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In situ Detection of a Single Bacterium in Complex
Environment by Hyperspectral CARS Imaging**

Weili Hong,® Chien-Sheng Liao,” Hansen Zhao,” Waleed Younis, Yinxin Zhang,
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Detection of bacteria is essential for clinical diagnosis of in-
fectious disease and food safety purposes. However, it is still a
challenging task to rapidly detect bacteria, especially in their
natural environment. By fiber-laser based hyperspectral coher-
ent anti-Stokes Raman scattering (CARS) imaging, we showed
that bacteria can be detected in a single cell level using spec-
tral focusing in the C—H stretching region, with a total record-
ing time of 1-2 minutes. With phase retrieval and multivariate
curve resolution analysis, we further showed that a single bac-
terium can be detected in complex environment such as milk
and urine, without need of culturing, labelling, or sample con-
tact. Our work promises hyperspectral CARS imaging to be a
mobile and inexpensive setup for in situ detection of bacteria
and bacterial activity studies.

Rapid detection and analysis of bacteria in their natural envi-
ronment are critical to the clinical diagnosis of infectious dis-
eases" and food safety purposes.” Current methods, including
bright field optical microscopy, gram staining, and motility test-
ing, require long bacterial culture times, lack accuracy due to
limited information, and are not sensitive in complex environ-
ments.”!

Newly developed molecular techniques based on the se-
quence analysis of the ribosomal DNA (rDNA) or ribosomal RNA
(rRNA) of bacteria have facilitated rapid and sensitive detection
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of bacteria. As a nucleic acid amplification method, polymerase
chain reaction (PCR) has been used to detect bacteria in low
concentrations. PCR is useful for detection of bacteria that are
hard to culture. However, this technique is time consuming,”
suffers from contamination,” and does not provide enough in-
formation about the number and spatial localization of bac-
teria. Fluorescent insitu hybridization (FISH) with rRNA-tar-
geted probes is another molecular technique for detection of a
single bacterium with spatial localization capacity.® However,
this technique depends on the availability of suitable discrim-
inate probes.”’ Notably, both techniques are destructive to bac-
terial cells.

Linear vibrational spectroscopy has shown great potential
for label-free bacteria detection. Fourier-transform infrared
(FTIR)® and Raman spectroscopy have proven effective for rap-
id identification of bacteria.?”*'” These techniques use vibra-
tional spectra as a ‘fingerprint’ signature for bacteria identi-
fication, allowing culture-free, rapid, and non-destructive
detection."” However, these techniques also have their limi-
tations. For example, FTIR suffers from strong water absorb-
ance' and Raman spectroscopy produces very weak signals
and therefore requires long acquisition time. The acquisition
time to get one Raman spectrum in an area of 1 um? for a sin-
gle bacterium is 60-90 seconds.” Thus, it takes 6-9 hours to
scan an area of 60X 60 um? in order to get the spatial dis-
tribution information. By increasing the signal level, surface en-
hanced Raman spectroscopy (SERS)'? has also been used for
bacteria identification."® However, SERS requires direct contact
of the sample with the substrate, which is not suitable for in
situ detection of bacteria.

Coherent anti-Stokes Raman scattering (CARS) microscopy
is a label-free technique that offers dramatic improvement in
signal levels over spontaneous Raman microscopy." In most
CARS imaging experiments, a pump-probe beam (w,) and a
Stokes beam (w,) are used to generate an anti-Stokes field
through interaction with the specimen. When the beating fre-
quency (w,-w,) matches the frequency of a molecule vibration,
a resonance occurs, resulting in a peak in the CARS spectrum.
The CARS signal is accompanied by a non-resonant back-
ground,”™ and two phase retrieval methods have been devel-
oped to extract the Raman signal.'®'"" Hyperspectral CARS,
which records a stack of images that contain a spectrum at
each pixel, has been used for noninvasive detection of single
bacterial endospores.'®

