate Reader (Tecan Spark 10 M with NanoQuant plate).
. Sonicator, Ultrasonic Cleaner (Elma E 60 H Elmasonic).

. Qubit 3 Fluorometer (Invitrogen by ThermoFisher Scientific).

. MATLAB
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3 Methods

3.1 PEG
Garboxylation of Bare
Gold Nanorods

3.2 Spectral
Measurement

The described protocols can be performed on either bare gold
nanorods (in CTAB surfactant) or on carboxylic acid functionalized
gold nanorods. Most of the results reported in this chapter are
based on carboxylated gold nanorods, but there is a simple protocol
for the carboxyl functionalization of bare gold nanoparticles if
necessary [206].

1.

The CTAB layer on the surface of the gold nanoparticles can be
replaced with thiol-PEG-carboxylate.

. 100pL of 0.5 mM thiol-PEG-carboxylate is mixed with 1 mL

of concentrated CTAB coated gold nanorods.

. The mixture is incubated for 30 min with sonication [26].

. The free CTAB and thiol molecules can be removed through

centrifugation.

. These carboxylated nanoparticles can be directly used for PNA

conjugation after this step.

. 2pL of the sample is carefully pipetted onto the sensing spot on

the NanoQuant plate from Tecan (Fig. 2a). This reduces the
amount of sample used to take a spectral measurement.

. Then an absorbance scan is performed using the Spark 10 M
microplate reader from 400 to 1000 nm wavelengths with a
step size of 1 nm.

Fig. 2 Instrumentation. (a) Tecan Spark 10 M Microplate Reader used for Absorbance Spectrum Measurement.
NanoQuant Plate also pictured. (b) Qubit Fluorometer used for synthetic ctDNA quantitation
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3.3 PNA Conjugation
of Carboxylated
Nanorods

3.

This process takes a few seconds and the resulting Excel data is
exported and saved for further analysis of resonant peak
location.

This section details the methodology for conjugation of PNA
probes to carboxylated gold nanorods [9, 18, 27]. For all data
presented in this section 40 x 124 nm carboxyl functionalized
gold nanorods (Nanopartz) are used (see Note 1).

1.

10.

11.

12.

First, 20pL of concentrated Au-COOH nanorods is pipetted
into a low retention Eppendorf tube.

. The sample is centrifuged down at 3750-4250 x g for 8 min to

pellet the nanorods.

. Then, the supernatant is removed carefully without disturbing

the rods.

. The rods are resuspended into 100pL of 10 mM CTAB solu-

tion in DI H,O.

. The resulting mixture (at a concentration of OD 1) is sonicated

briefly in ice cold water until the rods are properly resuspended
before the absorbance spectrum is measured using the meth-
odology detailed in Subheading 3.2.

. Then the rods are spun down once more at the same conditions

before the supernatant is removed, leaving only the nanorod
pellet.

. 1pL each of 375 mM EDC and 937.5 mM NHS stocks are

added to the tube along with 98pL of Activation Buffer.

. The solution is mixed well using sonication in ice cold water

and allowed to incubate for 15 min at room temperature while
mixing.

. After this activation step, the rods are centrifuged once more

and supernatant pipetted away to remove excess NHS.

Finally, 2.4pL of 100pM PNA probe in Activation Buffer is
added to the pelleted nanorods along with 97.6pL of Activa-
tion Buffer raised to a pH of 7.0 (using carbonate-bicarbonate
bufter) (see Note 2).

The mixture is once again sonicated in ice cold water to redis-
perse and allowed to incubate for 2 h under mixing at room
temperature.

The absorbance spectrum is measured once again to ensure
successful conjugation of PNA probes to the nanorods, as
evidenced by a significant red shift and flattening of the absor-
bance peak (Fig. 3a) (see Note 3).

One of the most critical characteristics of a ctDNA sensor is the
ability to be both highly sensitive and highly specific. The specificity
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Fig. 3 Conjugation Benchmarking and Sensing Results. (a) Absorbance spectra during and after conjugation,
demonstrating red shift and flattening after conjugation. (b) Peak location at increasing synthetic ctDNA
concentrations showing linear sensor range. (c) Percent of synthetic ctDNA in solution bound to sensor.
(Adapted from Biosensors and Bioelectronics, 130, Amogha Tadimety, Yichen Zhang, Kasia M. Kready,
Timothy J. Palinski, Gregory J. Tsongalis, John X.J. Zhang, “Design of peptide nucleic acid probes on
plasmonic gold nanorods for detection of circulating tumor DNA point mutations”, 236-244, (2019), with
permission from Elsevier)

3.4 Design of PNA is an important factor to be able to distinguish single point muta-
Probe for Enhanced tions from the tumor from a wild-type background. In order to
Specificity improve the selectivity for the specified mutation compared to the

wild-type sequence, a series of thermodynamic simulations are
conducted using a two state hybridization simulation from DINA-
Melt, a resource from the Rensselaer Polytechnic Institute [9].

1. The artificial addition of a secondary mutation to the PNA
probe is a promising method for improving specificity because
it will produce a probe with two mismatches to the wild-type
and only one to the mutant.

2. The starting point for the simulations is a 15 bp PNA sequence
with the G12V mutation centered.
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Difference in Melting Temperature of Mutant and Wild Type DNA Binding to Mutated Probe
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Fig. 4 PNA Simulation and Specificity Improvement. (a) Results of DINAMelt simulation demonstrating two

candidate
specificity

PNA probes with improved specificity for mutant sequence over wild type. (b) Improvement in
shown by larger gap between mutant and wild type sensor calibration lines. (Adapted from

Biosensors and Bioelectronics, 130, Amogha Tadimety, Yichen Zhang, Kasia M. Kready, Timothy J. Palinski,
Gregory J. Tsongalis, John X.J. Zhang, “Design of peptide nucleic acid probes on plasmonic gold nanorods for
detection of circulating tumor DNA point mutations”, 236-244, (2019), with permission from Elsevier)

3. The sequences with the addition of a second mutation are
modeled, and two candidate redesigned probes showed signifi-
cant improvements in specificity for the mutant over the wild
type (Fig. 4).

4. These two are studied and indeed demonstrated a significant
improvement in specificity for the mutant synthetic ctDNA
sequence over the wild type (Fig. 4).

3.5 Conjugated Rod 1. The gold nanorods can be stored at the resulting concentration

Storage

after conjugation in the refrigerator stably for up to a week.

2. Before using them, the UV-Vis spectrum can be measured to
ensure that the PNA probe is still attached.
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3.

3.6 CctDNA Detection 1.

Using Absorbance

Measurement 2
3
4

If the spectrum is same as immediately after conjugation, the
rods are still conjugated and can be used for testing (see
Note 4).

After conjugation, gold nanorods are centrifuged at 3750-
4250 x g for 8 min and the supernatant removed.

. A range of synthetic ctDNA solutions are prepared from 0 ng/

mL to 125 ng/mL in TE Buffer and spiked into patient serum.

. Then the solution to be measured is added to the nanorods and

mixed to a final nanorod concentration in the measured solu-
tion of OD 0.25 (corresponding to 7.75 pM nanorods).

. In this study all tests are run with a total reaction volume

ranging from 20 to 200pL. All ctDNA detection studies are
conducted at room temperature. Throughout this process, care
is taken to avoid sonicated the conjugated nanorods for a long
time period (see Note 5).

. The nanorods are incubated in the solution with synthetic

ctDNA for 10 min before the absorbance spectrum is
measured.

. From the resulting spectra the location of the resonance peak at

each synthetic ctDNA concentration is calculated according to
the methodology detailed in Subheading 3.8. These data can
be seen in Fig. 3b.

3.7 ciDNA Binding A Qubit assay kit is used to quantify the amount of synthetic
Benchmarking ctDNA remaining in the solution after gold nanorod capture.

Using Qubit

1.

After the nanorod binding to ctDNA in the test solutions, the
rods are spun down at 3750-4250 x g for 8 min and the
supernatant is used for Qubit analysis.

. The Qubit assay is performed according to package instruc-

tions to determine the concentration of synthetic ctDNA
remaining in the supernatant and is compared to the starting
concentration.

. The results quantifying the percentage of synthetic ctDNA

captured and detected by the gold nanorod sensors can be
seen in Fig. 3c.

3.8 Analysis The location of the resonance peak from the optical absorbance is
of Resulting Spectra calculated using a MATLAB script [9].

1.

The raw data file from the UV-Vis spectrometer is inputted to
the script, and the user is prompted to provide the range of
wavelengths containing the resonant peak. (Input = Excel file
from UV-Vis plate reader, wavelength boundaries of the peak).

. The curve is smoothed using Lowess smoothing (1% smooth-

ing) to remove noise from measurement data.
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3.9 Potential
for On-Chip
Implementation

3. From this smoothed curve, the center of mass within the peak
bounds is «calculated to determine the wavelength
corresponding to the resonant peak. This involved numerical
integration under the curve, followed by dividing by the wave-
length range to get the center of mass.

4. The script returned the location of the peak wavelength for
each absorbance measurement. (Output = Peak wavelength in
nm).

This script is used for the calculation of all peak locations
reported in this chapter.

Through generation of multiple probes and patterning, multi-
plexing or the ability to analyze multiple ctDNA strands simulta-
neously can be incorporated with this approach. Such analysis
provides overhead in data output and thus diagnostic potential, so
can be beneficial within clinical settings. With this excess in obtain-
able data, advanced data analysis methodologies are also increas-
ingly important to reduce data complexity and provide actionable
results. For spectral based analysis, techniques such as machine
learning have recently been investigated, allowing for automated
data processing and analysis. Integration of diagnostic and data
analysis within this platform thus provides an intriguing route for
automated diagnostic platform development.

On-chip implementation of nanoparticles for plasmonic sensing
provides a means toward highly multiplexed and microfluidic-
enabled analysis. Through microfluidic manipulation, on-chip
interactions can be highly controlled to allow for on-chip detection
and high levels of multiplexing. On-chip implementation of nano-
particles typically requires patterning through microfabrication
techniques such as lithography or microprinting techniques.
Order and arrangement can be controlled with lithography techni-
ques, yet expensive equipment is required. Conversely, microprint-
ing techniques provide little control over orientation but are widely
accessible. For microfluidic integration, patterning is often per-
formed on glass slides to allow for device bonding. Following this
patterning and conjugation, microfluidic devices can be coupled to
facilitate on-chip interactions and analysis (se¢ Note 6).

4 Notes

1. Note on Optimization of Testing Conditions. A number of
experiments are run to determine the optimal testing condi-
tions and concentrations for this LSPR-based gold nanorod
sensing process [9]. We study the optimal incubation time of
the conjugated rods with the synthetic ctDNA, the optimal
concentration of nanorods to use, and the stability of the
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Fig. 5 Testing Condition Optimization. (a) Testing to determine optimal synthetic ctDNA and conjugated
nanorod incubation time. (b) Testing to determine optimal nanorod concentration for sensing. (¢) Testing to
demonstrate effects of sonication on conjugation. (Adapted from Biosensors and Bioelectronics, 130, Amogha
Tadimety, Yichen Zhang, Kasia M. Kready, Timothy J. Palinski, Gregory J. Tsongalis, John X.J. Zhang, “Design
of peptide nucleic acid probes on plasmonic gold nanorods for detection of circulating tumor DNA point
mutations”, 236244, (2019), with permission from Elsevier)

conjugated rods to sonication. The results of these experiments
can be seen in Fig. 5. These results demonstrate that 10 min is
an appropriate incubation time, that OD 0.25 nanorod con-
centration is ideal for sensing, and that the rods are stable under
sonication for about 30 s.

2. Note about pH: The protocols are written so that the initial
EDC/NHS coupling occurs at the optimal pH of 6.0, but the
coupling of the PNA molecule occurs closer to the physiologi-
cal pH of 7.0. When testing be careful to maintain pH in the
region of 7.0.

3. Note about congulation: Our protocol verifies successful conju-
gation when the resulting absorbance spectrum is significantly
flattened in amplitude and exhibited a large red-shift. We have
determined that this is due to the coagulation of gold nano-
particles into large clumps, rather than even dispersion, after
the conjugation protocol. Upon the introduction of synthetic
ctDNA the particles redisperse and the curve blue-shifts
back [9].

4. Note on Bulk Refractive Index Testing: One proxy for investiga-
tion of plasmonic nanoparticle behavior is bulk refractive index
sensitivity testing. The plasmonic nanoparticles can be dis-
persed in solutions of a range of refractive indices and optical
spectra obtained [28].

5. Note on Somication: At many stages of the conjugation and
testing protocols the nanoparticles are pelleted and redis-
persed. In general, both a vortex mixer and ultrasonic bath
can be used for particle dispersion. We have found that sonica-
tion in ice-cold water for less than 30 s bursts is ideal for
maintaining the conjugated probe to the gold nanorod. The
cold-water bath also helps to ensure the stability of the PNA
probe.



86 Amogha Tadimety et al.

6. Note on Nanoparticle Geometry. While the described experi-
ments are conducted on gold nanorods, the techniques should
translate directly for gold nanoparticles of other geometries.
The optical absorbance spectra will change depending on the
nanoparticle shape and this can be modeled using simulation
software.
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Ultrasensitive Label-Free Nucleic-Acid Biosensors Based on
Bimodal Waveguide Interferometers

Cesar S. Huertas and Laura M. Lechuga

Abstract

The bimodal waveguide (BIMW) biosensor is an innovative common path interferometric sensor based on
the evanescent field detection principle. This biosensor allows for the direct detection of virtually any
biomolecular interaction in a label-free scheme by using specific biorecognition elements. Due to its
inherent ultrasensitivity, it has been employed for the monitoring of relevant nucleic-acid sequences such
as mRNA transcripts or microRNAs present at the attomolar—femtomolar concentration level in human
samples. The application of the BIMW biosensor to detect these nucleic acids can be a powerful analytical
tool for diagnosis and prognosis of complex illnesses, such as cancer, where these biomarkers play a major
role. The BIMW sensor is fabricated using standard silicon-based microelectronics technology, which allows
its miniaturization and cost-effective production, meeting the requirements of portability and disposability
for the development of point-of-care (PoC) sensing platforms.

In this chapter, we describe the working principle of the BIMW biosensor as well as its application for the
analysis of nucleic acids. Concretely, we show a detailed description of DNA functionalization procedures
and the complete analysis of two different RNA biomarkers for cancer diagnosis: (1) the analysis of mRNA
transcripts generated by alternative splicing of Fas gene, and (2) the detection of miRNA 181a from urine
liquid biopsies, for the early diagnosis of bladder cancer. The biosensing detection is performed by a direct
assay in real time, by monitoring the changes in the intensity pattern of the light propagating through the
BiMW biosensor, due to the hybridization of the target with the specific DNA probe previously functio-
nalized on the BIMW sensor surface.

Key words Nanophotonic biosensor, Waveguide interferometer, Silicon photonics, Nucleic acid
detection, Biofunctionalization, Biorecognition, Optical biosensor, NA biosensor, miRNA, RNA

1 Introduction

In the last decade, nucleic acids have been pointed out as key players
in vital cellular mechanisms, such as cell division, differentiation,
and metabolism [1-3]. Their function is possible due to a highly
structured gene regulation machinery that acts at different expres-
sion levels, from the DNA sequence and its transcription to mRNA,
to protein translation. Different types of biomarkers, including
DNA epigenetic marks, transcriptional regulation processes, and
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1.1 Silicon Photonic
Interferometers

noncoding RNA regulators such as miRNAs, have already been
proven to be more accurate and predictive biomarkers than the
protein levels tested at the clinic [4], constituting a very promising
diagnostic tool that can foster personalized therapeutics. These
mechanisms are gaining more and more importance in complex
illnesses such as cancer, where this intricate regulation is modified
to favor the expression of oncogenes and to enhance the cancer
metabolism that will promote the tumor outgrowth and spreading.
The study of this complex network is one of the main focuses in
current research with the objective to promote the development of
new therapies based on each individual molecular profile, signifying
a step toward to precision medicine.

The conventional analytical methodologies used for nucleic
acid analyses are based on polymerase chain reaction (PCR) ampli-
fication and sequencing methods. While they are very efficient and
widely applied in nucleic acid research, their application in the
clinical context remains a challenge due to some intrinsic limita-
tions, such as the time to perform the analysis or the large quantity
of sample necessary for the detection [5]. In addition, the lack of
standardized protocols and the need for specialized equipment and
skilled technicians, complicate their translation, specially to not-so-
well equipped laboratories. The dynamism and heterogeneity of
illnesses such as cancer requires the development of more cost-
efficient and faster tests able to cover the space-temporal changes
during the disease development and treatment. Therefore, it is
mandatory to achieve reliable diagnostic tools that ensure a sensi-
tive, rapid, and simple analysis, which can complement or even
substitute the classical analytical techniques and will definitely
transform the diagnostic field.

In this context, biosensors present some singularities that put
them at the front line for the development of fast, user-friendly and
low-cost technology for the detection of nucleic acids in different
clinical contexts, overcoming some of the main drawbacks of classi-
cal analytical techniques [5]. Modern biosensors are portable, easy-
to-use, and highly sensitive and can operate in real-time and in situ.
Among biosensors, silicon photonics based biosensors are one of
the most interesting options due to their high sensitivity and their
great potential for integration in PoC devices [6] (for fundamental
information about silicon photonics biosensors, readers are referred
to references (6, 7)). Within silicon photonics based biosensors,
interferometric biosensors are highly suitable for nucleic-acid anal-
ysis due to their ultrahigh sensitivity, selectivity and their great
potential to be miniaturized and integrated with microfluidics for
complete PoC devices [5].

Interferometric biosensors rely on the confinement of light within
structures of conductive or dielectric material called waveguides.
Light propagates through these structures in the form of guided
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modes, which have unique field distribution and propagation velo-
cities that depend on the waveguide geometry (core thickness and
refractive index) and on the working wavelength. Guided modes
are characterized by their effective refractive index ( Neg), which is
related to the propagation constant f through:

f = ko N g (1)

where kg is the wavevector. The wavevector is given by ky = %—(’)‘ =<
where g is the wavelength of the light in the free space, related to
the angular frequency by w = 2nc/ 2.

The condition for the propagation constant for a guided mode

is given by
kony < p < kony. (2)

which can be rewritten as a function of the effective refractive index
as

ny < Negp < my. (3)

Therefore, each mode is defined by their propagation constant,
Pm. Waveguides admitting only one solution for the propagation
constants f, are called single-mode, while structures supporting
more than one mode are referred to as multimode waveguides.

These guided modes generate an evanescent field that extends
beyond the waveguide surface (sensing area), with a penetration
depth normally between 100 and 500 nm and with an exponential
decay profile from the waveguide surface. This evanescent field is
extremely sensitive to variations in the refractive index changes of
the external medium and will produce a change in the propagation
of the guided modes, creating an interference pattern at the output
of the waveguide. The most common interferometric device is the
Mach-Zehnder Interferometer (MZI), where the incoming light
splits in two beams of equal intensity that travel through two single-
mode waveguides and are recombined before arriving at a detector,
which collects the interferometric signal. For biosensing applica-
tions, one of the arms is used as a reference while the other acts as a
sensing one. This configuration is very susceptible to fabrication
errors which must allow a symmetric splitting,/recombination of
the light and have balanced losses between the two arms. To solve
this issue, the BIMW interferometer has been proposed, achieving
interferometric signals by harnessing waveguide structures that
allow the propagation of different light modes [8].

The BiMW biosensor is a novel common path interferometer,
designed to avoid beam splitting and recombination of light as
happens in the classical MZI device. In the BIMW interferometer,
monochromatic and polarized laser light is coupled in a straight
single mode rib waveguide (4 pm width x 1.5 nm height) which
supports a single mode (150 nm thickness). This propagating
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Fig. 1 The BiMW interferometer biosensor working principle. Monochromatic and polarized laser light is
coupled in the single-mode input waveguide and after the modal splitter, two modes are excited which
propagate until the device output. The longitudinal view of the BiMW interferometer is shown, indicating the
dimensions of each section and the change of the effective refractive index after a hybridization event occurs

single guided mode is coupled into a bimodal rib waveguide
(300-350 nm thickness) by passing through a step-junction
(modal splitter), and it splits into two transversal modes with the
same polarization (see Fig. 1). A sensing area is opened along the
bimodal section of the waveguide, so that the evanescent field
generated by each mode is in contact with the external medium
and it is sensitive to variations of the refractive index of the envi-
ronment. Due to the presence of two propagating modes in a
common path with different evanescent field profiles, any change
in the refractive index will affect them differently, generating an
interference pattern at the device output.

On the sensor surface, when a hybridization event occurs
between a DNA probe layer of refractive index 7, and its comple-
mentary target sequence, the refractive index of the biosurface
changes (#/), as shown in Fig. 1. This variation of the external
refractive index affects the effective refractive index of the propagat-
ing modes (Nyo for fundamental mode and Njq for first order
mode), producing a phase change (Ag):
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L
Ag =22=3% (AN1o — ANgp) (4)

where Lga is the length of the sensor area and 1 is the working
wavelength. As can be appreciated, Lga is a parameter that is linearly
dependent to the phase change and strongly affects to the final
sensitivity of the biosensor. Therefore, a value of 15 mm has been
adopted to ensure a high sensitivity while keeping a reasonable
homogeneous length of the BiMW device (Ly = 3 mm,
L, =4.5 mm and Ly, = 8.5 mm; L = 31 mm).

The phase difference is recorded by a two-section photodetec-
tor and is directly related to the concentration of the target
sequence in the sample analyzed. The phase shift induced by the
biomolecular interaction taking place on the sensor surface is quan-
tified from the variation of the output intensity distribution, by
monitoring the signal Sg:

1 up — 1 down

Sr =
1 up +1 down

(5)
where I, and Iyown are the intensities collected by the upper and
lower sections of the detector, respectively, and Sy is usually
expressed as a percentage. The signal Sy is related to the refractive
index change occurring in the sensing area of the device by

Sr x V cos (AD(2)). (6)

where Vis the fringe amplitude (visibility factor). This factor cor-
responds to the amplitude of the Sp oscillation (interference
fringes) and is defined as

V= SR,max ; SR,min . (7)

Equation 6 is the fundamental equation used for the quantifi-
cation of the experimental data when the device is operated in
standard conditions, that is, with monochromatic light excitation.
The phase difference is determined by the variation between the
initial value, Ag@, and the final value, Ag,, given by the number of
fringes, where a complete fringe represents a phase difference of
27 (see Fig. 2a).

The BiMW signal is limited by the periodicity of the output
signal with the phase variations, which impedes a direct and non-
ambiguous readout. To solve these limitations, a simple, reliable
and cost-effective phase modulation system has been incorporated
to provide directly a linear output signal. It is based on the modu-
lation of the incident wavelength and Fourier transform deconvo-
lution, transforming such interferometric readout into a real-time
linear signal [9], as shown in Fig. 2b. Therefore, by measuring the
output light intensity the sensor response can be determined in a
quantitative way [8].
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Fig. 2 The BiMW interferometer biosensor signal. (a) Interferometric signal originated after the recombination
of the two waveguides. If there is a hybridization event, each traveling light mode will experience a phase
change, generating an interference pattern at the output of the waveguide. The interferometric signal consists
of a sequence of fringes. The difference between the peak and the null of each fringe is called visibility. The
number of fringes is correlated quantitatively with the concentration of the hybridized target sequence. ()
Optical phase modulation of the interferometric interferences. (Reprinted from [11] Copyright © 2016,
American Chemical Society)

The BiMW biosensor can be fabricated with standard micro-
electronic technology, including photolithography and etching
processes. This kind of fabrication allows for wafer-level packaging,
producing numerous sensors in the same process with accurate
precision and reproducibility, reducing the time and the
manufacturing costs. The single path configuration of the BIMW
interferometer enhances the tolerance to fabrication errors and
makes possible to incorporate a higher number of biosensors in a
reduced space. In our standard production process at Clean Room
facilities, 20 interferometers of 31 mm total length are fabricated
over a silicon substrate (see Fig. 3).

The BiMW interferometer has demonstrated to be one of the
most sensitive devices for label-free analysis, reaching sensitivity to
bulk refractive index changes of 107 to 10~® RIU, meaning that it
has the potential ability to detect biomolecular interactions at
attomolar—femtomolar (aM—fM) concentration range [5]. How-
ever, this limit of detection (LOD) does not only depend on the
sensor itself but also on a combination of three important para-
meters: (1) the proper design of nucleic acid—based probes,
(2) their covalent attachment to the sensor surface (biofunctiona-
lization process), and (3) the detection conditions employed for
nucleic acid hybridization.

Here, we report the application of the BIMW sensor for the
development of ultrasensitive nucleic acid-based biosensors. We
describe the methodology to design specific probes, to generate
antifouling and accessible bioreceptor monolayers, and how to
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D Rib waveguide

Fig. 3 The BiMW sensor chip. (a) Photograph of a wafer with 12 BiMW chips, resulting in a total of 240 sensors.
(b) BIMW chip containing 20 independent sensors. (¢) Microscope photograph of individual bimodal wave-
guides. (d) 3D AFM image of the BiMW rib waveguide

specifically detect the nucleic acid target. In particular, two applica-
tions of interest in cancer diagnosis are described: Fas gene alterna-
tive splicing [10] and miRNA 181a regulation in bladder cancer
[11]. The methodologies described here fully demonstrate the
powerful potential of the BIMW biosensor for NA analysis. This
biosensor could be potentially applied for the identification of other
NA biomarkers, such as DNA methylation marks [12] or aptamer
based biosensors [13].

2 Materials

2.1 Equipment 1. UV Ozone Cleaner—ProCleaner™ Plus (BioForce Nanos-
ciences, USA) (see Note 1).

2. Ultrasonic bath FB 15054, from Fisher Scientific (Madrid,
Spain).
3. ABBE refractometer (Optic Ivymen System, Spain).
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2.2 Setup
Components

4.

Clean Room facilities: the BiMWs are fabricated from a stan-
dard 4-in (p-type) Si wafer with a thickness of 500 pm pur-
chased from Siltronic Company. The fabrication of the BIMW
is done at Clean Room facilities (class 100) using standard
microelectronics optical photolithography, reactive ion etch-
ing, wet etching, and various deposition methods. Over the
Si substrate a 2 pm thick layer of thermal oxide (7Zpottom,
dad = 1.46) is grown. Then, a 340 nm thick core layer of
SizNy (#eore = 2.00) is deposited by Low Pressure Chemical
Vapor Deposition (LPCVD). An absorbent layer of polycrys-
talline Si (7,01, = 4.06) of 100 nm is deposited by LPCVD over
a silicon dioxide (SiO,) layer of 200 nm previously deposited.
Finally, a SiO; (#op clad = 1.46) layer 1.5 pm thick is deposited
by Plasma Enhanced Chemical Vapor Deposition (PECVD).

. Polymeric flow channels are fabricated by soft-lithography

using the SYLGARD™ silicone elastomer kit that consists of
a polydimethylsiloxane (PDMS) silicon elastomer and curing
agent.

. Syringe pump (NE300, New Era) for maintaining a constant

flow during the biochemical detection process.

. An injection valve (V-451, Idex) allows the injection of differ-

ent solutions without changing the flow rate.

. Linearly polarized laser diode (ML101J27, Mitsubishi diode

laser nominal wavelength g = 660 nm) is used as light source.
A Temperature controller (TED 200C, Thorlabs) and current
controller (LDC220C, Thorlabs) are employed to stabilize the
laser diode.

. To couple the light into the waveguide a lens system is used,

composed by collimated lens (C240TME-D, Thorlabs),
polarization-dependent isolator (I0-3D-660-VLP, Thorlabs),
and coupling objective 40x (Achro, Leica).

. A two-sectional photodetector (S4349, Hamamatsu) is

employed for collecting the light at the end of the device.
The signals are amplified through standard benchtop instru-
mentation (PDA200C, Thorlabs).

. A digital acquisition card (6251, National instruments) for

reading the photodetector signal in real time. The signal acqui-
sition is controlled by a LabVIEW-based application.

. Three-axis precision microposition stage (Nanomax-TS, Thor-

labs) is used for laser-BiMW alignment.

. A temperature sensor (AD590, Thorlabs) is used to achieve a

temperature feedback circuit together with a thermoelectric
cooler (TEC3-1.5, Thorlabs), operated through a benchtop
temperature controller (TED200C, Thorlabs) allowing a tem-
perature resolution of 0.01 °C.
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1.

2.

3.

Sodium Dodecyl Sulfate (SDS, L3771-500G), anhydrous Tol-
uene 99.8% (244511-1 L), sodium phosphate monobasic
>99% (NaH,PO,, 71505-1 kg), sodium phosphate dibasic
>99% (Na,HPO,4, S0876-500 g), sodium chloride >99.5%
(NaCl, S§9625-1 kg-D), Sodium Citrate dihydrate >99%
(S8SC, W302600-1 kg-K), potassium chloride >99.5% (KClI,
60128-250 g-F), sodium carbonate >99% (Na,CO3z, S7795-
500 g), N,N-dimethylformamide anhydrous >99.8%, (DME,
227056-100 mL), triethylamine >99% (NEtz, TO0886-
100 mL), pyridine anhydrous 99.8% (270970-100 mL),
cross-linking molecule p-phenylene diisothiocyanate 98%
(PDITC, 258555-5 g), 3-aminopropyltriethoxy silane >98%,
(APTES, A3648-100 mL), N, N-Diisopropylethylamine 99.5%
(DIPEA, 387649-100 mL), tetramethylammonium Chloride
>99% (TMAC), and formamide >99.5% (FA, F9037-100 mL)
can be purchased from Sigma-Aldrich.

Amine- and carboxyl-SH-PEGs (SH-PEG-NH,, MW
3400 g/mol, NH,-PEG-SH-3400-1 g; SH-PEG-CO,H,
MW 2000 g/mol, CM-PEG-SH-2000-1 g) can be purchased
from Laysan Bio.

Acetone (161007.1211), ethanol absolute (161086.1211),
methanol (161091.1211), nitric acid (65%, 473255.1611)
and hydrochloric acid (HCI 37%, 471020.1611) can be pur-
chased from Panreac.

Deionized water from a Milli-DI® Water Purification System,
Merck Millipore, USA.

. mRNA isoforms and microRNA sequences can be obtained

from Ensembl gene browser (http://www.ensembl.org/
index.html) and miRNA database miRbase (http://www.
mirbase.org), respectively. DNA probes and DNA/RNA syn-
thetic targets can be purchased from IBA GmbH (Gottingen,
Germany). Table 1 summarizes the sequences employed in this
work. Each probe should include three main elements: (1) The
functional group: DNA probe sequences incorporate a SH-
functional group at the 5’-end to enable coupling with
PDITC-activated monolayer in SizNy surfaces (se¢ Note 2);
(2) the vertical spacer: a spacing sequence of 15 thymines
(polyTs) is included between the functional group and the
matching region for enhancement of target accessibility (see
Note 3); and the sequence itself: each probe sequence must
be carefully designed to maximize the specificity of the interac-
tion (see Note 4). Finally, to fully enhance the hybridization
efficiency of the probes, they need to be assessed in terms of
formation of secondary structures and self-annealing confor-
mations (see Note 5).
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2.4 Buffer
Composition
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1. Saline sodium citrate (SSC) 20x bufter: 3 M NaCl, and 0.3 M
sodium citrate, pH adjusted to 7.4. Store at 4 °C. Different
dilutions of this bufter are employed depending on each appli-
cation. For AS isoforms detection, we employ hybridization
solution 1: 3x SSC (0.45 M in NaCl, 0.045 M) in combination
with 45% Formamide (FA). For miRNA-181a detection, we
employ hybridization solution 2: 5xSSC (0.75 M in NaCl,
0.075 M) in combination with 40% FA and 3 M Tetramethy-
lammonium Chloride (TMAC) (see Note 6).

2. Immobilization solution: Carbonate buffer (CB) (NaHCO;
0.1 M, Na,CO3 0.1 M, EDTA 1 mM, pH 9.2). The reaction
between the thiol group in the DNA probes and the Isothiocy-
anate (R-NCS) group in the PDITC is amine catalyzed by
addition of 1 equivalent of triethylamine (NEtz).

3. Alkaline hydrolysis buffer for random RNA fragmentation:
carbonate—bicarbonate 50 mM, EDTA 1 mM, pH 9.2. Stop
solution: 3 M sodium acetate, pH 5.2.

4. Site specific RNA cleavage buffer (RNase H enzyme buffer):
50 mM Tris—HCI, 75 mM KCl, 3 mM MgCl,, 10 mM DTT,
pH 8.3.

5. Bufter solutions were prepared by using H,O milliQ incubated
O /N with 2% DEPC and autoclaved at 121 °C for 1 h. All solid

materials were autoclaved at 121 °C/20 min for plastic and
134 °C/10 min for glass.

3 Methods

To design the BIMW biosensor, core and cladding thicknesses for
the single-mode and bimodal sections must be previously defined
(see Note 7). In addition, since the sensitivity of the BIMW trans-
ducer is directly related to the dimension of the interacting surface
(i.e., longer sensing areas will render higher sensitivities, see Eq. 4),
a compromise between the total length of the BIMW chip and the
number of devices per wafer needs to be reached to achieve a cost-
effective fabrication process.

Once defined the optimum BiMW dimensions, lithographic
masks are designed to pattern the design on a thin silicon substrate
called wafer. This process is performed using standard microelec-
tronic technology at Clean Room facilities and should be reproduc-
ible and guarantee the same reliable performance for all the BIMW
transducers.

Once fabricated, the BiIMW should be mounted in a custom-
designed optical setup. The light from a polarized laser diode is
confined into a rib waveguide (4 pm width x 1.5 nm height) single-
mode section (end-fire coupled) using a lens system (see Fig. 4).
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Fig. 4 Scheme of the BiMW biosensor experimental setup. (Reprinted from [24])

The interferometric signal of the BIMW biosensor generates a
variation of the output intensity distribution. Therefore, for light
readout, a two-section photodetector is employed. The photode-
tector must be placed directly at the BIMW output, and the total
intensity must be divided in the up and down section of the photo-
detector. The interferometric signal is processed by a phase modu-
lation system based on Fourier transform deconvolution in order to
avoid signal ambiguity and improve the performance of the
BiMW [9].

3.1 BiMW Simulation 1. To design a BIMW, we need to choose optimal materials, which
ensure a cost-effective fabrication, a further integration onto a
complete LOC platform, and a highly sensitive device. As the
transducers are designed for biosensors applications, SiO,/
Si3N4/SiO, waveguides are selected [7]. Table 2 summarizes
the parameters employed in the calculation, relative to the
materials, refractive indices and their thicknesses.

2. Once the material is defined, core dimensions are analyzed to
ensure the best sensitivity of the device. For that, different
considerations have to be taken into account [8]:

(a) Single-mode behavior (mode TEqy or TMyg) in single-
mode section in Fig. 1.

(b) Bimodal behavior (mode TEgg and TE;y or TMgyo and
TM, o) in bimodal section in Fig. 1.

(c) Performances achievable in the clean room facilities.

Table 3 summarizes the optimal parameters for core
dimensions in a BIMW for a 4 = 660 nm and TE polarization.
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Table 2
Layer parameters employed for the evaluation of the single-mode and bimodal condition

Layer Material Thickness (nm) Refractive index
Top cladding Water /SiO, 1500 1.33/1.46
Core SizNy 150-340 2.00
Bottom cladding SiO, 2000 1.46
Table 3

Optimal parameters for core dimensions in a high sensitivity BIMW

Section tcore (“m) hrib (nm) Wrin (nm)
Single-mode 150 1.5 3000
Bimodal 340 1.5 3000

3. Once the core dimensions are defined, the sensor design is
completed by choosing the length of the different sections. It
is required to take into account the following considerations:
(a) The need to adapt a microfluidic system to the BIMW for

biosensing applications.

(b) To ensure high sensitivity while keeping a reasonable total
length.

(c) Distribution of the BiMWs in 4-inch silicon wafer to
optimize cost-effective fabrication.

The following values were chosen: Ly = 3 mm,
L, =4.5 mm, L, = 15 mm, and Lg, = 8.5 mm (see Fig. 1).

4. In a 4-inch silicon wafer, 240 BiMW are distributed in 12 dif-
ferent chips (1 cm wide x 3.1 cm long) with 20 sensors per
chip (see Fig. 3).

3.2 BiMw Figure 5 summarizes the fabrication process explained below.

Fabrication 1. The fabrication processing starts with a 4-in. (p-type) Si wafer

with a thickness of 500 pm, over which a 2 pm thick layer of
thermal oxide is grown. Then a 340 nm thick core layer of
Si3Ny is deposited by LPCVD.

2. The thickness of the SizNy is reduced 190 nm to obtain a
150 nm single-mode section using a wet etching process with
75% phosphoric acid at 160 °C. A hard mask constituted by a
layer of SiO, deposited by PECVD and defined by photoli-
thography is employed in this step to protect unexposed
regions.
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W sio, W Poly-Si
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Fig. 5 Scheme of the fabrication process of the integrated BiMW sensor. (a) A layer of Si0, and SisN, is
deposited on a Si wafer. (b) Step-junction etched in SisN,4 layer for single-mode section definition. (c) Rib
structure is defined. (d) Polycrystalline deposition over the SizN, and etching process to open desired window
on this layer. (e) Si0, deposition and sensing area opening. (Reprinted from [24])

3. Using a wet etching process with BHF and a standard photoli-
thography process, the rib structure of the waveguide (3 pm in
width and 1.5 nm in height) is defined. The low etching rate of
the BHF for SizNy4 allows a deep control of the process.

4. A 100 nm layer of polycrystalline Si is grown by LPCVD over
200 nm of SiO,deposited by PECVD, which is introduced to
improve the adhesion to the underlying SizNy surface. A stan-
dard lithography process is used to define the structure. Dry
etching (RIE) is employed to remove the polycrystalline Si
layer and 150 nm of silicon dioxide, to ensure vertical sidewalls.
Then, a wet etching process is used to eliminate the remaining
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3.3 BiMw 1.
Microfluidic Cell 2
Fabrication
3
4
5

50 nm of SiO,. Polycrystalline Si layer is employed as absorbing
material to define lateral bands along the waveguide path.

. A SiO; layer 1.5 pm thick is deposited by PECVD as top

cladding layer. In order to open the sensing area a standard
lithography process is done, employing a wet etching process
with BFH to remove the desired SiO,.

Mix thoroughly elastomer and curing agent at 10:1 ratio.

. Remove air bubbles originating from the mixing process by a

vacuum degassing process.

. Pour degassed mix into a master fluidic mold (se¢ Note 8).

. Cure the mixture for 1 h at 75 °C to ensure cross-linking of the

polymer.

. Release the solid PDMS fluidic cell from the mold.

6. Expose the fluidic cell to UV/Oj3; with the fluidic channels

3.4 BiMW Setup 1.
Configuration
2
3

facing up for 2 min.

. Cover fluidic channels with and 10% polyethylene glycol coat-

ing (PEG200, Sigma-Aldrich) aqueous solution (se¢ Note 9).

. Incubate in a hot plate at 100 °C for 25 min.
. Rinse sequentially with EtOH and water.

10.
11.

Dry with N, flux.

Punch each channel edges with a biopsy punch to create an
inlet and an outlet for liquid flow and insert polytetrafluor-
octhylene (PTFE) tubes (see Note 10).

BiMW sensor chip is placed in an aluminum custom-made
holder as Fig. 6 shows. Into the holder a temperature stabiliza-
tion is included, and all the system is mounted on a 3-axis stage.
In this way, it is possible to optimally in-coupling the laser light
into the waveguide of micro/nano dimensions of the selected
BiMW biosensor.

. The output light of the laser diode (ML101J27, Mitsubishi

diode laser nominal wavelength 1o = 660 nm) is focused at the
input of a BIMW biosensor. The light intensity is periodically
modulated with a sinusoidal profile by a voltage input supplied
through an acquisition card, controlled by a dedicated Lab-
VIEW software. Laser optical cavity temperature is kept con-
stant by a temperature controller (ITC510, Thorlabs), whereas
precision microposition stages allow the alignment of the opti-
cal components (Nanomax-TS, Thorlabs).

. To guarantee an optimal in coupling of the laser beam, a lenses

system is employed. Two lenses focus the laser light in the
desired BiIMW sensor. Between these two lenses, a
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Fig. 6 Experimental setup employed for the BiMW biosensor. (a) Photograph of the setup, including the
objective, the XYZ-translation stage, the chip holder with embedded TEC element, the fluidic housing and
fluidic tubes, the temperature controller, and the photodetector. (Reprinted from [25] Copyright © 2018,
Elsevier B.V). (b) Top view of a light-coupled BiMW biosensor and zoom-in of independent microfluidic
channels. (c) Photograph of the photodetector

polarization-dependent isolator is placed to avoid optical back
reflections and to guarantee the required polarization.

4. The photodetector is joined in a two-axis stage assembly to the
aluminum chip holder, to ensure the right and close position of
the photodetector at the BIMW biosensor output. This posi-
tion is essential if a modulated signal is employed [8].

5. A digital acquisition card connected to a computer is employed
to process the photodetector signal. A custom-made LabVIEW
software acquires a continuous photodetector signal in real
time and is configured to adjust the signal to the quadrature
point and to apply the Fourier transform deconvolution, trans-
forming the interferometric readout into a real-time linear
signal, as shown in Fig. 7 (see Note 11).

6. All the biological interactions must be performed in a liquid
medium. For that reason, the PDMS fluid cell must be placed
on top of the sensor chip. To seal the chip and avoid liquid leaks
between the PDMS channels and the BIMW chip, four screws
and a methacrylate sheet are employed, as Fig. 8 shows.

7. The flow delivery system is mounted by connecting a syringe
pump with an injection valve and this one to the cell flow inlet
through the Teflon tubes. The length of the tubes should be
reduced as much as possible to minimize diffusion effects. The
loop of the injection valve has a variable length, depending on
the desired volume. Here, a 250 pL loop has been used for
nucleic acid analyses. An extra tube is used from the cell outlet
to the waste (see Note 12).
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Fig. 7 Screenshot of the BiMW biosensor software implemented in LabVIEW
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Fig. 8 Scheme of the BiMW biosensor fluidic cell. (Reprinted from [24])
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3.5 BiMW
Biofunctionalization
for NA Analyses

8. Place a syringe loaded with the desired running buffer in the
syringe pump and introduce the flow rate parameters neces-
saries for the bioassay (se¢ Note 13).

For the application of the BIMW interferometer for nucleic acid
analyses, the sensor surface must be functionalized with a DNA
probe complementary to the target sequence, which will provide
the sensor selectivity. The DNA probe must be carefully designed
and include a proper proportion of CG nucleotides to maximize the
hybridization efficiency. Also, the hybridization conditions should
be carefully optimized to avoid cross-hybridization from noncom-
plementary sequences that may be present in the same sample.
Finally, the generated bioreceptor layer should equip the sensor
with fouling resistance to avoid the random interaction of other
molecules on the sensor surface that can perturb the hybridization.

The most widely approach applied to chemical modification of
SizNy surfaces are based on the molecular grafting of the native
oxide layer present onto this material by forming self-assembled
monolayer (SAM) of alkyl-silanes. Among the wide variety of com-
mercially  available  silanes, APTES  ((3-Aminopropyl)
triethoxysilane) is one of the most employed for chemical modifi-
cation of silicon based photonic devices. Surfaces modified with
APTES present 3-aminopropyl moieties allow the further covalent
immobilization of bioreceptors presenting carboxyl groups in their
structure. Moreover, by using different cross-linker molecules, the
variety of bioreceptors that can be covalently attached is multiplied.

We describe the use of APTES to chemically modify the BIMW
sensor chips. APTES-activated sensor chips are modified with a
cross-linker molecule: p-phenylene diisothiocyanate (PDITC).
PDITC displays two isothiocyanate groups, which can couple the
free amine groups of a bioreceptor. Additionally, PDITC has the
potential to form well-organized assemblies driven by n—= stacking,
rendering to the sensor surfaces with improved antifouling proper-
ties [ 14]. Thiol-modified probes are then covalently attached to the
free isothiocyanate group, yielding thiocarbamate bonds in a fast
reaction [ 15]. Depending on the application, each probe will incor-
porate a specific sequence complementary to the nucleic acid of
interest.

In order to avoid contamination of the sensor surface and to
enhance silanization efficiency and reproducibility, the BIMW sen-
sor chips are thoroughly cleaned and oxidized forming a freshly
prepared oxide layer with a high density of silanol groups (reactive
hydroxyl groups). This procedure is carried out immediately prior
to the surface biofunctionalization. Cleaned and oxidized sensor
chips are very susceptible to contamination and must not be stored
in air. Figure 9 shows a scheme of the different steps of the func-
tionalization protocol.
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Fig. 9 Functionalization scheme/protocol of the BiMW biosensor: (1) cleaning and oxidation; (2) APTES
silanization; (3) surface activation of APTES-modified surface with PDITC, and (5) covalent attachment of

DNA probe

3.5.1 Cleaning Procedure

3.5.2  Oxidation
Procedure

353 BiMwW
Interferometer Silanization
Procedure Using APTES

3.5.4 Covalent
Immobilization of DNA
Probes

1.

Sonicate sequentially the BIMW sensor chip in acetone, ethanol
and water for 5 min and dry under nitrogen (N;) stream.

. Immerse the sensor chip in a mixture of methanol and hydro-

chloric acid 37% (1:1, v/v) and sonicate for 10 min.

. Finally, rinse the sensor chip thoroughly with deionized water

and dry under N, stream.

. Activate the BIMW sensor surface by exposition to UV /O3 for

1 h (see Note 1).

2. Immerse the sensor chip in 15% HNOj at 75 °C for 25 min.

w

. Rinse generously the sensor chip with deionized water, dry

carefully under nitrogen flow and immediately immerse it in
the silanization solution.

. Clean and oxidize the BiIMW sensor chip according to the

previous sections.

. Immediately immerse the BiMW sensor chip in a water-free

toluene solution containing 1% APTES, and 0. 0.3% v/v of N,
N-diisopropylethylamine (DIPEA) under an argon atmosphere
at RT for 1 h. DIPEA catalyzes the hydrolysis reaction in the
absence of water molecules.

. Rinse thoroughly the sensor chip with toluene solution and dry

under N, stream.

. Perform a dry curing by incubation of the silanized sensor chip

at 110 °C for 1 h.

. APTES-modified BiMW surfaces are reacted with 20 mM

PDITC in a solution of 10% anhydrous pyridine in N-
dimethylformamide (DMF) for 1 h in darkness. PDITC is
very sensitive to light.
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3.6 mRNA
Alternative Splicing
Analysis Using BiMW

2. Rinse thoroughly with DMF solution and water, sequentially
and dry under N, stream.

3. At this point, the functionalized BiMW sensor chip is posi-
tioned on the experimental setup, and the PDMS flow-
chamber mounted on top.

4. Initiate a continuous flow of Na, COj buffer at pH 9.5 and wait
until a baseline is obtained.

5. Inject 250 pL of the immobilization solution into the flow cell
at a constant flow rate of 5 plL/min. Probe concentration must
be optimized depending on each application and different
lateral spacers can be considered, depending on the specific
application (see Note 14).

6. BIMW sensor chip is now functionalized and ready to be
employed for sample evaluation. Once functionalized, sensor
chips must be stored at 4 °C if they are not used immediately.

7. Difterent characterization techniques can be employed after
each functionalization step to assess that the proper surface
chemistry is in place over the SizNy BiMW biosensor surface
[10]: (1) Water Contact Angle (WCA) measurement can be
used as an indication of the surface wettability and obtained
using Easy drop standard apparatus (Kriiss GmbH, Hamburg —
Germany-); (2) X-ray photoelectron spectroscopy (XPS) can be
performed using a PHOIBOS 150 analyzer (SPECS GmbH,
Berlin, [ Germany]) in ultrahigh vacuum conditions (base pres-
sure 1 x 10-10 mbar) and a monochromatic K-alpha X-ray
source (81486.7 eV at a take-off angle of 0 and 54°) to assess
the elemental composition of the surface; and (3) immobilized
fluorescent probes can be employed and observed using a Zeiss
Axio Observer Z1m optical microscope, to ensure the proper
covalent bonding of the DNA probe to the silane monolayer
(see Note 15).

For the analysis of Fas gene AS, we aim to identify two different
messenger RNA (mRNA) isoforms, Fas567 and Fas57, which are
transcribed from the same Fas gene mRNA precursor. This precur-
sor contains a series of coding sequences, called exons, are reorga-
nized differently by the AS regulatory mechanism to produce
different versions of mature mRNAs (isoforms). This process
leads to proteins with different/opposite functions: Fas567 iso-
form is translated into an apoptotic cell membrane receptor that
participates in the activation of the programmed cell death (apo-
ptosis) while Fas57 encodes a protein that is soluble with an anti-
apoptotic function since it competes with the receptor by the
interaction with the same ligand (see Fig. 10). Misbalanced isoform
ratio expression can favor the onset of cancer. Therefore, analyses of
alternative splicing isoforms can help in cancer diagnosis. Each
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Fig. 10 Schematic representation of the different RNA and protein isoforms generated by alternative splicing of
Fas gene/CD95. (Reprinted from [16] Copyright © 2015 Elsevier B.V)

mRNA isoform consists of long RNA sequences of up to 1000
nucleotides (nt). This makes the detection difficult because of the
generation of secondary structures that may hinder the DNA
sequence of interest. Here we present two different fragmentation
protocols: a random mRNA fragmentation [16] and a site-specific
cleavage [17], that should be performed prior isoform detection
(see Fig. 11). Independent BIMW biosensors are functionalized
with specific probes for each isoform, targeting the 5-7 and 5-6
splice junctions for Fas57 and Fas567 respectively (see Fig. 12).
These splice junctions are key features for the specific recognition
of each isoform. However, they imply the inclusion of a shared
sequence from exon 5 in both probes, and then a highly stringent
buffer is employed during detection in order to avoid cross-
hybridization from the off-target sequences.

The length of mRNA isoforms presents some challenges for
their direct and label-free hybridization detection with the BIMW
biosensor. mRNA sequences are long single-stranded RNA
sequences of thousands of nucleotides. The intrinsic flexibility of
RNA moieties increases the likelihood of base-pairing and back-
bone interactions, generating secondary and tertiary structures in
the mRNA sequences. The formation of these complex structures
conceals the target sequence of interest (i.e., the splice junctions
5-6 and 5-7 of Fas567 and Fas57, respectively), hindering their
accessibility to the DNA probe immobilized at the BiMW sensor
surface. For that reason, a fragmentation step is introduced in the
protocol in order to generate the fragment of interest. This frag-
mentation allows for the direct detection of native mRNA
sequences without the need for previous PCR amplification. This
will greatly reduce the time of the analysis while minimizing the
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Fig. 11 RNA fragmentation strategies employed for the detection of alternative splicing events in Hela cells
with the BiMW biosensor: (/eff) Alkaline hydrolysis, which relies on the random fragmentation of RNA moieties
in an alkaline medium (pH = 9.2); (right) site-specific RNA cleavage, which relies on the specific activity of
RNase H enzyme. Both strategies are optimized to generate RNA fragments showed in Table 2. (Adapted from
[17] Copyright © 2019, American Chemical Society)

error produced by the amplification process. Two fragmentation
approaches are described: alkaline hydrolysis [16] and RNase H
cleavage [17] (see Fig. 11). Alkaline hydrolysis relies on the base-
catalyzed hydrolyzation of the phosphodiester bond in the ribose
sugar-phosphate backbone of RNA sequences. While this fragmen-
tation approach offers a fast performance, it also involves a random
cleavage, and put at risk the integrity of the RNA sample by disrup-
tion of the sequence of interest. For that, depending on the RNA
integrity, different incubation times should be applied.

On the other hand, RNase H cleavage is a site-specific, enzyme-
dependent reaction, offering a more controlled fragment genera-
tion. RNase H degrades RNA sequences that are hybridized to a
DNA sequence. Therefore, this methodology employs DNA oligo-
nucleotides that are complementary to upstream and downstream
RNA segments flanking the specific RNA sequence of interest in
each Fasisoform (Table 4). Once hybridized, these fragments will
initiate the degradation of the RNA sequence that are forming the
duplex in the presence of RNase H enzyme, liberating the fragment
of interest. Both fragmentation protocols are performed oft-sensor



Ultrasensitive Label-Free Nucleic-Acid Biosensors Based on Bimodal. .. 111

c
w
o o ® E
s ©
Sz @
4]
S s
@]
s e @
= c
= e Hela cells
-
O
(7]
g v
v o wn
o =
m
gl
= ©
=
@

Real-time
AS monitoring

RNA ) RNA
purification \ fragmentation o
B
@ B e n \%

total RNA Fragmented {\S isoforms

FEshBl usmmnrmss s asesea
probe

____ Fas567
—— Fash7

A J

Time (s)

Fig. 12 BiMW biosensor for specific detection of Fas AS isoforms in HelLa cells. (Adapted from [17] Copyright
© 2019, American Chemical Society)

3.6.1 Alkaline Hydrolysis

prior to the analysis of Fasisoforms. We have employed total RNA
purified from different Hela cell lineages presenting different
expression profiles.

1.
2.

N U W

Preheat total RNA sample at 95 °C for 15 s.

Mix the sample with preheated 1 x alkaline hydrolysis buffer to
initiate the hydrolysis reaction.

. Incubate at 95 °C for 3 min (se¢ Note 16).
. Add 1 pLL RNA random fragmentation stop solution.
. Place the sample on ice until use.

. The total RNA sample is fragmented and ready for its analysis

with the BiIMW biosensor.
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3.6.2 RNase H Cleavage

3.6.3
Biofunctionalization of the
AS BiMW Biosensor

3.6.4 Biosensor
Calibration

1. For DNA fragmentation probe annealing with RNA isoforms,

incubate isolated total RNA with 10 pM of each DNA probe at
95 °C for 2 min.

. Place the sample on ice for 5 min to cool it down.
. Incubate annealed RNA samples with 100 U/mL RNase H in

1 xRNase H buffer at room temperature for 60 min.

. Incubate the sample at 65 °C for 15 min to inactivate the

enzyme.

. Place the sample on ice until use.

6. The total RNA sample is fragmented and ready for its analysis

with the BIMW biosensor. The generated fragments are listed
in Table 4.

. Initiate a continuous flow of Na,CO3 buffer at pH 9.5 and wait

until a baseline is obtained.

. Inject 250 pL of the immobilization solution into the flow cell

at a constant flow rate of 5 pL./min. For Fas gene AS isoform
detection, prepare the immobilization solution consisting of
mix solution containing either SH-Fas57 or SH-Fas56 probe
and 6-mercapto-1-hexanol (MCH) lateral spacer at a 20:1
molar ratio in 1 uM total concentration in 0.1 M Na,CO3
buffer at pH 9.5 (see Note 17). Then, flow each solution in
independent BIMW sensors for the parallel detection of each
isoform.

3. Wash with a continuous flow of Na,COj; bufter at pH 9.5 and

wait until a baseline is obtained. At this point, the thiolated
probe should have reacted with the activated PDITC surface
and there should be a positive sensor phase change, displacing
the new baseline a few radians over the initial one according to
the number of DNA probes attached to the surface (see
Fig. 13a, b). This phase change in the baseline indicates that
the DNA probe coupling through thiocarbamate bonds has
taken place at the sensor surface.

. Initiate a continuous flow of the AS hybridization bufter: 3x

SSC/FA45% and wait until stabilization of the interferometric
signal. This buffer will be used to perform Fasisoforms direct
detection assay (see Note 18).

. Prepare a series of standard solution at different concentrations

of synthetic Fas567 and Fas57 isoforms employing the hybri-
dization buffer. For each isoform, concentrations from 50 to
1 pM were employed. A control signal should be employed to
demonstrate the specificity of the hybridization event. In the
case of AS, the noncomplementary isoform can be employed as
the off-target control. The synthetic sequences are listed in
Table 1.
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Fig. 13 Fas gene AS isoform assessment with the BiMW biosensor. Real-time immaobilization signals of
SH-Fas57 (a) probe and SH-Fas56 probe (b). Black arrows indicate the entrance (“on”) and exit (“off”) of the
DNA probes in the sensor area during the interaction with the sensor surface. BiMW calibration curves for
Fas57 probe (¢) and Fas56 probe (d). Solid lines (blue and pink) correspond to the nonlinear fit of the
calibration curves. Red dashed line corresponds to 3 SD SPR noise, which is the limit for the minimum signal
detectable. All data show mean + SD of triplicate measurements. (Reprinted from [10] Copyright © 2017,
Springer Nature)

3.

Inject into the flow cell the different solutions with a regenera-
tion step in between and monitor the phase shift (sensor
response) of the two different sensors, that is, Fas567 and
Fas57 biosensors. The regeneration solution must be empiri-
cally optimized (see Note 19). For Fas isoform detection, an
aqueous solution containing 50% FA was employed.

