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a b s t r a c t

The extracellular matrix (ECM) in a liver-specific extracellular matrix (L-ECM) scaffold facilitates hepa-
tocyte viability and maintains hepatocyte functions in vitro. However, whether an intact composition of
ECM is required for an efficient ECM-based substrate design remains to be clarified. In this study, two L-
ECM hydrogels, namely L-ECM I and L-ECM II, were prepared by pepsin solubilization at 4 �C and 25 �C,
respectively. The solubility at 4 �C was 50% whereas that at 25 �C was 95%, thus indicating well-preserved
L-ECM. Analysis confirmed higher ECM protein components (especially collagen) in L-ECM II, along with
denser fiber network and larger fiber diameter. L-ECM II gel exhibited high compression strength and
suitable viscoelastic properties. Furthermore, hepatocytes in L-ECM II showed higher expression of liver-
specific functions in 3D culture and wider spread while maintaining the cell-cell contacts in 2D culture.
Therefore, an intact L-ECM is important to realize effective substrates for liver tissue engineering.
© 2019, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Extracellular matrix (ECM) is a non-cellular three-dimensional
macromolecular network consisting mainly of collagen, elastin,
fibronectin, laminins, glycoproteins, proteoglycans (PGs), and gly-
cosaminoglycans (GAGs) [1e3]. These components provide a
physical platform for the cells, and stimulate interactive biochem-
ical and biomechanical signals that are required for tissue
morphogenesis, differentiation, and homeostasis. Specifically, the
ECM facilitates important functions such as binding of growth
factors (GFs) and interactions with cell-surface receptors to elicit
signal transduction and regulate gene transcription [4]. Thus, nat-
ural ECM from native organs has been targeted as engineered
scaffolds for tissue engineering in recent years.

Scaffolds composed of natural ECM are typically prepared by
decellularization of tissues or organs. Decellularization methods
. Ijima).
se Society for Regenerative

ative Medicine. Production and ho
have been extensively studied in the past to optimally retain the
native architecture while maintaining the physiological pro-
portions of the ECM components in the tissue [5e8]. The resulting
material possesses structural and functional features of the intact
organ-specific ECMs along with well-preserved vascular networks
[9e11]. L-ECM has been investigated to create functional scaffolds
for tissue engineering. The first attempt to produce pepsin-treated
L-ECMwas reported by Sellaro et al. [12], In their work, L- ECM gels
were explored in vitro, and maintenance of human hepatocyte
functions was confirmed. The versatility of L-ECM was also inves-
tigated in two-dimensional (2D) coating and three-dimensional
(3D) hydrogel platforms, for the culture and transplantation of
primary hepatocytes, as reported by Lee et al. [13]. Their results
indicated significantly improved hepatocyte functions both in vitro
and in vivo. Despite these successful attempts and current efforts in
the application of L-ECM, there is still much work to be done to
identify the signaling mechanisms that promoted improved hepa-
tocyte function on L-ECM. Thus, a deeper understanding of its na-
ture and how protein component works will help create optimal
design of L-ECM substrates for in-vitro liver tissue engineering.

In our previous studies, the physical properties of L-ECM from
porcine liver [11] and a hepatocyte growth factor (HGF)-
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immobilized L-ECM scaffold for hepatocyte culture were reported
[14]. Also, a L-ECM nanofiber was fabricated for use as substrate to
primary rat hepatocytes [15]. However, the solubility of L-ECM,
using our established protocol, was only about 50%, which implies
that 50% of the L-ECM was left undissolved. Since the behavior of
cells is influenced by the components and structure of the ECM [16],
it is crucial to determine how the changes in specific protein
components affect the stability of ECM-based scaffold and influ-
ence liver-specific phenotypes of hepatocytes.

In this study, pepsin-solubilized L-ECM was prepared by a
different protocol. The chemical and physical properties were
evaluated thereafter, and two- and three-dimensional cultures,
using primary hepatocytes, were performed to investigate its
effectiveness. The behavior of hepatocytes in vitro (e.g., morphology
and function) was expected to be affected by the components and
structure of L-ECM.
2. Methods

2.1. Decellularization and solubilization of porcine liver

2.1.1. Decellularization
Decellularization was performed as described previously [14].

Briefly, a healthy porcine liver was harvested from adult pig
(20e25 kg) (Fukuokashokunikuhanbai Co., Ltd., Fukuoka, Japan)
and depleted of blood with calcium and magnesium-free phos-
phate-buffered saline (CMF-PBS). The liver was cut into
1 cm � 1 cm � 2 mm pieces using a mandoline-style slicer. The
sliced tissue was soaked in a solution containing 1% Triton X-100
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) in CMF-PBS at
4 �C for 3 days to remove the cellular components. Fresh solution
was added each day, for 3 days, under constant stirring to maintain
the efficiency of decellularization. The resulting decellularized liver
was immersed in CMF-PBS at 4 �C for 4 days, and then dialyzed
using the Spectra/Por 6 dialysis membrane (MWCO: 1000 kD,
Spectrum Laboratories, Inc., Milpitas, CA, USA) at 4 �C for 2 days.
2.1.2. Solubilization and preparation of L-ECM hydrogel
The decellularized liver was lyophilized for 24 h to obtain dried

