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Abstract: The cellular microenvironment is influenced explicitly by the extracellular matrix (ECM),
the main tissue support biomaterial, as a decisive factor for tissue growth patterns. The recent
emergence of hepatic microphysiological systems (MPS) provide the basic physiological emulation
of the human liver for drug screening. However, engineering microfluidic devices with standardized
surface coatings of ECM may improve MPS-based organ-specific emulation for improved drug
screening. The influence of surface coatings of different ECM types on tissue development needs to
be optimized. Additionally, an intensity-based image processing tool and transepithelial electrical
resistance (TEER) sensor may assist in the analysis of tissue formation capacity under the influence
of different ECM types. The current study highlights the role of ECM coatings for improved tissue
formation, implying the additional role of image processing and TEER sensors. We studied hepatic
tissue formation under the influence of multiple concentrations of Matrigel, collagen, fibronectin,
and poly-L-lysine. Based on experimental data, a mathematical model was developed, and ECM
concentrations were validated for better tissue development. TEER sensor and image processing
data were used to evaluate the development of a hepatic MPS for human liver physiology modeling.
Image analysis data for tissue formation was further strengthened by metabolic quantification
of albumin, urea, and cytochrome P450. Standardized ECM type for MPS may improve clinical
relevance for modeling hepatic tissue microenvironment, and image processing possibly enhance the
tissue analysis of the MPS.

Keywords: extracellular matrix; microphysiological system; TEER; tight junction proteins; image
analysis; collagen

1. Introduction

Organs on a chip (OoC) technology is based on providing a dynamic microenviron-
ment with physiological shear stress for optimum growth and differentiation of tissues
emulating human physiology [1]. Microphysiological systems (MPS) are used for studying
drug toxicities, disease modeling, and reverse engineering of human organs. Biocompatible
materials and porous membranes support the cellular scaffolds in MPS [2]. Cells are sus-
pended in hydrogels or attached to a surface with supporting extracellular matrix (ECM).
ECM interactions influence cell adhesion, cell differentiation, cell-cell communication,
tissue repair, tissue regeneration, and tumor growth processes [3]. Cell isolation from
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native ECM causes loss of cellular polarity and important molecular characteristics [4].
Commercially available ECM components are typically employed as cell culture substrata.
Exclusive ECM components, such as fibronectins, collagens, and laminins have been uti-
lized in cell culture for years and have been proved to profoundly impact the survival and
attachment of cells cultured in vitro, and homeostasis of various cellular functions [5].

Standardization of the MPS for obtaining approval from regulatory bodies has become
crucial [6]. Issues concerning cell culture in MPSs, such as cell number, cell type, tissue-
specific ECM, and standard biomarker testing methods, need to be standardized for
emulating human physiology [7]. Salih et al. studied the effect of serum concentration
on tight junction protein within MPSs by using a TEER sensor, which highlighted the
direct influence on tight junction proteins (TJPs) required for attachment and biomarker
production [8]. Accumulating evidence has indicated the positive impact of MPS surfacing
modification by ECM relevant for a specific tissue type [9-11]. In addition, ECM influences
the maintenance of pluripotent stem cells (PSCs) and plays an important role in PSC
differentiation [12]. In particular, the attachment proteins required for adherence of a tissue
to a specific ECM must be defined with respect to each organ [13,14].

Fiji, an image processing package based on Image], is used to perform image thresh-
olding to evaluate multiple features of cell culture, mainly cell confluency. The TEER
sensor has indicated a potential to measure tight junction formation and deformation. Ad-
ditionally, LabVIEW with IMAQ Vision tools has the potential for image processing data.
Previously, we highlighted the use of LabVIEW-based assessment of ROS production in an
MPS with an integrated microscope [15-18]. Color intensity-based processing of 2D and 3D
images generated from histograms generated through IMAQ assists in image data analysis.
Histogram-based peaks of pixel intensity present a reliable assessment of tissue formation
when utilized for cell culture staining images. Previously, constitutive equations have been
utilized for predicting the material behavior conditions. In addition, constitutive equations
have the potential to assist in indicating outcomes based on a polynomial regression model
for ECM. There is a lack of consensus for the selection of ECM to perform in vitro cell
culture assays on MPS platforms.

