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Abstract: Acute and chronic liver failure are clinically significant conditions, and the artificial liver
support system (ALSS) is emerging as a novel and effective approach for the clinical management of
liver failure. Within this framework, scaffold materials occupy a pivotal position as integral compo-
nents of the bioreactor. Elevating the performance capabilities of these scaffolds not only augments
the therapeutic efficacy of the artificial liver but also lays the groundwork for refining and selecting
large-scale hepatocyte culture models. In this study, we introduced a novel hepatocyte scaffold
material designated as PET-COL, crafted by coating polyethylene terephthalate (PET) with collagen.
This involved a sequence of modifications, including alkaline hydrolysis, EDC/NHS activation and
crosslinking, as well as collagen conjugation. The physicochemical attributes of the scaffold were
thoroughly characterized by Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), second harmonic generation (SHG), water contact angle measurements, and high-
performance liquid chromatography—-mass spectrometry (HPLC-MS). Furthermore, an investigation
into the material’s biological properties was conducted that encompassed SEM (HepaRG growth),
fluorescence staining (assessment of cell viability), staining by trypan blue (HepaRG counting), CCK-8
(proliferation of cells), biochemical testing, and immunosorbent assay. Our findings revealed that
collagen was covalently bonded to the PET surface, leading to a substantial enhancement in the
material’s hydrophilicity (p < 0.001). The quantity of collagen coating was determined to be precisely
33.30 pug per scaffold. Human liver progenitor HepaRG cells thrived on the PET-COL material. Com-
pared with the untreated group, cell viability, albumin secretion, urea synthesis, and the expression
levels of CYP3A4 and CPS1 increased significantly (p < 0.001), demonstrating remarkable biological
vitality. The PET-COL scaffold, as developed in this study, holds immense potential for application in
bioartificial livers.

Keywords: PET; type I collagen; bioartificial liver; three-dimensional culture; scaffold materials;
surface modification; progenitor cells; hepatocytes

1. Introduction

Liver failure is a severe illness characterized by liver dysfunction, often resulting
from viruses [1], alcohol abuse [2], drug exposure [3], and other factors. It is marked by
significant morbidity and mortality rates [4,5]. The primary pathological alteration in liver
failure is the widespread death of liver cells, which are challenging to regenerate, thus
compromising the liver’s ability to efficiently carry out its vital functions of synthesis,
transformation, and detoxification; consequently, this can trigger a cascade of critical health
complications, including jaundice, hepatic encephalopathy, and coagulation disorders [6,7].
Presently, liver transplantation stands as the definitive treatment for patients with liver
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failure; however, the acute shortage of donor livers poses a significant limitation to the
widespread clinical application of this procedure [8,9].

Research on artificial liver technology holds significant importance in refining and im-
proving the ongoing treatment of patients suffering from liver function failure [10-12]. Among
various technologies, the bioartificial liver stands out as an extracorporeal biological reac-
tion system grounded in hepatocytes. Its mechanism involves cultivating hepatocytes in
an external circulation device, referred to as a bioreactor, where a substance exchange takes
place between the hepatocytes and the patient’s plasma either through a semi-permeable
membrane or direct contact, thereby aiding liver function. When juxtaposed with mechanical
artificial livers [13], the bioartificial liver offers not just detoxification abilities but also carries
out synthetic metabolism and biotransformation functions within the bioreactor, thus provid-
ing a more holistic liver function replacement [14,15]. Ensuring a high-density, large-scale
hepatocyte culture within the bioreactor while preserving its viability and function is pivotal
for amplifying the therapeutic effectiveness of bioartificial livers [16-18]. Tissue-engineered
three-dimensional cultures represent the evolving trend in artificial liver bioreactor technol-
ogy [19,20]. Given that hepatocytes are polarized, anchorage-dependent cells that naturally
proliferate within a three-dimensional network scaffold composed of diverse extracellular
matrices in vivo, mimicking this native environment through the preparation of a three-
dimensional porous scaffold could potentially facilitate tissue-engineered three-dimensional
culture in vitro.