porcine L-ECM. The lyophilized L-ECM was then milled using a
mill mixer. In method I, 100 mg of the L-ECM powder was
measured andmixed with 10 mg pepsin (SigmaeAldrich, St. Louis,
MO, USA) in 10 mL of 0.1 N HCl. The mixture was constantly stirred
for 3 days at 4 �C. In method II, 100 mg of L-ECM powder was
mixed with 10 mg pepsin in 10 mL of 0.01 N HCl. The mixture was
constantly stirred for 2 days at room temperature (approximately
25 �C). The samples produced by methods I and II were referred to
as L-ECM I and L-ECM II, respectively. Once the L-ECM sol was
produced, dialysis was performed at 4 �C for 1 day. The subsequent
viscous solution of solubilized L-ECM (pH ¼ 3.0e4.0) was mixed
with concentrated Eagle's minimum essential medium (MEM)
(10�) and buffer (47.7 mg HEPES/mL, 0.08 N NaOH), at a volume
ratio of 8:1:1 (v/v), and kept on ice. The solution formed a gel, after
incubation at 37 �C for 30 min, by assembling itself into a three-
dimensional network.
2.2. Biochemical analysis of solubilized L-ECM

2.2.1. Analysis of total protein content
The amount of protein in the L-ECM digests was quantified using

the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Wal-
tham, MA, USA), and absorbance at 540 nm was recorded using a
microplate reader (Perkin Elmer, Waltham, MA, USA).
2.2.2. Analysis of collagen content
Collagen content wasmeasured using a collagen quantitation kit

(Cosmo Bio Co., Ltd., Tokyo, Japan) according to the manufacturer's
protocol. This kit is highly specific and sensitive for assaying whole
collagen in biological samples using a fluorogenic reagent, 3,4-
dihydroxyphenylacetic acid (3,4-DHPAA). The 3,4-DHPAA reagent
can selectively detect N-terminal Gly-containing peptides and es-
timate the accurate amount of collagen in a biological sample. A
fluorescence plate reader (1420 ARVOMX-L2 system: Perkin Elmer,
MA, USA), set at a wavelength of 465 nm, was used in this study.

2.2.3. Evaluation of sulfated glycosaminoglycan
Sulfated glycosaminoglycan (GAG) content was selected as an

indicator of alterations in the structural composition of the decel-
lularized tissue. The sulfated GAG content of L-ECM digest was
assessed by recording the absorbance at 620 nm using the Alcian
Blue 8GX assay (SigmaeAldrich). The concentration of GAG was
calculated using a standard curve of heparin sodium in water
(12.5e400 mg/mL). The results were expressed as micrograms per
milligram of wet tissue weight.

2.2.4. Analysis of molecular weight distribution of proteins
Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) (AE-6500, ATTO Corporation, Tokyo, Japan) was per-
formed for the determination of molecular weight distributions. L-
ECM samples, at 10 mg/mL and 5 mg/mL, and acid-solubilized
porcine type I collagen (referred as I Col) (Nitta Gelatin Inc.,
Osaka, Japan) were prepared. A 5% acrylamide gel was used, and
each sample was electrophoresed at 200 V and 20 mA for 1 h ac-
cording to the manufacturer's instructions.

2.3. Scanning electron microscopy

L-ECM and I Col (3 mg/mL) samples were adjusted to neutral pH
with reconstitution buffer (47.7 mg HEPES/mL, 0.08 N NaOH) and
10� MEM at a ratio of 8:1:1. Each adjusted sample concentration
was four-fifths of the above concentration. The solution formed a
gel, after incubation at 37 �C for 30 min, by assembling itself into a
three-dimensional network. The sample was then dehydrated in
the presence of ethanol and t-butanol (Wako). After which, the
hydrogel was allowed to stand at 4 �C, andwas dried using a freeze-
dryer. Morphological structure of the obtained dried sample was
observed under a scanning electron microscope (SEM, SU3500,
Hitachi High-Technologies Corporation, Tokyo, Japan). Prior to SEM,
the samples were pretreated using osmium coater (HPC-ISW,
Vacuum Device Inc., Japan).

2.4. Rheology of gels

In order to investigate the gelation behavior of L-ECM, rheo-
logical evaluationwas performed. Samples of L-ECM and I Col were
adjusted to neutral pH by mixing with reconstitution buffer and
10� MEM at a ratio of 8:1:1. Analysis of rheological properties was
conducted using a rheometer (MCR 302, Anton Paar, Japan). A
parallel plate of 25-mm diameter and a cone plate of 25-mm
diameter were used for the measurement of frequency sweep
and strain sweep, respectively. The storage modulus (G0, elastic
term) and loss modulus (G00, viscous term) were determined and
expressed as graphs with respect to distortion and frequency.

