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Abstract. Primary human hepatocytes (PHHs) are the gold 
standard for drug development procedures; however, main-
taining functional PHHs in vitro is challenging in conventional 
collagen‑coated cultures. In the present study, we developed a 
new scaffold comprising high amounts (≥1 mg/cm2) of atelocol-
lagen exposed to ultraviolet radiation to induce cross‑linking 
and improve stability. Scanning and transmission electron 
microscopy revealed a micro‑dimpled surface (MDS) scaf-
fold composed of randomly arranged atelocollagen fibrils. 
The scaffold was therefore designated as MDS atelocollagen. 
PHHs cultured on MDS atelocollagen were round with a 
compact cytoplasm and exhibited enhanced levels of albumin 
(ALB) secretion and cytochrome P450 (CYP) 3A4 activity. 
The expression of hepatocyte‑related genes, such as serum 
proteins, drug metabolism‑related CYPs, and nuclear receptors, 
was enhanced in cells cultured on MDS atelocollagen, but not 
in those cultured on conventional atelocollagen. Moreover, the 
abnormal gene expression of cell adhesion molecules observed 
in conventional atelocollagen culture was suppressed when the 
cells were grown on MDS atelocollagen, thereby suggesting 

a cell behavior similar to that of in vivo hepatocytes. These 
results suggest that MDS atelocollagen functionally preserves 
PHHs while conserving the simplicity of conventional PHH 
atelocollagen‑coated cultures.

Introduction

Primary human hepatocytes (PHHs) represent the gold standard 
for drug development procedures, including the evaluation of 
human hepatic drug metabolism, drug clearance, drug interac-
tion, transporter activity and hepatotoxicity (1‑3). However, the 
use of PHHs for these purposes must be carefully considered due 
to the limited supply of those cells, and PHHs can be cultured 
for only short time periods owing to difficulties in maintaining 
their functionality and viability  (4). Beigel et al performed 
genomic and proteomic analyses of cultured primary rat hepa-
tocytes and revealed that, after 24 h, a number of important 
phase I and II enzymes involved in xenobiotic metabolism (e.g., 
cytochrome P450s, glutathione S‑transferases and sulfotransfer-
ases), as well as antioxidant enzymes (e.g., catalase, superoxide 
dismutase and glutathione peroxidase), were downregulated (5). 
They concluded that primary hepatocytes represent a suitable 
model for time points up to 24 h, whereas for medium‑ to 
long‑term toxicology studies, suitable cell culture systems 
must be urgently developed to ensure faster, cost‑effective, 
and more sensitive toxicity predictions (5). Although induced 
pluripotent stem (iPS) cells or embryonic stem cell‑derived 
hepatocyte‑like cells (HLCs) are promising alternatives owing 
to their unlimited proliferation and differentiation capacity, 
HLCs have an immature phenotype and their functions may 
not be similar to those of PHHs (6,7). In the phenotypic and 
functional analyses reported by Baxter et al, stem cell‑derived 
HLCs more closely resembled fetal hepatocytes rather than 
adult cells; in other words, 81% of phase I enzymes in HLCs 
were markedly upregulated, and the expression of half of these 
enzymes in HLCs did not differ statistically significantly from 
their expression in fetal hepatocytes. In addition, HLCs secrete 
ALB and metabolize testosterone [cytochrome P450 (CYP) 3A] 
and dextrorphan (CYP2D6) in a manner similar to fetal hepa-
tocytes (7). Therefore, PHHs are essential for in vitro studies of 
liver molecular mechanisms as well as drug development. Thus, 
improvements in PHH culturing are crucial.

Collagen is an extracellular matrix (ECM) protein 
commonly used to culture PHHs. Coating culture dishes with 
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collagen type I enhances hepatocyte attachment and survival, 
and also promotes the maintenance of liver‑specific pheno-
types (2). Conventional 2D culture of hepatocytes is easily 
achievable and represents the most common culture strategy (3). 
The conventional collagen coat comprises extremely small 
amounts (in the order of µg/cm2) of collagen  (1,8). PHHs 
cultured on conventional collagen‑coated dishes rapidly 
dedifferentiate and lose their hepatic function within a few 
days (5,9,10). Several reports have indicated that hepatic func-
tion can be improved by co‑culture with non‑parenchymal 
cells  (11‑13) or by using collagen gel sandwich configura-
tion models, which can maintain hepatic function, polarity 
and viability  (8,14,15). However, the uppermost collagen 
matrix layer in the sandwich culture system prevents access 
to test compounds on PHHs, and co‑culture adds additional 
complications compared with conventional culture. Therefore, 
without complicating culture methods, we sought to improve 
the conventional collagen‑coated monolayer cultures, which 
are currently the gold standard for drug development proce-
dures.

In atelocollagen, telopeptides are enzymatically depleted, 
resulting in low immunogenicity. In addition, atelocollagen 
has the same typical triple helix structure as native collagen, 
and it can form collagen fibrils under physiological conditions; 
therefore, it is compatible with both in vivo and in vitro applica-
tions, such as regenerative medicine (16,17) and drug delivery 
systems  (18,19). We developed a new scaffold comprising 
higher amounts (in the order of mg/cm2) of atelocollagen 
compared with conventional atelocollagen coating (µg/cm2) 
and induced cross‑linking via exposure to ultraviolet (UV) 
radiation to improve stability.

