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a b s t r a c t

Subcutaneous (SQ) injection is an effective delivery route for various biologics, including proteins,
antibodies, and vaccines. However, pain and discomfort induced during SQ injection pose a notable
challenge for the broader and routine use of biologics. Understanding the underlying mechanism
and quantification of injection-induced pain and discomfort (IPD) are urgently needed. A crucial
knowledge gap is what changes in the skin tissue microenvironment are induced by the SQ injection,
which may ultimately cause the IPD. In this study, thus, a hypothesis is postulated that the injection
of biologics solution through the skin tissue microenvironment induces spatiotemporal mechanical
changes. Specifically, the injection leads to tissue swelling and subsequent increases in the interstitial
fluid pressure (IFP) and matrix stress around the injection site, which ultimately causes the IPD.
To test this hypothesis, an engineered SQ injection model is developed capable of measuring tissue
swelling during SQ injection. The injection model consists of a skin equivalent with quantum dot-
labeled fibroblasts, which enables the measurement of injection-induced spatiotemporal deformation.
The IFP and matrix stress are further estimated by computational analysis approximating the skin
equivalent as a nonlinear poroelastic material. The result confirms significant injection-induced tissue
swelling and increases in IFP and matrix stress. The extent of deformation is correlated to the injection
rate. The results also suggest that the size of biologics particulates significantly affects the pattern and
extent of the deformation. The results are further discussed to propose a quantitative understanding
of the injection-induced changes in the skin microenvironment.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Biologics, pharmaceutical products derived from biological ori-
in, are rapidly emerging because of superior efficacy and low
oxicity. These drugs include recombinant proteins, antibodies,
accines, blood components, and reprogrammed cells [1–4]. Re-
ently, eight of the top ten selling drugs globally are biologics [5].
owever, the effective delivery of biologics is still challenging
ue to the large molecular weights and the sensitive molecular
tructure to the environmental condition. Intravenous delivery
ay be effective, but it typically needs to be administered by
edical professionals which substantially increases the treatment
ost and burden [6]. In this context, subcutaneous (SQ) injection
as been considered a promising delivery route because it can
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be self-administered [7]. SQ administration has been approved
for more than 100 biologics, and many more clinical trials are
currently ongoing [8]. Biologics often require repeated SQ injec-
tion for a prolonged period. One of the most critical drawbacks,
however, pain and discomfort are induced during SQ injection.
This injection-induced pain and discomfort (IPD) poses significant
hurdles for the broader use of biologics, the design of injection
devices and drug formulations, and the quality of patients’ life
[9–11].

However, the underlying mechanism of the IPD is not well
understood yet. Patients reported severe IPD during SQ injection,
not the sting of the needle [12,13]. To assess the impact of SQ
injection, current studies rely on pain intensity scales which
include the faces pain scale (FPS), the numerical rating scale
(NRS), the verbal rating scale (VRS) and the visual analogue scale
(VAS) [14,15]. The commonly used pain intensity scale of FPS,
NRS, VRS or VAS are based on patient self-rating, the subjectivity
of which may lead to controversial conclusions. For instance,
when injecting Tralokinumab, a monoclonal antibody treating
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sthma, the slower injection rate was associated with lower self-
eported measure of pain intensity [16], while injection rate
ad no significant impact on the self-reported measure of pain
ntensity during a SQ injection test on patients with diabetes [10].
hus, the mechanistic understanding and quantification of the IPD
s highly desirable for the design of formulation and SQ injection
rotocols of biologics to minimize the IPD. Although the IPD is
hought to be a nociceptive pain which can be generated by the
ociceptors in the dermis upon the mechanical microenviron-
ent changes [17], no clear correlation of the extent of IPD to

he mechanical changes in the skin tissue microenvironment.
This study aims to quantify the mechanical changes of the

kin tissue microenvironment during SQ injection to establish a
uantitative understanding of the injection-induced mechanical
ues in the skin tissue. This is based on a hypothesis that the
njected biologics solution, i.e., biologics particulates in suspen-
ion, induces changes in the mechanical microenvironment of the
kin tissue. Specifically, the injection leads to local tissue swelling
nd subsequent increases in the interstitial fluid pressure (IFP)
nd matrix stress around the injection site, which ultimately
auses the IPD. To test this hypothesis, an engineered SQ injection
odel is developed capable of measuring tissue swelling during
Q injection. This model consists of a skin equivalent constructed
y seeding quantum dot (QD)-labeled fibroblasts in a collagen
xtracellular matrix (ECM). The skin equivalents were subjected
o injection mimicking the SQ injection scenario, while the model
as under time-lapsed imaging. The images were analyzed to
stimate the tissue deformation. The changes in IFP and matrix
tress were studied by computational analysis which approxi-
ates the model to a nonlinear poroelastic material. Effects of

njection rates and size of biologics molecules on the magnitudes
nd distributions of these mechanical microenvironment changes
re further studied. Based on the results, the mechanistic param-
ters of displacement rate, total displacement, IFP, and matrix
tress are discussed as potential biomarkers.