In the present study, we evaluated the impact of different singular types of commer-
cially available ECM on a liver MPS in comparison with Matrigel™—a mixture of ECM
components, with Figure 1 representing a schematic. Several concentrations of differ-
ent ECM types (collagen, fibronectin, and poly-L-lysine) were tested for cell attachment
and tissue growth in comparison with different concentrations of Matrigel. We utilized
an image analysis technique based on image thresholding and implemented a statistical
model to analyze cell attachment and confluency development. The current application
of mathematical models has the potential to predict cell attachment with respect to ECM
concentration. Furthermore, rigorous image analysis approaches were utilized to identify
the optimum ECM type and concentration. These ECM concentrations were then used in a
dynamic cell culture environment with a TEER sensor, and several biological parameters
were studied with respect to the liver MPS. The metabolic profiles of molecular biomarkers
presented a vague assessment of tissue formation compared to that of image processing.
We utilized the LabVIEW tool for investigating the total green intensity graph of the image,
green intensity of tight junction protein, albumin staining, and live/dead assay. This may
infer that specific ECM modulations improve tissue quality and image analysis tools may
support the conventional assays’ results. Additionally, the image analysis tool can be used
for biomarker analysis through fluorescence staining images.
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Figure 1. Schematic representation of hepatic MPS platform setup. (a) Schematic representation of experimental setup,
hepatic tissue culture in dynamic environment with TEER sensor representation. (b) Magnified view of hepatocyte culture
on ECM-coated glass chip with ITO TEER sensor. (c) Real image of experimental setup, top view of engineered MPS
environment, a microfluidic chip with embedded TEER sensor for tight junction evaluation is connected to the media
reservoir with tubing in which medium is circulated using peristaltic pump and a bubble trap is attached to the system for
bubble removal. Sensor control unit, temperature controller, and CO, regulator maintain cell culture incubation conditions.
(d) MPS chip exploded view, MPS chip assembled view with connected transducers and the actual image of ITO embedded

MPS chip.

2. Materials and Methods
2.1. Microfluidic Chip Fabrication

To establish a microfluidic chip, two soda lime glass chips were utilized by stacking
them. Glass chips with a thickness of 1.1 mm, width of 41 mm, and length 56 mm were
taken and polydimethylsiloxane (Sylgard 184, Dow corning, Bristol, PA, USA) was fixed
using plasma treatment to form the microfluidic channels. The height of the microfluidic
channels was 300 um and the width of the channel was 800 pm. A magnetic chip holder
was designed to assemble the glasses in the form of a microfluidic chip.

2.2. Analysis of the Effect of ECM on Liver Cells

Four different ECM types were used to study the impact of ECM on adherence of cells to
the surface of the glass chip. Collagen type I (rat tail) (Sigma-Aldrich, Burlington, MA, USA)
was used in different concentrations of 100, 125, 150, 175, and 200 pg/mL in PBS (Thermo
Fisher Scientific, Waltham, MA, USA). Poly-L-lysine (1 mg/mL) (ScienCell, Carlsbad, CA,
USA) was diluted in sterile double distilled water to obtain concentrations of 2, 3, 5, 6, and 7
ng/mL. Fibronectin (Thermo Fisher, Waltham, MA, USA) solution with distilled H,O was
prepared at 1 mg/mL concentration which was serially diluted in PBS to obtain concentrations
of 10, 13, 15, 20, and 25 pg/mL. Matrigel (Corning Inc., Corning, NY, USA) was thawed
overnight in ice diluted with cold Dulbecco’s modified Eagle medium (DMEM) to desired
concentrations of 100 pg/mL, 125 pg/mL, 150 pg/mL, 175 ug/mL, and 200 ng/mL. For all
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ECM types, the volume for coating was fixed at 400 pL before cell seeding in the microfluidic
chips followed by an overnight incubation in a cell culture incubator.

2.3. Cell Seeding and Development of Liver MPS

The liver epithelial cell line HepG2 (KCLB No. 88065) derived from human hepatoblas-
toma was purchased from Korean Cell Line Bank, Korean Cell Line Research Foundation,
Seoul, South Korea. The immortal HepG2 cells were cultured in 10% fetal bovine serum
containing DMEM cell culture media supplemented with 1% v/v penicillin and strepto-
mycin (P/S) antibiotic solution and incubated at 37 °C with 5% CO; [19]. Before starting
the experiment, glass chips were sterilized using 70% ethanol and a subsequent ultraviolet
exposure for 1 h.