. Construct a plot of sensor response vs. Fas gene isoform con-

centration for each DNA probe and fit the data to an appropri-
ate curve-fitting model to obtain a calibration curve (see
Fig. 13c, d). Increasing concentrations of the target sequence
should produce higher sensor responses. A signal saturation
can be reached with the highest concentrations of the target
sequences. Note that off-targets should generate negligible
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3.6.5 Hela Cell Sample
Analysis

3.7 MiRNA 181
Detection

phase shifts, which indicates that the sensor response is selective
and free from cross-hybridization. Limit of detection (LOD)
should be in the desired range for the application. If not, try to
optimize immobilization and hybridization conditions. mRNA
isoforms level in normal and cancer tissues can be found at the
low pM concentration [18]. The biosensor is ready for HelLa
cell samples evaluation.

1. Initiate a continuous flow of the AS hybridization buffer: 3 x
SSC/FA45% and wait until stabilization of the interferometric
signal. This buffer will be used to perform Fasisoforms direct
detection assay (see Note 18).

2. Dilute fragmented Hela samples (Subheading 3.5) in the
hybridization buffer.

3. Inject the Hela cell sample with unknown concentration of Fas
isoforms into the flow cell at a 15 pL/min rate. Fas567 and
Fas57 generated fragments will hybridize with their comple-
mentary DNA probes immobilized in independent sensor sur-
faces. The BiMW signal intensity will depend on the
concentration of each isoform on each sample.

4. Allow to wash off the unbound target by the continuous flow
of the buffer for a few minutes to obtain a stable baseline. This
step will produce a shift phase of the baseline level if there is a
specific hybridization from the free isoform fragments present
in the sample.

5. Regenerate the surface by injecting an aqueous solution with
50% FA at 15 pL/min for 20 min and wait until stabilization of
the signal (surface conditioning). At this point, the biosensor
surface is ready for the evaluation of a second sample.

6. The concentration of each isoform in the analyzed samples can
be calculated by interpolating the sensor response in the previ-
ously obtained calibration curve.

miRNAs are short sequences containing around 19-23 nt that do
not participate actively in the protein production, but rather work
as RNA regulators of different processes by interacting with DNA
promoters or interrupting RNA translation [19] (see Fig. 14). In
order to quantify miRNA-181a in urine samples of bladder cancer
patients, a highly antifouling sensor surface must be generated to
avoid nonspecific adsorptions from undesired molecules found in
this biofluid, as shown in Fig. 15. We present a protocol for the
generation of an antifouling surface based on the combination of
different PEG molecules that generate a zwitterionic monolayer
that presents a strong antifouling effect in urine samples at 1:10
dilution. Although in this case there is no need for the sequence
fragmentation due to the short sequence of the miRNA, great care
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3.7.1
Biofunctionalization of the
Sensor Surface
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Fig. 14 Schematic representation of miRNA biogenesis

must be taken to avoid cross-hybridization with miRNA family
members which, in some cases, only differ in one nucleotide.

1.

2.

3.

Initiate a continuous flow of Na, CO3 buffer at pH 9.5 and wait
until a baseline is obtained.

Inject 250 pL of the immobilization solution into the flow cell
at a constant flow rate of 5 pLL/min. For miRNA-181a detec-
tion, prepare a solution containing a mix of SH-miR181la
probe and SH-PEGs CO,H/NH, at a molar ratio of 1:1 in
2 uM total concentration (sec Note 20).

Wash with a continuous flow of Na,COj3 buffer at pH 9.5 and
wait until a baseline is obtained. At this point, the thiolated
probe should have reacted with the activated PDITC surface
and there should be a positive sensor phase change, displacing
the new baseline a few radians over the initial one (see Fig. 16a).
This phase change in the baseline indicates that the DNA probe
coupling through thiocarbamate bonds has taken place at the
sensor surface.
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Fig. 15 BiMW biosensor for specific detection of miRNA 181a in urine liquid

biopsies from bladder cancer patients

1. Initiate a continuous flow of the miRNA-181a hybridization

bufter: 5x SSC/FA40%,/TMAC and wait until stabilization of
the interferometric signal. This buffer will be used to perform
miRNA-181a direct detection assay (see Note 18).

. Prepare a series of standard solution at different concentrations

of miRNA-181a employing the hybridization buffer. MiRNAs
physiological concentrations are found in a wide range of con-
centrations, from aM to nM concentration [20]. We covered
concentrations from 10 aM to 10 nM. A control signal should
be employed to demonstrate the specificity of the hybridization
event. In the case of miRNA 181a, the different homologous
sequences can be employed as the oft-target controls.

. Inject into the flow cell the different miRNA-181a solutions

with a regeneration step in between and monitor the phase shift
(sensor response). The regeneration solution must be empiri-
cally optimized (see Note 19). For miRNA-181a detection, an
aqueous solution containing 35% FA was employed.

. Corroborate the selectivity of the biosensor by injecting into

the flow cell different solutions containing miRNA-181a family
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Fig. 16 MiRNA 181a assessment with the BiMW biosensor. (a) Real-time BiMW response to the immobilization
of the SH-T15-miR181a probe and SH-PEG CO,H/NH, mix over a PDITC-activated APTES monolayer (step 4).
The sensogram shows the interaction of the injected solution with the PDITC-activated APTES monolayer
(SH-T45-miR-181a on) reaching the equilibrium (SH-T;5-miR-181a off) and giving rise to a notable increment
of the phase-modulated signal. (b) BIMW sensogram showing the specific detection of miR-181a (blue line)
and discrimination of pre-miR-181a (black) and its homologous miRNAs 181b (purple), 181c (green), and 181d
(vellow) at 100 pM concentration. (¢) Calibration curve obtained for different concentrations of miR-181a
standard solutions (10 aM to 10 nM) in semilog scale. Solid blue line corresponds to the exponential fit of the
calibration curve (R? = 0.99). All data show mean =+ standard deviation (SD) of triplicate measurements. (d)
Concentrations of miR-181a in urine samples from healthy donors (0.6 pM) and bladder cancer patients
(16.7 pM) obtained by interpolation of the BIMW biosensor signal in the calibration curve. (Reprinted from [11]
Copyright © 2016, American Chemical Society)

members at an intermediate concentration (Table 3 shows the
different homologous sequences). Homologous sequences
should not generate any phase shifts (see Fig. 16b).

5. Construct a plot of sensor response vs. miRNA-181a concen-
tration and fit the data to an appropriate curve-fitting model to
obtain a calibration curve. Increasing concentrations of the
target sequence should produce higher sensor responses (see
Fig. 16¢). A signal saturation can be reached with the highest
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concentrations of the target sequences. Note that off-targets
should generate negligible phase shifts, which indicates that the
sensor response is selective and free from cross-hybridization.
Limit of detection (LOD) should be in the desired range for
the application. If not, try to optimize immobilization and
hybridization conditions. The biosensor is ready for the evalu-
ation of bladder cancer patient urine samples.

. Initiate a continuous flow of the miRNA-181a hybridization

buffer: 5x SSC/FA40%,/TMAC and wait until stabilization of

the interferometric signal. This buffer will be used to perform
miRNA-181a direct detection assay (see Note 18).

. Dilute urine samples 1:10 in the highly stringent hybridization

buffer.

. Inject the samples with unknown concentration of miRNA-

181a into the flow cell at a 15 pL/min rate. miRNA-181a
will hybridize with the complementary DNA probe immobi-
lized in the sensor surface. The BIMW biosensor signal inten-
sity will depend on the concentration of the miRNA on each
sample.

. Allow to wash oft the unbound target by the continuous flow

of the buffer for a few minutes to obtain a stable baseline. This
step will produce a shift phase of the baseline level if there is a
specific hybridization from the free miRNA-181a present in the
sample.

. Regenerate the surface by injecting an aqueous solution with

50% FA at 15 pL/min for 20 min and wait until stabilization of
the signal (surface conditioning). At this point, the sensor
surface is ready for the measurement of a second sample.

. The concentration of miRNA-181ain the analyzed samples can

be calculated by interpolating the sensor response in the previ-
ously obtained calibration curve (see Fig. 16d) (see Note 21).

For the evaluation of each application, relevant analytical figure of
merits should be obtained from the biosensor analysis.

1. First, the calibration curve should be obtained. It will allow

determining the concentration of our target nucleic acid in an
unknown sample by the comparison of the biosensor response
to a set of standard samples of known concentration. For that,
the phase variation (Ag) produced by the standards is plotted
versus analyte known concentrations (se¢ Fig. 13c, d, and 16c¢).
The standard curve can be fit using different fitting methods,
that is, nonlinear regression (curve fitting) or linear regression,
among others (see Note 22).
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2. The experimental detection limit (LOD) will provide the sen-

sitivity of your biosensor and can be obtain by interpolating to
the regression curve the value corresponding to the target
concentration giving a Ag (rad) in the hybridization signal at
least three times higher than that of the standard deviation of
the DNA /RNA control signal (3xAg). For example, in a linear
regression curve,

y = mx + a. (8)

where yis the Ag, m is the slope, «is the concentration, and « is the
intercept. Therefore, the LOD will be given by

LOD:SXAc_a.
m

©)

3. Limit of quantification (LOQ) is defined as the target concen-

tration giving Ag (rad) in the hybridization signal at least ten
times higher than that of the standard deviation of the DNA
control or the RNA control signal and must agree with the
smaller concentration measured experimentally. In a linear
regression curve, the LOQ will be given by

LOQ :L;—a. (10)

. The coefficients of variation determine the robustness and

repeatability of the BIMW biosensor and can be obtained
from multiple measurements of a concrete nucleic acid concen-
tration by calculating the ratio of the standard deviation
(AGmean) to the mean, expressed in percentages (% CV):

A Gmcan

Mean

Individual assay variation can be calculated after analysis of
three replicates of the target at different concentrations. Inter-
assays variations can be calculated gathering together all three
replicates from the individual assays obtained from two difter-
ent operators.

CV (%) = x 100 (11)

. Percentages of off-target cross-hybridization will demonstrate

the selectivity of your biosensor and should be calculated by
dividing the average signal intensity of the off-targets into the
average signal intensity of the complementary RNA sequence.

. Agreement of the biosensor with the corresponding gold-

standard technique should be calculated in order to validate
clinically the biosensor performance by applying the Bland-
Altman model for replicate measurements (see Note 23).
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4 Notes

. UV/Ozone plasma treatment can be replaced by Plasma

cleaner reactor: Standard plasma system Femto version A
(40 kHz, 0-100 W) from Diener Electronic GmbH (Ebhau-
sen, Germany). Treatment times must be carefully optimized.
Both oxidative pretreatments render highly hydrophilic sur-
faces (water contact angle lower than 5°).

. Other functional groups can be included depending on the

surface chemistry approach. For surface chemistry approaches,
please refer to [5].

. Vertical spacers improve the accessibility of the target sequence

to the monolayer by enhancing the mobility of the attached
DNA probes and reducing steric hindrance. Other vertical
spacers different to poly T can be employed, such as chains of
carbons (being C6 and C12 widely employed) [5].

. For alternative splicing isoforms, probes sequences should be

complementary to the splice-junction sequences (i.e., the
sequences flanking the exon junction after intron removal).
The difterent isoforms share most of their sequence since they
are generated from the same mRNA precursor. However, the
splice-junction is a unique feature that differentiate between
isoform and will, therefore, promote the specific detection of
each isoform [16]. For miRNA detection, the probe design is
constrained because of the miRNA short sequence. However,
since miRNA sequences normally have homologous counter-
parts, one must avoid the seed sequence or seed region, nor-
mally situated at positions 2—7, which is share among all the
miRNAs that belong to the same family. Also, one should try to
include the region that contains the most mismatched nucleo-
tides possible with respect to their homologous [21].

. There are several software available that can be employed for

secondary structure and self-annealing prediction of different
probes and targets. In this work we have employed Oligo
Analyzer software and RNA fold webserver.

. Cross-hybridization from mRNA isoforms or homologous

miRNAs should be prevented in the BiMW biosensor to
avoid false positives. Buffer composition, such as bufter ionic
strength, or some additives, such as FA and TMAC, can help to
reduce nonspecific interactions and to enhance detection selec-
tivity. Cross-hybridization can also be prevented by the intro-
duction of locked nucleic acids (LNAs) in the probe sequence,
which increase the specificity and foster the discrimination of
nucleotide mismatches. Different combinations should be
optimized depending on the target sequence [5].
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7.

10.

11

12.

13.

14.

15.

Fabrication tolerances at the clean room facilities where the
fabrication is done must be taking into account when designing
a device of micro/nanodimensions.

. The fluidic mold can be obtained by using a milling machine or

by 3D printing, for low-resolution rapid prototyping. On the
other hand, standard photolithography microfabrication tech-
niques can be employed to create wafer-based molds for high-
resolution applications [22].

Incubation with PEG200 will help the blockade of the micro-
fluidic channels to reduce PDMS hydrophilicity, reducing non-
specific adsorption of molecules present in the samples.

The size of the biopsy punch will depend on the diameter of
the Teflon tubes employed and should be slightly smaller, to
prevent leakages.

. A main limitation of interferometric sensors is the nature and

complexity of the interferometric signal. In the BIMW sensor,
the interferometric response is due to the phase difference
between the sensing mode (first order mode) and the reference
mode (fundamental mode). For maximum sensor response,
the interferometric signal must be positioned at the quadrature
point. However, factors as temperature fluctuations or large
refractive index variations can shift the interferometric
response toward a peak or a null of the sinusoid signal, which
is translated in sensitivity decays. In order to avoid this ambi-
guity, signal processing methods have been proposed for inter-
ferometers [9, 23].

RNA is easily degradable in the presence of RNases. To prevent
from RNase activity during the evaluations, the microfluidic
must be cleaned by sequentially flowing SDS 0.5%, HC1 0.1 M,
EtOH 100%, 0.5 M NaOH, and sterile H,O.

Flow rate should be carefully optimized in each application to
maximize the biosensor performance.

Prevention of nonspecific adsorptions of sample matrix com-
ponents is particularly important when working with label-free
optical sensors, in which an overvalued sensor response due to
nonspecific adsorption of matrix components is difficult to
discriminate and leads to false positive results. Different lateral
spacers can be employed, including MCH and PEG molecules
[5] to avoid this effect.

Contact angle values should be compared with their
corresponding values in the literature. In this work, the values
for Untreated, APTES-modified, PDITC-modified and DNA
functionalized SizNy surface were 35.1 + 1.19, 67.1 £+ 0.11,
59.6 £ 0.12,and 51.7 + 0.82 [10].
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16.

17.

18.

19.

20.

21.

22.

23.

Incubations time for alkaline fragmentation will vary depend-
ing on three parameters: (1) sample integrity, (2) sample con-
centration, and (3) desired fragment size. Therefore, it must be
optimized for each sample.

MCH is a small molecule commonly used in DNA monolayers
to promote the orientation of the DNA probes, control the
probe density and enhance the resistance to nonspecific
adsorptions of nucleic acids or other molecules present in the
sample to the sensor surface.

Saline solutions containing an adequate percentage of FA
reduce the presence of secondary structures in DNA/RNA
sequences and increase specificity of the hybridization by low-
ering the melting temperature of oligonucleotides. WAR-
NING : Formamide is a known carcinogen. Carry out all
steps involving pure formamide manipulation in a fume hood.

The regeneration procedure depends on the hybridized
sequence. The ideal regeneration buffer should effectively dis-
rupt the DNA-DNA or DNA-RNA interaction preserving the
receptor activity. In practice, all regeneration buffers cause
some damage on the biolayer immobilized onto the sensor
surface, limiting the number of cycles that the same receptor
surface can be reused. Usually, FA concentrations between 35%
and 50% in aqueous solution are employed for efficient bior-
eceptor regeneration [5].

Mixed SAMs containing PEG-CO,H and PEG-NH,SAM
form a zwitterionic surface, providing monolayers with high
resistance to fouling effects from complex biological fluids.

To further increase the sensitivity of the biosensor, a second
step can be added, involving a signal enhancement via an anti-
DNA-RNA antibody interaction with the hybridized
miRNA [21].

For the data analysis we have employed two analytical software:
Origin 8.0 software (OriginLab, Northampton, MA) and
GraphPad Prism (GraphPad Software, San Diego, CA).

Clinical validation of nucleic acid analysis can be performed by
comparing the BiMW biosensor results with conventional
quantitative technologies such as RT-qPCR.
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Azimuthal Beam Scanning Microscope Design and
Implementation for Axial Localization with Scanning Angle
Interference Microscopy

Marshall Colville, Sangwoo Park, Avtar Singh, Matthew Paszek,
and Warren R. Zipfel

Abstract

Azimuthal beam scanning, also referred to as circle scanning, is an effective way of eliminating coherence
artifacts with laser illumination in widefield microscopy. With a static excitation spot, dirt on the optics and
internal reflections can produce an uneven excitation field due to interference fringes. These artifacts
become more pronounced in TIRF microscopy, where the excitation is confined to an evanescent field
that extends a few hundred nanometers above the coverslip. Unwanted intensity patterns that arise from
these imperfections vary with path of the excitation beam through the microscope optical train, so by
rapidly rotating the beam through its azimuth the uneven illumination is eliminated by averaging over the
camera exposure time. In addition to being useful from TIRF microscopy, it is also critical for scanning
angle interference microscopy (SAIM), an axial localization technique with nanometer-scale precision that
requires similar instrumentation to TIRF microscopy. For robust SAIM localization, laser excitation with a
homogeneous profile over a range of polar angles is required. We have applied the circle scanning principle
to SAIM, constructing an optimized instrument configuration and open-source hardware, enabling high-
precision localization and significantly higher temporal resolution than previous implementations. In this
chapter, we detail the design and construction of the SAIM instrument, including the optical configuration,
required peripheral devices, and system calibration.

Key words Azimuthal beam scanning TIRFM, Circle-scanned TIRFM, Interference microscopy,
Scanning-angle interference microscopy, Live-cell imaging, Fluorescence microscopy, Localization
microscopy

1 Introduction

Fluorescence microscopy is a critical tool for structural and func-
tional studies of biological specimens. The characteristic excitation
and emission spectra of different fluorescent probes can be easily
separated by microscope optics, allowing for visualization of multi-
ple, independent spectra components within a sample. The ability
to perform multiplexed spatial investigations has yielded significant

Miguel R. Ossandon et al. (eds.), Biomedical Engineering Technologies: Volume 1, Methods in Molecular Biology, vol. 2393,
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insight into subcellular structural organization. However, widefield
fluorescence microscopy lacks axial resolution—the entire sample
volume within the field-of-view is excited in a conventional wide-
field microscope and an image pixel contains fluorescence signal
from regions outside the focal plane. Several types of microscopy
have been developed to reduce or eliminate out-of-focus fluores-
cence. Widefield microscopies such as total internal reflection fluo-
rescence microscopy (TTRFM) use the nanoscale-limited extent of
an evanescent field to excite fluorophores only in the region near
the interface between two media of differing refractive indices.
Confocal and multiphoton microscopies eliminate out-of-focus
fluorescence by raster scanning a focused beam and collecting signal
just from the focal volume of the objective lens either through an
optically conjugate pinhole (confocal) or by the intrinsic localiza-
tion of the excitation by a nonlinear optical process (multiphoton).

Scanning angle interference microscopy (SAIM), utilizes a pat-
terned excitation field to impart axial information on the sample
[1]. Placing a reflective surface behind the sample generates stand-
ing waves of excitation by interference of the incoming excitation
light with the back-reflected wave. The spatial frequency of the
interference fringes is well defined and can be controlled by altering
the angle of incidence of the excitation light on the reflective
surface (Fig. la). As the incidence angle is changed, the relative

Imaging
Media

(2]

+ Raw Data — Model Prediction

e

Emission Intensity
(A.U.)

10 20 30 40
Incidence angle (deg.)
Fig. 1 Surface-generated interference and axial localization in SAIM. (a) Samples are prepared on a silicon
substrate with a defined layer of thermal oxide. (b) Standing wave excitation pattern that changes as a function
of the angle of incidence (anti-nodes are spaced on the order of A/2; illustration not scale). (c) Example raw
data from a single pixel in a SAIM experiment with Fibronectin-Cy3 (blue dots) and fitted intensity profile with

the optical model (red line). For imaging Fibronectin-Cy3 on silicon substrate with 1.917 um of silicon oxide,
raw data was obtained from 1.25° to 40° in 1.25° increments
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intensity of fluorescently labeled structures within the sample varies
as the standing wave excitation pattern changes. These periodic
fluctuations are described by a mathematical model and depend
on the fluorophore to reflective surface distance and the thickness
of the SiO, layer (Fig. 1b) [2]. In a SAIM experiment, images are
collected over a series of excitation incidence angles. Intensity data
from individual pixels over the image series is then computationally
fit to the model to determine the height of the sample. From this
data, topographical maps of the features of interest are
reconstructed.

A key requirement for artifact-free, high axial precision SAIM is
an even excitation profile over the full range of incidence angles.
Lasers are commonly used in modern fluorescence microscopes to
provide a high-intensity source of collimated excitation. Although
the SAIM method could be configured using a conventional fluo-
rescence excitation source (e.g. arc lamp) and a series of annular
masks, the short coherence length of the light source and relatively
slow switching time of the masks are make this mode impractical
[3]. The use of laser illumination provides a longer coherence
length and produces a high quality standing wave interference
pattern. However, the higher coherence also gives rise to unwanted
interference eftects such as speckles, fringes, and rings caused by
imperfections and internal reflections in the optical train [4]. Total
Internal Reflection Fluorescence (TIRF) microscopes also suffer
from these artifacts which reduce the uniformity of the illumination
field. A variety of techniques have been developed to eliminate
laser-induced excitation artifacts [5-7]. One commonly applied
approach in localization-based super-resolution TIRF imaging is
to use a circularly scanned beam. The laser is focused on the
peripheral edge of the objective back aperture and rotated continu-
ously while maintaining a constant angle with respect to the optical
axis [8, 9]. In a circle-scanning microscope the excitation light is
focused on the rear focal plane of the objective by a scan lens so that
the beam exiting the front pupil is collimated (Fig. 2a, left). The
beam direction is controlled with a pair of close-coupled galvanom-
eter-mounted scanning mirrors, one each for the X- and 7Y-axis
(Fig. 2a). The scanning mirrors are positioned in the optical train to
form an image of the apparent center of rotation (typically the
midpoint between the mirrors) on the sample, preventing transla-
tion of the beam and providing a constant excitation profile
throughout the scanning mirror’s range of motion. In the sample
plane, the beam can be described by its angular deflection in each
axis, 0, and 60, which are proportional to the scanning mirror
positions. The deflections can be easily transformed to a spherical
coordinate system to obtain a polar angle, 8, and azimuthal angle,
y, of deflection. The polar angle corresponds to the excitation
angle on incidence. When @ is kept constant and y is continuously
varied, the beam forms a cone above the objective (Fig. 2b).
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Fig. 2 Principles of circle-scanning excitation. (a) Top: The excitation beam in the sample plane is described by
three coordinates, the angles 6, and 6,, and polarization, ¢. 8, and 6, coordinates can be mapped to a polar
angle, @, and azimuthal angle y. Bottom: A pair of galvanometer-mounted scanning mirrors are used to set
the polar and azimuthal angles of the scanned excitation beam. (b) A circle-scanned beam projected onto a
sheet of fluorescent plastic. (c) Image of the optical configuration of the scanning mirror and scan lens system.
(d) Left: Per-axis command signals used to generate a series of polar scan angles with constant azimuthal
velocity. Right: Beam position in the objective back aperture for a series of polar scan angles and 3D
schematic of the excitation outputs

Implementation of a circle-scanning system is straightforward,
requiring only a few optical components (Fig. 2¢). In order to
maintain a constant velocity in y, the scanning mirrors are driven
with sine waves (Fig. 2d). The frequency of the waveforms is
matched with one axis offset by 90° in time, creating a circular
scan pattern on the objective back focal plane.
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Static Beam Circle-Scanned Beam

XZ Beam Projection

Sample Fluorescence

Fig. 3 Comparison of static and circle-scanned image quality in TIRFM and SAIM. Top: Projection of the
excitation laser from the objective lens onto a vertical screen. Bottom: Images of a fluorescent monolayer on a
silicon wafer chip

Use of a scanning mode in SAIM significantly improves the
quality of the excitation field, and in turn the reconstruction accu-
racy [10]. Figure 3 illustrates these effects on a fluorescent test
sample. The sample was prepared by binding a homogeneous dye
layer to a silicon waver chip, typically used in SAIM. On the left a
static beam, where the laser deflection was held at constant § and v,
was used to excite the sample. Diffraction rings and dark spots
caused by imperfections in the excitation optics are clearly visible.
When the beam is scanned in y at a constant 6, as in the image on
the right, the rings disappear and the illumination is even over the
field of view.

In biological specimens the interference artifacts are less appar-
ent, but negatively affect the quality of SAIM reconstructions.
Figure 4 illustrates the benefits of circle-scanning SAIM. Human
epithelial cells expressing a fluorescent derivative of the bulky,
membrane-anchored mucin Mucl were fixed and imaged with
both static and circle-scanning laser excitation. In the top row, a
single frame from a SAIM dataset is shown. The image on the left
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Fig. 4 Circle-scanning reduces reconstruction artifacts in cellular imaging with SAIM. Top: A single exposure
at a polar incidence angle of 28.75¢ illustrating the speckled appearance of the fluorescent glycoprotein Muc1
on the ventral membrane of an epithelial cell without circle-scanning (right) versus the more even fluores-
cence observed with circle-scanning (left). Middle: Height reconstructions from the cell shown above. Bottom:
colormaps of the signal-to-noise ratio (SNR) with (left) and without (right) circle-scanning excitation
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was acquired with circle scanning, and the image on the right
without. Coherence artifacts manifest as a speckled appearance in
the cellular membrane that is absent in the circle-scanned image.
The reconstructed height maps are shown in the center row. The
benefits of circle scanning in SAIM are most clearly depicted by the
increased signal-to-noise ratio, depicted in the bottom row of
images.

With circle-scanning we have been able to reliably reconstruct
height maps of features previously difficult to resolve such as the
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Fig. 5 Mapping the plasma membrane topography of adherent cells with SAIM. Left: Widefield view of a
human epithelial cell ectopically expressing the fluorescent glycoprotein Muc1-GFP. Scale bar: 10 um. Center:
Height reconstruction of the substrate bound matrix protein fibronectin. Right: Height reconstruction of GFP in
the same region. Center and right images correspond to the boxed region in the widefield image. Scale bars:

5pum

membrane-bound glycoprotein Mucl (Fig. 5) [11]. We have
recently demonstrated the benefits of both circle-scanning and
hardware-based synchronization of peripheral devices in SAIM
[10]. When working with live biological samples it is important to
obtain the entire set of images in as short a time as possible.
Accurate reconstruction of the sample topography assumes that
features do not move between the acquisition of the first and last
images. Furthermore, the high-intensity excitation light can be
toxic to live samples and cause unwanted photobleaching. In this
chapter we detail the preparation of live-cell SAIM samples, the
construction of a high-speed, circle-scanning microscope opti-
mized for SAIM, and a basic procedure for performing SAIM
experiments.

2 Materials

2.1 Silicon
Substrates

1. 4" silicon wafers with 19,000 A thermal oxide (Addison Engi-
neering Inc., San Jose, CA).

2. Blue dicing tape (Blue Tape—18074; Semiconductor Equip-
ment Crop, Moorpark, CA).
3. Silicon wafer dicing saw (DAD3240; DISCO, Tokyo, Japan).

4. Film thickness measurement system (F50-EXR; Filmetrics, San
Diego, CA).
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11.

12.

2.2 Cell Culture 1.

2.3 CGircle-Scanning 1.

Optical Components 2
(See Note 3)

. Piranha solution: 25% (v/v) hydrogen peroxide solution (30%

w/w) in concentrated sulfuric acid (see Note 1).

. Wafer cleaning solution: 50% (v/v) concentrated hydrochloric

acid in methanol.

. HPLC-grade acetone.

. Sodium hydroxide solution: 1 M in deionized water.

. Plasma cleaner (PDC-32G, Harrick Plasma, Ithaca, NY).
10.

MPTS solution: 4% (v/v) (3-mercaptopropyl)trimethoxysilane
in absolute ethanol.

GMBS solution: 4 mM 4-maleimidobutyric acid N-hydroxy-
succinimide ester in absolute ethanol.

Fibronectin solution: 50 mg/mL human plasma fibronectin
dissolved in PBS (see Note 2).

MCEF 10A human epithelial cells (ATCC# CRL-10317; Amer-
ican Type Culture Collection, Manassas, VA).

. Cell culture medium: 5% (v/v) donor horse serum, 1% (v/v)

penicillin-streptomycin solution, 10 pg/mL insulin, 500 ng/
mL hydrocortisone, 100 ng/mL cholera toxin, and 10 ng/mL
epidermal growth factor dissolved in 1:1 DMEM:F12.

. Imaging media: 119 mM NaCl, 5 mM KCL, 25 mM HEPES

buffer, 2 mM CaCl,, 2 mM MgCl,, 6 g/L glucose, 1 g/L
bovine serum albumin dissolved in deionized water at pH 7.4.

. Glass bottom imaging dishes (coverslip thickness: No. 1.5, well

diameter: 14 mm).

Vibration isolation optical table.

. Single-band laser cleanup filters (diameter: 1”7, mounted;

ZET405/20x, ZET488/10x, ZET561/10x, ZET635/
20x; Chroma Tech. Corp., Bellows Falls, VT).

. Long-pass laser dichroic mirrors (diameter: 17, mounted;

7T405rdc, ZT488rdc, and ZT561rdc; Chroma).

. Broadband beam steering mirrors (diameter: 1”7, quantity: 7;
g b q bl

BB1-E02; Thorlabs Inc., Newton, NJ).

. Kinematic mirror mounts (quantity: 10; KS1; Thorlabs).
. Iris diaphragms (quantity: 2; ID15; Thorlabs).

. Air-spaced achromatic doublet scan lens (£ 30 mm, diameter:

1”; ACA254-030-A, Thorlabs).

. Mounting tube for scan lens (length: 0.45”; SMILO3;

Thorlabs).

. M =1 zero-order vortex half-wave retarder (WPV10L-532;

Thorlabs).



2.4 Electronics and
Peripheral Devices

10.
11.

12.

13.

14.
15.

16.
17.
18.
19.

20.

10.
11.
12.
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XY translation mount (ST1XY-S; Thorlabs).

Broadband elliptical mirrors (diameter: 2”, quantity: 2; BBE2-
E02; Thorlabs).

Right-angle kinematic mirror mounts for 2" elliptical mirrors
(KCB2EC; Thorlabs).

Achromatic doublet relay lenses (£ 300 mm, diameter: 2",
quantity: 2; AC508-300-A; Thorlabs).

Quick release cage system lens mounts (LCP90F; Thorlabs).

Optical cage system components for periscope construction
(Thorlabs).

Optical posts and bases for mirrors (Thorlabs).
Optical power meter (PM100D and S122C; Thorlabs).
Neutral density filters for laser attenuation during alignment.

Laser collimation test device (shearing interferometer SI1035;
Thorlabs).

Beam alignment aids (1”7 optic alignment plate LMR1AP, iris
diaphragm SM2D25D in removable 60 mm cage plate
QRC2A, and 60 mm cage alignment plate LCPA1; Thorlabs).

. 405 nm laser diode module (IQ1C100(LD2070); Power

Tech. Inc., Little Rock, AR).

. 488 nm diode-pumped solid-state laser module (Sapphire

488 LP; Coherent Inc., Santa Clara, CA).

. 560 nm fiber laser module (VFL-560; MPB Communications

Inc., Montreal, Quebec).

. 642 nm fiber laser module (VFL-642; MPB).
. Mechanical beam shutter (SHB1T, Thorlabs).
. Visible spectrum acousto-optic tunable filter (AOTF) and mul-

tichannel RF driver (4 = 400-650 nm; AOTFnC-400.650-TN
and MPDS8CD6; AA Opto-Electronic, Orsay, France).

. Mounted XY galvanometer scanning mirror set with driver

(6215H galvanometers and 673 series dual servo driver; Cam-
bridge Technology, Bedford, MA).

. Scanning mirror driver heatsink (3.5 x 4 in., HeatsinkUSA,

Greenville, MI).

. Thermal paste (Corning© 340, Dow, Midland, MI or GC

Electronics Type Z9 Silicone heat sink compound,
Rockford, IL).

DC power supplies (output: 28 Vdc, 5.4 A, quantity: 2).
Power supply protection diodes (Axial can, I,: 10 A min).

Enclosure for scanning mirror driver and power supplies.
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2.5 Imaging System

2.6 Software

13.

14.
15.
16.

17.

18.

19.

20.

1.

Electrical hook-up wire, connectors, power switch, indicator
light, and ventilation fan.

Coaxial SMA cables for controller/servo driver connection.
Coaxial BNC cable for controller/shutter connection.

DB25 male to female cable for controller/AOTEF driver
connection.

USB 2.0 type A-male to B-male cable for controller/computer
connection.

Instrument controller (details and complete list of materials
available from https: //github.com/mjc449 /
SAIMscannerV3).

PICKkit 4 in-circuit debugger (PG164140; Microchip Technol-
ogy Inc., Chandler, AZ).

USB webcam for scanning system calibration.

Inverted fluorescence microscope (e.g. Eclipse Ti2; Nikon
Instruments Inc., Melville, NY).

Objective lens (CFI Plan Apo IR 60x WI, N.A. = 1.27;
Nikon).

Quad bandpass fluorescence filter set with single-band emis-
sion filters (TRF89902-EM, mounted; Chroma).

Motorized emission filter wheel (LB10-B and LB10-NWE;
Sutter Instrument, Novato, CA).

Scientific camera (Zyla 4.2 sCMOS; Andor, Concord, MA).

Computer workstation for data acquisition and instrument
control (see Note 4).

. Instrument controller graphical interface (SSv3 Control Panel,

available from https: //github.com /mjc449 /
SAIMscannerV3).

. MPLAB Integrated Programming Environment (available

from  https://microchip.com/mplab/mplab-integrated-pro
gramming-environment; Microchip).

. Micro-Manager [12] (available from https://micro-manager.

org).

. FIJI [13] (available from https: //fiji.sc).
. SAIM analysis plugin for Image]J [14] (available from https://

imagej.net/Saim).


https://github.com/mjc449/SAIMscannerV3
https://github.com/mjc449/SAIMscannerV3
https://github.com/mjc449/SAIMscannerV3
https://github.com/mjc449/SAIMscannerV3
https://microchip.com/mplab/mplab-integrated-programming-environment;
https://microchip.com/mplab/mplab-integrated-programming-environment;
https://micro-manager.org
https://micro-manager.org
https://fiji.sc
https://imagej.net/Saim
https://imagej.net/Saim
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3 Methods

3.1 SAIM Sample
Preparation

The surface-generated interference pattern required for axial local-
ization is created by preparing samples on a highly reflective sub-
strate. Polished silicon wafers are an inexpensive, easy-to-work-with
material for preparing SAIM samples. Wafers are commercially
available with a range of thermal oxide thickness, and previous
work has shown oxide layers of ~2 pm to be an ideal thickness for
SAIM imaging [1]. The silicon dioxide surface of the wafers is
functionalized with an appropriate matrix protein, such as fibronec-
tin or collagen, to enhance cellular attachment.

The following protocol is generally applicable to all adherent
cell lines. The choice of matrix protein will depend on the cell line
under study. For poorly adherent cell lines, the silanization and
protein binding steps can be replaced with a 30-min incubation in
poly-L-lysine solution; however, morphology and motility may be
altered.

1. Affix dicing tape Blue Tape—18074; Semiconductor Equip-
ment Crop) to the reflective surface of the wafer.

2. Using a wafer dicing saw, cut the wafer into 5 mm x 5 mm
chips (see Note 5).

3. Remove the chips from the dicing tape with tweezers. Put the
chips on a thin film measurement system (F50-EXR; Fil-
metrics). Edit film recipes to “SiO2 on Si” with 19,000 A as a
nominal value. Measure the oxide layer thickness of the chips
(see Note 6).

4. Thoroughly clean the chips by incubation for 30 min in hot
piranha solution. If piranha solution is not available, clean the
chips by successive 30-min incubations in wafer cleaning solu-
tion, acetone, and 1 M sodium hydroxide solution in an ultra-
sonic bath. Rinse the chips thoroughly with deionized water
after each cleaning step. Store the chips submerged in deio-
nized water until use.

5. Dry the chips thoroughly under a stream of pure nitrogen.
Place the chips in a clean dry dish with the reflective side facing
up and plasma clean for 60 s.

6. Remove from the plasma cleaner and add enough MPTS solu-
tion to completely cover the chips in the dish. Cover the dish
and incubate for 30 min at room temperature.

7. Rinse the chips three times with absolute ethanol then add
enough GMBS solution to completely cover the chips. Cover
the dish and incubate for 30 min at room temperature.

8. Rinse the chips once with absolute ethanol then three times
with PBS. Rinses should be performed in rapid succession to
preserve GMBS reactivity. Immediately cover the surface of the
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Fig. 6 Sample preparation for SAIM imaging. (a) Silicon wafers with a layer of thermal oxide are diced into
5 mm chips using a dicing saw. The thickness of the silicon dioxide layer is measured for each chip. (b) Chips
are chemically functionalized to promote cellular adhesion with the extracellular matrix protein fibronectin. (c)
Functionalized chips are placed in a culture dish and adherent cells are culture on the reflective surface of the
chips. After 24 h the chips are inverted into a glass-bottom imaging dish for SAIM data collection



3.2 Microscope and
Imaging System Setup
(See Note 9)

3.3 Laser Launch
Construction
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chips with fibronectin solution. Incubate at room temperature
for 2 h or 4 °C overnight.

9. Rinse the functionalized chips thoroughly with PBS. If the
chips will not be used immediately, they should be stored in
sterile PBS containing 0.05% (w/v) sodium azide.

10. Rinse the chips with sterile PBS to remove storage buffer and
transfer, reflective side up, to a clean cell culture dish. Seed cells
onto the chips at a density of 10,000 cm 2. Cover with cell
culture media and incubate at 37 °C and 5% CO, for 24 h (see
Note 7).

11. Prepare glass bottom imaging dishes by adding 1.5 mL of
imaging media and placing in the cell culture incubator for
1 h to equilibrate.

12. Using tweezers, remove a single chip from the cell culture dish,
invert, and place in the imaging dish with the reflective side
facing downward. Position the chip in the center of the glass-
bottom well (see Note 8).

The location of the microscope body on the optical table will
dictate the placement of the scanning optics, laser launch, and
other peripheral devices. Therefore, it is important to leave suffi-
cient space behind and around the microscope for the other com-
ponents. As the largest and heaviest component of the system, the
microscope body forms the base from which to build the scanning
optics and laser launch (see Note 10).

1. Prepare the microscope body by removing the epi-fluorescence
illuminator and optics if equipped. Bolt the microscope body
securely to the table in its final position. Mount the objective
lens and insert the quad-bandpass filter cube into the
microscope body.

2. Load the emission filters into the filter wheel. Attach the filter
wheel and camera to the microscope per the manufacturer’s
instructions.

3. Connect the camera, filter wheel, and instrument controller to
the computer. In the Micro-Manager software add the camera
and filter wheel to a new hardware profile (se¢ Note 11).

4. Connect the camera’s TTL auxiliary output to the instrument
controller’s trigger input. Configure the camera output to “fire
all” in Micro-Manager.

The laser launch combines the four monochromatic laser beams
into a single polychromatic beam using dichroic mirrors (Fig. 7a).
The polychromatic beam is directed through the AOTEF, which is
responsible for wavelength selection, intensity control, and high-
speed shuttering on the order of 10 ps [10]. A mechanical shutter is
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Fig. 7 Circle-scanning system construction. (a) Four individual free-space lasers are combined to form a
single, colinear beam in the laser launch. The AOTF selects the excitation wavelength by modulating the
intensity of the first-order diffracted beam. The individual lasers are made colinear by alignment on irises i
and i,. Steering mirrors my and m, are used to align the excitation beam on the scanning system entrance
pupil. (b) Image of the laser launch with individual components labeled. Note that both transmitted beams
from the AOTF are reflected by mirror m; before the zero-order beam is intercepted by the beam block, unlike
in (a). (c) Schematic diagram of the laser scanning and imaging systems with key components in their relative
positions. Ls scan lens, wp vortex retarder, L, L,, relay lenses, mpy, mp, elliptical periscope mirrors, Loy,
objective lens, mys fluorescence beam splitting mirror, L; tube lens, my, light path selection mirror

included as a low-speed safety interlock (close time of approxi-
mately 9 ms), and iris diaphragms are used to align the lasers,
ensuring a colinear beam and proper alignment on the scanning
optics entrance pupil. It is important that the alignment irises are
placed between the AOTF and scanning mirrors to account for the
small but present wavelength-dependent variation in the first-order
diffracted beam direction.

1. Attach the laser modules to the optical table securely using
optical posts. The 405 and 488 nm laser heads are cooled by
forced air to ambient temperature through integral systems in
the laser head and can be mounted with standard mechanical
components. The 560 and 642 nm fiber laser modules can be
located on a convenient equipment shelf, with their second
harmonic generators (laser heads) are bolted to aluminum
heat sinks with thermal conductive paste and mounted to the
optical table via posts. The emission windows of all laser heads
should lie in a single plane at the same height as the AOTF and
scanning mirrors. The laser heads are mounted such that the
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output beams are parallel to one another. Further details on
laser alignment are provided in Subheading 3.5.

2. Mount the dichroic long-pass mirrors in kinematic mirror
mounts and attach to the optical table with optical posts.
Position the mirrors in a straight line and orient at 45° to the
AOTEF (Fig. 7a, b). The 642 nm laser does not require a
dichroic mirror, a broadband mirror should be used in its place.

3. Mount the broadband mirrors in kinematic mirror mounts.
Position the mirrors such that the beam path forms a 90°
angle between the laser emission window, broadband mirror
and dichroic mirror (Fig. 7a, b). Secure the mirrors to the table.

4. Position the mechanical shutter immediately after the final
dichroic mirror and directly in the beam path.

5. Attach the AOTF to an optical post using an appropriate heat
sink and mount in the beam path (sec Note 12). Position the
beam block to intercept the zero-order transmitted beam from
the AOTF and secure both the AOTF and beam block to the
optical table.

6. Mount the broadband beam steering mirrors m; and m; in
Fig. 7a to the optical table. Mirror m, reflects the first-order
diffracted beam from the AOTF onto m,, which reflects the
beam into the entrance pupil of the scanning optics.

7. Connect the AOTF to the multichannel RF driver with the
supplied cables. Connect the RF driver to the instrument con-
troller with a DB25 cable. Connect the mechanical shutter
TTL input to the instrument controller output with a BNC
cable and configure the shutter controller for external
triggering.

The circle scanning subsystem controls the beam deflection (polar
and azimuthal angles) in the sample plane by relaying an image of
the scanning mirrors to the sample plane of the microscope
(Fig. 7¢). It is critical that the image of the excitation beam center
of rotation is relayed onto the sample. Misalignment of the optical
elements can lead to distortion of the excitation profile in the
sample plane, compromising data quality.

1. Assemble the laser scanning optics in the cage system according
to Fig. 6¢. The scan lens Ly is glued into its mounting tube and
attached to the fixed side of the XY translation mount. The
vortex retarder is mounted in the translation mount and ori-
ented to produce s-polarized excitation in the sample plane.

2. Starting with the second relay lens, L,,, adjust the position of
each lens in the cage system according to Fig. 8 (see Note 13).

3. Mount the scanning mirrors on an appropriate optical post.
Position the scanning mirrors such that their exit pupil is
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Fig. 9 Definition of laser orientation and alignment within the optical system. (a) A beam is described by its
position (solid lines) and angular direction (dashed arcs). (b) Beam alignment is set with two mirrors. (c) Top:
Schematic diagram of two-point beam alignment using a pair of iris diaphragms, i; and i,. Bottom: Beam
position and corrective actions to align a laser to a pair of irises. The beam position on each of the irises is
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aligned with the optical axis of the cage system. At this point
the Y-axis scanning mirror should be centered in the scan lens
with its rotational axis orthogonal to the optical axis of the cage
system.

4. Ensure that the final beam steering mirror from the laser
launch, m, in Fig. 6a, is centered in the scanning mirror
entrance pupil.

The laser beam within the optical system can be described by its
offset and direction with respect to the optical axis of the system,
giving four coordinates (Fig. 9a). Two mirrors are employed, giv-
ing 4 degrees of freedom in orienting the beam (Fig. 9b). Similarly,
two reference points, formed by a pair of irises, are used to check
beam alignment (Fig. 9¢). Proper beam alignment with respect to
the optical axis is critical in maintaining high-quality circle-scanned
excitation. Small errors in beam position within the optical train can
degrade the surface-generated interference pattern in SAIM experi-
ments. Alignment of the lasers can be affected by multiple sources
including changes in ambient temperature and mechanical

3.5 Laser Alignment
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perturbations. The beam alignment of each laser within the laser
launch is verified against the permanently mounted irises, shown in
Fig. 7a, at the beginning of each imaging session. Individual lasers
are adjusted with the first broadband mirror and dichroic mirror
that the laser encounters without altering mirrors in the polychro-
matic beam path (m; and m, in Fig. 7a). The same procedure can
be employed to align the beam in the scanning mirror entrance
pupil and entrance to the microscope. For the scanning mirrors an
additional set of post-mounted irises are temporarily inserted
immediately after the polychromatic beam steering mirrors m;
and m, in Fig. 7a. To align the beam on microscope excitation
port the removeable cage system iris and alignment plate should be
placed between the second periscope mirror and the microscope
excitation port. Alignment begins with the laser launch, followed
by the scanning mirrors’ entrance pupil and finally the microscope
excitation port. The following procedure depicted schematically in
Fig. 9c applies in all cases.

1. Close both iris diaphragms until the opening is approximately
the diameter of the beam.

2. Adjust the position of the beam on iris 1 using mirror 2,until
the beam is centered in the iris.

3. Using mirror 1 while observing the beam position on iris
2, move the beam in a straight line directly away from the
center of the iris.

4. Re-center the beam in iris 1 with mirror 2 and check its
position on iris 2.

5. Repeat steps 3 and 4 until the beam is centered in both irises.
6. Scanning Mirror Electronics.

The scanning mirror driver requires a high-quality bipolar

power supply for proper operation. A circuit diagram for the series

connection of two 28 V DC supplies is given in Fig. 10a. The
diodes protect the power supplies during startup and shutdown

b

28V power

ST

‘*’ switch

Power supplies
(stacked)

ov Indicator ~

Controller
AC input

E 28y inputs

Power supply 2 4

Driver board Heaisink Protection diodes

Fig. 10 Scanning mirror power supplies and driver layout. (@) Power supply circuit diagram. (b) Image of the
power supply and driver layout within the enclosure
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3.6 Circle-Scanning

Calibration

from harmful current inversions but are reverse-biased in normal
operation. Diodes with a small forward voltage drop and fast
switching are selected. The scanning mirrors’ driver must be
securely mounted to an external, extruded aluminum heatsink
within the power supply enclosure as shown in Fig. 10b. This will
allow for adequate passive heat dissipation during operation. When
arranging the components within the enclosure ensure that the
driver heatsink is between the driver board and power supplies
(Fig. 10b). A thin layer of thermal conductive paste
(GC Electronics Type Z9 Silicone heat sink compound) is applied
to the driver mating surface before mounting. Once all compo-
nents are mounted in the enclosure make the electrical connections
according to the circuit diagram and the manufacturer’s instruc-
tions. Ensure that all components have a low-resistance ground
connection to the enclosure and AC input ground conductor.

Before collecting data, the circle scanning system must be properly
configured through the controller software. It is essential that the
scanned beam is centered on and aligned to the optical axis. The
waveform generators within the controller are fully programmable
through the controller software for easy tuning of the scanned
beam profile to correct ellipticity and alignment.

The scanned beam polar angle is proportional to the output
waveform amplitude of the instrument controller, however, the
relationship between output amplitude and scan angle must be
determined empirically. The waveform output is described in digital
to analog converter (DAC) units and the conversion factor (cali-
bration constant) to scan angle is determined by linear regression. A
user friendly, image-based calibration tool is included to simplify
the calibration procedure (Fig. 11). The following alignment, tun-
ing and calibration procedure should be performed at the begin-
ning of each imaging session.

Fig. 11 Circle-scanning system calibration. Left: An inexpensive webcam attached to the instrument computer
is used to capture images of the scanned excitation beam on a fluorescent target. Right: The calibration image
is run through an edge detection algorithm to find the edges of beam. A series of images at different scan
angles is used to determine the calibration value
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. Prepare a dilute solution of carboxyfluorescein (405 and
488 nm lasers) or rhodamine B (560 nm laser) in water and
add approximately 2 mL to a glass bottom imaging dish. The
solution should be dilute enough to visualize the entire beam
within the sample (~100 pM is usually sufficient, although the
exact concentration does not matter). Mount the dish on the
microscope stage.

. Start the controller software and connect to the device. Enable
the excitation laser by clicking “On” under “Laser Controls”.
Increase the power manually until the beam is clearly visible.

. Under “Scanning Controls” click “Scan” and gradually
increase the radius until a clearly visible cone is formed by the
excitation laser in the dish. Check the box next to “Advanced”
to enable the scan center, phase and Y-scale controls. Using
these controls, center the excitation cone on the optical axis.
The phase and Y-scale controls can be used to correct ellipticity
in the scan profile.

. Once the scanning system has been properly tuned in the
software click the “Calibrate” button to open the calibration
tool. Remove the alignment sample from the microscope and
place the calibration target onto the stage (se¢ Note 14). In the
lower right of the calibration window enter the refractive
indices of the calibration medium and sample medium (see
Note 15). Connect a USB webcam to the computer.

. In the calibration window click the “Camera” button. Select
the USB webcam from the drop-down menu and click “Con-
nect”. A live feed from the camera is displayed (Fig. 11, left).
Set the scan radius to 1000 DAC units in the main window.
Position the webcam to obtain a clear view of the beam on the
calibration target. Click “Snap” in the camera window to send a
still image to the calibration window.

. In the calibration window, click and drag on the greyscale
image to zoom in on the portion of the image containing the
scanned beam. Below the image adjust the kernel size, accu-
mulator, minimum length and maximum gap values until a
clear view of the beam outline appears in the upper image.
Click “Detect Lines.” The red and green lines overlaid on the
lower window should align with the edges of the beam pattern.
If the beam edges are not properly highlighted adjust the
detection parameters and repeat the detection until they are.
Enter the current DAC value in the field below the data table
and click “Add” to add the calibration point to the list. The
new point will be added to the graph on the right side of the
window. The graph displays the raw data (blue dots), refractive
index corrected data (green squares) and best fit line for the
current list of points.
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3.7 Performing
Circle-Scanning SAIM
Experiments

7. Repeat steps 5 and 6 in increments of 1000 DAC units until
the beam is no longer clearly visible on the calibration target.
Once enough points have been collected click “Send Value” in
the lower right of the calibration window to update the cali-
bration value in the main software.

Circle scanning SAIM experiments are designed in the controller
software as combination of excitation profiles and scan angle
sequences. Excitation profiles are laser intensity settings, controlled
by the AOTF, describing the relative power of each channel. The
experiments are built in steps, with each step containing a laser
profile and angle sequence (Fig. 12). For each step the AOTF
channel settings are updated before the first exposure of the camera
and the scan angle is set to the first value in the sequence (se¢ Note
16). After each exposure the scan angle is set to the next sequence
value while the AOTF channel settings remain unchanged. When
exposure of the last angle in the sequence is finished the experiment
proceeds at the next step in the list, updating the AOTF channels
are setting the scan angle to the first value in the new sequence.
Profiles and sequences can be reused indefinitely within an experi-
ment, and the experiment can be set to continue from any step
when the end is reached.

Start Experiment

v

Update AOTF Profile

v

Update Scan Angle

v

Wait for Camera

< Exposure_—>

Last Angle in Seq.?

Go To Next Profile Go To Next Angle

v

Go To Next
Angle Sequence

h 4

-~

Fig. 12 Control flow diagram of a generalized experimental sequence.
Sequences of scan angles and excitation profiles are stored in the instrument
controller memory. The sequences and profiles are connected in a linked list of
experimental steps
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. In the controller software main window click “Fire On” to
enable the AOTF shutter. Start the live view in Micro-Manager.
Adjust the laser intensities in the controller software to the
desired level. Click “Add” under “Laser Profiles” in the con-
troller software to add the current AOTF setting as a new
profile. To update a profile, select the profile, adjust the
power and click “Update”. The old levels will be overwritten
with the current settings.

. To set the scan angles click “New” under “Scan Angle
Sequences” in the controller software. A dialog box will open.
Set the first and last angles and total number of angles for the
sequence (see Note 17). Click “OK” to close the window and
save the sequence.

. In the “Experiment Design” section of the controller software
click “Add” and a dialog window will open. Select the step,
sequence, and profile number then click “Add” to close the
window and add the step to the experiment.

. Steps can be reordered in the experiment list using the “Up”
and “Down” buttons. The “Delete” button will remove the
currently selected step. Selecting a step in the list and clicking
the “Loop” button will cause the experiment to continue from
the selected step when the end of the list is reached.

. Once the experiment has been defined click “Start”. At this
point the controller is placed in autonomous operation. At the
end of each of the camera’s exposures the controller will go to
the next scan angle and, if applicable, update the AOTF profile.

. For data collection in simple experiments with a single excita-
tion profile the multi-dimensional acquisition feature in Micro-
Manager provides an easy and convenient interface. For more
complex experiments including multiple color channels, multi-
ple stage positions, or delays between exposure sequences the
scripting interface in Micro-Manager should be used.

. For processing, images are organized in stacks by excitation
wavelength. Each stack contains a single sequence of excitation
angles. For details on SAIM data processing in Fiji see
[14]. Alternatively, a highly optimized command line analysis
program is supplied as C/C++ source code in the instrument
controller project repository. Compiling the analysis program
requires additional open-source and proprietary libraries and
should be done on the analysis workstation. For more details
see [10].
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4 Notes

1.

Piranha solution should be prepared fresh before use. Use
extreme caution when mixing and handling. Always keep pira-
nha solution in a chemical fume hood and wear proper personal
protective equipment. Check local regulations concerning the
preparation, use and disposal of piranha solution. If proper
equipment for preparation and disposal of piranha solution is
not available wafer cleaning solution can be used as a less-
effective substitute.

. To create a fluorescent surface on the SAIM substrate the

matrix protein can be dye labeled. We routinely label fibronec-

tin using the following procedure:

(a) Dissolve Cy3- N-hydroxysuccinimide ester in anhydrous
DMOS, make 25 ng aliquots and lyophilize.

(b) Add 1 mL ofal mg/mL fibronectin solution in PBS to a
lyophilized aliquot of the dye.

(c) Incubate at room temperature for 1 h with mixing.

(d) Remove the free dye by dialysis against 1 L of PBS over-
night at 4 °C.

. Specific parts for mechanical components (e.g. optical posts,

post bases, and optical cage components) should be selected
based on materials on hand and the mechanical dimensions of
the microscope, lasers, and other components.

. When selecting an instrument control and acquisition com-

puter it is important to match the storage capacity and speed
with the camera’s data generation rate. Scientific cameras often
produce data fast then the storage speed of a single hard disk or
solid-state drive over a SATA connection. With a sufficiently
large free memory pool (RAM), the incoming images can be
spooled in a buffer, allowing the camera to run at full speed
until the system memory is full. Alternatively, a properly con-
figured redundant array of inexpensive disks (RAID) can
achieve write speeds that exceed the camera’s data generation
rate. However, hardware RAID controllers are expensive and
can be difficult to configure and maintain. PCle-connected
solid-state drives are relatively inexpensive, readily available,
and fast enough to handle the full-framerate of scientific cam-
eras, making them our preferred storage method.

. If a dicing saw is not available, the wafer can be sectioned into

chips with a diamond-tipped scribe. In this case the wafer
should be placed reflective side down on a clean tissue. Draw
the scribe across the back of the wafer several times using a
straight-edge. Press down on the scribed line to snap the wafer.
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Clean silicon particles from the chip with a blast of clean
compressed air before proceeding.

. The silicon oxide film thickness can vary significantly over the

surface of the wafer. It is important to measure the thickness on
ecach chip before proceeding with functionalization and
imaging.

. For fluorescent protein fusions, the culture should be trans-

tected 24 h prior to seeding on the silicon chips. Follow the
transfection protocol provided by the reagent supplier.