2.5. Compression of gels

L-ECM and I Col (3 mg/mL) samples were adjusted to neutral pH
by mixing with reconstitution buffer (47.7 mg HEPES/mL, 0.08 N
NaOH) and 10� MEM at a ratio of 8:1:1. Thereafter, 500 mL were
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placed in a 24-well plate and incubated at 37 �C for at least 30 min.
Stress due to compression of the gel was measured using a load
measuring machine (LTS-50N-S100: Minebea Co., Nagano, Japan).
Height of the gel was measured, and a stress-strain curve was
generated.

2.6. Degradation of gels

L-ECM samples from methods I and II, or 3 mg/mL I Col were
adjusted to neutral pHwith reconstitution buffer and 10�MEM at a
ratio of 8:1:1. Each adjusted sample concentration was equal to
four-fifths of the above concentration.

For in-vitro degradation test, collagenase digestion was per-
formed. A gel volume of 500 mL was shaken in 10 mL of 0.5 mg/mL
collagenase (Wako)/0.05 mg/mL trypsin inhibitor (Wako) solution
mixture, and weight of the gel was measured at a predetermined
time interval. After weighing, freshmediumwas added for the next
time interval. The extent of degradation was calculated using the
following equation:

Weight Changeð%Þ¼Wf

.
Wi � 100

where Wf is the weight of the hydrogel at a given time, and Wi is
the initial weight of the hydrogel.

2.7. In-vitro studies of L-ECM gels

2.7.1. Isolation and inoculation of primary rat hepatocytes
Primary hepatocytes were isolated from 6e8-week-old male SD

rats (Japan SLC, Inc., Hamamatsu, Japan). Hepatocytes were pre-
pared using a two-step collagenase perfusion method [17], and cell
viability was found to be approximately 92% using Trypan blue
exclusion test. The culture medium consisted of Dulbecco's Modi-
fied Eagle's medium (DMEM), supplemented with 10 mg/L insulin
from bovine pancreas (Sigma), 7.5 mg/L hydrocortisone (Sigma),
and 60 mg/L L-proline (Sigma); it was hence named as D-HDM
[14,18]. This protocol was reviewed and approved by the Ethics
Committee on Animal Experiments of Kyushu University (A29-413-
1, 29 Jun 2018).

Before hepatocyte culture, L-ECM pre-gels were adjusted to
neutral pH with reconstitution buffer and 10� MEM at a ratio of
8:1:1. Each adjusted sample concentration was equal to four-fifths
of their original concentration. Then, freshly isolated hepatocytes
were seeded onto L-ECM pre-gels at a seeding density of
2.5 � 105 cells/mL. By incubation under standard conditions (37 �C,
5% CO2, 95% air) for at least 30 min, hepatocyte-seeded L-ECM gels
were obtained. Finally, two hundred microliters of D-HDM was
added to each well of a 48-well cell culture plate. The culture
medium was refreshed after 1, 3, 5, and 7 days. At least three in-
dependent hepatocyte culture experiments were conducted to
check the reliability of the results.

2.7.2. Expression of liver-specific functions in hepatocytes
Albumin concentration in the culture medium was measured

using the protein detector ELISA kit HRP/ABTS system (Kirkegaard
& Perry Laboratories, Gaithersburg, MD, USA). Rat albumin stan-
dard and anti-rat albumin antibody were purchased from ICN
Pharmaceuticals (Aurora, OH, USA).

Meanwhile, the ammonia metabolism was estimated by
measuring ammonia concentration in the medium. Briefly, the
medium was substituted with 1 mM ammonium chloride-
supplemented D-HDM and incubated for 3 h. Ammonia meta-
bolismwasmeasured using the ammonia test (Wako Pure Chemical
Industries) using the manufacturers protocol.
Ethoxyresorufin-O-deethylase (EROD) activity, an indicator of
CYP1A1 (Cytochrome P450 family 1 subfamily A member 1) ac-
tivity, was estimated by measuring the intensity of resorufin fluo-
rescence in the medium. In this assay, CYP1A1 was induced by 3-
methylcholanthrene (Sigma). Briefly, the medium was substituted
by 4 mM 3-methylcholanthrene (Sigma)-supplemented D-HDM
and incubated for 24 h. After that, the medium was replaced with
20 mM ethoxyresorufin (Wako Pure Chemical Industries)-
supplemented D-HDM and incubated for 2 h. The intensity of
resorufin fluorescence in the medium was measured using a fluo-
rescence plate reader.

Furthermore, Cell Counting Kit e 8 (CCK-8, Dojindo Molecular
Technologies, Inc., Rockville, MD, USA) was employed for the
approximation of viable cell number. CCK-8 allows very convenient
assays by utilizing Dojindo's highly water-soluble tetrazolium
(WST) salt. WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)- 5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
salt] produces a water-soluble formazan dye upon reduction in the
presence of an electronmediator. The amount of formazan dye after
2-h incubation (measured by absorbance at 450 nm) is directly
proportional to the number of viable cells.