. Materials and methods

.1. Experimental setup for injection-induced tissue deformation
easurements

An experimental method named cell image deformetry (CID)
as used to measure the spatiotemporal deformation of en-
ineered tissue construct (ETC) during the injection of model
iologics. The CID method was also described in our previous
ork on tissue deformation during freezing [18]. A schematic
f the experimental platform constructed for CID is shown in
ig. 1A. The platform consists of an injection system, an imag-
ng system, and ETC. The imaging system includes a fluores-
ence macro/microscope (MVX10, Olympus, PA) equipped with
TRITC filter, a CCD camera (Aqua, QImaging, CA), and a flu-
rescent illuminator (X-Cite 120Q, Excelitas Technologies, MA).
he injection system includes a syringe pump (NE 1000, New Era
ump Systems, NY) which controls the injection flow rates, as
ell as a three-axis micromanipulator which adjusts the needle
rientation and insertion depth into the ETC.

.2. Design and fabrication of the engineered SQ injection model

An engineered SQ injection model to mimic the deformation
f skin’s dermal layer during SQ injection was developed based
n our previous studies [18–21]. As shown in Fig. 1B, the model
ncludes an ETC, as well as proper physical constraints on the ETC
imicking the SQ injection scenario. Overall, the ETC simulates

he injection area in skin including dermis and subcutaneous
2

tissue, the Polydimethylsiloxane (PDMS) layer simulates the epi-
dermis as a tough and protective sheath, and the agar ring and
agar layer simulate the tissue surrounding the injection area.
Specifically, PDMS fulfills the mimicry of the elastic modulus of
epidermis. Both PDMS and epidermis have the elastic modulus of
1 to 2 MPa [22,23]. Type I collagen gel at the concentration of
6 mg mL−1 is used to simulate the SQ tissue of the injection area,
whose tensile elastic modulus is comparable to subcutaneous
tissue which is around 50 kPa [24–26]. 1.15% agar gel, whose
compressive elastic modulus is around 50 kPa [27], is used
to simulate the SQ tissue surrounding the injection area. The
fabrication process of the engineered tissue model is as follows:

A PDMS ring attached on a thin (1 mm) PDMS layer was
firstly built as the skeleton of the model, then an agar ring
was created inside the PDMS ring, which was also attached on
the thin PDMS layer. Then, 1 mL collagen solution suspended
with the QDs-labeled fibroblasts was placed in the cylindrical
hole (10 mm in diameter) surrounded by the agar ring, followed
by polymerization at 37 ◦C for 90 min. The collagen solution
was prepared from a high concentration type I rat tail collagen
(Corning, Bedford, MA), which contained 6 mg mL−1 collagen,
10% v/v 10X PBS, 2.3% (v/v of collagen added) 1 N sodium hy-
droxide, 30 mM HEPES, 6% v/v fetal bovine serum, 10 µg mL−1

penicillin/streptomycin, 2 mM L-glutamine, and distilled water
(added to make a total volume of 1 mL). The preparation of a
neutralized collagen solution was also described in our previous
work [18–21]. The 1 mL collagen solution was mixed with QDs-
labeled fibroblasts at the cell seeding density of 2 × 105 cells
L−1. After polymerization, the engineered tissue construct was

ncubated in complete culture medium at 37 ◦C and 5% CO2 for
days. After incubation, the cylindrical ETC still adhered to the
gar ring, with a diameter of 10 mm and a thickness of 10.2 ±

.2 mm (n = 3).