. If vibrations or buoyancy are an issue the silicon chips can be

held with a small, nonreactive metal weight. We have found
that a stainless steel 4”-20 nut works well for this purpose. The
weight should be sterilized with 70% ethanol and equilibrated
to the sample temperature.

. Many of the peripheral devices have external power supplies

and driver modules. These should be placed on a convenient
equipment shelf that is detached from the optical table to
prevent the transmission of vibrations to the optical system.
Vibration producing equipment should be isolated from the
optical system wherever possible.

It is advisable to build a “mock-up” of the completed system
using the major components (lasers, AOTF, scanning mirrors,
periscope mechanical components and microscope) on the
optical table before assembly. Use a tape measure or ruler and
masking tape on the table top to indicate the approximate
placement of the lenses and mirrors. This will ensure that
there is adequate space for placement of all the components
and serve as a guide during construction.

Instructions for configuring and running Micro-Manager are
available at https: //micro-manager.org or the Micro-Manager
mailing list.

The AOTF orientation relative to the beam path is important
for proper operation. During initial system construction it is
useful to align the lasers using 2 iris diaphragms temporarily
mounted long the path of the polychromatic beam. Once
aligned, the AOTF should be positioned and tuned according
to the manufacturer’s instructions using an optical power
meter. After this the irises can be relocated and used as i; and
i, in Fig. 7a.

Coarse positioning of the lenses within the scanning system can
be done with a ruler; however, final adjustment should be made
with respect to the excitation laser collimation. This is particu-
larly true of the distance between the second relay lens and the
objective lens. The objective lens is constructed of many indi-
vidual optical elements and its rear focal plane must be
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14.

15.

determined empirically. We recommend the following proce-
dure for fine-tuning the lens’ positions within the system after
coarse assembly (use proper precautions to prevent dangerous
eye exposure to the laser beams). Before starting, ensure that
the scanning mirrors are in a neutral, centered position and the
lasers are aligned to the optical axis of the cage system.

(a) Remove the scan lens and first relay lens. Place a drop of
water and glass coverslip on the microscope sample
holder. Enable one of the excitation lasers so that a spot
is visible on the ceiling above the microscope. Adjust the
second relay lens (L, in Fig. 8) to minimize the projected
spot size. Secure the relay lens in the cage system.

(b) Remove the objective lens from the microscope and insert
the first relay lens (L,; in Fig. 8) into the cage system.
Place the shearing interferometer into the beam path on
top of the microscope stage. Adjust the position of L
until a collimated beam is achieved.

(c) Attach the scan lens to the XY translator and place the
shearing interferometer immediately after L. Adjust the
position of the XY translator/scan lens assembly until a
collimated beam is achieved.

(d) Mount the objective lens to the microscope body and
prepare a dilute fluorescent solution in a glass-bottom
dish. We typically use carboxyfluorescein dissolved in
deionized water with the 488 nm laser for this step. The
solution should completely fill the dish to give the best
view of the beam. Adjust L, to form a collimated beam in
the solution.

(e) Repeat steps ii and iii to finalize the axial positioning of the
scanning system lens stack.

A simple calibration target can be constructed from a rectan-
gular piece of fluorescent plastic, such as that in Fig. 11. The
plastic is attached to a 90° mounting bracket. The plastic is
positioned vertically in the sample holder and the beam pro-
jected along its surface. Alternatively, a piece of plain white
paper can be suspended directly above the objective, however
positioning the paper is more difficult than the rigid plastic
sheet.

Entering accurate values for the target and sample refractive
indices is critical to accurate calibration of the system. The
“Sample index” value should be that of the actual sample to
be imaged during experiments. The “Calibration Target
Index” should be set to that of air if the beam is being pro-
jected onto the surface of the fluorescent plastic sheet. If the
beam is propagating inside the plastic then the refractive index
of the material should be entered in this field. The refractive
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index values can be changed at any time during calibration and
the new values will be applied to all existing data points.

The emission filter wheel is the slowest peripheral device in the
system. For this reason, the experimental sequence prioritizes
scan angle changes over excitation profile changes. In some
cases it may be necessary to change excitation profiles with each
exposure. In this case sequences should be limited to a single
angle and a step should be added to the experiment profile for
each exposure in the acquisition.

The range of angles to scan should encompass at least 1 full
cycle in the intensity oscillation profile for accurate reconstruc-
tion of the sample topography. The number of angles should
balance acquisition speed, photodamage to the sample, and
data size. For samples prepared on substrates with 19,000 A
thermal oxide we typically use minimum and maximum scan
angles of 1.25° and 40°, respectively. If the data will be pro-
cessed using the Fiji plugin [14 ] the specific number of angles is
less important. The analysis software included in the instru-
ment controller project repository has been optimized for
sequence lengths that are multiples of 16 (e.g. 16, 32, 64),
with 32 being the preferred number. While sequences of any
length can be analyzed, deviation from this pattern will increase
analysis time.
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Computational Optics for Point-of-Care Breast Cancer
Profiling

Jouha Min, Matthew Allen, Cesar M. Castro, Hakho Lee, Ralph Weissleder,
and Hyungsoon Im

Abstract

With the global burden of cancer on the rise, it is critical to developing new modalities that could detect
cancer and guide targeted treatments in fast and inexpensive ways. The need for such technologies is vital,
especially in underserved regions where severe diagnostic bottlenecks exist. Recently, we developed a
low-cost digital diagnostic system for breast cancer using fine-needle aspirates (FNAs). Named, AIDA
(artificial intelligence diffraction analysis), the system combines lens-free digital diffraction imaging with
deep-learning algorithms to achieve automated, rapid, and high-throughput cellular analyses for breast
cancer diagnosis of FNA and subtype classification for better-guided treatments (Min et al. ACS Nano
12:9081-9090, 2018). Although primarily validated for breast cancer and lymphoma (Min et al. ACS Nano
12:9081-9090, 2018; Im et al. Nat Biomed Eng 2:666-674, 2018), the system could be easily adapted to
diagnosing other prevalent cancers and thus find widespread use for global health.

Key words Point-of-care diagnostics, Breast cancer, Cellular analysis, Global health, Artificial intelli-
gence, Deep-learning algorithms

1 Introduction

Advances in digital image sensors and computation algorithms have
introduced new capabilities in microscopy. Computational optics,
where digital images are analyzed by numerical algorithms, can
overcome the physical limitations of conventional optics. A partic-
ular example is lens-free digital diffraction microscopy [1, 2] that
records light diffraction patterns of microscopic objects and then
numerically reconstructs object images (Fig. 1). Even without any
lens in the optical system, a computational algorithm can retrieve
object images at submicron resolution [3, 4]. The field-of-view of
lenstree diffraction system is defined by the size of an image sensor,
which typically ranges from mm? to even over cm?. Therefore, the
system can achieve both high-resolution and large field-of-view in a
simple and portable optical configuration. The digital diffraction

Miguel R. Ossandon et al. (eds.), Biomedical Engineering Technologies: Volume 1, Methods in Molecular Biology, vol. 2393,
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Fig. 1 Digital diffraction imaging for wide field-of-view (FOV) microscopy. (a) Schematic and photograph of the
imaging system consisting of light-emitting diodes (LEDs, 4 = 470 and 625 nm), a dichromatic mirror (DIC), a
pinhole (with a diffuser), and an imager. A sample is placed directly above the imager. (Reproduced from ref. 1
with permission from ACS Publishing Center). (b) Cells are immunolabeled with microbeads, and their
diffraction patterns are recorded (left). The diffraction images are then digitally reconstructed into object
images (right). (Reproduced from ref. 4 with permission from Nature Publishing Group)

imaging approach has been used to image various biological objects
such as C. elegans [5], tissue sections [6], cells [7], S. aurens 8],
and even nanometer-scale objects (nanospheres, viruses) [9-11].

Besides morphological imaging, we have been particularly
interested in applying the system for molecular and cellular diag-
nostics. The first-generation system, termed D3 (digital diffraction
diagnostics), was developed as an add-on module to a smartphone
to detect target cancer cells labeled with immunomicrobeads
[7]. With its large field-of-view imaging capability, the system
enabled molecular analyses on thousands of individual cells in a
single still image. We subsequently applied the D3 assay to screen
tor high-risk pre—cervical cancer changes and showed excellent
agreement with gold-standard pathology. The D3 assay was further
extended to other disease targets, including human papillomavirus
(HPV) DNA and lymphoma cells [7, 12, 13].

AIDA (artificial intelligence diffraction analysis) is a new tech-
nology with novel features to further improve the detection capa-
bility, accuracy, and feasibility of operation in resource-limited
settings [ 1]. First, we used chemically orthogonal immunochromo-
gens to detect multiple tumor markers of interest simultaneously.
In this approach, we also develop deep-learning algorithms for
automated and rapid image analysis. Deep neural networks
extracted hidden features from diffraction patterns, enabling
instant analyses of individual cells. The deep-learning analysis was
400-times faster than the previous image reconstruction method,
and the cell detection and classification accuracy was over 90%.

We were particularly interested in implementing this technol-
ogy for FNAs of breast lesions. It is not uncommon that the time
from self-discovery of a palpable breast lesion to surgical treatment
often takes 6-12 months in low- and middle-income countries.
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Fig. 2 Schematic of the workflow. (i) Cellular samples obtained from breast cancer patients via fine-needle
aspiration are immunostained for triple markers: ER/PR in red and HER2 in blue. (ii) Diffraction patterns of
stained and unstained cells are imaged by the AIDA device. (iii) Deep learning algorithms based on
convolutional neural networks are applied to identify cancer cells and extract their color information directly
from raw images. The ER/PR and HER2 expression levels are analyzed to classify breast cancer subtypes.
(Reproduced from ref. 1 with permission from ACS Publishing Center)

This long delay is mostly due to inefficient systems, scant cellularity
of specimens, and lack of expert pathology services [14, 15]. Com-
pared to conventional microscopy, AIDA has much lower assay
cost, does not require specialists to determine a diagnosis (aided
by deep-learning algorithms), and interrogates a much larger num-
ber of cells with single image acquisition. Figure 2 shows the AIDA
workflow for breast cancer analysis. Once cells were obtained by
FNAs, they were immunostained for ER /PR in red and HER2 in
blue. Deep learning algorithms were then used to identify breast
cancer cells and their subtypes based on ER /PR and HER2 expres-
sion directly from raw diffraction images within a few seconds. Such
capacity surpasses even flow cytometers or skilled cytopathologists
scanning across slides. In essence, combined with trained neural
networks, AIDA can automatically extract clinically relevant infor-
mation with minimal human curation in short periods.

Here, we introduce the AIDA methods, including collection/
storage of FNA clinical specimen, immunoassay procedures, and
deep learning algorithms for analysis.

2 Materials

2.1 FNA Sample
Collection/Storage

The following materials are necessary to collect and store FNA
samples and process them using the AIDA system. All reagents
are stored as recommended by suppliers. Notably, proper antibody
storage temperature is important to minimize degradation.

1. CytoRich Red (ThermoFisher B9990801).
2. 2% bovine serum albumin (BSA).

3. PBS (Thermo Scientific 28372 or 28348).
4. Cell strainers, 70pm (Fisher 08-771-2).
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5. Microcentrifuge tubes.

)}

2.2 Reagents
for AIDA Assays

(92 B N N I S R

SK-5300).

NeREC BERN BN

. Centrifuge (Eppendorf 5810R).

. Antibodies in Table 1.
. HRP anti-rabbit secondary antibody (Vector Labs PI-1000).

. AP anti-rat IgG secondary antibody (Vector Labs).

. Immpact NovaRed Peroxidase (HRP) (Vector Labs SK-4805).

. Vector Blue Alkaline Phosphatase (Vector Labs

11. Microcentrifuge tubes.

(AP)

. BD Perm/Wash butffer (BD biosciences 554723).
. 2% bovine serum albumin (Fisher, BP1605-100).
. Normal goat serum (CST 5425S).
. Cell-Tak (Corning 354240).

10. PBS (Thermo Scientific 28372 or 28348).

2.3 AIDA Imaging 1. High power green LED (A = 470 nm, Thorlabs M470D2).
System 2. High power red LED (4 = 625 nm, Thorlabs M625D2).
3. Condenser lens (f =

ACL25416U).

16 mm, NA

0.68, Thorlabs

4. Dichromatic mirror (550 nm cutoff, Thorlabs DMLP550R).

5. 220-grit optical diffuser (Thorlabs DGUV10).

6. 50-pm aperture (Thorlabs P50C).

Table 1
List of antibodies

Antibody Clone Cat No. Vendor
Anti-human ER-a antibody D6R2W 13258S Cell signaling
(rabbit monoclonal) technologies
Anti-human PR A/B antibody D8Q2J 8757S Cell signaling
(rabbit monoclonal) technologies
Anti-human HER-2 antibody ICR55 ICR55 Bio-rad
(rat monoclonal)
Rabbit IgG, monoclonal isotype control DAI1E 3900 Cell signaling
technologies
Purified rat IgG2a, k isotype control antibody 400,501 BioLegend
ImmPRESS™ HRP anti-rabbit IgG MP-7451 Vector labs
(peroxidase) polymer
ImmPRESS™ AP anti-rat IgG MP-5404 Vector labs

(alkaline phosphatase) polymer
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7. CMOS imager (On-Semiconductor MT9P031).
8. Index-matching fluid (70% glycerol, » ~ 1.47).
9. Glass coverslips (#1, 22 x 22 mm, Fisher 12-518-105).
10. Custom-designed, 3D printed case.
11. Three-dimensional printer (Formlabs Form 2).
12. Flocking papers (Edmund Optics 54-585).
13. Disc magnets (diameter, 3.2 mm, K&J Magnetics D201).

3 Methods

3.1 AIDA Imaging
System

3.2 FNA Sample
Collection/Storage

All procedures are performed at room temperature unless other-
wise specified.

The light source had two LEDs—with emission wavelengths of
470 nm and 625 nm, respectively, and a dichromatic mirror with
550 nm cutoft' A 220-grit optical diffuser was used to improve the
uniformity of light illumination. A 50-pum aperture was placed after
the diffuser to produce a partially coherent light source for diffrac-
tion imaging. Optical components are aligned inside a custom-
made holder. Diffraction images are recorded by a monochromatic
10-megapixel CMOS imager mounted on a USB 3.0 interface
board (Imaging Source). The pixel size is 2.2pm, and the field of
view is 5.7 x 4.3 mm?. We make a device body using a 3D printer
and lightproofed the inside with flocking papers. The entry door to
the sample loading was snap-fastened to the body via four pairs of
disc magnets. The overall size of the device is 11.8 (L) x 12.3
(W) x 15.6 (H) cm?®.

1. FNA samples are obtained as part of a standard-of-care, clini-
cally indicated image-guided biopsy.

2. Ultrasound or computed tomography guidance is used to con-
firm the correct 18G needle position within a given mass lesion.

3. Two coaxial 20G FNA passes are made to yield material for
cytopathology and AIDA analysis.

4. Additional core biopsies are obtained for conventional pathol-
ogy workup which served as the gold standard.

5. FNA samples are fixed in CytoRich Red (ThermoFisher) for
15-30 min (no longer than 2 h).

6. The cells are washed with 2% BSA-PBS buffer and centrifuged
at 400 x g for 5 min (se¢ Notes 1 and 2).

7. The cells are resuspended with 2% BSA-PBS buffer and filtered
through a cell strainer (70pm) to obtain a single-cell suspen-
sion (see Note 3).

8. The samples can then be processed as described below (see
Note 4 for long-term storage).
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3.3 AIDA Assay

3.4 Deep Learning
Algorithm

3.4.1

For Cell Detection

10.

11.

12.

. The cells in the FNA samples are permeabilized with BD

Perm/Wash buffer (or BD fix/perm if using cultured cell
lines) for 15 min.

The cells are washed two times with BD Perm /Wash buffer and
centrifuged at 400 x g for 5 min between each wash.

. The cells are then blocked with BD Perm/Wash buffer supple-

mented with 2% bovine serum albumin (BSA) and 5% normal
goat serum for 15 min.

The cells are labeled with a cocktail of primary antibodies—
anti-human ER antibody (rabbit monoclonal, 2.36pg/mL),
anti-human PR antibody (rabbit monoclonal, 0.62pg/mL),
and anti-human HER2 antibody (rat monoclonal, 0.625pg/
mL)—for 30 min (se¢e Note 5).

. The cells are washed two times with BD Perm /Wash buffer and

centrifuged at 400 x g for 5 min between each wash.

Subsequently, the cells are labeled with a 1:1 (v/v) mix of HRP
anti-rabbit and AP anti-rat IgG secondary antibody for 30 min.

. The cells are washed two times with BD Perm /Wash bufter and

centrifuged at 400 x g for 5 min between each wash. After the
final spin, cells are resuspended in 100pL PBS.

. The labeled cells are then captured on the surface of an imaging

chamber using a cocktail of antibodies against EpCAM, EGFR,
HER2, and MUC]I, and unbound cells are removed by wash-
ing with fresh PBS.

The  captured cells are  incubated  with  the
3,4-dihydroxyphenylalanine ~ (DOPA)-based  bioadhesive
(Cell-Tak, Corning) to tightly bind to the surface (see Note 6).

The cells are finally stained with ImnmPACT NovaRED Peroxi-
dase (HRP) for 5 min and Vector Blue Alkaline Phosphatase
(AP) substrates for 10 min (see Note 7).

Right before imaging, the captured and stained cells are placed
in a glycerol-based mounting solution (70% glycerol, 5-10pL)
to optically match the refractive index of cells (see Note 8).

Two images per sample (pre- and poststaining) are taken using
the AIDA at 470 and 625 nm wavelengths (se¢ Note 9).

Recorded diffraction images are analyzed by two convolution neu-
ron networks (CNNs); one for cell detection and another for color
classification. All codes are written using Python 3.6.1 and runon a
computer with an Intel i7-7700HQ CPU at 2.80 GHz. Keras with
Tensorflow is used to build and train the models (se¢ Note 10).

1.

First apply a maximally stable extremal regions (MSER) blob
detection algorithm to find regions containing cell-like objects.
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2. Once regions have been proposed by the MSER algorithm (see
Note 11), analyze the subarea images with a CNN trained to
identify regions containing cells. To train the network, we
generate a set of images of about 10,000 diffraction patterns
from cells and the same number of additional patterns from
noncells (e.g., debris, air bubble, dust) (se¢ Note 12). 70% of
the images are used for training, and 30% of the images are used
for validating the trained network.

3.4.2 For Cell 1. Analyze the detected cells using the color classification model

Classification (see Note 13) that detects the positivity of HER2 and ER /PR
expressions based on a pair of cell diffraction patterns measured
at 470 nm and 625 nm illumination (Fig. 3).

a b 0t i
20— 1007,
= 2 ER/PR HER2
o
[a1)]
= 10- 50-
<
a
=
(]
~
= =
c
S
5
2
k7]
] [m]
23]
>
w
10- 10
5
L : .
Qe
— 0_

WL T e 0 |
0 0.5 1.0 0 0.5 1.0
Expression level (a.u.)

BFM

Fig. 3 Quantitative molecular profiling with AIDA. (a) Breast cancer cell lines representing four subtypes
(MDA-MB-231, TNBC; T47D, Lum-A; SkBr3, HER2+; and BT474, Lum-B) were stained for ER/PR (red) and
HER2 (blue), and imaged via bright field microscopy (BFM) and AIDA. (b) ER/PR and HER2 expression profiles
were obtained from diffraction images. (Reproduced from ref. 1 with permission from ACS Publishing Center)
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. Classify each cell into one of the four categories: LUM-B

(ER/PR)"(HER2)", LUM-A (ER/PR)"(HER2)", HER2
positive (ER/PR) (HER2)", triple-negative
(ER/PR) (HER2)".

. Apply the Adam optimization algorithm (se¢ Note 14) to

iteratively tune the weights in each layer by minimizing the
cross-entropy loss function.

. Similar to the cell detection network, images are split into two

sets (a 7:3 ratio) for training and validation, respectively (see
Note 15).

4 Notes

10.

. A pellet of cells may be visible, depending on the volume of the

sample.

. It may be useful to resuspend the sample in a consistent volume

so that all processed samples are in an equal final volume
(50pL).

. Multiple cell strainers may be necessary to process one sample,

as the strainers may clog.

. FINA samples after fixation with Cytorich Red may be stored at

—80 °C for later use.

. Using the index-matching solution (70% glycerol) reduces

background signals of prestained cells.

. Cell-Tak bioadhesive is applied as follows. First, Cell-Tak solu-

tion is prepared by using 10pL Cell-Tak, 285puL sodium bicar-
bonate, pH 8.0 and 5pLL 1 N NaOH (added immediately
before coating) to make 300pL solution. 100pL of the Cell-
Tak solution is added to the captured cells and allowed a
minimum of 20 min for adsorption. The Cell-Tak solution is
then aspirated and rinsed twice with sterile water.

. The ImmPACT NovaRED Peroxidase (HRP) for ER/PR

stains cells in red and the Vector Blue Alkaline Phosphatase
(AP) substrates for HER2 stains cells in blue. If both markers
are positive, the cells turn in purple (Fig. 3)

. We combine ER and PR together to assess the hormone recep-

tor status.

. A total of four images are taken; two images before staining

(after step 6) and another two images after staining (after step
8) at 470 and 625 nm, respectively. Then, the differences in
individual cells are calculated.

Basic source codes are available through the website of the
Center for Systems Biology (https: //csb.mgh.harvard.edu).
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11. The Maximally Stable Extremal Regions (MSER) algorithm is
a blob detection algorithm. To detect blobs, the algorithm
thresholds an image with a sequence of decreasing threshold
values. At each threshold value, the algorithm detects regions
of connected pixels which are above the threshold. A region is
defined to be stable if it appears for several threshold values.
The number of threshold values to use, how much to vary
them at each step, and how many thresholds a region must
appear before it is considered stable are all hyperparameters.

12. More than 5000 concatenated diffraction images are recom-
mended for the network training. When constructing the train-
ing set, data augmentation techniques (random rotations,
horizontal mirroring, vertical mirroring of images) can be
applied to ensure the translation invariance of the network
output.

13. The color classification model had eight convolutional layers
with the final layer flattened to a vector of size 768. This vector
is the input to three fully connected layers, which produce the
final output of four classes based on the positivities of HER2
and ER/PR. Each convolutional layer used a parametrized
rectified linear unit activation function. Batch normalization
is applied after each convolutional layer, and a single dropout
layer is used after the sixth convolutional layer to reduce
overfitting.

14. The Adaptive moment estimation (ADAM) algorithm is a
gradient descent method [16]. It maintains an exponentially
moving average of the first and second moments of the gradi-
ent. ADAM dynamically adjusts the step-size of each update for
every parameter by scaling the mean estimation inversely with
the estimated standard deviation of the gradient.

15. The ground truth for each input image (i.e., color intensities)
should be obtained by performing mathematical reconstruc-
tion of diffraction patterns; the mean pixel intensity inside each
reconstructed cell image is calculated and converted to a
molecular expression value. Once the network is trained, the
mathematical reconstruction is not necessary, and expression
levels can be obtained directly from diffraction images.
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DNA Genotyping Based on Isothermal Amplification
and Colorimetric Detection by Consumer Electronics
Devices

Luis Antonio Tortajada-Genaro

Abstract

The point-of-care testing of DNA biomarkers requires compact biosensing systems and consumer elec-
tronic technologies provide fascinating opportunities. Their portability, mass-produced components, and
high-performance readout capabilities are the main advantages for the development of novel bioanalytical
methods.

This chapter describes the detection of single nucleotide polymorphisms (SNP) through methods based
on user-friendly optical devices (e.g., USB digital microscope, flatbed scanner, smartphone, and DVD
drive). Loop mediated isothermal amplification (LAMP) enables the required discrimination of each
specific variant prior to the optical reading. In the first method, products are directly hybridized to the
allele-specific probes attached to plastic chips in an array format. The second method, allele-specific primers
are used, enabling the direct end-point detection based a colorimetric dyer and a microfluidic chamber chip.
In both approaches, devices are employed for chip scanning.

A representative application to the genotyping of a clinically relevant SNP from human samples is
provided, showing the excellent features achieved. Consumer electronic devices are able to register sensitive
precise measurements in terms of signal-to-noise ratios, image resolution, and scan-to-scan reproducibility.
The integrated DNA-based method lead a low detection limit (100 genomic DNA copies), reproducible
(variation <15%), high specificity (genotypes validated by reference method), and cheap assays (<10 €/
test). The underlying challenge is the reliable implementation into minimal-specialized clinical laboratories,
incorporating additional advantages, such as user-friendly interface, low cost, and connectivity for telemed-
icine needs.

Key words DNA sensing, Isothermal amplification, Single-nucleotide polymorphism, Smartphone,
Compact disc

1 Introduction

Advances in nucleic acid biomarkers and molecular techniques are
offering new opportunities in a wide range of fields such as perso-
nalized medicine, food safety, biotechnology, biochemical research
or drug screening [ 1, 2]. For instance, pharmacogenetic studies can
predict a patient’s response to certain therapies, based on the

Miguel R. Ossandon et al. (eds.), Biomedical Engineering Technologies: Volume 1, Methods in Molecular Biology, vol. 2393,
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genetic variants associated with the drug absorption, metabolism,
and effect [3, 4]. The most common variants in human DNA are
point mutations or single nucleotide polymorphisms (SNPs),
which can provide variable protein expression, modifying cell func-
tionalities and reaction mechanisms [5]. However, the current
genotyping systems require highly expensive or complex methods,
compromising their adoption close to the point-of-need [6]. There-
fore, the development of novel methods is essential to diffuse this
kind of genetic testing in less specialized facilities [7, 8]. In recent
years, several studies have examined the capabilities of point-of-care
(POC) genetic testing [9, 10]. The scientific challenge is to obtain
highly efficient testing methods, which have to be accurate and
sensitive enough to detect even minority variants, but also practical
and economically feasible.

In DNA-based diagnostic methods, amplification reaction is
important because an effective increment in the copy number for
the target region is needed for reaching good assay sensitivity and
selectivity [11, 12]. Polymerase chain reaction (PCR) is the most
widely used method, but there are significant limitations for POC
applications or for the integration in miniaturized devices [13]. The
main drawbacks are specific instrument for strict temperature con-
trol, high-influence of inhibitors in complex samples, susceptibility
to amplification yield variations related to reaction conditions or
the formation of air bubbles. Also, the exposition to heat can
potentially cause DNA damage such as C to T deamination. In
the last years, isothermal reactions have opened new approaches for
the development of innovative analytical methods [14]. Rapid and
efficient amplification is achieved at a constant temperature under
simple conditions (e.g., water bath). Also, they allows the use of
minimally processed samples and makes it the method of choice for
a fast screening of individual DNA samples. Most of the reported
methods possess impressive sensitivity for the detection of nucleic
acids, and some have achieved commercial success, including loop
mediated isothermal amplification (LAMP), strand displacement
amplification (SDA), rolling circle amplification (RCA) and recom-
binase polymerase amplification (RPA). Thus, isothermal reactions
greatly simplify the implementation of DNA-based methods in
miniaturized platforms combined to devices used in resource-
limited settings [15, 16].

Several researchers have demonstrated the capability of assays
based on isothermal amplification methods to discriminate single-
nucleotide variations. Most relevant methods involves an allele-
specific hybridization [17, 18] or amplification using allele-specific
primers [19]. However, the detection allele-selective products is
usually achieved by expensive and bulky laboratory equipment
(e.g., fluorescence qPCR thermocycler, electrochemical stations,
real-time turbidimeter or fluorescence scanner).
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In this chapter, we provide methods to exploit consumer elec-
tronic devices as user-friendly optical read-out applied to
DNA-based diagnosis. They are ordinarily employed for entertain-
ment, communications and home-office activities, such as smart-
phones, scanners, and compact disc drives. But, in the last years,
these optoelectronic devices have been demonstrated the capabil-
ities to make biosensing more accessible to society [20-23]. Herein,
several details for their conversion into a DNA detection platform
are provided in two assay formats. The first method is LAMP
combined to allele-specific hybridization in array format on a planar
chip (LAMP-array). The second method is a direct allele-specific
LAMP in a microfluidic reaction chamber (on chip-LAMP). Also, a
relevant example is included, describing the recommended mea-
surement conditions and the potential of the unmodified commer-
cial technologies. The selected application is a POC system able to
genotype SNDPs for supporting psychiatric pharmacogenetics. A
rapid and specific increment of target DNA regions at constant
temperature (62 °C), avoiding the requirement of thermal cyclers.
The proposed conditions yields a high amplification factor (10® to
10%) in 60 min incubation, enabling the optical detection. These
performances endorsed their potential as a competitive alternative
to the current equipment and methods.

2 Materials

2.1 LAMP Reaction

2.2 LAMP-Array
Method

1. The amplification buffer (20 mM TrissHCI, 10 mM
(NH4),S04, 50 mM KCI, 2 mM MgSO4, 0.1% Tween
20, pH 8.8) from New England Biolabs (USA).

Bst polymerase 2.0 from New England Biolabs (USA).
Desoxinucleotides (ANTPs) from Jena Biosciences (Germany).
Betaine from Sigma (USA).

For LAMP incubation, several heating devices can be used such
thermal blocks (example, digital heat block from VWR), ovens,
etc. Also, thermal cyclers can be employed.

AN Y

1. Planar chip with oligo probes immobilized on chip surface. The
chip can be purchased or tailored fabricated in laboratory (e.g.,
array spotter).

2. LAMP labeling reagent, for example, digoxigenin-11-deoxyur-
idine triphosphate (DIG-dUTP) from Jena Biosciences
(Germany).

3. Sodium citrate from Panreac (Spain).
4. Sodium chloride from Panreac (Spain).

5. Formamide from Acros Organics (Belgium).



166 Luis Antonio Tortajada-Genaro

2.3 On-Chip LAMP
Method

2.4 Reading by
Consumer Electronic
Devices

2.5 Application
to Patient Diagnosis

. Denhardt’s reagent from Thermo Fisher Scientific (USA).

. Reagents for colorimetric staining of chip, for example, immu-

noreactions based on peroxidase-conjugated antibodies from
Abcam (UK) and substrate from SDT (Germany).

. One-chamber chip, for example, rhombic chamber chip (reac-

tion volume 10pL, Zeonor material) from microfluidic Chip-
Shop (Germany). Alternatively, a three-layer chip can be used.

2. Inlet/outlet connectors from ChipShop (Germany).
. Hydroxynaphthol blue from Sigma (USA)

. USB digital microscope is a portable microscope (Dino-Lite

AM4013MZT, AnMo Electronics Co., Taiwan) based on a
color CMOS system (resolution 1.3 Megapixel, maximum
frame rate: 30 fps).

. Smartphone. Images are captured by a smartphone (MotoG

first generation, Motorola, EEUU) using a homemade cham-
ber (8 x 6.7 x 4.4 cm).

. Flatbed scanner. An office scanner (Perfection 1640SU Office,

Epson, Japan), which incorporated a CCD image sensor, is also
employed in the reflectance mode.

. Compact disc drive. The assays performed on digital versatile

disc (DVD) are directly read by a DVD drive (LG DVD
GSA-H42N, LG Electronics Inc., USA), which incorporated
a data acquisition board model (DT9832A-02-OEM; Data
Translation, Marlboro, MA, USA).

. Image] free-access software from National Institutes of Health

(USA).

. DNA design software, for example, PrimerExplorer (http://

primerexplorer.jp/e). Alternatively, manual design algorithm
tor LAMP primers following restriction indicated in Ref. 24.

. DNA extraction kit, for example, Purelink Genomic DNA mini

kit from Thermo Fisher Scientific (USA).

. Instrument for the quantification of genomic DNA content,

for example, NanoDrop 2000 spectrophotometer from
Thermo Fisher Scientific (USA).

. Kit for reference method, for example, Big Dye Terminator

Cycle Sequencing from Thermo Fisher Scientific (USA).

. Instrument for reference method, for example, fluorescence-

capillary sequencer (ABI 3130xl Genetic Analyzer) from
Applied Biosystems (USA).


http://primerexplorer.jp/e
http://primerexplorer.jp/e

DNA Genotyping Based on Isothermal Amplification and Colorimetric. . . 167

3 Methods

3.1 Design
of Oligonucleotides

32
Assay: LAMP-Array

m B\

WT-template (3)

1. In isothermal amplification techniques, a correct selection of

oligonucleotides is important. LAMP primers are designed for
the target SND, following the restrictions such as melting tem-
perature, length, and distances between primers [24]. A
detailed description of design restriction is summarized in
Note 1.

. In the LAMP-array method, an additional restriction is that the

stem-loop product is designed to have the SNP in its loop
region. Then, array probes are designed to directly hybridize
the stem-loop product by its loop structure. The hybridization
must produce a high variation of Gibbs free energy. The poly-
morphism is positioned at a central position to increase selec-
tivity. To improve hybridization yields and to reduce the
surface effect, a polythymine tail is incorporated into the
5’-end of the allele-specific probes.

. In the on chip-LAMP method, the specific restriction is that

the polymorphism is located at the 5'-end of both FIP and BID.

. Figure 1 summarizes the biorecognition processes in LAMP-

array method. It is based on an isothermal amplification of the
specific region combined to an allele-specific solid-phase hybri-
dization in array format (wild-type or mutant variant).

. The LAMP reaction is carried out in 200pL propylene vials,

containing 12.5pLL of amplification mixture. In vial format, the

WT-product

WT-Probe M-Probe

Fig. 1 Scheme of the LAMP-array method. (1) The forward and backward outer primers (F3 and B3) are used to
displace the inner-extended sequences (FIP and BIP primers). (2) The generated stem-loop structures are
further duplicated by additional reaction cycles. (3) The LAMP product (wild-type variant) hybridizes to the
allele-specific probe immobilized on the chip surface
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3.3 Assay:
In-Chip LAMP

amplification mixture is composed of amplification bufter
(1x), 1.5 M betaine, 6 mM MgSO,, 1.2 mM dNTDPs, 10pM
DIG-dUTP, 0.2puM of outer primers, 1.2pM of inner primers
and 0.32 U/pL Bst polymerase 2.0. The studied DNA tem-
plate is added at 0.32 ng/pL. (approximately 100 copies per
pL). Solutions are incubated at 62 °C for 60 min.

. The array-based identification is compatible with several chip

materials and immobilization techniques. A successtul
approach is a planar chip tailored-fabricated from polycarbon-
ate slides [25] (see Note 2). In this surface, the probes are
anchored to the chip surface via streptavidin /biotin chemistry,
although other techniques are also feasible (see Note 3).

. Amplification products in hybridization buffer are dispensed

on the chip with the immobilized probes and incubated at
37 °C for 60 min. A recommended hybridization solution is
composed by formamide (30%) and Denhardt’s reagent (2.5,
Thermo Fisher Scientific, USA) in a sodium saline citrate buffer
(SSC 1x: NaCl 150 mM, sodium citrate 15 mM at pH 7).

. The chip is flushed by washing buffer. The washing solutions

can be diluted SSC buffers (0.1 x and 0.01 x). Later, the chip is
stained incubating labeled reagents, generating a colored prod-
uct (see Note 4).

. The chip is then washed with distilled water, dried, and stored

until reading by consumer electronic devices.

. Figure 2 summarizes the biorecognition processes in in-chip

LAMP method. It is based on an allele-specific isothermal
amplification (wild-type or mutant variant) in a chamber chip.

. The platform is a rhombic chamber chip. Inlets and outlets are

connected directly to Tygon tubing. The material is cyclic-
olefin polymer, which is a transparent thermopolymeric sub-
strate suitable for mass production. The chamber-shape allows
for the handling of reagents in a reduced scale, reproducible
and safety.

. Two reaction mixtures are prepared, composed by reagents,

DNA extract and the correspondent primer (wild-type or
mutant). The amplification mixture is composed described
previously, except the betaine concentration (0.75 M) and the
presence of 300pM of hydroxynaphthol blue [25].

. Each LAMP mixture is loaded to the microfluidic chip (10pL)

and incubated at 62 °C for 60 min. A blue product is formed in
case of presence of target template due to the decomposition of
magnesium—hydroxynaphthol blue complex for the formation
of magnesium pyrophosphate.

. The chip is stored until reading by consumer electronic devices.
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template M-BIP

Chamber

Mutant o " e ’\( MM-FIF,@DM ) /

(DNA), + dNTP — (DNA),,s + (P,0,)*
HNB-Mg2* + (P,0,)% — HNB + Mg,P,0, +

Mutant
reaction

Wild-type

. Positive
reaction

response

N

response

chip I

Fig. 2 Scheme of the on chip AS-LAMP method. The insert indicates the reaction for mutant variant, showing
the duplication of target region and the consequent formation of blue product

3.4 Chip Imagining 1. Several consumer electronic devices can be used for the imag-

ining of DNA-assays performed in plastic chips (planar chips or
chamber-chips) (Fig. 3).

2. USB digital microscope. Images are captured by vertically posi-
tioning the equipment over the chip at a 5 cm distance and
employing the microscope internal LED as the light source
(maximum illumination 18,500 lx). The DinoCapture 2.0
software is employed to record the image at the 1.3-megapixel
resolution.

3. Smartphone. The chip is introduced in the reading chamber.
The system had a frontal rectangular aperture for the smart-
phone camera, a lateral hole used to illuminate the chip by an
external optical fiber light source (cold light, 90°, power 20 W,
LE.5209 model, Euromex, Holland), and an aperture for
inserting the assay chip. After adjusting the focus and exposure
(75%  level), images are captured (rear camera
5-megapixel CMOS).

4. Flatbed scanner. The support is positioned over the equipment
bed and scanning is carried out at a 1600 dpi (dots per inch)
resolution using the own scanner software (disabled autocor-
rection functions).
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Fig. 3 Reading schemes by sensing devices (not on scale): (a) Portable microscope: (1) USB connection;
(2) CMOs chip; (3) internal lens; (4) illumination ring; (5) assay chip. (b) Smartphone: (1) smartphone screen;
(2) CMOs chip; (3) internal lens; (4) external illumination; (5) assay chip. (c) Documental flatbed scanner:
(1) cover lid; (2) assay chip; (3) glass screen; (4) lamp; (5) mirrors; (6) lens; (7) CCD chip. (d) DVD drive: (1) disc
with array on bottom layer; (2) DVD pickup; (3) rotor

5.

3.5 Selection 1.

of Reading Device

Compact disc drive. The reading conditions are adjusted by a
custom software: rotation speed of 4 x (13.46 m/s)and 21 dB
gain at a detection rate of 1700 mega-samples/s.

. For camera-based systems, a reference color palette is placed in

the detection assembly close to the chips.

. The Image] free-access software is used to process the images.

The software provided signal-to-noise ratios are calculated as
the net spot signal, divided by the background standard
deviation.

Under the described working conditions, the four low-cost
devices are capable of quantifying the intensities of microarray
spots (LAMP-array) or the colorimetric signal of reaction
chambers (in-chip LAMP) resulting from a DNA recognition
process. Robust high signal-to-noise ratio are registered
(Fig. 4).

. The specifications of each device are summarized in Table 1. All

devices provide a low-cost, robust, sensitive, specific, and easily
readable analysis.
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Fig. 4 Signal-to-noise ratio recorded for genotyping images using the studied consumer electronic devices:
Wild-type test (1) and mutant test (2). Sample: mutant homozygous individual. All the data are shown as
mean =+ standard deviation (3 replicates). *p-value <0.05. (Adapted from Talanta 2019 with permission from

Elsevier)

3.6 Application
to Patient Diagnostics

. To address the needs of a specific nucleic acid testing at a point-

of-care level, several recommendations should be considered
(see Notes 5-8) [26].

. As proof of concept, the genotyping of the rs1954787 poly-

morphism, located in the GRIK4 gene, is described. The dis-
crimination between genotypes supports the determination the
genetic predisposition against an antidepressant treatment
[27-29].

. LAMP primers and probes are specifically designed for each

target SNP. The oligonucleotides used for the chosen applica-
tion are listed in Table 2.

. The method is valid for a wide range of clinical samples, such as

epithelial tissue, blood, hair. In the tested assay, the samples are
epithelial tissues obtained by buccal smear. DNA extracts
showing a 260,/280 nm absorbance ratio lower than 1.8 are
rejected (low-purity criteria). Extracts are diluted to 4 ng/pL
and stored at —20 °C until further use.

. Human DNA extracts are analysed by LAMP-array and in-chip

LAMP methods (see Note 9). A no-template control and
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Comparison of the studied consumer electronic devices used as DNA array readers. (Adapted from
Talanta 2019 with permission from Elsevier)

Device Microscope Smartphone Office Scanner DVD reader

Dimensions 16 x 6 x 6 cm 13 x 6.6 x 1.2 cm 44 x 29 x 10 cm 27.0 x 11.7 x 5.6 cm

Weight 100 g 143 g 4500 g 2700 g

Acquisition software DinoCapture2.0  Android 4.3 Epson Home-made

Connectivity Laptop—USB Direct Laptop—USB port Laptop—USB port
port

Energy requirements

Reading process

Reading area

Samples per chip

Measurements per
chip®

Resolution (pixel

width)

Scan-to-scan
variation®

Spot location
variation®

Interspot variation®

Background
variation

DNA sensitivity!

Detector prize

USB supply (2 W)

Manual, 10 min

6 mm X 6 mm

Phone battery
(2070 mAh, ~8 W)

Manual, 0.5 min

25 mm x 75 mm

External power supply
(200 W)

Automatic, 7 min

216 mm x 296 mm

External power supply

(48 W)
Automatic, 13 min

(120 mm-disc

(0.36 cm?) (19 cm?) (640 cm?) (83 cm?)
10 10 10 36
10 1 1 1
10pm 17pm 10pm 10pm
0.1% 3.2%/0.4% 0.1% 0.8%
3.6% 5.2%,/0.6% 0.5% 2.5%
4.6% 9.8% 2.9% 8.0%
3.2% 4.0% 1.1% 3.2%
100 copies 100 copies 100 copies 100 copies
€150 €100 €100 €350 (prototype)

*Required measurements to read the entire chip
PReplicates = 3, smartphone values with /without a colour palette

“Replicates = 5

4Minimal copy number of the template needed to generate a signal-to-noise ratio above 3

nontarget DNA template (e.g., Salmonella typhimurinm) can
be used to check for false-positive assays.

5. Examples of chip images are shown in Fig. 5a, b, respectively.
Both methods provided a specific response profile depending
on the genetic variant.

6. The assay sensitivity is 50 copies for LAMP-array method and
100 copies for in-chip LAMP method. The analysis time is
140 and 70 min, respectively.

7. A discrimination index is constructed based on the signal-to-
noise ratio associated with the wild-type (WT) and mutant
(M) responses, according to the following equation:
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Table 2

List of the oligonucleotides for the wild-type (WT) and mutant (M) discriminations

Method Function Sequence (5'-3')
LAMP FIP CATCGTGCCTTCACCCAAT-AGGAAGTACAACCAAAAGCA
Array BIP GTAGCTGGTGCTGCTATTAAC-ACCCACCTCTTCCCTCCTA
F3 AAGAAGTGGACTGGTTTGAGAA
B3 GCAGAGCATCTCAAATTTAGG
WT-probe [BtnTg]-T10-AGACTGGTTAT-T-GGAAGGTGCGG
M-probe [BtnTg]-T10-AGACTGGTTAT-C-GGAAGGTGCGG
C+ [BtnTg]-T10-TTGTCATGGGCCTCGTGTCGGAAAACC-Dig
C- [BtnTg]-T10-CAACCGCGAGAAGATGACCCAGATCA
On chip WT-FIP2 AATAACCAGTCTCCAATTG-ATTTTGAGGAAGTACAACC
LAMP M-FIP2 GATAACCAGTCTCCAATTG-ATTTTGAGGAAGTACAACC
WT-BIP TAGAAGGTGCGGAATTGGG-AGTTAATAGCAGCACCAGCT
M-BIP CAGAAGGTGCGGAATTGGG-AGTTAATAGCAGCACCAGCT
F3 AAGAAGTGGACTGGTTTGAGAA
B3 GCAGAGCATCTCAAATTTAGG
Sequencing FP AAGAAGTGGACTGGTTTGAGAA
RP GCAGAGCATCTCAAATTTAGG
Marker GCAGAGCATCTCAAATTTAGG

FIP forward inner primer, BIP backward inner primer, /Btn-Ty/ biotin with a triethylene glycol spacer, T10 thymine tail
(10 nucleotides), /Dig/ digoxigenin, C+ positive control, C— negative control, FP forward primer, RP reverse primer

10.

(WT — MUT)/(WT + MUT). A discrimination graph makes
casier the genotype decision rule (Fig. 5¢).

. Reference results (Sanger sequencing) revealed a perfect corre-

lation with the genotypes determined by the LAMP-based
assays.

Mutant homozygous (CC) have a better chance of positive
responses to depression treatment. In heterozygous patients
(CT) is expected to give a normal response for drugs like
citalopram. Homozygous wild-type genotype (TT) indicates a
higher risk of a nonresponse.

The achieved LAMP discrimination process and their combi-
nation to a low-cost detector show excellent performances.
These methods can be extrapolated other target genetic bio-
markers, including SNPs, mutations and other specific regions.
This ofters researchers the chance to develop integrated sys-
tems, which enable quicker monitoring of genetic



174 Luis Antonio Tortajada-Genaro

(A)
C+

WT

M
GRIK4

(B)

Q
|
2900900 NRT

Q
!

M sample

C
( ) oPlanar chip: LAMP-array ®Chamber chip: in chip-LAMP

Patients TT

C
Patients CT

Patients TT

-1,0 -0,6 -0,2 0,2 0,6 1,0
Discrimination index

Fig. 5 Genotype analysis of rs1954787 polymorphism using the proposed LAMP-based methods combined
with smartphone detection. (a) LAMP-array method: wild-type human DNA extract. (b) On chip-LAMP method:
wild-type and mutant human DNA extracts. The image includes the colour pattern (P) used for smartphone
detection. (¢) Genotyping analysis of human samples. C+ positive control, C— negative control, WT wild-type,
M mutant. (Adapted from Biosensors and Bioelectronics 2018 with permission from Elsevier)

predispositions to develop certain diseases or to predict
genomic-related responses to drug therapies.

4 Notes

. Specific design restrictions are incorporated by considering the

general conditions of LAMP reaction [25] and the specific
restrictions aimed to the genotyping of single-nucleotide varia-
tions [ 30]. Limited size of target sequences (18-22 nt), limited
distance between target sequences (e.g., distance F3-FIP up to
12 nt, distance B3-BIP up to 12 nt), similar %GC (35-65%),
similar melting temperatures of primers (7;, 55-65 °C), and
low self-annealing (up to 8 nt) are the main restrictions. Also,
the absence of significant hybridization to the erroneous tem-
plate or between primers (low AG associated to duplex struc-
ture) is critical. A recommend restriction for genotyping
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purposes is similar length and melting temperature between
wild-type and mutant variants. The objective is to effectively
amplify all the targets by minimizing the risk of unbalanced
amplification or cross-reactivity. Although the LAMP primers
can be designed manually, and software programs are strongly
recommended. Therefore, the in silico design workflow elimi-
nated the sets that did not fulfil restrictions. Nevertheless, our
recommendation is to check several sets because the experi-
mental performances can vary respect to the expected amplifi-
cation yield or selectivity.

2. Recommended substrates are thermopolymeric materials
because they show excellent features for optical detection and
are suitable for mass production. This approach also works on a
low scale in terms of the amount of reagents, cost and waste. In
this study, a planar polycarbonate slide (Makrolon) is employed
(chip dimensions 7.5 x 2.5 cm).

3. A useful immobilization technique is a noncovalent direct
attachment of biotin-functionalized probes to streptavidin-
adsorbed surface [31-32]. In our study, each mixture of strep-
tavidin (10 mg/L) and 5’-biotinylated-probe (100 nM) in
printing buffer (50 mM carbonate buffer, pH 9.6 and 1%
glycerol (v/v)) is transferred to the surface in array format.
The spotter is a noncontact printer (AD 1500 BioDot Inc.,
CA, USA), and the working volume, temperature, and relative
humidity are controlled at 40 nL, 25 °C, and 90%, respectively.
A recommended array format is a spot diameter of 450pm, a
center-to-center distance of 1 mm, and four replicates per
probe.

4. Using digoxigenin-dUTP a labeling reagent, an effective stain-
ing is achieved by immunoreactions [32]. An option is anti-
digoxigenin primary antibody and peroxidase-conjugated sec-
ondary antibody prepared in phosphate buffered saline (phos-
phate 10 mM, NaCl 150 mM, 0.05% Tween 20, pH 7.4).
Then, the incubation is performed at room temperature for
30 min, followed by rinsing with washing solution (e.g., phos-
phate buffered saline). An effective peroxidase substrate is
3,3',5,5'-tetramethylbenzidine, forming a blue precipitate
over the positive spots in 2 min.

5. Two categories can be defined depending on the employed
sensing principle. The first is composed of digital imaging
devices, which consists of an array of pixel sensors that converts
light intensity into electrical current (charge coupled device or
a complementary metal-oxide—semiconductor). The optical
sensors installed in USB microscopy, smartphones, and docu-
mental scanners provide images of the assay platform. The
second category is based on compact disc technology, where
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assays are performed on the optical disc surface and a disc drive
acts as the optical scanner. The image is formed from the data
captured in each radius.

6. Several authors have coupled optical elements to exploit con-
sumer electronics as instruments for more sophisticated detec-
tion principles, such as bright-field microscopy, or as
electrochemical, fluorescence or cytometric analyses. Accord-
ing to our experience, unmodified commercial technology has
its advantages, such as robustness, continuous updating, is
affordable, and offers high-working tolerance, familiarity, and
minimal maintenance.

7. All system fulfil WHO requirements, and corresponds to the
acronym “ASSURED?”: affordable, sensitive, specific, user-
friendly, rapid and robust, equipment-free, and delivered to
those who need it. However, there are differences in terms of
measured area per reading, resolution and reproducibility.

8. Regarding the operational characteristics for POC applications
in remote scenarios, the smartphone presented the best fea-
tures: lightweight, small size, internal data processing, direct
connectivity, and low-energy. Despite its excellent optical per-
formance, the USB microscope offers limited applications in
low-resource environments. On the other hand, compact disc
drives and scanners also have an important potential, with
commercially available portable external slim units (USB
power supply) and handheld scanners, respectively.

9. Human subjects are recruited according to ethics with
informed consents.
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Evaluation of Tumor Development Using Hemoglohin
Saturation Profile on Rodent Dorsal Window Chamber

Miguel R. Ossandon, Brian S. Sorg, Dhananjay S. Phatak,
and Konstantinos Kalpakis

Abstract

Tumor development can be indirectly evaluated using features of the tumor microenvironment (TME),
such as hemoglobin saturation (HbSat), blood vessel dilation, and formation of new vessels. High values of
HbSat and other features of the TME could indicate high metabolic activity and could precede the
formation of angiogenic tumors; therefore, changes in HbSat profile can be used as a biomarker for
tumor progression. One methodology to evaluate HbSat profile over time, and correlate it with tumor
development in vivo in a preclinical model, is through a dorsal skin-fold window chamber. In this chapter,
we provide a detailed description of this methodology to evaluate hemoglobin saturation profile and to
predict tumor development. We will cover the surgical preparation of the mouse, the installation/mainte-
nance of the dorsal window chamber, and the imaging processing and evaluation to the HbSat profile to
predict new development of new tumor areas over time. We included, in this chapter, step by step examples
of the imaging processing method to obtain pixel level HbSat values from raw pixels data, the computa-
tional method to determine the HbSat profile, and the steps for the classification of the areas into tumor and
no-tumor.

Key words Tumor angiogenesis, Image analysis, Tumor microenvironment, Hemoglobin saturation,
Animal models, Window chamber

1 Introduction

Hemoglobin saturation analysis has multiple potential applications
such as study of brain metabolism [1], neural activation [2] or to
evaluate risk of neural damage in children with sickle cell disease. In
cancer development, oxygenation and hemoglobin saturation
(HbSat) along with development of new vessels, dilatation, defor-
mation, or destruction of existing vessels can provide valuable
information of tumor progression and how tumor development
can alter local metabolism, producing physiological changes in the
tumor microenvironment (TME) [3, 4]. For example, high metab-
olism, which is the characteristic of many cancers, produces early

Miguel R. Ossandon et al. (eds.), Biomedical Engineering Technologies: Volume 1, Methods in Molecular Biology, vol. 2393,
https://doi.org/10.1007/978-1-0716-1803-5_10, © Springer Science+Business Media, LLC, part of Springer Nature 2022

179


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1803-5_10&domain=pdf
https://doi.org/10.1007/978-1-0716-1803-5_10#DOI

180 Miguel R. Ossandon et al.

changes in levels of oxygenation around the tumor resulting in local
changes of HbSat in tumor microvessels followed by a decrease in
oxygenation in the central part of the tumor [5]. Several studies
have shown that the HbSat is useful in distinguishing tumor areas
from both normal fibroglandular and adipose tissues [6, 7]. Other
studies have shown that in spite of the intense angiogenesis, tumors
can still be underserved with oxygen due to hyper metabolism of
the cancer [6-8]. As the tumor progresses, the central
low-oxygenated internal part of the tumor grows and microvessels
around the margin of the tumor have a significant increase in HbSat
[5]. This spatial distribution of HbSat is iterated because the tumor
grows creating an HbSat profile from tumor proliferation to necro-
sis (areas with low HbSat).

In summary, the changes in oxygenation and spatiotemporal
distribution of the HbSat can provide insight in overall tumor
progression [4, 9] and can be helpful in early tumor detection or
the evaluation of response to treatment. Therefore, in clinical can-
cer research, hemoglobin saturation can be used to evaluate tumor
aggressivity [10] or to study the correlation of optical signatures
with morphological features [11]. Hemoglobin saturation can also
be used to evaluate effects of therapy on blood flow [12], or as a
biomarker for tissue perfusion in the development of skin sores
[13], and so on.

One of most effective methodologies to study tumor develop-
ment in vivo with microvessel resolution is the dorsal skin-fold
window chamber. For example, Fig. 1 shows a picture of a tumor
developed from 4T1 mouse mammary carcinoma cells injected in a
dorsal skin-fold window chamber in an athymic nude mouse. The
picture was taken 4 days after the implantation of 5000 tumor cells.
The tumor cells were transfected with reporter genes of red

ocation ' =

G

Fig. 1 (a) Tumor grown in dorsal skin-fold window chamber 4 days after tumor cell implantation. (b) The
margin of the tumor is represented in black. The pixel values were replaced by HbSat values and displayed as
a color map. Note the high hemoglobin saturation values (orange-red) in areas surrounding the tumor margin
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fluorescent protein (RFP) for identification of the tumor location
(Fig. 1a, b). The RFP vector was engineered by splicing the RFP
coding sequence cloned from pDsRed2-N1 into pLPCX
(BD Biosciences, San Jose, California) by EcoRI-Notl digestions
as described in [14]. The picture shows details of the vascularity as
the tumor progresses and the hemoglobin saturation pattern. The
central part of the tumor (Fig. 1b) shows low levels of saturation
corresponding to the necrotic center of the tumor. Outside the
tumor limits, the picture shows higher levels of hemoglobin satu-
ration, these areas of high HbSat outside the margin of the tumor
indicate increased metabolism consistent with future tumor growth
and show that the HbSat preceded the formation of the tumor.

The dorsal skin-fold window chamber technology coupled with
a computational analysis of the hemoglobin saturation can provide
a powerful tool for basic research to study tumor development, and
for clinical researchers to predict tumor aggressivity and early stages
that can lead to early cancer detection.

In this chapter, we will provide a methodology for analysis of
hemoglobin saturation in tumor areas to evaluate tumor progres-
sion on consecutive days in a mouse model. We will cover the
installation and configuration of the window chamber; the implan-
tation of the 4T1 tumor cells (or any cancer cells of interest); Image
acquisition, and the computational analysis and evaluation of the
tumor areas using hemoglobin saturation values [15].

2 Materials

2.1 Imaging System
for Hemoglobin
Saturation Mapping

1. Zeiss Axio Scope microscope (Carl Zeiss, Incorporated,
Thornwood, New York) or similar upright microscope with
long working-distance objectives.

2. Tabletop centrifuge and 10 mL conical centrifuge tubes. The
centrifuge should be refrigerated, or it can be a conventional
centrifuge placed in a cold room at 4 °C.

. Environmental chamber (various vendors).
. Anesthesia Induction Chamber (for gas anesthesia).

. Filtered deionized water.

N Ul W

. A 100-W tungsten halogen lamp or similar broadband source
used for transillumination (for hemoglobin saturation
mapping).

7. A 100-W mercury lamp or other appropriate continuous visible

spectrum excitation source used for epi-illumination for fluo-

resce images.