Polyethylene terephthalate (PET) is a condensation polymer derived from tereph-
thalic acid and ethylene glycol. As a synthetic polymer biomaterial, PET demonstrates
remarkable mechanical strength, corrosion resistance, heat tolerance, and optical properties.
Easily modifiable and processable, its application in the fields of biology and medicine is
expanding rapidly [21,22]. Despite PET’s good chemical stability in body fluids [23], its
pronounced hydrophobicity, stemming from chemical inertness, absence of polar groups,
and low surface energy, significantly impacts its biocompatibility. PET’s inability to induce
tissue remodeling limits its capacity to enhance cell functionality and activity in in vitro
cultures [24].

Collagen is the main component of the extracellular matrix (ECM), which can self-
assemble into cross-striped fibers, providing support for cell growth and giving connective
tissue a certain mechanical toughness [25]. Collagen has many important biological charac-
teristics, for example, it can serve as a substrate for cell adhesion and migration, providing
signals to cells to regulate their functions; it can form three-dimensional scaffolds of various
physical configurations to support cell growth and construct engineered tissues; it can also
be enzymatically degraded in the body with low immune rejection, which is beneficial
for tissue regeneration and repair. In addition, it is abundant in sources, easy to extract,
and low cost. These characteristics make collagen the main natural biological raw material
for constructing tissue engineering scaffolds. As a bioactive material, collagen has the
advantages of biocompatibility, biodegradability, cell adhesion, and low immunogenicity;
however, compared to synthetic polymer materials, it lacks certain mechanical strength and
stability. Although the plasticity of collagen allows people to develop different forms of
in vitro controllable assembly materials for different clinical diseases [26-28], its mechanical
strength and stability still cannot meet the basic requirements of cell culture scaffolds that
respond to fluid shear forces in bioartificial liver reactors.

Chemical crosslinking is an important polymer material modification process that
involves connecting macromolecular chains (such as polymers) through chemical bonds un-
der various factors such as light, heat, high-energy radiation, mechanical force, ultrasound,
or crosslinking agents, thereby constructing a reticulated or specifically structured polymer
material. In the biological field, chemical crosslinking is also used to link proteins to study
the interaction between proteins and proteins, as well as between proteins and solid phases.
Currently, common crosslinking agents for collagen chemical crosslinking modification
include aldehydes [29], carbodiimides (EDC), polycarboxylic acid-N-hydroxysuccinimide
(NHS) esters, and diepoxy substances. Among them, glutaraldehyde is a commonly used
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chemical reagent for collagen crosslinking but it has certain cytotoxicity [30] and is not
suitable for the development of medical device products. As a zero-length crosslinking
agent, EDC can activate carboxyl groups and is often used in conjunction with NHS as a
catalyst for crosslinking reactions between proteins. It has the advantages of high efficiency,
safety, and non-toxicity. In addition, studies have found that collagen scaffolds crosslinked
with EDC/NHS exhibit superior stability and cell compatibility [31].

Based on the key components of the extracellular matrix and the characteristics of
the hepatocyte growth microenvironment, this study used chemical modification methods
to hydrolyze the ester groups on the PET surface to expose carboxyl groups, followed by
EDC/NHS-activated crosslinking, collagen coupling, and reactive-group blocking treat-
ment to construct type I collagen-coated PET fibrous scaffolds. The physicochemical
properties of the scaffolds were characterized, including surface functional group structure,
chemical element composition, hydrophilicity, and collagen coating content. Through
HepaRG cell culture experiments, the biological performance of the material, including
cell adhesion and cell proliferation activity, was further studied to evaluate the impact of
the scaffolds on hepatocyte growth and metabolic activities, thereby demonstrating their
potential application in artificial liver support systems.

2. Materials and Methods
2.1. Materials

The PET fiber scaffolds, which were of medical grade and commercially available,
were cut into sheets of similar size (2.0 cm x 0.6 cm x 0.3 cm). Bovine Achilles tendon type
I collagen was obtained from Hebei Collagen Biotechnology Co., Ltd. (Handan, China);
NaOH was purchased from Tianjin Damao Chemical Reagents Factory (Tianjin, China);
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was purchased from Tokyo Chem-
ical Industry (Tokyo, Japan); N-hydroxysuccinimide (NHS) was purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China); 2-(4-morpholino) ethanesul-
fonic acid (MES) and lysine were purchased from Beijing Xin Jing Ke Biotechnology Co.,
Ltd. (Beijing, China); other analytical-grade chemical reagents like ethanol and acetone
were purchased from Beijing Chemical Works (Beijing, China).

