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Abstract: Three-dimensional (3D) bioprinting technology is an effective method for exploring the biological functions of 
hepatocytes by building biomimetic 3D microenvironments. Various hepatic tissue models have been developed for disease 
modeling, drug screening, and tissue regeneration using 3D bioprinting technology. Human-induced pluripotent stem cells 
(hiPSCs) are a promising cell source for the generation of functional hepatocytes for bioprinting. In this study, we introduced 
hiPSC-derived hepatocytes (hiPSC-Heps) as mature hepatocytes for the bioprinting of a 3D hepatic tissue model. The 
3D-printed (3DP) model facilitated the formation of hiPSC-Hep spheroids with higher viability and proliferation than the 
commonly used non-printed sandwich-cultured model. hiPSC-Heps in the 3DP model exhibited higher mRNA expression of 
liver-specific functions than those in the two-dimensional-cultured model. Moreover, enhanced secretion of liver function-
related proteins, including α-1-antitrypsin, albumin, and blood urea nitrogen, was observed in the 3DP model. For the 
evaluation of acetaminophen-induced hepatotoxicity, the 3DP model exhibited a favorable drug response with upregulation 
of the drug metabolism-related gene cytochrome P450-1A2 (CYP1A2). Overall, the bioprinted hepatic tissue model showed 
great biofunctional and drug-responsive performance, which could be potentially applied in in vitro toxicological studies.
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1. Introduction
Three-dimensional (3D) bioprinting is an emerging and 
promising technology for the construction of in vitro 
tissue and organ models. Incorporation of biocompatible 

biomaterials provides an effective method for 
reconstruction of the native cellular microenvironment 
for cell growth and biofunction maintenance[1]. Cells, 
biomaterials, and growth factors can be spatially arranged 
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and assembled into complex heterogeneous architectures[2], 
and abundant cell-cell and cell-extracellular matrix 
(ECM) interactions have been established in bioprinted 
cell-laden structures. These characteristics could meet 
the demands of liver tissue engineering. Hepatocytes, as 
parenchymal cells of the liver, are attachment-dependent 
and require close interactions with other liver cells and 
within specific hepatic microenvironments[3]. The rapid 
loss of the normal phenotype and biological function 
of hepatocytes occurs in conventional two-dimensional 
(2D) cultures; however, hepatic tissue models created 
by 3D bioprinting have been shown to better facilitate 
the phenotype restoration and function preservation of 
hepatocytes, showing great superiority over 2D cultures[4].

To date, bioprinted hepatic tissue models have been 
widely used for disease modeling[5,6], drug screening[7], 
hepatotoxicity evaluation[8-10], and tissue regeneration[11,12]. 
Hepatocytes used in bioprinting mainly include 
hepatocarcinoma cell lines, primary human hepatocytes 
(PHHs)[11,13], and hepatocytes derived from human-
induced pluripotent stem cells (hiPSCs)[14-16]. Among 
hepatocarcinoma cell lines, HepG2[8,17-19], Huh-7[20], 
and HepaRG[5,9,12] are commonly used in hepatic tissue 
models; however, these hepatoma cells cannot adequately 
represent typical hepatocytes because of a deficiency in 
liver-specific functions[21]. PHHs isolated from native 
liver tissue express excellent biofunctions but are 
difficult to culture and expand in vitro. hiPSC lines are 
capable of self-renewal. They can be expanded in vitro 
on a large scale and converted into hepatocyte-like cells 
through certain differentiation processes[22,23]. At present, 
most of the hepatocyte-like cells derived from hiPSCs 
retain a relatively immature phenotype and express 
limited metabolic functions compared to PHHs[24]. 
Nonetheless, hiPSCs could be a promising renewable 
and easily accessible cell source for the generation of 
functional hepatocytes which may obtain full maturity 
with the application of future biotechnologies. When 
applied in the bioprinting of hepatic tissue models using 
proper printing techniques and bioinks, hiPSC-derived 
hepatocytes (hiPSC-Heps) have demonstrated well-
maintained cellular phenotypes and biofunctions[25]. 
Bioprinting of hiPSCs and human embryonic stem cells 
was first reported in 2015 by Faulkner-Jones et al.[14] The 
cells were bioprinted using RGD-coupled alginate bioink 
and then were further differentiated into hepatocyte-like 
cells. During the differentiation process after printing, 
the cells retained pluripotency with positive hepatocyte 
nuclear factor 4 alpha expressions, and they displayed 
biological functions and cellular morphology similar to 
functional hepatocytes. In another study by Ma et al.[15], 
hiPSC-derived hepatic progenitor cells (hiPSC-HPCs) 
were bioprinted into biomimetic hepatic lobule patterns 
using digital light processing-based 3D printing. In 