8. For RFP fluorescence imaging: A 545-nm bandpass excitation
filter with 30-nm bandwidth and a 570-nm longpass dichroic
beamsplitter (Chroma Technology Corporation, Rockingham,
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Vermont). A similar packaged filter set can be used for RFP
fluorescence imaging.

. For GFP fluorescence imaging: A 480-nm bandpass excitation

filter with a 40-nm bandwidth and a 505-nm longpass dichroic
beamsplitter (Chroma Technology Corporation, Rockingham,
Vermont). A similar packaged filter set can be used for GFP
fluorescence imaging.

A scientific-grade digital camera (CCD or sCMOS) preferably
cooled to at least —20 °C.

For image magnification: A 2.5%, 5x, or 10x Fluar objective
(Carl Zeiss, Incorporated, Thornwood, New York) or similar
high-quality long working-distance objective that fits with the
microscope employed.

Bandlimited optical filtering for hyperspectral imaging: A liq-
uid crystal tunable filter (LCTF) with a 400-to 700-nm (visible
light) transmission range positioned in front of the camera to
be used for imaging or similar spectral imaging tunable filter
element when used with a separate scientific-grade digital cam-
era. An all-in-one commercial camera system specifically
designed for spectral imaging can also be used provided that
the image data obtained from the system can be imported into
a computing environment as raw pixel data.

4T1 mouse mammary carcinoma cells transfected with the
gene for DsRed and the gene for enhanced GFP. These cells
were created in the laboratory of Mark W. Dewhirst, DVM,
PhD (Duke University, Durham, NC).

Fischer 344 rats (Charles River Laboratories, Wilmington,
MA) (to obtain fresh hemoglobin for hemoglobin saturation
calibration).

5% (w/v) sodium dithionite (Millipore Sigma, Burlington,
MA).

Square profile glass capillary tubes with 100- and 200-pm
pathlength (VitroCom, Mountain Lakes, New Jersey).

Index-matching immersion oil (Cargille type A, Ted Pella,
Incorporated, Redding, California).

Standard commercial UV /Vis spectrophotometer capable of
measuring high-resolution (1 nm or better) visible light
absorption spectra..

Dulbecco’s Modified Eagle Medium with 10% serum (various
vendors).

Rhodamine 6G (Millipore Sigma, Burlington, MA).
Phosphate-buftered saline (PBS).
Saline solution (0.9% sodium chloride).

1-mL  gas-tight glass syringe (Bioanalytical Systems,
Incorporated, West Lafayette, Indiana).
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24.

25.

26.

27.

28.
29.
30.

31.
32.

33.
34.

35.

36.

37.
38.
39.
40.

4].

42.
43.
44.
45.

Polyethylene tubing (Clay Adams PE50, Becton Dickinson,
Franklin Lakes, New Jersey).

A syringe pump (Bioanalytical Systems, Incorporated, West
Lafayette, Indiana).

A 1-nM solution of Methyl green and a 1-nM solution of
Methyl blue (Millipore Sigma, Burlington, MA).

Anesthetic cocktail, ketamine 100-mg/kg and xylazine
10-mg/kg.

Buprenorphine (analgesic, various vendors).

70% isopropanol and a cotton swab.

Optics cleaning solution (equal parts of methanol, ether, and
acetone).

Ophthalmic solution (various vendors).

Any white light lamp suitable for small animal surgery and
transillumination of mouse skin (one with a “gooseneck” or
similar flexible delivery system is ideal).

Forceps, surgical scissors, curved sharp tipped scissors.

Athymic nude mice or appropriate mouse model from a com-
mercial vendor (The Jackson Laboratory, Charles River
Laboratories, etc.). Mouse models other than nude mice will
need to have the hair removed on the window chamber skin to
help improve light transmission through the window chamber.

12-mm-diam round glass coverslips and glass slides (various
vendors, e.g., Fisher Scientific).

2 x Titanium window chamber and C-clamps (AP]J Trading Co
Inc. Ventura, California).

Small animal electric hair clippers.

Skin markers.

Depilatory cream (Nair™).

1 mL. Hamilton gastight glass syringes (Hamilton Company,
Reno, NV).

30G Y2 in. needle with a slight bend applied to it in the
direction of the beveled tip.

16-18-gauge sterile needle.

Heparin and heparin needle (25-26 gauge).

Nonabsorbable 4-0 surgical suture.

MATLAB software (The Mathworks, Inc., Natick,
Massachusetts) or other computing environment that can han-
dle custom with the ability to import and process digital images
using mathematical operations, both on matrix level or on a
pixelwise basis.
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3 Method

3.1 System
Calibration

3.1.1 Preparation
of Solutions of Oxy-
and Deoxyhemoglobin [16]

3.1.2 Calibration

Reference spectra of the pure components of interest: oxyhemo-
globin (HbO,), deoxyhemoglobin (Hb-R), RFP and GFP, were
acquired on the imaging system to account for effects due to the
emission spectra of the illumination sources, the wavelength depen-
dent transmission bandwidth of the LCTF, the transmission of the
optics on the microscope, and the detection sensitivity of the
camera.

1.

6.

Blood is collected from anesthetized (45-mg/kg pentobarbi-
tal, IP) Fischer 344 rats via cardiac puncture with a heparinized
needle such that the rat is exsanguinated (typically several
milliliters can be obtained).

. The total collected blood is centrifuged at 1000 x g for 10 min

and the plasma supernatant is discarded.

. The remaining pelleted blood cells are gently washed by mixing

them with 3—4 mL cold PBS and centrifuge them at 1000 x g
for 10 min and the supernatant is discarded. This step is
repeated three times.

. The cells are hemolyzed by adding 4 parts of filtered deionized

water to 1 part of red cells and incubated for 10 min.

. To remove the cells stroma and lysate debris, centrifuge for

30 min at 1200 x 4. Retain the hemoglobin rich cell lysate
supernatant and discard the pellet.

A 1/10th volume of 10x concentrated PBS is added to the
cell-free hemolysate. The hemolysate should be used immedi-
ately for calibration.

. Oxyhemoglobin solutions are obtained by repeatedly inverting

the hemolysate solution in room air for several seconds.

. Deoxyhemoglobin solutions are created by adding powdered

sodium dithionite at 5% (w/v) to the hemolysate solution.

. Square profile glass capillary tubes with a 200-pm pathlength

submerged in index-matching immersion oil on a glass slide are
used for calibrating the solutions of hemoglobin on the micro-
scope system (see Subheading 3.1.1, steps 7 and 8). An image
of a blank field on the slide is used for flat-field correction.
There will be some minor dimensional variations, but these are
generally negligible.

. Separately, absorption spectra measurements are collected in a

spectrometer with a spectral-slit width of 1 nm in order to
determine the concentration of hemoglobin in the freshly
prepared hemolysate solutions used for obtaining calibration
spectra on the imaging system (Fig. 2 [9]).
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Fig. 2 Typical absorbance spectra of oxy- and deoxyhemoglobin solutions in
200-pm pathlength measured from 500 to 650 nm in 5 nm intervals on the
microscope imaging system

3. Measure the extinction coefficient of oxy- and deoxyhemoglo-
bin at the wavelength that will be used for image acquisition in
the optical system chosen for the experiments (e.g.,
500-575 nm in 5 nm intervals for this experiment) [5] using
the glass capillary tubes (see Note 1).

4. The concentration of hemoglobin in the calibration solution is
estimated from the oxyhemoglobin solution (previous step)
using the Kahn method using spectra values collected on a
commercial spectrometer [16, 17]. The concentration of
hemoglobin is calculated by multiplying the fractional absorp-
tion of oxyhemoglobin by a calibration factor of 155. The
fractional absorption of oxyhemoglobin is calculated subtract-
ing the tangential baseline at 578 nm (Y) from the total
absorption of oxyhemoglobin at 578 nm [17] as follows:

Plasma hemoglobin in% =(As;s— 1) x 155

where (As7g — 7)) is the fractional absorption of oxyhemo-
globin and Y is the calculated tangential baseline at 578 nm.

The tangential Absorption baseline Y is calculated sub-
tracting from absorbance at 562 nm as follows:

Y = As60 — X

where X is the drop in absorption from 562 nm calculated
as follows:
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_ Aser — Asog
X=="533

Combining the formulas together we have

Plasma hemoglobin in% = (As7g — Asez — X) * 155

Aser — Asos
2.25

_ (A _ 1.25A562 . A598
578 2.25 2.25

= 155 % A578 —86.1 % A562 —68.9 *A598-

= (As78 — Ase2 — ) * 155

)% 155

*The calibration factor of 155 (my pev dl) and the correction
factor of 2.25 are constants determined by Kabn et al.

The hemoglobin concentration in mol/L (M) can be
obtained from this calculation using the molecular weight
(g/mol) of hemoglobin. In previous experiments, 64,500 g/
mol is used as the molecular weight. The window chamber
imaging system effective extinction coefficients (M~! cm™)
for oxy- and deoxyhemoglobin can be calculated by first con-
verting the absorption spectra obtained on the imaging system
to absorbance values and then dividing by the concentration of
hemoglobin (M) and the pathlength of the capillary tube (cm).
The effective extinction coefficients are used in Subheading
3.45.

3.1.3 GFP and RFP GFP and RFP fluorescence spectra are acquired on the window
Fluorescence chamber spectral imaging system as follows:
1. 4T1 cells excusing expressing GFP or RFP are cultured in

Dulbecco’s Modified Eagle Medium with 10% serum on cover-
slips until a confluent layer is achieved.

. The coverslips are rinsed in PBS to remove growth media

(to remove the pH indicator phenol red which may contami-
nate the GFP and RFP fluorescence emission spectra).

3. A small drop of PBS is placed on a glass slide.

4. A coverslip with cells is placed cell-side down on the drop of
PBS on the top of the slide.

5. Fluorescence images of GFP are acquired from 520-570 nm in
5-nm intervals.

6. Fluorescence images of REDP are acquired from 580-630 nm in
5-nm intervals.

7. Afluorescence image of an alcohol solution containing Rhoda-
mine 6G is used for flat-field correction.

3.2 Mouse All implanted materials for and surgical instruments must be ster-

Preparation ilized prior to surgery. Autoclaving can be used for heat tolerant



Evaluation of Tumor Development Using Hemoglobin Saturation Profile on. .. 187

3.2.1 Window Chamber
Installation

materials while gas sterilization should be used for heat sensitive
materials.

A titanium window chamber is surgically implanted under anesthe-
sia (intraperitoneal anesthetic cocktail) to athymic nude mice (mice
of 25 g or greater weight is recommended). Once the mouse is
anesthetized, its eyes need to be kept lubricated with sterile oph-
thalmic solution [5] since the window chamber installation proce-
dure can take up to 30 min per mouse. The procedure to implant
the window chamber by described by Moy et al. [5] as follows:

1.

If the mouse has fur, then gently remove dorsal hair from the
dorsum from the back legs to the ears using the electric clippers
followed by application of depilatory cream.

. Gently stretch the dorsal skin of the mouse using your fingers

and hold in place.

. Secure the skin using the C-clamps (Fig. 3a).
. Transilluminate the skin with white light to visualize the blood

vessels and chose the area for placement of the window
chamber.

. Place a window chamber support frame in the desired location

(as a template) to mark the location of the holes for screw
placement.

. With alarge gauge sterile needle (16-18 gauge), open the holes

for the screws, a scissors can be used to expand the holes (The
holes must accommodate the spacers, but careful not to make
the holes too large since the saline solution used later can leak
out).

. Place the screws in one frame along with the spacers and align

the frame with the skin and push the screws with the spacers

Suture
Holes

Fig. 3 (a) C-Clamp and widow chamber positions. (b) Window chamber assembly details
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10.

11.

3.2.2 Window Chamber 1.

Incision and Implantation
of Tumor Cells

through the skin. The spacer should lie directly in the screw
holes to minimize potential for infection as shown in Fig. 3b.

. Using forceps clean the screw of any connective tissue.

. Place the second frame aligned with the screw and secure the

window chamber frame with the provided nuts.

Suture the frames with nonabsorbable 4-0 surgical suture in
each corner of the chamber frame.

Remove the C-Clamp.

With forceps carefully lift the skin (on the side of the chamber
where the experiments will be performed) and make a small
incision with a surgical scissors.

. Make a circular cut to remove the skin to create the window.

The cut must be of smaller diameter than the actual window as
the skin will stretch creating a larger opening. After the skin is
removed the exposed area must be moistened with drops of
warm sterile saline solution.

. Using sharp-tipped forceps gently lift the facia oft the under-

side of the apposed skin surface and remove it using a curved
sharp tipped scissors.

. Using a 1 mL syringe fitted with the 30G % in. needle with the

slight bend applied to it, inject 10 pL of a 4T1 mouse mam-
mary carcinoma cell suspension (5 x 10 cells) into the dorsal
skin flap. The needle should be inserted as superficial as possi-
ble in the dermis (the needle can be bent to 30° angle to aid in
the position of the needle in the window chamber).

. Fill the chamber with saline solution and place a round glass

coverslip (make sure that there are no trapped air bubbles
under the coverslip).

. Insert the retaining ring to secure the coverslip (the retaining

ring is provided with the widow chamber kit).

. Give the animal a subdermal injection of buprenorphine at a

volume equal to 0.16% of the body mass (analgesic).

Animals are housed in an environmental chamber at 33 °C
and 50% humidity with free access to food and water and
standard 12-h light—dark cycles. These environmental condi-
tions help with keeping the window chamber hydrated and the
raised skin flap of the window chamber close to body
temperature.

3.2.3 Window Chamber Window chamber maintenance can be done while the animal is
Maintenance anesthetized for the experimental procedure (e.g., in vivo imaging).
1. While the mouse is anesthetized, inspect the sutures and

replace any that are missing or chewed completely through.
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3.3 In Vivo Imaging
Acquisition

3.3.1 Gas Anesthesia
(Recommended)

3.3.2 Ketamine/Xylazine
Anesthesia (Optional
Substitute for Gas
Anesthesia—Not
Recommended)

3.3.3 Mouse Positioning
and Image Acquisition

Prior to placing the sutures, swab the area with 70% isopropa-
nol and a cotton swab. Antibiotic ointment can also be applied
to the suture sites and any other areas that require wound
treatment.

. Inspect the nuts on the back of the window chamber and

tighten any that need tightening (do not overtighten).

. Mark the tail of the mouse in any place where the marker

identifying the mouse number has faded.

. Gently clean the window chamber glass using a cotton swab

and the optics cleaning solution to remove debris from the
window.

. Open the valve on the main gas cylinder. The gas on the

outflow size of the regulator should be at about 6 psig.

. Place the mouse in the induction chamber and turn the flow

rate to about 5 L/min. Turn the isoflurane to 4.5%.

. When the mouse has stopped moving in the induction chamber

and the breathing has slowed slightly, immediately remove the
mouse from the induction chamber.

. Reduce the isoflurane concentration to about 1-1.25% and

reduce the flow rate to about 1 L/min. Place the mouse’s
nose in the nosecone of the gas anesthesia tube, and observe
the respiration rate. The mouse should be lightly anesthetized
for imaging and minor window chamber maintenance.

. NOTE: For longer imaging sessions (>20 min), gas anesthesia

is mandatory.

. Prepare the standard ketamine/xylazine mixture (10 mg/mL

ketamine, 1 mg/mL xylazine in 0.9% saline).

. Wipe the abdomen with 70% isopropanol prior to administer-

ing the anesthesia.

. Inject the mix intraperitoneal with a 30G needle (give a slightly

lower dose than would be used for surgery).

. NOTE: For longer imaging sessions (>20 min), ketamine/

xylazine should not be used. Gas anesthesia is mandatory.

Image acquisition can be done using the camera controllers
provided by the vendor or customizing a LabView application or
other software controlling hardware for this purpose (Fig. 4).

1. Carefully place the screws of the window chamber into the

appropriate holes on the window chamber positioning holder
on the microscope stage. Make sure that the window chamber
sits as flat as possible. This will securely hold the window in
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)
il

Fig. 4 Schematic of the image

processing and analysis

N .X —
e —

~—— Microscope stage

system showing the basic components necessary for image acquisition,

place and allow for positioning by use of the manual stage
positioning controls.

. Look through the eyepieces at the window chamber using the

2.5x objective to position the window at the appropriate
imaging area, inspect the field of view and the condition of
the window chamber, and to look for movement artifacts
caused by breathing and a loose fit of the window chamber in
the positioning holder. If necessary, tape the window chamber
securely in place to prevent movement artifacts.

. Change the beamsplitter so all light is directed toward the

camera, and close the shield for the eyepieces to prevent
room light from reaching the window though the eyepieces.

. Use the images generated by the camera system (video if possi-

ble) for precise focusing of the image just prior to data acquisi-
tion. This will ensure the optimal focus in the event that the
focal planes of the camera and eyepieces are not coincident.

. Adjust the light level so that there is a small amount of satura-

tion of the image in avascular background areas that are not
part of the region of interest. This will ensure that sufficient
light is transmitted through the window.

. Acquire the spectral imaging data sets as needed for the partic-

ular experiment.
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3.4 Imaging
Processing

3.4.1 Flatfield and Raw
Image Data Set

3.4.2 Normalized
Flatfield Image
and Flatfield Correction

7. NOTE : For hemoglobin saturation mapping, images are
acquired from 500 to 575 nm in 5 nm intervals. Fluorescence
images of GFP and RFP are acquired from 520 to 570 nm and
580 to 630 nm respectively at 5 nm intervals. Depending on
spectral variations in light output levels of the transillumination
light source, wavelength-dependent camera sensitivity, and so
on, it may be necessary to have longer exposure times at some
wavelengths to achieve an acceptable signal to noise ratio if the
imaging system configuration allows for this capability.

Imaging processing is done using MATLAB software. A similar
computing software suite can be used as well. All images are con-
verted into double-precision arrays for mathematical processing.
Images are processed to create pseudo color hemoglobin saturation
maps from the hyperspectral imaging (see Note 2).

1. Create a flatfield image (I, 5 1)) by taking a slightly defo-
cused image of a blank field (there should be no debris or other
sharply focused objects in the view [18]. The flatfield image is
used to account for inhomogeneities of light intensity across
the image field. Only one flatfield image should be necessary
for all the experiments.

2. Load Ig,(x, % A) and the raw hyperspectral image data set
(L(%,% 1)) into computer memory. The I,,,(x,%4) should
be at minimum recognized as arrays of integer data. The raw
unprocessed pixel values of the images should be in the range of
0 202" — 1 where n is the bit depth of the image. If the images
are read as integer arrays, then after importing the images,
convert all images from integer value arrays into floating
point number arrays for mathematical calculations.

1. Find the average of the pixel values in the flatfield image. If
there is more than one flatfield image, do this individually for
each image (see Note 3).

2. Divide the pixel values in the flatfield image by its
corresponding average to normalize the flatfield image.

3. On a pixelwise basis, divide each spectral image by the flatfield
image. If there is a flatfield image for each wavelength of
acquisition, divide each spectral image by its corresponding
flatfield image. Calculate the flatfield corrected image
(Iflﬂt _ cow(xu,),’/l)) as follows:

1, X, ,/1
1 stan-corl2,4) = zﬂ(ocyyz))
a )
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3.4.3 Convert Flatfield
Corrected Pixel Values
to Absorbance Values

3.4.4 Convert Raw Pixels
Values to Absorbance
Values

3.4.5 Calculate Pixel
Hemaglobin Saturation
from Absorbance Values

1. Identify regions of interest (ROIs) to be used as reference
values for unattenuated light Iy(4). Unattenuated light is light
transmitted with zero or insignificant absorption. The Iy(4)
values are wavelength-specific; therefore, each image should
have its own value.

2. To obtain the Iy(1), manually select a few small avascular
regions in the images (ROIs) in a given Iy, (%, % 4) and
take the average of the values of the ROIs. That average is used
as the Io(4) for the image. Note: The ROIs in each Iy,, 0,
1 A) image, in terms of their (,y) locations, must be the same
for all wavelengths and correspond exactly to matching ROIs
across all images at all wavelengths. Ideally, ROIs selected in
one image will be mapped to the same locations across all
images to ensure consistency of (x,y) locations at all
wavelengths.

1. To avoid the potential of performing an undefined mathemati-
cal operation, prior to the calculation, the pixels values on the
I ¢in,,,(%,9,4) image, that are less than or equal to zero, must
be set to the lowest nonzero values (e.g., 1) to avoid taking
log10(0) which is mathematically undefined.

2. Using the values for Iy(4), perform the following operation on
each image in the spectral image data set: Divide each pixel by
Iy(A) and calculate the negative log;o. The result is the absor-
bance value for that pixel at that wavelength.

I‘a_corr X, >/1
IAbs(xayaﬂ) = _loglo <MT(/1>J,)>

3. To suppress background “noise” that is not a blood vessel,
pixels on the I;(x,1%4) image with values greater than the
Iy(A) value can be set to one (1), so the absorbance calculation
does not result in negative absorbances and these pixels can be
suppressed as background pixels when calculating hemoglobin
saturation from the absorbance values.

Using calibration data of extinction coefficients for oxyhemoglobin
(sfboz) and deoxyhemoglobin (sﬁ%l‘) (from system calibration
step 2), solve for hemoglobin saturation using linear regression
according to Shonat [19] (see Note 4) as shown below:

A; =log (%) = [ [HbO,) L+ [ [Hbg] L+ SL

This equation can be solved using a matrix-based method [19]
through a rearrangement of the Shonat model equation consi-
dering that hemoglobin saturation (Hbs,,) is the quotient of oxy-
hemoglobin (HHO,) divided by total Hemoglobin, and total
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hemoglobin ( Hbgy,;) is the sum of oxyhemoglobin plus deoxyhe-
moglobin (Hbg) as follows:

HbO,
HbTuml

Hb,,, = Therefore, Hb Oy = Hbgyr ¥ HbTyr1

Hbro, = HbOy + Hbg Therefore, Hog = Hbyyrny — HHO,

Replacing in Hbpg in the formula:

A(x,y,/l) = [8/11'-11102] * [HbOZ] x L + [F,‘flhk} [HbToml — Hb()z} * L + SL

= ([ % [HbO,) + [ % [Hbrorar — HbO3)) ¥ L+ SL
= ([eFP9 « HbOy) + [ 5 Hbporar — €% x HbO,) )+ L+ SL

= ("« HbO, — eP'" « HbOy + €' 5 Hbrpray) x L+ SL

= ([e]'"” — "]« HbOy + €] Hbrorar) * L+ SL
Replacing in H50, in the formula:
— ([85”702 — 8be] x Hbgy * HbTpp01 + sf[’R « Hbropnr) * L+ SL

= ([e/"" — """ | Hbgar + £]™) % L Hbryps + SL

= [P0 — T Hbg,, % L Hbrorg + €77 % L Hbpypn + SL
To simplity the equation, we can use auxiliary variables:
a = Hbgs * L% Hbryn
b=Lx Hbr,m
c=3SL

Hb0, _ Hb
€A = & g & "
Substituting these variables in the equation results in the
following:

A(x’y’w = epxa—+ gfblt xb+ ¢

The coefficients 4, b, and ¢ can be found using linear squares
regression. Then Hemoglobin saturation can be found by dividing

a by b

a Hbsmg * L% HbToml _
5T LxHbrgy b

Multiply Hbg,, by 100 to obtain the percentage of hemoglobin
saturation (se¢ Notes 5 and 6).
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3.5 Example The following high-level overview example can be used as guidance
for one method of solving the linear regression equation using
matrices with Matlab or other similar computing environment
(in the Matlab computing environment, matrix operations are per-
formed faster than conditional loop operations).

Create the following vectors and matrices:

A(x)ya )“1)
pixel_abs = :
A(x,7,4n)

pixel _ absis a nxl vector of absorbance values over the wave-
length range for a specific pixel (x,y) under consideration, where
n = the number of wavelengths in the spectral image data set.

ea(d1) empr(41) 1
C: . . .

EA (/171) 5HbR</1n) 1

C is a nx3 matrix where the first column contains the e5(4)
coefficients, the second column contains the erpr(4) coeflicients,
the last column contains ones, and # is the number of wavelengths
in the spectral image data set.

A= C'Cisa 3 x 3square matrix that results from the matrix
multiplication C transpose times Cwhere T'is the matrix transpose
operator.

byi = CTpixel _absis a 3 x 1 vector resulting from the matrix
multiplication of C transpose times the pixel_abs vector, where T'is
the transpose operator.

x = A_lhpix is the 3 x I vector resulting from the matrix
multiplication of A inverse times Gpjy.

In Matlab, the preferred way to solve this linear system is to use
x = A\b,; which employs Gauss-Jordan elimination to solve for the
matrix inverse of A.

The coefficients for the alternate form of the model equation
can be found in the vector x, where x1 = a, x, = b, and x3 = ¢.

The R? fit of the regression model to the pixel absorbance data
can be compared against a threshold value selected by the user to
decide whether to accept the Hbsg,, calculation or suppress it as
background noise. A procedure to determine the R? value is as

follows:
A(x,y,41) ea(A1) erbr (A1) 1
err = : — | ax : + b : +cx |
A(xh%’ln) SA(ln) SHbR(An) 1

where err is @ n x 1 vector of the difference between the
absorbance spectrum measured at the pixel versus that computed
from the regression fit to the data and 4, &, and ¢ are the coefficients
tor the model equation found from the linear regression.
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88e = sum(err. * err) is the error sum of squares; this is a scalar
value obtained by elementwise multiplication of the err vector (i.e.,
square the elements of the err vector) and then summing the
elements of the resulting vector.

Abs(x,y,41) Abs(x,y,21) 1
tot = : — mean ' '

Abs(x,v,4,) Abs(x,v,4,) 1

where zozis a n x 1 vector of the absorbance values of a pixel
(x,y) minus the mean absorbance value of the pixel.

88t = sum(tot. x tor) is the total sum of squares; this this is a
scalar value obtained by elementwise multiplication of the zoz vector
(i.e., square the elements of the toz vector) and then summing the
elements of the resulting vector.

R2=1- % is the R? value of the fit of the regression model
to the data (see Note 7).

3.6 Evaluation To evaluate tumor development, the mouse is imaged

of Tumor Areas (as previously described in Subheading 3.3) on consecutive days.
For this example, two set of images (from day 1 to day 5) are
obtained from the previous steps: (1) A Gray scale image (Fig. 5a)
that corresponds to the transmitted light image, from which struc-
tural characteristics (e.g., vascularity) of tissue inside the window
chamber can be evaluated. (2) a data image (Fig. 5b) that corre-
sponds to pixelwise mapping of hemoglobin saturation values of
blood vessels in the tissue (see Subheading 3.4).

3.6.1 Registration Since the structure of tissue and vascularity is not evident in the data
images, the registration is performed in the gray-scale images and
then projected to the data images for the purpose of hemoglobin
saturation evaluation (see Note 8). The registration steps are

Fig. 5 (a) Gray-scale image showing details of the vasculature of the tissue. (b) Data image. The data image
contains the hemoglobin saturation values of blood vessels
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Fig. 7 Visualization of the registration of image at day 2 with respect to the image at day 1

implemented using the MATLAB functions “fitgeotrans” and
“imwarp,” and visualized using “imshowpair.”

1. Using the MATLAB control point selection tool cpselect or
other similar application, proceed to select control points for
the registration (se¢e Note 9). In Fig. 6, the coordinates selected
in day one will be considered fixed points and the
corresponding coordinates for day two will be the moving
points for the registration.

2. Using the MATLAB function fitgeotrans or other appropriate
application generate the appropriate geometrical transforma-
tion based in the control point from the previous step, in our
case we used “nonreflective similarity” as transformation type
(Fig. 7).

“fitgeotrans(fixed Points,
movingPoints,” NonveflectiveSimilarity’)”

Where the moving points are the corresponding points
selected on the image for day 2.

3. Using smwarp and “imshowpair, we can generate the trans-
formed imaged and compare it with the original.
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Fig. 8 A copy of the mesh is deregistered using the spatial transformation provided by fitgeotrans

3.6.2 Segmentation
and Mapping

3.6.3 Classification
and Ground Truth

The segmentation of the images is based on a mesh of 20 x 20 pixel
windows with the same dimensions of the base image. Using the
control points from the previous step we can reverse the registra-
tion process switching their position in fizgeotrans tunction. We call
this process deregistration.

1.

Create a mesh with the same dimensions as the base image with

windows of 20 x 20 pixels. Make a copy of the mesh and using

fitgeotrans, deregistered the copy of the mesh (Fig. 8). Noticed

that the controls point are switched in the function fitgeotrans.
“fitgeotrans(movingPoints,

fixed Points,” NonveflectiveSimilarity’)”

. The deregistered mesh is overlaid in the unregistered data

image for day 2. The original mesh is overlaid in the image
for day 1 (Fig. 9).

. The resulting images from the previous steps are segmented /

labeled using the MATLAB functions dwconncomp and label-
matrix (Fig. 10), (see Note 10).

. The labeled image for day 2 is registered using the original

control points (Fig. 11).

. Since the registration is performed using the original control

points, the windows of the mesh can be mapped in both images
(day 1 and day 2) using the center of mas of each 20x20 widow
(Fig. 12). This can be accomplished using the MATLAB func-
tion regionprops, using the centroid property.

. The labels of the corresponding regions for each day are stored

in a matrix (Regions X Days), for further data analysis. Table 1
shows an example of this matrix (in which the regions and days
correspond to the rows and columns of the matrix
respectively).

The tumor location on each day is identified through the tumor
cells transfected with reporter genes of red fluorescence protein
(RED).
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r.-'\[)ata Image Day 1
- —‘ S— - .;

Fig. 9 The deregistered mesh is overlaid on the unregistered data image for day 2 (lower half), the original
mesh is overlaid over the data image for day 1 (upper half)

1. The areas of newly developed tumors every day are determined
by subtracting the tumor areas of previous days as follows:
1
" =T%7 =17 = T{H 1y forall >0
where:

T’}ew = New tumor areas developed at day j
T’;‘-” = All tumor areas present at day j

T’ffjl-fl = All tumor areas form day 1 to the day bef ore §

The vector T represents a one-dimensional (1-D) vector
containing the labels of the tumor areas at particular day, for
example, the vector T represent all tumor areas found at day
five and vector T4 represent all tumor areas developed form
day 1 to day 4:

T = (39 41 55 63 82 99 106 109 201)
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Data Image Day 1 plus Mesh
2 b

Labeled Image Day 1

Fig. 10 The data image for days 1 and 2, are segmented/labeled based upon the overlaid mesh, the numbers
in red represent the indices of the connected components of the binary image

Fig. 11 The labeled image day 2 is registered using the original control points

T4 = (39 55 63 99 109 201)

T = Tgll _ T’i‘li = (41 82 106)

In this example, areas 41, 82, and 106 are new areas of
tumor developed at day 5 (not present before day 5), and areas
39,55, 63,99, 109, and 201 are areas of tumor found at day
5 but developed before day 5.
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Fig. 12 Using the center of mass, the windows in the labeled base data image for day 1 on the left and labeled
image for day 2 on the right can be mapped. For example, window 47 in day 1 corresponds to window 42 in
day 2

Table 1

Sample of the mapped registered regions of the images. For example, region 1688 in day 1 is
equivalent to region 1636 on day 2 and region 1442 on day 3, and so on

Day 1 Day 2 Day 3 Day 4 Day 5
1688 1636 1442 1306 1306
1689 1637 1443 1307 1307
1690 1638 1444 1308 1308
1691 1639 1445 1309 1309
1692 1640 1446 1310 1310
1693 1641 1447 1311 1311
1694 1642 1448 1312 1312
1695 1643 1449 1313 1313
1696 1644 1450 1314 1314
1697 1645 1451 1315 1315
1698 1646 1452 1316 1316
1699 1647 1453 1317 1317
2. Region classification and ground truth: (Fig. 13): The 20 x 20
pixel windows in the images are classified as normal (0), tumor
(1), or unknown (3) for each day. All the windows completely
inside the boundary of the area determined by RFP are classi-
fied as tumor (see Note 11). All the other regions are classified
by default as unknown (3).
3. The classification of each region (e.g., normal, tumor, or

unknown) is stored in a matrix similar to the mapped registered
regions using day 1 as the reference for the region label

(Table 2).
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Fig. 13 Selection of tumor (red) and normal (green) areas. Each area corresponds to 20 x 20 pixels window

Table 2

Sample of classes assigned to the 20 x 20 pixels regions. For example, region reference 1692 is
classified as unknown for days one and two, and classified as tumors for days three, four, and five
(since reference region 1692 corresponds to regions 1692, 1640, 1446, 1310, and 1310 for days one,
two, three, four, and five respectively in Table 1)

Region # Day 1 Day 2 Day 3 Day 4 Day 5
1688 1 1 1 1 1
1689 3 1 1 1 1
1690 3 1 1 1 1
1691 3 1 1 1 1
1692 3 3 1 1 1
1693 3 3 3 1 1
1694 3 3 3 1 1
1695 3 3 3 1 1
1696 3 3 3 1 1
1697 3 3 3 3 1
1698 3 3 3 3 3
1699 3 3 3 3 3
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Table 3

Example parameter x (derived from hemoglobin saturation values) for regions 1688 to 1699. Zero
values represent regions with no valid reading of hemoglobin saturation. As in Table 2, the region
label from day one is used as reference.

Region Day 1 Day 2 Day 3 Day 4 Day 5
1688 13.8604 44.6940 0.0000 55.7158 31.2408
1689 17.2185 36.8673 43.7655 52.5014 0.0000
1690 11.6666 27.1354 43.0212 0.0000 0.0000
1691 12.1686 32.5329 40.7397 0.0000 7.2751
1692 20.1976 29.3611 41.2858 49.1509 0.0000
1693 25.8735 0.0000 41.2630 26.9634 30.1315
1694 15.6661 31.8931 42.3157 35.3762 0.0000
1695 25.8520 36.0995 51.7541 54.9333 49 4275
1696 28.1438 50.2987 73.0799 58.8295 58.4680
1697 34.0566 29.7618 39.2229 58.2234 56.6358
1698 34.4324 23.9875 42.2999 54.9324 63.9347
1699 27.7016 25.6562 17.2053 0.0000 72.1146

3.6.4 Region Features

3.6.5 Example

For each region/window 7 of 20 x 20 pixels in an image at day z,
we fit, using maximum-likelihood estimation, a logistic distribution
to the histogram of the hemoglobin saturation values of its pixels.
Recall that the probability density function of the logistic distribu-
tion with location (mean) p and scale s parameters is given by the
tollowing equation:

(x—p)
Cc s

s[1+e”

Pl prs) = =

The estimated location parameter Mﬁ’) of this distribution is
used as a feature of the region 7 at day ¢ (see Note 12). The ,Ltff)
feature for each region 7 for every day ¢ is stored in a matrix along
with the corresponding matching region (Table 3).

This yff) hemoglobin saturation map combination with the
registered regions map can now be used to study hemoglobin
saturation variations and tumor progression in different
applications.

As a proof of concept to demonstrate utility of this procedure [15],
we use the hemoglobin saturation values represented as the ﬂEfV)
feature to forecast new development of tumor areas in future days.
For example, by Table 2 we know that regions 1696 and 1697 are
unknown areas for day 1, 2, and 3. Can we forecast if the tumor will
develop in these areas for the next day (day 4) using only the
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hemoglobin saturation values of days 1, 2, and 3? To answer this
question, notice that the hemoglobin saturation values in region
1696 constantly increases from 28.1 to 73.0 during days 1, 2, and
3, in contrast, the values for region 1697 are substantially less
changed. Since as we stated before hemoglobin saturation increases
often precede the formation of tumor, this steady increase of
hemoglobin saturation may indicate that region 1696 will develop
tumor in day 4. To test this hypothesis, we have developed a delta
feature (8) that integrate accumulative values of hemoglobin satu-
ration overtime to forecast tumor development in future days.

We define the delta feature 55;1;: , (or simple 6) feature of a
region r for a time period [ £, 4 as follows:

e w
7 7
Yol o)
5(;~) =t _ Hep T My,
oty ™ )

lutf -1 lulff -1

where #, and #;is the starting and final day respectively, and where
and where the day a prediction is to be made is no earlier than #.
Any region with a missing a uﬁ’) reading between z,and #,is omitted
from further analysis.

The 6 feature for each region is stored in a matrix using the
region’s day 1 label as a reference, as shown in Table 4.

Table 4

Example of 5 features for regions 1688 to 1699. Any area missing a ;45” reading between days one
and three is marked as NaN in all calculations of 6 (e.g., areas 1688 and 1693). Column 3 [6 (2, 3)] is
used for forecasting the occurrence of tumor regions in day 5 in this example.

Region 6(1, 2) 6(2, 3) 6(3, 4) 5(4, 5)
1688 NaN NaN NaN NaN
1689 1.141138 0.720068 0.806182 NaN
1690 1.325901 1.155489 NaN NaN
1691 1.673515 0.878224 NaN NaN
1692 0.45369 0.718235 0.70129 NaN
1693 NaN NaN NaN NaN
1694 1.035799 0.835592 0.465785 NaN
1695 0.396392 0.717522 0.561913 0.429166
1696 0.787204 0.893385 0.419892 0.515459
1697 -0.12611 0.173589 0.616141 0.387803
1698 -0.30334 0.327984 0.484636 0.537067

1699 —0.07384 —0.40911 NaN NaN
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We assessed the capability of the § feature for forecasting the
occurrence of tumor by conducting the following experiment. We
evaluate 97 normal regions along with 176 tumor regions and
61 normal regions along 52 tumor regions from two different
mice. These regions are within valid ,ui” readings in days 1-3. The

6g>_,t3 feature is used to classify regions as tumor,/normal in day
5 by using a logistic regression model for each mouse:

logit(odds ratio of tumor in vegion v at day5) ~ 1 + 5(;L,3

Using this methodology accumulating the hemoglobin satura-
tion values from day 1 to day 3 in the delta feature 6(;_% are able to
forecast tumor areas at day 5 with an AUC of 0.90 and 0.85 in

those two different mice.

4 Notes

1. Extinction coefficient data (epgp02, €abr) should be obtained
on the spectral imaging system that will be used in experiments.
Data from the literature or data obtained on a spectrophotom-
eter should not be used. This is because spectral imaging
systems can have passbands that vary significantly with wave-
length and this can alter the effective extinction coefficients
measured on these systems from those in the literature and
obtained on spectrophotometers with fixed passbands.

2. It is assumed that the image processing and analysis software
can recognize and load images into the computing environ-
ment such that the image data can be treated as mathematical
arrays for calculations, processing, and analysis.

3. It is possible that there is no significant wavelength-dependent
variability in the flatfield images for the spectral range of image
acquisition. In this event, it is possible that a single flatfield
image at a selected wavelength (e.g., one in the middle of the
wavelength range) can be used to satisfactorily correct all the
images rather than having a distinct flatfield image for each
wavelength.

4. Check that the hemoglobin saturation values are in an accept-
able range (e.g., 0% to 100%). Due to noise, it may be desirable
to extend the acceptable range to something like —5% to 105%
and then assign values less than 0% the value of 0% and values
greater than 100% assign the value of 100%.

5. Flag pixels with Hbg,, values that are out of the acceptable
range or have an unacceptable regression fit so that they can
be removed from consideration when making pseudocolor
Hbyg,, maps and when calculations of Hbg,, in ROIs are per-
formed in other analyses.
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6.

10.
11.

12.

The pixel Hbg,; values can be saved in a file that can be used to
create pseudocolor image maps of blood vessel hemoglobin
saturation and for subsequent ROI statistical analysis of distinct
ROI locations.

Check that the R? value for the fit of the regression is accept-
able (e.g., R? values <0.9 indicate an unacceptable fit).

. The images are registered using the previous day image as a

base. For example, image for day 2 is registered based in image
taken at day 1; image day 3 is registered based in image day
2 and so on.

The control points are pixel coordinates of similar features in
both images.

Bwconncomp is run on the whole image.

Since changes in hemoglobin saturation preceded the forma-
tion of the tumor, the normal regions are selected in an area far
away from the original inception of the tumor cells.

We opted for the logistic distribution after a visual inspection of
quality of fit of distributions to the histograms of the hemo-
globin saturation values of tumor and normal regions.
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Automated Multidimensional Nanoscale Chromatography
for Ultrasensitive Targeted Mass Spectrometry

Paolo Cifani and Alex Kentsis

Abstract

Recent advances in nanoscale separations and high-resolution mass spectrometry permit highly sensitive
and accurate analyses of complex protein mixtures. Here, we describe improved methods for nanoscale
multidimensional chromatography coupled to targeted mass spectrometry (tMS) to achieve ultrasensitive
quantification of peptides in complex protecomes. The presented chromatographic system consists of
capillary strong-cation exchange (SCX) chromatography column, from which peptides are eluted directly
onto high-resolution reversed-phase (RP) analytical columns and nanoelectrospray ion source. SCX pre-
fractionation is used to separate phosphorylated peptides, permitting their ultrasensitive quantification.
Resolution and robustness of this chromatographic system, together with the orthogonality of SCX and RP
separations, permit scheduling of large panels of targeted MS assays. This design also enables seamless
scaling to three-dimensional separations, thereby enabling large-scale, ultrasensitive quantitative
proteomics.

Key words Mass spectrometry, Proteomics, Chromatography, Reversed phase, Strong cation
exchange, Multidimensional chromatography, Accumulated ion monitoring, Nanoscale separation,
Electrospray ionization

1 Introduction

Targeted mass spectrometry (tMS) allows sensitive, specific, and
robust peptide quantification for proteomic studies [1, 2]. Instru-
mentation for tMS wusually includes reversed phase chro-
matographic  separation  systems, hyphenated to  mass
spectrometers via electrospray ionization (ESI) sources [3]. This
instrumentation permit to resolve peptides based on their hydro-
phobicity, ionize them to gas phase, isolate the corresponding ions,
and measure their ion current. Sensitivity and comprehensiveness
of tMS strongly depends on chromatographic resolution, as the
number of coeluting targeted peptides determines the duty cycle of
the method, and nearly isobaric contaminant molecules coeluting

Miguel R. Ossandon et al. (eds.), Biomedical Engineering Technologies: Volume 1, Methods in Molecular Biology, vol. 2393,
https://doi.org/10.1007/978-1-0716-1803-5_11, © Springer Science+Business Media, LLC, part of Springer Nature 2022
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with the targets of interest reduce the sensitivity of their detection
[4]. High-resolution reversed phase separations have been achieved
using ultralong and narrow bore column geometries, and low
particle diameter or monolithic stationary phases [5, 6]. Proteome
prefractionation using separation modes orthogonal to the on-line
acidic reversed phase chromatography exponentially increases the
overall resolution, and permits to improve exposure of specific
classes of analytes, such as chemically modified peptides
[7, 8]. However, most offline prefractionation methods require
milligram scale sample amounts, and are thus not suitable for the
analysis of rare cell populations or other minute specimens such as
diagnostic biopsies. To overcome this limitation, we and others
recently developed automated and nanoscale prefractionation
achieved using multidimensional chromatographic platforms for
ultradeep data dependent proteome discovery [9, 10].

Here we describe a chromatographic system that enables auto-
mated multidimensional separation of tryptic peptides combining
high-resolution strong-cation exchange (SCX) chromatography to
capillary reverse phase separation on-line with ESI emitter. While in
principle this platform is compatible with any ESI-MS implementa-
tion, the high-resolution of peptide separation makes it ideal to be
coupled with accumulated ion monitoring (AIM) analysis using ion
trap instruments [4]. Nonetheless, the method is fully compatible
with other tMS implementations such as selected and parallel reac-
tion monitoring [1, 2], as the reproducibility of separation enables
robust assay scheduling. The SCX chromatographic mode was
chosen because of its efficiency in resolving phosphorylated pep-
tides, and because the mobile phases used are volatile and compati-
ble with subsequent reversed phase separation and ESI. The
method here described is optimized to improve resolution and
reproducibility of prefractionation using SCX stepwise elution and
long linear reversed phase separations, and is therefore amenable
for tMS applications [4]. SCX fractionation is performed in a
capillary format, with elution obtained using an optimized step
gradient of ammonium acetate or formate, delivered from auto-
sampler vials and driven by an isocratic pump. While traditionally
SCX elution used a gradient of potassium chloride in phosphate
buffers, we found that this approach is less desirable for capillary
chromatography because nonvolatile salts may precipitate, thus
clogging capillary lines and electrospray ion sources. The risk of
precipitation of SCX elution buffer was highly reduced by using
volatile cations and by periodically flushing the injection system and
relevant HPLC components with 0.1% formic acid. Moreover,
organic solvent was omitted in the SCX butffers to improve peptide
retention by the reversed phase trap column.

A second issue considered was column geometry, as this param-
eter is critical to achieve adequate resolution. While short and wide-
bore (>150 pm inner diameter x <3 c¢m length) trap-like columns



Automated Multidimensional Nanoscale Chromatography for Ultrasensitive. . . 209

are desirable because of their low resistance and robustness, we
found this geometry to be not amenable for high-resolution SCX.
Instead, well resolved and reproducible SCX separation were
achieved using 25 cm x 100 pm inner diameter columns. Beside
column geometry, elution volumes are critical to achieve efficient
chromatographic separation using step gradients. When the volume
of elution buffer used for step elution substantially exceeds the
volume of the column, significant mass elution is often observed,
resulting in decreased chromatographic resolution. It is important
to note that the volumes of mobile phase necessary to drive samples
and SCX buffers through the chromatographic lines may also con-
tribute to gradient-independent mass elution. To alleviate this, the
chromatographic method here described minimizes the volume of
mobile phase driven through the SCX column. Finally, as variable
volumes of SCX elution buffer reduce reproducibility of the sepa-
ration, we implemented a metered injection of salt plugs obtained
by first filling the injection loop entirely with an excess of elution
buffer, then delivering the content of the loop using the isocratic
pump to equilibrate the lines before and after the SCX column, and
finally including the SCX column in the flow-path for the exact time
required to deliver the volume element. Once the required volume
of elution buffer has been delivered, the loop is excluded from the
flow path to reduce mass elution.

Importantly, the chromatographic configuration here
described enables to bypass the SCX column to load peptide
directly on the reversed phase trap column, and thus to omit sample
prefractionation without any remodeling of the capillaries. This
feature permits to switch between single- and two-dimensional
separation without physically reconfiguring the chromatographic
components.

2 Materials

2.1 Reagents

. Formic Acid 99+% (Thermo Scientific).

. Acetonitrile Optima LC/MS grade (Fisher Scientific).
. Water Optima LC/MS grade (Fisher Scientific).

. Methanol LC/MS grade (Honeywell).

. Formamide (Sigma Life Science).

. Ammonium hydroxide (Sigma-Aldrich).

Ammonium formate (Sigma-Aldrich).

Ammonium bicarbonate (Sigma-Aldrich).

RN L N O

. Dithiothreitol (Sigma Life Science).

—
o

. Iodoacetamide (Sigma Life Science).

—
—

. Guanidine Hydrochloride (Sigma Life Science).
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2.2 Consumables

12.

13.

14.
15.
16.

17.

18.

19.

20.

21.

10.
11.
12.

LysC protease (Wako Pure Chemical Industries, part
nr. 125-05061).

Porcine trypsin protease, sequencing grade (Promega, part
nr. V5111).

Bovine Serum Albumin (Sigma Life Science).
Casein (Sigma Life Science).

KaSil potassium silicate solution (PQ Corporation, part
nr. COS.301341).

SCX stationary phase: Polysulfoethyl A 5 um, 200 A particles
(PolyLC, Part nr. 410.992.5400).

Trap column stationary phase: POROS10 R2 reversed phase
10 pm, 2000 A particles (Applied Biosystems, part nr. 1-1118-
02).

Analytical  column  stationary  phase:  ReproSil-Pur
120 C18-AQ, 1.9 pm particles (Dr. Maisch GmbH, part
nr. r119.aq.).

Compressed High purity helium, with pressure regulator
manifold.

PhoStop phosphatase inhibitor tablets (Roche Applied Sci-
ence, part nr. 04906845001).

1.7 ml Maxymum Recovery tubes (Axygen, part nr. MCT-175-
L-C).

.2 ml glass ampoules, flat bottom (Kimble Chase, part

nr. 60940A 2).

Fused silica with 75 pm inner diameter (ID) and 360-pm outer
diameter (OD) (Polymicro, cat. no. TSP075375).

Fused silica with 150-pm ID and 360-pm OD. (Polymicro, cat.
no. TSP150375).

. Fused silica with 100-pm ID and 360-pm OD. (Polymicro, cat.

no. TSP100375).

. Fused silica with 50-pm ID and 360-pm OD. (Polymicro, cat.

no. TSP050375).

. Fused silica with 20-pm ID and 360-pm OD. (Polymicro, cat.

no. TSP020375).

. Integrated ferrule /nut (Valco, part nr. C360NFPK).

0 dead volume metal unions, 50-pm ID (Valco, part
nr. C360UES2).

Fitting ferrules 1,/320D (SCIEX, part nr. 910-00087).
Nuts 1,/32 OD (SCIEX, part nr. 910-00085).

Sleeves, PEEK, 1/320D, .015"ID, (SCIEX, part
nr. 910-00088).
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2.3 Equipment

13. Quick mount tee, 0 dead-volume 50-pm ID (Valco, part
nr. C360QTPK2).

14. Glass filters for solvent inlet, 2 pm (Agilent, part nr. 5041-
2168).

15. Autosampler vials.
16. Autosampler caps.
17. Magnetic stirrer 3 mm (Sigma Aldrich).

18. ESI uncoated silica emitters, tip 10 pm ID (New Objective,
part nr. ES360-20-10-D-20).

19. C18 solid phase extraction macro spin column (Nest Group,
part nr. SMM SS18V).

. Silica capillary cutter.
. Optional: silica capillary end polishing station.
. Thermostated heating block.

. Vortex mixer.

920N NN I S

. Pressure vessel for capillary packing, equipped with gas
manifold.

. Magnetic stirrer.

. Bunsen gas burner.

. Silica capillary laser puller P200 (Sutton instruments).
. Nano HPLC system (Eksigent nanoL.C400).

10. Thermo Fusion mass spectrometer (Thermo Scientific).

O 0 N O

11. Picoview ESI ion source (New Objective).

12. Computer, with MaxQuant 1.5 and related software
components.

3 Methods

The chromatographic setup (Fig. 1) was designed for a chro-
matographic system including two 10-port rotary valves and one
6-port valve, along with one autosampler, one binary nano pump
(flow rate range 100-1000 nl/min), and one isocratic micropump
(flow rate range 0.5-10 pl/min). In our setup, the final reverse
phase column is in line with a nanoelectrospray ion source, and thus
with a high-resolution mass spectrometer capable of analyzing both
precursor and fragment ions.

In this system, solution in autosampler vials are initially aspi-
rated in an element of peek tubing (10 pl volume), and then
delivered by the isocratic pump either to the SCX column or
directly to the RP trap column. The flow-through from the SCX
column may be routed either to the trap column, thus loading for
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A: 0.1% FA/H20
1-2 pl/min

Isocratic pump

Strong-cation exchange column

100um ID x 400 mm
Polysulfoethyl A 5 um particles

10 pl PEEK
sample loop
@
1 2
Injector
6 3
¢ valve 4
5 4
® O
N
Autosampler
NH,COOH 0 - 1 M, pH=3
Syringe
pump
ESI emitter
2.5 pm tip ID

Reversed Phase

analytical column
75 um ID x 600 mm

Reprosil C18 3 um
50°C

(=360 OD metal union

Vent

SCX by-pass
75 um ID x 100 mm

A: 0.1% FA/H20
B: 0.1% FA/ACN
300 nl/min

Binary pump

Vent

Reversed Phase trap column

100 pum ID x 80 mm
XBridge C18 5 um particles

-~

-

& =360 OD T-union

Fig. 1 Overview of the chromatographic system. Schematic showing the configuration of the capillary lines

and columns, and other key components, required for SCX-RP separation
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the subsequent reverse phase, or to waste, as in the case of SCX
column regeneration.

For final reverse phase chromatography, we adopted a vented

setup in which peptides are loaded at a relatively high flow rate on a
trap column and coincidentally purified, while the flow-through is
directed to waste. Once the trap column is put online with the
analytical column, peptide separation is obtained by a gradient of
acetonitrile elution.

1.
2.

10.

11.

12.

Preheat the block to 95 °C.

In a clean Axygen tube mix 180 pl K silicate with 20 pl
formamide.

. Vortex and incubate for 5 min at room temperature.

. Use the silica cutting tool to cut.

(a) A1l m piece of 75 pm ID silica capillary.
(b) A 30 cm piece of 100 pm ID capillary.
(¢) Al m piece of 100 pm ID capillary.

. Keeping the capillary almost horizontal, dip one end into the

silicate solution until the liquid flows into the lumen for 2-3 cm
(15-30's).

Position the liquid-filled end of the capillary under the heating
block and incubate for 1 h at 95 °C to polymerize silicate [11].

Using the silica capillary cutter, cut the fritted end to obtain a
2 mm frit.

. Optional: inspect the fritted end to verify optimal cut and /or

polish the end using appropriate abrasive sandpaper.

Dissolve stationary phases in methanol, in clean glass
ampoules.

Wash particles three times in methanol (let silica particles sedi-
ment to the bottom of the vial, carefully aspirate the remaining
methanol before resuspending the particles in fresh methanol).

Fill fritted capillary using the pressure vessel. Regulate helium
pressure to <1500 psi (140 bar) and <500 psi (35 bar) for
75 pm ID and 100 pm ID columns, respectively.

(a) Analytical RP column: 75 pm ID.

(b) SCX column and reversed phase trap column: 100 pm ID.

Pack reversed phase columns. Mount the columns onto the
HPLC outlet and drive 10 column volumes (CV) of 0.1%
formic acid (FA) in 5% acetonitrile (ACN) in water, followed
by 10 CV 0.1% FA in 85% ACN in water. Repeat ten times and
verify that pressure remains stable for at least 1 h under contin-
uous operation at fixed composition and flow rate.
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13.

14.

15.

Pack SCX column. Mount the columns onto the HPLC outlet
and drive 10 column volumes (CV) of 0.1% formic acid (FA) in
water, progressively increasing the flow rate from 0.1 to 0.5 pl/
min. Avoid using organic solvent. Verify that pressure remains
stable for at least 1 h under continuous operation at fixed
composition and flow rate.

Visually inspect the columns to ensure homogenous packing of
the stationary phases.

Insert the open side of each column into an integrated ferrule,
and cut the column to the final length, immediately before
mounting them:

(a) SCX column: 400 mm.

(b) RP trap column: 80 mm.

(¢) RP analytical column: 600 mm.

3.2 Assembly 1. Assemble the chromatographic setup as described in Fig. 1. All
ofthe Chromatographic silica capillaries used for connections are 50 pm ID.
Setup 2. Prepare LC mobile phases:
(a) Buffer A: 0.1% FA in water.
(b) Bufter B: 0.1% FA in acetonitrile.
(c) Needle wash: 50% methanol in water
Mobile phases should be prepared in light-protected clean
glass bottles, and mobile phase line should be provided with
glass filters.

3. Set column heater to 50 °C and wait for temperature to stabi-
lize. CAUTION: Prolonged exposure to temperatures >65 °C
may accelerate degradation of silica-based stationary phases.

4. Monitoring the backpressure, verify correctness of flow-path
and absence of leaks. Typical pressures are as follows (note that
pack pressure may vary by up to 15% because of frit features and
environmental temperature).

Injector Expected

Columns Flow rate Driving valve Valve A Valve B pressure
tested (buffer A) pump  position position position (psi)
SCX 0.5 pl/min Tsocratic 1-2 1-2 1-2 5000
Trap RP 2 pl/min  Isocratic 1-2 1-10 1-10 500
Analytical + 300 nl/ Binary NA 1-10 1-2 7000 (50 °C)

trap RP min 9000 (25°C)
SCX + trap 0.5 pl/min Isocratic 1-2 1-10 1-2 5500

RP
SCX + trap 0.5 pl/min Isocratic 1-6 1-10 1-2 5500

RP + loop
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5. Prepare elution solutions, mixing 0.1% formic acid (pH = 2.8)
and 1 M ammonium formate—0.1% formic acid (pH = 2.8).
Prepare high-pH elution /reconditioning buffer, titrating 1 M
ammonium formate solution with NH3zOH to obtain pH = 9.
Since ammonium formate is volatile, solutions in autosampler
vials should be replaced weekly. Stock solution should be kept
in clean glass bottles and refrigerated. Ammonium formate
powder should be stored in a desiccator cabinet. Suggested
elution solution concentrations are as follows.

Fraction Ammonium formate Expected eluted
number (mM) pH peptides
1 0 3 z=1and
phosphorylated
2 80 3 z=1and
phosphorylated
200 3 z=2
4 1000 3 z=34
1000 9 z>4

3.3 Programming

The following HPLC programs are optimized for an Eksigent
nanoL.C400 instrument, with the setup described.