2.2. Preparation of the Materials
2.2.1. The Scheme of Collagen Immobilization

The collagen-coated three-dimensional polyester fiber scaffold, designated as PET-
COL, was fabricated according to the subsequent steps. Initially, the PET fiber scaffold
underwent treatment with a NaOH solution to hydrolyze the ester groups, thereby re-
vealing the carboxyl groups (denoted as PET-COOQ). Subsequently, EDC and NHS were
introduced to produce a semi-stable amine-reactive NHS ester with the carboxyl groups
(labeled as PET-NHS), facilitating additional crosslinking reactions. Ultimately, a durable
amide bond was established between PET-NHS and collagen (Figure 1).

Amine-reactive NHS ester Amide bond
(Semi-stable) (stable)
T T T T EDC+NHS AM Collagen ,l l =
40°C pH 56 pH 7.4 ==PET-COL

Figure 1. The scheme of collagen immobilization on the surface of three-dimensional polyester
fiber scaffold.

2.2.2. Modification by NaOH

Before modification, the PET fiber scaffolds underwent separate washes for 10 min each
in ethanol, acetone, and distilled water, all while undergoing ultrasonication treatment.
Following this, the scaffolds were placed in a 5% NaOH solution at 40 °C for 40 min
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to hydrolyze and break the ester groups, thereby exposing the carboxyl groups (PET-
COO). Afterward, the PET-COO scaffolds were washed thoroughly with deionized water
and dried.

2.2.3. Collagen Immobilization

The PET-COO fiber scaffolds were immersed in a 0.1 M MES solution (pH = 5.6) for
1 h. Subsequently, 2 mM EDC and 6 mM NHS were added to the MES solution at 25 °C for
30 min to facilitate further activation and crosslinking reactions (PET-NHS). Subsequently,
the PET-NHS scaffolds were washed with ultrapure water.

Type I collagen was dissolved in acetic acid to prepare a solution with a concentration
of 5 mg/mL. The pH of the collagen solution was adjusted to 7.2-7.5 using sodium hydrox-
ide. The scaffolds were then added to the collagen solution and incubated at 25 °C for 2 h to
allow for coupling. The scaffolds were washed five times with ultrapure water for 10 min
each. After washing with deionized water, the scaffolds were placed in a 10 mg/mL lysine
solution at 25 °C for 2 h to block the active groups (PET-COL). Finally, the fiber scaffolds
were washed again with deionized water and dried using an air blast.

2.3. Surface Characterization
2.3.1. X-ray Photoelectron Spectroscopy (XPS)

The composition and structure of the surface layer on the scaffolds were analyzed
using an X-ray photoelectron spectroscope spectrometer (ESCALAB 250Xi, Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a monochromatic Al K« X-ray source (energy
of 1486.6 eV). The analysis was conducted under the following conditions: 225 W power
(12 kV voltage, 15 mA current), with a minimum energy resolution of 0.48 eV (Ag3d5/2).
The Cl1s, N1s, and Ols spectra were collected over a binding energy range of 0-1350 eV
with a step size of 1 eV.

2.3.2. Fourier-Transform Infrared Spectroscopy

The Fourier-transform infrared (FTIR) spectra of PET, PET-COO, and PET-COL were
acquired using a NICOLET iS50 FI-IR spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). The analysis was conducted in transmittivity mode, covering the spectral range
of 1200 cm ™! to 3600 cm~! with a resolution of 4 cm~!. Each spectrum was collected by
averaging 32 scans.

2.3.3. Water Contact Angle

The surface wettability of PET, PET-COO, and PET-COL was evaluated using a contact
angle goniometer (K100, Kruss, Hamburg, Germany). A droplet volume of 2 uL was used,
and the contact angles were measured at 0 s, 5 s, and 10 s after placing the water droplets
on the surface of the samples. Each group of samples was measured three times.

2.3.4. Second Harmonic Generation Imaging (SHG)

Second harmonic generation is a microscopy technique used to study nonlinear optical
effects, often applied to observe the structure of molecules such as collagen. The scaffold
materials were made into paraffin sections, and SHG signals were collected using two-
photon confocal microscopy (TCS SP5, Leica, Wetzlar, Germany). The excitation wavelength
was set to 880 nm to observe the collagen coupling on the scaffolds.