Several thick collagen scaffolds, such as conventional 
collagen gel or collagen membrane vitrigel (20,21), which are 
composed of high‑density collagen fibrils, have been described 
previously. Takezawa et al characterized collagen vitrigel 
using scanning electron microscopy (SEM) and found that 
both conventional collagen gel and collagen vitrigel display a 
reticular network architecture composed of numerous collagen 
fibrils, as well as characteristic cross‑striations every ~70 nm 
for individual collagen fibrils (20). Our scaffold differs from 
these scaffolds in terms of the presence of a micro‑dimpled 
surface (MDS). In the present study, we first compared a 
conventional atelocollagen coat with one featuring large 
amounts of atelocollagen scaffolds; this coat was also referred 
to as MDS atelocollagen, had a characteristic structure and 
maintained PHH functionality. Moreover, MDS atelocollagen 
suppressed the abnormal expression of cell adhesion molecules 
observed on conventional atelocollagen coats, suggesting 
that cells grown on MDS atelocollagen may behave similar 
to in vivo hepatocytes. We herein describe a novel culture 
model developed using MDS atelocollagen to maintain PHHs 
in culture using the conventional atelocollagen coat culture 
without a complicated culture method.

Materials and methods

Preparation of atelocollagen coats. A 5‑mg/ml solution of 
type I atelocollagen (IPC‑50; Koken) derived from bovine 
dermis was used for atelocollagen coating. The atelocollagen 
solution was added to 96‑well cell culture plates to final 

densities of 0.04, 0.2, 1 and 2 mg/cm2 following air‑drying 
for 5 days on a clean bench. The atelocollagen solution was 
diluted using 1 mM HCl to obtain two dilutions as follows: 
0.25 mg/ml for 0.04 mg/cm2 and 1.25 mg/ml for 0.2 mg/cm2. 
One millimolar HCl was selected as the dilution buffer, 
as it was also used to prepare IPC‑50 atelocollagen. The 
diluted solutions (50 µl) were added to the 96‑well plates. 
For the 1‑ and 2‑mg/cm2 atelocollagen solutions, the 5‑mg/ml 
atelocollagen solution was directly added to 96‑well plates 
without dilution (64 µl for 1 mg/cm2 and 128 µl for 2 mg/cm2). 
During air‑drying, the plate lids were opened, and UV radia-
tion was stopped to prepare a non‑uniform coat and regulate 
UV‑induced cross‑linking. Furthermore, atelocollagen was 
cross‑linked using 254‑nm UV radiation at 0.5 J/cm2 delivered 
on two separate occasions using a UV cross‑linker (CL‑1000; 
UVP). The atelocollagen‑coated plates were stored at room 
temperature.

SEM. Atelocollagen samples were fixed with 2% glutaral-
dehyde, sequentially dehydrated in ethanol, and embedded 
in tert‑butyl alcohol. The samples were then freeze‑dried 
and sputter‑coated with osmium using an osmium coater 
(Neoc‑STB; Meiwafosis Co., Ltd.). Images were obtained 
using a scanning electron microscope (SU6600; Hitachi 
High‑Technologies). The micro‑roughness of the samples was 
assessed via ISO 25178‑compliant motif analysis (bottom detec-
tion) using MountainsMap® software (Digital Surf) based on 
the SEM images. The method, presently called segmentation, 
is based on the application of a watershed algorithm associated 
with an algorithm for simplifying graphs that describe the rela-
tionships between individual points (Wolf pruning) (22). Details 
on feature parameters were described by Blateyron (23).

Transmission electron microscopy (TEM). Atelocollagen 
samples were fixed with 2% glutaraldehyde, sequentially 
dehydrated in ethanol and embedded in Epon. The samples 
were cut into 70‑nm sections using an ultramicrotome (Leica 
EM UC7; Leica Microsystems) and stained with uranium 
acetate. Images were captured using a transmission electron 
microscope (JEM‑1400Plus; JEOL Ltd.).

PHH cultures. One day before the cells were cultured, 96‑well 
atelocollagen‑coated plates were washed and pre‑incubated 
with medium to ensure sufficient reconstruction of atelocol-
lagen and a smooth cell culture. Briefly, the wells were washed 
twice with Dulbecco's phosphate‑buffered saline (DS Pharma 
Biomedical), incubated with 50 µl/well hepatocyte culture 
medium (HCM; Lonza Bioscience) supplemented with 2% fetal 
bovine serum (FBS), and then incubated at 37˚C overnight. The 
next day, cryopreserved human hepatocytes (HUCPI; Lonza 
Bioscience) were cultured according to the manufacturer's 
instructions with minor modifications. All the series of PHHs 
from this supplier are produced from a single donor. PHHs, 
which demonstrated 87% viability using trypan blue staining, 
were seeded directly into pre‑incubated atelocollagen‑coated 
96‑well plates at a density of 1x105 cells/100 µl/well (total, 
150 µl/well) and incubated under a humidified atmosphere 
of 5% CO2 at 37˚C. For the first 24 h, HCM supplemented 
with 2% FBS was used as the culture medium; thereafter, this 
medium was replaced daily with HCM without FBS.