Here, we report a compact, fiber-laser based hyperspectral
CARS microscope for in situ detection of a single living bacte-
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Figure 1. Schematic and performance of a fiber-laser based hyperspectral CARS imaging setup. a) Simplified schematic of the hyperspectral CARS microscope.
The pump and Stokes beams were provided by a fiber laser system and were collinearly combined. The temporal delay stage between the pump and Stokes
beams was inside the fiber laser box and controlled by a computer. PMT, photo-multiplier tube. b) Correlation of Raman shift with respect to the motor step
numbers. The correlation was fitted by a linear curve (R*=0.98). c) Detection sensitivity test using different concentrations of DMSO in water. The SNR was
plotted against the DMSO concentration and fitted with a linear curve (R?=0.98). d) CARS image of gold-glass edge. e) The first derivative plot of intensity over
the gold-glass edge indicated by the red line in (c). The peak was fitted by a Gaussian distribution, and the full width at half maximum (FWHM) is 562 nm.

Scale bars: 5 pm.

rium by its Raman signatures in the C—H vibration region. By
phase retrieval and multivariate curve resolution (MCR) analysis,
we show that a single Escherichia coli (E. coli) bacterium can be
identified in a complex environment without need of culturing,
labelling, or sample contact.

Figure 1a shows our fiber-laser based hyperspectral CARS
microscope. A compact ultrafast fiber laser (FemtoFiber Dichro,
TOPTICA Photonics) outputs two laser beams, one centered at
780 nm with ~10 nm bandwidth and ~80 mW average power,
used as the pump beam, and the other centered at 1030 nm
with ~10 nm bandwidth and ~250 mW average power, used as
the Stokes beam. The laser power at the sample was ~24 mW
for the pump beam, and ~75 mW for the Stokes beam. An op-
tical delay stage was included in the fiber laser box, which al-
lowed computer-control of the temporal delay between the
pump and Stokes pulses. The two beams were collinearly com-
bined, chirped by two 15 cm long SF57 glass rods for spectral
focusing, and directed into a laser-scanning microscope. A 60X
water immersion objective (UPLSAPO 60 X W, OLYMPUS) with
1.20 numerical aperture focused the beams into the sample. An
air condenser collected the light in the forward direction. Two
filters (Z640/20x and D680/100 M, Chroma) blocked the pump
and Stokes beams. The CARS photons were collected by a pho-
to-multiplier tube (model H7422-40, Hamamatsu).

We first calibrated the Raman shift with respect to the
pump-Stokes temporal overlap using Raman peaks of known
chemicals. Figure S1a shows the phase retrieved and normal-
ized CARS spectra of cyclohexanone and methanol by adjust-
ing the pump-Stokes temporal overlap. Corresponding sponta-
neous Raman spectra in the C—H stretching region from
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2750 cm™' to 3000 cm™', measured with a spectrograph (Sham-
rock SR-303i-A, Andor Technology) are shown in Figure S1b.
The CARS spectra were retrieved by a modified Kramers-Kronig
method"®'¥ and normalized by the glass non-resonant back-
ground which reflects the cross-correlation between the pump
and Stokes pulses. Using the known Raman peaks shown in
Figure S1b, the translational stage positions in the fiber laser
system were correlated to the Raman shifts by linear fitting
(R?=0.98), resulting in the calibration curve shown in Fig-
ure 1b. This curve allowed us to perform hyperspectral CARS
imaging simply by scanning the optical delay stage.

We then evaluated the performance of the fiber-laser based
hyperspectral CARS imaging setup in terms of detection sensi-
tivity and spatial resolution. Dimethyl sulfoxide (DMSO) in an
aqueous solution with different volume concentrations was
used for the sensitivity test. Figure S2 shows the representative
phase-retrieved CARS images of different concentrations of
DMSO-water mixture. The signal-to-noise ratio (SNR) of each
image was correlated to the DMSO concentration by linear fit-
ting, resulting in a linear correlation with R>=0.98 (Figure 1c).
The SNR for 0.5% DMSO was ~4, which is close to the de-
tection limit of solid-laser based SRS microscopy.”” We then es-
timated the spatial resolution using gold coated glass. Fig-
ure 1d shows the CARS image of the edge of gold coated glass,
with the dark side being the gold coating, and the bright side
being the glass. The intensity profile along the red line in Fig-
ure 1d was plotted, which shows the intensity change over the
glass-gold interface. A clear peak, indicating the sharpness of
the gold edge, was observed after first derivative of the in-
tensity profiles over distance along the interface (Figure Te).