2.3.5. Detection of Collagen Coating Content by High-Performance Liquid
Chromatography Mass Spectrometry

Utilizing HPLC-MS technology, we proceeded to assess the hydroxyproline content
present on the surface of PET fibers subsequent to the application of a Type I collagen
coating. Collagen is composed of 18 amino acids, of which hydroxyproline is one of the
characteristic amino acids of collagen. Its content in collagen is relatively constant, about
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12%. Based on this, the content of collagen can be indirectly calculated by measuring the
content of hydroxyproline.

To detect the content of collagen coating on the scaffold samples, 10 mg of the samples
were weighed and added to 6 M HCI at 110 °C for 24 h of hydrolysis. After cooling
and drying, the samples were re-dissolved in 1 mL of ultrapure water. Hydroxyproline
was used as the standard, and the concentration of hydroxyproline was detected by high-
performance liquid chromatography (UltiMate 3000 RS, Thermo Fisher Scientific, Waltham,
MA, USA) coupled with mass spectrometry (TSQ QUANTUM ACCESS MAX, Thermo
Fisher Scientific, Waltham, MA, USA), which indirectly determined the content of collagen
in the sample.

The hydroxyproline concentration (A) was calculated by plotting data points on a
standard curve with the area of the HPLC peak on the Y-axis and the hydroxyproline
concentration on the X-axis. The amount of type I collagen () in the sample can be
calculated using the formula below, where V represents the volume of the sample after
post-hydrolysis resuspension, and D represents the dilution ratio of the sample.

_AXVxD

"= T 0% M

2.4. Cell Culture
2.4.1. Culture of HepaRG Cells on the Scaffolds

The scaffolds (2.0 cm x 0.6 cm X 0.3 cm), sterilized using electron beam radiation,
were placed in 12-well plates (BIOFIL, Guangzhou, China). HepaRG cells were purchased
from Biopredic International (Rennes, France) and were cultured in William’s E Medium
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with Metabolism Medium
Supplement (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C in a CO; incubator
(MCO-20AIC, SANYO, Osaka, Japan). HepaRG cells in the logarithmic growth phase
were prepared as a cell suspension and inoculated into the scaffolds at a concentration of
2 x 10° cells/mL. The culture medium was refreshed every other day.

2.4.2. Scanning Electron Microscopy (SEM) Analysis

After 1, 3, 5, and 8 days of cell culture, scanning electron microscopy (SEM, JEOL
JSM-6700F, Akishima, Japan) was used to observe and compare the morphological dif-
ferences between HepaRG cells grown on PET and PET-COL scaffolds. The scaffolds
were first washed three times using phosphate buffer saline (PBS), then fixed with 2.5%
glutaraldehyde at 4 °C overnight. Subsequently, the scaffolds were dehydrated using a
gradient ethanol wash for 15 min each at room temperature. Finally, the scaffolds were
dried using CO; critical point drying (K850, Quorum, Brighton, UK) and sputter-coated
with platinum (JFC1600, JEOL, Akishima, Japan). The samples were then observed and
photographed under a JSM-6700F scanning electron microscope (JEOL, Akishima, Japan).

2.4.3. Fluorescence-Based Viability Staining

To investigate the viability of HepaRG cells grown on PET and PET-COL scaffolds, a
Live-Dead Cell Staining kit (KeyGEN BioTECH, Nanjing, China) was utilized to stain the
cells. The supernatant of the samples was removed, and the samples were washed three
times with PBS. Subsequently, 500 uL of staining solution—a mixture of 1 uL of calcein
(AM) and 1 pL of propidium iodide (PI) in 1 mL of PBS—was added, and the HepaRG
cells cultured on scaffolds were incubated at room temperature for 30 min. After removing
the staining solution, 500 pL of fluorescent mounting media (Beyotime Biotechnology,
Shanghai, China) was added, and fluorescence was observed and photographed under an
inverted fluorescence microscope (Axio Vert A1, ZEISS, Oberkochen, Germany).