The results obtained for albumin concentration, ammonia
metabolism, and EROD activity were divided by WST-8 as an index
of liver function per viable cell number.

2.8. Preparation and morphology evaluation of hepatocyte-cultured
L-ECM films

L-ECM films were prepared as described in a previous report
[14]. Briefly, 0.03 mg/mL solution of L-ECM was prepared using
sterile water, and 200 mL/well was added to a 48-well cell culture
plate (bottom area: 1.1 cm2, product no. CN-150687, Thermo Fisher
Scientific, Kanagawa, Japan). The solution was air-dried on a clean
bench for approximately 2 days, after which, the film was cross-
linked with 1% glutaraldehyde (Wako) for 3 h for stabilization.
Residual glutaraldehyde was removed by washing with CMF-PBS.
Finally, the film was washed with basal medium (DMEM) to inac-
tivate any residual glutaraldehyde. Films of collagen (Cellmatrix
Type I-C: 3 mg/mL; Nitta Gelatin, Osaka, Japan) were also prepared
using the same method.

Freshly isolated hepatocytes were inoculated onto L-ECM films
under standard conditions (37 �C, 5% CO2, 95% air) at a seeding
density of 2.5 � 104 cells/mL. Two hundred microliters of D-HDM
was added to each well of a 48-well cell culture plate. The culture
medium was changed after 1, 3, 5, and 7 days. During the 7-day
culture, morphology of the hepatocytes was studied using a cell
culture microscope (Olympus CKX53, Nagano, Japan).

2.9. Statistical analysis

All calculated values are presented as the mean ± standard
deviation. Statistical analysis of the data was performed using one-
way ANOVA for simple 3 groups and two-way ANOVA for time-
dependent 3 groups. A p-value < 0.05 was considered statistically
significant.

3. Results

3.1. Solubility of L-ECM powder in pepsin solution

The solubility of L-ECM powder in pepsin-HCl solution was
tested using two methods (Fig. 1). In method I (Fig. 1a), insolubi-
lized L-ECM powderwas observed compared to that inmethod II, in
which it was almost homogeneous (Fig. 1b). These observations



Fig. 1. Pepsin solubilized L-ECM. (a) L-ECM produced using method I, (b) L-ECM produced using method II, and (c) Percentage of insolubilized L-ECM. n ¼ 3. Bars represent standard
deviation. *p < 0.05).
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were confirmed, as seen in Fig. 1c, after weighing the lyophilized
insoluble L-ECM solids.

3.2. Component evaluation in solubilized L-ECM

The protein content of L-ECM II was much higher than that of L-
ECM I (Fig. 2a); in L-ECM II, the total protein content was
6262 ± 463 mg/mL, indicating a 43% difference. This result was
further confirmed in Fig. 2b, since L-ECM II contained 3215 ± 77 mg/
mL collagen, which was 61% higher than in L-ECM I. However, L-
ECM I had slightly higher concentration of GAGs, as shown in
Fig. 2c. This finding confirmed that GAGs may be well-preserved at
4 �C than at room temperature pepsin solubilization.

The bands in SDS-PAGE, representing the molecular weight
distribution of pepsin-solubilized ECM, were studied next (Fig. 3).
Differences in relative intensities of the molecular weight bands
were confirmed. The noticeable bands occurring around 220 kDa,
210 kDa, and 120 kDa indicated collagen molecule g, b, and a

chains, respectively. The a1 and a2 chains were found to be the
Fig. 2. Biochemical components in the solubilized L-ECM. (a) Total protein, (b) collagen
major constituents that form the triple helical structure of collagen
molecules. Specifically, L-ECM II had a more intense band for a

chains (indicated by deep purple color) than L-ECM I.
3.3. Scanning electron microscopy of lyophilized gels

The SEM photos in Fig. 4 were obtained by dehydration of
hydrogels. Thus, they may not necessarily imply the state of ECM in
the actual hydrogel. However, these images are indispensable to
deduce the skeleton structure of ECM gel. Based on Fig. 4aef,
fibrous skeleton was observed in all samples. Comparing these
images, fiber densities were found to be higher in L-ECM gels
(Fig. 4b, e, c, f) than in I Col gel (Fig. 4a, d), resembling a mesh-like
structure. In addition, the highest average fiber diameter (Fig. 4g)
was in L-ECM II gel and lowest in I Col gel with 129.8 ± 4.4 nm and
41.4 ± 6.1 nm, respectively. Based on these results, the fiber
diameter and fiber density were deduced to be dependent on the
constituent components.
, and (c) GAG concentrations. n ¼ 3. Bars represent standard deviation. *p < 0.05.