co-printing with human umbilical vein endothelial 
cells and adipose-derived stem cells, the phenotype and 
biofunction of hiPSC-HPCs were found to be enhanced in 
long-term culture. In addition, spheroid-based bioprinting 
has been shown to possess unique advantages in terms 
of biological characteristics of the spheroids[16]. Higher 
cell viability and better maintenance of hepatic function 
have been shown in bioprinted hepatoblast spheroids 
compared to bioprinted hepatoblasts using single-cell 
dispersion. However, most current studies use midterm-
differentiated hepatoblasts or HPCs in bioprinting, which 
are involved in long-term, post-printing differentiation. 
Methods for in vitro differentiation into hepatocytes 
through bioprinting remain relatively underdeveloped. 
The bioprinting process and bioink components could 
potentially affect the differentiation efficiency of the 
cells, which needs to be optimized and standardized for 
successful bioprinting, and fully matured hepatocytes 
are required to construct hepatic tissue models for drug 
screening and toxicological studies[25]. In our previous 
study, we developed an effective differentiation system 
to generate large quantities of mature hepatocytes from 
hiPSCs[26]. Therefore, we considered maturating hiPSC-
HPCs based on our well-developed differentiation 
protocol and then applied functional hepatocytes in 
the bioprinting of hepatic tissue models. hiPSC-Heps 
obtained using our optimized protocol showed excellent 
expression of liver-specific functions similar to PHHs, 
and they were successfully applied in bioartificial liver 
systems for acute liver failure treatment[26,27].

In this study, we bioprinted hiPSC-Heps using 
an alginate-gelatin bioink to construct a hepatic tissue 
model. We evaluated the success of cell growth, liver-
specific function, and drug-induced hepatotoxicity of the 
3D-printed (3DP) model compared with the conventional 
2D-cultured (2D) and the non-printed sandwich-cultured 
(SW) models. The results of this study demonstrated the 
feasibility of hiPSC-Heps bioprinting using an alginate-
gelatin bioink and confirmed that using the 3DP model 
showed biofunctional superiority, thus providing potential 
applications in the prediction of drug-induced liver injury.

2. Materials and methods
2.1. Cell culture and bioink preparation
The cell differentiation timeline from hiPSCs to hiPSC-
Heps is shown in Figure 1A. hiPSC-Heps were obtained 
according to the manufacturer’s protocol[27], in which, 
hiPSCs were cultured in RPMI1640 medium with a 
combination of Activin A, BMP4, bFGF, B27, and 
Wnt3a for 1  day (24  h), and transferred to RPMI1640 
medium with a combination of Activin A, BMP4, and 
bFGF for 3 days to induce differentiation into definitive 
endoderm cells. Subsequently, the endoderm cells were 
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cultured in RPMI1640 medium with a combination of 
KGF, SB431542, and B27 for 2  days, then transferred 
to RPMI1640 medium with a combination of KGF, 
BMP4, BMP2, bFGF, and B27 for 3  days to produce 
hepatoblasts. Hepatoblasts were developed into hiPSC-
HPCs in DMEM/F12 medium with a combination of 
B27, forskolin, SB431542, EGF, CHIR99021, LPA, 
Dex, and S1P for 6–8 days. Finally, hiPSC-HPCs were 
cultured in William’s E medium with a combination of 
B27, forskolin, and SB431542 for 21 days to completely 
mature into hiPSC-Heps. The final hiPSC-Heps were 
incubated at 37°C in a humidified 5% carbon dioxide 
(CO2) atmosphere and passaged every 3 days. To prepare 
the bioink, sodium alginate powder (A0682, Sigma-
Aldrich, St Louis, MO, USA) and gelatin powder (G1890, 
Sigma-Aldrich) were dissolved in sterilized 0.9% NaCl 
(w/v) of 4% and 15%, respectively. Both solutions were 
sterilized in three rounds of repetitive heating (70°C) and 
cooling (25°C).