2.4.4. Cell Counting

To investigate the viability of HepaRG cells grown on PET and PET-COL scaffolds, the
supernatant of the samples in the culture plate was first removed, and the samples were
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then washed three times with PBS. Subsequently, lysis buffer (Reagent A100, Chemometec,
Allerod, Danmark) containing 0.04% trypan blue staining solution (Leagene, Beijing, China)
was added onto scaffolds and incubated at room temperature for 5 min. The lysis buffer
was used to lyse the membrane of the cells adhered to the scaffolds, releasing the nuclei,
which could be stained by trypan blue. Finally, a blood counting chamber was utilized to
count the cell nuclei.

2.4.5. CCK-8 Assay

To assess cell proliferation, the Cell Counting Kit-8 (CCK-8, Biosharp, Hefei, China)
was used (n = 3). Following the removal of the culture medium, samples underwent three
washes with PBS. Subsequently, 150 uL. of CCK-8 solution was added to each well and
incubated at 37 °C for 3 h. After incubation, 90 uL of the solution was transferred to a
96-well plate (BIOFIL, Guangzhou, China), and the optical density (OD) was measured
at 450 nm using a microplate reader (Multiskan GO, Thermo Fisher Scientific, Waltham,
MA, USA).

2.4.6. Biochemical Testing

To evaluate the conversion of ammonia to urea by HepaRG cells grown on PET and
PET-COL scaffolds, the supernatant from the same time points as described above was
substituted with complete medium containing 3 mM NH4Cl. The medium was then
incubated in a carbon dioxide incubator for 90 min. After incubation, the medium was
collected for the assay of urea synthesis.

2.4.7. Enzyme-Linked Immunosorbent Assay (ELISA)

Albumin (ALB), carbamyl phosphate synthasel (CPS1), and cytochrome P450 3A4
(CYP3A4) in HepaRG cells were detected using a Human ELISA kit (Jiangsu Meimian
Industrial Co., Ltd., Yancheng, China). Samples for detecting ALB were obtained from the
culture supernatant at different time points (1, 3, 5, and 8 days), while samples for detecting
CYP3A4 and CPS1 were obtained from the cell lysate using a repetitive freeze-thaw method.
The OD of each sample was measured at 450 nm.

2.5. Statistical Analysis

All of the quantitative data are presented as mean + standard deviation. Statistical
analyses were performed using f-tests; p-values less than 0.05 were considered statisti-
cally significant.

3. Results and Discussion
3.1. Surface Characterization
3.1.1. X-ray Photoelectron Spectroscopy (XPS)

Polyethylene terephthalate (PET) has the chemical formula (C19HgO4)n, and is com-
posed of carbon, hydrogen, and oxygen. To investigate the fibrous surface modification
process, we employed the XPS technique, which is capable of detecting all elements except
hydrogen and helium. In PET and PET-COO, we observed signals with binding energies of
292.4 eV and 537.3 eV, representing the presence of Cls and Ols, respectively (Figure 2).
Following type I collagen modification, the XPS spectrum of PET-COL exhibited an induced
N1s signal at 404.45 eV, indicating the introduction of nitrogen (N), an element undetectable
in PET and PET-COO. Furthermore, the elemental composition analysis (Table 1) revealed
that, compared to PET, the C content in PET-COL after collagen coating decreased from
71.34% to 62.78%, while the O content decreased from 27.91% to 19.47%. Notably, the N
content reached 17.36%. XPS results further confirmed that crosslinking modification of
PET with collagen successfully introduced nitrogen-containing groups onto the material
surface, indicating that collagen had been effectively coated onto the PET fiber scaffold
surface through the aforementioned step-by-step manipulations.
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Figure 2. The XPS scan spectra of PET, PET-COO, and PET-COL scaffolds.

Table 1. Surface elementary composition of the scaffolds from XPS analysis.