INTERNATIONAL JOURNAL OF MOlecular medicine  44:  960-972,  2019962

LIVE/DEAD assay. The medium was replaced with HCM 
containing 2 µM calcein AM, 4 µM ethidium homodimer 
(LIVE/DEAD™ Viability/Cytotoxicity kit for mammalian 
cells; Thermo Fisher Scientific, Inc.), and 0.5 µg/ml Hoechst 
33342 (Dojindo Molecular Technologies, Inc.). The cells were 
then incubated at 37˚C under a humidified atmosphere of 
5% CO2 for 5 min. Thereafter, the medium was replaced with 
fresh HCM. Fluorescence was imaged using an IX83 micro-
scope (Olympus Corporation).

Human ALB ELISA. The ALB level in the culture medium 
was measured using ELISA kits (Bethyl Laboratories, Inc.), 
following the manufacturer's instructions. Briefly, the culture 
medium was changed 1 day prior to sampling. The condi-
tioned medium in which PHHs were cultured for 24 h was 
then collected and centrifuged at 625 x g for 1 min at 4˚C 
to eliminate cell debris. The supernatant was stored at ‑80˚C 
until ELISA was performed. Total RNA was extracted using 
an RNeasy micro kit (Qiagen) on day 3 of culture according to 
manufacturer's instructions, and measured using a NanoDrop 
2000c spectrophotometer (Thermo Fisher Scientific, Inc.).

CYP activity. CYP3A4 activity was measured using a 
P450‑Glo™ CYP3A4 Assay with Luciferin‑IPA (Promega 
Corporation), following the manufacturer's instructions. 
Luminescence was measured in duplicates using an ARVO 
MX (PerkinElmer, Inc.) plate reader. CYP3A4 activity values 
were corrected using total RNA amount values. Total RNA 
was extracted using an RNeasy micro kit (Qiagen) according 
to the manufacturer's instructions, from wells different from 
those used for the CYP assay on day 3, and was measured 
using NanoDrop 2000c (Thermo Fisher Scientific, Inc.). For 
the CYP3A4 induction assay, the culture medium was replaced 
with HCM containing 25 µM rifampicin (Sigma‑Aldrich; 
Merck KGaA) in 0.1% dimethyl sulfoxide (DMSO) or vehicle 
control (0.1% DMSO alone) on day 1. Rifampicin is the drug 
most commonly used to induce CYP3A enzyme activity. In 
addition, this induction route may be used by different medi-
cations, such as phenobarbital  (24). On the following day, 
the medium was replaced with fresh medium containing the 
inducer or vehicle. After 48 h of treatment, CYP3A4 activity 
was measured as described above.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. Total RNA was extracted using an RNeasy 
micro kit (Qiagen), following the manufacturer's instructions. 
Total RNA was reverse‑transcribed using a PrimeScript™ RT 
reagent kit (Perfect Real Time; Takara Bio, Inc.), following the 
manufacturer's instructions. RT‑qPCR was performed using a 
LightCycler 1.5 (LightCycler3 software; Roche) and SYBR® 
Premix Ex Taq™ (Tli RNaseH Plus; Takara Bio, Inc.). The 
primer sequences used are listed in Table SI. The PCR condi-
tions were as follows: Denaturation at 95˚C for 60 sec; 40 cycles 
at 95˚C for 5 sec and 60˚C for 20 sec; melting at 65˚C for 15 sec; 
and cooling at 40˚C for 30 sec. The final concentrations of the 
reagents used were as follows: SYBR® Premix Ex Taq (1X); 
forward primer (0.2 µM); reverse primer (0.2 µM); and cDNA 
(<100 ng). The threshold cycle was measured and normalized 
to the levels of glyceraldehyde 3‑phosphate dehydrogenase. 
Analysis was performed using the ΔΔCq method (25).

Statistical analysis. Data are expressed as mean ± standard 
deviation (SD). Statistical significance was assessed using 
one‑way analysis of variance with Tukey's post hoc test or 
unpaired t‑test. P<0.05 was considered to indicate statistically 
significant differences. Data were analyzed using the Prism 7 
software (GraphPad Software Inc.). This experiment was 
repeated three times.

Results

Characterization of MDS atelocollagen. To characterize 
the structure of the newly developed atelocollagen scaf-
fold, we compared it with a conventional atelocollagen coat 
(0.04 mg/cm2). SEM and TEM images are shown in Fig. 1. 
The surface of the conventional 0.04‑mg/cm2 atelocollagen 
coat displayed a fine, flat isotropic structure (Fig. 1A). The 
0.2‑mg/cm2 atelocollagen coat was similar to the conventional 
atelocollagen coat (Fig. 1B). By contrast, the surface of the 1‑ 
and 2‑mg/cm2 atelocollagen coats displayed rough anisotropic 
structures (Fig. 1C and D). The collagen fibrils were observed 
in the 1‑ and 2‑mg/cm2 atelocollagen coats (Fig. 1C and D, 
arrows), but not in the 0.04‑ and 0.2‑mg/cm2 atelocollagen 
coats. The characteristic dimpled structure with dimple diam-
eters of ~2‑3 µm was observed only on the surfaces of the 1‑ and 
2‑mg/cm2 atelocollagen coats (Fig. 1C and D, arrowheads).