Fig. 3. SDS-PAGE analysis of (a) I Col, (b) L-ECM I, and (c) L-ECM II.
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3.4. Rheology of hydrogels

The rheograms in Fig. 5a show similar profiles of storage
modulus under all conditions. Moreover, the storage moduli were
greater than the loss moduli (G0 > G00). L-ECM gels had higher
viscoelasticity than I Col hydrogel, owing to the presence of com-
ponents other than collagen. In the initial frequency stage of L-ECM
II hydrogel, at 1e10 s�1 frequency range, the storage modulus was
maintained at approximately 101 Pa and then gradually increased
up to 200 Pa at the end of the frequency sweep mode test. At
increased frequencies, a non-linear behavior was observed in both
G0 and G0 0. On the other hand, the rheograms in Fig. 5b show non-
Fig. 4. Scanning electron microscopy of lyophilized hydrogel. a, d) I Col gel, b, e) L-ECM I
magnification (d e f), scale bars ¼ 5 mm), and g) Average diameter of the fibrous network
linear profile of G0 and G00 under all conditions. Similar to that in
Fig. 5a, the viscoelastic profile of L-ECM II hydrogel for both G0 and
G00 was better than in other samples. In L-ECM II hydrogel, G0 was
maintained at 297 Pa at 1e2% strain, and gradually decreased to
130 Pa at the end of strain sweep test.

3.5. Compression test for gels

Compression stress was detected in all samples, as shown in
Fig. 6. The highest stress was obtained in L-ECM II gel, followed by
L-ECM I gel, and the lowest was I Col gel with 5.1 ± 1.3 kPa,
4.3 ± 0.5 kPa, and 3.5 ± 0.8 kPa, respectively. The difference in
mechanical behaviors is a manifestation of the unique internal fiber
network structures of the hydrogel samples.

3.6. Gel degradation analysis

Here, we investigated the degradation of hydrogels in the
presence of collagenase and confirmed the reduction inweight over
time (Fig. 7). At the initial time point (20e30 min), the changes in
weight of I Col, L-ECM I, and L-ECM II hydrogels were 52.1 ± 0.6%,
80.8 ± 0.9%, and 82.5 ± 1.4%, respectively. The I Col gel completely
degraded after 150 min, L-ECM I gel degraded after 180 min, and L-
ECM II gel degraded after 260 min.

3.7. Functional evaluation of hydrogels using primary hepatocytes

The morphological features, observed under a phase-contrast
microscope, showed the phenotypic changes of hepatocytes
(Fig. 8). During day 1 of the culture, hepatocytes started to form
clusters with their adjacent cells and the difference in their
morphology across the scaffolds was minimal (Fig. 8, 1st column).
After days 3e7 of culture, hepatocytes formed bigger clusters,
producing a more recognizable morphology between scaffolds
(Fig. 8, 2nd e 4th column). While it was difficult to deduce any
difference in morphology after day 7, hepatocytes were seen able to
form tissue-like morphologies under 3D culture conditions.

Changes in phenotype during the 7-day culture were evaluated
by determining the relative expression of liver-specific functions
such as EROD activity, WST-8 activity, ammonia secretion rate, and
albumin production. As shown in Fig. 9a, EROD activity decreased
from day 3 to day 5 and then remained steady until day 7 under all
conditions. In I Col gel, EROD activity showed a huge decrease at
day 5 compared to that in L-ECM gels. Specifically, higher function
was observed in L-ECM II gel, with relative intensity equal to
gel, and c, f) L-ECM II gel (For low magnification (a e c), scale bars ¼ 30 mm, for high
in hydrogels (n ¼ 3). Bars represent standard deviation. *p < 0.05.



Fig. 5. Rheological properties of hydrogels. a) Frequency sweep mode measured from 1 to 100 rad/s, with a strain of 1%, at a temperature of 24 �C (n ¼ 3). b) Strain sweep mode
measured from 1 to 100% with a constant frequency of 10 rad/s at a temperature of 24 �C (n ¼ 3).

Fig. 6. Mechanical property of hydrogels (n ¼ 3). Bars represent standard deviation.
*p < 0.05.

Fig. 7. Degradation profile of hydrogel. Bars represent standard deviation (n ¼ 3).
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1137 ± 51 at the end of day 7. This intensity was 11% and 44% higher
than in L-ECM I and I Col gels, respectively. On the other hand, as
shown in Fig. 9b, the index of viable cell number increased as gels
got degraded over time. In I Col gel, the number of viable cells was
33% and 46% higher than in L-ECM I and L-ECM II gels at day 7 of
culture. This might be explained by the faster degradation of I Col
gel, resulting in the appearance of viable hepatocytes. However, the
functional ability of cells depends on the microenvironment of the
hydrogel and thus, determining the function per viable cell is an
important parameter to consider. In Fig. 9c, all conditions showed
reduced function per viable cell during the 7-day culture. Here, L-
ECM gels showed gradual decreased in liver function in contrast to I
Col gel. Consistently, L-ECM II gel showed higher function per viable
cell at the end of day 7, which was 29% and 70% higher than that of
L-ECM I and I Col gels, respectively.