514 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



{®*ChemPubSoc
Europe

t
\***

Chemist
SETECIV

Communications

The peak was fitted by a Gaussian distribution, and the spatial
resolution was estimated to be ~ 562 nm, defined as the full
width at half maximum (FWHM) of this peak. This spatial reso-
lution is smaller than the diameter of most bacteria, which typi-
cally ranges from about 0.6 to 10 um, indicating the capacity of
our setup to quantitatively map individual bacterium.

To record the CARS spectra of a single living bacterium, we
recorded a stack of 50 images of E. coli dispersed on a cover-
glass in the C—H stretching region from 2750cm™' to
3100 cm™', with a total recording time of 1-2 minutes. Fig-
ure 2a shows a 2930 cm™' CARS image of 10°/ml concentrated
E. coli dried on a coverglass. Figure 2b shows the correspond-
ing CARS spectra of a single E. coli bacterium and glass. The E.
coli spectrum had a higher intensity than the glass spectrum,
but the profiles of both E. coli and glass are similar. We consid-
ered the glass spectrum as the non-resonant background be-
cause glass does not have a vibrational Raman signal in the C—
H stretching region. The E. coli spectrum contained both the
Raman signal and the non-resonant background. We then ap-
plied phase retrieval to extract the signal from the background
and obtained a Raman spectrum. Figure 2c¢ shows the same
area of Figure 2a after phase retrieval, and Figure 2d shows the
corresponding spectra of E. coli and glass of Figure 2b after
phase retrieval. After phase retrieval, the glass showed no Ram-
an signal, and the retrieved Raman spectrum of a single E. coli
bacterium showed a peak around 2930 cm™', which is in good
agreement with the spontaneous Raman spectrum of E. coli
shown in Figure S3.

To test whether water background affect the detection of
bacteria, E. coli in water were examined. Figure S4a shows a
2930 cm ™' CARS image of E. coli fixed on a coverglass pre-coat-
ed with poly-l-lysine. Figure S4b shows the corresponding
CARS spectra of a single E. coli bacterium and glass. After phase

ChemistrySelect 2016, 3, 513-517 Wiley Online Library

Raman shift / cm’

—E. coli
—Glass
2800 2900 3000 3100
Raman shift / cm’’
1—E coli
— Glass
3
@
} 0.4
g
L 024 Figure 2. Detection of E. coli by hyperspectral CARS. a) Hy-
£ perspectral CARS image of air dried 10°/ml concentrated E.
0.04 coli on glass. b) Corresponding hyperspectral CARS profile of
E. coli and the glass background. c¢) CARS image after phase
2800 2900 3000 3100 retrieval. d) Corresponding phase-retrieved CARS spectrum

of E. coli and the glass background. Scale bars: 5 pm.

retrieval, the glass showed no Raman signal, and the retrieved
Raman spectrum of E. coli in water is in good agreement with
the retrieved Raman spectrum of dried E. coli (Figure 2d), in-
dicating water background does not affect the detection of
bacteria by hyperspectral CARS imaging.