Firstly, the glass chip was fixed in a magnetic seeding kit and ECM was coated to provide
an improved adherence surface for cell culture. ECM coating was performed using 4 types
of material, i.e., solutions of Matrigel, fibronectin, collagen, and poly-L-lysine. After ECM
coating, chips were incubated for 4 h at 37 °C to create an ECM bed for cell culture in the
MPS before seeding the cells. Before seeding on the chip, hepatocytes were cultured for 2
doublings. HepG2 cells were seeded at the density of 2 x 10° cells/500 uL. Again, overnight
incubation in a cell culture incubator was performed after seeding the cells on glass chips
for adequate attachment on the surface. The seeding kit after cell seeding was covered with
sealing membrane (Breathe-Easy®, Sigma-Aldrich, Burlington, MA, USA) (Figure S1).

Once the cells had been attached on the glass surface, the culture medium was re-
moved, and the glass chip was placed in a magnetic chip holder to form a hepatic MPS
(M-Physio™ Platform, Biospero, Inc, Korea). This MPS functioned by attaching a microp-
ump with tubing and conditions were kept at 37 °C and 5% CO, to facilitate the cell culture
conditions. An amber colored 15 mL Falcon tube was attached to the MPS using tubing
connection with a peristaltic pump. The volume of cell culture media was kept at 7 mL
and changed every 2 days. The MPS shear stress was calculated to be 0.5 dyn/cm? and,
based on this requirement, medium flow rate was set at 60 pL/min. Calculation of shear
stress is shown in Equation (1):

_ omQ

T= o2 @D

where “h” indicates the height of the channel, “w” represents the width, “Q” represents the

flow rate of the media, and “p” represents viscosity of the cell culture medium. The cell
chamber was 9 mm in width, 200 um in height, 60 uL/min with viscosity of 0.81 mPas.

2.4. Measurement of CYP450, Urea, and Albumin Enzyme Levels

The levels of functional biomarkers of hepatocytes, including urea, albumin, and
cytochrome P450 enzyme activity, were measured using a Human Albumin ELISA Kit
(Abcam, Cambridge, UK), Urea Kit (Abnova, Taipei City, Taiwan), and P450-Glo CYP3A4
Assay Kit (ca# V9001, Promega, Madison, WI, USA). Medium samples collected at consecu-
tive intervals were stored at —80 °C after centrifugation. Similarly, a CYP34A quantification
assay was performed with the stored cell culture medium samples. Absorbance was mea-
sured by a multipurpose microplate reader (SpectraMax i3 Multimode Microplate Reader,
Molecular Devices, San Jose, CA, USA).

2.5. Live/Dead Assay

Dulbecco’s PBS (DPBS) was used to wash the cell culture area of the microfluidic chips
three times and a LIVE/DEAD Cell Viability Assay Kit (Thermo Fisher, Waltham, MA,
USA) was used according to the manual. The microfluidic chips were then incubated in
a humidified cell culture incubator at 5% CO, at 37 °C for 30 min. The cell surface was
rinsed with DPBS and mounted with Fluoromount Aqueous Mounting Medium (Sigma-
Aldrich, Burlington, MA, USA), subsequently a coverslip was placed on stained tissue.
A confocal laser scanning microscope (Olympus FV122, Olympus, Tokyo, Japan) was
utilized at excitation wavelength of 530-560 nm and emission wavelength of 530-645 nm for
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obtaining fluorescent images. The confocal micrographs were processed for live and dead
cell counting using Image] software (Version 1.52 p, National Institute of Health, USA).

2.6. ZO-1, E-cadherin, and Albumin Immunofluorescence Microscopy

Z0-1 immunofluorescence staining was carried out following the given instructions
(primary ZO-1 antibodies, cat# 33-9100, Thermo Fisher, Waltham, MA, USA). The cell
culture area of the microfluidic glass chips was washed three times using a pre-warmed
1 x DPBS solution. The microfluidic chips were incubated with chilled 70% ethanol
for 5 min at room temperature and then with 4% paraformaldehyde (cat# AAJ19943K2,
Thermo Fisher, Waltham, MA, USA) in DPBS for 10 min at 23 °C. The microfluidic chips
were again incubated with 1% bovine serum albumin (BSA; cat# 15561020, Thermo Fisher,
Waltham, MA, USA) for 60 min to block non-specific antibody binding. Later, the chips
were rinsed twice with DPBS. The chips were then incubated overnight with secondary
antibodies (goat anti-mouse IgG, cat# ab205719, Abcam, USA) diluted 1:50 in BSA at
4 °C. Subsequently, the microfluidic chips were rinsed three times with DPBS for 5 min
in the dark. The cells were dyed for 3 min with 300 nM DAPI solution (4’, 6-Diamidino-2-
Phenylindole, Dihydrochloride, cat# D1306, Thermo Fisher, Waltham, MA, USA) prepared
in DPBS. For E-cadherin immunofluorescence staining, the manufacturer’s instructions
were followed with slight modifications, and microfluidic chips were incubated with anti-
E-cadherin antibodies (cat# M168-C-terminal ab76055, Abcam, USA) and a secondary
antibody (goat anti-mouse IgG, cat# ab205719, Abcam, USA) in 1% BSA. After that, the
cells were stained for 3 min with 300 nM DAPI solution.