.3. Human dermal fibroblasts culture in ETC

Human dermal fibroblasts were maintained in DMEM/F12
edium (Invitrogen, NY) supplemented by 10% v/v

etal bovine serum, 2 mM L-glutamine, and 100 µg mL−1 peni-
illin/streptomycin. The fibroblasts were cultured in 75 cm2 T-
flasks at 37 ◦C and 5% CO2, and routinely harvested at 80-90%
confluency by using 0.05% trypsin and 0.53 mM EDTA, used
for experiments or subculture. The cells were maintained up
to 19th passage during the experiments, and 2 × 105 cells
were collected for the cell seeding in each ETC. The collected
fibroblasts were labeled with quantum dots (Qtracker 655, In-
vitrogen, Carlsbad, CA) according to a protocol suggested by the
manufacturer. Fig. 1B shows a fabricated injection model and
QD-labeled cells embedded in ETC. After 2 day incubation, the
fibroblasts cultured in collagen developed dendritic morphol-
ogy, and the overlay of brightfield and TRITC images confirmed
that quantum dots specifically accumulated in the cytoplasm of
fibroblasts.

2.4. Tissue deformation measurement during injection

Distilled water was injected through a 27-gauge hypodermic
needle into the ETCs at different flow rates of 0.6, 1.2, and 2.5
mL min−1. The model biologics were injected at a flow rate of
1.2 mL min−1. For each injection experiment, the ETC surface
was kept at 45 degrees, and the needle was inserted into the
ETC at a fixed depth of 4 mm. Before the injection experiments,
the culture medium was removed, and an agar layer was created
on the agar ring as well as the ETC. Both the agar ring and agar
layer were formed from the gelation of 1.15% agarose solution,
and the solution temperature should decrease till 37 ◦C before

loaded on the ETC. Finally, the engineered tissue model was
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Fig. 1. Engineered SQ injection model to mimic injection-induced tissue swelling. (A) Schematic and image of the experimental setup constructed for CID, including an
injection system, an imaging system and ETC. (B) Schematic of the conceptual design: The ETC simulates the injection area in skin including dermis and subcutaneous
tissue. The PDMS layer simulates the epidermis as a tough and protective sheath. The agar ring and agar layer simulate the tissue surrounding the injection area.
Scale bar: 50 µm. QD-labeled fibroblasts are embedded in the collagen matrix. Overlay of brightfield and TRITC images confirms that quantum dots specifically
accumulate in the cytoplasm of dendritic fibroblasts. (C) Measurement of the deformation of ETC using the CID method. The acquired fluorescence image was divided
into 32 × 32 pixels interrogation windows. Overlaying and cross-correlating the fluorescence images taken ∆t apart provides the displacement rate vector. The
number of fluorescence particles in a single interrogation window was no less than 3 to guarantee the quality of cross-correlation.
placed on a dish for the injection experiments. Additional details
of the step-by-step fabrication processes are provided in Fig. S1
in supplementary material. Time-lapse fluorescence images of the
top view of ETC were acquired every 0.05 s during the injection.
The focal plane was adjusted to the needle tip in the ETC. The
acquired sequential images were divided into 32 × 32 pixels
interrogation windows and cross-correlated at a time interval ∆t
to estimate the displacement rate ∆u/∆t using DaVis software
(LaVision, Ypsilanti, MI). As shown in Fig. 1C, the number of
fluorescence particles in a single interrogation window was at
least 3 to guarantee the quality of cross-correlation. The ETC is
assumed to be undeformed right before the injection (t = 0),
and each interrogation window represents a material point at
t = 0. The grid of the material points enabled the calculation
of the displacement rate field at a resolution of 320 µm for the
first time interval of t = 0 ∼∆t . The displacement rate fields of
the material points at later time points were approximated by in-
terpolation of the cross-correlation results of ∆u, based on which
the total displacement field can be estimated by integrating the
displacement rate fields of the material points.
3

2.5. Model biologics preparation

Model biologics were prepared by dissolving fluorescein isot-
hiocyanate–dextran (FD4/FD500S, Millipore Sigma, Burlington,
MA) in distilled water. Smaller dextran (FD4) with an average
molecular weight (MW) of 4 kDa was solubilized at the concen-
tration of 5 mg/mL, which is similar to small-MW biologics such
as insulin [28]. Larger dextran (FD500S) with an average MW of
500 kDa was solubilized at the concentration of 50 mg/mL, which
is similar to large-MW biologics such as drug-conjugated mon-
oclonal antibodies, botulinum toxin with complexing proteins,
and polymeric IgA antibodies [29–31]. The model biologics were
injected through a 27-gauge hypodermic needle into the ETCs at
a flow rate of 1.2 mL min−1.