1. Program 1: SCX sample load (low-resolution SCX elution).

Description

the Liquid
Chromatographer
Methods
# Command
1 Initialize
2 Valve
3 Valve
4 Valve
5 Wash
6 Wait
7 Wait
8 Get sample
9 Valve
10 Start
11 Wait
12 Start
13 Valve
14 Wash
15 Wait

Autosampler device

Switch injection valve to load (6-1)
Switch valve A to load (1-10)

Switch valve B to SCX (1-10)

Prewash needle using washing buffer

For binary pump ready to start

For isocratic pump ready to start

5 pl pick up, 13.6 pl: 2 mm from bottom*
Switch injection valve to inject (1, 2)
Start isocratic pump (1 pl/min buffer A, 20 min)
For isocratic pump injection complete
Start binary pump (see below)

Switch valve A to inject (1, 2)

Prewash needle using washing buffer

For binary injection complete

*: sample volume may vary. The syringe pump draws first a volume of buffer A equal to
13.6 pl minus sample volume + 2 pl, then the sample, then 2 pl buffer A
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Binary pump gradient.

Time (min) Flow rate (nl/min) Buffer A (%) Buffer B (%)

0 300 95 5
5 300 95 5
65 300 62 38
70 300 20 80
100 300 20 80
102 300 95 5
120 300 95 5

2. Program 2: high-resolution SCX elution (this program mini-
mizes mass elution from mobile phase used to drive elution
volume elements through the SCX column).

# Command Description

1 Initialize  Autosampler device

2 Valve Switch injection valve to load (6-1)
3 Valve Switch valve A to load (1-10)

4 Valve Switch valve B to 1D (inject, 1-10)
5 Wash Prewash needle using washing buffer
6 Wait For binary pump ready to start

7 Wait For isocratic pump ready to start

8  Getsample Fill loop with sample/plug (35 pl): 2 mm from bottom*
9 Valve Switch injection valve to inject (1, 2)
10 Start Start isocratic pump (0.5 1/min buffer A, 40 min)
11 Valve Switch injection valve to inject (1, 2)
12 Wait 1:30 min

13 Valve Switch valve B to SCX (load, 1-10)
14 Wait 4 min

15 Valve Switch injection valve to load (1, 2)
16 Wait 4 min

17 Start Start binary pump (see below)

18 Valve Switch valve A to inject (1, 2)

19 Valve Switch valve B to 1D (inject, 1-2)
20 Wait 15 min

21 Wash Prewash needle using washing buffer
22 Wait For binary injection complete
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Binary pump gradient.

Time (min) Flow rate (nl/min) Buffer A (%) Buffer B (%)
0 300 95 5

5 300 95 5

95 300 78 32

105 300 20 80

130 300 20 80

132 300 95 5

160 300 95 5

3. Program 3: Single dimension RP analysis

# Command Description

1 Initialize Autosampler device

2 Valve Switch injection valve to load (6-1)

3 Valve Switch valve A to load (1-10)

4 Valve Switch valve B to 1DRP (1, 2)

5 Wash Prewash needle using washing buffer

6 Wait For binary pump ready to start

7 Wait For isocratic pump ready to start

8 Get sample 5 pl pick up, 13.6 pl: 2 mm from bottom*
9 Valve Switch injection valve to inject (1, 2)

10 Start Start isocratic pump (1 pl/min buffer A, 20 min)
11 Wait For isocratic pump injection complete

12 Start Start binary pump (see below)

13 Valve Switch valve A to inject (1, 2)

14 Wash Prewash needle using washing buffer

15 Wait For binary injection complete

*: sample volume may vary. The syringe pump draws first a volume of buffer A equal to
13.6 pl minus sample volume + 2 pl, then the sample, then 2 pl buffer A

Binary pump gradient.

Time (min) Flow rate (nl/min) Buffer A (%) Buffer B (%)
0 300 95 5

5 300 95 5

95 300 78 32

(continued)
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3.4 Prepare

and Install

the Electrospray
Emitter (see Notes 1
and2)

Time (min) Flow rate (nl/min) Buffer A (%) Buffer B (%)

105 300 20 80

130 300 20 80

132 300 95 5

160 300 95 5

4. Program 4: reconditioning and equilibration. SCX column is

reconditioned by injecting 10 pl SCX reconditioning buffer
(1 M ammonium formate, pH = 9), with flow-through
directed to waste. Reverse phase columns are reconditioned
and equilibrated in parallel.

# Command Description

1 Initialize  Autosampler device

2 Valve Switch injection valve to load (6-1)

3 Valve Switch valve A to inject (1, 2)

4 Valve Switch valve B to SCX (1-10)

5 Wash Prewash needle using washing buffer

6 Wait For binary pump ready to start

7 Wait For isocratic pump ready to start

8 Get Fill loop with SCX recondition buffer (15 pl): 2 mm from
sample bottom*

9 Valve Switch injection valve to inject (1, 2)

10 Start Start isocratic pump (0.5 pl/min buffer A, 65 min)

14 Start Start binary pump (see below)

17 Wait For binary injection complete

Binary pump gradient.

Time (min) Flow rate (nl/min) Buffer A (%) Buffer B (%)

0 300 80 20

10 300 20 80

40 300 20 80

45 300 95 5

70 300 95 5

1. Use the silica cutting tool to cut a 50 cm piece of 20 pm ID

silica capillary.

Using the gas burner, burn approximately 1 cm of the poly-
imide coating, 10 cm from the end of the capillary. Let the
capillary cool to room temperature and carefully wipe-off burnt
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3.5 Preparation
of SCX Peptide
Standard

polyimide debris using a Kimwipe soaked with methanol.
CAUTION: stripped silica is extremely fragile. Hot silica may
fracture if placed in contact with liquids before cooling down.

Mount the capillary on the laser puller, with the inner edge of
the fritted section 2 cm from the laser target (center of the
mirror cover).

. Pull the silica capillary using the following program (see

Note 3)[12]:

HEAT=250, FIL= , VEL=25, DEL=180, PULL=25
HEAT=250, FIL= , VEL=25, DEL=180, PULL=25
HEAT=250, FIL= , VEL=25, DEL=180, PULL=25
HEAT=250, FIL= , VEL=25, DEL=180, PULL=25

5.

Using a microscope, check the tip geometry at 4 x magnification
and the diameter at 20x magnification (sez Notes 4 and 5).

. Prepare a 2 mg/ml solution of BSA and casein in 1 M guani-

dine hydrochloride /100 mM ABC pH 8.5. Mix equal volumes
of the two solutions to obtain a 1:1 (v/v) BSA /casein standard
solution and freeze in 500 pl aliquots.

. To 500 pl standard, add 55 pl 100 mM DTT /100 mM ABC

(freshly prepared). Incubate at 56 °C for 30 min.

. Let the solution cool to room temperature (25 °C).

4. Add 60 pl 550 mM iodoacetamide/100 mM ABC (freshly

10.

11.
12.

13.

prepared). Incubate at room temperature for 20 min, in
the dark.

. Add 65 pl 100 mM DTT/100 mM ABC (freshly prepared).

Incubate at 56 °C for 20 min.

. Add 335 pl 100 mM ABC.
. Add 50 pl of 0.2 pg/ pl LysC protease in 100 mM ABC.

Incubate 8 h at 37 °C.

. Transfer half the LyC digest (525 pl), in a clean tube. Acidify

with 1% (5 pl) formic acid, and freeze.

. To the remaining 525 pl LysC digest, add 975 pl of

50 mM ABC.

Add 50 pl of 0.2 pg/pl Trypsin protease in 100 mM ABC.
Incubate 16 h at 37 °C.

Acidify with 1% (15 pl) formic acid.

Mix 3 volumes tryptic digest with 1 volume LysC digest and
mix by vortexing.

Desalt by solid phase extraction, using 4 macro spin columns.



220 Paolo Cifani and Alex Kentsis

3.6 SCX Standard
Quality Control

3.7 Determination
of Sample Recovery
from the SCX Column

Volume
Step Buffer (ul/column) Centrifugation
Activation 99.9% ACN/0.1% FA 300 100 rcf/60 s
Equilibration 99.9% water/0.1% FA 2 x 300 100 rcf/60 s
Loading Sample 500 100 rct/120 s
Wash#1 99.9% water/0.1% FA 300 100 rcf/120 s
Wash#2 99.9% water/0.1% FA 300 200 rcf/120 s
Elution 60% ACN in water/0.1% FA 400 200 rcf/120 s

14.

15.

1.

Divide the eluate in ten 100 pl aliquots (100 pg/aliquot) and
vacuum centrifuge to dryness.

Just before injection, resuspend one aliquot in 200 pl 0.1%
FA/3% ACN (0.5 pg/ pl).

Using LC Program 3 (Single dimension RP analysis), analyze
1 pg (2 pl) SCX standard.

Submit the MS raw file to MaxQuant for peptide spectral
matching against a fasta file containing the protein sequences
of BSA and casein. Set C-carbamidomethylation as fixed modi-
fication. Set M, oxidation, S/T /Y-phosphorylation and N/Q
deamidation as variable modifications. Set proteolysis specific-
ity to trypsin and allow for up to 5 missed cleavages.

Recondition and equilibrate columns using LC Program 4 (col-
umns reconditioning and equilibration).

1.

Blank SCX load. Using LC Program 1 (SCX sample load) inject
5 pul 0.1% FA in water.

. Blank SCX elute. Using LC Program 1 inject 10 pl SCX recon-

ditioning buffer (1 M ammonium formate-25% ACN,
pH=9).

. Search all MS raw files generated in steps 1 and 2 as described

in Subheading 3.6, step 2. Verify absence of contaminants.

. Recondition and equilibrate columns using LC Program 4 (col-

umns reconditioning and equilibration).

. Standard SCX load. Using LC Program 1 (SCX sample load)

inject 2 pl of SCX standard

. Standard SCX bulk elution. Using LC Program 1 inject 4 pl

SCX reconditioning buffer (1 M ammonium formate pH = 9).
Repeat once.

. Using LC Program 3 (Single dimension RP analysis), analyze

1 pg (2 ppl) SCX standard.
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3.8 SCX
Fractionation

3.9 Troubleshooting

3.9.1 Clogging of Unions
and Capillary Lines.
Possible Causes Include

8.

Search all MS raw files generated in steps 6 and 7 as described
in Subheading 3.6, step 2. Verify that >95% peptides elute in a
single SCX fraction. Verify that extracted ion chromatograms
(XIC) for peptides have similar intensity (£10%) in SCX and
1D RP experiments.

. Recondition and equilibrate columns using LC Program

4 (reconditioning and equilibration).

Standard SCX load. Using LC Program 1 (SCX sample load)
inject 2 pl of SCX standard

Standard SCX fractionation. Using LC Program 2 inject 4 pl
ammonium formate plugs at 80 and 200 mM (pH 2.8).

Using LC Program 1 inject 10 pl ammonium formate 1 M
(pH 2.8).

. Using LC Program 1 inject 10 pl SCX reconditioning buffer

(1 M ammonium formate, pH = 9).

. Search all MS raw files generated in steps 2-5 as described in

Subheading 3.6, step 2.

. Column frits leaking stationary phase. Suggested solution:

replace column. Kasil polymerization to produce frits should
be optimized before attempting to pack columns.

. Particulate accumulating in the outer part of capillary being

inadvertently introduced in the lines when mounting into frits
and sleeves. Suggested solution: cut the silica capillaries after
they are inserted in the fittings and avoid touching the open
ends. Avoid storing columns with open ends for extended time.

Particulate contamination of bulk stationary phase. Make sure
spatulas, magnets, and glass ampoules are kept clean.

Degradation of silica stationary phase. Prolonged exposure to
pH > 9 may induce hydrolysis of unprotected silica particles.
Possible solutions: after SCX column reconditioning at high
pH, ensure appropriate column washing with 0.1% formic acid
in water.

. Salt precipitation in the lines. Salt precipitation may occur if

nonvolatile salts (such as KCl) are used for elution. Suggested
solution: elute peptides using volatile salts such as ammonium
formate or ammonium acetate.

. Silica fragments from capillary end cutting. Cutting silica capil-

lary may produce debris and particulate that enter the column
or the downstream component producing clogs. Suggested
solution: using a phase microscope, inspect all ends to ensure
that a clean cut perpendicular to the silica wall is obtained.
Small silica splinters may be removed using a silica polishing
station. All lines and column should be flushed before being
mounted.
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3.9.2 |Insufficient
Retention of Peptides

on SCX Columns. Possible
Causes Include

3.9.3 Insufficient

Resolution of SCX Column.

Possible Causes Include

3.9.4 Insufficient
Retention of Peptides
on the Trap Column.
Possible Causes Include
the Following

. Excessive salt concentration in loaded sample. Suggested solu-

tion: thoroughly desalt peptide sample by solid phase extrac-
tion. Avoid using phosphate bufters.

. Incorrect pH of SCX loading buffer. For best retention all

solution must have pH below the pK, of aspartate (3.86).
Suggested solution: titrate the pH of all buffers with formic
acid to obtain pH = 2.8.

. Excessive peptide amount loaded on SCX column. Suggested

solution: do not exceed SCX column loading capacity. We
observed >90% peptide retention on 100 pm ID x 150 mm
SCX column when loading up to 15 pg tryptic peptides in 0.1%
formic acid in water.

. Sample or mobile phases contain TFA or other modifier that

interfere with peak focusing by SCX. Suggested solution: use
ammonium formate and formic acid as mobile phase modifiers,
or ammonium acetate.

. Isocratic (mass action) elution is the main mode of chro-

matographic separation. Suggested solution: avoid using
more than 2 column volume to drive salt plugs. Verify accurate
calibration of HPLC flow meters.

. The SCX mobile phase and/or the salt plugs contain organic

solvents. Do not use more than 2% acetonitrile or methanol in
the buffer resuspension buffer. Avoid adding any organic sol-
vent to the isocratic pump mobile phase.

. The fractions eluting from the SCX column exceed the loading

capacity of the reverse phase trap column. This may be deter-
mined by excessive sample amount or incorrect salt concentra-
tion in the SCX plugs. Suggested solution: carefully determine
sample concentration. Prepare fresh ammonium formate
solutions.

4 Notes

. To reduce surface and irregularities of the emitters produced

as per Subheading 3.4, steps 1-5, the tips may be etched by
dipping the terminus in hydrofluoric acid for 30—45 s. After
etching, tips should be rinsed in clean water. Etching may
reduce the irregularities in the cross section of the tip but
results in slightly larger and less reproducible tip ID. Prolonged
etching may damage the tip.

. Alternatively to the procedure in Subheading 3.4, step 1-5,

commercial 10 pm ID electrospray emitters may be used.
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3.

Because of variable optical, mechanical and environmental con-
ditions of the laser puller, the program described in Subheading
3.4, step 4 is may require optimization on the specific instru-
ment being used.

Setting the ESI emitters to be washed in 50% water/methanol
during sample loading and SCX fractionation highly reduces
depositing of salt and organic matter on the tip and thus
improves maintaining ionization efficiency constant over time.

. Narrow bore emitters require careful voltage optimization for

optimal performance. Progressively decreasing voltage as a
function of water content in the buffer highly improves spray
efficiency and stability. For the suggested elution profile and
flow-path, the following voltage gradient may be used:

Time (min)

Voltage (V)

0

1750

30 1700
50 1650
70 1600
90 1550

110
130
155

1500
1450
0*

*: emitter moved to washing station
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i Chapter 12

Clinical Translation of Stimulated Raman Histology

Cordelia Orillac, Todd Hollon, and Daniel A. Orringer

Abstract

Stimulated Raman histology (SRH) images are created by the label-free, nondestructive imaging of tissue
using stimulated Raman scattering (SRS) microscopy. In a matter of seconds, these images provide real-time
histologic information on biopsied tissue in the operating room. SRS microscopy uses two lasers (pump
beam and Stokes beam) to amplify the Raman signal of specific chemical bonds found in macromolecules
(lipids, proteins, and nucleic acids) in these tissues. The concentrations of these macromolecules are used to
produce image contrast. These images are acquired and displayed using an imaging system with five main
components: (1) fiber coupled microscope, (2) dual-wavelength fiber-laser module, (3) laser control
module, (4) microscope control module, and (5) a computer. This manuscript details how to assemble
the dual-wavelength fiber-laser module and how to generate an SRH image.

Key words Stimulated Raman histology, Stimulated Raman scattering microscopy

1 Introduction

Stimulated Raman scattering (SRS) microscopy is a rapid, nonde-
structive, label-free imaging technique that provides histologic
images with submicron spatial resolution. SRS microscopy uses
the molecular vibrational properties of chemical bonds and the
concentration of macromolecules (lipids, proteins, and nucleic
acids) to produce image contrast [ 1-3]. Freudiger, Xie, and collea-
gues developed SRS microscopy in 2008, and it has since been
applied to biomedical and brain tumor imaging [1, 4, 5]. Recent
breakthroughs in fiber laser technology have led to the develop-
ment of the first clinical SRS microscope (Invenio Imaging, Inc.,
Menlo Park, California) (Fig. 1) [6]. The clinical SRS microscope
produces histologic images by mapping two Raman shifts within
cach specimen: 2845 cm ™!, which corresponds to CH, bonds that
are abundant in lipids, and 2930 cm ™!, which corresponds to CH3
bonds that predominate in proteins and DNA. The stimulated
Raman signal generated from each channel produces image con-
trast similar in appearance to that found in standard brightfield

Miguel R. Ossandon et al. (eds.), Biomedical Engineering Technologies: Volume 1, Methods in Molecular Biology, vol. 2393,
https://doi.org/10.1007/978-1-0716-1803-5_12, © Springer Science+Business Media, LLC, part of Springer Nature 2022
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CH, Raman Shift (2845cm™)

CH, - CH, Subtraction Blue: CH,-CH,

CH, Raman Shift (2930cm™)

hed SRH Mosaic (label & dye free)
BT T R 'gr" .

Fig. 1 The creation of a virtual H&E slides with the clinical SRS microscopy. (a—c), CH, (a) and CHs (b) images
are acquired and subtracted (¢). (d) The CH, image is assigned to a green channel, while the CH;—CH, image
is assigned to the blue channel, creating a two-color blue—green image. (e, f) Applying an H&E lookup table,
SRH images (e) adopt an appearance similar to conventional H&E staining (). (g) Mosaic tiled image of several
SRH FOVs to create a mosaic of imaged tissue. The asterisk (*) indicates a focus of microvascular proliferation,
the dashed circle indicates calcification and the dashed box demonstrates how the FOV in e fits into the larger
mosaic. Scale bars, 100 pm

microscopy with hematoxylin and eosin (H&E) staining. The appli-
cation of H&E pseudocoloring of SRS microscopic images is
referred to as stimulated Raman histology (SRH). SRH has been
applied in the bedside imaging of fresh surgical specimens in over
1000 patients across the US.

While the research applications of' SRS microscopy are broad
and in a constant state of evolution, this chapter will focus on the
methodological aspects of obtaining stimulated Raman histology
for clinical fresh tissue imaging. The chapter will also touch on how
we have employed an innovation in biomedical engineering to solve
a critical problem in surgical pathology: the physical and temporal
disconnection of the operating theatre and the pathology lab. The
implications of creating a means for fresh tissue imaging at the
bedside and the implications SRH may have on the fields of surgical
pathology and surgical oncology as its use expands are explored.



1.1 Technical
Execution of
Stimulated Raman
Scattering Microscopy

1.2 Processing of
SRS Images and
Stimulated Raman
Histology (SRH)

Clinical Translation of Stimulated Raman Histology 227

Coherent Raman scattering (CRS) microscopies including coher-
ent anti-Stokes Raman scattering (CARS) microscopy and stimu-
lated Raman scattering (SRS) microscopy, have enabled the rapid,
label-free microscopic imaging of unprocessed tissue specimens.
These techniques provide natural contrast using characteristic
vibrational frequencies for different compounds such as lipids,
proteins, and DNA to create images of biologic specimens. The
nonlinearity of signal intensity in CRS techniques allows for 3D
imaging, avoiding the need for thin-sectioning of specimens prior
to imaging [1, 7]. CRS microscopies are more sensitive compared
to spontaneous Raman scattering microscopy with faster imaging
speed [1, 3, 8]. The use of SRS microscopy has some benefits
compared to CARS as it provides a non-resonant background, has
a linear relationship between chemical concentration and signal
intensity, and has a nondistorted spectrum identical to that of
spontaneous Raman scattering [1, 9, 10]. SRS has been used to
image a number of biologic specimens including liver and brain
pathologies both in vivo and ex vivo [4, 11, 12].

In SRS, two lasers are tuned to the pump (wp) and Stokes
frequencies (ws) of a given bond and coincide on the sample at a
specified depth. When the difference frequency between two lasers
(Aw = wp — ws), or Raman shift, matches that of a particular
molecular vibrational frequency £, the Raman signal is amplified
[1]. In SRS, no amplification is produced when Aw # @ and
therefore does not exhibit any nonresonant background. The lack
of'a nonresonant background has a profound eftect on image clarity
and enables the creation of images that approach the appearance of
traditional phase contrast microscopy used in a clinical context.

The laser-system typically used for SRS is a synchronously
pumped picosecond optical parametric oscillator (OPO) [13].
This free-space OPO system is very susceptible to environmental
changes and requires continuous water-cooling. As such, this state-
of-the-art setup is not suitable for use in a clinical environment. To
make this technology available in the clinical setting, a fiber-laser
module has been developed (Fig. 2) [6].

Biologic tissues are imaged using SRS by mapping lipids and pro-
teins at Raman shifts of 2845-2850 cm ™' (CHzbonds) and 2930-
2940 cm~'(CH,bonds) respectively [3, 11, 12, 14]. A subtracted
CH;3-CH, image can be created that highlights the nucleus and
makes the cytoplasm seemingly vanish [12]. Sufficient contrast for
tissue histology can be created with an image overlay in which
CH;3-CH,; is assigned a blue channel and CH, image is assigned a
green channel.

CH,and CHj images produced are foreign to clinicians accus-
tomed to traditional staining techniques such as H&E staining.
The images obtained from SRS can be recolored in order to
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1.3 Future Directions
of SRH

Fiber-Coupled Microscope

Fiber Laser Module

Laser Control Module

Microscope Control Module

Computer

Fig. 2 Fiber-laser based optical schematic for portable SRS microscopy. A
prototype SRS microscope with labeled essential component modules

produce stimulated Raman histology (SRH) images that resemble a
traditional H&E-stained slide familiar to them [14]. Roughly, the
2845 cm ™! grayscale image is mapped to an eosin-like red/pink
color while the 2930-2845 cm ™! channel is mapped to a dark-
blue/violet color resembling the hematoxylin stain. These two
images are superimposed to produce an SRH image resembling a
conventional H&E stained slide (Fig. 1).

Other biomedical optical technologies are currently being used for
fresh tissue imaging of brain tumor specimens. Optical coherence
tomography [15], confocal microscopy [16, 17], and third-
harmonic generation microscopy [18] have been used to image
normal brain and brain tumor specimens. Raman spectroscopy
has been used to detect brain tumor infiltration both ex vivo and
in vivo [19-21]. Wide-field fluorescence imaging using exogenous
5-aminolevulinic acid (5-ALA) for tumor labeling is currently being
used for fluorescence guided brain tumor surgery [22]. SRH is
unique among these existing technologies in its submicron spatial
resolution, label-free tumor detection, video-rate image acquisi-
tion, subcellular image contrast, and virtual H&E color scheme.
In addition, SRH has been validated as a clinical imaging technique
for producing histopathologic images with diagnostic accuracy
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equal to standard light microscopy and is a Class I exempt,
FDA-registered device.

Future applications of SRH microscopy include intraoperative
guidance of tumor resection and accurate identification of brain-
tumor margins. Serial imaging from within the tumor resection
cavity can provide real-time data on tumor infiltration. Greater
extent of resection improves progression-free and overall survival
in infiltrative gliomas and brain metastasis [17, 23-25]. Having
real-time knowledge about tumor infiltration could have an impact
on intraoperative decision-making. Additionally, the combination
of SRH data with available surgical navigation systems can be used
synergistically to guide resection and potentially allow for targeted
radiotherapy. Rapid, accurate pathologic diagnosis of the most
common pediatric posterior fossa tumors effects intraoperative
decision-making. While greater extent of resection improves clinical
outcomes in pediatric ependymomas and pilocytic astrocytomas,
the effect of greater extent of resection in medulloblastomas is less
clear [26-28]. Unnecessarily aggressive brain tumor resection can
increase perioperative morbidity and mortality without improved
clinical outcome. SRH provides intraoperative histopathologic
diagnosis of adult and pediatric brain tumor with the potential
guide brain tumor resection. By integrating SRH microscopy into
the surgical workflow, we aim to leverage a breakthrough in optics
to create a new paradigm for intraoperative pathology and ulti-
mately improve the safety and accuracy of brain tumor surgery.

2 Materials

2.1 Dual-Wavelength
Fiber-Laser Module

To produce SRH images, an imaging system with five main com-
ponents that were mounted on a portable, self-contained clinical
cart (Fig. 2) [14]:

1. a fiber-coupled microscope (NIO Imaging System, Invenio
Imaging) with a motorized stage;

2. a dual-wavelength fiber-laser module
3. a laser control module
4. a microscope control module

5. a computer for image acquisition, display, and processing.

In order to achieve the stimulated excitation of vibrational transi-
tions for SRS imaging, synchronized narrow-band pulse trains are
required. The pulse trains are generated by the filtering of a broad-
band supercontinuum from a fiber-oscillator with amplification in
the respective gain media, Erbium (Er) and Ytterbium (Yb). The
difference frequency between the two major gain media corre-
sponds to the high wavenumber region of Raman spectra
[29]. The module is constructed using the following items [6].
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. Er-doped fiber oscillator at 1560 nm, mode-locked with a

carbon nanotube saturable absorber at a repetition rate of
59 MHz.

Normal dispersion Er-doped preamplifier.
Low nonlinearity Er-doped power amplifier.

Periodically pooled lithium niobate (PPLN) crystal (Covesion,
MSHG1550-1.0-10).

Yb-doped preamplifier.

Narrowband filter.

Low-nonlinearity Yb-doped power amplifier.
Fiber-optic tunable filter (Agiltron, FOTE-01-6).

3 Methods

3.1 Setup of the
Dual-Wavelength
Fiber-Laser Module

(Fig. 3)

The clinical SRS microscope using a dual-wavelength fiber-laser
module is set up as described previously [6, 14].
1.

The pulse trains are generated by the filtering of a broadband
supercontinuum from a Er-doped fiber-oscillator at 1560 nm,
mode-locked with a carbon nanotube saturable absorber at a
repetition rate of 59 MHz.

The output of the oscillator goes through an optical isolator
and is split into two arms to generate the Stokes and pump
beams for SRS.

The first arm (the Stokes beam)

(a) Itisfrequency-shifted in a supercontinuum generator unit
based on a highly nonlinear fiber (HNLF).

(b) An Yb-doped preamplifier is used to increase the power of
the spectral range around 1 mm to 40 mW.

(c) A tunable filter is used to produce a picosecond pulse train
that can be amplified in a low-nonlinearity Yb-doped
power amplifier and then passed through an isolator and
collimator.

(d) The laser output is scaled to approximately 150 mW for
the Stokes beam.

(e) A transform-limited pulse duration of 2 ps is chosen.

The second arm (the pump beam):
(a) Itis amplified to 80 mW in a normal-dispersion Er-doped
preamplifier

(b) A narrowband filter is used to reduce the bandwidth
for SRS.

(¢) The power (2.2 mW after filtering) is restored in a
low-nonlinearity Er-doped power amplifier.
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Fig. 3 Optical and fiber laser diagram designed for SRS microscopy including essential components of the
dual-wavelength fiber-laser-coupled microscope. The top arm of the laser diagram indicates the scheme for
generating the Stokes beam (red) and the bottom arm generates the pump beam (orange). Both beams are
combined (purple) and passed through the specimen. Er amp erbium amplifier, Er pre-amp erbium preampli-
fier, HNLF highly nonlinear fiber, PD photodiode, PPLN periodically poled lithium niobate, Yb amp ytterbium-
doped amplifier, Yb pre-amp ytterbium-doped preamplifier

(d) The beam is passed through a collimator and output is
frequency doubled in a periodically poled lithium niobate
(PPLN) crystal.

(e) The laser output is scaled to 120 mW for the pump beam.

(f) A portion of the pump beam is passed through a photodi-
ode reference to form the reference beam and passed to
the microscope controller where autobalance detection is
used for noise-cancellation.

5. Precise tuning of the difference frequency between pump and
Stokes beams is achieved with motorized fiber optic tunable
filters; the Stokes beam is tuned to between 1010 nm and
1040 nm and the pump beam is kept fixed at 790 nm (see
Note 1).

6. The two beams are overlapped using a free space dichroic
mirror and passed through the specimen.
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3.2 Generating an
SRH Image with the
NIO Imaging System

7. The pump beam is detected by the autobalance detection after
the Stokes beam is filtered out by a band pass filter and passed
through a photodiode signal.

Fresh tissue (~3 mm thick) is placed on an uncoated glass slide
and flattened to a thickness of 120 pm similar to a standard squash
preparation. 50 pL of normal saline is added to the tissue and a
coverslip is applied to the tissue and adhered to the slide. The slide
is then placed on the motorized stage of the microscope (see
Note 1).

1. Power on NIO.

2. Follow prompts to enter patient name, demographic
information.

3. Use prefilled saline syringe to fill chamber with 40 cc of distilled
water.

4. Await tissue.

(921

. Surgeon/proceduralist allocates biopsied tissue (sec Note 2).

6. Prepare tissue of interest. Trim any coagulated or bloody
regions. For tissues sample to detect or diagnose tumor, select
most translucent sample possible. Ideal tissue size is dictated in
part by the compressibility of the tissue. Tissue should not
deform imaging chamber or prevent it from sealing easily.

7. Place tissue into NIO slide cassette and seal by running a figure
over each of the edges of the coverslip.

8. Follow prompts to enable white light acquisition of tissue
within chamber. Note- imager door must be open during
acquisition of white light image.

9. Select acquisition position and size of desired SRH image. Try
to avoid tissue edges when selecting imaging site.

10. Close imager door as prompted by graphical user interface.

11. Press acquire. Image acquisition time will be several minutes
depending on function of system and desired image size see
Note 3).

12. Review SRH image.

4 Notes

We provide our institution’s protocol for imaging fresh brain tumor
specimens with SRH. Critical steps in the protocol include speci-
men collection and handling, microscope preparation, and image
acquisition. As with any imaging modality, there is a learning curve
in the process of developing the technical skill to ensure excellent
image quality with each specimen. There is an array of variables that
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affect signal to noise ratio, and, therefore, image quality, including
those intrinsic to the imaging modality and those intrinsic to the
tissue sample itself.

1. From the standpoint of the tissue sample, it is important to be
mindful of the fact that the clinical SRH imager works in
transmission mode, meaning that light must traverse the tissue
to create signal. Consequently, signal to noise ratio is best when
transmission of light through the sample is highest. We have
not quantitatively evaluated a degree of light transmission that
is required to generate an acceptable SRH image because of the
subjective nature of such a determination. That said, we have
appreciated the highest image quality in specimens that tend to
be more transparent. As a caveat, tissues that are extremely
transparent may have that property because they are acellular
or loosely organized. Such specimens are not likely to create
excellent images- simply because there is not much to image.
On the other hand of the spectrum, tissues that are highly
fibrotic or opaque do not readily allow for light transmission
and may also result in poor image quality.

Another element related to light transmission that can
degrade image quality is tissue compressibility. Cortex and
white matter, as well as most tumors of the central nervous
system are highly compressible, creating the opportunity to
“pancake” a thin layer of tissue within an imaging chamber
even when starting with a specimens that is several mm in size.
With less compressible tissue such as breast, prostate or head
and neck biopsies, the thickness of the specimen plays a crucial
role in ensuring image quality. The imaging chamber is design
with a 125 micron distance between the bottom of the cham-
ber and the coverslip surface. Approximating this thickness
with the tissue section ensures that tissue will be transparent
and compressible enough to produce acceptable image quality.

Careful tissue handling is essential in ensuring that tissue
architecture will be preserved. The user will develop his/her
own ability to judge the appropriate amount of tissue to load
into a chamber. Best practice can preserve tissue architecture in
with gentle compression leading to images that retain diagnos-
tic histologic images. Along these lines, we also advise keeping
tissue specimens moist from the time they are harvested to the
time they are imaged.

2. As with conventional histology, SRH image quality is also
driven by the integrity of the tissue that is being imaged.
SRH has been widely deployed in human brain tumors, many
of which contain necrotic areas given their rapid growth. Due
to tissue degradation and cell death, imaging of necrotic tissue,
which often comprises the largest volume of an aggressive
malignancy will generally result in poor image quality. In
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Ex Vivo and In Vitro Methods for Detection of Bioactive
Staphylococcal Enterotoxins

Reuven Rasooly, Paula Do, and Bradley Hernlem

Abstract

Staphylococcus aurens is a major bacterial cause of clinical infections and foodborne illnesses.

Through the synthesis of'a group of Staphylococcal enterotoxins (SEs), gastroenteritis occurs and the SEs
function as superantigens to massively activate T cells. The ability to rapidly detect and quantify SEs is
imperative in order to learn the causes of staphylococcal outbreaks and to stop similar outbreaks in the
future. Also, the ability to discern active toxin is essential for development of food treatment and processing
methods. Here, we discuss the various methodologies for detection and analysis of SEs.

Key words Staphylococcal enterotoxins, Food poisoning, Detection methods, Activity assay, T-cells

1 Introduction

Staphylococcal enterotoxins (SEs) are members of a family of some
23 different staphylococcal and streptococcal exotoxins which share
structural motifs, have emetic activity and are causative agents of
bacterial food poisoning that affects about a quarter million people
every year in the USA [1]. These toxins act on the gastrointestinal
tract, induce emesis, and activate the immune system. SEs bind to
the major histocompatibility complex (MHC) class II molecules of
antigen presenting cells (APC) and also bind to the variable region
(VB) on the T-cell receptor forming a bridge between APC and
T-cells, leading to cytokine secretion and CD4" T-cell proliferation.
Previous work has shown that there is a relationship between the
emetic activity of SEs and their superantigenic activity. This was
demonstrated, for example, by site-directed mutagenesis of Staph-
ylococcal enterotoxin type C2 resulting in both an inhibition of its
emetic activity and elimination of its superantigenic activity [2].
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1.1 Detection and
Analysis of SEs

1.2 In Vivo
Measurement of SE
Activity

1.3 Ex Vivo Assays
for Detection of
Biologically Active SEs

The ability to rapidly detect and quantify SEs is very important,
epidemiologically to identify the causes of staphylococcal outbreaks
and to stop similar outbreaks in the future. The most common
techniques are immunological methods using antibodies specific to
the target SE. These methods include latex agglutination, enzyme-
linked immunosorbent assay (ELISA), ELISA Lab-on-a-Chip
(ELISA-LOC), real-time surface plasmon resonance (SPR) to
detect the binding of the SEs toxin(s) to antibodies immobilized
on the surface of a sensor, and nanoparticle based immune assays.
The detection and analysis of SEs in food and other complex
samples may result in nonspecific responses caused by antibody
cross-reactivity with unrelated antigens [3]. Western blotting has
the potential to overcome some of the major problems associated
with detection of toxins in food, because the size determination of
the protein bound by an antibody increases the specificity of detec-
tion. Another approach to increase specificity is the use of mass
spectrometry to verify the SEs bound on an SPR chip. However,
while immunoassays can measure the presence of SEs they cannot
differentiate between the active form of SEs, which is a threat to
public health, and inactive SEs [4]. The ability to discern active
toxin is also important for development of food treatment and
processing methods. Cooking and pasteurization are forms of
heat treatment that inactivate Staphylococcal Enterotoxin A
(SEA) [5]. Pulsed ultraviolet (UV) light has also been applied to
inactivate SEA [6].

The current accepted method to detect biologically active SEs is to
administer SEs directly into the stomach of monkeys or kittens and
then observe for any emetic response [7, 8]. This method of
detection is expensive, difficult to reproduce, and has low sensitiv-
ity. The administration of 10 pg SEA produces vomiting in 50% of
the animals [7-9]. These in vivo monkey or kitten bioassay are not
very practical for many settings and raise ethical concerns regarding
the use of experimental animals. Bavari et al. and Hufhagle et al.
demonstrated a novel ex vivo technique utilizing human peripheral
blood mononuclear cells (PBMC) in which they measured T-cell
proliferation using 3H thymidine incorporation [ 10, 11]. However,
using PBMCs from healthy human donors adds complexity and
they are not always available. In addition, this method produces
radioactive waste and is therefore not a desirable alternative method
to the in vivo bioassays for detection of active SEs.

To overcome the inherent limitations of such bioassays, our lab
developed several mouse cell-based assays as an alternative method
for measuring the activity of SEs. These methods based on the
superantigen activity of SEs include an ex vivo splenocyte prolifera-
tion assay and a cytokine secretion assay (see diagram right arm).
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1.3.1  DNA Quantitation to
Measure Splenocyte
Proliferation

1.3.2 Ex Vivo Cytokine
Secretion Assay for
Detection of Biologically
Active SEs

1.4 In Vitro Assays
for Detection of
Biologically Active SEs

1.4.1  Cytokine
Quantitation to Measure
Biologically Active SEA

1.4.2 Bioluminescence
Based Assay for Detection
of Biologically Active SEE

This method is based on DNA labeling. After incubation of sple-
nocytes with SEs, cell proliferation is measured by labeling the
proliferating cells’ DNA with bromodeoxyuridine (5-bromo-2-
deoxyuridine, BrdU) and then quantifying the incorporated BrdU
by immunohistochemistry. BrdU labeling is shown to be highly
correlated with SEA concentration (R* = 0.99) and can detect as
little as 20 pg/mL of SEA, which is far more sensitive than most
enzyme-linked immunosorbent assays. Our assay can also distin-
guish between active toxin and inactive forms of the toxin [12]. By
applying immunomagnetic beads that capture and concentrate the
toxin, our assay is able to overcome matrix interference.

An alternative to BrdU labeling of DNA, we used several ex vivo
approaches to detect cell activation of splenocytes or primary naive
CD4" T-cells exposed to biologically active SEs. These methods
utilize the induction by SEs of differential expression of cytokines
including IL-2 [13, 14], IFN-y [15], TNF [16], or the cell surface
CD154 [17]. Cytokines can be measured by flow cytometry
[14,16], qRT-PCR [15]. These assays can be used for food testing
[12-14]. The ex vivo method has advantages over the in vivo
monkey and kitten bioassay because one mouse spleen can provide
enough cells for roughly 500 assays. However, ex vivo splenocyte
based assays still require the use of animals which raises ethical
concerns.

The Lautenberg Chemical Safety Act encourages the development
and adoption of alternatives to testing on animals for chemical
toxicity methodologies. To entirely avoid the need to use animals,
we took a step further to eliminate this concern by replacing the
mouse splenocytes with human cell lines to avoid all animal testing.
The activity assay is based on using two cell lines: a CD4" T-cell line
in combination with a B-cell line which presents the SE-MHC class
IT complex to the CD4" T-cell line. We use several alternative
methods for measuring the activity of SEs (see diagram left arm).

The assay utilizes CCRF-CEM, a human CD4" T-cell line, and Raji
B- cells. This T-cell line is specifically activated by SEA resulting in
measurable secretion of IL-2. Application of this in vitro assay
showed that increasing concentrations of SEA induced a dose
dependent IL-2 secretion in the range of 0.001 ng/mL to
10 ng/mL SEA [14]. The assay is highly specific to biologically
active SEA, compared with the related SEs toxin subtypes B, D, and
E or heat inactivated SEA, which produce no secretion of 1L-2.

To measure SEE, we utilize a genetically engineered human
T-lymphocyte Jurkat cell-line expressing the luciferase reporter
gene under the regulation of nuclear factor of activated T-cells
response element (NFAT-RE) combined with a Raji B-cell line
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1.4.3 T-Cell Receptor VB
Based Assay for Detection
of Biologically Active SEE

that presents the SEE-MHC class II to the engineered T cell line.
NFAT-RE regulates CD154, a surface marker that we previously
found to indicate activation by SEs [17]. Exposure of the above
mixed culture to SEE induces differential expression of the lucifer-
ase gene and bioluminescence can be measured by fluorimeter or
CCD camera over a 6-log range. The limit of detection of biologi-
cally active SEE is 1 fg/mL which is 10? times more sensitive than
the monkey and kitten bioassay [18].

SEE induces internalization of TCR V8 protein in a dose-
dependent manner. This phenomenon can be utilized and it was
demonstrated that increasing concentrations of SEE reduced TCR
VP8 protein levels in a dose-dependent manner as measured by flow
cytometry [19]. Similarly, SEA induces reduction in TCR V(9
protein in a dose-dependent manner [20]. Both of these specific
assays can discriminate between biologically active and inactive
SE. After stimulation, cells are stained with fluorescently conju-
gated anti-Vp (VB8 or VP9) mAb and fluorescence is measured by
flow cytometry.

This chapter describe ex vivo and in vitro methods for detection
of bioactive staphylococcal enterotoxins.

2 Materials

2.1 Chemical and
Reagents

2.1.1  Toxin Isolation from
Matrix

2.2 Chemical and
Reagents for the Ex
Vivo Assay

1. Dynabeads M-280 tosylactivated (Invitrogen, Carlsbad, CA).
2. DynaMag (Invitrogen, Carlsbad, CA).

3. Dynabeads Mouse CD4 1.3T4 Isolation Kit, (Invitrogen/Life
Technologies, Carlsbad, CA, USA).

4. Isolation buffer: PBS supplemented with 0.1% BSA and
2 mM EDTA.

5. DETACHaBEAD® mouse CD4 (Invitrogen/Life Technolo-
gies, Carlsbad, CA, USA).

6. 100 mM Glycine-HCI, pH 2.5.
7. 0.1 M Sodium borate buffer, pH 9.5.
8. 0.2 M Tris—HCI, pH 8.5.

1. C57BL/6 female mice (The Jackson Laboratory
Sacramento, CA).

Centrifuge.

CO, incubator.

70% alcohol.

6 cm? syringe and 18 %4 gauge needle.
Phosphate buffered saline (PBS), pH 7.4.

S T



2.3 Media and
Buffers for the In
Vitro Assay
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7.
8.
9.

10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

21.

22.

Bovine serum albumin (BSA) (Hyclone, Logan, UT).

200 mM glutamine (Gibco).

Antibiotic-antimycotic (Gibco; containing penicillin, strepto-
mycin, and amphotericin B).

Nonessential amino acid mix (Gibco).

100 mM sodium pyruvate (Gibco).

B-mercaptoethanol (Sigma).

Trypan blue (Fisher Scientific).

1 M H,SO..

Hemocytometer (Fisher Scientific).

5-bromo-2-deoxyuridine (BrdU) Cell Proliferation Assay (Cal-
biochem, San Diego, CA).

BrdU Cell Proliferation Assay Kit (Millipore Sigma, Cat
no. 2750).

BD Cytometric Bead Array (CBA).

Mouse Thl/Th2/Thl7 Cytokine Kit (BD Catalog
No. 560485) or BD CBA Human Thl,/Th2/Th17 Cytokine
Kit (560484).

CD154 Enrichment and Detection Kit (PE), mouse (Miltenyi,
Catalog No. 130-093-129).

Lysis buffer (0.15 M NH,Cl, 10 mM KHCOj;, 0.1 mM
Na,EDTA).

Russ-10 cell culture medium.
450 mL of RPMI 1640 medium without glutamine.

50 mL fetal bovine serum.
5 mL 200 mM glutamine.

5 mL antibiotic-antimycotic (10,000 U/mL penicillin,
10,000 pg/mlL streptomycin, and 25 pg/mL  of
amphotericin B).

5 mL nonessential amino acid mix.
5 mL 100 mM sodium pyruvate.
0.25 mL of 100 mM f-mercaptoethanol.

. Dead cell stain eFluor 780 (eBioscience, catalog no. 65-0865-

18).

. BD OptEIA™ Human IL-2 ELISA Set (BD, Catalog

No. 555190).

. BD OptEIA™ Human IL-10 ELISA Set (BD, Catalog

No. 555157).

. BioGlo luciferase assay system (Promega, Catalog no. G7940).
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5.

10.

11.

12.

13.

14.

15.

16.

17.

CCRF-CEM human lymphoblastoid T-cell line (ATCC®
CCL-119).

. Raji human Burkitt’s lymphoma B cell line (ATCC® CCL-86).
. Genetically engineered Jurkat T cell-line (Promega, Catalog

No. J1621) which expresses the luciferase reporter gene
under control of NFAT-RE response elements.

. Anti-SEA antibody (Toxin Technology, Sarasota, FL).
. APC conjugated anti-mouse CD4 antibody (e.g., eBiosciences,

Catalog No. 17-0041-82).

PacBlue-labeled mouse anti-human CD19  antibody
(eBioscience, catalog no. MHCD1928).

PE-labeled mouse anti-human VB9 antibody (eBioscience, cat-
alog no. 12-4899-42.

FITC-labeled mouse anti-human VB8 antibody (BD, Catalog
no. 555606).

PE-labeled mouse anti-human CD19 antibody (BD, Catalog
no. 555413).

Modified RPMI 1640 cell culture medium.
450 mL of RPMI 1640 medium (ATCC modification*),
Gibco, catalog No. A1049101.

50 mL fetal bovine serum.

5 mL nonessential amino acid mix.

5 mL antibiotic-antimycotic (10,000 U/mL penicillin,
10,000 pg/ml streptomycin, and 25 pg/mlL  of
amphotericin B).

Selective cell culture medium.
450 mL of RPMI 1640 medium (ATCC modification*),
Gibco, catalog No. A1049101.

50 mL fetal bovine serum.
5 mL nonessential amino acid mix.
200 pg/mL hygromycin B.

* RPMI is modified with 2 mM L-glutamine, 10 mM HEPES,
1 mM sodium pyruvate, 25 mM glucose, and 18 mM
sodium bicarbonate.

A flow cytometer with one 488-nm or 532-nm laser and one
633-nm or 635-nm laser and fluorescence detection channels
capable of distinguishing 576-nm, 660-nm, and >680-nm
fluorescence. FACSAria Fusion cytometer (BD Biosciences,
San Jose, CA).

A BioTek microplate reader or equivalent.
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3 Methods

3.1 Staphylococcus
Enterotoxins Isolation
Methods

3.1.1  Conjugation of

Magnetic Beads with Anti-

SE Antibody

3.1.2 Toxin Binding and
Disassociation of SEA
from Beads

3.2 Mouse Cell
Isolation and Analysis
Methods

3.2.1  Murine Splenocyte
Isolation

Toxin isolation from food matrix and reduction of food matrix
interference can be achieved by applying immunomagnetic beads
that separate toxin and concentrate SEs from food.

1.

4.

Wash 100 pL. Dynabeads M-280 tosylactivated twice with
600 pL of 0.1 M sodium borate buffer, pH 9.5, and diluted
in the same buffer to 2 x 10° beads/pL.

. Add 30 pg of purified antibody against the SE subtype of

interest to 1 x 10% beads (50 pL).

. Incubate the antibody and bead mixture for 24 hat 37 °Con a

slow shaker to facilitate covalent binding.

. Wash the coated beads twice for 5 min at 4 °C with 1 mL

phosphate buffered saline (PBS), pH 7.4, containing 0.1%
bovine serum albumin (BSA), wash once for 4 h at 37 °C
with 0.2 M Tris—=HCI, pH 8.5, containing 0.1% BSA, and
wash once more for 5 min at 4 °C with PBS, pH 7.4, contain-
ing 0.1% BSA.

. Resuspend the beads in 50 pL of Tris-BSA bufter.

. Add 15 pL anti-SE conjugated immunomagnetic beads

prepared in Subheading 2.11 to a 4 mL food or analytical
sample and incubate 24 h at 4 °C with a tilting motion.

. Place sample on a DynaMag magnet for 2 min to collect the

beads.

. Wash beads twice with PBS, pH 7.4, containing 0.1% BSA.

Elute toxin from beads with 7.5 pL of 100 mM glycine-HCl
(pH 2.5) and then neutralize with 7.5 pL of 2x Tris-buffered
saline (TBS) (pH 8.3).

Use toxin eluent in assay procedure of choice.

In order to ex vivo study the effect of enterotoxins on lymphocytes,
suspensions from lymph nodes are needed.

. Sacrifice C57BL/6 female mice by cervical dislocation and

rinse with 70% alcohol.

Aseptically remove spleen (which is located at the left side of
the abdomen) and disrupt using a syringe and needle in Russ-
10 cell culture medium.

Centrifuge cells at 200 x gand 4 °C for 10 min.

4. Lyse red blood cells by adding red cell lysis buffer (0.15 M

NH4CI, 10 mM KHCOj3, 0.1 mM Na,EDTA) and incubate
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3.2.2 Positive Isolation of
Murine CD4* T-Cells

3.3 Murine Cell-
Based Methods for
Measuring the Activity
of Staphylococcal
Enterotoxins

3.3.1 T Cell Proliferation
Assay for Measuring the
Activity of Staphylococcal
Enterotoxins (for this Step
Use the BrdU Cell
Proliferation Assay Kit)

Reuven Rasooly et al.

for 5 min at room temperature. Spin the cells (200 x g, 10 min)
and remove the lysis buffer.

. Resuspend cells in Russ-10 medium, and count viable cells

using trypan blue and a hemocytometer.

. Resuspend freshly isolated splenocytes (from Subheading

3.2.1) in isolation bufter (PBS supplemented with 0.1% BSA
and 2 mM EDTA) at a concentration of 1 x 10”7 /mL.

. Incubate cells with washed Dynabeads (25 pL of Dynabeads

per 107 cells) for 20 min on ice with gentle rotation.

. Following incubation, place the cells and Dynabeads on a

magnet for 2 min and remove the supernatant from the cell-
bead pellet.

4. Wash the bead-bound cells three times with isolation buffer.

. Resuspend the bead-bound cells in Russ-10 media (107 cells

per 100 pL of media).

. Add DETACHaBEAD® mouse CD4 (10 pL per 107 cells).

. Incubate cells for 45 min with gentle rotation at room temper-

ature. Wash the detached cells three times with isolation buffer
and resuspend in media.

To overcome the inherent limitations of in vivo monkey or kitten
bioassays we describe an in vitro T cell proliferation assay based on
SEs superantigen activity as an alternative method for measuring
the activity of staphylococcal enterotoxins.

1.

Using murine splenocyte cells (from Subheading 3.2.1) or
CD4" T cells (from Subheading 3.2.2) place cells in 96-well
plates (1 x 10° cells/mL in a total volume of 0.2 mL) in Russ-
10 medium.

. Add analyte sample and concentrations of SEA (ranging from

400 ng/mL to 4 pg/mL) to a final volume of 0.2 mL.

. Incubate plates at 37 °C in a 5% CO, incubator.
. After 48 h incubation, quantify cell proliferation by adding

(5-bromo-2-deoxyuridine) BrdU to cells 20 pL /well. Incubate
the cells for 4 h at 37 °C.

. Remove the labeling medium by spinning the plate at 200 x g

for 10 min. Pour off medium.

. Add 200 pL/well of the fix denature reagent to the cells.

Incubate for 30 min at RT.

. Remove the fix denature reagent by pouring oft.

. Air dry the cells by incubating at room temperature until dry

(see Note 2).
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3.4 Measuring T-Cell
Cytokines Resulting
from Enterotoxins
Activation

3.4.1 Cytometric Bead
Array for Detection of SE
Activity (for this Step Use
the BD CBA Mouse Kit)

0.7

R?=0.992

0.6 4

0.5 4

0.4 1

0.3 4

OD [450/620 nm]

0.2 4

0.1 4
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Fig. 1 Detection of SEA in cell culture medium. Cells were spiked with increasing
concentrations of SEA. After incubation for 2 days newly synthesized DNA was
measured BrdU labeling. The incorporation of BrdU into the DNA was measured
by the ratio OD [450/620 nm]. Error bars represent standard errors

9. Add Anti-BrdU solution 100 pL/well. Incubate at RT for
90 min.

10. Wash plate three times with wash solution.

11. Add 100 pL/well of substrate solution and incubate at RT
until development is sufficient for reading (5-30 min).

12. To stop reaction, add 25 pL./well of 1 M H,SO,.

13. Record spectroscopic measurements of ODgyonn  and
OD450nln~

14. The incorporation of BrdU into the DNA is measured by the
ratio OD [450,/620 nm] as shown in Fig. 1.

In ex vivo and in vitro assay enterotoxins stimulate cytokine produc-
tion in dose and time dependent manner.

Cytometric Bead Arrays are useful when surveying a range of
possible cytokine effects resulting from enterotoxins activation of
splenocytes or CD4" T cells. Multiple cytokines can be analyzed at
once in a single sample of 50 pL.. The cytometric bead array is usetul
in the beginning to determine which cytokine is released and then
subsequently a cytokine ELISA kit can be used (Subheading 2.3).



246 Reuven Rasooly et al.

250 - Splenocytes 250 - CD4+
. 5 g/ml 5 g/ml
3 1 pg/ml = 1 ug/ml
[ 200 ng/ml 200 ng/ml "
200 1 — 5 ng/ml 2004 3 5ng/ml
. 1 ng/ml . 1 ng/ml
[N 0 ng/ml === 0ng/ml
E 150 - 150
o
& —
Lzl. _
£ 100 - 100 -
50 - 50 4 |
0 - L 0 Ll LIl
Day 1 Day 2 Day 1 Day 2

Fig. 2 Flow cytometric analysis for quantification of biologically active SEA. Primary naive CD4" T-cells or
splenocytes were spiked with increasing concentrations of SEA. After 24 h or 48 h of stimulation with SEA, TNF
protein secretion was measured by flow cytometry

1.

Using murine splenocyte cells (from Subheading 3.2.1) or
CD4" T cells (from Subheading 3.2.2) place cells in 96-well
plates (1 x 10° cells/mL in a total volume of 0.2 mL) in Russ-
10 medium.

. Into each filled well add 100 pL toxin test sample or SE control

covering the range 400 ng/mL to 4 pg/mL diluted in media.

. Incubate plates at 37 °C in a 5% CO, incubator for 24 and /or

48 h.

4. Remove supernatant from wells.

. Analyze cytokines secreted into the well supernatant following

the respective manufacturer’s procedures for the BD CBA
Mouse.

34.2 ELISA (Enzyme Enterotoxins type A stimulate proliferation of CD4" T cells result-
Linked Immunosorbent ing in release of cytokines such TNF-a, IL.-2, and IFN-y in a dose-
Assay) for Detection of SE dependent manner. As shown in flow cytometry analysis (Fig. 2),
Activity (for this Step Use with increasing levels of SEA, levels of TNE-a increased as well in
Cytokine ELISA Kits) both splenocytes and naive CD4" T-cells.

More practical and inexpensive quantitative ELISA assay (Sub-

heading 2.3) can be used for detection of one of those cytokines.
Due to the fact that this kit is specific to one cytokine it is useful
after using the Cytometric Bead Array (Subheading 2.2, item 16).

1.

Using murine splenocyte cells (from Subheading 3.2.1) or
CD4" T cells (from Subheading 3.2.2) place cells in 96-well
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Fig. 3 Quantification of biologically active SEA using IFNy ELISA assay. Increasing concentrations of SEA was
incubated with splenocytes. (a) or CD4* T-cells (b). After 24 h, 48 h, or 72 h of stimulation with SEA, IFNy
protein secretion was measured by ELISA assay. Error bars represent standard error

3.4.3 Measuring Murine
Cell Surface Receptors for
Rapid Detection of

Active SEA

plates (1 x 10° cells/mL in a total volume of 0.2 mL) in Russ-
10 medium.

. Into each filled well add 100 pL toxin test sample or SE control

covering the range 400 ng/mL to 4 pg/mL diluted in media.

. Incubate plates at 37 °C in a 5% CO, incubator for 48 h.
. Remove supernatant from wells.

. Analyze selected cytokines secreted into the supernatant fol-

lowing the respective manufacturer’s procedures for Cytokine
ELISA Kit, such as BD OptEIA Human IL-2 ELISA kit (Cat
555190) for the target cytokine and type of cells used.

As shown in Fig. 3, increasing concentrations of SEA were

incubated with splenocytes (Fig. 3a) or CD4" T-cells (Fig. 3b).
After a 24 h, 48 h, or 72 h stimulation with SEA, IFNy protein
secretion was measured by ELISA assay.