2.7. Statistical Analysis

To validate the results, an image-based viability study was performed from different
positions of the chip and the relative light unit (RLU) was calculated multiple times. To verify
the statistical significance of the data, one-way analysis of variance (ANOVA) was performed
using Tukey’s honestly significant difference (HSD) procedure which facilitates pairwise
comparisons within the acquired data. For statistical comparisons, a p value < 0.05 was
considered significant and is denoted by “*”.

3. Results and Discussion
3.1. Cell Attachment and Image Analysis

Matrigel, fibronectin, collagen, and poly-L-lysine were applied at multiple concentra-
tions for cell attachment and images were collected following incubation for 24 h, as shown
in Figure S2. ECM components such as collagen and fibronectin have been previously
used for the attachment of hepatocytes to a biocompatible surface or membranes [20-22].
While no standardized strategy has been formulated to use a specific ECM for liver MPS
development, we systematically selected five common concentration ranges of ECM for
attachment of hepatocytes, such as 100-200 pug/mL for collagen and Matrigel, 10-25 pug/mL
for fibronectin and 2-7 pg/mL for poly-L-lysine. The cell attachment increased significantly
on all four different types of ECM coatings with an increase in the concentration of each
ECM within the range given above (100-200 pug/mL, 10-25 pg/mL, 2-7 ug/mL) It was
found that the ECM concentration is directly proportional to the cell attachment (Table 1).
These data showed that all ECMs increased hepatocyte attachment; however, there was no
apparent tissue specificity observed at this stage.

The cell attachment ratios and cell confluency percentages were calculated using
the image thresholding technique with the image analysis software Fiji. Matrigel was
found to be the most effective ECM in preserving cell morphology and attachment to the
glass surface, followed by fibronectin. However, cell attachment was lower with collagen
and poly-L-lysine than that with Matrigel and fibronectin. As Matrigel is a commercially
available ECM and constitutes multiple structural components of native ECM, it showed
better tissue growth support compared to the other studied ECM types.
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Table 1. Different ECM concentration and percentage of area of attachment results from image processing.
Matrigel Fibronectin Collagen Poly-L-Lysine
Applied % Area of Cell Applied % Area of Cell Applied % Area of Cell Applied % Area of Cell
Concentration Attachment Concentration Attachment Concentration Attachment Concentration Attachment

100 pug/mL 80.371 10 pg/mL 73.468 100 pg/mL 43.268 2 ug/mL 63.818

125 pg/mL 80.649 13 ug/mL 78.364 125 ug/mL 45.523 3 ug/mL 65.485

150 pug/mL 81.917 15 pg/mL 84.995 150 pg/mL 47.887 5 ug/mL 70.124

175 pg/mL 88.793 20 pg/mL 84.998 175 ug/mL 50.123 6 pug/mL 70.32

200 pug/mL 91.539 25pug/mL 85.523 200 pg/mL 58.867 7 ug/mL 70.522

R? = 0.9477, RMSE = 1.3260

R? = 0.9168, RMSE = 1.7098

R? = 0.9670, RMSE = 1.2399

R? = 0.9794, RMSE = 0.5192

3.2. Mathematical Modeling and Confirmation of the Prediction Model

Based on the image analysis, a mathematical model was generated using a polynomial
equation. Here, we used a regression model between the ECM concentration as output
response (P(x;)) and cell attachment as input variables (x;).