2.6. Computational analysis of the injection-induced ETC deforma-
tion, IFP and stress

We present a multi-physics coupled computational framework
to simulate the variation in the ETC microenvironment brought by
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he SQ injection, and to further predict the surface and internal
hree-dimensional distribution of IFP and matrix stress fields. The
issue is considered as poroelastic biphasic material, with non-
inear elastic deformable porous solid and fluid saturated pores.
he framework integrates interstitial fluid flow, tissue deforma-
ion, and mechanics based on finite deformation hyperelasticity
o model the nonlinear response. In this section we describe
he governing equations, inter-physical coupling, and boundary
onditions. The computational domain (Fig. 1B) mimics the exper-
mental setup described before, in 3D. The mechanical governing
quations are numerically solved in all the sub-domains while
he fluid flow equations are solved only in the ETC and agar
ub-domains. The computational domain is discretized using an
nstructured 3D tetrahedral mesh (Fig. 4A) with extremely fine
lements close to the needle and injection location in the col-
agen. A transient study simultaneously, numerically solves the
overning equations using the MUltifrontal Massively Parallel
parse direct (MUMPS) solver in COMSOL Multiphysics 5.4.

.6.1. Conservation of mass and interstitial fluid flow
The conservation of mass for the biphasic tissue is given as

∂ (φαρα)

∂t
+ ∇ · (φαραvα) = q̂α (1)

where the index α represents different phases: solid, s and fluid,
f , ρ is the density, and v is the velocity. Based on the assumption
that the pores are saturated with the fluid, the volume fractions,
φ, must follow the condition φf + φs = 1. Assuming incompress-
ibility of the phases, and that solid phase source q̂s = 0, the
combined conservation of mass for the tissue [32,33] reduces to

∇ · vs + ∇ ·
(
φf

(
vf − vs

))
= qf (2)

where qf = q̂f /ρf . Here the velocity of the solid phase, vs is the
time derivative of the deformation vector u. Assuming the fluid
flow follows Darcy’s law, the Darcy velocity w is related to the
pressure gradient:

w = φf
(
vf − vs

)
= −

κ

µf
∇p (3)

here µf is the dynamic viscosity, and p is the fluid pressure.
he Darcy permeability κ is assumed to be constant. The fluid
olume fraction φf , also known as the porosity, is evolving and
eformation dependent [32,33]:

f = 1 − φs = 1 −
φs,0

Js
(4)

where φs,0 is the initial solid volume fraction, and Js = det (F s) is
the Jacobian determinant of the solid deformation gradient tensor
F s.

At the syringe needle tip, an inward mass flux is defined as

−n · ρvf = N0 (5)

where n is the outward normal, and N0 is the constant value
calculated based on the injection rate. At all other external sur-
faces of the collagen and agar sub-domains, a no flow boundary
condition is implemented as −n · ρvf = 0.

.6.2. Conservation of linear momentum and tissue deformation
Assuming the absence of acceleration terms and body forces,

he conservation of linear momentum for the tissue is defined as

· σ = 0 (6)

here σ is the combined Cauchy stress tensor which is influenced
by the pore pressure p,

= σ − pI (7)
E

4

Here, σE is the elastic stress tensor.
ETC is considered as a nonlinear hyperelastic material and

the three term Ogden model is adopted where the strain energy
function Ψ is defined as

Ψ =

3∑
i=1

µi

αi

[
λ

αi
1 + λ

αi
2 + λ

αi
3 − 3

]
(8)

Here, αi and µi are material parameters and λ1, λ2, λ3 are iso-
horic principal stretches. The elastic Cauchy stress tensor for ETC
an be obtained from the Kirchhoff extra stress tensor τE as

σE =
τE

Js
=

1
Js
F s

(
2

∂Ψ

∂C s

)
F T
s (9)

where C s is the right Cauchy–Green deformation tensor defined
as C s = F T

s F s. Agar and PDMS are assumed to be linear elastic
such that they follow the relation

σE = C : Es (10)

here C is the isotropic stiffness tensor that is defined using the
lastic modulus E and Poisson’s ratio ν, and Es = (C s − I) /2 is

the Green–Lagrange strain tensor. Lastly, the surfaces in contact
with the needle are assumed to be fixed, u = 0. The lower
surface of the agar base is restricted from deforming in the
z direction (normal to the surface). All other surfaces are free
to deform. Making use of the symmetry in the model system,
only half the domain needs to be used and symmetry boundary
conditions are included in all the separate physics involved. The
material properties used for computational analysis are provided
in Table 1.