As shown in Fig. 4, the quantitative detection of biologically

active SEA in various complex food products such as beef, chicken,
milk and green bean can be measured by IL-2 secretion.

The flow cytometry data presented in Fig. 5 show that short-term
(2-6 h) ex vivo exposure of primary naive CD4" T-cells to SEA
induces differential expression of the T cell surface receptor CD154
levels in a time and dose-dependent manner.

1.
2.

3.

Follow Subheadings 3.2.1 and 3.2.2 to obtain CD4" T-Cells.

Place cells in 96-well plates (1 x 10° cells/mL in a total volume
of 0.2 mL) in Russ-10 medium.

Add analyte sample and a range of concentrations of SEA
(ranging from 400 ng/mL to 4 pg/mL) to a final volume of
0.2 mL.
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Fig. 4 Utilizing IL-2 secretion measurement for detecting biologically active SEA
in various food matrices. Different food matrices were spiked with various
concentrations of SEA and incubated for 24 h. Immunomagnetic beads were
used to isolate SEA. The isolated toxin was incubated with splenocytes. IL-2
secretion was measured by ELISA

no toxin SEA 200 ng/mL SEA 5000 ng/imL
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Fig. 5 Analysis of the expression of the T cell surface receptor CD154 after incubation with SEA in milk. Fifteen
microliters of milk spiked with increasing concentrations of SEA was added to 185 pL of 1 x 10 cells mL-1.
After incubation for 6 h, expression of CD154 was measured by flow cytometry

4. Incubate samples at 37 °C in a 5% CO, incubator for 6 h.

5. Prepare the cells for flow cytometry by removing the media and
washing the cells two times with PBS by spinning at 200 x g for
10 min each.

6. Following manufacturer’s instructions, add 4 pL of CD154
detection cocktail to each sample. Also add 0.125 pg per
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3.5 Methods for
Measuring SEs
Utilizing Human T-
Cell Line

3.5.1 Biochem-
iluminescent Jurkat Cells
for Measuring Active
Staphylococcal Enterotoxin
Type E (SEE)

10.

1 x 10° APC conjugated anti-mouse CD4 antibody
(eBioscience, Catalog No. 17-0041-82).

. Incubate samples at 4 °C for 30 min.
. Wash samples twice in 200 pL. PBS (200 x g, 10 min) and then

resuspend in 0.5 mL PBS.

. Transfer samples through a cell strainer to remove any clumps,

into a suitable flow cytometer sample tube, for example, BD
Catalog No. 352235, 5-mL polystyrene tube with cell strainer
snap cap.

Analyze samples by flow cytometry, recording forward and side
light scattering, and fluorescence in the PE and APC channels.
Create a gate around the cell population in the SSC v ESC plot
to exclude debris. Plot the data from that gate in an APC v PE
dot plot and identify the percent of population that is CD4 and
CD154 positive.

The use of human T-cell lines is an alternate method that would not
require the harvesting of any tissues from living animals.

We apply a genetically engineered T cell-line expressing the lucifer-
ase reporter gene under the regulation of nuclear factor of activated
T-cells response element (NFAT-RE), combined with a Raji B-cell
line that presents the SEE-MHC (major histocompatibility com-
plex) class II to the engineered T cell line. The exposure of the
above mixed culture to SEE induces differential expression of the
luciferase gene which is measured as bioluminescence.

1.

Maintain Jurkat cells in selective media (Subheading 2.3, item
15) in a humidified 5% CO, atmosphere in an incubator kept at
37 °C. Maintain Raji cells in modified RPMI 1640 media
(Subheading 2.3, item 14) in a humidified 5% CO, atmo-
sphere in an incubator kept at 37 °C (see Note 1).

Prepare suspension of Jurkat cells in selective RPMI 1640
media (Subheading 2.3, item 15) to a concentration of
2 x 10° cells/mL. Prepare suspension of Raji cells in cell
culture medium to a concentration of 2 x 10° cells/mL.

In wells of a white 96-well clear bottom plate combine 50 pL
aliquots of Jurkat suspension with 25 pL aliquots of Raji sus-
pension and 25 pL aliquots of test sample or toxin standards.

Incubate plate for 5 h at 37 °C and then equilibrate to room
temperature for 10-15 min.

. Follow the manufacturer’s instructions for the luciferase assay

system and quantify the luciferase expression in each well with a
microplate reader.
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Fig. 6 (a) Model of the bioluminescence assay for measuring biologically active SEE. Jurkat reporter cells were
plated with Raji cells in a 96-well plate. The mixed cultures were coincubated with various concentrations of
SEE for 5 h. The emission result was detected by luminometer (b). Error bars represent standard errors
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Fig. 7 Bioluminescence assay for measuring biologically active SEE in PBS and milk Thermal treatment at
99 °C for 5 min reduces the biological activity of SEE in PBS. However, milk has a protective effect on SEE
retained from its initial activity. PBS (a) and milk (b) spiked with increasing concentrations of SEE were treated
at 99 °C for 5 min. Thermal treated spiked PBS or milk (15 pL) was added to the Jurkat reporter cells. After
incubation for 5 h, the luciferase enzyme activity was determined. Photon emission was detected by
luminometer. Error bars represent standard errors

The exposure of the genetically engineered T cell-line expres-
sing the luciferase reporter gene under the regulation of nuclear
factor of activated T-cells response element (NFAT-RE), combined
with a Raji B-cell line that presents the SEE-MHC to SEE induces
expression of the luciferase gene resulted in bioluminescence is read
out in a dose dependent manner over a 6-log range (Fig. 6). The
limit of detection of biologically active SEE is 1 fg/mL which is 10°
times more sensitive than the monkey and kitten bioassay.

The method can be used for food analysis. As shown in Fig. 7,
SEE can be detected in complex food samples including milk. The
control for these experiments was heat treated SEE in PBS which
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3.5.2 T-Cell Receptor
V38 Expression on Jurkat
Human T-Cells for
Quantifying Biologically
Active Enterotoxin Type
E (SEE)

reduced biological activities. Such experiment demonstrates that
heat inactivation of SEE was less effective in milk than in buffer.

In addition to the luciferase-based detection described above which
requires the luciferase genetic construct, SEE can be detected when
it is presented by Raji B-cell line in combination with a Jurkat T cell-
line which manifests reduced TCR V8 protein levels in a dose
dependent manner (see Note 3). This assay can be used as faster
alternative to a genetically engineered T cell-line expressing the
luciferase reporter gene (Subheading 3.5.1).

1.

Maintain Jurkat cells in selective media (Subheading 2.3, item
15) in a humidified 5% CO, atmosphere in an incubator kept at
37 °C (see Note 1). Maintain Raji cells in modified RPMI 1640
media (Subheading 2.3, item 14).

. Prepare suspension of Jurkat and Raji cells in modified RPMI

1640 media (Subheading 2.3, item 14) to a concentration of
2 x 10° cells/mL.

. In wells of a 96-well plate combine aliquots of 50 pL Jurkat

suspension with aliquots of 25 pL Raji suspension and 25 pL
aliquots of test sample or toxin standards.

4. Incubate plate for 2 h at 37 °C.

. Remove the media and wash the cells twice with PBS by

spinning at 200 x g for 10 min each.

. Label cells with FITC anti-VB8 (6 pg per 1 x 10° cells), PE

anti-CD19 (6 pg per 1 x 10° cells), and eFluor 780 (1 pL per
1 x 10° cells) and incubate in the dark at 4 °C for 30 min.

. Wash cells twice with PBS as above and transfer samples

through a cell strainer to remove any clumps, into a suitable
flow cytometer sample tube, for example, BD Catalog
No. 352235 5-mL polystyrene tube with cell strainer snap cap.

. Analyze samples by flow cytometry, using compensation and

recording forward and side light scattering and fluorescence in
the FITC (520-nm), PE (576-nm), and eFluor 780 (780-nm)
channels. Create a gate around the cell population in the SSC v
FSC plot to exclude debris. From the gated population exclude
the CD19 positive (B cell) and eFluor 780 positive (dead) cells.
From the remaining population record the FITC anti-Vf8
fluorescence and calculate the mean.

The assay for quantifying biologically active SEE utilizing

T-Cell receptor VP8 expression on Jurkat Human T-Cells is
shown in Fig. 8. As the level of SEE increases, the level of T-Cell
receptor VB8 Expression on Jurkat Human T-Cells decreases.
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Fig. 8 T-Cell Receptor Vp8 8 expression on Jurkat Human T-Cells for quantifying biologically active enterotoxin
type E. SEE induced specific reduction in TCR VP8 protein in a dose dependent manner. The mixed Jurkat T
cell and Raji B cell were coincubated with increasing concentrations of SEE for 2 h. Cells were stained with
FITC conjugated anti-VB8 mAb after stimulation. Fluorescence intensity was measured by flow cytometry. (a)
Shows histograms and mean florescence for live T-cell population (b) shows the plot of the results of the V38
expression of Jurkat Human T-Cells with and without Raji B-cell line exposed to different level of the toxin

3.5.3  Measuring Active Various toxins have different specificity for the VB receptor. SEA

SEA Based on T-Cell exhibits specificity to VB9. Such toxin specificity can be used for the
Receptor V39 Expression toxin biological typing. A cell-based assay for SEA quantification in
on CCRF-CEM Human T- which biologically active SEA is presented by Raji B-cell line to
Cells CCREF-CEM T-cell line resulting in internalization of V9 within

2 h with dose dependency over a 6-log range of SEA concentrations
(Fig. 9). The method for SEA analysis is as follows.

1. Maintain cell lines in modified RPMI 1640 media (Subheading
2.3, item 14) in a humidified 5% CO, atmosphere in an incu-
bator kept at 37 °C (see Note 1).

2. Prepare suspensions of CCRF-CEM and Raji cells in cell cul-
ture medium (Subheading 2.3, item 14) to a concentration of
2 x 10° cells/mL.

3. In wells of a 96-well plate combine aliquots of 50 pL. CCRE-
CEM suspension with aliquots of 25 pL Raji suspension and
25 pL aliquots of test sample or toxin standards.

4. Incubate plate for 2 h at 37 °C.

5. Remove the media and wash the cells twice with PBS by
spinning at 200 x g for 10 min each.

6. Label cells with PE anti-V9 (0.125 pg per 1 x 10°), PacBlue
anti-CD19 (0.125 pg per 1 x 10°), and eFluor 780 (1 uL per
1 x 10° cells) and incubate in the dark at 4 °C for 30 min.

7. Wash cells twice with PBS as above and transfer samples
through a cell strainer to remove any clumps, into a suitable
flow cytometer sample tube, for example, BD Catalog
No. 352235 5-mL polystyrene tube with cell strainer snap cap.

8. Analyze samples by flow cytometry, recording forward and side
light scattering and fluorescence in the PacBlue (455-nm), PE
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3.5.4 SEA Activity
Analysis Utilizing CCRF-
CEM Human T-Cell
Cytokine Secretion
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Fig. 9 SEA induced reduction in TCR V(9 protein in a dose dependent manner.
The mixed CCRF-CEM T-cells and Raji B cells were coincubated with increasing
concentrations of SEA for 2 h. After stimulation the cells were stained with FITC
conjugated anti-Vp9 mAb. Mean florescence intensity for VB9 in live T-cell
population was measured by flow cytometry

(576-nm), and eFluor 780 (780-nm) channels. Create a gate
around the cell population in the SSC v FSC plot to exclude
debris. From the gated population exclude the CD19 positive
(B cell) and eFluor 780 positive (dead) cells. From the remain-
ing population record the PE anti-VB9 fluorescence and calcu-
late the mean.

The results in Fig. 9 show the SEA induced reduction in TCR
VB9 protein.

Another approach for cell-based SEA activity analysis is analysis of
cytokine secretion. similar to the other SEA assays described above,
the biologically active SEA is presented by Raji B-cell line to CCREF-
CEM T-cell line. However, in this assay I1.-2 and IL-10 secretion
was measured by cytometric bead array to identify the most
secreted cytokines. An alternative more practical and inexpensive
approach is quantitative ELISA assay which was used for detection
of one of those cytokines (Subheading 2.3).

1. Maintain cell lines in modified RPMI 1640 media (Subheading
2.3, item 14) in a humidified 5% CO, atmosphere in an incu-
bator kept at 37 °C.

2. Prepare suspensions of CCRF-CEM and Raji cells in cell cul-

ture medium (Subheading 2.3, item 14) to a concentration of
2 x 10° cells/mL.
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Fig. 10 Activation of T-cells SEA superantigen leads to substantially higher cytokine production. CCRF-CEM
T-cells and metabolic function Raji B-cells or fixed dead Raji B-cells were mixed in a coculture and were
incubated for 24 h with increasing concentrations of SEA. Induction of IL-2 or IL-10 secretion was measured
by ELISA. Error bars represent standard errors

3. In wells of a 96-well plate combine aliquots of 50 pL. CCRF-
CEM suspension with aliquots of 25 pL. Raji suspension and
25 pL aliquots of test sample or toxin standards.

4. Incubate plate for 24 h at 37 °C.
5. Follow manufacturer’s instructions for the respective ELISA
sets to analyze IL-2 and IL-10 secreted into the supernatant.

The results of the assay to analyze IL-2 and IL-10 secreted into
the supernatant are shown in Fig. 10.

4 Notes

1. For human cell-lines maintain cells in culture between 3 x 10°
and 2 x 10°/mL. Do not allow cells to grow to a density
greater than 3 x 10°/mL.

2. When measuring T-cell proliferation in mouse cells, the plate
can be kept in +4 °C for 1 week after removal of fix denature
reagent.

3. The limit of detection using the in vitro bioluminescence assay
for the detection of biologically active SEE is 1 fg/mL which is
10” times more sensitive than the monkey and kitten bioassay.
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i Chapter 14

An Ultracompact Real-Time Fluorescence Loop-Mediated
Isothermal Amplification (LAMP) Analyzer

Gihoon Choi and Weihua Guan

Abstract

Low-cost access to the highly sensitive and specific detection of the pathogen in the field is a crucial
attribute for the next generation point-of-care (POC) platforms. In this work, we developed a real-time
fluorescence nucleic acid testing device with automated and scalable sample preparation capability for field
malaria diagnosis. The palm-sized battery-powered analyzer equipped with a disposable microfluidic
reagent compact disc described in the companion Chap. 16 which facilitates four isothermal nucleic acid
tests in parallel from raw blood samples to answer. The platform has a user-friendly interface such as
touchscreen LCD and smartphone data connectivity for on-site and remote healthcare delivery, respec-
tively. The chapter mainly focuses on describing integration procedures of the real-time fluorescence LAMP
analyzer and the validation of its subsystems. The device cost is significantly reduced compared to the
commercial benchtop real-time machine and other existing POC platforms. As a platform technology, self-
sustainable, portable, low-cost, and easy-to-use analyzer design should create a new paradigm of molecular
diagnosis toward a variety of infectious diseases at the point of need.

Key words Point-of-care, Nucleic acid testing, Real-time, Fluorescence, Analyzer, Malaria

1 Introduction

In the current healthcare landscape, the ability to diagnose, moni-
tor, and manage diseases near the site of patient care is increasingly
essential for rapid clinical decision-making [1, 2]. Over the past
decade, point-of-care (POC) technologies have been offered acces-
sible diagnosis, low-cost, reduced sample/reagent volumes, and
rapid analysis time. Current POC devices for pathogen screening
in the field almost exclusively focus on immunoassay-based rapid
diagnostic tests (RDTs), which can detect various biological ana-
lytes (e.g., cholesterol, lipids, HbAlc, cardiac markers, CD4+, HIV
proteins, histidine-rich protein II, influenza, cardiac marker, and
cancer markers) [2]. The integrated colorimetric and fluorometric
lateral flow assay in paper strips [3] and microfluidic reagent car-
tridge [4] were analyzed by electrochemical and optical readout
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using smartphone methods, allowing excellent portability, simplic-
ity, low-cost, and fast turnaround time. However, most RDTs have
an insufficient limit of detection to identify samples with low ana-
lyte concentration [5]. The insufficient detection limit is often
problematic for the identification of asymptomatic carriers in the
case of infectious diseases (e.g., malaria parasite, HIV, HPV, Zika,
Ebola, and dengue) where early diagnosis and timely treatment is
essential to prevent the transmission of diseases [6].

Nucleic acid testing (NAT) methods enable much-enhanced
sensitivity [7, 8], which is highly desired for identifying asymptom-
atic infections [7, 9-12]. Among various molecular amplification
assays, loop-mediated isothermal DNA amplification (LAMP) has
emerged as a promising technology for field use due to its simplic-
ity, rapidness, sensitivity, and specificity [8, 9, 11, 13-15]. In par-
ticular, LAMP has been used in POC application due to its
robustness against the crude samples (blood, saliva, nasal swab,
etc.), which contains amplification inhibitors [16-18]. Unfortu-
nately, most LAMP-based test still requires bulky peripheral equip-
ment and skilled technicians for the sample process [8—
22]. Besides, necessary infrastructures such as electricity for power-
ing equipment are often limited in remote clinical settings [23-
25]. Therefore, there is a strong desire to develop a molecular
diagnostic system that can be easily deployed to clinical sites.

Various POC LAMP platforms were reported to enable highly
sensitive field diagnosis. For example, electric-free noninstrumen-
ted nucleic acid amplification (NINA) platform uses exothermic
chemical reaction as a heating element to facilitate colorimetric
RT-LAMP assay for a qualitative HIV-1 and malaria test in a tube
[26, 27]. Microfluidic Biomolecular Amplification Reader (uWBAR)
system was developed by converging microfluidics, optics, and
electronic technologies to perform NATs on microfluidic reagent
cartridge for quantitative HIV-1 testing [20]. A battery-powered
compact genetic testing instrument (Gene-Z) were integrated with
multi-channel fluorescence sensors and aluminum heater for multi-
plexed detection for foodborne pathogens such as E. coli and
S. aurens [28]. Many CD-like centrifugal platforms [29] for the
LAMP test were also reported to achieve high-throughput and
multiplexed detection of foodborne pathogens [30].

Despite significant effort and progress toward field deployment
of NATs assays, highly integrated DNA sample preparation from
raw peripheral blood for molecular assays remains a bottleneck
[31, 32]. Current sample preparation usually involves lengthy or
error-prone manual processes such as gravity-driven filtration [33],
centrifugation [34]. Although a few emerging POC NAT devices
(e.g., Alere q system [ 35, 36], Cobas Liat system [37], and Cepheid
Xpert Omni platform [38]) have successfully integrated the sample
preparation step, a low-cost LAMP-based NAT is not readily avail-
able for the screening test. For the promising LAMP technologies
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to be used as malaria screening tests in the field, the DNA extrac-
tion method should be simple, rapid, scalable, fully automated, free
of cross-contamination, and seamlessly integrated with the amplifi-
cation for immediate analysis.

POC technologies play an important role in modern healthcare
industries since they can expedite the flow of patient care, reduce
the wait times and cost, and increase the access to sensitive and
specific diagnostics. The ASSURED (Affordable, Sensitive, Spe-
cific, User-friendly) criteria are the key considerations for POC
device development. Recent POC technologies focus on mobile
and automated platforms that open up the diagnostic opportunities
in a resource-limited setting where the well-established healthcare
infrastructures and quality medical care are not available. Besides,
simplicity and ease of use are attributes of most POC devices,
allowing patients to perform self-testing (e.g., glucose, HIV,
STD, and malaria) at the primary care before seeing healthcare
professionals.

A microcontroller is a miniaturized computer on a single
integrated circuit. A typical MCU includes a processor, memory,
and input/output peripherals. MCU also supports analog-to-digi-
tal converter (ADC), and digital-to-analog converter (DAC) allows
the microprocessor to interface with external analog sensor devices
without additional computing components. Due to its small size,
low-power consumption, and cost, it has been widely used in
portable electronic devices such as cellphones, cameras, and medi-
cal devices. Those attributes can be applied to the POC LAMP
devices, which often requires an automatic process for controlling
peripheral electronics such as digital image sensor, thermal module,
display, and data interfacing module.

Here, we present a real-time fluorescence LAMP device suit-
able for field detection of malaria with automated and scalable
sample preparation capability (Table 1). The palm-sized platform
unprecedentedly integrated with thermal, optical, electromechani-
cal, data/interfacing subsystems for streamlined nucleic acid sam-
ple process from raw blood samples to isothermal amplification
preformed in a disposable microfluidic reagent compact disc
described in the companion Chap. 16. More specifically, a restive
heating source was feed-back controlled to maintain the isothermal
nucleic acid amplification temperature at 65 °C. The optical mod-
ule consists of an optical excitation source and color sensors,
enabling the detection of green fluorescence light during the
nucleic acid amplification process. The servo motor was used to
rotate the microfluidic reagent compact disc against the stationary
permanent magnet to actuate the magnetic beads to the designated
reagent chambers on the disc for performing magnetic interaction—
based nucleic acid sample extraction/purification assay. Touchsc-
reen display provides a user-friendly interface for ease of use. Dur-
ing the amplification process, the optical signal was real-time
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Comparison of NAT POC devices for malaria diagnosis. (Reproduced from Biosensors and
Bioelectronics 2018 with permission from Elsevier [48])

“Sample-to-
Real- Answer”
time Sample LOD Turnaround
Assay Detection method ability Automation processing (p/ul) Time References
LAMP Fluorescence Yes Automated Magnetic bead- 0.6 <40 min This work
based
extraction
LAMP Turbidity No Manual Gravity-driven 2 <lh [33]
filtration
LAMP Turbidity No Manual Thermal lysis 5 60-80 min [34]
centrifugation
LAMP Fluorescence Yes Manual Gravity-driven 5 45 min [42]
filtration
LAMP Hydroxynaphthol No Manual Saponin—Chelex 1-5 Not reported [43]
blue (HNB) lysis
PCR  Fluorescence Yes Manual Oft-chip 5 <lh [44]
PCR  Fluorescence Yes Manual Oft-Chip 2 Not reported [45]
RPA  Interferometer Yes Manual Dimethyl 1 ~1.2h [46,47]
adipimidate /
thin film
extraction
HDA Lateral flow strip No None None 200 ~25h [48]

plotted on the embedded screen or smartphone via an integrated
Bluetooth module. The user can perform post-analysis since raw
data were stored in the memory card through a micro SD card
module. The detailed automated sample process on microfluidic
reagent compact disc will be discussed in the Chap. 16. The plat-
form is capable of processing four samples simultaneously in paral-
lel. The device dramatically minimizes the manual workload needed
for performing the NATs and offers low-cost and accurate diagno-
sis performance quickly and automatically at point of need.

2 Materials

2.1 Instrumentation 1.

Materials and supplies: Table 2

Thermal Subsystem: Aluminum plate (CP-0.91-0.91, cus-
tom Thermoelectric), power resistor (PWR263S-20-2R00],
Digi-Key), N-channel power MOSFET (63]7707, Digi-Key),
thermistor (95C0606, Digi-Key), epoxy (DP100-clear, 3M),
thermal paste (AATA-5G, Artic Alumina).
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Table 2
Bill of materials for the analyzer. (Reproduced from Biosensors and Bioelectronics 2018 with
permission from Elsevier [48])

Unit Unit Ext. cost

System Description Part# Function cost ($) Qty. $)
Electronics Arduino Mega 2560 R3 DEV-1106 Microcontroller  45.95 1 45.95
Electronics 36-pin stripe male header 392 Headpins 4.95 0.083 041
Electronics DC barrel power Jack/  PRT-00119 Power connector 1.25 1 1.25
connector
Electronics Shield stacking headers 85 Wire sockets 1.95 0.33 0.64
for Arduino
Electronics Premium male/male 758 Wires 3.95 0.75 296
jumper wires
Electronics Trimmer potentiometer, 62]J1468 LED adjustment 1.98 4 7.92
500 Q
Electronics Through hole resistor, 38K0328 Temperature 0.09 5 0.45
10 kQ control
Electronics Through hole resistor, 38K0326 Resistors for 0.09 2 0.18
47 Q LED
Electronics Capacitor 470 pF 65R3137 Power stabilizing 0.11 1 0.11
Electronics Capacitor 0.33 pF 4606304 Voltage 0.27 1 0.27
regulating
Electronics Capacitor 0.1 pF 4626667 Voltage 0.354 1 0.354
regulating
Electronics Diode, standard, 1 A, 78K2043 Diode 0.07 1 0.07
50V
Electronics 26 pin wire connector 1171 Wiring 4.95 1 4.95
Electronics 26 pin GPIO ribbon 862 Wiring 2.95 1 2.95
cable
Servo Micro size - high torque 2307 Actuation of disc 11.95 1 11.95
servo
Magnets  Neodymium disc magnet 58605K33 Holding 2.69 4 10.76
nickel magnetic
beads
Thermal  Cold plate CP-0.91-0.91 Heating stage 5.75 0.25 1.44
Thermal  Power resistor PWR263S- Heater 412 4 16.48
20-2R00]
Thermal N Channel power 63J7707 Switch for Peltier 1.66 1 1.66
MOSEFET heater
Thermal  Thermistor 95C0606 Temperature 7.34 1 7.34
sensing
Optics Color sensor 1334 Detection 7.16 4 28.64

(continued)
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Table 2
(continued)
Unit Unit  Ext. cost

System  Description Part# Function cost($) Qty. ($)

Optics Optical plastic light guide #02-538 Guiding light 2.55 024 0.61

Optics CREE LED, blue, T-1 04R6674 Fluorescence 0.21 1 0.21
3/4 (5 mm) excitation

Bluetooth  Bluetooth low energy 1697 Bluetooth 19.95 1 19.95
(BLE 4.0) connectivity

LCD 3.5" TFT 320 x 480 85 Touchscreen 3995 1 39.95

LCD

SD MicroSD card breakout 254 SD module 7.5 1 7.50
board

Enclosure  Adjustable-friction hinge 1791A44 Hinge 6.72 2 13.44

Enclosure ABS filament 90003001 3D platform 18.5 0.4 7.40

material

Enclosure  Acrylic sheet, 1,/8" thick, 8505K12 Holding plates  13.46 0.7 9.42
127 x 24"

Enclosure  Screws (M4 cap screw)  WS8S038 Hinge holding  3.25 0.04 0.13

Enclosure  Screws (M3 set screw) SS3M6 For holding 9.25 0.0006 0.01

color sensor

Total cost $245.35

Optical subsystem: Color sensor module (1334, Adafruit),
Optical grade plastic light guide (dia. 2.8 mm, #02-538,
Edmund Optics), Optical grade plastic light guide (dia.
1 mm, #02-536, Edmund Optics), Blue LED (04R6674,
Digi-Key).

Electromechanical subsystems: Capacitor 470 pF (65R3137,
Digi-key), High torque servo motor (2307, Adafruit), Neo-
dymium disc magnet (58605K33, McMaster), 5 V voltage
regulator (L7805CV, Digi-Key), Acrylic solvent (1PS4-40Z,
ePlastics), and 1 /8" acrylic sheet (8505K12, ePlastics).

Data/Interfacing subsystem: microSD card breakout board
(254, Adafruit), 3.5” TFT Touchscreen breakout (2050, Ada-
fruit), BLE 4.0 breakout (1697, Adafruit).

. 3D printer (MakerBot Replicator+, USA).
. CO; laser cutting machine (Epilog Helix 24 Laser System,

USA).

. Custom printed circuit boards (PCB) were manufactured by

the commercial vendors (OSH Park, USA).
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5.

CAD software: Eagle PCB design tool (Autodesk, USA), Auto-
CAD (Autodesk, USA), and SolidWorks 2015 (DS SolidWorks
Corp., USA).

6. MCU programming: Arduino software (IDE).

3 Methods

3.1 Analyzer
Overview

The real-time LAMP Analyzer presented here designed to amplify
DNA in a disposable microfluidic compact disc described in the
companion Chap. 16.

1.

The assembled and exploded views of the analyzer are shown in
Fig. 1.

. The analyzer has four parallel testing units and has a small

footprint of 10 x 12 x 12 cm?.

. The fully integrated analyzer consists of thermal, optical, elec-

tromechanical, and data/interfacing subsystems. The func-
tional subsystems inside the analyzer are illustrated in the
block diagram (Fig. 2).

. A customized printed circuit board (PCB) with an embedded

microcontroller unit (MCU) operates the whole device from
sample preparation to result (Fig. 2).

. A rechargeable 9 V portable Lithium-ion battery powers the
entire system and could last for >15 h before recharging
(Fig. 2).

(B)

T12em

Fig. 1 Overview of the device. (a) Exploded view of the device, showing the assembly of various components.
(b) Schematic of the assembled device and the quadplex microfluidic reagent compact disc. The form factor of
the analyzer is palm-sized. The reagent compact disc is secured to the spindle platter. A real-time
fluorescence sensing scheme is integrated on the analyzer. (Reproduced from Biosensors and Bioelectronics
2018 with permission from Elsevier [40])
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Fig. 2 System block diagram with interconnected subsystems. The platform consists of four main functional
subsystems: mechanical subsystem (servo motor/spindle platter/compact disc), an optical subsystem
(LED/optical sensor), a thermal subsystem (heater/thermal sensor), and data subsystem (Bluetooth). Each
module was controlled by a microprocessor on a customized PCB board. The diagnostic results can be
optionally reported to a smartphone user interface. (Reproduced from Lab on a Chip 2016 with permission
from the Royal Society of Chemistry [41])

3.2 Thermal 1. The thermal module consists of four resistive-heating elements

Subsystem

(2 Q power resistor for each), N-channel power MOSFET, and
microthermistor. Figure 3a shows one unit of the thermal
module. The 9 V rechargeable battery (max output current:
2 A) was used to power the heating elements via control PCB,
which contains control circuits for all subsystems (Fig. 4a).

. Fabrication steps: Four resistive-heating elements were

connected in series with wires to maintain the uniform temper-
ature among ecach testing unit (Fig. 3b, c¢). The aluminum
heating plate was drilled from the side to make space for
micro-thermistor, which were embedded in the center of the
heating plate for real-time temperature monitoring (Fig. 3b).
After inserting the thermistor, we introduced a drop of epoxy
to fix it. Each power resistor was bonded to the backside of an
aluminum heating plate by thermal paste.

. To simplify the wiring, most electronic circuits for the thermal

module were integrated into the control PCB (Fig. 4a). Only
active components such as heating elements and thermistors
were wired using jump wire to place them close to the reaction
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Fig. 3 Integrated thermal subsystem. (a) Schematic of the thermal subsystem. The thermistor is embedded in
the Aluminum plate. Control PCB interfaces with a thermistor to monitor temperature and supply the power to
the resistive heating element. (b) Photo image of each component and assembled thermal unit. (c) 4-plex
thermal module integrated into the analyzer part. Four heating elements were connected in series using wires

chamber on a reagent compact disc. Figure 4b showed a
detailed thermal control circuit diagram.

4. Negative feedback control was used to maintain the desired
constant temperature (65 °C) during the DNA amplification
(Fig. 5). The N-channel power MOSFET was controlled using
digital output from MCU. For example, MOSFET shuts off
when temperature reading overshot the set temperature.
Whereas, the MOSFET was turned on when the temperature
reading was lower than the set temperature.
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Fig. 4 Electronics for the thermal subsystem. (a) Control PCB design. The thermal module is integrated into the
control PCB. The actual heating element and thermistors were connected to the pin connector on the PCB
board using wires. (b) Circuit diagram for heating element control. A 9 V external battery powers the heating
sources. The digital output from MCU gates the MOSFET. (¢) Circuit diagram for the thermistor circuit to
measure the temperature. 3.3 V was used as a reference voltage to obtain the resistance of the thermistor

based on its temperature

| Read
Temp.
> Temp. "9 | TumOn
. . = 65 °C s e Heater
i yes
Turn Off Iterate during set
Heater amplification time

Fig. 5 Feedback thermal control sequence. The most recent temperature from
the thermistor is compared with the set temperature (65 °C). If the current
temperature is higher than the set temperature, the heater is electronically shut
down by the MOSFET switch. If the current temperature reading is lower than the
set temperature, the heater is turned on. This process repeats until the
amplification process ends

5. A custom-built thermal control code was uploaded into the
MCU board through the computer using open-source Ardu-
ino Software (IDE). The program reads and updates the most
recent temperature values every 3 s during the DNA amplifica-
tion process. The temperature reading was recorded on a micro
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Fig. 6 The feedback-controlled reaction temperature profiles as a function of

time (blue curve: Analyzer 1, red curve: Analyzer 2). (Reproduced from Lab on a
Chip 2016 with permission from the Royal Society of Chemistry [41])

SD card for validation purposes. Once the code is uploaded,
MCU can operate the thermal control sequence by itself with-
out a computer connection.

6. To evaluate the temperature fluctuation, the temperature was
monitored for 60 min by an external independent thermocou-
ple module (NI-9211, National Instruments).

7. Figure 6 shows the temperature on the aluminum heating plate
can reach the set temperature (65 °C) within 40 s and continu-
ously maintain a temperature between 64.5 and 66.5 °C.

3.3 Optical The microfluidics assay presented in this chapter is performed with
Subsystem an automated device described in the companion Chap. 16.
The automated device described in the companion Chap. 16.

1. For real-time tracking of fluorescence signal during the DNA
amplification, we used a blue LED (1 = 488 nm) as an optical
excitation light source and color sensor as an optical detector
(Fig. 7). Four blue LEDs were embedded in custom-built fiber
coupler and directed toward individual reaction chambers
through polymer optical fibers (see Note 1 for fiber prepara-
tion). The incidence of the excitation light was perpendicular
to the optical sensor to minimize the excitation interference
(Fig. 7). The green cellophane film was used only to allow the
green light to the color sensor.

2. Customized fiber coupler was 3D printed to facilitate the tight
coupling of an incoherent LED light source to the optical fiber
(Fig. 8a). On the bottom side of the fiber coupler, there are
four spatially isolated LED holes to mechanically secure the
LED blubs and vertically align with the optical fiber. Similarly,
front of the optical fiber was inserted from the top side of the
coupler and mechanically secured by the epoxy. Optical fiber
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Fig. 7 Schematics for fluorescence sensing module. The blue LED (A = 488 nm)
excites fluorescence dye from the side of the microfluidic chip. The color sensor
is vertically aligned with the reaction chamber and monitors the green emission
light (A = 515 nm) from the microfluidic chip (see also Fig. 1b). The green
cellophane film was placed below the color sensor to minimize the background
by filtering red and blue light

(B) Optical Excitation (Body) ;(G_) Optical Detection (Lid)

Fig. 8 Photo image of the integrated optical subsystem. (a) Custom-built fiber coupler. The blue LED light
sources were inside of the fiber coupler. The plastic optical fiber socket was aligned with the center of the blue
LED bulb top. Potentiometers were connected with each blue LED to calibrate the intensity manually. (b)
Optical excitation. The output of blue LED lights shines from the 3D printed sidewalls. (¢) Optical detection. The
image showed the lid side of the analyzer. The color sensors were embedded inside the analyzer lid. The
locations of the four optical fibers were where the four-color sensors were placed

end was inserted into the 3D printed fiber holder and fixed by
epoxy (see Fig. 8b). The optical detection side fibers were
secured on the 3D printed lid cover (see Fig. 8c). When the
lid was closed, the optical fibers aligned with the reaction
chamber in the microfluidic chip. Black enclosure covers entire
optical subsystem components (e.g., fibers, LEDs, and color
sensors) to prevent interference from unwanted background
light.

. The color sensor (TCS3472, TAOS) includes a 3 x 4 photodi-

ode array, four Analog-to-Digital Converters (ADC), data reg-
isters, and I2C interface. The photodiode array comprises
red-filtered, Dblue-filtered, and green-filtered photodiodes;
thus, it is capable of RGB sensing (Fig. 7). The four ADCs
convert the amplified photodiode current to 16-bit digital
output in parallel. The digital outputs were sent to the MCU
through the I?’C communication port at 400 kHz. Internal
integration time and gain can be adjusted by accessing the
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register setting. The TCS 3472 has a timing register that can
control the internal integration time of ADC channels (2.4,
24,50,101, 154, 700 ms). Similarly, internally generated gain
(1x, 4x, 16x, and 60x) can be selected for conversion by
accessing the control register. The longer integration time and
higher gain increase sensitivity at the low light level. For the
optimal green fluorescence detection, we set the gain at 60 and
integration time at 700 ms. Note that gain and integration time
should be carefully determined based on the experimental and
environmental conditions due to the dynamic range of the
color sensor (see Note 2). Dark ADC count has a range of
0 to 5, which is differ by two to three orders of magnitude
with green fluorescence light count (Fig. 10a). The color sen-
sor was designed to operate in the temperature range of —30 to
70 °C. We operated the sensor at uniform room temperature
(25 °C), and no temperature-dependent noise, such as therm-
ionic emission, was observed.

4. Figure 9 shows the circuit diagram of the optical module. Each
LED was connected in parallel to ensure the uniformity of the
excitation light (Fig. 9a). Potentiometers were used to calibrate
the optical uniformity further (see Note 3). Figure 9b shows
schematics for the optical detection sensor wiring. The sensor
was powered by Arduino (3.3 V). The I?C bus (SCL and SDA)
was connected to the MCU for data transfer. The received
optical data was recorded in a micro SD card via the integrated
SD card breakout.

5. Uniformity. For the quadruplex parallel NAT device, the fluo-
rescence sensing consistency among different channels is essen-
tial for quantitative analysis. We tested fluorescent Calcein dye
at various known concentrations. At each concentration, iden-
tical Calcein aliquots were loaded into the four reaction cham-
bers for fluorescence intensity measurement. Figure 10a shows
the relative fluorescence unit (RFU) distribution from each
optical channel at different concentrations. The quantitative
uniformity among the four channels is excellent, as seen by
the small standard deviation for the RFU values. Moreover, as
expected, the mean fluorescence intensity was proportional to
the Calcein concentration, and a twofold Calcein concentra-
tion difference could be discriminated (inset in Fig. 10a). To
further validate the fluorescence sensing uniformity during the
real-time LAMP process, four identical 1 pl of Pf genomic
DNA was directly loaded into each reaction chamber, and the
real-time amplification curve was monitored (Fig. 10b). We
repeated each test three times. The variation of threshold
time (7;) among different fluorescence sensing channels was
~1.5 min (inset of Fig. 10b). These results validate the fluores-
cence sensing uniformity among different optical channels.
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Fig. 9 Circuit diagram for the optical module. (a) Optical excitation circuit. (b) Optical detection circuit. 3.3 V
was derived from the MCU to power the color sensors. SCL and SDA pins were wired to the MCU for I°C
communication

6. Quantitative. A series of tenfold dilutions of Pfgenomic DNA
in Tris-EDTA buffer was used to validate the quantitative
ability of the device. For each concentration, a set of three
identical Pf genomic DNA samples and one internal negative
control were loaded into each of the four reaction chambers on
the disc. The DNA sample volume is 1 pl, and the LAMP
master mix is 24 pl. Figure 10c shows real-time amplification
results from various concentrations of Pf genomic DNA. The
mean and standard deviation of the amplification threshold
time (7}) was obtained from the triplicates for each concentra-
tion. As shown in the bottom subplot of Fig. 10c, a clear linear
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Fig. 10 Validation of the optical sensing uniformity. (a) With fluorescent Calcein dye, the RFU distribution for
the four optical channels was evaluated at a series of Calcein concentration. A linear dependence of the RFU
on the Calcein concentration was observed in the range of 0.625-125 uM. The RFU variation from the four
channels is small. (b) With Pf genomic DNA at constant concertation, the variations of the amplification
threshold time (T, obtained from the real-time curve is ~1.5 min. (¢) Amplification curves for tenfold serially
diluted Pf genomic DNA samples. The bottom plot shows the calibration curve for the Pf genomic DNA.
Standard deviation values are from triplicates. (Reproduced from Biosensors and Bioelectronics 2018 with
permission from Elsevier [40])

relationship was observed between T, and the dilution factor,
which could be used as a reference curve for quantification. The
quantitative ability is important for assessing parasite load in
the blood, a useful indicator for determining the proper anti-
malarial drug dosage [39].
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Fig. 11 Photo image and schematics of the integrated electromechanical subsystems. (a) Exploded view of the
amounting layers. Permanent magnets and aluminum heating plates were placed on the stage layer. The level
of stage layer was adjusted by a spacer to make the servo shaft exposed to the outside. (b) Assembled view.
Spindle platter was screw-tightened on the servo motor shaft

3.4 Electro- 1. Figure 11 shows the integrated electromechanical subsystem
mechanical and components. The three laser-machined PMMA layers held
Subsystem the four permanent magnets, thermal modules, and servo

motor for a streamlined sample process (Fig. 11a, see Note
1). Each layer was aligned with M4 screws and permanently
fixed with an acrylic solvent. The servo was fixed on the servo
mount layer using screws. Magnets and heating plates were
tightly fit to the patterned stage layer and supported by the
spacer (Fig. 11a). The permanent magnet was used to facilitate
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Fig. 12 Circuit diagram for an electromechanical subsystem. 9 V is regulated to 5 V using a voltage regulator.
Regulated 5 V powers the servo. The control wire is connected to the PWM terminal in MCU

3.5 Data/Interfacing

Subsystems

charge-switchable magnetic bead-based assay for the nucleic
acid sample preparation (Detailed Magnetic bead-based assay is
discussed in the companion Chap. 16).

2. After assembling the PMMA layers, 3D printed spindle platter

1.

was installed at the high-torque servo motor shaft to rotate the
microfluidic reagent compact disc (Fig. 1b). Spindle platter was
designed to avoid optical interference from the other blue LED
light sources for uniform excitation among four channels
(Fig. 1b).

. Figure 12 shows the circuit diagram of the integrated electro-

mechanical subsystem. To power the servo, we derived 5 V
from 9 V battery using a voltage regulator. To prevent the
power fluctuation during servo actuation, we connected a
capacitor (470 pF) to the power line. The servo was controlled
by the pulse width modulation (PWM) signal. For example,
1 ms, 1.5 ms, and 2 ms pulse width corresponds to the —90°,
0°, and +90° turns, respectively. Therefore, specific servo shaft
position and direction of the rotation can be programmed via
the PWM command in Arduino IDE.

. The spindle platter structure holds the microfluidic reagent

compact disc (Fig. 1b); thus, the disc rotates along with the
servo. The magnet underneath of the disc interacts with mag-
netic beads inside of the reagent disc. By the disc rotating
against the stationary magnet, magnetic beads can be actuated
into a different location in the reagent disc (Please, refer to the
companion Chap. 16).

The fluorescence signal was transferred to the internal MCU
memory through I?’C communication at a constant interval
(~5's). The optical data was displayed on the LCD touchscreen
or smartphone (via Bluetooth) in real-time. The LCD touchsc-
reen breakout supports the X—7 coordinate system. Therefore,
each data point can be plotted at the specified position on the
screen. We assign time progression for X-coordinate and opti-
cal data for Y-coordinate.
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Fig. 13 Determination of the threshold time (7). A real-time amplification curve
(blue) and the corresponding differential profile (dRFU/L, orange). The threshold
time (T was determined at the maximum slope of RFU (T;threshold time, ftime,
Smax maximum value of the slope). (Reproduced from Biosensors and Bioelec-
tronics 2018 with permission from Elsevier [40])

2. A built-in moving average algorithm smoothed the optical
signal with background noise removed. More specifically, the
arithmetic mean of a given set of data (data span = 10) was
taken every moving window. Open-source moving average
library for Arduino IDE is available online (http://arduino.
cc/playground /Main /RunningAverage).

3. The threshold time (7}) was obtained when the slope of RFU
(dRFU/dt) reached the peak (Fig. 13).

4. Collected data is saved in the micro SD card in .txt format for
export.

1. The microcontroller board includes a microprocessor
(ATmega2560), flash memory (256 kB), 16 analog inputs,
54 digital inputs/outputs, 4 serial ports, and USB connection.
Arduino board can be powered by an external power source
(9 V battery) using the Vin pin. 9 V input voltage is regulated
down to 5 V and 3.3 V by the internal voltage regulator.
ATmega2560 support two-wire serial interface (IC) and serial
peripheral interface (SPI) for communicating with peripheral
devices such as color sensor, LCD touchscreen, Bluetooth, and
SD card module.

2. We stacked the customized PCB board (Fig. 4a) on top of the
commercial Arduino board to reduce the wiring.

3. The control sequence for all integrated electronic devices was
combined into a single program using Arduino IDE and
uploaded to the MCU. Therefore, no computer connection is
required to operate the analyzer.
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3.7 Enclosures and
System Integration

1.

Fig.

All enclosures (body and lid) were 3D printed using ABS
material.

. The lid enclosure was patterned to hold the LCD touch screen

and four optical sensors (Fig. 1a). The bottom cover of the lid
enclosure has holes to couple optical fibers for collecting green
emission light.

. Multiple laser-patterned PMMA layers were stacked together

to hold aluminum heating plates, magnets, and servo
(Fig. 11b). On top of the PMMA layers, we placed a 3D
printed optical fiber holder to align the excitation light facing
the reaction chamber (Fig. 8b).

. Afterward, all overlaid layers were secured into the body enclo-

sure using M4 screws.

. Control PCB and 3D printed fiber coupler with four blue

LEDs were secured on the bottom cover of the enclosure
(Fig. 14).

. All necessary electronic wires and optical fibers were connected

(Fig. 14), then the bottom cover was assembled to the body
enclosure.

. The 3D printed spindle platter was assembled at the servo shaft

(see Note 1).

. Finally, body and lid enclosures were joined by the hinges.

LCD display connector

14 Assembled analyzer without enclosure. The LCD touchscreen is

connected through ribbon cables (LCD is located in the lid)
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3.8 Cost Analysis

1. The prototype analyzer presented in this work could be built

for a total amount of ~$245.35 (Table 2 for cost breakdown).

4 Notes

1. To minimize the optical power loss (e.g., insertion and return

loss), the end surface of the fiber was first polished with 2000
grit polishing paper, then further smoothed with a 3 pm
polishing film.

. Gain and analog-to-digital converter (ADC) integration time

are important photodiode parameters for the optimal fluores-
cence readings. While higher gain and longer integration time
can amplify the optical signal and increase the sensitivity of the
photodiode, the reading can exceed the dynamic range and be
saturated. On the other hand, the photodiode is not enough to
distinguish weak green emission light from background noise
with lower gain and shorter ADC integration time. For exam-
ple, the dynamic range of photocounts at 700 ms integration
time is 0 to 65,535. The light intensity beyond this range will
not be resolved. We experimentally confirmed that photo-
counts from maximum fluorescence dye concentration did
not exceed the dynamic range with the selected gain (60x)
and integration time (700 ms) setting (see a subset of Fig. 10a).

. We used a potentiometer, which can physically adjust the resis-

tor values by turning the knob. However, the programable
approach using a Pulse Width Modulation (PWM) method
can be an alternative for simply excitation LED light intensity
adjustment.

. Magnetic beads were actuated by rotating the reagent compact

disc against a stationary permanent magnet. Since the magnetic
force is inversely proportional to the distance squared, a small
gap between the disc bottom and the magnet top can cause the
failure of magnetic bead actuation. For the reliable magnetic
actuation, a flat permanent magnet holding layer is desired.

. A 90-degree rotational turn of a servo is sufficient to cover the

entire testing unit on microfluidic reagent disc. We set the
servo angle (90°) as a reference position to maximize the
range of rotational motion. During the spindle platter assem-
bly, we placed the reaction chamber in the microfluidic disc to
vertically align with the permanent magnet position.
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Digital Quantification of Human Viral RNA and DNA Using a
Self-Digitization Chip

Jiasi Wang, Jason E. Kreutz, and Daniel T. Chiu

Abstract

Digital nucleic acid quantitation methods show excellent sensitivity and specificity for pathogen detection.
Droplet digital PCR (ddPCR) is the most advanced digital nucleic acid quantitation method and has been
commercialized, but is not suitable for many point-of-care applications due to its complex instrumentation.
Here we describe a simple microfluidics-based self-digitization (SD) chip for quantifying nucleic acids at the
point of care with minimal instrumentation. We demonstrate the clinical diagnostic capability of this
platform by applying it to quantifying human viral DNA and RNA. SD chips with a range of well numbers
and volumes are tested, and isothermal methods are used to amplify the DNA and RNA to a detectable
level. Sample concentration is determined based on the measured volume in the wells and the number of
wells with fluorescence greater than a threshold based on a Poisson distribution. Concentration measure-
ments over the low concentration range of 0~100 molecules/uL showed a strong correlation (R* = 0.99)
with measurements using a real-time PCR assay, demonstrating the sensitivity and specificity of the SD chip
platform.

Key word Digital nucleic acid quantification, Self-digitization (SD) chip, Isothermal amplification,
Point-of-care (POC) tests, Viral RNA and DNA

1 Introduction

PCR is the most widely used DNA amplification method for gene
detection and pathogen diagnosis [1]. Conventional quantitative
PCR (qPCR) relies on the time-to-positivity (TTP, the time for
fluorescence intensity to pass a defined threshold), which is suscep-
tible to variability in amplification efficiency. In addition, qPCRis a
relative quantitation method which requires an independent mea-
surement of a standard curve to estimate target DNA concentra-
tions. Digital PCR is an increasingly popular method which allows
for absolute quantification of DNA or RNA without a standard
curve [2, 3]. The strategy of digital PCR is to separate a sample into
many small volume (pL—nL) partitions. Each partition may or may
not contain a target nucleic acid molecule. After amplification, the
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absolute concentration of the sample is determined based on Pois-
son statistics by comparing the number of positive
(sample-containing) partitions to the total number of partitions.
The advantages of digital PCR relative to qPCR include
(a) absolute quantification—no standard curve using an indepen-
dent method; (b) high tolerance of variation in amplification effi-
ciency; and (c) high sensitivity and accuracy even at low nucleic acid
concentrations.

Droplet digital PCR (ddPCR) is the most advanced digital
nucleic acid quantitation method and has been commercialized
[4]. ddPCR involves partitioning an aqueous sample into many
small volume (pL-nL) water-in-oil droplets. Bio-Rad’s QX200 is a
representative ddPCR platform and is becoming widely used in
fundamental research and clinical diagnosis. However, this platform
requires sophisticated instrumentation—including separate instru-
ments for droplet generation and detection, involves a time-
consuming program (>5 h), and is expensive (~$200k), making it
unsuitable for low-resource settings.

Point-of-care (POC) tests are needed for diagnoses in field
settings and low-resource settings. Microfluidic technique is
promising in POC applications because it facilitates miniaturization
and automation. Soft lithography represents a flexible and inexpen-
sive strategy to produce microstructures or nanostructures from
elastomeric polymer such as polydimethylsiloxane (PDMS). Here
we introduce a microfluidic device, called self-digitization
(SD) chip (Fig. 1), which automatically partitions a sample into
isolated wells to allow digital nucleic acid quantification, and can be
combined with isothermal nucleic acid amplification and simple
fluorescence detection methods to allow for minimal instrumenta-
tion [5, 6]. Loop-mediated isothermal amplification (LAMP) is an
isothermal (63 °C) amplification method developed by Notomi
et al. in 2000. It became popular because it is sensitive, fast, and
convenient. LAMP can amplify target DNA in a short time, but
cannot detect RNA. In contrast, the nucleic acid sequence-based
amplification (NASBA) is an isothermal (41 °C) amplification
method that amplifies single-stranded RNA.

Here, we demonstrate the capability of the SD chip platform by
quantifying human papillomavirus (HPV) DNA and human immu-
nodeficiency virus (HIV) RNA using an SD chip with these two
isothermal amplification methods [7, 8]. The SD chip achieves
accurate quantitation even at low concentrations (1-100 copies/p
L), demonstrating its sensitivity and specificity, and motivating
further development of this platform for POC diagnostic
applications.
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Fig. 1 Self-digitization (SD) chip design. (@) The SD chip is composed of PDMS with microchannels and wells
(blue). (b) Sample filling is illustrated for a single well in schematics (top row) and photographs (bottom row). In
the schematics, oil is dark gray and aqueous sample is blue. Stages of sample filling: (i) The chip is primed
with oil. (ii) Aqueous sample is added and fills the channels and wells. (jii) Additional oil is added, displacing
the aqueous solution from the channels but not from the wells. (iv) The aqueous sample is partitioned into
individual wells. (¢) SD chip design: To improve sample filling efficiency, beveled corners (a) and drainage
channels (b) were added to the design. Notches in the channel (c, d) were added to facilitate flow breakoff
during filling

2 Materials

2.1 Chip Fabrication 1. Poly(dimethylsiloxane) (PDMS, Sylgard 184; Dow Corning,
Midland, MI), stored at room temperature.

2. High-resolution photomasks with channel and well patterns
are printed using a photoplotter (Fineline Imaging, Colorado
Springs, CO).

3. SU-8-2050 photoresist (Microchem, Newton, MA), stored at
4°C.

4. (Tridecafluoro-1,1,2,2-tectrhydrooctyl)trichlorosilane (Gelest
Inc., Morrisville, PA).

5. Glass coverslips (Electron Microscopy Sciences, Hatfield, PA).

6. Mask aligner (Newport Corporation, Irvine, CA).

7. Polychlorotrifluoroethylene (PCTFE) plastic film (Ted Pella
Inc., Redding, CA, USA).

8. 15-gauge punch sharpened by sandpaper.
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2.2 Digital
Quantification

10.

. Double Sided Kapton® Tape, 19 mm x 329 m

(3/4" x 36 yards) (Ted Pella Inc., Redding, CA, USA).

Image] software are from https://imagej.nih.gov/ij/down
load.html.

. The oil phase is composed of 91% TEGOSOFT DEC (Evonik

Industries, Essen, Germany), 9% light mineral oil (Sigma-
Aldrich, St. Louis, MO), and 0.04% Abil WE 09 (Evonik
Industries), except as indicated.

. Vacuum pump (DOA-P104-AA, Gast Manufacturing, Benton

Harbor, MI).

. Eppendorf Mastercycler (Eppendorf, Hamburg, Germany),

fitted with a flat adapter.

. Typhoon FLA9000 imaging system (GE Healthcare,

Pittsburgh, PA).

. All DNA is purchased from Integrated DNA Technologies,

Inc. (IDT, Coralville, IA) and is dissolved in Tris-EDTA buffer
(pH 7.5). Primer sequences for loop-mediated isothermal
amplification (LAMP) are the following: F3: 5-CGC GTC
CTT TAT CAC AGG-3'; FIP: 5-GGC ACC ATA TCC AGT
ATC TAC CAT AAT TGC CCC CCT TTA GAA CT-3; LF:
5-TCA CCA TCT TCC AAA ACT G-3; B3: 5-TGG AAT
CCC CAT AAG GAT-3/; BIP: 5-TGC AAG ATA CTA AAT
GTG AGG TAC CGC AGA CAT TTG TAA ATA ATC A-3;
LB: 5'-ATT GGATAT TTG TCA GTC T-3'. Primer sequences
for nucleic acid sequence-based amplification (NASBA) are the
following: sense primer: 5'- CTCAATAAAGCTTGCCTTGA-
3’; T7 antisense primer: 5'- AATTCTAATACGACTCACTA
TAGGGAGAGGGGCGCCACTGCTAGAGA -3’; molecular
beacon: 5-FAM-CGCTTCCA GTAGTGTGTGCCCGTCTG
TGGAAGCG -3IABKFQ-3’ (self-hybridizing regions are
underlined).

. HIV-1 RNA (group M, subtype B) (SeraCare Life Sciences

Inc., Milford, MA).

. NASBA Kit (Life Sciences Advance Technologies,

St. Petersburg, FL), including 3x NASBA reaction bufter
(NECB-1-24), NASBA enzyme cocktail (NEC-1-24), and 6%
nucleotide mix (NECN-1-24). NASBA reaction buffer is com-
posed of 40 mM Tris-HCI (pH 8.5), 70 mM KCI, 12 mM
MgCl,, 1 mM each of the dNTPs, 2 mM each of the ribonu-
cleoside 5" triphosphates, 10 mM dithiothreitol, and 15%
dimethyl sulfoxide.

. Bovine serum albumin (BSA), RNase inhibitor, Tris—borate—

EDTA (TBE) buffer, Calcein (high purity), and dNTDPs
(Thermo Fisher Scientific, Waltham, MA).
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9. Bst 2.0 WarmStart® DNA Polymerase and Isothermal Amplifi-
cation Buffer (New England Biolabs, Ipswich, MA). Isother-
mal Amplification Buffer is composed of 20 mM Tris buffer
(pH 8.8), 10 mM KCl, 6 mM MgSOy, 10 mM (NH,),SO4,
0.1% Tween 20, 2.8 mM each dNTDPs, and 0.8 M Betaine.

10. HPV-18 plasmid (full genome length, 45152D) is purchased
from American Type Culture Collection (Manassas, VA).
HPV-16, 31, and 45 plasmids are obtained from Seattle Chil-
dren’s Research Institute.