P(xi) = po+ PiXi+ PpXio + -+ PpXi" + fi ©)

where {p;}.., are the coefficients of the regression model. Alternatively, Equation (4) can

be rewritten in the matrix form as [23,24]

Py 1 xp xi e X Po fi
Py _ 1 x x5 -+ x5 P; N f 3
Pn 1 x'n ><121 ... Xxh o fn
Equation (5) can be simplified into Equation (4) as:
P=Xp-+f 4)

Here, P, f, p, and X represent measurement observations, measurement noise, re-
gression coefficients, and input cell attachment, respectively, in matrix and vector forms.
For estimating the regression coefficients of the polynomial in Equation (5), the least
square method was used by performing error minimization between the original input and
estimated points. The estimated coefficients following the least square method are:

p = (XTX) " 'XTp ®)

Incorporating estimated regression coefficients (p), the output ECM concentrations

(P) for the unknown points can be obtained as:
P=Xp (6)

A pattern of cell attachment percentage with respect to unknown concentrations of
the relevant ECM was developed using the polynomial equation. A unique mathematical
model was employed to determine the most reasonable values or concentrations of the
ECM based on the available experimental data. Various metrics are available for the
evaluation of the surrogate model accuracy. However, they require verification of the fitted
surrogates. Hence, we examined the model adequacies by employing the coefficient of
determination R?, root square error, and adjusted-R2. Here, R?> measured the variability
in an observed response accounted for by the fitted surrogate model, ranging from 0 to
1. Ideally, a workable surrogate model should have a large R? (in the range 0.95-1.00)
(Equation (1)). Adjusted-R? is the modified form of R? adjusted for the number of input or
control variables in the model. It is essential to evaluate the adjusted-R?, as it compensates
the statistic based on the number of independent variables in the model (Equation (2)).
The root mean square error (RMSE) quantifies the differences between the observed data
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and the data predicted by the surrogate. A closer fit concerning the observation presents a
smaller value of Equation (3).

Yily, —9)°

RZ=1- i 7

Yily; —v) 7
n A 2

RMSE — Zi:1<Yi B Yi) (8)

n

As shown in Figure 2, the prediction models were verified via re-experimentation
with the selected ECM concentrations, as mentioned in Table 2 (Supplementary Materials,
Figure S10 represents the code execution in MATLAB). The concentrations chosen were as
follows: Matrigel, 120 pg/mL; fibronectin, 11 pg/mL; collagen, 130 ng/mL; and poly-L-
lysine, 2.5 ug/mL. The difference between the re-experimentation results and the prediction
models for each ECM was calculated using the polynomial Equation (4).

Matrigel Fibronectin Collagen Poly-L-Lysine
8 =0.9168 R*=0.9670 =0.9704
R*-0.9477 RMSE-2.1870 RMSE<1.5443 RMSE-0.6425
= RMSE~1.6682 '] =
Avplicd Con '
a d
1 I I
a & &
« bua baa « b
Sl e S Vet
“Measured Data {in %) . Measurcd Duta (%) * Measured Dates i %) “Measured Data (in %)
e f g h
* model error * moddermor
|——zero error line . | [=—zero error line| . ! .
M . . 15+ | mode error ® model error
' Anen of Cell‘ttachuent (ia %) " Area of ol att Area of Cel attac
i J k 1
72085011 ey B s e s
m Residual n © Residual o ) Residual p .  Residual
Figure 2. Mathematical model output obtained using MATLAB polynomial regression. (a—d) Correlation plot between cell

attachment and ECM concentration for Matrigel, fibronectin, collagen, and poly-L-lysine, respectively (model fit). (e-h)
R Square linear fit result of cell attachment and ECM concentration of Matrigel, fibronectin, collagen, and poly-L-lysine,
respectively. (i-1) Residual plot result between cell attachment and ECM concentration for Matrigel, fibronectin, collagen,
and poly-L-lysine, respectively. (m-p) Histogram plot for Matrigel, fibronectin, collagen, poly-L-lysine, respectively.
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Table 2. Different ECM concentration confirmation data of cell attachment. Prediction of cell
attachment percentage of area and experimental area of cell attachment data before starting a
dynamic culture condition and prediction error.

Applied Con- Prediction of Actual Area of Prediction
Material Coefficient centration Area of Cell Cell Attachment Error (%)
Attachment (%) (%)
pl =0.001205
Matrigel p2=-0.2396 120 pg/mL 80.57 79.253 1.662
p3=91.97
pl =—0.1045
Fibronectin p2 =4.426 11 ug/mL 75.7915 78.283 3.183
p3=39.75
pl=0.001469
Collagen p2=—0.2974 130 ug/mL 45.0241 46.123 2.383
p3 =58.86
pl=-031
Poly-L-Lysine p2=4.217 2.5 ug/mL 64.885 68.283 4976
p3=56.28

The coefficients (with 95% confidence bounds) are listed in Table 2. The predicted
values were 1.662 for Matrigel, 3.183 for fibronectin, 2.383 for collagen, and 4.976 for
poly-L-lysine. The implemented code for driving the abovementioned application of the
polynomial regression model is given in Figure S10.