2.7. Statistical analysis

The spatiotemporal analysis of the injection-induced changes
in tissue’s mechanical microenvironment was performed using
the software OriginPro V2019b (OriginLab, Northampton, MA,
USA). The quantification of displacement rate and total displace-
ment was performed on the data acquired from the injection tests
carried out in triplicate. The statistical analysis of displacement
rate and total displacement was performed using the software
GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). The
data are presented as means ± the standard deviation. The quan-
tification of IFP and matrix stress was performed on the data
acquired from the computational analysis of SQ injection. The
computational tissue deformation, pressure and stress data at the
horizontal and vertical cross sections of the simulated ETC were
extracted for the quantification.

3. Results

SQ injection induces significant spatiotemporal tissue defor-
mation. Fig. 2A shows the raw time-lapse fluorescence images
of the top view of ETC when distilled water is injected at a rate
of 1.2 mL min−1 into ETC. The outline of the needle is indicated
with a dashed line in the first image while the injection site
is noted with the dot, and the injection direction is indicated
with the arrow. These acquired images are divided into smaller
interrogation windows and cross-correlated with the state of ETC
right before injection (t = 0 s), assumed to be the reference state.
Fig. 2B shows the displacement rate vector field measured by the
CID method. Significant tissue deformation occurred in the first
0.2 s since the start of injection, during which local displacement
rate reached above 800 µm s−1 in the region around the injection
site. Although the magnitude of displacement rate substantially
reduced at 0.3 and 0.4 s, the size of deformed tissue continues to
enlarge such that the maxima of displacement rate and deforma-
tion occur at different time points. The total displacement field
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Table 1
Material properties used for computational analysis.
Material Mechanical properties Darcy permeability (m2) Porosity

6 mg/mL collagen gel µ1 = 0.345 MPa
α1 = 0.857
µ2 = 1.03 kPa
α2 = 3.264
µ3 = −0.338 MPa
α3 = 0.703 [34]

10−13 [35–37] 0.94 [38]

1.15% (w/v) agarose gel E = 48 kPa [27]
ν = 0.499 [27]

10−15 [39] 0.98 [40]

PDMS E = 2000 kPa [23]
ν = 0.499 [23]

– –
Fig. 2. Significant injection-induced tissue deformation shown by CID measurements. (A) Fluorescent micrographs with QD distribution (B) Local displacement rate
(∆u/∆t) vector field and (C) total displacement (u) field during the injection of water into ETC at 1.2 mL min−1 from t = 0.1 s to t = 0.4 s. t = 0 s represents
he start of injection. The white dashed line (A) indicates the needle. The injection site and injection direction are indicated by the white dot and the white arrow,
espectively.
i
d

c
r
i

rovided in Fig. 2C shows the localized deformation around the
njection site with a displacement larger than 160 µm. This result
emonstrates the injection induces significant tissue deformation
round the injection site.
The injection flow rate has been thought as one of the im-

ortant factors to optimize the injection protocol to maintain the
njection-induced pain at a tolerable range [16]. The extent and
agnitude of the injection-induced changes in the mechanical
icroenvironment are anticipated to vary significantly depend-

ng on the flow rates. The experimentally observed effects of
njection flow rates on the tissue deformation are presented in
ig. 3. In comparison to the 1.2 mL min−1 injection, experimen-
al measurements on the ETCs at the injection rates of 0.6 mL
in−1 (Fig. 3A) and 2.5 mL min−1 (Fig. 3B) were performed to
elineate the effect of injection rate on tissue deformation which
5

s characterized by local displacement rate (∆u/∆t) and total
isplacement (u).
The displacement rate vector fields in Fig. 3 shows signifi-