To analyze the micro‑roughness of the surface, ISO 
25178‑compliant motif analysis was performed using 
MountainsMap® analytical software (Fig.  1E‑J); using an 
ISO 25178‑compliant segmentation algorithm, this analysis 
detects an isolated area of the surface as a motif. The motif 
numbers of the 0.04‑, 0.2‑, 1‑ and 2‑mg/cm2 atelocollagen 
coats were 6,410±312, 5,607±772, 2,274±295 and 2,187±222, 
respectively (Fig. 1I). The 1‑ and 2‑mg/cm2 atelocollagen coats 
comprised fewer motifs compared with the conventional and 
0.2‑mg/cm2 atelocollagen coats, thereby indicating that the 
surface of MDS atelocollagen coat is rougher compared with 
that of the conventional atelocollagen coat. The average motif 
areas of the 0.04‑, 0.2‑, 1‑ and 2‑mg/cm2 atelocollagen coats 
were 0.07±0.00, 0.09±0.01, 0.21±0.03 and 0.22±0.02 µm2, 
respectively (Fig. 1J). This indicates that the 1‑ and 2‑mg/cm2 
atelocollagen coats comprised a motif approximately thrice 
the size of that comprised by the conventional atelocollagen 
coat. As shown in Fig. 1I and J, statistically significant differ-
ences (P<0.0001) were observed between the low‑density 
groups of 0.04 and 0.2 mg/cm2 and the high‑density groups 
of 1 and 2 mg/cm2 for all combinations. As was the case for 
the comparison between the groups of 0.04 and 0.2 mg/cm2, 
there was no significant difference between the groups of 1 
and 2 mg/cm2. Therefore, there may be structural differences 
between the low‑ and high‑density groups.

Collagen molecules have a rod‑like structure, with a length 
and width of 300 and 1.5 nm, respectively (26). TEM was 
used to determine the arrangement of collagen molecules. 
In the conventional atelocollagen coat, no fibril structure 
or spaces were observed (Fig. 1K). By contrast, the MDS 
atelocollagen coat comprised randomly arranged collagen 
fibrils (Fig.  1L, arrows) surrounded by spaces (Fig.  1L). 
Consistent with the SEM image (Fig. 1D), dimpled structures 
were observed on the surface of the MDS atelocollagen coat 
(Fig. 1L, arrowheads).
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MDS atelocollagen alters the morphological characteristics 
of PHHs. To evaluate the impact of the atelocollagen content 
on PHH morphology and viability, PHHs were cultured on 
different amounts of atelocollagen and their morphology 
and viability were observed using LIVE/DEAD staining. 
LIVE/DEAD and phase contrast merged images are presented 
in Fig. 2. PHHs grown on the 0.04‑mg/cm2 atelocollagen coat 
exhibited the typical polygonal shape on day 1 (Fig. 2A) that 
gradually extended on days 3 and 7 (Fig. 2B and C), indicating 
dedifferentiation. PHHs grown on the 0.2-mg/cm2 atelocol-
lagen coat were slightly swollen on day 1 (Fig. 2D), and on 
days 3 and 7 the morphology was similar to that of cells grown 
on the 0.04‑mg/cm2 atelocollagen coat (Fig. 2E and F). By 
contrast, PHHs cultured on 1‑ or 2‑mg/cm2 MDS atelocol-
lagen coats were round with an extremely compact cytoplasm 
(Fig. 2G and J). Cells cultured on MDS atelocollagen were 
markedly smaller compared with those grown on 0.04‑ or 
0.2‑mg/cm2 atelocollagen coats (Fig. 2G and J). The round 
shape of the cells grown on MDS atelocollagen was maintained 
until day 3 (Fig. 2H and K). Motile and islet‑like morphologies 
were observed on day 7 (Fig. 2I and L), suggesting higher 
cell‑cell interactions compared with those observed on day 3, 
confirming lack of dedifferentiation (Fig. 2I and L).

As revealed by the viability of almost all cells, cell survival 
on day  1 was not affected by the atelocollagen scaffolds 
(Fig. 2A, D, G and J). Cell viability declined over time on 
all scaffolds, with cell death rates increasing with increasing 

atelocollagen content. By contrast, for lower commercial‑grade 
PHHs (HUCPM; Lonza Bioscience), only few viable cells 
were observed on the conventional 0.04‑mg/cm2 atelocollagen 
coat on day 7, whereas more cells remained on MDS atelocol-
lagen (data not shown). On MDS atelocollagen, a large number 
of dead cells was temporally observed on day 3 (Fig. 2H 
and K, red color); however, the dead cells were removed by 
medium replacement, and most cells were viable on day 7 
(Fig. 2I and L). During the culture period, green fluorescence 
intensity (calcein AM) was low on the 0.04‑ and 0.2‑mg/cm2 
atelocollagen coats and high on the 1‑ and 2‑mg/cm2 MDS 
atelocollagen coats, indicating that the latter exhibited 
enhanced esterase activity.

MDS atelocollagen enhances ALB secretion and CYP 
activity. ALB secretion and CYP activity are generally used 
as markers of hepatocyte function. Therefore, to investigate 
the impact of atelocollagen content on PHH function, ALB 
secretion and CYP3A4 activity were compared among cells 
grown on various matrices. ALB secretion into the medium 
increased with increasing atelocollagen content (Fig. 3A). The 
cells grown on the 1‑mg/cm2 atelocollagen coat demonstrated 
4.7‑fold higher 24‑h ALB secretion compared with those 
grown on the 0.04‑mg/cm2 atelocollagen coat (7.0±1.1 vs. 
1.5±0.3 µg/µg RNA, respectively; Fig. 3A). Furthermore, the 
CYP3A4 activity was observed to increase with increasing 
atelocollagen content (Fig.  3B). The CYP3A4 activity in 