11. HIV-negative human plasma (SeraCare, Milford, MA).

12. HIV-1 LAI (group M, subtype B) strain and HIV-2 ROD9
(group A) strain are obtained from the Center for Emerging
and Re-emerging Infectious Diseases, Division of Allergy and
Infectious Diseases, Department of Medicine, University of
Washington, Seattle, USA.

13. Bio-Rad CFX96 Real-Time PCRinstrument (Bio-Rad Labora-
tories, Hercules, CA).

14. Mupid-exU submarine electrophoresis system (Eurogentec,
Seraing, Belgium).

15. Ssofast Evagreen Supermix and Bio-Rad QX100 ddPCR oil
(Bio-Rad Laboratories).

3 Methods
3.1 SD Chip
3.1.1  SD Chip Design

To partition the aqueous sample into small individual volumes,
conventional microfluidic based methods require valves and
pumps, and complex fluidic control. To address this challenge, we
designed a microfluidic system containing a main channel with
adjacent side cavities, which enabled the sample to self-digitize
into individual cavities from the main channel without the require-
ment of complex fluidic manipulations. To further increase the
speed by which self-digitization occurs, we added drainage chan-
nels that connect the cavities back to the main channel. The pur-
pose of the drainage channels are to facilitate displacement of the oil
present in the cavities during entrance of the aqueous phase into the
cavities. The exact geometries of the drainage channels can be
varied as long as they are sufficiently narrow to prevent entrance
of the aqueous phase.

Several designs are tried in our previous work, including ser-
pentine channel, bifurcated channel, and different shapes of cavities
(wells). We have found that aspect ratio between the cross-sectional
area of the well opening and the cross-sectional area of the main
channel should be higher than 2 to give a good digitization effi-
ciency. The height of well should be higher than that of the main
channel, thus requiring two-layer fabrication to prepare the chip.
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3.1.2 SD Chip Master
Fabrication

The pattern of the first layer is for the main channel with height of
~25 pm, and the pattern of the second layer is for well with height
of ~100 pm.

The SD chip used in this study had parallel channels that
connect inlet and outlet reservoirs, with a series of wells connected
to and adjacent to the channels (Fig. la. The height of the bifurcat-
ing channels remained the same as the main channel, and the width
of the bifurcating channels could be varied without affecting much
the function of the chip. The SD chip is primed with an immiscible
oil phase to wet the inner walls of the channel and wells and is then
filled with aqueous sample. The flow rate is about 0.1 pL/s. The
aqueous sample fills the wells to reduce their interfacial energy,
displacing the oil, until all channels and wells are filled. The dis-
placed oil is pushed to the outlet through the channel. Additional
oil is then added to displace the aqueous sample from the channels
but not from the wells, because the interface tension of oil phase is
lower than aqueous phase. The aqueous sample is partitioned into
individual isolated wells (in Fig. 1a, the partitioned aqueous sample
is blue). Figure 1b depicts these sample filling steps for a single well.

Several SD chip design features are added to improve the
sample filling efficiency (Fig. lc). Beveled corners are added to
the wells to reduce high energy distortions of aqueous sample in
the wells; a drainage channel connecting each well with a channel is
added to improve the efficiency of oil drainage; and notches on
both sides of each channel adjacent to a well are added to facilitate
flow breakoff during sample filling.

There is only one master, because it is made by two-step lithogra-
phy and thus one replication is sufficient to replicate the two-layer
features on the master. Therefore, there is only one chip produced
with each master. SU-8-2050 photoresist is spin-coated onto a
clean silicon wafer at 2500 rpm for 90 s and baked at 95 °C for
5 min. The SU-8-coated wafer is covered by a photomask with the
desired pattern (Fig. 2) and exposed to UV light to cross-link the
photoresist (see Note 1), then baked again at 95 °C for 5 min. The
wafer is washed using PGMEA and isopropyl alcohol to dissolve
and remove nonexposed SU-8. The wafer is then baked at 155 °C
for 10 min, producing the main channel features with a thickness of
25 + 1 pm. The second layer, corresponding to the well features, is
fabricated using the same procedure as above except using a slower
spin (1100 rpm) so that the photoresist thickness is 100 £+ 3 pm
(height of the well) rather than 25 + 1 um (height of the channel)
(see Note 2). After washing and baking as above, the two-layer
master Explain is coated with (tridecafluoro-1,1,2,2 tetrahydrooc-
tyl)trichlorosilane using gas-phase deposition to prevent the master
from sticking to the PDMS SD chip.
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3.1.3 SD Chip
Fabrication

3.1.4 Digitization
Experiments

Fig. 2 Representative images of photomasks of SD chip corresponding to the
well pattern

PDMS monomer is mixed with catalyst at a 5:1 weight ratio.
Degassed PDMS is spin-coated onto the fabricated master and a
glass slide to prevent sticking (se¢ Note 3). This coated master and
glass slide are cured at 70 °C for 3 h. The molded PDMS replica is
peeled from the master and holes are punched to create the inlet
and outlet. The molded PDMS layer and PDMS-coated glass slide
are exposed to oxygen plasma and the PDMS layer is permanently
sealed to the glass slide. PDMS slabs with a thickness of ~8 mm are
cut into 8x8 mm squares for each inlet and outlet and punched with
holes to create sample reservoirs. The reservoir pieces are bonded
to the chip so that the reservoir sits on holes in the PDMS layer
(Fig. 3). The PDMS-glass chip is then baked at 115 °C for at least
1 day. A PCTFE plastic film is treated with oxygen plasma and bond
to the top of the chip (see Note 4), to prevent evaporation during
the LAMP reaction.

To prime the SD chip with oil, the chip is placed under vacuum
(—10 bar). Oil is added, and the vacuum is removed causing the oil
to fill the chip. The PDMS is strong enough to prevent well
collapse. Double-sided Kapton tape is applied to the outlet reser-
voir to attach a PDMS adaptor which is connected to vacuum for
sample loading (Fig. 4). Aqueous sample is added to the inlet
reservoir and a vacuum is applied to the outlet. After the chip is
filled with aqueous sample, additional oil is added to the inlet and
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Fig. 3 Left: Photograph of an SD chip sealed onto a glass slide. Right: Enlarged view of the SD chip wells

‘:[Vacuum

Sample ﬁ

PDMS adaptor
p—

Fig. 4 Schematic of sample loading into an SD chip. Aqueous sample was added
to the inlet and a vacuum pump was connected to the outlet reservoir via a
PDMS adapter

(L )

e |10 (/[

Fig. 5 The SD chip can be scaled to different well numbers and volumes. Brightfield (top) and fluorescent
(bottom) images depict SD chips with (a) 640,100-nL wells, (b) 1024 7.5-nL wells, (¢) 25,600 1-nL wells, and
(d) 10,240 50-pL wells

flowed through the channels. The surface tension of oil phase is
lower than aqueous phase, so the oil just displaced the aqueous
sample from the channels but not from the wells. Partitioning the
aqueous sample into individual wells. Brightfield and fluorescence
photographs are obtained using an Olympus MVX10 stereoscope
(Fig. 5). To demonstrate the compatibility of the SD chip with
various assay formats, we designed four SD chips with four different
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3.2 Digital LAMP
(dLAMP) for
Quantification of
HPV DNA

3.2.1 Loop-Mediated
Isothermal Amplification
(LAMP)

3.2.2 Detection of HPV
DNA Using dLAMP

well properties: 640 wells (1000 x 520 x 200 pm) with a well
volume of 100 nL and a total volume of 60 pL (Fig. 4a); 1024 wells
(400 x 200 x 100 pm) with a well volume of 7.5 nL and a total
volume of 8 pL (Fig. 4b); 10,240 wells (200 x 100 x 80 pm) with a
well volume of 1.5 nL and a total volume of 15 pL (Fig. 4c¢); 10,240
wells (30 x 50 x 35 pm) with a well volume of 50 pL and a total
volume of 0.5 pL (Fig. 4d). The aqueous sample is digitized effec-
tively in all four SD chips. To demonstrate that this sample digiti-
zation method is compatible with different oil phases, we tested
two oil mixtures: [1] 68.3% mineral oil, 31.3% hexadecane, 0.4%
TEGOSOFT DEC, and 0.018% Abil WE 09 (Fig. 5a—c), and [2] a
2:1 ratio of Bio-Rad QX100 ddPCR oil and FC-40 (Fig. 5d), and
both oil mixtures worked well (see Note 5).

Loop-mediated isothermal amplification (LAMP) is a rapid (<1 h)
and robust isothermal DNA amplification method [9]. Figure 6
shows the LAMP reaction mechanism. LAMP employs four pri-
mers (F3, FIP, BIP, and B3), which recognize six distinct sites
flanking the amplified DNA sequence, resulting in high specificity.
LAMP is dependent on the displacement activity of Bst DNA
polymerase. Two additional primers (LF and LB) are used to
increase the efficiency of the reaction [10]. LAMP allows for ampli-
fication of only a few copies of DNA to detectable levels in less than
60 min at a constant temperature of 60-70 °C, making it suitable
for POC diagnostic applications.

In our experiments, Calcein is used as a fluorescent indicator.
The fluorescence of Calcein is quenched by manganese ions
(Mn**). During the LAMP reaction, a large amount of pyrophos-
phate ion byproduct is formed; this pyrophosphate ion binds
strongly with Mn?* to generate an insoluble salt, reducing the
quenching of Calcein and resulting in greater fluorescence [11].

We combined sample digitization using an SD chip with amplifica-
tion using LAMP (dLAMP). An SD chip is primed with oil as
described above. The LAMP reaction mixture (25 pL) is composed
of the following: 1 x Isothermal Amplification Buffer, 8 units of Bst
2.0 WarmStart® DNA Polymerase, 4 mM MgSOy,, 1.4 mM of each
dNTP, 0.8 M betaine, 1.2 mg mL ™" BSA, 50 pM Calcein, 1 mM
MnCl,, HPV-18 plasmid DNA, and HPV-18 LAMP primers
(0.2 uM F3, 0.2 uM B3, 1.6 pM FIP, 1.6 pM BIP, 0.8 pM LF,
0.8 pM LB). Calcein is premixed with MnCl, solution at a 1:20
molar ratio before adding it to the reaction mixture. The LAMP
sample is loaded into the inlet reservoir and into the SD chip by
applying vacuum to the outlet, followed by adding excess oil to
displace the aqueous sample from the channels (see Note 6). The
chip is then imaged before the start of the LAMP reaction to
calculate the volume in each well, and then the chip is placed on
an Eppendorf Mastercycler with an in situ adapter at 63 °C for
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Fig. 6 DNA amplification using LAMP
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3.2.3 SD Chip Imaging

3.2.4 Sample Volume in
each Well

Fig. 7 The Eppendorf Mastercycler with an in situ adapter with a flat surface

90 min. The adapter has a flat surface thus the chip could be put on
it. Mineral oil is added between chip and adapter to confirm chip is
heated evenly (Fig. 7).

Once the reaction is complete, the SD chip is imaged using a
Typhoon FLA9000 imaging system with excitation at 473 nm, at
an image resolution of 10 um. For detection of the HPV-18 gene at
a concentration of 3.1 x 10* molecules/mL, an SD chip consisting
of 1520 well with a well volume of 3.3 nL is used (Fig. 8a).

Well heights are measured using a home-built interferometer
[12]. Sample volumes in each well are determined using images
taken before amplification, analyzed using Image] software
(http: //rsbweb.nih.gov). We analyzed the relative pixel intensity
in each well, which correlates with the height of the fluorescent
solution. If a well is completely filled, a plateau in a line scan at the
maximum pixel intensity is observed (Fig. 9). The average value of
the pixels in this plateau is multiplied by the pixel area to obtain the
integrated intensity expected for a full well. The filling ratio for each
well is calculated by dividing the actual integrated intensity of the
well by the integrated intensity expected for a full well. The actual
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Fig. 8 (a) Images of the dLAMP HPV-18 gene assay. The HPV-18 plasmid concentration was ~3.1 x 10* mole-
cules/mL. (b) Plot of well pixel intensities from images in panel a. Red dots represent wells defined as positive
(in which HPV-18 was detected); blue dots represent wells defined as negative (no HPV-18 detected). (c)
dLAMP HPV-18 quantification results shown as the ratio of measured and expected HPV-18 concentrations in
six chips. Dashes represent 95% confidence intervals based on the expected concentrations

3.2.5 Data Analysis

total volume of sample in the chip is calculated using the filling ratio
for each well. The average actual filled volume is about 95.0%, and
about 10% of wells are excluded in analysis.

Wells with a filling ratio less than 50% or that lost >20% of their
volume during amplification are excluded from analysis (see Note
7). To distinguish positive and negative wells after amplification,
the average well pixel intensity is used to generate a bimodal histo-
gram of well intensities, and the minimum value between the two
modes is used as the initial threshold to define positive and negative
wells. Using this threshold, the average intensity of positive and
negative wells is calculated. The midpoint of the two average inten-
sities is used to set a new threshold, and this process is repeated
until the number of positive and negative wells converged.

The number of target DNA molecules followed a standard
Poisson distribution, and is calculated using the equation,
A= —In (1 — k/n), where 1 is the mean number of target DNA
molecules per well, # is the total number of wells analyzed, and % is
the number of positive wells. The concentration is calculated using
the equation, ¢ = »l /v, where nis the number of wells analyzed and
v is the total volume in the chip. As shown in Fig. 8¢, chips 1-5
show dLAMP results with different HPV-18 concentrations. The
ratio of measured-to-expected concentration is used to show the
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Fig. 9 (a) Fluorescent image of SD chip with 1024 7.5-nL wells. (b) Enlarged view showing wells and line scan
(vellow). (c) Plot of the line scan fluorescence, showing plateaus where the well is full

3.3 Digital NASBA
(dNASBA) for
Quantitation of
HIV RNA

3.3.1 NASBA Mechanism

results. The ratio fell within the 95% confidence intervals except for
one sample in chip 5. Chip 7 tests the specificity of the assay, which
contains HPV 16, 18, 31, and 45 plasmids at 3.1 x 10* molecules/
mL each. The average values fall within the 95% confidence interval
in each case (see Note 8).

Nucleic acid sequence-based amplification (NASBA) is an isother-
mal (41 °C) RNA amplification method which amplifies single-
stranded RNA 10°-fold in 1-2 h [13]. The NASBA reaction uses
three enzymes (reverse transcriptase, RNase H, and T7 RNA poly-
merase) and two primers (sense primer and T7 antisense primer
which contains a T7 promoter region) to mimic the in vivo retrovi-
ral replication of RNA (Fig. 10). The NASBA reaction is monitored
using a fluorescent beacon whose emission increases when the
probe is hybridized with RNA [14]. Like LAMP, NASBA is a simple
isothermal nucleic acid amplification method suitable for use in
POC diagnostic applications.
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Fig. 10 RNA amplification using NASBA

3.3.2 Quantitative
Detection of HIV RNA Using
dNASBA

3.3.3 Quantitative
Detection of HIV RNA in
Plasma Using dNASBA

To increase the amplification efficiency, the template RNA is pre-
heated at 70 °C before the NASBA reaction. T7 antisense primer is
mixed with HIV RNA in 3x NASBA reaction buffer and heated at
70 °C for 1 min followed by cooling to 41 °C. The NASBA reaction
mixture (20 pL) is composed of the following: 1 x enzyme cocktail
1 x nucleotide mix, 250 nM sense and T7 antisense primers, 80 nM
molecular beacon, various concentrations of HIV RNA, 5 units of
RNase Inhibitor, 0.5% BSA, 0.05% Tween 20, and DNase- and
RNase-free H,O. SD chip sample filling is performed as described
above. The SD chip is place into the Eppendorf Mastercycler with
an in situ adapter and maintained at 41 °C for 110 min.

Following dNASBA, the SD chip is imaged using the same
protocol as for dLAMP. Figure 1la shows representative results
for the dNASBA assay using 0-100 copies/pL. of HIV-1 RNA.
More and more positive chambers are observed with increasing
HIV-1 RNA concentration, while the negative control (no HIV-1
RNA) showed no signal. The measured concentration of HIV-1
RNA based on Poisson statistics showed a good correlation with
the input concentration (R* = 0.99, Fig. 11b), indicating that the
dNASBA assay is a reliable method for quantifying HIV-1 RNA
over this low concentration range.

dNASBA is used to quantify HIV-1 RNA in human plasma. HIV-1
LAI (group M, subtype B) is used as the positive strain and HIV-2
ROD9 (group A) is used as a negative (control) strain to test the
specificity of the assay. Viral cultures are diluted with HIV-free
human plasma, are inactivated by heating at 65 °C for 15 min,
and are stored at —80 °C until use. To lyse the virus and release
RNA, inactivated sample is mixed with 5% Triton X-100 at a 1:1
ratio and is incubated at room temperature for 2 min. The samples
are then serially diluted into dNASBA reaction mixtures. The
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concentrations of HIV-1 RNA as measured using dNASBA are
1559 4+ 158,152 4+ 19, and 13 + 4 copies/pL, while the concen-
trations of the same samples as measured using an Abbott RealTime
PCR assay are 1692 + 138, 163 + 8.5 and 15 + 0.6 copies/pL
(n = 3), showing a strong correlation (R* = 0.99) (Fig. 12). A
negative control sample with HIV-2 virus (>1000 copies/pL in the
Abbott RealTime PCR assay) is also tested to verify the specificity of
the dNASBA reaction, and the false-positive rate is <0.03%. These
results demonstrate the sensitivity and specificity of dNASBA for
quantifying human viral RNA in plasma samples.

These studies demonstrate that the SD chip, combined with
isothermal nucleic acid amplification, can be used for accurate
quantification of human viral DNA or RNA at low concentrations
with minimal instrumentation, making this platform well-suited for
use in POC diagnostics in resource-limited settings.

4 Notes

1. The UV light passed through the transparent regions of the
photomask.

2. The second photomask is aligned with the first layer on the
wafer using the mask aligner.

3. PDMS is spin-coated on master with 300 rpm for 60 s, and on
glass slide with 2000 rpm for 60 s.

4. The SD chip bonded with PCTFE plastic film is heated for
more than 2 h at 70 °C to secure the film.
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Fig. 12 Quantitative detection of HIV-1 RNA in human plasma. HIV-1 RNA
concentrations measured using dNASBA are plotted against those measured
using an Abbot RealTime PCR assay. Vertical error bars (red) represent the
standard deviation of the dNASBA assay; horizontal error bars (green) represent
the standard deviation of the Abbott RealTime assay (n = 3)

5. The aqueous sample here is 1x Ssofast Evagreen Supermix
with 2 mg/mL BSA, 500 nM generic primer, and fluorescein
in 0.3x PBS.

6. The filling process takes 2—5 min.

7. About 23% of wells are excluded during data analysis after
amplification.

8. Control experiment using HPV 16, 31, and 45 plasmids with
same concentration is also performed and the false-positive rate
is about 0.1%.
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Sample-to-Answer Microfluidic Nucleic Acid Testing (NAT)
on Lah-on-a-Disc for Malaria Detection at Point of Need

Gihoon Choi and Weihua Guan

Abstract

One of the grand challenges for field-deployable NATs is related to the front end of the assays—nucleic acid
extraction from raw samples. The ideal nucleic acid sample preparation should be simple, scalable, and easy-
to-operate. In this chapter, we present a lab-on-a-disc NAT device for sample-to-answer malaria diagnosis.
The parasite DNA sample preparation and subsequent real-time LAMDP detection are seamlessly integrated
on a disposable single microfluidic compact disc, driven by energy-efficient, non—centrifuge-based magnetic
field interactions. Each disc contains four parallel testing units, which could be configured either as four
identical tests or as four species-specific tests. When configured as species-specific tests, it could identify two
of the most life-threatening malaria species (P. falciparum and P. vivax). The reagent disc with a 4-plex
analyzer (discussed in Chapter 1) is capable of processing four samples simultaneously with 40 min
turnaround time. It achieves a detection limit of ~0.5 parasites /pl for whole blood, sufficient for detecting
asymptomatic parasite carriers. The assay is performed with an automated device described in Chapter 14.
The combination of sensitivity, specificity, cost, and scalable sample preparation suggests the real-time
fluorescence LAMP device could be particularly useful for malaria screening in field settings.

Key words Point-of-care, Microfluidic, Nucleic acid testing, Malaria

1 Introduction

Malaria is a mosquito-borne disease caused by Plasmodium para-
sites, predominately in resource-limiting areas of low- and middle-
income countries. Among five parasite species, P. falciparum (Pf)
and P. vivax (Pv) pose the greatest threat to the human. Pf’is the
most prevalent malaria parasite on the African continent. Pp is the
dominant malaria parasite in most countries outside of sub-Saharan
Africa. Increased malaria control efforts have resulted in a dramatic
reduction in global malaria incidence over the past decade. The
World Health Organization (WHO) thus endorsed the ambitious
goal of achieving worldwide malaria elimination and eradication. A
change in focus from malaria control to elimination requires the
identification and treatment of both symptomatic and
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asymptomatic carriers to reduce the parasite reservoir and interrupt
malaria transmission. As a result, the effectiveness of elimination
strategies highly depends on low-cost access to sensitive and specific
malaria screening tests [1]. Current screening test methods rely
almost exclusively on microscopy (thin and thick blood smears)
and immunological rapid diagnostic tests (RDTs, detecting anti-
gens in human blood). While they perform sufficiently well in high
transmission regions for diagnosing people with symptomatic
malaria, both methods could miss a significant portion of asymp-
tomatic parasite carriers in low-transmission areas due to the detec-
tion limit of ~100 parasites /pl [2, 3]. During the course of malaria
elimination, the proportion of low-density and asymptomatic infec-
tions increases, thus rapid and highly sensitive point-of-care field
test is increasingly needed to identify all infected individuals for
treatment.

Lower parasite density can be identified by nucleic acid tests
(NATs), often by PCR, which has an excellent detection limit of
<1 parasite/pl depending on the assay type [4-6]. However,
PCR-based assays are poorly suited to perform in field settings as
they require specialized equipment for sample preparation and
skilled personnel [7]. Alternative NATs, such as loop-mediated
isothermal amplification (LAMP) assays [8—17], recombinase poly-
merase amplification (RPA) assays [18, 19], as well as helicase
dependent amplification (HAD) assays [20], have shown high ana-
lytical sensitivity and great potential for field deployment by inte-
grating with microfluidic [21] and paper-based devices
[22]. Among isothermal methods, LAMP is the most studied
assay for malaria detection and holds great promise for commercial-
ization. For instance, the illumigene malaria LAMP assays could
reliably and sensitively detect Plasmodium by combining a manual
blood sample preparation step with an incubator reader
[23]. Despite great effort and progress toward field deployment
of malaria NATSs assays, highly integrated DNA sample preparation
from raw peripheral blood for molecular assays remains a bottle-
neck [24, 25]. For example, current nucleic acid sample preparation
is often limited at point-of-care settings due to lengthy or error-
prone manual processes such as gravity-driven filtration [23] and
centrifugation [26]. The ideal sample preparation should be simple,
scalable, and easy-to-operate.

To bring the NATS to the field, the test assay with a streamlined
sample process has been incorporated with various microfluidic-
based lab-on-chip (LOC) technologies. The existing microfluidic
LOC devices for NATs can be categorized based on the fluid
driving mechanisms (e.g., pump-based [27], paper-based
[27, 28], and centrifugal devices [29, 30]). While the pump-
based approach is intuitive for precise fluid control, the benchtop
syringe pump, multiple tubings, and complex valving make the
system bulky and difficult to be integrated for POC application
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[31]. The low-cost paper-based approach uses capillary action to
move the liquid on a paper substrate; thus, reagents can be deliv-
ered sequentially without the pump and complex tubings. For
example, Phillips et al. developed a microfluidic rapid and autono-
mous analytical device (MicroRAAD) for the RT-LAMP HIV-1
test. The device used paper membranes’ wicking ability and porous
structure for sequential sample process from viral particle isolation
to amplification in automated fashion [28]. However, lacking ade-
quate sensitivity and quantitative ability are challenges to be
addressed [32]. Prior works on lab-on-a-disc platforms for NATs
exclusively utilized centrifugal forces to drive liquid to the desired
location in the microfluidic disc [29, 30]. While it works great for
various diagnostic applications, the centrifugal forces are energy-
hungry.

The demand for microfluidic chip fabrication technique has
been increased due to the growing need for lab-on-a-chip devices
in medicine and healthcare. Poly(methyl methacrylate) (PMMA) is
a polymer, which is widely used for microfluidic chip fabrication
due to its rigid mechanical property, optical transparency, low-cost,
and rapid prototyping. Precise micromachining of PMMA is avail-
able using laser drilling or micromilling techniques. Among various
lamination methodologies (e.g., thermal bonding and adhesive
film), the solvent-based lamination technique showed excellent
PMMA-PMMA bonding strength without requiring thermal
pressing, which often causes deformation in microfluidic channel
dimensions. Besides, the surface property of PMMA can be engi-
neering by laser irradiation [33]. More specifically, PMMA
becomes more hydrophilic when it is exposed to the high-power
laser during the laser cutting process. Such property allows various
liquid manipulation techniques such as structural-pinning effect-
based passive valving. Enhanced wettability of the PMMA surface
can be used to securely hold the stationary liquid droplet under
mechanical shock.

In this chapter, we present a “sample-to-answer” microfluidic
reagent compact disc for field detection of Pfand Pr. The device
uses a noncentrifugal method for solid-phase DNA extraction by
actuating the DNA-carrying magnetic beads against the stationary
reagent droplets. All reagents for streamlined sample process are
preloaded and separated on the microfluidic reagent disc by teeth-
shaped passive valves. The preloaded and ready-to-use microfluidic
reagent disc contains four parallel testing units. It could be config-
ured either as four identical tests to increase the testing throughput
or as four species-specific tests to distinguish Plasmodium genus, Pf
and Py species. Each test unit automatically performs the parasite
DNA binding, washing, elution, and immediate real-time isother-
mal amplification and fluorescence detection described in
Chapter 14. This seamless integration from the sample to result
on a single microfluidic reagent compact disc simplifies the complex
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NATs process. The assay is performed with an automated device
described in Chap. 14. The device could deliver sensitive (~0.5 para-
sites/pl) NAT results directly from a small volume of raw blood
samples within 40 min for a material cost around $1 /test.

2 Materials

2.1 Microfluidic 1. Materials and supplies: Table 1.

Reagent Disc 2. CO, laser cutting machine (Epilog Helix 24 Laser
System, USA).

3. Ultrasonic cleaning bath (CPX-952-218R, USA).

4. Cleaning reagents: Detergent, 2% (w/v) Sodium hypochlorite
(NaOCl), and H,O.

5. 0.030¢ clear plexiglass acrylic sheet
(ACRYCLRO0.030PM26.5X43, ePlastics), 0.060” clear plexi-
glass acrylic sheet (ACRYCLRO0.060FM24X48, ePlastics),
acrylic adhesive Weld-On 4(IPS4-40Z, ePlastics), PCR Plate
Sealing Adhesive Film (MSB1001, Bio-Rad), water-oil repel-
lent (UNIDYNE™ TG-5601, Daikin, Japan).

6. ChargeSwitch® Forensic DNA Purification Kits (CS11200,

Invitrogen).
2.2 Loop-Mediated 1. LAMP master mix (25 pl): isothermal buffer (20 mM Tris—
Isothermal HCI, 10 mM (NHy4),SO4, 50 mM KCl, 2 mM MgSOy, 0.1%
Amplification Assay Tween 20, pH 8.8), PCR grade H,O, MgSO4 (7 mM), Betaine

(0.4 M) MnCl, (0.75 mM), calcein (25 pM), deoxyribonucle-
otide triphosphates (dANTPs, 1.4 mM), Bst 2.0 DNA polymer-
ase, DNA template, and primer sets (0.2 mM F3 and B3c,
1.6 mM FIP and BIP, and 0.8 mM LF and LB) (se¢ Table 2).

2. Primer sets for the genus-, Pf, and Pr-specific LAMP amplifi-
cation are listed in Table 3.

3 Methods
The microfluidics assay presented in this chapter is performed with
an automated device described in Chap. 14.
3.1 Microfluidic 1. The microfluidic reagent compact disc has a diameter of 9.6 cm
Reagent Compact Disc and a thickness of 3.2 mm. The top, spacer, and bottom poly-
Fabrication methyl methacrylate (PMMA), known as acrylic, layers are

designed using AutoCAD and patterned by a CO;, laser cutting
machine (Laser power: 75 W).

2. Figure la shows the separate image of each laser-patterned
layer before assembly. All reagent loading inlets are patterned



Table 1
Microfluidic reagent disc cost. Bill of materials for the analyzer. (Reproduced from Biosensors and
Bioelectronics 2018 with permission from Elsevier [50])

Stock vol. Unit cost Ext. cost ($)/
Reagents Vendor Function (ml) (3] Vol. (ul)/test  test
Ultrapure PCR~ VWR LAMP master 20 91.88 7.25 0.033
water mix
F3 IDT LAMP master 1.4 9.22 0.25 0.002
mix
B3 IDT LAMP master 1.5 10.22 0.25 0.002
mix
FIP IDT LAMP master 1.0 7.14 2.00 0.013
mix
BIP IDT LAMP master 1.4 9.18 2.00 0.013
mix
LF IDT LAMP master 1.7 11.86 1.00 0.007
mix
LB IDT LAMP master 1.3 8.61 1.00 0.007
mix
Calcein Sigma- LAMP master 8000 133.00  0.63 0.000
Aldrich mix
MnCl, Sigma- LAMP master 100 62.60 1.88 0.001
Aldrich mix
Betaine Sigma- LAMP master 1.5 24.25 2.00 0.032
Aldrich mix
dNTP mix Thermo LAMP master 3.2 107.00 3.50 0.117
fisher mix
Bst polymerase ~ NEB LAMP master 1 264.00 1.00 0.264
mix
NEB isothermal NEB LAMP master 6 24.00 2.5 0.010
buffer mix
MgSO,4 NEB LAMP master 6 20.00 1.75 0.006
mix
Lysis buffer Invitrogen Sample Prep. 800 142.00  1000.00 0.178
Binding buffer =~ Invitrogen Sample Prep. 20 28.97 30.00 0.043
Wash buffer Invitrogen Sample Prep. 100 144.84  150.00 0.217
Proteinase K Invitrogen Sample Prep. 1 1.45 10.00 0.014
Magnetic beads  Invitrogen Sample Prep. 2 2.90 10.00 0.014
Acrylic adhesive  ePlastics Compact disc 118 9.69 1.5 0.041
1,/32" acrylic ePlastics  Compact disc — 14.98 - 0.025
sheet
1/16" acrylic ePlastics  Compact disc — 17.72 - 0.030
sheet

Total costTotal $ 1.07
cost
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Table 2

Reagent setup of the LAMP master mix. (Reproduced from Lab on a Chip 2016 with permission from
the Royal Society of Chemistry [50])

Component Concentration Volume (ul)
PCR grade water 1x 4.25
Primer sets - 6.50
Isothermal buffer 1x 2.50
Betaine 04 M 2.00
MgSOy4 7.00 mM 1.75
Calcein 25.00 pM 0.63
MnCl, 0.75 mM 1.88
dNTP mix 1.40 mM 3.50
Bst DNA polymerase 0.32 Unit/pl 1.00

on 0.03” thick top layer. 0.06” thick spacer with 0.03" thick
bottom layer provides chambers to hold all reagents such as
binding, washing, and LAMP master mix (Figs. 1 and 2).

. The patterned top, spacer, and bottom PMMA layers are initi-

ally washed with detergent to remove residues from laser
cutting.

4. All three layers are aligned using the alignment hole and per-

manently laminated with adhesive solvent. Before applying the
adhesive, we stack patterned layers and align them using align-
ment holes (Fig. 1b). The liquid adhesive solvent is applied by a
syringe from the side of the disc. The small gap between
PMMA layers induces capillary action and aids the adhesive
solvent in flowing naturally over the area. Pressing the
PMMA layers disturbs the capillary action; thus, it is not
recommended. Although adhesive showed a good amount of
bonding strength after 5 min, we normally cure more than 1 h
at room temperature for better bonding.

. The assembled disc is cleaned with 2% sodium hypochlorite

(NaOCl) and distilled water in order to eliminate inhibitory
substances, which could cause chemical interference (see
Note 1).

. The assembled disc has four testing units, and each unit con-

tains three working chambers (Fig. 2): binding (220 pl), wash-
ing (150 pl), and reaction chambers (25 pl).

. Each reagent chamber is isolated by a valve chamber (80 pl) to

prevent the reagent mixing. The valving chambers are filled
with FC-40 oil or air (Figs. 1 and 3). The FC-40 oil, which
seals the LAMP reaction chamber, helped prevent master mix
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Table 3
Primer sets for the genus-, Pf-, and Pv-specific LAMP amplification. (Reproduced from Biosensors
and Bioelectronics 2018 with permission from Elsevier [50])

Species Primer Sequence (5 — 3)
Plasmodinm F3 TCGCTTCTAACGGTGAACT
genus
B3c AATTGATAGTATCAGCTATCCATAG
FIP GGTGGAACACATTGTTTCATTTGATCTCATTCCAATGGAACC
(F1-F2) TTG
BIP GTTTGCTTCTAACATTCCACTTGCCCGTTTTGACCGGTCATT
(B1-B2c)
LF CACTATACCTTACCAATCTATTTGAACTTG
LB TGGACGTAACCTCCAGGC
P. falciparum F3 CTCCATGTCGTCTCATCGC
B3c AACATTTTTTAGTCCCATGCTAA
FIP ACCCAGTATATTGATATTGCGTGACAGCCTTGCAATAAATAA
(F1c-F2)  TATCTAGC
BIP AACTCCAGGCGTTAACCTGTAATGATCTTTACGTTAAGGGC
(B1-B2c¢)
LF CGGTGTGTACAAGGCAACAA
LB GTTGAGATGGAAACAGCCGG
P, vivax F3 GGTACTGGATGGACTTTATAT
B3c GGTAATGTTAATAATAGCATTACAG
FIP CCAGATACTAAAAGACCAACCCACCATTAAGTACATCACT
(F1c-F2)
BIP GCTAGTATTATGTCTTCTTTCACTTAATATACCAAGTG
(B1-B2c¢) TTAAACC
LF GATAACATCTACTGCAACAGG
LB CTACTGTAATGCATCTAAGATC

Fig. 1 (a) Schematics of the laser-patterned PMMA layers for microfluidic reagent disc fabrication. The top
layer has inlets for reagent loading. The spacer layer has reagent chambers and valves (see Fig. 2b for the
functionality of each chamber). (b) Photo image of the assembled disc
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Fig. 2 lllustration of reagent compact disc and integrated sample preparation on the compact disc. (a)
Exploded view of the reagent compact disc showing three-patterned PMMA layers. (b) Assembled view of the
reagent compact disc showing three independent testing units. Each test unit consists of five chambers: a DNA
binding chamber (binding buffer pH 5.0), a washing chamber (washing buffer pH 7.0), a LAMP reaction
chamber (master mix, pH 8.8), and two valving chambers. All reagents are preloaded on the compact disc in a
ready-to-use format. The lysate was prepared by collecting 20 pl malaria-infected blood into 1 ml of lysis
buffer in a microcentrifuge tube. (Reproduced from Lab on a Chip 2016 with permission from the Royal Society

of Chemistry [50])

(A) ®)

Fig. 3 lllustration of the pinning effect and photo images of the drop test results. (a) A droplet on a solid surface
with a contact angle of 8, which will be increased up to € + « when moving toward a three-phase edge, where
a is a bending angle [34]. This implies that larger « allows a higher activation barrier for the passive valve. (h)
The drop test to evaluate the robustness of the teeth-shaped passive valves on the reagent compact disc
under the harsh mechanical vibration (N denotes the number of drops). (Reproduced from Lab on a Chip 2016
with permission from the Royal Society of Chemistry [50])

evaporation during the thermal process. The air-filled valve is
surface treated with water-oil repellent to create a barrier for
the amphiphilic lysis buffer (see Note 2 for surface treatment
technique). Unlike other lab-on-a-chip devices, there is no
liquid movement in the reagent compact disc. Instead, mag-
netic beads are moved from chamber to chamber by magnetic
interaction and disc rotation. Therefore, active valving is not
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3.2 Robustness
Under
Mechanical Shock

3.3 The Workflow of
Malaria Blood Testing

necessary for the system. (The detailed description for the
tooth-shaped active valve is available in Subheading 3.2).

. All liquid phase reagents (beads, washing buftfer, and LAMP

master mix) and FC-40 oil are loaded into the designated
chamber in the disc immediately before use (Fig. 2 and Note
3). The loading order is the master mix (25 pl, reaction cham-
ber), FC-40 oil (80 pl, valving chamber), washing buffer
(150 pl, washing chamber), binding buffer (30 pl, binding
chamber), and magnetic beads (10 pl, binding chamber)
(Fig. 2b). The reagents could also be preloaded into the disc
and would last for at least 1 week if stored at 4 °C.

. After the sample loading, the whole disc is sealed with pressure-

sensitive adhesive (PSA) to avoid potential cross-contamination
from the environment.

. Structural pinning effect [ 34, 35] and modified surface tension

are the underlying principles that enable the teeth-shaped
valves to hold the liquid in each chamber securely. The pinning
effect refers to the fact that a sharp bending angle (a) of the
teeth structure radically increases the liquid/vapor interface
area and raises the activation energy, which prevents fluid
from overcoming the barrier (Fig. 1—spacer layer and Fig. 3)
[34]. The enhanced surface tension is another important aspect
of our passive valve structure. The valve surface is treated with
water-oil repellent to increase the activation barrier by introdu-
cing a higher surface tension [34], which also helps circumvent
cross-contamination during sample preparation.

. To demonstrate the robustness of the passive valve for prevent-

ing the reagents from mixing under the harsh mechanical
vibration, we perform a drop test on the microfluidic compact
disc. Three different colors of food dyes are preloaded into each
reagent chamber for visualization of any liquid movement.
Each reagent-loading hole is sealed with pressure-sensitive
adhesive (PSA) to prevent leakage. The disc is dropped from a
height of 20 cm along a guiding rod toward a rigid surface for
25 times. The disc is inspected every five drops with naked eyes
to confirm the functionality of the valve. The result showed
that the teeth-shaped valve endured 25 consecutive drops
without reagents mixing (Fig. 3).

The reagent compact disc is equipped with a real-time fluorescence
detector (discussed in Chapter 1) to perform a streamlined process.
The workflow of the device consists of four steps (Fig. 4).

1. The 20 pl of finger-prick blood is collected using a capillary

tube and lysed in the collection tube filled with 1000 pl of lysis
bufter.
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Fig. 4 The workflow of the device. In step 1, whole blood is collected into the lysis buffer by the capillary tube.
In step 2, the lysate is loaded into the binding chamber of the four testing units. In step 3, the disc is sealed

and inserted into the

analyzer, which then performs automated sample preparation and amplification. This

automated process consists of four steps: binding (3 min), washing (4 min), elution (3 min), and amplification

(40 min). During the

amplification process, the real-time fluorescence signal from each testing unit was

recorded and analyzed. Finally, in step 4, the testing results are reported. (Reproduced from Biosensors and
Bioelectronics 2018 with permission from Elsevier [51])

3.4 Streamlined
Sample Preparation

2. 180 pl of blood lysate is transferred into each binding chamber
of the testing units on the reagent compact disc.

3. After loading the sample, the disc is sealed with PSA tape and
inserted into the mobile analyzer for a streamlined nucleic acid
sample preparation and amplification process (enlarged view of
step 3 in Fig. 4).

4. During the amplification, the fluorescence intensity data are
recorded on a nonvolatile memory card and displayed on the
LCD screen in real time. Users also have an option to receive
the results using a smartphone.

In contrast to the conventional lab-on-a-disc devices that rely on
energy-hungry centrifugal forces [36-39], a noncentrifugal and
energy-efficient magnetic interaction method is used. More specifi-
cally, the pH charge switchable magnetic beads are directed from
chamber to chamber by rotating the disc against a stationary mag-
net underneath of the disc. The process for each sample consists of
the following three steps: binding, washing, and elution (step 3 of
Fig. 4).
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3.5 Primer Validation

1.

The negatively charged parasite DNAs first bind to the
pH-sensitive charge-switchable magnetic beads at pH 5.0.
During the binding process (~3 min), the reagent compact
disc is rotated back and forth slowly to ensure thorough mixing
of the beads and the lysate. More specifically, the initial disc
position is where the binding chamber inlet is aligned with the
permanent magnet underneath the disc (see step 3 of Fig. 4).
The disc rotates by the servo control until the magnet locates
underneath the entrance of the air-filled valve chamber. Due to
the magnetic interaction, the magnetic beads are actuated
toward the valve entrance, where the magnet is positioned.
Then, we rotate back the disc to the initial position and repeat
the process to capture the maximum number of DNA-binding
magnetic beads. Once this process is completed, the
DNA-binding magnetic beads are transferred to the washing
chamber by magnetic actuation.

. The DNA washing process lasts for about 4 min, and the

magnetic beads with purified DNAs are further transferred to
the reaction chamber (LAMP master mix).

. The LAMP master mix has a pH of 8.8, which switches the

surface charge of the magnetic beads toward negative. The
negatively charged DNAs are therefore repelled off from the
magnetic beads and eluted into the master mix.

. The residual magnetic beads are removed from the reaction

chamber before initiating the LAMP reaction. The entire sam-
ple preparation is multiplexed for four samples and could be
finished in less than 10 min with minimal user intervention.

. To validate the LAMP primer sets for specifically detecting Pf,

Pr, and pan-Plasmodium, we perform a cross-reactivity test
using extracted Pfand Py genomic DNA on a benchtop real-
time PCR instrument (Bio-Rad CFX96). Each analysis is per-
formed in triplicate.

. As shown in Fig. 5a, Pf-and Pr- specific assays can pick up the

corresponding genomic sample specifically without cross-
reactivity. In contrast, the pan-Plasmodium assays can pick up
any Plasmodium species (Pf and Pr). No amplification is
observed with the negative control (PCR grade water).

. We perform gel electrophoresis in 2% agarose gel to further

evaluate each amplicon (Fig. 5b). A clear ladder-like pattern
with multiple bands of different molecular sizes is observed due
to the stem-loop DNA structures with several inverted repeats
within LAMP amplicons [40]. The length of the bands show
confirmative agreement with the length of the target sequence
(213-, 127-, and 220-bp bands are expected from Pf, Py, and
pan-Plasmodium products, respectively) [41, 42].
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Fig. 5 Validation of the species- and genus-specific LAMP assays using laboratory purified Pfand Pv genomic
DNA. (a) Amplification curves obtained from real-time PCR. PCR grade water was used as a no template
control (NTC). (b) Gel electrophoresis image (2% agarose gel). Ladder-like bands in the gel image confirm the
amplicons from species- and genus-specific LAMP reactions. (Reproduced from Biosensors and Bioelectro-
nics 2018 with permission from Elsevier [51])

3.6 Sensitivity Test

1. To evaluate the analytical sensitivity of our device in the real-

world settings, we ten-fold diluted the Pfinfected whole blood
with healthy blood to create mock samples with 10-6% to 1%
parasitemia. The parasite DNA samples are automatically
prepared on the compact disc. Each parasitemia sample is per-
formed in triplicate, together with negative control on a single
disc (four reactions per run).

. As shown in Fig. 6a, a whole blood sample with parasitemia

higher than 10°% could be identified. Since parasitemia is the
ratio of the parasitized RBCs to the total RBCs, 10~°% para-
sitemia would correspond to 0.5 parasites/pl (normal RBC
count is ~5 x 10° cells/pl [3]). Although a rigorous report of
the limit of detection (i.e., analytical sensitivity) requires a
statistical comparison with the analytical blank and should be
expressed as a probability with confidence intervals [43], a
quick eyeball of the data shown in Fig. 6a suggests the whole
blood sensitivity is around 0.5 parasites/pl. The WHO esti-
mates that analytical sensitivity needs to be lower than
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Fig. 6 Sensitivity test with Pf-infected whole blood sample (a) Amplification curves for tenfold serially diluted
Pf-infected whole blood samples. Healthy human blood was used as an NTC. (b) The resulting calibration
curve for the whole blood sample. Standard deviation values are from triplicates. (Reproduced from
Biosensors and Bioelectronics 2018 with permission from Elsevier [51])

3.7 Specificity Test

1.

2 parasites/pl for identifying low-level infection in a preelimi-
nation setting [44]. This sensitivity achieved in our device is
comparable to other NAT methods (1-5 parasites/pl) [25] and
suitable for detecting low-level asymptomatic carriers [2, 45—
47]. No amplification is observed for the healthy whole blood
sample, which suggests the background human genomic DNA
has negligible interferences.

The amplification threshold time (7;) is extracted for each
parasitemia, and the results are shown in Fig. 6b. The inversely
proportional relationship between 7; and parasitemia con-
firmed that the quantitative ability is still valid with whole
blood samples. It is interesting to note that the calibration
curve shown in Fig. 6b is not exactly linear, which is likely
because the DNA extraction efficiency is nonlinear for different
cell numbers [48].

To evaluate the specificity of the device, we prepare whole
blood samples spiked randomly with Pfand Pr. Those sample’s
species information is recorded but blinded to the tester. The
reagent compact disc is configured as species-specific tests, as
shown in Fig. 7a. Each test disc incorporates an internal
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Fig. 7 Species- and genus-specific tests using spiked whole blood samples. (a) The reagent compact disc was
configured as species-specific tests. The testing unit 1 and 2 contains Pf- and Pv- specific primer sets,
respectively. The testing unit 3 has a genus-specific primer set. Testing unit 4 is for internal negative control.
(b) The result from a representative set of samples (i.e., Pf, Pv, mixed, and healthy). A threshold of 100 RFU
(dashed line) is experimentally determined for positive and negative differentiation. The species information
for a particular infected whole blood sample can be derived from four qualitative results on the single
microfluidic disc (each row). (Reproduced from Biosensors and Bioelectronics 2018 with permission from

Elsevier [51])

3.8 Test Cost 1.

Analysis

negative control unit to monitor the test quality. A threshold of
100 RFU is experimentally determined to differentiate positive
and negative results.

. Figure 7b shows the result from a representative set of samples

(i.e., Pf, Pr, mixed, and healthy). The species information for a
particular infected whole blood sample can be derived from
four qualitative results on the single microfluidic disc. For
example, the Pfinfected sample (first row of Fig. 7b) can be
identified by the Pf-specific assay as well as the genus-specific
assay. In contrast, the mixed infection sample can be detected
when Pf*, Pr-, and genus-specific assays all show positive. Since
Pfand Py are the two most prevalent species that pose the
greatest threat to the human, identification of these major
malaria parasite species in the field could provide the malaria
transmission profile to the healthcare workers and enable the
effective malaria eradication strategy [25].

The disposable reagent compact disc (including the sample
preparation and the amplification reagents) costs ~$1.07 per
each test (Table 1). Note that this cost analysis is only to
provide a ballpark figure to the interested researchers to repli-
cate the system.
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4 Notes

1. Detergent and distilled water are not sufficient to eliminate the

amplification inhibitors in microfluidic reagent compact disc,
often cause false-negative results. Sodium hypochlorite
(NaOC(l) is a strong oxidizing agent, an effective decontami-
nating reagent for various contaminants such as organic/inor-
ganic chemicals, proteins, enzymes, and nucleic acids [49]. To
remove the potential contaminants, all functional chambers are
filled with a 2% NaOClI solution for 30 min, then thoroughly
washed with distilled water. The washed chambers are blow-
dried with compressed air.

. To treat the PMMA surface, the valving chamber is first filled

with liquid phase water—oil repellent for 2 min, then removed
using a pipette. The repellent wetted PMMA surface is dried at
150 °C for 2 min. The treated surface has a lower interaction
with liquids than the internal interaction within the liquid, thus
repels the water-based amphiphilic lysis bufter.

3. While loading the liquid phase reagent, air bubbles can be easily

trapped in the chamber. Air bubbles possibly disrupt the mag-
netic bead movements in the reagent chamber. If air bubbles
are trapped in the reaction chamber, they interfere with the
optical signal since the bubbles move during the thermal pro-
cess. Slightly lifting the binding chamber side of the testing
unit during the loading process is helpful in avoiding trapping
of air bubbles.
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Charge Sensitive Optical Detection for Measurement
of Small-Molecule Binding Kinetics

Shaopeng Wang, Guangzhong Ma, Runli Liang, and Nongjian Tao

Abstract

Charge sensitive optical detection (CSOD) technique is a label-free method for real-time measurement of
molecular interactions. Traditional label-free optical detection techniques mostly measure the mass of a
molecule, and they are less sensitive to small molecules. In contrast, CSOD detects the charge of'a molecule,
where the signal does not diminish with the size of the molecule, thus capable for studying small molecules.
In addition, CSOD is compatible with the standard microplate platform, making it suitable for high-
throughput screening of drug candidates. In CSOD, an optical fiber functionalized with the probe
molecule is dipped into a well of a microplate where an alternate perpendicular electrical field is applied
to the fiber, which drives the fiber into oscillation because of the presence of surface charge on the fiber. The
binding of the target molecules changes the charge of the fiber, and thus the amplitude and phase of the
oscillating fiber, which are precisely measured through tracking of the optical images of the fiber tip.

Key words Charge sensitive optical detection, CSOD, Small molecule, Optical fiber, Binding kinetics,
Optical imaging, Label free detection

1 Introduction

Charge sensitive optical detection (CSOD) is a recently developed
label-free technique for measuring molecular interactions. The
technique has been demonstrated for quantifying the kinetics of
proteins, peptides and small molecule ligands binding to protein
receptors [1], including membrane proteins stabilized in nanodiscs
[2]. Most molecules relevant to biomedical research and applica-
tions are charged or have charged chemical groups. Even for neutral
molecules, the charge distribution on a sensor surface is likely be
altered upon binding. CSOD converts the charge changes induced
by molecular bindings into an optical signal that does not decrease
with the size (mass) of the molecule, making it particularly attrac-
tive for studying small molecules, and biochemical interactions that

Nongjian Tao was deceased at the time of publication.
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1.1 Principle
of CSOD
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involve small mass changes, which are often beyond the detection
limit of traditional mass sensitive label-free detection methods. In
addition, CSOD uses standard microplate for sample handling,
which is suitable for high-throughput screening and analysis.

An optical fiber is dipped in a well of a standard microplate with
buffer solution, and an alternating electric field is applied in the
direction perpendicular to the fiber using a pair of parallel electro-
des in the well (Fig. 1a). Charge is typically present on the fiber
surface so that the fiber is driven into oscillation by the applied field.
The oscillation amplitude is detected by tracking the tip position of
the fiber using a differential optical detection method. To study
molecular interactions, the fiber tip is functionalized with molecu-
lar receptors, and the ligand molecules are introduced into the
solutions in the well (or relocate the fiber to a well containing the
ligand molecule solution). Upon binding of the ligand molecules
onto the molecular receptors, the surface charge of the fiber
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Fig. 1 Principle of the CSOD technique. (a) Schematic illustration of the CSOD setup. (b) A typical optical fiber
with etched tip viewed from side. (c) Image of the fiber tip viewed from the bottom of the microplate well. (d)
Differential optical detection for accurate determination of the fiber oscillation amplitude. (e) Fast Fourier
transform (FFT) of the fiber oscillation. Inset: Oscillation displacement signal in time domain before FFT. The
amplitude and frequency of the applied voltage are 2 V and 10 Hz, respectively. The length and diameter of the
fiber are 8.5 mm, and 11pm, respectively. The buffer is 40 times diluted 1x PBS. (Adapted with permission

from [1])
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1.2 Differential
Detection of Fiber
Oscillation Amplitude

changes, which is quantified precisely by monitoring the oscillation
amplitude.

The key measurable signal of CSOD is the oscillation amplitude
of the fiber tip, x,, which is proportional to the effective fiber
surface charge density, o, given by

2E‘Tw))‘arl

\/(keff — mega?)” + (cw)?

where o is the oscillation angular frequency; |Fa))>| is the electric
field; kegr, s, 7, and [ are the effective spring constant, mass,
radius, and length of the optical fiber (Fig. 1b), respectively; and
cis the damping coefficient. E(w) is generated by applying a voltage
between two electrodes inserted in the solution of the well, which is
frequency dependent (see Note 1). kg and m.gr can be calculated
from the diameter and length of the fiber, and ¢ can be obtained
from the frequency dependent amplitude. From the measured
oscillation amplitude, x, the surface charge density of the fiber is
determined according to Eq. (1), which allows for monitoring the
binding of molecules onto the fiber surface.

Xy =

(1)

Accurate measurement of the fiber oscillation amplitude is realized
by a differential optical detection method, which tracks the position
of the optical fiber tip via optical imaging. The fiber tip is imaged as
a bright spot (Fig. 1¢) from the bottom of the well. The differential
optical detection method determines the oscillation amplitude by
dividing the bright spot into two regions with similar total inten-
sity, A and B, perpendicular to the oscillation direction (Fig. 1d).
(L4 — Ip)/(L4 + Ip)is monitored continuously, where 14 and Ipare
the intensities of regions A and B, respectively. (14 — Ig)/(14 + Ip)
is proportional to the oscillation amplitude of the fiber with a
calibration factor determined with the following steps (Fig. 2).
A and B regions are selected (marked by blue and red boxes,
respectively), and then shifted vertically by different numbers of
pixels to mimic the fiber movement (Fig. 2a). One pixel is deter-
mined to be 0.74 pm from the optical system and physical size of
CCD camera. The differential intensity vs. pixel shift is determined
from the image to produce a calibration curve (Fig. 2b).

The differential detection method rejects common noises in
A and B, allowing sensitive tracking of the fiber oscillation. The
inset of Fig. 1e shows the oscillation of a fiber driven by a sinusoidal
potential with frequency 10 Hz and amplitude 2 V. In addition, fast
fourier transform (FFT) filter is used to further remove noises at
frequencies different from the applied electric field. The FFT of the
time domain data shows a sharp peak (Fig. le). From the peak
heightin the FFT spectrum, we determine the oscillation amplitude
of the fiber. Using the combined differential detection method and
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Fig. 2 Calibration of oscillation amplitude. (a) Shifting region of interest (ROI) (red and blue boxes) to mimic
fiber movement. From left to right, the ROI is shifted by —2, —1, 0, +1, +2 pixels, where “—” and “+”
indicates moving the ROl upward and downward, respectively. (b) Relationship between differential intensity
(I4 — I9)/(l4 + 19 and fiber movement (shifting of ROI), where the red line is a linear fit to the experimental data
(black square)

FFT filter, we achieved a detection limit of 0.25 nm for the oscilla-
tion amplitude, corresponding to an effective charge detection
limit of ~0.25 electron charge/um?. Note that peak quality in the
FFT spectrum increases with time duration, and we used a typical
time duration of 1 s, which is fast enough for most molecular
binding processes.

2 Materials

2.1 Equipment 1. Aninverted microscope (e.g., Olympus IX70) with a motorized
and Part XY sample stage (e.g., Ludl Electronic Products, Ltd. BioPre-
for CSOD Setup cision 2) that can hold a standard 96-well microplate.

2. Objective with proper zoom and working distance (e.g.,
LUCPLFLN, 40x Olympus phase-contrast objective, numeri-
cal aperture 0.6, working distance 2.7—4.0 mm). The working
distance need to be long enough to image the fiber tip inside a
microplate well from the bottom. 20-40x objective
is reccommended.



2.2 Tools
and Chemicals
for Fiber Probe
Fabrication
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3.

4.

LED light: A visible LED light (e.g., M505L3 mounted LED,
Thorlabs, wavelength: 505 nm, max power 440 mW).cs

A pair of positive lenses (e.g., AC254-040-A-ML, from Thor-
labs) for collimating and focusing the LED light into fiber
probe. Mounting hardware for lenses and fiber probe, includ-
ing adjustable 1 in. lens tube, %2 in. post and base, and XYZ
translation stage, can be purchased from Thorlabs. Alterna-
tively, a fiber launch system could be used here.

. CCD or CMOS camera for recording the fiber probe image

(e.g., AVT Pike F-032, with 640 x 480 pixels, pixel size 7.4
pm).

. Motorized Z translation stage for moving fiber probe in and

out of wells (e.g., A-LSQO075B, ZABER).

7. Platinum sheet for fabrication of in-well electrodes.

11.

11.

. Function generator (e.g., 33120A Agilent Arbitrary Waveform

Generator).

. Potentiostat (e.g., Pine Instrument AFCBP1 Bipotentiostat).
10.

Uncoated, clear and flat bottom 96-well microplates (e.g.,
#655101, Greiner Bio-One).

A humidifier for generation of water vapor and a home-made
plastic chamber.