ant increase of displacement rate with increasing injection flow
ate. The maximum local displacement rate occurred around the
njection site at t = 0.2 s since the start of injection, and
quantitatively, it increased from 388 ± 65 to 1104 ± 74 µm
s−1 with increasing injection rate from 0.6 to 2.5 mL min−1.
The total displacement fields provided in Fig. 3 show significant
increase of tissue deformation with the increase of injection rate.
At 0.4 s, the maximum total displacement around the injection
site increased from 67 ± 27 to 231 ± 51 µm with increasing
injection rate from 0.6 to 2.5 mL min−1. As shown in Fig. 2, the
moderate injection rate of 1.2 mL min−1 generated moderate-
magnitude displacement rate and total displacement, the local
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Fig. 3. Experimental measurements of tissue deformation of the ETCs at different injection rates. Local displacement rate (∆u/∆t) vector field and total displacement
(u) field during the injection at (A) 0.6 mL min−1 and (B) 2.5 mL min−1 from t = 0.1 s to t = 0.4 s. t = 0 s represents the start of injection. The injection site and
njection direction are indicated by the white dot and the white arrow, respectively.
axima of which were 645 ± 194 µm s−1 and 157 ± 28 µm,
espectively. The total displacements were also radially averaged
or the comparisons of the spatiotemporal changes at different
njection rates (Fig. S2). The radially averaged total displacement
ur is the average value of the total displacements at the locations
having the same distance of r to the injection site. The maximum
ur at 0.4 s were approximately 60, 90, and 120 µm at the injection
ates of 0.6, 1.2, and 2.5 mL min−1, respectively.

Computational results of deformation of ETC induced by the
njection of water at 1.2 mL min−1, is shown in Fig. 4. The com-
utational results allow the visualization of the injection-induced
echanical changes throughout the ETC, which cannot be ob-

ained by the experimental measurements using CID method.
ig. 4B shows 3D distribution of the deformation field at t = 0.4

s, over a 3D cutout of the ETC domain. The maximum defor-
mation occurs just behind the injection site with the remaining
ETC also undergoing significant deformation. The tissue swelling
also leads to a bulge on the top surface of ETC. The plane of
cross-section used to visualize the top view in computational
analysis is matched with the experimental focus plane at the
needle tip. The planes of cross-section for both the top and side
6

view are indicated with dotted planes in Fig. 4B. Top view of
the computational result shown in Fig. 4C can be compared with
the experimental measurements. Similar to experimental obser-
vation, the maximum deformation occurs along the injection
direction, but behind the injection site. Additionally, significant
tissue deformation occurred in the first 0.2 s around the injection
site of the computational model, and the size of deformed tissue
continues to enlarge at 0.3 and 0.4 s. Fig. 4C shows the side view
of the tissue deformation, with significant deformation beneath
the needle tip, with a growing comma shaped deformation of
the tissue surrounding the site of injection. The quantitative com-
parison between experimental measurements and computational
analysis is shown in Fig. S3. The total displacement data along the
injection direction (noted as ‘‘A’’) and the perpendicular direction
(noted as ‘‘P’’) at t = 0.4 s were extracted and plotted. Both
the experimental and computational results show larger tissue
deformation along the injection direction than the perpendicu-
lar direction. Moreover, along the injection direction, both the
experimental and computational results show larger tissue de-
formation behind the injection site than in front of the injection
site.
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Fig. 4. (A) The 3D unstructured mesh used for the computational analysis. (B, C) Significant injection-induced tissue deformation shown by computational analysis.
(B) 3D distribution of displacement (u) field in ETC for 1.2 mL min−1 at t = 0.4 s. (C) Computational top view and side view of total displacement field of ETC
uring the injection of water at 1.2 mL min−1(t = 0.1 s to 0.4 s).
Fig. 5 shows computational results at different injection rates
f 0.6 mL min−1 and 2.5 mL min−1 which follow the same trend
s the experimental results as seen in Fig. 3. The magnitude of
eformation is directly dependent on the flow rate. The tissue
eformation extent around the injection site, as well as deformed
issue area increases as the injection rate increases. The majority
f the deformation occurs initially at the start of the injection, in
he immediate vicinity of the needle tip. Maximum deformation
ccurs behind the injection site, with the rest of the tissue ex-
eriencing relatively lower deformation. The tissue deformation
hen slowly increases as the injection proceeds. While parts of the
issue remain close to undeformed at 0.6 mL min−1, the spread of
he deformation field in all directions is much larger at a higher
low rate of 2.5 mL min−1 as seen in both the top and side
views . This behavior is more evident in the side view where the
maximum deformation occurs under the needle tip within 0.1 s,
but by the end of the injection at 0.4 s, significant deformation has
occurred at the top surface of the ETC as well. Fig. S3 provides the
quantitative comparison between experimental measurements
and computational analysis of the injection-induced deformation
of ETC at the injection rates of 0.6 and 2.5 mL min−1. Similar
to the 1.2 mL min−1 injection result, the 0.6 and 2.5 mL min−1

injections induced larger tissue deformation along the injection
direction than the perpendicular direction, as well as larger tissue
deformation behind the injection site than in front of the injection
site.