Figure 1. Characteristics of micro‑dimpled surface (MDS) atelocollagen. (A) Atelocollagen (0.04 mg/cm2, conventional atelocollagen coat), (B) 0.2 mg/cm2 
atelocollagen, (C) MDS atelocollagen (1 mg/cm2), and (D) MDS atelocollagen (2 mg/cm2) observed using scanning electron microscopy. Arrows, representa-
tive collagen fibril. Arrowheads, representative MDS. Scale bars: 10 µm. (E) Motif analysis of 0.04 mg/cm2 conventional atelocollagen, (F) 0.2 mg/cm2, 
(G) 1 mg/cm2, and (H) 2 mg/cm2 atelocollagen using the Digital Surf MountainsMap® analytical software. (I) Number of motifs (n=4). (J) Average area of 
motif (n=4). Transmission electron microscopy observation of (K) 0.04 mg/cm2 conventional atelocollagen and (L) MDS atelocollagen (2 mg/cm2). Arrows, 
representative collagen fibril. Arrowheads, representative MDS. Scale bars: 1 µm. All images were taken near the center of the well. (K) Two cracks observed 
in collagen are artifacts. Statistical analysis was performed using one‑way analysis of variance and Tukey's post hoc test. The confidence level was set at 
****P<0.0001.
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PHHs grown on the 1‑mg/cm2 atelocollagen coat was 3.4‑fold 
higher compared with that in cells grown on the conventional 
0.04-mg/cm2 atelocollagen coat (Fig. 3B). CYP3A4 induction 
was analyzed using rifampicin; CYP3A4 activity increased 
by 11.8±2.9‑fold in the presence of rifampicin relative to 
the effects of DMSO (mean ± SD) in the cells grown on the 
conventional 0.04‑mg/cm2 atelocollagen coat (Fig. 3C). By 
contrast, the CYP3A4 activity increased by 21.8±1.9‑fold in 
the cells grown on the 2‑mg/cm2 atelocollagen coat. These 
results indicate that MDS atelocollagen promotes protein 
production and drug metabolism.

To further investigate the effect of atelocollagen 
levels on PHH function, we analyzed the expression of 15 
hepatocyte‑related genes using RT‑qPCR. The expression 
of ALB, α1‑antitrypsin (AAT) and tryptophan 2,3‑dioxy-
genase (TO) significantly increased in the cells grown on 
the 2‑mg/cm2 MDS atelocollagen coat compared with those 
grown on the 0.04‑mg/cm2 atelocollagen coat (2.1±0.2‑, 
1.5±0.1‑ and 3.6±0.3‑fold, respectively, Fig. 4A). CYP expres-
sion (1A2, 2C9, 2C19 and 2D6) also significantly increased 
in the cells grown on the MDS atelocollagen coat (3.0±0.2‑, 

2.0±0.2‑, 1.7±0.1‑ and 3.0±0.1‑fold, respectively; Fig. 4B). By 
contrast, the expressions of CYP3A4 (Fig. 4B), the phase II 
conjugation enzymes glutathione S‑transferase A4 (GSTA4) 
and UDP‑glucuronosyl transferase 1A1 (UGT1A1) (Fig. 4C), 
and the phase III transporter multidrug resistance‑associated 
protein 2 (MRP2) (Fig. 4D) were not affected by MDS atelo-
collagen. Expression of the nuclear receptor aryl hydrocarbon 
receptor (AhR) significantly decreased in the cells grown on 
the MDS atelocollagen coat; by contrast, the expression of 
the nuclear receptors constitutive androstane receptor (CAR) 
and pregnane X receptor (PXR) significantly increased 
depending on the atelocollagen levels (Fig. 4E). Although not 
statistically significant, an increasing trend was observed for 
hepatocyte nuclear factor 4α (HNF4α) expression based on the 
atelocollagen levels (Fig. 4E). These results indicate that MDS 
atelocollagen specifically enhances hepatocyte‑related protein 
production and CYP activity.

MDS atelocollagen is associated with the maintenance of 
hepatocyte‑related gene expression. As PHHs immediately 
lose function during culturing, the maintenance of hepatic 

Figure 2. Collagen content affects the morphology of primary human hepatocytes (PHHs). LIVE/DEAD staining images of PHHs grown on different amounts 
of collagen. (A‑C) Conventional 0.04 mg/cm2 atelocollagen. (D‑F) 0.2 mg/cm2 atelocollagen. (G‑I) 1 mg/cm2 atelocollagen. (J‑L) 2 mg/cm2 atelocollagen. 
Islet‑like morphology consisting of multiple cells indicate cell‑cell interactions (arrowhead). Live cells were stained with calcein AM (green), whereas dead 
cells were stained with ethidium homodimer (red). Nuclei were stained with Hoechst (blue). Scale bar: 100 µm.
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function was investigated in cells grown on various scaffolds 
(Fig. 5). ALB gene expression was decreased by 6.4±0.4% of 
the initial level on day 7 in the cells cultured on the conven-
tional atelocollagen coat. By contrast, its expression level 
was maintained at 17.4±1.5% of the control level in the cells 
cultured on the MDS atelocollagen coat (Fig. 5A). AAT and 
TO gene expressions were elevated on day 7 in the cells grown 
on the MDS atelocollagen coat [2.2‑fold (454.4±97.5%) and 
1.7‑fold (20.7±2.6%), respectively, Fig. 5A]. The expression 
of CYP1A2, CYP2C9, CYP2C19 and CYP2D6 in the cells 
grown on the MDS atelocollagen coat was elevated compared 
with that in the cells grown using conventional culture [3.3‑fold 
(797.9±73.0%), 1.4‑fold (13.9±0.9%), 1.4‑fold (15.6±0.8%), 
and 6.3‑fold (9.6±0.5%), respectively; Fig. 5B]. These results 
indicate that MDS atelocollagen can maintain hepatic function 
more effectively compared with conventional culture.