The albumin secretion ratewasmonitored using ELISA detection
system during the 7-day culture. As shown in Fig. 10a, the albumin
secretion rate, in most of the conditions, decreased over time.
However, higher secretion rate was manifested in L-ECM II gel
(16.6 ± 0.8 mg/mL at day 3, 13.4 ± 0.8 mg/mL at day 5, and
10.9 ± 0.4 mg/mL at day 7) relative to that in L-ECM I and I Col gels.
The albumin secretion rate per viable cell number showed a similar
profile (Fig. 10b) as in Fig. 10a. Specifically, the L-ECM II gel showed
65.9 ± 3.3 mg/mL/viable cell at day 3, which was 41% higher than
that in L-ECM I and 80% higher than in I Col gel. Even during day 7,
the function remained higher in L-ECM II gel, with 33.7 ± 0.9 mg/
mL/viable cell compared to 15.4 ± 1.0 mg/mL/viable cell and
4.5 ± 0.2 mg/mL/viable cell in L-ECM I gel and I Col gel, respectively.

Ammonia metabolism is a characteristic function of a mature
differentiated liver. In Fig. 10c, the ammonia metabolism rates are
shown, and in Fig. 10d, themetabolism rate per viable cell is shown.
In both figures, the ammonia metabolism decreased over time.
Nevertheless, L-ECM II gel showed higher function per viable cell
than L-ECM I and I Col gels during the 7-day culture.

The morphology of hepatocytes was studied in 2D cultures to
distinguish between the hydrogel samples (Fig. 11). Noticeable
differences were observed in each sample during the 7 days of
culture. In I Col film, hepatocytes did not spread on the surface, in
contrast to that in L-ECM films (Fig. 11a); hepatocytes were well
spread while maintaining cell-cell contact on the surface of the L-
ECM films (Fig. 11bec). Using ImageJ software, area of the largest
hepatocyte aggregates divided by the total area of the specimen (as
seen on the microscope image) was calculated to determine the
index of hepatocyte spreading. The areas of the largest hepatocyte
aggregates at day 3 were 11,885 mm2 and 21,256 mm2 for L-ECM I
and L-ECM II, respectively. These spreading areas accounted for
approximately 22.1% in L-ECM I and 39.5% in L-ECM II (Fig. 11bec,
2nd column). At day 5, the spread increased to 42.6% in L-ECM I and
75.2% in L-ECM II (Fig. 11bec, 3rd column). At the end of day 7, L-
ECM II film (Fig. 11c, 4th column) produced a wider hepatocyte



Fig. 8. Morphology of hepatocytes in 3D culture after 1, 3, 5, and 7 days, under phase-contrast microscope. a) I Col gel, b) L-ECM I gel, and c) L-ECM II gel (scale bars ¼ 100 mm,
magnification ¼ 20�).

Fig. 9. Relative expression of hepatocyte functions: a) EROD activity, b)mitochondrial activity, and c) EROD activity per mitochondrial activity (index of CYP1A1 enzyme activity per
viable cell) after 3, 5, and 7 days of culture on hydrogels. n ¼ 3. Bars represent standard deviation. *p < 0.05.
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spread area (at 79.0%) compared to the 58.5% in L-ECM I (Figure 11b,
4th column).

4. Discussion

The challenge of maintaining hepatocyte phenotype in vitro has
led to the development and application of tissue-specific ECM
substrates. Recreating a natural microenvironment in culture al-
lows hepatocytes to function and interact as they would in normal
healthy liver tissue. Several studies have demonstrated the
advantages of culturing hepatocytes on natural, tissue-specific ECM
substrates compared to that on purely synthetic substrates
[12,14,19e21]. Although the underlying mechanisms for this
improved phenotypic stability are still unknown, they are likely
related to the inclusion of several components of the natural liver
microenvironment.

The solubilization protocol at room temperature maximized the
activity of pepsin, thereby increasing the solubility of L-ECM. The
resulting L-ECM sol (L-ECM II) is composed of high ECM protein
components such as collagen and GAGs. Although the amount of



Fig. 10. Expression of hepatocyte functions: a) albumin secretion rate per mitochondrial activity (index of albumin secretion rate per viable cell), b) ammonia metabolism rate per
mitochondrial activity (index of ammonia metabolism per viable cell) after 3, 5, and 7 days of culture on hydrogels. n ¼ 3. Bars represent standard deviation. *p < 0.05.