Fig. 6 shows the effect of the injection rate on the IFP (p)
and von-Mises equivalent stress (σ ) studied by computational
e

7

analysis. The 3D distribution of the IFP and stress for the injection
rate of 1.2 mL min−1at t = 0.4 s is presented in Fig. 6A. Compared
to the distribution pattern of the deformation, both IFP and equiv-
alent matrix stress fields are more localized close to the injection
site. Fig. 6B shows the effect of varying flow rate on IFP and
matrix stress fields at the injection rates of 0.6, 1.2, and 2.5 mL
min−1. The maximum p and σe reach 68 and 90 kPa, respectively,
at 2.5 mL min−1. However, at lower injection rates, the maxima
are significantly smaller. The stress distribution in the tissue is
under mostly <10 kPa, with the maxima of 90 kPa occurring at
the needle tip due to stress concentration and fixed boundary
condition of the needle in computation. The peak values of pres-
sure occur at the injection site as well. The region in the immedi-
ate vicinity of the injection site, in the direction of injection, expe-
riences high p and σe. The size of this region and the peak values
of p and σe are directly dependent on the injection rate. However,
both p and σe drastically drop to very small values, away from this
region. The corresponding animations of the computational result
are provided in the supplementary material.

Fig. 7 shows that the injection of different-MW model biolog-
ics, 4 and 500 kDa dextran solutions, induces distinct distribu-
tions of dextran, as well as tissue deformations. The spatial distri-
bution patterns of model biologics in ETCs are shown in Fig. 7A.
Interestingly, the patterns are distinctly different depending on
the molecular weight of model biologics. 4 kDa dextran transports
preferentially along the injection direction. In contrast, 500 kDa
dextran is transported more perpendicular to the injection direc-
tion. Moreover, 500 kDa dextran appears to be accumulated at the
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Fig. 5. Computational results of the total displacement field of the ETCs at different injection rates of (A) 0.6 mL min−1 and (B) 2.5 mL min−1 .
ransport front, noted with a triangle. These patterns suggest that
he smaller model biologics convects through the pores of the
TC, but the larger model biologics may clog the pores along the
njection direction and is diverted to the perpendicular direction.

Displacement rate and displacement fields, induced by the
njections of model biologics of 4 and 500 kDa dextran solutions,
re shown in Fig. 7B and Fig. 7C, respectively, at the injection
ate of 1.2 mL min−1. The displacement of 4 kDa injection case
apidly increased in the first 0.4 s, and tissue deformation mainly
istributed along the injection direction. The increase of dis-
lacement of 500 kDa injection case was slower but continued
p to 0.8 s possibly due to lower fluid mobility. Compared to
kDa injection, the shape of the deformed region at 500 kDa

njection was distinctly different and had a kidney shape. The
patial pattern of 500 kDa dextran transport shown in Fig. 7A may
rovide an explanation of the kidney shape of tissue deformation.

. Discussion

The knowledge gap between the SQ administration and the
njection-induced pain makes it impossible to identify predic-
ive biomakers to guide the formulation design and SQ injection
8

protocol of various biologics for pain minimization. The injection-
induced pain is considered as mechanical pain, however, little is
known about the mechanical microenvironment changes during
the SQ injection. To take a critical step to bridge this knowledge
gap, this study develops a SQ injection model based on an in vitro
method utilizing the CID technique and the poroelastic theory on
engineered dermal equivalents, which enables the quantitative
analysis of the mechanical microenvironment changes and their
correlation with the SQ injection conditions.

The present study demonstrates that SQ injection causes dis-
tinct spatiotemporal changes in the mechanical microenviron-
ment. Based on the measurement of tissue deformation and the
calculation of fluid transport in the poroelastic ETC, the me-
chanical microenvironment changes are identified into four types
of potential biomarkers, including the experimentally measured
displacement rate and total displacement, as well as the com-
putationally analyzed IFP and matrix stress. These mechanical
microenvironment changes are thought to activate nociceptors
and induce pain, which can be compared with different types of
mechanical stimuli studied on the responses of nociceptors.