Furthermore, the expression levels of CYP3A4 (Fig. 5B), 
phase II enzymes (GSTA4 and UGT1A1) and MRP2 were 
not increased by MDS atelocollagen (Fig.  5C  and D ). In 
addition, AhR expression was lower in the cells grown on 
the MDS atelocollagen coat compared with those cultured 

on conventional atelocollagen; moreover, the AhR expression 
level of these cells was similar to that in freshly thawed cryo-
preserved PHHs (Fig. 5E). In addition, the expression levels 
of CAR, PXR and HNF4α genes in the cells grown on the 
MDS atelocollagen coat were significantly higher on day 7 
compared with those in cells grown on conventional atelocol-
lagen [6.6‑fold (6.1±0.8%), 1.5‑fold (42.1±5.7%), and 1.4‑fold 
(57.0±2.9%), respectively; Fig. 5E].

MDS atelocollagen maintains integrin (ITG) gene expression. 
ITGs are transmembrane cell adhesion proteins that link 
the cellular cytoskeleton and ECM. Hepatocytes reportedly 
interact with collagen via ITGα1 and β1 (27). The discoidin 
domain receptor (DDR) is a known collagen receptor. 
Therefore, to investigate the cell‑ECM interaction, we analyzed 
ITG and DDR expression using RT‑qPCR. Consistently with 
previous findings, the expression level was low or undetect-
able for all genes, excluding ITGα1, prior to culturing on the 
scaffolds [before culture (BC); Fig. 6]. Compared with BC, 
the conventional 0.04‑mg/cm2 atelocollagen coat induced an 
abnormal increase in the expression of the ITGα2, α3, α5, α6, 

Figure 3. Atelocollagen enhances primary human hepatocyte function. (A) Albumin secretion was evaluated using ELISA on day 3 of culture (n=4). (B) Basal 
cytochrome P450 3A4 (CYP3A4) activity was evaluated using P450‑Glo™ CYP3A4 Assay with Luciferin‑IPA on day 3 of culture (n=4). (C) CYP3A4 activity 
induced by rifampicin (25 µM, 48 h, n=4). For (A) and (B) statistical analysis was performed using one‑way analysis of variance followed by Tukey's post hoc 
test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, NS, not significant. For (C) statistical analysis was performed using t‑test. ***P<0.001, ****P<0.0001.
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Figure 4. Hepatic gene expression based on atelocollagen content. RT‑qPCR analysis on day 3 of culture. (A) Hepatocyte‑related proteins. (B) Cytochrome 
P450s. (C) Phase II enzymes. (D) Phase III transporter. Statistical analysis was performed using one‑way analysis of variance followed by Tukey's post hoc 
test. The post hoc test was used for comparison with 0.04 mg/cm2. *P<0.05, ***P<0.001, ****P<0.0001.



SATO et al:  ATELOCOLLAGEN PRESERVES THE FUNCTION OF PRIMARY HUMAN HEPATOCYTES 967

αV, β1 and β3, as well as DDR1, after 3 days of culture (Fig. 6). 
By contrast, low gene expression was maintained in the cells 
grown on the MDS atelocollagen coat (Fig.  6). Although 
DDR1 expression did not differ significantly between the scaf-
folds, its levels tended to be lower in the cells grown on the 
MDS atelocollagen coat compared with those grown on the 
conventional atelocollagen coat.

Discussion

The present study compared the morphology and function 
of PHHs during culturing on different concentrations of 
atelocollagen. Culturing cells in a three‑dimensional envi-
ronment is beneficial for the maintenance of hepatocyte 
dedifferentiation (28). In some cases, hepatic morphology 
and functionality are preserved for up to 4 weeks in culture. 
However, to use these methods, we have to resolve some of 
the major obstacles encountered in drug toxicity screening, 
such as the need for expensive equipment, large cell numbers 
and low throughput. In the present study, some improvements 
were achieved compared with monolayer cultures of primary 
hepatocytes on a collagen‑coated dish, delaying by a few 
days the rapid loss of morphology and liver‑specific func-
tions, such as activities of drug‑metabolizing enzymes and 
transporters. To the best of our knowledge, this is the first 
report presenting the observations of cross‑sections of thin 
atelocollagen coats using TEM. Conventional 0.04-mg/cm2 
atelocollagen comprised a fine, flat isotropic surface (Fig. 1A), 
and no collagen fibrils were observed in its cross‑section 
images (Fig. 1K). By contrast, a 50‑fold higher amount of 
atelocollagen (2 mg/cm2) exhibited a characteristic MDS 