Elementary Composition

Sample
C (%) N (%) O (%)
PET 71.34 0.47 2791
PET-COO 71.96 0.89 26.74
PET-COL 62.78 17.36 19.47

3.1.2. Fourier-Transform Infrared Spectroscopy

The molecular structure of PET material abundantly features ester groups. When
exposed to an alkaline environment, hydroxide ions (OH-) proactively engage in nucle-
ophilic addition reactions with the carbonyl carbon (C=0) present in the ester bond. This
interaction leads to the hydrolysis of the ester bond, giving rise to carboxyl groups (-COOH)
and hydroxyl groups (-OH) [32]. These newly formed polar functional groups offer reactive
sites for subsequent chemical modifications on the material, thereby expanding its potential
applications in biomedical fields. Referring to Figure 3, we noticed that, in comparison
to PET, PET-COO—following the hydrolysis of ester groups—exhibits a prominent hy-
droxyl characteristic absorption peak at 3430 cm~!. This finding suggests the successful
introduction of hydroxyl groups onto the material’s surface. Nevertheless, no appreciable
alterations were detected at the characteristic absorption peak corresponding to carboxyl
groups in PET-COQ. This observation could be attributed to the fact that the emergence
of carboxyl groups primarily stems from the internal cleavage of ester groups. Given that
the infrared spectra of both ester and carboxyl groups are predominantly influenced by
the stretching vibration of C=0, distinguishing them spectroscopically poses a challenge.
Consequently, we can indirectly ascertain the occurrence of a hydrolysis reaction on the PET
material’s surface by scrutinizing the characteristic absorption peak of hydroxyl groups.
Referring again to Figure 3, subsequent to EDC/NHS activation and crosslinking with
collagen, PET-COL displays distinct absorption peaks corresponding to Amid II, Amid
I, and Amid A of type I collagen at 1550 cm ™1, 1665 cm ™!, and 3330 cm ™!, respectively.
This provides compelling evidence that collagen has been covalently grafted onto the PET
material’s surface.
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Figure 3. FTIR infrared spectrum of PET, PET-COO, and PET-COL scaffolds.

3.1.3. Water Contact Angle

Hydrophilicity serves as a crucial indicator for assessing the biocompatibility of materi-
als, making it highly relevant for biomedical applications [33-35]. This biocompatibility can
be effectively evaluated by measuring the water contact angle of the materials. Figure 4A
illustrates the water contact angle measurements for PET, PET-COO, and PET-COL at 0's,
5s,and 10 s.

PET PET-COO PET-COL B
0 Sec B8 PET
e - - = PET-CO0
—~ 00
132.97+0.6° 93.46+0.4°  74.7410.3° & E3 PET-COL
¥
=) 1004
5 Sec =
[ 3
131.49£0.2°  89.45+0.3° 0 g 301
O

131.52£0.5°

87.19%0.3°

Figure 4. Water contact angle of PET, PET-COO, and PET-COL scaffolds. (A): The change in water
contact angle at three time points (0's, 5 s, and 10 s); (B): the statistical histogram of water contact
angle in different samples at three time points (0 s, 5 s, and 10 s). Data are mean + SD, n = 3;
**: p < 0.001.

The results reveal that the water contact angles for untreated PET at0s,5s, and 10 s
were 132.97 + 0.6°, 131.49 £ 0.2°, and 131.52 & 0.5°, respectively. Following strong alkaline
hydrolysis, the water contact angles for PET-COO decreased significantly to 93.46 & 0.4°,
89.45 £ 0.3°, and 87.19 + 0.3° at 0 s, 5 s, and 10 s, respectively, when compared to PET
(p < 0.001) (Figure 4B). These findings suggest that strong alkaline hydrolysis effectively
alters the hydrophilicity of PET materials, leading to improved wettability.

When considered alongside the results obtained from FTIR analysis in Section 3.2.2, it
is plausible that the hydrolysis reaction of ester groups on the material’s surface gives rise
to the formation of hydrophilic -OH groups, thereby enhancing the surface hydrophilicity
of the material. Upon coating with type I collagen, the water contact angles for PET-COL
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further diminished to 74.74 £ 0.3°, 0°, and 0° at 0's, 5 s, and 10 s, respectively (Figure 4A).
These reductions were statistically significant when compared to both PET and PET-COO
(p < 0.001) (Figure 4B). Evidently, collagen coating further enhances the hydrophilicity of
PET materials.

3.1.4. Second Harmonic Generation Imaging (SHG)

Figure 5 illustrates the second harmonic signal image of PET fibers coated with Type I
collagen. The PET-COL surface demonstrates a consistently dense green fluorescent signal,
signifying the even distribution of collagen, while the PET surface remains devoid of any
fluorescent signal. This provides additional evidence that collagen has been evenly applied
to the PET surface.