The rate of displacement is a biologically relevant parameter
of mechanical stimulation [17]. The peak value of the voltage
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Fig. 6. Computational results of IFP (p) field, and matrix stress (σe) field of ETC. (A) 3D distribution of pressure (p) field, and matrix stress (σe) field in ETC for 1.2
mL min−1 at t = 0.4 s. (B) Top view of the pressure and stress fields at the injection flow rates of 0.6, 1.2, and 2.5 mL min−1 at t = 0.4 s.
response from sensory neurons was found to increase by ∼300%
with increasing displacement rate from 560 to 800 µm s−1 [41].
In our study, the maximum displacement rates were approxi-
mately 400, 600, and 1100 µm s−1 at the water injection rates of
0.6, 1.2, and 2.5 mL min−1, respectively, which indicates the 2.5
mL min−1 injection may induce the most significant mechanical
stimulation with the maximum displacement rate >800 µm s−1.

Stretch-based stimulation is one kind of widely applied me-
chanical stimuli to study the nociceptive threshold of sensory
neurons, and the displacement (stretch) threshold was found to
be approximately 14% [42]. In our study, the maximum total
displacement significantly increases from approximately 70 to
240 µm (corresponding to approximately 20% to 75%) with in-
creasing injection rate from 0.6 to 2.5 mL min−1. Assuming that
the threshold is 14% [42], the above-threshold tissue area signif-
icantly increases from approximately 10% to 50% with increasing
injection flow rate from 0.6 to 2.5 mL min−1.

The mechanical force and pressure regimes in which neurons
respond to mechanical stimuli have been studied recently, and
the threshold of the pressure applied to neurons was approx-
imately 6 kPa for transient responses and 9 kPa for sustained
responses [43]. It is observed from the computational results that
approximately 1% of the collagen area in the vertical cross section
crosses this 9 kPa pressure threshold for 0.6 mL min−1. The region
above this threshold increases to approximately 3% and 10% for
1.2 mL min−1 and 2.5 mL min−1 flow rates respectively.
9

The result confirms that a slower flow rate causes lower mag-
nitudes of the identified IPD biomarkers, which corresponds to
the result of patient self-rating that a slower flow rate was
associated with lower pain intensity [16]. Moreover, patient’s
pain experience is usually complex and cannot be reflected by
simple pain rating scales. High displacement rate may result
in acute but transient pain, while low displacement rate with
large tissue swelling area may induce blunt but sustained pain.
Thus, the identification and quantification of these different types
of biomarkers can be useful to explain patient’s complex pain
experience and act as a more efficient pain assessment tool.

5. Conclusion

In order to deal with the injection-induced pain which hinders
the broader use of biologics and patients’ life quality, the de-
velopment of less-invasive injection devices is necessary but not
adequate because the pain caused by injected biologics usually
dominates over the sting of needle. Motivated by bridging the
knowledge gap between SQ injection and the induced pain, we
develop an in-vitro SQ injection model which enables the quan-
titative measurements of injection-induced mechanical changes
in the skin microenvironment, including displacement rate, total
displacement, interstitial fluid pressure, and matrix stress. Be-
sides the injection rates and molecular size of biologics studied,
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Fig. 7. Effect of molecular weight on the distributions of model biologics and tissue deformation. (A) Spatial distribution patterns of model biologics in ETCs. The
njection site is marked by a dot, and the injection direction is indicated by the arrow. The regions where 500 kDa dextran densely accumulated is indicated by a
riangle. Displacement rate (∆u/∆t) and total displacement (u) fields induced by the injections of model biologics of (B) 4 kDa and (C) 500 kDa dextran solutions
t the injection rate of 1.2 mL min−1 .
he developed model is capable of testing other injection parame-
ers including total volume, concentration, molecular weight, and
iscosity of drug formulations. The identified potential biomark-
rs are able to correlate tissue’s mechanical microenvironment
hanges with various SQ injection conditions. Moreover, since
atients’ pain experience is usually complex and cannot be re-
lected solely by self-reporting pain rating scales, combined with
10
the commonly used patients’ self-rating of pain, the different
types of biomarkers can be useful to explain patient’s complex
pain experience and act as a more efficient pain assessment tool.
Finally, the identified biomarkers can be compared with the noci-
ceptive thresholds of sensory neurons evoked by specific kinds of
mechanical stimuli, and thus they show promising potential for
the further development of the integrated IPD model composed
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f both mechanical and nociceptive components, which would be
ble to identify composite biomarkers to guide the design of drug
ormulations and injection protocols for minimized pain.
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