Fig. 11. Morphology of hepatocytes in 2D culture after 1, 3, 5, and 7 days under phase-contrast microscope. a) I Col film, b) L-ECM I film, and c) L-ECM II film (scale bars ¼ 100 mm,
magnification ¼ 20�).
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other ECM components (e.g., laminin, fibronectin, and elastin)
might also be changed, it would need further validation before
discussion. Pepsin solubilization cleaved the cross-link containing
telopeptide, and the b-chain was concurrently cleaved into two a-
chains [22]. The a1 and a2 chain patterns were similar to that of
standard collagen Type I which suggested that Type I collagen is the
major component in the L-ECM sol. Correspondingly, this obser-
vation agrees with the findings reported previously [11,23,24].
Moreover, the presence of higher protein concentration (esp.
collagen) manifested in a higher-density mesh-like structure and
larger fiber diameters in L-ECM II gel.

Mechanical properties of tissue microenvironments contribute
to the overall functioning and health of the organ systems they
comprise. In the liver, many forces exist, including compression,
tensile strength, shear stress induced by fluid flow in the vascula-
ture, and other types of forces applied by cells in the matrix [25,26].
These forces affect multiple aspects of cell function, including dif-
ferentiation, growth and survival, and adhesion [27,28]. Substrates
should be designed to withstand the specific biomechanical needs
of hepatocytes. In this study, results confirmed that the increased
amount of proteins relatively increased the compression strength
and viscoelastic property of L-ECM II hydrogel. Since collagen is the
main component in the ECM [29], it is the main dictator of the
structure and function of the ECM. Our results also demonstrated
that the collagen structures reconstituted in L-ECM hydrogels may
be very similar to the native nanofiber collagen architecture. Thus,
L-ECM II gel may provide adequate biomechanical strength to
support hepatocytes, compared to L-ECM I and I Col hydrogels.

Control of the degradation rate is also important to support
cellular activities (e.g. proliferation and migration) during tissue
remodeling [26,30]. Additionally, biodegradability of hydrogels is
vital to ensure safety for clinical use and avoid potential toxicity.
Naturally, ECM is degraded in presence of type II collagenase, a
member of thematrixmetalloprotease family, which then degrades
the extracellular matrix and promotes cell migration and growth
[26]. Results showed that rate of degradation was the lowest in L-
ECM II hydrogel, which was attributed to its improved biome-
chanical and viscoelastic strength. For liver transplantation, this
phenomenon is important to provide sufficient time for the
hydrogel scaffold to develop a new tissue-like structure, prior to
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complete degradation. Three fundamental mechanisms of degra-
dation have been suggested for hydrogels: hydrolysis, enzymatic
cleavage, and dissolution [31e33].

The interaction between cells and ECM regulates important
cellular behavior and functions. In most cases, a well-designed 3D
cell culture system can recapitulate complex in-vivo physiological
constructions and tissue microenvironments, thereby serving as a
better model than a conventional 2D cell culture [19,34]. In this
report, morphology of the cells was studied using phase-contrast
microscope to distinctly understand the phenotypic changes
across hydrogel samples. Though hepatocytes developed into large
aggregates or organoids during the 7-day culture under all condi-
tions, significant difference was not visible. Since tissue-like cell
aggregates formed in different directions inside the hydrogel, they
were difficult to compare microscopically. Tissue-like structures,
formed by the aggregation of primary hepatocytes in culture, can
prevent dedifferentiation [35], and thus stimulate manifestation of
liver-specific functions.

In 2D culture, difference in morphology was noticeable under all
conditions. Clearly, in I Col film, hepatocytes did not produce
clusters during the 7-day culture, in contrast to that in L-ECM films.
Comparing the hepatocyte clusters in the L-ECM films, L-ECM II was
found to produce the widest spread area and formation of tissue-
like structure at the end of day 7. This result may indicate the
presence of suitable mechanical properties and intact ECM com-
ponents in the L-ECM II. In 3D culture, hepatocytes exhibited better
expression of liver-specific functions such as EROD activity, albu-
min synthesis, and ammonia metabolism in L-ECM hydrogel than
in I Col hydrogel during the 7 days of culture. Therefore, the intact
ECM components stimulated sustained release of functional mol-
ecules, as a result of which, abundant liver-specific signals were
transmitted to the surrounding cells and triggered site-specific
differentiation of hepatocytes.

The relative increase of mitochondrial activity in I Col hydrogel
may indicate the appearance of cells on the surface as it undergoes
biodegradation. Therefore, when the hydrogel structure collapsed,
cells may have resurfaced, and promoted signal on WST-8. Though
diffusion of cell-related signals might possibly occur within the
hydrogel, it may be smaller compared to when the cell is directly in
contact with the medium. The slower degradation rate of L-ECM II
gel resulted in a steady and minimal increase of mitochondrial
activity signal with respect to culture time. In other words, a me-
chanically stable hydrogel facilitated the controlled released of
bioactive substances [33]. The ideal condition is that the rate of
scaffold degradation should mirror the rate of new tissue formation
or be adequate for the controlled release of bioactive molecules
[33]. However, the effects of ECM degradation on cell behavior are
possibly more complex due to the combination of changes in the
nature of physical interactions between the cell and degraded ECM
proteins, and the release of a host of ECM-sequestered cytokines
[36].