3.3. Microphysiological System Development

The statistical model developed by implementing the polynomial equation predicted the
attachment percentage in a range of ECM concentrations. To verify the prediction method,
random concentrations of ECM were selected to analyze the predictability of the mathematical
model. We randomly selected one ECM concentration for each of the ECMs studied. Matrigel,
collagen I, fibronectin, and poly-L-lysine were coated in the cell culture chamber at concen-
trations of 120 ug/mL, 130 pg/mlL, 11 pg/mL, and 2.5 ug/mL, respectively. Table 2 gives
an overview of the comparison attained from the randomly selected ECM values for their
predicted and actual attachment capacities. It was found that the selected concentrations of
the ECMs gave similar attachment results as predicted without significant differences. How-
ever, significant cell detachment from the microfluidic glass chip surface was observed using
collagen and poly-L-lysine, as shown in Figure 3. Simultaneously, Matrigel and fibronectin
were found to be more favorable for cell attachment.

3.4. TEER Assessment

A previously validated TEER sensor was used as an additional parameter for assessing
cell layer confluency in a chip platform [8,10,25,26]. The TEER sensor was used to assess
the real-time effect of different ECMs on the barrier integrity of HepG2 cell monolayer
formed in the MPS based on impedance monitoring for 144 h (Figure 4 and Figure S9).
It was observed that ECM has a significant impact on the formation of tight junctions.
TEER values among different ECMs have a substantial effect on the MPS-based real-time
biological assays, as several researchers have employed TEER for estimating cell viability,
fibrosis development, and FBS standardization [8,27-29]. It can be concluded that the choice
of ECM is vital for developing the most physiologically relevant MPSs. The Matrigel-based
liver MPS showed the highest TEER values compared to the remaining ECMs. This can be
attributed to the higher molecular weight and better cell attachment of the liver cells on
Matrigel than on other ECMs. The lowest TEER values were observed with poly-L-lysine.
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Matrigel 200 jum

Fibronectin

Pbly—l}lysine

Figure 3. Live/Dead assay confocal images. Cell viability (live/dead assay) of HepG2 cell line
microfluidic culture in different ECM substrata i.e., Matrigel, Fibronectin, Collagen, and Poly-L-
Lysine. (a) Merge result of ethidium and Calcein-AM (b) live cell confocal images represented in
green color (Calcein-AM) (c) The red color (ethidium) representing dead cells. Scale bar: 200 um.

4299 —v— Poly-L-Lysine
] Collagen
—=— Fibronectin
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Figure 4. Real-time TEER data graph presenting the comparative impedance to different ECM time
graphs in the liver MPS (data presented as mean £ SD). In supplementary data, each plot is shown
separately (SE2).
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3.5. Expression of Tight Junction Protein in MPS

TJPs maintain equilibrium between the intracellular and extracellular microenviron-
ment by linking cells to other cells or attachment surfaces. Hepatic TJP expression changes
drastically in response to drug exposure, cytokines, and inflammation [30]. Cellular barrier
integrity is one of the most desired features of an MPS [31]. Previous MPS studies did not
focus on TJP expression with respect to ECM types. The influence of different ECMs on ZO-
1 and E-cadherin expression was examined through immunostaining, as shown in Figures
5and 6. The liver MPS was set up for 6 days, and the formation of the monolayers was
observed. LabVIEW-based software was developed to analyze the immunofluorescence
images based on the green light intensity, as shown in Figure S3 with an overview of the
image processing and a detailed view is shown in Figures 54-57.

Matrigel 100 pm

Fibronectin

Collagen

Poly-L-lysine

Figure 5. ZO-1 expression analysis in different ECM substrata. (a)Merge results of Zo-1 protein
and nucleus staining image for Matrigel, fibronectin, collagen, and poly-L-lysine. The images were
obtained after 6 days of liver microphysiological environmental culture. (b) The green color indicates
Z0O-1 expression in different ECM coated glass chip results (c) Blue color indicates the nuclei of cells.

Scale bar: 100 um.
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Matrigel

Fibronectin
\

Poly-L-lysine

Figure 6. Expression of E-cadherin protein immunostaining in HepG2 cell line after 6 days of
experiments with a microfluidic culture. (a) Merged results of tight junction protein expression,
E-cadherin (green), and DAPI (blue) for nucleus staining with Matrigel, Fibronectin, Collagen, and
Poly-L-Lysine based surface modified glass chip. (b) Singular expression of E-cadherin protein
shown in green color in different ECM types above mentioned (c) Blue color indicates nuclei staining
with DAPI. Scale bar: 100 pum.