structure (Fig. 1D). This MDS structure was also observed 
in 1-mg/cm2 atelocollagen, but not in 0.2-mg/cm2 atelocol-
lagen. Therefore, 0.2- and 1-mg/cm2 atelocollagen coats are 
significantly different, as revealed by one‑way analysis of 
variance (ANOVA); this was also confirmed via the findings 
of motif analysis (Fig. 1E‑J) and cell culture experiments. 
The MDS atelocollagen surface structure largely affects cell 
behavior. Using ANOVA, we reanalyzed the data sets shown 
in Fig. 4; the results revealed significant differences between 
0.2 and 1 mg/cm2 in terms of the expression of numerous 
genes, such as ALB, TO, CYP1A2, CYP2C9, CYP2C19, 
CYP2D6, AhR and CAR. Equivalent data for the genes 
ITGα2, ITGα3, ITGα5, ITGαV, ITGβ1 and ITGβ3 are shown 
in Fig. 6. In those cases, there were no statistically significant 
differences between 1 and 2 mg/cm2. These findings are 
strongly correlated with the data from the structural SEM 
analysis presented in Fig. 1. This suggests that the expres-
sion of hepatocyte‑related genes is strongly affected by the 
structure of the cell culture surface. Due to its characteristic 
collagen structure, MDS atelocollagen is noticeably different 
from collagen gel and vitrigel (20,21), which are composed of 
homogeneous collagen fibrils. Therefore, MDS atelocollagen 
is a novel collagen scaffold featuring fibrous collagen and a 
characteristic MDS.

The structural differences of the MDS atelocollagen 
coat affected the morphology and function of PHHs. Our 
observations corroborated a previous study that reported that 
mouse primary hepatocytes cultured on soft matrix were 
round and small, and that their function improved compared 
with cells grown on a stiff matrix (29). In fact, PHHs grown 
on stiff 2‑mg/cm2 atelocollagen treated with UV radiation 

Figure 4. Continued. Hepatic gene expression based on atelocollagen content. RT‑qPCR analysis on day 3 of culture. (E) Nuclear receptors. The data are 
presented as relative gene expression normalized to that in cells grown on conventional 0.04 mg/cm2 atelocollagen (n=4; 1 mg/cm2 of HNF4α is considered 
as n=3 due to the lack of cDNA). Statistical analysis was performed using one‑way analysis of variance followed by Tukey's post hoc test. The post hoc test 
was used for comparison with 0.04 mg/cm2. *P<0.05, ***P<0.001, ****P<0.0001. RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; ALB, 
albumin; AAT, α1‑antitrypsin; TO, tryptophan 2,3‑dioxygenase; CYP, cytochrome P450; GSTA4, glutathione S‑transferase A4; UGT1A1, UDP‑glucuronosyl 
transferase 1A1; MRP2, multidrug resistance‑associated protein 2; AhR, aryl hydrocarbon receptor; CAR, constitutive androstane receptor; HNF4α, hepato-
cyte nuclear factor 4α; PXR, pregnane X receptor.
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Figure 5. Maintenance of hepatic function in cells grown on micro‑dimpled surface (MDS) atelocollagen. RT‑qPCR analysis of gene expression in primary 
human hepatocytes (PHHs) cultured on conventional 0.04 mg/cm2 atelocollagen (‑‑‑‑) or 2 mg/cm2 MDS atelocollagen (‑‑‑‑). (A) Hepatocyte‑related genes. 
(B) Cytochrome P450s. (C) Phase II enzymes. (D) Phase III transporter. n=4. Statistical analysis was performed between the two groups using t‑test. *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001.
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10‑fold higher (10 J/cm2) compared with that used in this 
study exhibited an elongated shape and decreased function, 
similar to cells cultured on conventional 0.04‑mg/cm2 atelo-
collagen (Fig. S1). These findings suggest that the rigidity 
of MDS atelocollagen affects hepatic cell function and 
morphology. The small, round shape of PHHs is attributed 
to the density of MDS atelocollagen. MDS atelocollagen 
may contain abundant cell‑binding ligands, such as the 
ITG‑recognition sequence glycine‑phenylalanine‑hydroxy-
proline‑glycine‑glutamate‑arginine (GFOGER) or the RGD 
sequence. Therefore, the cells can easily attach to atelo-
collagen without elongation. Taken together, our findings 
indicate that the structure and rigidity of atelocollagen may 
affect the morphology and function of PHHs.

The functional characteristics of PHHs are more enhanced 
on MDS atelocollagen compared with conventional atelocol-
lagen. The function of CYP3A4 was greatly increased on 
1‑ and 2‑mg/cm2 atelocollagen compared with that on lower 
atelocollagen concentrations; however, gene expression 
remained unchanged (Figs. 3B and 4B). This indicates that 1‑ 
and 2‑mg/cm2 atelocollagen may enhance CYP3A4 activity at 
the protein level. CYP3A4 is the CYP most highly implicated 
in drug metabolism; therefore, the MDS atelocollagen culture 
model can improve the sensitivity of drug metabolism assess-
ments and the risk of drug‑induced liver injury evaluations; this 
is supported by the finding that CYP3A4 induction by rifam-
picin increased on 1‑ and 2‑mg/cm2 atelocollagen (Fig. 3C), 
suggesting that CYP3A4 induction is closely associated with 
the atelocollagen content. CYP1A2, CYP2C9, CYP2D6, 
CYP2C19 and CYP3A4 collectively metabolize 90% of the 
currently marketed drugs; furthermore, their gene expressions 
are better preserved in cells grown on MDS atelocollagen 

compared with conventional atelocollagen. Therefore, MDS 
atelocollagen may contribute to several research fields, 
including pharmacology, toxicology, tissue engineering and 
clinical hepatocyte transplantation.