Based on a study by Rubin et al., the rate of hepatocyte spreading
was seen to be increased with the amount of collagen molecules in
the substrate [37]. Since the content of solubilized collagen was
higher in L-ECM II, it not only promoted cell spreading, but also
stimulated strong adhesive force and cell e cell contact, thus pro-
moting tissue-like formation. However, the interplay of collagen
with other ECM components such as fibronectin, laminin, and
elastin is also valuable for the stable physiological functioning of
hepatocytes. As a matter of fact, the differential effect on hepato-
cyte behavior has been studied in monolayer culture in previous
studies [37e41]. For instance, fibronectin mediates its binding to
integrins on the cell membrane and also binds to collagen on the
ECM basal membrane. In other words, it may form a bridge be-
tween cells and collagen. This might provide an explanation for the
reported enhanced spreading of hepatocytes on a fibronectin sur-
face compared to that on a collagen surface [38]. In addition,
fibronectin and collagenwere confirmed to play distinct roles in the
phenotypic regulation of cells cultured in a 3D environment in a
report by Wang et al. [16]. Their results showed that, collagen-
functionalized and fibronectin-functionalized inverted colloidal
crystal (ICC) scaffold promoted albumin production and liver-
specific gene expression compared to bare ICC scaffold.

Furthermore, we hypothesized that the functional expression of
hepatocytes might also be stimulated by the residual or accumu-
lated growth factors (GFs) on the L-ECM. Growth factors such as
hepatocyte growth factor (HGF), fibroblast growth factor 2 (FGF-2),
and epidermal growth factor (EGF) were shown to be present in the
L-ECM after decellularization using ammonium hydroxide [42].
These GFs play a very important role in regeneration and prolifer-
ation of hepatocytes [43e45]. However, the quantities of these GFs
may be vaguely preserved or completely denatured after pepsin
treatment. Nevertheless, L-ECM is an organ-specific ECM with the
ability to immobilize GFs [14], which may be directly attributed to
the presence of GAGs. The GAG chains on the protein core are un-
branched polysaccharide chains, composed of repetitive disaccha-
ride units [4]. They are considered to have high electrostatic affinity
with growth factors [46]. In a report by Ijima et al., hepatocyte-
embedded L-ECM gel transplanted to partial hepatectomy treated
rat obtained the largest aggregation and highest viability of trans-
planted hepatocytes [47]. Their results were directly linked to the
immobilization of GFs such as HGF secreted by the partial hepa-
tectomy treated rat on the L-ECM gel.

Based on the above results, the effectiveness of L-ECM II
compared to L-ECM I may be concluded to be dependent on the
concentration of L-ECM in 3D culture. However, in 2D culture, the
hepatocyte tissue formed on L-ECM II was larger than that on L-
ECM I. In other words, the composition of L-ECM II itself was shown
to be superior over that of L-ECM I for hepatocyte culture. On the
other hand, L-ECM I may be a good scaffold material as it also
contains ECM molecules, however, may not be sufficient to fully
supply the requirements of hepatocytes. The advantage of L-ECM II
may also be attributed to the presence of balanced ECM molecules.
As such, the relative abundance of each key molecule encourages
suitable cell signals.

As we move towards the ultimate goal of clinical application, it
is likely that more specialized scaffolds may be required to support
various functional cell phenotypes. ECM biologic scaffolds have
very significant characteristics and have opened up new perspec-
tives for liver tissue reconstruction. In this study, though far from
perfect, established a crucial step towards the development of L-
ECM e based scaffolds. Our findings suggest that an intact L-ECM
substrate can help maintain appropriate hepatocyte phenotype and
suggest that an ECM from human liver could be similarly useful.
However, to obtain a sufficient amount of human L-ECM is
impossible. Thus, the availability of porcine L-ECM offers a mean-
ingful advantage and more studies are expected to be done in the
future. Finally, the use of human liver cells such as primary human
hepatocytes is indispensable and could represent an ideal system
for in vitro scaffold validation.

5. Conclusions

Influence of ECM proteins on the morphology and liver-specific
functions of hepatocytes was confirmed in this study. L-ECM
hydrogels produced by different methods exhibited different con-
centration of ECM proteins, especially collagen. L-ECM II hydrogel,
with increased collagen concentration, resulted in improved
biomechanical and viscoelastic properties. In-vitro 3D cultures
showed higher relative expression of liver-specific functions (e.g.,
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EROD activity, albumin production, and ammoniametabolism) in L-
ECM II gel than in L-ECM I and I Col gels. Furthermore, in 2D culture,
wider spread was observed in L-ECM II film, indicating a stronger
cell-ECM interaction. These results of improved cell-ECM in-
teractions have great implication for future studies involving pri-
mary hepatocytes, and might provide essential insights for the
establishment of well-designed ECM-based substrates in vitro.
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