PET PET-COL

Figure 5. SHG images of PET and PET-COL scaffolds. Scale bar: 50 pum.

3.1.5. Detection of Collagen Coating Content by HPLC-MS

Through the incorporation of the HPLC-MS results pertaining to PET-COL (Figure 6B)
into the hydroxyproline standard curve function (Figure 6A), coupled with the implementa-
tion of the formula outlined in Section 2.3.5, we have determined that the collagen content
of PET-COL amounts to 33.30 ng/piece.

2.5 RT: 282
...,. 100+ MA: 46787160
2 e
803
=
=] 703
= 15+ RE
X 5 g
1 £ 3
g . v=0.0012x + 0.0354 I PET-COL
R R?=0.9998 ERE
. s 401
) ik
& s ’
209
,. 3
10
0 : : T : ) 274
0 500 1000 1500 2000 2500 T T T B
27 28 28 30 31 32 33
Hydroxyproline concentration (ng/mL) Time (min)

Hydroxyproline

Figure 6. Hydroxyproline content on PET fibers after type I collagen coating. (A): Standard curve of
Hydroxyproline; (B): Hydroxyproline peak graph of PET-COL surface.

3.2. Cell Culture
3.2.1. Cell Morphology

The growth of HepaRG cells on PET and PET-COL scaffolds was observed using a
cold-field emission scanning electron microscope (refer to Figure 7). The findings indicated
that, on the first day of incubation, cells could be seen adhering to and accumulating on the
surface of the PET-COL fibers. As incubation progressed, the cell population on the PET-
COL fibers increased significantly, eventually leading to the formation of cellular clusters
by the fifth day, displaying a three-dimensional organizational structure. This implies that
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PET-COL can create a favorable environment for cell growth, promoting cell adhesion and
proliferation. In contrast, cell growth on PET fibers remained minimal, highlighting its
restrictions in supporting cell development.

Day 1 Day 3 Day 5 Day 8

PET-COL

Figure 7. SEM photographs of HepaRG cells growing on PET and PET-COL fibers, taken on day 1,
day 3, day 5, and day 8. Scale bar: 500 um.

3.2.2. Cell Viability

Utilizing fluorescent staining for cell viability assessment allows us to visually evaluate
the activity status of HepaRG cells cultured on PET and PET-COL fiber scaffolds. The
results presented in Figure 8 demonstrate that as the culture duration increases, PET-
COL scaffolds show a gradual enhancement in green fluorescent signals, signifying live
cells, in terms of both intensity and quantity. This trend suggests that PET-COL scaffolds
effectively support cell growth and proliferation, thereby offering a conducive environment
for cell development. Conversely, on PET scaffolds, predominantly red fluorescent signals,
indicative of dead cells, are observed, with scarcely any visible green fluorescence. This
finding implies that PET scaffolds offer limited support for cell growth, leading to reduced
cell activity and a higher cell death rate.

Day 1 Day 3 Day 5 Day 8

PET

100 pm

PET-COL

Figure 8. Live-dead fluorescence staining photographs of HepaRG cells growing on PET and PET-
COL fibers, taken on day 1, day 3, day 5, and day 8. Scale bar: 100 pm.

3.2.3. Cell Proliferation

Cell counting and CCK-8 assays were performed on HepaRG cells cultivated on
PET and PET-COL scaffolds at culture days 1, 3, 5, and 8 to evaluate the impact of these
materials on cell proliferation and viability. The findings revealed that as the duration of
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culture progressed, the cell count on the PET-COL scaffolds demonstrated a steady increase
(Figure 9A), paralleled by a corresponding rise in OD450 nm absorbance (Figure 9B).
In contrast, the PET scaffolds demonstrated notably lower values for both metrics in
comparison to PET-COL, with significant statistical differences between the two. These
findings indicate that the collagen coating is more conducive to enhancing HepaRG cell
proliferation and maintaining cell viability.

A B
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Figure 9. Proliferation of HepaRG cells growing on PET and PET-COL fibers on day 1, day 3, day
5, and day 8. (A) Cell counting results; (B) CCK-8 results. Data are mean + SD, n = 3; *: p < 0.05,
**: p <0.01, **: p < 0.001.