Intracellular focal adhesion kinase (FAK) and its down-
stream signaling are activated by cell attachment to collagen 
via ITG. FAK is activated via Src in mouse primary hepa-
tocytes cultured on stiff and dry collagen, thereby leading 
to the activation of ERK and Akt signaling. Activation of 
the Ras/Raf/ERK pathway causes dedifferentiation and 
epithelial‑to‑mesenchymal transition, whereas activation of 
the phosphoinositide‑3‑kinase/Akt pathway causes resistance 
to apoptosis  (30). FAK activation was suppressed in cells 
grown on MDS atelocollagen compared with those grown on 
conventional atelocollagen. The association between ITG and 
FAK activation has been reported previously; for example, 
blocking ITGβ1 was shown to inhibit FAK phosphorylation 
in human lens epithelial cells (31), and FAK phosphorylation 
was found to be significantly decreased in ITGβ1 conditional 
knockout mice (32). Thus, MDS atelocollagen may reduce 
FAK activation via low ITG expression, thereby suppressing 
dedifferentiation and resistance to apoptosis. This hypothesis 
is supported by a previous study reporting that FAK suppres-
sion was observed in mouse primary hepatocytes and various 
cell lines cultured on soft collagen gel (29,33). Time‑course 
analysis using the stem cell marker Lgr5 as well as several 
ducts/progenitors, including Cd44, Prom1, Krt19 and Sox9, 
may shed more light on these findings (34). In addition, immu-
nohistochemical analysis of CD44 and Sox9 may enable the 
characterization of the cell state (35).

The present study had certain limitations. We were unable 
to compare long‑term cultures over the past week. Due to the 

Figure 5. Continued. Maintenance of hepatic function in cells grown on micro‑dimpled surface (MDS) atelocollagen. RT‑qPCR analysis of gene expression 
in primary human hepatocytes (PHHs) cultured on conventional 0.04 mg/cm2 atelocollagen (‑‑‑‑) or 2 mg/cm2 MDS atelocollagen (‑‑‑‑). (E) Nuclear receptors. 
The data are presented as the relative gene expression normalized to that in freshly thawed cryopreserved PHHs. n=4. Statistical analysis was performed 
between the two groups using t‑test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; ALB, 
albumin; AAT, α1‑antitrypsin; TO, tryptophan 2,3‑dioxygenase; CYP, cytochrome P450; GSTA4, glutathione S‑transferase A4; UGT1A1, UDP‑glucuronosyl 
transferase 1A1; MRP2, multidrug resistance‑associated protein 2; AhR, aryl hydrocarbon receptor; CAR, constitutive androstane receptor; HNF4α, hepato-
cyte nuclear factor 4α; PXR, pregnane X receptor.
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culture on the conventional collagen coat to be compared, the 
enzymatic activity is abruptly lowered, rendering the use of 
the assay within 3 days difficult. Although useful methods 
for long‑term culture, such as sandwich culture method, have 
previously been reported (28), the culture conditions are signif-
icantly different. It is essential to devise methods to ensure that 
similar conditions are maintained in the comparative control 
groups. The staining with annexin V may be effective in the 
evaluation of cell death in the culture. Annexin V has been 
recognized as a useful sensitive probe for detecting phospha-
tidylserine exposure on the cell membrane. The detection of 
annexin V bound to the cell surface indicates the initial stage 
of apoptosis. Therefore, it is also useful for distinguishing the 
two types of cell death, apoptosis and necrosis. We intend 
to use MDS atelocollagen in different cell culture methods, 
including sandwich culture and 3D cell culture. To achieve this, 
we need to change the culture protocol and the detection assay. 

In various long‑term culture methods, wherein the number of 
cells suitable for each condition, the composition of the culture 
medium, and the exchange timing of the culture medium, 
as well as the exchange method employed are different, it is 
crucial to identify the best aligned conditions to facilitate the 
evaluation.

In conclusion, our results indicate that the structure of 
atelocollagen scaffolds may be altered by the atelocollagen 
content, thereby leading to changes in the function and 
morphology of PHHs. Furthermore, MDS atelocollagen 
is more useful compared with conventional atelocollagen 
for enhancing hepatic function. Optimization of the ECM 
and the presence of non‑parenchymal cells or other factors 
may be required for obtaining completely functional PHHs 
in vitro. We believe that co‑culture and/or sandwich culture 
may further improve the maintenance of hepatic cell func-
tion; however, this may lead to the formation of a complex 

Figure 6. Integrin and discoidin domain receptor 1 gene expression. Quantitative RT‑PCR analysis on day 3 of primary human hepatocyte (PHH) culture. 
Uncultured PHHs on day 0 [before culture (BC)]. The data are presented as relative gene expression normalized to that in cells grown on conventional 
0.04 mg/cm2 atelocollagen. BC: N=1. Day 3: N=4. Statistical analysis was performed using one‑way analysis of variance followed by Tukey's post hoc test. The 
post hoc test was performed for comparison with 0.04 mg/cm2. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ND, not detected; ITG, integrin; DDR, discoidin 
domain receptor.
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model. MDS atelocollagen provides a simple culture model 
with similar utility as conventional atelocollagen‑coated 
cultures; furthermore, MDS atelocollagen provides a clear 
superiority for maintaining PHHs in culture. Therefore, MDS 
atelocollagen may be used as an alternative scaffold for PHH 
culture for drug development procedures, particularly for the 
evaluation of human hepatic drug metabolism, drug clearance, 
drug‑drug interactions, transporter activity and hepatotoxicity.
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