The fluorescence of tight junction proteins, albumin, and live/dead assay immunostaining
was analyzed with green, red, and blue colors. The green color showed the positive expression
of TJPs and albumin (Figures 5-7) and cell viability staining (Figure 3). In Figure 8c, the
cell viability of the Matrigel is higher as compared to collagen, however, fibronectin cell
viability did not show a significant difference to Matrigel. The obtained numeric values
were mapped in 2D ranging from 0 to 255 for green color. Consequently, the green color
magnitude determined the expression level of the respective biomarkers. Matrigel and
fibronectin showed a well-defined monolayer formation, whereas the collagen- and poly L-
lysine-based liver MPS showed areas with washed or detached cells. Likewise, a significant
difference was observed in terms of TJP expression with different ECMs. The liver MPS
based on Matrigel, and fibronectin showed better TJP expression than that based on collagen
and poly-L-lysine. Hence, it has been proven that the extracellular matrix composition
directly influences TJP formation, expression, and overall tissue barrier integrity [32].
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Matrigel

Fibronectin

Collagen

Poly-L-lysine

Figure 7. Albumin immunostaining images obtained after 6 days of hepatocytes culture performed
using Matrigel, fibronectin, collagen, and poly-L-lysine, substrata respectively. (a) Combined figure
of albumin and nuclei staining of hepatocyte cell culture with different ECM types. (b) Green color
indicates albumin expression in hepatocyte in different ECM type coated glass chips. (c¢) DAPI was
used for staining the nuclei represented in blue. Scale bar: 100 pm.

3.6. Functional Biomarker Estimation

The functional biomarkers for hepatocytes mainly include albumin, urea, and CYP450
for their immediate upregulation or downregulation [33]. The expression profile of func-
tional biomarkers was evaluated to assess the impact of different ECMs on biomarker
secretion. Cell culture medium samples were collected after every 12 h throughout the
experiment to quantify albumin and urea. A steady increase in albumin and urea release
was observed, indicating normal physiological conditions, as shown in Figure 8a,b. There
was no significant difference in albumin synthesis in the liver MPS based on different ECM
types. It can be inferred that ECM composition does not directly affect the albumin and
urea release of hepatocytes in a dynamic cell culture environment. It has been found that
intracellular albumin has superior diagnostic value, and its concentration may differ for
extracellular albumin [34]. To determine the impact of ECM composition on intracellular
albumin expression, hepatocytes were stained for intracellular localization of albumin
via immunofluorescence staining. A significant difference was recorded among the liver
MPSs based on different ECMs. Matrigel-based liver MPS hepatocytes showed the highest
cytosolic albumin localization compared to other ECM-based liver MPSs. However, the re-
lease of albumin and urea showed a consistent increase with time. Additionally, a CYP3A4
chemiluminescence assay was performed at the termination of the experiment. CYP3A4 is
one of the subenzymes of the cytochrome P450 enzyme of hepatocytes and plays a crucial
role in drug metabolism [35]. The results indicated an insignificant difference in the concen-
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tration of CYP3A4 from different liver MPSs (Figure 8d). Fibronectin showed the highest
luminescence compared to poly-L-lysine, which showed the lowest CYP3A4 activity. In
Figure 8c, Matrigel shows significant viability as compared to other ECM candidates while,
with respect to CYP450 metabolic activity, fibronectin exhibited a significant activity in
comparison with poly-L-lysine and collagen.

100

. :’ Poly-L-Lysin
E 400 | Collagen i
g0 B Fibronectin
: 500 - Matrigel _ 90 -
e 9
- -
£ 400 z
5 £ 804
2 300 <
S 3
£ 2004 ™
E
£ 100
<
04 60 - -
0 12 24 36 48 60 72 84 96 108 120 132 144 & R & &
o & & &
a) Time (h) ¢) & & &
<« *
i - Collagen 15,000
| 2 Poly-L-Lysine
I Fibronectin
14,000 -
10 I Matrigel s *
G = *
| &
E = 13,000
@
= 3
2 g
= Z
b5 2 12,000 4
- E
: =
=
11,000 -
10,000 - ~ . ~ y
12 24 36 48 60 72 84 96 108 120 132 144 °\\,~1§' x4 o"‘? &
,\" o'
b) Time (h) d ° & & ’

Figure 8. Molecular biomarker measurement and cell viability (live/dead assay) results for different ECMs in microphysio-

logical system. (a) Albumin concentration under poly-L-lysine, collagen, fibronectin, and Matrigel. (b) Urea measurement

in the HepG2 cell line cultured with poly-L-lysine, collagen, fibronectin, and Matrigel. (c) Live/dead assay (cell viability)

measurement of HepG2 cell line cultured on different ECM-coated glass surfaces was performed after finishing the experi-

ment and viability was calculated using Image]. (d) CYP3A4 activity assay of HepG2 cell line grown under dynamic culture
conditions including different ECM types. Data are shown as mean & SEM. * p < 0.05.