We further examined whether a single E. coli bacterium in
complex environment can be detected. We first applied our hy-
perspectral CARS imaging setup to map 10%/ml concentrated E.
coli mixed with non-homogenized milk and dried on a cover-
glass. Figure 3a shows a 2920 cm™' CARS image of E. coli-milk
mixture, with the corresponding spectra of E. coli, milk and
glass shown in Figure S6a. The retrieved Raman spectrum
(Figure S6b) of glass showed no peak; the retrieved Raman
spectrum of E. coli showed a peak around 2930 cm™, arising
from the C-H; stretching mode; the retrieved Raman spectrum
of milk showed two peaks, at 2930 cm™' and 2850 cm™, arising
from the C-H, stretching mode, indicating abundant lipid com-
ponents in milk. The hyperspectral CARS image stack of the E.
coli-milk mixture was further analyzed by MCR®" to reconstruct
the quantitative concentration maps of E. coli, milk and the
glass background. Figure 3b shows the overlapped concen-
tration map of E. coli (red), milk (green) and glass background
(gray). The red dashed rectangular in Figures 3a and 3 b shows
a region where both E. coli and milk are present, the magnified
image of this region is shown in Figure S5. In the single-fre-
quency CARS image (Figure 3a and Figure S5a), E. coli is buried
in milk lipid particle. By hyperspectral CARS combined with
MCR analysis, E. coli was identified and clearly separated from
the milk lipid particle (Figure 3b and Figure S5b). The spectra
of E. coli, milk, and glass in Figure S6a were used as the input
for three-component MCR analysis. Corresponding output
spectra of E. coli and milk after phase retrieval are shown in Fig-
ure 3c. Pure milk dried on a coverglass was used as a control.
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Figure 3. Detection of bacteria in milk. a) CARS image of E. coli-milk mixture. b) Reconstructed map of E. coli and milk components after MCR analysis. The E.
coli is mapped with red color and the milk is mapped with green color. The red dashed rectangular in (a) and (b) indicate the location where E. coli and milk
are overlapped. c) Corresponding phase retrieved output spectra of each component after MCR analysis. d) CARS image of milk alone dried on glass. )
Reconstructed map of E. coli and milk components after MCR analysis. f) Corresponding phase retrieved output spectra of each component after MCR analysis.

Scale bars: 10 pm.

Figure 3d shows a 2920 cm™' CARS image of milk. We applied
the same spectra of E. coli, milk, and glass as the input for
three-component MCR analysis and plotted the concentration
maps (Figure 3e). As expected, only milk and glass components
were identified. The corresponding output spectra are shown
in Figure 3f.

We then examined whether a single E. coli bacterium in
urine can be detected. We applied our hyperspectral CARS
imaging setup to map 10%/ml concentrated E. coli mixed with
urine and dried on a coverglass. Figure 4a shows a 2920 cm™
CARS image of E. coli-urine mixture. The hyperspectral CARS
image stack was further analyzed by MCR to reconstruct the
concentration maps of E. coli, urine and glass background. Fig-
ure 4b shows the overlapped concentration maps of E. coli
(red), urine (green) and glass background (gray). The spectra of
E. coli, urine, and glass were used as the input for three-compo-
nent MCR analysis. Corresponding output spectra of E. coli and
urine after phase retrieval are shown in Figure 4c. Pure urine
dried on a coverglass was used as a control. Figure 4d shows a
2920 cm™' CARS image of urine. We applied the same spectra
of E. coli, urine, and glass as the input for three-component
MCR analysis and plotted the concentration map (Figure 4e). As
expected, only urine and glass components were identified.
The corresponding output spectra are shown in Figure 4f.

In summary, we have demonstrated a fiber-laser based hy-
perspectral CARS imaging system for rapid, in situ detection of
a single E. coli bacterium. Aided with phase retrieval and MCR

ChemistrySelect 2016, 3, 513-517 Wiley Online Library

analysis, we further demonstrated that a single E. coli bacte-
rium can be identified in complex environment. Fiber lasers are
compact and cost effective compared to solid state lasers.??
These advantages allow CARS microscope to be a mobile and
inexpensive setup for wide clinical and environmental use. Al-
though we focused on bacteria detection in this study, bacte-
rial metabolic activity can be further studied by monitoring the
spectral changes. Further studies promise to render CARS mi-
croscopy a powerful tool for in situ detection of bacteria and
for determining bacterial response to antibiotics.

Supporting Information

Details about sample preparation, MCR analysis, and phase re-
trieval can be found in supporting information summary para-
graph.

Keywords: Bacteria - Fiber laser - Stimulated Raman scattering
imaging - Vibrational spectroscopy
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Figure 4. Detection of bacteria in urine. a) CARS image of E. coli-urine mixture. b) Reconstructed map of E. coli and urine components after MCR analysis. The E.
coli is mapped with red color and the urine is mapped with green color. c) Corresponding phase retrieved output spectra of each component after MCR. d)
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