3.2.4. Cell Function

The clinical significance of the liver primarily lies in its two vital functions: synthesis
and detoxification via biochemical transformations. In cases of liver failure, patients often
encounter various complications stemming from an inability to synthesize plasma proteins
and detoxify harmful substances. Among these complications, ammonia accumulation-
induced hepatic encephalopathy is the most prevalent. HepaRG is classified as a type of
human liver progenitor cell. Because of its high expression of liver functions, including drug
metabolism-related enzymes, urea synthesis, and transporter proteins, as well as its simi-
larity to primary human hepatocytes, it is currently a widely recognized cell model [36,37].
Additionally, HepaRG cells exhibit bipotential differentiation capacity and can differentiate
into mature hepatocytes or cholangiocytes under specific culture conditions. Research has
revealed that extracellular matrix components can regulate the differentiation of HepaRG
cells [38—40]. To further assess the functional performance of HepaRG cells cultured on
PET and PET-COL scaffolds, we analyzed the levels of albumin and urea present in the cell
culture supernatant. Our findings revealed that as the duration of cell culture progressed,
both the albumin secretion (Figure 10A) and urea synthesis (Figure 10B) abilities of Hep-
aRG cells cultivated on PET-COL scaffolds exhibited a gradual upward trajectory, as did
CYP3A4 (Figure 10C) and CPS1(Figure 10D) expression. Furthermore, on culture days 3,
5, and 8, the levels of albumin secretion, urea synthesis, CYP3A4, and CPS1 expression
were significantly elevated in PET-COL-cultured cells compared to those grown on PET
scaffolds (p < 0.001). These results suggest that the collagen coating has the potential to
modulate cellular functions, facilitating the differentiation of human hepatic progenitor
HepaRG cells to acquire more mature hepatocyte-like functionalities, ultimately enhancing
their albumin secretion, urea synthesis, and expression capacities of CYP3A4 and CPS1.
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Figure 10. Cell function of HepaRG cells growing on PET and PET-COL fibers on day 1, day 3, day 5,
and day 8. (A) Albumin secretion; (B) BUN synthesis; (C) CYP3A4 expression; (D) CPS1 expression.
Data are mean & SD, n = 3; *: p < 0.05; ***: p < 0.001.

4. Conclusions

This paper presents the development of a fibrous scaffold material coated with type

I collagen, designated as PET-COL, utilizing PET polyester fiber as its fundamental scaf-

folding component. The manufacturing process encompasses the carboxylation of the

PET surface, activation and crosslinking facilitated by EDC/NHS, and the subsequent

coupling of collagen. Furthermore, this article delves into the characterization of the

material’s physicochemical properties and biological effects, with the ultimate goal of veri-
fying its potential utility in artificial liver support systems. The obtained results indicate
the following:

e  FTIR analysis revealed that PET-COL displays characteristic absorption peaks of type
I collagen, specifically Amid IT at 1550 cm ™!, Amid I at 1665 cm ™!, and Amid A at
3330 cm~!. Concurrently, the nitrogen content on the material surface amounted to
17.36%. The application of a collagen coating significantly enhanced the hydrophilicity
of the material, resulting in a decrease in the water contact angle of the PET-COL
scaffold from 132.97° to 74.74° (p < 0.001). Utilizing second harmonic generation
microscopy, we visually observed the presence of a green fluorescent signal emanating
from the collagen on the PET-COL surface. Furthermore, HPLC-MS analysis confirmed
a collagen coating content of 33.30 pg/piece;

e The biological efficacy of the material was assessed through in vitro cell culture ex-
periments. The outcomes indicated a substantial proliferation of HepaRG cells on
the PET-COL substrate. Notably, cell viability, albumin secretion, urea synthesis, and
CYP3A4 and CPS1 expression were markedly elevated compared to the untreated
group (p < 0.001), highlighting robust biological activity. These observations implicate
that the application of a collagen coating has the potential to augment the biocompati-
bility of PET materials, thereby facilitating cell adhesion and proliferation.

The present study integrated the stability inherent in synthetic polymer materials
with the excellent biocompatibility of natural polymers, aiming to create a composite
hepatocyte culture scaffold featuring a fiber structure. This scaffold promotes cell adhesion,
proliferation, and differentiation, thus serving as an ideal substrate for hepatocytes cultured
in bioreactors and being a promising candidate for application in bioartificial livers.
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