Hepatocytes are the major building blocks, making up to approximately 80% of the
liver, and are critical for necessary metabolic and secretory functions in response to drug
treatment and present great potential for drug development pipelines [36,37]. Moreover,
the liver inflammation contributed by different liver cell types proceeds to multiple disease
etiologies, eventually causing hepatocellular carcinoma [38—40]. The current study focuses
on HepG2 cell line-based analysis of hepatocytes’ capacity for tissue formation. Although
the limitations of the study include the absence of other cell types from liver lineages,
i.e., stellate cells, liver sinusoidal endothelial cells, and Kupffer cells, and RNA-based
expression analysis of ECM precursors, i.e., x-SMA, fibronectin, and collagen, the study
presents substantial insight into the role of singular ECM components in comparison with
a commercial mixture (Matrigel™). The morphological and metabolic indications suggest
that fibronectin presents nearly similar tissue formation potential to Matrigel.

It can be inferred that the influence of ECMs on molecular biomarkers for cellular
growth was unreliable owing to their relevance to tissue formation. Image thresholding
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analysis using Fiji™ and an image processing tool by LabVIEW have the potential to
improve the overall assessment of tissue formation. Albumin ELISA and a urea assay
showed no significant difference among the diversity of ECM concentrations but a slight
variation in the result. The albumin staining image processed by LabVIEW tool also
showed comparable results to that of conventional ELISA experiments. However, the MPS
overall uses less media, and image processing tools can be used for biomarker analysis
with better predictability of the results. Furthermore, LabVIEW utilized TJP expression
and live/dead assay evaluations using image processing and provided tangible evidence
of tissue confluency for better emulation of human physiology (Figure S8).

4. Conclusions

Natural and semi-synthetic biocompatible materials function as anchoring substrates
for in vitro cell culture in OoC platforms. ECM is a crucial element for tissue development
and cellular attachment via TJPs. In addition, image analysis tools present an opportunity
to process and classify the data to better understand tissue development and predict
the fate of MPSs. Based on implementation of a polynomial regression model in the
cell attachment, image thresholding data in cell differentiation, and intensity-dependent
image analysis results, we can enrich the prediction of biomarker secretion data of tissue
microenvironments. Upon analyzing TJP expression profiles, we found that Matrigel
and fibronectin are the most relevant for liver MPSs due to their support of better tissue
growth and adherence. Collagen and poly-L-lysine can also be used, but they provide a
less suitable physiological microenvironment than Matrigel and fibronectin. Moreover,
fibronectin supports physiologically relevant metabolism and morphology of hepatocytes
and, simultaneously, it presents a cost-effective solution as an alternative to Matrigel.
Different ECM components cause considerable differences in cell adhesion, biomarker
production, growth rate, morphology, and TJP expression. The choice of the most relevant
ECM enhances the differentiation capacity of cells to retain their phenotype in an MPS.
Additionally, this could result in better output from cell-based biological assays and permit
improved translation from in vivo to in vitro models for disease and drug analysis.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.339
0/polym13173016/s1, Figure S1. Preparation of the Seeding kit for ECM coating, cell seeding and
staining, Figure S2. Image analysis results obtained using Fiji 2020 software, Figure S3. Graphical user
interface of the LABVIEW based image processing tool overview, Figure S4. ZO-1 staining for tight
junction proteins expression analysis by image processing, Figure S5. Albumin staining-based image
analysis for Matrigel, fibronectin, collagen, and poly-l-lysine in LabVIEW, Figure S6. E-Cadherin
staining for tight junction proteins expression analysis by image processing, Figure S7. Cell viability
(live/dead assay) analysis in the Matrigel, fibronectin, collagen and poly-l-lysine analysis used by
LabVIEW software, Figure S8. (A) Fluorescently stained images were analyzed using LabVIEW
software, Figure S9. TEER graphs for hepatocyte dynamic microenvironment culture results with
Matrigel, Fibronectin, Collagen and Poly-L-Lysine, Figure S10. Polynomial Regression Coefficient
Results.
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