. 105 pm core multimode visible optical fiber (e.g., Thorlabs

FG105UCA), other type of fiber could be used.
Optical fiber stripper, (e.g., Thorlabs T06S13).

Hydrofluoric acid (47%) (e.g., from Avantor Performance
Materials).

Sulfo-( N-hydroxysuccinimide (NHS))-biotin and streptavidin
(e.g., from Thermo Scientific).

. KesA-Kv1.3 nanodisc, empty nanodisc, and compound 1 are

obtained from Amgen Inc.

1x phosphate buffered saline (1x PBS, e.g., from Fisher
Scientific).

Nanodisc buffer (20 mM tris(hydroxymethyl)aminomethane
(Tris), 100 mM NaCl, and 0.5 mM ethylenediaminetetraacetic
acid (EDTA), pH 7 4).

Horse serum is purchased from ATCC.

. Other chemicals are from Sigma-Aldrich.
10.

3-(aminopropyl)triethoxysilane (APTES) (for fiber surface
functionalization).

Casein (for blocking non-specific binding).
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12. DI water with a resistivity of 18.2 MQ.-cm, filtrated with 0.45
pm filter, is used in all experiments.
13. Desiccator.
14. Argon gas.
15. Magic tape.
16. Ventilated chemical hood for fiber etching and cleaning.
17. Optional for batch fiber processing: Microcapillaries for hold-
ing the fiber probe (VWR #53440-023).
18. Optional for batch fiber processing: Microcapillary puller (e.g.,
P-97  Flaming/Brown Micropipette  Puller,  Shutter
Instrument Co.).
3 Methods
Figure 3 shows an overview of the major steps of CSOD sensor
fabrication and measurement process.
3.1 csoD Figure 4 shows the major component of our CSOD setup.
Instrumentation 1. An inverted microscope with a CCD camera is used for record-
ing fiber oscillation.
2. A 96-well microplate with a pair of platinum electrodes (see
Note 2) (8§ mm x 4 mm x 0.2 mm, and 8 mm distance) inside
the wells is mounted on a motorized x/y microscope stage.
Soak in Acetone '°; Surface % | Dip in well . D|p n well
Strip off coating functionalization | .  with buffer ' - mmg-nd
Fiber f’m P':::: m"’d"’ » Establish baseline

Fig. 3 Overview schematic of a typical CSOD measurement process

~'Motorized
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Microplate é [ 5 Water vapor motorized stage
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Fig. 4 Schematic (left) and photo (right) of a microscope based CSOD setup with major component labeled.
The plastic chamber is removed in the photo to reveal the microplate. (The schematic is adapted with
permission from [2], Copyright 2016 American Chemical Society)
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3.2 Fabrication
of CSOD Sensor Probe

3.2.1 Preparation
of Optical Fiber Probes

3.

The electric field is created with a two-electrode setup. A
sinusoidal voltage wave generated by a function generator is
applied between the two electrodes via a potentiostat. The
applied voltage is controlled with a MATLAB program. The
amplitude and frequency of the applied voltage are 4 V and
40 Hz, respectively.

. An LED light source is mounted on a XYZ translation stage

and is focused onto the end of the fiber via a pair of lenses.

. A CCD or CMOS camera is used to record the image of the

optical fiber tip.

. The software also controls the movement of stages for switch-

ing the fiber among wells.

. When switching the fiber tip from one well to another, the fiber

is pulled out of the first well vertically by a motorized transla-
tion stage, and then the plate is moved horizontally with the
motorized microscope stage so that the second well is under
the fiber tip, followed by moving the fiber tip downward into
the second well.

. Optionally, to minimize water evaporation from the fiber tip

during the transfer, a plastic chamber, covering the microplate
and the optical fiber, with a continuous supply of water vapor
can be used (see Note 3).

. Optical fibers are cut to about 20-50 cm in length (depends on

the distance between the light source and plate) using a fiber
cutter.

. The polymer coating layer on the fiber tip (length ~18 mm) is

softened by soaking the fiber tip in acetone for 1 min. Then the
tip is rinsed with DI water and dried with N,.

. The coating on the tip is stripped off using an optical fiber

stripper.

. For batch fiber processing and avoid fiber stacking to each

other, glass microcapillaries (with 1.0 mm inner diameter) are
pulled in a capillary puller to make a sharp tip with an inner
diameter about 200 pm (between 125 pm to 250 pm) so that it
can hold the tip stripped fiber in position and leave space
between the tips for processing (Fig. 5) (see Note 4 for pulling
parameter for Shutter P-97 Puller). If only make a few fibers a
time, the capillary can be skipped.

. The bare fibers are inserted into glass microcapillaries to form a

bundle (Fig. 5b).

. The fibers are etched by soaking in 47% hydrofluoric acid for

30 min and 15 s to reach a diameter of ~10 pm. (Fig. 5d, see
Note 5). Warning: hydrofluoric acid is corrosive, and this step
need to be proceed in a ventilated chemical hood.
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a

—— Capillary tube inner diameter: 1.0 mm

Fiber with coating, diameter: 250 um

—— Capillary tip inner diameter: 200 pm

—— Stripped fiber, diameter: 125 pm

Fig. 5 Batch fiber etching process. (a) A schematic illustrates the structure of a pulled capillary holding a
stripped fiber. (b) Picture of 110 stripped fibers holding in bundled capillaries. (¢) The stripped tips of the
bundled fibers. (d) Bundled fibers in etching step. (e) Optical image of the tips of 8 fiber probes etched in a
batch

7. The etched fibers are gently rinsed with DI water and dried
with N, flow.

8. The tips are carefully cut to ~8 mm in length using sharp
scissors (see Note 6).

9. The tips are cleaned with oxygen plasma for 3 min to remove
surface contaminants.

10. For storage purpose, the fibers are placed in a desiccator filled
with N5 to minimize contamination.

3.2.2 Surface The procedure below using biotinylated KesA-Kvl.3 nanodisc as an
Functionalization of Optical ~ example to describe how to functionalize the optical fiber probe
Fiber (Fig. 6) with protein targets. Any glass surface chemistry can be used for

functionalize various biomolecules of interest.

1. The etched fiber tips are firstly functionalized with amine
groups by coating the tips with APTES in gas phase, which
took place in a desiccator.
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Fig. 6 Surface chemistry for immobilizing nanodisc encapsulated membrane protein (the chimeric K™ channel
KcsA-Kv1.3) to the fiber probe (Reprinted with permission from [2], Copyright 2016 American Chemical
Society)

2. A 100 mm petri dish is used to place the fibers. The fiber tips
are stick to the wall of the dish. The fibers are coiled up in the
dish and are fixed with magic tape.

3. The petri dish with fibers are placed at the bottom of the
desiccator.

4. 500 pl APTES is added into a 35 mm petri dish, which is then
placed in the 100 mm dish.

5. The desiccator is evacuated and sealed. The fibers are kept in
this near vacuum environment for 18 h.

6. After the reaction, the fibers are taken out of the desiccator,
rinsed with toluene and ethanol three times to remove any
unbound APTES.

7. The fibers are then taped to a 100 mm glass petri dish and
baked in an oven at 110 °C for 1 h to condense bound APTES.

8. The amine-coated tips are incubated in fresh NHS-Biotin solu-
tion (1.5 mg/ml in water) for 2 h to allow linking of biotin via
NHS-amine reaction.

9. The biotin-coated tips are rinsed with DI water and dried with
Nz flow.

10. Then the tips are soaked in 50 pg/mL streptavidin solution
(in 1x PBS) for 1 h to allow conjugation of streptavidin via
biotin-streptavidin interactions.
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3.3 Measurement
of Molecular
Interactions

11. After modification of streptavidin, the fibers are rinsed with 1 x
PBS and immediately applied to molecular receptors functio-
nalization, or temporarily stored in 1x PBS.

12. The streptavidin coated fiber tips are immersed in 30 nM
biotinylated KcsA-Kv1.3 nanodisc (in nanodisc buffer) for
1 h, to allow immobilization of nanodisc via biotin-streptavidin
interaction (se¢ Note 7).

13. The tips are then dipped in 40 times diluted nanodisc buffer
containing 0.01% casein as blocker for at least 1 h (see Note 8).

14. The functionalized optical fibers are stored in this blocking
buffer before use. Exposure of the fiber tips to air should be
avoided.

To show the measurement of small molecule binding to nanodisc
encapsulated membrane proteins with CSOD, a small molecule,
compound 1 (4-(2-ethylpiperidin-1-yl)-2-methyl-6-phenyl-5 H-
pyrrolo[ 3,2-d]pyrimidine, MW = 320 Da), is measured with
KesA-Kvl.3 nanodisc coated optical fiber probes. KesA-Kv1.3 is a
chimeric potassium ion channel protein [3]. Compound 1 is not
only a drug candidate for treating obesity through binding to Y5
receptor [4, 5], but also a blocker of the pore region of Kv1.3
channel [3]. Studying compound 1 and Kv1.3 interaction provides
evidence for its potential side effects and demonstrates the capabil-
ity of CSOD for small molecule drug screening. The steps of the
binding kinetic measurement are:

1. The KesA-Kvl.3 modified fiber tip is clamped on the fiber
holder, which is then mounted on the Z translation stage.

2. The tip is immediately dipped in a well of a 96-well microplate
containing only buffer (see Note 9). The fiber tip is driven into
oscillation and the oscillation amplitude is recorded over time
to establish a baseline.

3. The fiber tip is subsequently switched from the buffer well to a
sample well containing compound 1 in the same buffer to start
binding or association of compound 1 to KesA-Kvl.3 in the
nanodisc (see Note 10).

4. About 5 min after the start of association measurement, the tip
is switched back to the original buffer well to start the dissocia-
tion of compound 1 from KesA-Kvl.3.

5. Four different concentrations of compound 1 are measured by
repeating steps 1-4.

6. Control experiments are performed by using empty nanodisc
(no protein is encapsulated) functionalized fiber tip as the

sensor probe (prepared by using empty nanodisc instead of
KesA-Kvl.3 nanodisc following steps 1-14 in Sect. 3.2.2).
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3.4 Data Processing 1. The oscillation images of the fiber are recorded by CCD camera
at 247 frames per second, and the oscillation amplitude is
extracted using the differential optical detection method men-
tioned above.

2. FFT is performed on the oscillation amplitude with 1 s time
duration to further remove noises at frequencies other than
that of the applied electric field.

3. The oscillation amplitude change of the fiber is plotted with
time to generate the binding kinetics curve, which is then fitted
to the first order kinetics model with Scrubber (see Note 11).
The association rate constant (k,), dissociation rate constant

(kq), and dissociation constant (Kp) are determined from the
fittings.

Figure 7a shows the kinetic curves at four concentrations of
compounds 1, as well as global fitting of the data with the first order

a 9
——600 nM |Buffer
~ [ ——100nM
E 6. ——30nM
& ——3nM
e
9 3
w
[1}]
o ”
0 I, '1,-*:._!"‘.4\';:":\ 5 '
4 0 4 8 12

o
(9]

— K, = 66 nM | 9
g 6 g .
© ~ 6 Compound1 Buffer
» 4 2 | |
c [ =
| . {
§_ 2 | % 3
& 0 L & 0 : (‘.\{.~f‘;-_AI:f*‘.‘w-“\;‘v‘_\_r'.."_‘_\‘;‘:‘7'5-.,_.\’._"'."‘7‘-"“|a_l_.
10° 10" 102 10° 10* -4 0 4 8

Compound 1 (nM) t (min)

Fig. 7 CSOD measurement of KcsA-Kv1.3 nanodisc to compound 1 binding kinetics and equilibrium analysis.
(@) CSOD response to compound 1. The data points are fitted with first-order kinetics (solid curves). The
arrows mark the starting point of association phase and dissociation phase, respectively. (b) Equilibrium
analysis. Each concentration is repeated three times to create the error bar. (c) Negative control experiment
with empty nanodisc fiber probe dipped into 2.8M compound 1 solution. The buffer is 40 times diluted nano-
disc buffer with 0.01% casein and pH 7.4. (Adapted with permission from [2], Copyright 2016 American
Chemical Society)
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kinetic model (solid curves). The kinetic constants determined
from the global fitting are & = 1.8 x 10° M 's7!
kg =4.1 x 1072 s, and Kp = 22 nM. Note that Ky from the
equilibrium analysis shown in Fig. 7b is 66 nM (R* = 0.97). The
results are comparable with the values in literature (30 nM) [ 3]. Fig-
ure 7c¢ shows no measurable binding signal in a negative control
experiment using empty nanodisc coated fiber dipped in 2.8 pM
compound 1.

4 Notes

1. Frequency response of the oscillation amplitude.
The eftfective spring constant, kg, of the cylindrical optical
fiber probe is given by [6].

3nEr*
4—13 5 (2)

where E; 7, and / are the Young’s modulus, radius, and
length of the optical fiber, respectively. The electric field
strength applied on fiber probe is frequency dependent and
given by

kcff =

I,
[Fl| = | %]

Rg
ﬁ, (3)
VIS T ey

where Rg and C are the solution resistance and effective
interfacial capacitance respectively. In order to determine the
resistance and effective capacitance, we measured the imped-
ance (|Z(w)|) at different frequencies. |Z()|* is given by

1
Z(w) =R +——.
* ' (0Ce)?

(4)
By fitting |Z)|* and frequency (@), Rs and Ceg can be
extracted. Fig. 8a shows the fitting of |Z(w)|* and frequency
(w), from which we obtain Rg = 1.68 kQ, and C.=22.11 pF.
From Egs. (1) and (3), the frequency at which the oscilla-
tion amplitude reaches maximum is at

I
Wp = 4 2 - 2\ 2 : (5)
(Ceff 2 — 2k e Cogr )RS + mgﬁf

We measured the oscillation amplitude of fiber at different
frequencies, from which we determined w,. Using Eqgs. (1) and
(3), we fit the oscillation amplitude vs. frequency shown in
Fig. 8b.

2. Steel electrodes with the same dimension can be used as an
alternative.



Charge Sensitive Optical Detection for Measurement of Small-Molecule. . . 327

a 60 b E 180 1
1 Py
" o°
40+ ® |Z(o)|" vs. @ g 135
8 e i 2 et
g Fitting of |Z(w)|" and © :%i-
= 20} g "
N ‘ 2
_‘——E o Experimental Oscillation Amplitude
o 457 Simulation Oscillation Amplitude
0 100 200 300 © 0 10 20 30 40 50
o (rad/s) Frequency (Hz)

Fig. 8 (a) /Zw)I? vs. frequency, where the black dots are experimental data, and red line is a fit to Eq. (4). (b)
Fiber oscillation amplitude vs. frequency, where the black dots are experimental data and the red line is the
prediction of Eq. (1). Fiber diameter: 11um, length: 8.5 mm. Buffer: 40 times diluted 1x PBS buffer [1]

3.

It is extremely important to keep the fiber tip wet during the
transfer. Drying out the fiber tip could lead to denaturation of
the biomolecules modified on the tip, and introduce unex-
pected noises to the following measurements.

. For Shutter P-97 puller, the pulling parameters are set as the

following: 66 — clear — 0 — 2 — Air pressure: 500 — clear —
0—-3—=DFL=1 —-clear -0 —4 —5—clear -—0—5—
5 — Heat 554 — Pull: 0 — VEL: 20 — DEL:1

. Batch production can be performed if needed. We etch

110 fibers in a batch and the average diameter is 9.89 pm
with a variation 0.45 pm. We also note that the etching time
is sensitive to HF concentration and HF from different manu-
factures, which may lead to up to 5 pm variation in diameter.

. Cut the fiber tip with sharp scissors, otherwise the tip may not

be flat.

. The streptavidin coated fiber tip serves as a good substrate for

further functionalization with any biotinylated biomolecules,
not limited to nanodisc.

. The type and concentration of blocking reagent should be

carefully tested and optimized for different biomolecules
immobilized on the fiber tip. A good blocking protocol should
minimize nonspecific interactions without affecting specific
binding signal.

. The buffer used here is 40 times diluted nanodisc bufter (ionic

strength ~3 mM). Low ionic strength buffer (typically
<10 mM) is preferred for CSOD measurement to reduce
ionic screening of the charge on the fiber and hence enhance
the oscillation.
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10. Water vapor is continuously pumped into the chamber to avoid
drying of the fiber tip and minimize the evaporation of the
solution in the wells. Additionally, well-switching should be
fast (~2 s) enough to minimize the time that the fiber is

exposed to air.

11. Scrubber is a commercial software for fitting of the binding

curves.
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Mobile ELISA with a Transparent Incubator

Arsenii Zhdanov, Cassidy Chen, Crystal Schmitt, Tyler Tripp,
Chase Miller, and Anna Pyayt

Abstract

Enzyme-linked immunosorbent assay (ELISA) is one of the most important technologies for biochemical
testing critical for diagnosis and monitoring of many diseases. Traditional systems for ELISA incubation and
reading are expensive and bulky, thus cannot be used at point-of-care or in the field. Here, we designed and
demonstrated a new miniature mobile phone-based system for ELISA. This mHealth system can be used to
complete all steps of the assay, including incubation and reading. It can be fabricated at low cost, it is
portable, and can transfer test results via mobile phone. We have designed incubation chamber, imaging
enclosure, and data processing algorithm. We demonstrate how mobile ELISA can be calibrated for
accurate measurements of cortisol and show successful measurements with the calibrated system. We
show that the results acquired with our prototype match well the results obtained with the gold standard.

Key words Biomedical testing, mHealth, ELISA, Cortisol

1 Introduction

ELISA is one of the most popular platforms for biomedical testing,
and currently thousands of reagent ELISA kits are commercially
available for a great variety of proteins, biomarkers, hormones, and
other molecules of interest. The instruments required for all steps
of ELISA are a sample incubator, and a plate reader. Incubation is
required to bind targeted protein with precoated antibodies in the
test microwell. It has to be performed at constant temperature for a
specific period of time. Incubation time and temperature condi-
tions required for ELISA are different for different proteins. The
plate reading can be done using a camera on a mobile phone
[1]. Previous studies have already demonstrated benefits of using
mobile phone cameras for optical readout of biological assays [2—
5]. Phone cameras are convenient to use, widely available, and
accurate enough for reliable measurements. However, systems
that rely on mobile phone imaging require controlled light envi-
ronment [6]. Any fluctuations in light conditions throughout the
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Computer

Power supply

Opening for camera

Transparent
incubator

LCD screen
Arduino
Opaque container

b)

Mobile phone

Thermal probe

Fig. 1 All components of a portable ELISA system including an enclosed compartment with the backlight
source at the bottom, the transparent incubator, and the mobile phone camera on the top. (a) The schematics
of the complete system. (b) The prototype

measurement lead to inevitable readout errors. To create the con-
trolled light environment, the samples must be enclosed in an
opaque container (Fig. 1). The mobile phone is situated on top of
the container with the camera facing the samples through an open-
ing. To prevent possible reflections, glares and other noise, the
samples is illuminated by a backlight, such as an LED array or
LCD screen emitting white light (Fig. 1). While previous mobile
ELISA required incubation in water bath-based heater followed by
transfer to an imaging tray [1], it would be much more convenient
to have a transparent incubator that can be used for imaging
without need to transfer incubated samples. We created a 10-well
incubator out of polydimethylsiloxane (PDMS) with embedded
copper wire for heating and thermal probe for real-time tempera-
ture monitoring (Fig. 2a). PDMS is an optically clear, nonflamma-
ble organic composite with a thermal conductivity (0.17 W /(m K))
[7]. PDMS can be processed in different shapes with the holders for
the microwells by creating special molds. Controllable heating of
each individual well can be done using resistive heating by a wire.
Therefore, we made the heating element out of a copper wire
looped around the microwells and embedded within the PDMS.
Electrical current running through the wire generates heat that
warms the samples to the required incubation temperature. The
advantage of using copper wires for individual well heating in
excellent heating uniformity of this approach in comparison to
heating the whole chamber. The methods section describes the
design and operation of the incubator as well as the readout testing.

2 Materials

1. Arduino Mega 2560 microcontroller from Digi-Key
electronics.
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Fig. 2 Transparent PDMS heater design. (a) 3D rendering of the incubator design demonstrating resistive
heater surrounding each of the well holders (b) CAD design of the bottom mold (¢) CAD design of the top mold
with cylindrical protrusions for the microwells 7 mm in diameter and 7 mm in depth, (d) 3D printed mold

2.

10.

SYLGARD™ 184 Silicone Elastomer Kit from Digi-Key
electronics.

. Fisher Scientific™ AccuSkan™ FC Filter-Based Microplate

Photometer (plate reader) from Fisher Scientific.

. 3D printer—FDM 3D printer MakerBot Replicator from

MakerBot.

. PLA filament from MakerBot.
. Camera equipped smartphone Galaxy Note 5 from Samsung.

. Equipment for degassing—vacuum oven #3608 from Thermo

Scientific.

. Solid-state relay—5 V 2-Channel Low Level Trigger Solid

State Relay SSR Module for Arduino DSP Z5Y9.

. Temperature probe-Waterproof DS18B20 Digital Temp Sen-

sor from Adafruit.
Thermal camera—FLIR T420 from FLIR.
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11. Software for data analysis—Microsoft Excel.

12. Software for color components extraction and analysis—Adobe
Photoshop 20.x.

13. GSC AC/DC Variable Power Supply from Fisher Scientific.

14. Lead Free Solder Wire Sn99.3 Cu0.7 with Rosin Core for
Electronic 3.5 oz. 1.0 mm from Digi-Key electronics.

15. Cortisol Saliva ELISA Assay Kit SKU: CRT32-KO01 from Eagle
Biosciences.

16. Small LCD screen DT024CTEFT from Digi-Key electronics.
17. Copper wire with a resistivity of 0.0171 x mm/m.

3 Methods

3.1 PDMS Incubator
Design

3.2 Prototyping

To create a PDMS incubator in a desired shape, it needs to be
molded. The mold for the incubator is designed in SolidWorks
and 3D printed (MakerBot Replicator) (Fig. 2d). In order to create
a heating element, joule heating is used where current runs through
a wire. This heating is proportional to the resistance and amount of
current ran through the wire. Copper wire has a resistivity of
0.0171 Q@ mm/m. Resistivity is directly correlated to that value
increases with length and decreases with gauge. We use copper wire
that is covered with a polymer insulating layer. This insulation
provides safety including protection from leakage of current and
exposed wires. The top part of the designed mold has protrusions
for the sample wells that are then looped with the copper wire
(Fig. 2¢). Electrical current running through the wire generates
heat that warms the samples to the incubation temperature.

1. Design the mold in a CAD software (SolidWorks) with the top
part having cylindrical protrusions for the microwells and an
opening to pour uncured PDMS. The bottom part must be
designed to seal tight around the top part to avoid spills and
leaks. It should also have an opening for the wires to be
connected to an external power source (Fig. 2b).

2. FDM 3D printer MakerBot Replicator is used to print the mold
with 60% infill using PLA plastic.

3. The bottom layer of the mold is covered with tape to make the
surface smoother, disassembly easier and to prevent the PDMS
from leaking through the pores in plastic.

4. The 31 AWG copper wire is wrapped around the upper mold
pegs with 6 loops (Fig. 3a).
5. The loose ends are stripped of coating and soldered to a stan-

dard 3.5 mm connector. The connector is then attached to the
opening of the bottom mold.
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Fig. 3 Heater fabrication: (a) 3D-printed mold with copper wire wrapped around the protrusions for individual
well heating, (b) assembled 2-part mold, (c) PDMS heater testing (side view), (d) PDMS heater (top view)

6.

10.
11.

The top and the bottom parts of the mold connect leaving an
opening to pour PDMS (Fig. 3b).

. The SYLGARD™ 184 Silicone Elastomer Kit is mixed by

adding curing agent to the monomer at 1:10 ratio. Stir the
mixture to achieve uniform composition.

. In its prebaked phase, PDMS is degassed for 30 min in a

vacuum chamber to remove oxygen bubbles.

. After degassing, the PDMS mixture is gently poured into the

mold embedding the copper wire.
The mold is placed in the oven for curing for 90 min at 75 °C.

Cut open and break the mold gently pulling out the top part
protrusions leaving the wire embedded in the polymer
(Fig. 3d).

3.3 Operation Reliable incubation is one of the critical steps of ELISA. Fluctua-
and Characterization tions in temperature can result in a slow binding reaction or in
protein denaturation. To test the consistency of the sample heating
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in our incubator, we conducted a set of experiments monitoring
temperature distribution in microwells (Fig. 3a).

1. Microwells are filled with 200pl of water and inserted into the
copper wire surrounded openings in PDMS

2. A thermal probe is inserted in one of the sample wells for
continuous temperature monitoring.

3. The copper wire heating element is connected to a variable
power supply through a solid state relay.

4. The relay control ports are connected to the Arduino micro-
controller to adjust the temperature after reading the data from
the probe.

5. An Arduino Mega 2560 microcontroller is connected to the
thermal probe and programmed to acquire temperature read-
ings every 1 s. It also controlled the heaters through solid state
relays. When the temperature probe connected to Arduino is
reading less than 37 °C, the relays are enabled, and the heating
element is powered. When the temperature is greater than
37 °C, the relays are closed, switching the heaters off. The re-
sistive heating is operating by running current through the thin
wire that is looped multiple times around each well. The device
is powered using an external variable power supply. Arduino
microcontroller received commands from a PC through a USB
port. The smartphone is used for capturing the sample image.
The images are then transferred to the PC and processed with
computer software.

6. The heating process is also monitored with a FLIR thermal
camera that allowed tracking temperature in all wells simulta-
neously, while using the temperature probe in one of the wells
for reference (Fig. 4d).

We tested the heater with different currents to determine the
optimal heating conditions. The initial current for the heater is set
at 0.75 A, but after 10 min the temperature readings in the well
saturated at 25 °C. Increasing the current to 1.2 A for the next
15 min raised the temperature to 35 °C, however it still reached
saturation and was not high enough for the optimal ELISA incuba-
tion that had to be conducted at 37 °C. Then the current is raised
to 2 A, and the desired temperature is obtained. Figure 4a shows
the complete tuning curve and demonstrates that the relay success-
tully keeps the temperature at 37 °C. The heater is then tested at
1.7 A. It took 6 min to reach operating temperature and the
temperature is kept at set point within 0.5 °C (Fig. 4c). This current
is sufficient for the ELISA sample incubation.
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Fig. 4 PDMS incubator testing. (@) PDMS incubator temperature tuning curve (three current regimes are
demonstrated—0.75 A, 1.2 A, and 2 A respectively), (b) experimental setup (top view), (¢) tuning curve at
1.7 A, (d) infrared thermal image of the working incubator

3.4 Calibration
and Testing

We have chosen cortisol ELISA kit to demonstrate that our point-
of-care system performs in way similar to the traditional ELISA.
Cortisol is a steroid hormone that is produced by the adrenal glands
as a response to stress or low blood glucose concentration to
promote gluconeogenesis. It helps regulating sleep cycle, reduces
inflammation, and controls blood pressure [8-10]. Cortisol defi-
ciency causes fatigue, loss of appetite, nausea, and abdominal pain.
Cortisol supplements are often prescribed to control metabolism
and reduce blood pressure [11]. The PDMS incubator perfor-
mance is compared against a standard ELISA incubator, and the
incubated samples are analyzed by the mobile phone as well as the
plate reader.

1. Five calibration samples of known concentrations are used to
create a calibration curve for the measurement (Table 1).

2. Asecond set of samples with same concentrations is prepared to
test in the PDMS incubator against the standard one.
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Table 1
Gortisol calibration sample concentrations
Sample # 1 2 3 4 5
ng,/ml 0 10 50 150 500
1.04
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Concentration (ng/ml)

Fig. 5 Two calibration curves based on the data obtained using a standard
incubator and our PDMS incubator. Absorption data for the cortisol values and for
the control samples are measured by the plate reader

3.

The experiment followed the standard protocol developed for
cortisol ELISA kit [12]. The PDF with all the details can be
downloaded from this link [12].

. 20pl samples are added to the precoated microwells and incu-

bated at 37 °C for 1 h. Additional control samples are used for
readout error calculation.

. After incubation in the heaters, two sample sets are analyzed by

both, the plate reader and the mobile phone camera.

. Plate reader absorption values are shown on Fig. 5. The cali-

bration is fitted with a Boltzmann Sigmoid equation (5.1) that
is used to measure the control sample concentration [1]. The
samples are illuminated from the back using a small LCD
screen shining uniform white light.

. Samples from both heaters are then photographed with the

mobile phone, and red, green and blue (RGB) color compo-
nents are extracted for each sample. Out of R, G and B channels
the most sensitive channel to the concentration change is
B. The values from the B channel are used to plot a calibration
curve (Fig. 6). The RGB components are extracted using
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Fig. 6 Two calibration curves based on the data obtained using a standard
incubator and our PDMS incubator. Absorption data for the cortisol values and for
the control samples are measured by the mobile phone camera Plate

Table 2
Control sample readout error (%)

Standard incubator PDMS incubator
Plate reader 2.68 1.55
Optical readout 1.71 1.67

Photoshop Histogram tool that allows measurements of each
individual color component in a small area in the middle of
cach well. In the centers the of the wells images are free of
artifacts and are most uniformly colored. While information
about values in all channels is collected, only the most sensitive
channel is chosen for the measurements.

8. Concentration values for control sample are calculated from
the Boltzmann curves for both heaters and both type of read-
out to determine an error and check how consistent the PDMS
heater is comparing to the standard one. The readings demon-
strate that the control sample value error does not exceed 3%
for both heaters and readout methods (Table 2). This proves
that PDMS heater can be used for consistent and reliable
measurements.

9. To test the consistency of the PDMS heater and accuracy of the
optical readout, we prepare three samples with unknown con-
centrations. These samples are incubated alongside the known
calibration samples in the PDMS heater.
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Fig. 7 Measurement of unknown concentrations of cortisol using plate reader

Table 3
Calculated values for unknown cortisol samples

Plate reader measured Prototype measured
Sample # concentration (ng/ml) concentration (ng/ml)
7 33.24 31.78
8 87.4 81.63
9 131.87 134.71

10. After incubation, conjugation with the antibody, adding sub-

strate and other steps of ELISA, the samples are read by the
plate reader and the mobile phone-based optical readout. The
plate reader data is shown in Fig. 7.

11. Absorption values of unknown samples are projected on the

calibration curve to determine concentrations (Table 3). Simi-
larly, concentration values are acquired from the B channels of
the optical readout (Fig. 8).

12. Asseenin Table 3, concentration data measure by both systems

matches within 7% accuracy, which is within measurement
error of ELISA. That proves that PDMS heater and optical
readout can be used in the portable mHealth ELISA system
developed in this project.
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Fig. 8 Measurement of unknown concentrations of cortisol using mobile phone

4 Notes

We have faced a number of challenges designing the operational
prototype. The main challenge was optimizing the design so that
we get consistent and reproducible results across multiple
prototypes.

1. First, PDMS curing time depends on incubation temperature.
According to the manufacturer, it takes approximately 2 h to
completely cross-link material at 60 °C, whether at 150 °C the
time is only 10 min. However, at temperatures higher than
90 °C, the plastic mold starts to deform (Fig. 9a). The shape of
the resulted incubator is uneven (Fig. 9b) and it cannot have a
uniform heating profile. To prevent the mold from damage, the
PDMS mixture is cured at 75 °C for 90 min.

2. Additionally, the initial design of the upper mold pegs could
not prevent thinner gauge wire from slipping oft during mold
disassembly. When the mold is pulled from the cured incuba-
tor, it is taking some of the wiring with it (Fig. 9¢, d). Not only
it compromises heating of the well with the loose wiring, but
the whole heating system could not provide consistent heating.
That is solved by adding notches on the protrusions to hold the
wire and using thicker wire gauge.

3. Achievement of reliable and reproducible optical transparency
of the heater is also important. An opaque or inconsistent
incubator could make the color readings unreliable which
would lead to readout errors. This is challenging, since the
molds are created using 3D printers that move a heated plastic
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Fig. 9 Challenges and failures that can be prevented: (a) 3D-printed mold damaged from excessive heat during
PDMS curing (Note 1), (b) misshapen incubator, (¢) dislodged wire caused by a thin gauge (Note 2), (d)
unusable well with compromised wiring, (e) PDMS mix leaks into the mold and entraps one of the pegs (Note
3), (f) incubator compromised by air bubbles (Note 4)
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extruder in a specific pattern to match the shape of a printed
object. The motion of the extruder head creates uneven ridges
that imprint into the incubator during molding (Fig. 9e).
Moreover, during printing, the mold infill can be prepro-
grammed. Lesser fill uses smaller amounts of plastic and
makes the mold easier to break off. However, PDMS can seep
through the mold making it very difficult to separate the incu-
bator from the mold. It may even cause breaking-oft the pegs
and trapping them in the incubator (Fig. 9¢). Putting tape on
the bottom surface of the mold makes it smoother and prevents
the PDMS from leaking.

. Finally, during mixing with curing agent, the mixture entraps a

lot of air bubbles. During curing, they cause inconsistencies
that are detrimental to colorimetric analysis (Fig. 9f). Proper
degassing in a vacuum chamber is required to remove the air

bubbles and to achieve proper optical clarity.
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Smartphone Enabled Point-of-Care Detection of Serum
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Abstract

Sandwich immunoassays are the gold standard for detection of protein analytes. Here, we describe an
ultrasensitive point-of-care sandwich immunoassay platform for the detection of biomarkers directly from
blood or serum using a custom-built smartphone detector. Testing undiluted blood or serum is challenging
due to the complexity of the matrix. Proteins nonspecifically adsorb to and cells often adhere to the assay
surface, which can drastically impact the analytical sensitivity of the assay. To address this problem, our assay
is built upon a “nonfouling” polymer brush “grafted from” a glass slide, which eliminates nearly all
nonspecific binding and therefore increases the signal-to-noise ratio and greatly improves the analytical
performance of the test. The two components required to perform a sandwich immunoassay are inkjet-
printed directly onto the surface: (1) “stable” capture antibodies that remain entrapped in the brush even
after exposure to a liquid sample and (2) fluorescently labeled “soluble” detection antibodies that dissolve
upon exposure to a liquid sample. The polymer brush provides hydration to the antibodies, allowing them
to remain stable and active over prolonged periods of time. When a liquid sample containing a biomarker of
interest is dispensed onto the chip, the detection antibodies dissolve and diffuse to the stable capture spots
forming a complex that sandwiches the analyte and that has a fluorescence intensity proportional to the
concentration of the biomarker in solution, which can be measured using a custom-built smartphone
detector. As multiple capture antibodies can be printed as discrete capture spots, the assay can be easily
multiplexed without the need for multiple fluorophores. This chip and detector platform can be utilized for
the point-of-care detection of low-abundance biomarkers directly from blood or serum in low-resource
settings.

Key words Point-of-care, Biomarker, Diagnostics, Polymer brush, Nonfouling, Smartphone, Fluo-
rescence, Sandwich immunoassay

Jacob T. Heggestad, David S. Kinnamon and Jason Liu contributed equally with all other contributors.

Miguel R. Ossandon et al. (eds.), Biomedical Engineering Technologies: Volume 1, Methods in Molecular Biology, vol. 2393,
https://doi.org/10.1007/978-1-0716-1803-5_19, © Springer Science+Business Media, LLC, part of Springer Nature 2022

343


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-1803-5_19&domain=pdf
https://doi.org/10.1007/978-1-0716-1803-5_19#DOI

344

Jacob T. Heggestad et al.

1

Introduction

Multiplexed testing of multiple protein biomarkers from a small
volume of a clinical specimen, such as a drop of blood or serum, has
been recognized as a highly desirable attribute for point-of-care
diagnostics [1]. Further, as biomarkers often circulate at subpico-
molar concentrations in blood or other matrices such as saliva or
urine, ultrasensitive detection schemes are required to match the
performance of tests commonly performed in clinical laboratories,
such as enzyme-linked immunosorbent assays (ELISA) [2]. Herein,
we describe in detail our group’s fabrication methodology for an
ultrasensitive, multiplexable, self-contained, and portable immuno-
assay point-of-care test (POCT)—the D4 POCT—that addresses
these needs. The D4 POCT contains all the necessary reagents
needed to perform multiple sandwich immunoassays on-chip
[3]. Antibody (Ab) reagents are inkjet-printed directly onto a non-
fouling poly(oligo(ethylene glycol) methacrylate) (POEGMA)
brush—also called poly(ethylene glycol)methyl ether methacrylate
(PEGMEM)—*“grafted from” a glass slide through surface-
initiated atom-transfer radical polymerization (SI-ATRP), as sum-
marized in Fig. la.

The POEGMA brush, which functions as the microarray sub-
strate, is the core technology of the D4 POCT. Previous studies
have demonstrated that POEGMA brushes with sufficient density
and thickness greatly reduce protein adsorption and cellular adhe-
sion at the substrate surface [4—6]. This reduction in nonspecific
protein adsorption greatly improves the analytical performance of
the assay by decreasing the background signal and thereby increas-
ing the signal-to-noise ratio, enabling detection of protein analytes
directly from complex biological milieu such as blood or serum
without a reduction in analytical performance [7-9]. In addition,
POEGMA brushes can be easily functionalized with an Ab or other
proteins without the need for covalent conjugation. In the dry
state, the brush acts like a reservoir enabling noncovalent attach-
ment of Ab reagents for sensing. Upon hydration, the Abs remain
stably entangled within the brush and therefore discrete spatial
addresses on the chip can be printed with different capture anti-
bodies (cAbs) targeting different biomarkers [8]. Further, fluores-
cently labeled detection Abs (dAb) are printed onto the chip in
close proximity to the cAbs. However, in contrast to the cAbs that
are directly printed on to the brush, the dAbs are printed on top of a
trehalose excipient pad on the POEGMA brush allowing them to
solubilize—because of dissolution of the underlying trehalose
pad—after a liquid sample has been added to the surface. Because
each cAb has a discrete spatial address, the assay can be multiplexed
using only one fluorophore for all dAbs, which simplifies assay
readout.
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Fig. 1 (a) Detailed overview of SI-ATRP of POEGMA brushes “grafted from” a glass slide. Reproduced from
“Simple Fabrication of Antibody Microarrays on Nonfouling Polymer Brushes with Femtomolar Sensitivity for

Protein Analytes in Serum and Blood” 2009 from Wiley. (b) Visual representation of the series of events that
occur during the D4 assay after a sample is added

The D4 POCT is named for the series of events that occur
during the assay procedure (Fig. 1b). First, the sample containing
the biomarker(s) of interest is Dispensed onto the array. This trig-
gers the “soluble” dAbs to Dissolve into the sample and Diffuse
toward the immobilized cAbs, forming a sandwich complex with
the biomarker of interest. The resulting fluorescence intensity at the
capture spots is proportional to the concentration of the analyte in
the sample, which is Detected using a smartphone detector. As the
smartphone-based detector was specifically designed for D4 fluo-
rescent readout, it can be built at a fraction of the size and cost of
traditional detectors, while maintaining clinical-grade performance
independent of clinical infrastructure.

The D4 POCT platform is broadly applicable to diagnostics for
many disease indications, as tests can be developed for any bio-
marker for which there is an Ab pair available. Herein, we provide
detailed step-by-step instructions on how to fabricate the D4
POCT chips, operate the smartphone detector, generate dose—
response curves from the data, and analyze results.

2 Materials

2.1 Growth of 1. Hydroquinone (HQ) and Monomethyl ether hydroquinone
POEGMA Brushes (MEHQ) Removal Column (DHR-4; Scientific Polymer Pro-
ducts Inc.).

2. Poly(ethylene glycol)methyl ether methacrylate (PEGMEM)
average M, 300, contains 100 ppm MEHQ as inhibitor,
300 ppm BHT as inhibitor (Millipore Sigma).

3. 500 mL Dispensing burette with PTFE stopcock (DWK Life
Sciences).
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Fig.
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2 Dimensions for the custom PTFE holder used during SI-ATRP. Dimensions

in mm

4.

10.
11.
12.

13.

14.

15.
16.
17.

18.
19.
20.
21.

Lab stand with 2 vertically separated clamps (VWR
International).

. Two small disposable funnels, 40 mL (VWR International).
. Two custom-made PTFE slide holders (Fig. 2) (emachineshop.

com).

. Nexterion glass slides B (Schott Inc.).
. Fume hood.

. ~20,100 x 130 mm rectangular glass staining dishes with lids

(VWR International).
SiO;, silicon wafer pieces (University wafers).
25 g of 3-Aminopropyltriethoxysilane (APTES) (Gelest Inc.).

~2 L of 200 proof (99.5% ethyl alcohol) ethanol (VWR
International).

Centrifuge compatible with Beckman Coulter microplate car-
rier GH3.8 (362394) or similar assembly. (Beckman Coulter
Inc.).

Two GH3.8 Beckman Coulter microplate carriers (Beckman
Coulter Inc.).

Rubber stopper (VWR International).

Stainless steel laboratory cannula (VWR International).
1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA)
(Sigma-Aldrich).

Copper (II) bromide (Sigma-Aldrich).

Helium tank (Airgas Inc.).

Dichloromethane (DCM) (Sigma-Aldrich).
a-bromoisobutyrylbromide (BIB) (Sigma-Aldrich).
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2.2 Inkjet Printing
of Abs

2.3 D4 POCT
Assembly and
Generating a D4
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2.4 D4 Fluorescence
Imaging
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22.
23.
24.
25.
26.
27.
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Triethylamine (TEA) (Sigma-Aldrich).
L(+) Sodium ascorbate (Sigma-Aldrich).
Argon tank (Airgas Inc.).

Glovebox (mBraun) Working gas: Argon.
Hydrogen peroxide (30%) (Sigma-Aldrich).
Sulfuric acid (Sigma-Aldrich).

Monoclonal Interleukin 6 (IL-6) antibody (capture antibody),
polyclonal 1L.-6 antibody (detection antibody), recombinant
IL-6, monoclonal tumor necrosis factor alpha (TNF-a) anti-
body (capture antibody), polyclonal TNF-a antibody (detec-
tion antibody), TNF-a, monoclonal leptin antibody (capture
antibody), polyclonal leptin antibody (detection antibody),
recombinant human leptin. All proteins are available from
R&D Systems (see Note 1).

. Amicon Ultra 0.5 mL 100 kDa molecular weight cut-off

(MWCO) filters (Sigma-Aldrich).

. 1x PBS, without calcium and magnesium (Sigma-Aldrich).
. Trehalose dihydrate (Sigma-Aldrich).

. Alexa Fluor 647 antibody labeling kit (Invitrogen).

. Scienion S11 sciFlexarrayer Inkjet Printer (Scienion).

. PDC 70 type 3 tip (Scienion).

. 384-well plate and 96-well plate (VWR International).

. BioDot AD1520 BioJet Elite (Biodot).

10.
. Nalgene Dessicator, 250 mm, with stopcock (VWR

TRUBIlock (Meridian Life Science).

International).

. Gravograph LS900 Laser Engraver (Gravotech Inc.).

. 300LSE Double-sided adhesive, 0.17 mm (3 M).

. 19.5” x 19.5” Clarex clear Acrylic, 1 mm (Astra Products Inc.).
. 96-well deep well plate (VWR International).

. Test media (Fetal Bovine Serum (FBS), Human Serum (HS),

Human Whole Blood (HWB)) (Sigma-Aldrich).

. Genepix 4400 (Molecular Devices).

. Nokia Lumia 1020.

. 638 nm 700 mW laser diode (Oclaro).

. 1.1 Amp buck-boost laser diode driver.

. 690,/50 nm optical Filter (Semrock).

. Collector Lens ( fi = 2.6 mm, UCTronics).
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2.5 Software

7. uPrint SE Plus, Stratasys 3D printer.
8. 3D printed enclosure (acrylonitrile butadiene styrene plastic).

9. Dovetail linear translation stage with focusing knob (DT12,

Thorlabs).
10. AAA battery holder.
11. Circuit switch and 22 AWG wire.
12. Red fluorescent beads (Cy5 ex/em, Polysciences).

. AutoCAD (Autodesk).

. Gravostyle 8.0 software (Gravotech Inc.).
. Image] (open source).

. Excel (Microsoft).

. GraphPad Prism (GraphPad Software).

. Solidworks (Dassault Systemes).

N QN Utk W N

. Cura (open source).

3 Methods

3.1 Removing
Inhibitor from
Monomer Solution

The steps required for fabrication, assembly, testing, and analysis of
the D4 POCT are outlined as a flow chart in Fig. 3. Various
characterization techniques can be used to validate outcomes of
certain steps. This Methods section will briefly discuss how to:
prepare monomer solution for polymerization; fabricate nonfoul-
ing POEGMA brushes on glass slides; prepare, optimize, and print
assay reagents onto the POEGMA brush; assemble and test the D4
POCT; and how to image and analyze the results of the test.

The PEGMEM monomer has inhibitors to prevent premature
initiation of polymerization. These inhibitors must be removed
prior to the polymerization process. This can be done by passing
the PEGMEM solution through a hydroquinone (HQ) and mono-
methyl ether hydroquinone (MEHQ) Removal Column. This sec-
tion details the steps to obtain inhibitor-free PEGMEM monomer
for use in SI-ATRP.

1. Affix the 500 mL burette to the higher of the two clamps on
the lab stand, then affix the SP2 column (DHR-4) to the lower
clamp. Remove the two black caps of the inhibitor removal
column. Place a disposable funnel at the top of the inhibitor
removal column and align the burette outlet over the funnel.
Place another small funnel at the top of the burette. Place a
50 mL beaker at the outlet of the inhibitor removal column.

2. With the stopcock of the burette closed, fill the column with

PEGMEM. Slowly open the stopcock until the monomer starts
to drip into the SP2 column. Carefully watch as the PEGMEM
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Fig. 3 Flow chart detailing the steps of fabricating, assembling, testing, and analyzing the D4 POCT. Dotted
lines indicate characterization techniques used to validate individual steps. The parentheses contain the
associated Methods section number for each step

flows through the column to its outlet. Once saturated, the
inhibitor-free PEGMEM will drip into the beaker. Collect the
first 50 mL to pass through the removal column and discard.

Place a larger 500 mL beaker under the removal column to
collect the rest of the PEGMEM solution. Adjust the stopcock
such that the rate of flow into the column is roughly equal to
the flow out. You want approximately 2-3 cm of PEGMEM
sitting at the top of the SP2 column waiting to flow through
with a visible amount of air above. Keep adjusting flow until
these conditions are stable. Overflowing the column will cause
PEGMEM to leak down the sides of the column into the
beaker adding inhibitor-containing PEGMEM to your final
solution (see Note 2). Each column can process 500 mL of
PEGMEM.

4. After collecting the inhibitor-free PEGMEM, aliquot into

3.2 Fabrication of The

50 mL tubes and store at —20 °C until use. Do not leave at
room temperature for an extended period.

core feature of the D4 POCT is the nonfouling polymer brush,

POEGMA Brushes grown using SI-ATRP. This section describes how to grow a
POEGMA brush on previously untreated glass slides. First, glass
slides are silanized with APTES. Second, BIB initiator is attached to
the silanized surface. Finally, the POEGMA brush is “grafted from”
the surface using the inhibitor-free monomer prepared in the pre-
vious section (Subheading 3.1). Polymerized slides are stable long
term and can be fabricated in bulk. The following protocol can be
scaled up or down as needed.

1.

Open a fresh package of Nexterion glass slides and carefully
place them into the custom PTFE holder making sure to only
touch the edges of the slides and not the faces. A schematic of
the PTFE holder with relevant dimensions is shown in Fig. 2.
Rest a small silicon piece on top of the glass slides. Ensure the
silicon piece undergoes every step of the following protocol,
including wash steps (see Notes 3 and 4).
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2.

10.

11.

Inside the fume hood, add 250 mL of ethanol into a glass
rectangular bowl and place on a magnetic stir plate. Add a stir
bar and start stirring at 130-150 RPM. Do not apply heat.

. Add 25 g of APTES into the bowl and allow to mix for 30 s.
. Place the loaded PTFE holder into the glass rectangular bowl.

Cover immediately and parafilm the lid to create an
airtight seal.

. Allow reaction to occur for 12-24 h (see Note 5).

. Once the APTES reaction is complete, preheat an oven to

(200 °C).

. Arrange four clean rectangular dishes for sequential washing.

Fill the first one with 250 mL of fresh ethanol, and the next
three with 250 mL of DI water. Remove slides from the APTES
solution, allowing excess liquid to drip, and then submerge
completely into the prepared ethanol wash dish (se¢ Note 6).
Gently move the slide holder up and down to promote washing
before moving the slide holder to the first of three DI water
dishes. Repeat this process for the remaining two DI water
dishes. Let the slide holder sit in the last DI water dish until
they are loaded into the centrifuge.

. Place two cleanroom wipes at the bottom of the centrifuge

assemblies and load the deck of slides into the assembly. Load
centrifuge, balance, and spin at 150 x g for 6 min (sec Note 7).

Remove the slides from the centrifuge and place them into a
clean bowl with a lid to prevent dust from contaminating the
slides, leaving a small opening for moisture to evaporate. Load
into the preheated oven and bake for 2 h. After loading, turn
off the oven to allow gradient cooling.

(Do this step while APTES is curing). Combine 350 mL of DI
water, 75 mL of inhibitor-removed PEGMEM, 50 pL of
HMTETA, and 23-30 mg of Cu(II)Br into a 500 mL glass
bottle equipped with a rubber stopper. Swirl the bottle to mix
the reagents. Stick two to three needles into the rubber stopper
to allow air to be displaced from inside the bottle. Stick a clean
cannula through the rubber stopper and push to the bottom of
the glass. Connect the cannula to the helium gas cylinder.
Increase the gas pressure until a light bubbling of the mixture
can be seen. Degas for at least 3 h. The mixture will turn from
cloudy to clear when done degassing, and do not stop degas-
sing until the solution is optically completely clear to the eye.

After curing, retrieve the APTES coated slides from the oven
and set them aside to cool to room temperature. Inside the
fume hood, place a clean rectangular dish onto a magnetic stir
plate, and add a new clean stir bar. Fill the dish with 250 mL of
DCM. Set the stir plate to 130-150 RPM. Add 5 mL of TEA
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followed by 5 mL of BIB, and stir the solution for ~30 s before
adding the slide holder. Cover with a glass lid. Allow the
reaction to run for 30—45 min. The mixture will turn from
clear to a slight yellow to orange color (see Note 8).

12. Repeat the sequential washing procedure from step 7 but add
an additional wash using DCM to start. Do this first DCM
wash and subsequent transfer to ethanol solution inside of the
fume hood.

13. Place two cleanroom wipes at the bottom of the centrifuge
assemblies and load the slide holders. Load centrifuge with the
assemblies ensuring it is properly balanced and spin at 150 x g
for 6 min.

14. Measure 600-700 mg of sodium ascorbate and place in a
loosely screwed 15 mL disposable conical.

15. Move the ATRP initiator functionalized glass slides into a new
and clean PTFE holder (se¢e Note 9).

16. Place slide holder into a new clean rectangular dish and cover
with a glass lid. Transfer degassed monomer solution, ATRP
initiator functionalized glass, and sodium ascorbate into a
glovebox (Argon, with <30 ppm O, levels). Once inside, add
the sodium ascorbate to the degassed monomer solution swir-
ling vigorously until completely dissolved. The solution will
turn from a light blue to a light purple color. Add the contents
into the glass bowl containing the ATRP initiator functiona-
lized glass. Cover with the glass lid. Polymerize for 3-5 h at
room temperature.

17. Retrieve the dish from the glovebox. Conduct 4-5 DI water
washes using the same sequential wash protocol as above. Do
not wash with ethanol or DCM.

18. Place two cleanroom wipes at the bottom of the centrifuge
assemblies and load the slide holders. Load centrifuge with the
assemblies ensuring it is properly balanced and spin at 150 x g
for 6 min.

19. Allow POEGMA-coated glass slides to air dry. Store
POEGMA-functionalized glass slides in the original container
to prevent the slide surfaces from rubbing against each other.
Label appropriately. Store under vacuum desiccation with the
Nalgene desiccator connected to house vacuum or vacuum
pump until use (at least 24 h). Confirm the thickness of the
POEGMA brush by running ellipsometry on the silicon wafer
piece. Brush thicknesses >10 nm will be nonfouling; however,
a 3-5 h polymerization should yield a thickness of approxi-
mately 30-60 nm [4, 6]. X-ray photoelectron spectroscopy
(XPS) should be performed on the final polymerization
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3.3 Preparing
Reagents for Inkjet
Printing and Running
Assays

Protein concentration (M) =

product to validate the elemental composition of the polymer
brush on the surface.

The D4 POCT has unique requirements for how Ab reagents are
prepared before inkjet printing. The cAb, dAb, and antigens for the
immunoassays are either purchased commercially or recombinantly
expressed in-house. The cAb and dAb must be buffer exchanged to
remove preservatives prior to being printed. This section details the
step-by-step process and requirements for the preparation of the
cAb and dAb to be used for printing, and antigens for conducting
an assay (Subheading 3.4).

We recommend that new adopters of this technology first
fabricate a single analyte assay for IL-6 because the 1L-6 Ab pair
has a high affinity, so any deficiencies in assay fabrication or in
carrying out the assay will be revealed by a LOD that is significantly
higher than the low picomolar LOD that is expected, if all the
fabrication and assay steps are carried out correctly. Next, we rec-
ommend fabricating and testing a multiplexed assay for two ana-
lytes on the same chip. The recommended analytes of the two-plex
assay are: IL-6 and TNEF-a or leptin.

1. Buffer exchange each cAb into 0.2 pm filtered 1x PBS with
0.05-0.1% (w/v) trehalose using an Amicon Ultra 0.5 mL
100 kDa MWCO filter. Concentrations for printing must be
determined empirically, as discussed in Subheading 3.11. Gen-
erally, the cAb concentration will be in the range of
0.25-2.0 mg/mL. If the cAb concentration in the printing
solution is <1 mg/mL, we recommend supplementing the
printing solution with bovine serum albumin (BSA) to adjust
the total protein concentration to be at least 1 mg/mL. This
will help ensure a homogenous capture spot, by minimizing the
chance of patchy or “coffee ring” morphologies.

2. Conjugate fluorescent dye to the dAbs using the AlexaFluor
647 Antibody Labeling Kit (or other fluorophore) according to
manufacturer’s instructions. After conjugation, use a UV-vis
spectrophotometer to measure the protein concentration and
degree of labeling (DoL), a measure of moles of dye per mole
of protein. We use a NanoDrop for as it enables us to work with
a small—2 pL—volume. Ensure that the DoL is acceptable for
the given dye (i.e., for AF647, DoL = 2-7). Prior to printing,
dAbs should be buffer exchanged into 0.2 pm filtered 1x PBS
supplemented with 5-10% (w/v) trehalose (see Note 10).

[A280 — (Adye * CFas0)] * dilution factor
203,000

Dol — Agye * dilution factor

€dye * Protein concentration (M)
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Concentrations for printing must be determined empiri-
cally for each individual dAb first, and then for the entire dAb
“cocktail” (mixture of all dAbs) if developing a multiplexed
test. The procedure for identifying dAb concentration is
described in Subheading 3.11.

3. The antigens should be aliquoted into convenient sizes for
running individual dose-response curves and stored according
to manufacturer’s instructions—typically —20 °C or —80 °C to
minimize freeze—thaw cycles. For convenience, 10 pL aliquots
are often stored at 100 pg/mL in 1x PBS.

Several companies (e.g., Arrayjet, Scienion, Perkin Elmer, M2
automation, MicroFab, and BioDot) sell noncontact inkjet printers
specifically for biomedical applications (i.e., DNA /protein micro-
arrays, biosensors) [10]. For D4 chip fabrication, any of these
commercially available inkjet printers can be used that can achieve
consistent spot morphologies and spot volumes; we use the Scien-
ion S11 sciFlexarrayer for depositing cAb and the BioDot AD1520
Biojet Elite for depositing, trehalose pads, TRUblock, and dAb.
The sciFlexarrayer provides picoliter precision for ultralow volume
spots needed for the cAb. The BioDot is used for printing dAb
spots because larger volume spots can be printed more quickly.
Here, we describe the protocol for developing a two-plex test
(against IL-6 and TNF-a) and a single analyte test (against leptin),
as outlined in Joh et al. [3]. The fabrication process can be easily
modified to include additional assays on the D4 chip. The outcome
of this section will be D4 POCT chips that with a minor assembly
step are ready for use.

1. Initialize and prime the Scienion S11 sciFlexarrayer liquid
handling system with PDC-70, type-3 piezo dispense
capillary tip.

2. Load the POEGMA-coated glass slides onto the Scienion vac-
uum platform leaving no gaps between the slides. Activate the
vacuum.

3. Load a 384-well plate in the refrigerated sample holder. Add
10-20 pL of previously prepared cAbs into individual wells.

4. Starting with the ini