2.2. Bioprinting and culture of hepatic tissue 
models
hiPSC-Heps were harvested, and a cell suspension 
was formed at a density of 8 × 106  cells/mL. The cell 
suspension, 4% sodium alginate solution, and 15% gelatin 
solution were mixed at 37°C at a volume ratio of 1:1:2, 
resulting in a new solution of 7.5% gelatin and 1% sodium 
alginate with the suspended hiPSC-Heps at a density of 
2 × 106 cells/mL. The cell-laden bioink was loaded into 
a syringe equipped with a 25 G printing nozzle. Grid-
patterned hydrogel structures were bioprinted in a layer-
by-layer fashion using an extrusive bioprinter (SUNP 
biomarker 2, SunP Biotech, Beijing, China). Briefly, a 3D 
cube model (12 × 12 × 1.2 mm) was uploaded and sliced 
using the bioprinter software. The sliced model consisted 
of six layers with a 0.2 mm layer height and a 2 mm line 
distance. The printer temperature was set at 21°C. Printing 
began 10  min after the syringe was loaded, to allow 
temperature equilibration. Before the start of printing, 

Figure 1. Schematic figure of cell differentiation, bioprinting process, and experimental timeline. (A) Cell differentiation timeline from 
hiPSCs to hiPSC-Heps. (B) Bioprinting process: hiPSC-Heps were bioprinted using alginate-gelatin bioink to form a grid hydrogel structure 
as a hepatic tissue model. (C) Experimental timeline: The 2D-cultured (2D), the sandwich-cultured (SW), and the 3DP hepatic tissue 
model were cultured for 8 days, then treated with acetaminophen (APAP) for 24 or 48 h to evaluate drug-induced hepatotoxicity (Scale 
bar: 200 μm). hiPSCs, human-induced pluripotent stem cells; hiPSC-Heps, human-induced pluripotent stem cell-derived hepatocytes; HPC, 
hepatic progenitor cells.
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a 35 mm tissue culture plate was placed on the printing 
platform. The nozzle tip was manually moved to a height 
just touching the plate bottom. During printing, the nozzle 
moved along an automatically planned path, depositing 
bioink. After printing, the 3DP structures were ionically 
crosslinked for 3 min using a calcium dichloride (CaCl2) 
solution. A schematic of the bioprinting process is shown 
in Figure 1B. Moreover, non-printed sandwich cultures of 
hiPSC-Heps were performed by pipetting the bioink into 
24-well culture plates, forming a hydrogel layer with the 
same height (1.2 mm) as the 3DP structures. In addition, 
hiPSC-Heps, at a density of 2 × 104  cells/cm2, were 
inoculated into 24-well culture plates for 2D cultures. 
An 8-day culture of the 2D, SW, and 3DP hepatic 
tissue models was implemented with culture medium 
refreshment occurring every other day. The experimental 
timeline for this study is shown in Figure 1C.

2.3. Spheroid morphology analysis and 
measurement of cell viability and proliferation
The morphology of the hiPSC-Heps spheroids was 
observed under a phase-contrast microscope (Eclipse 
TS100, Nikon, Tokyo, Japan). Cell viability was 
determined using the calcium acetoxymethyl ester 
and propidium iodide double staining method (C542, 
Dojindo, Kumamoto, Japan). The SW and 3DP models 
were incubated for 15  min in a staining solution 
containing 2 μg/mL calcium acetoxymethyl ester (green) 
and 3 μg/mL propidium iodide (red). The stained samples 
were observed under a confocal laser-scanning microscope 
(LSM710META, Zeiss, Oberkochen, Germany). The 
number of living and dead cells was counted to calculate 
the cell viability rates using ImageJ software. The cell 
viability data were analyzed using four randomly captured 
images from each sample. These fluorescent images were 
also used to measure the average diameter of hiPSC-Heps 
spheroids and the data were analyzed using ImageJ. Cell 
proliferation was measured using a Cell Counting Kit-8 
(CCK8) (C10350, Dojindo), and finally, a standard curve 
was plotted using the known cell densities to convert the 
collected OD values to cell densities. All the experiments 
mentioned above were performed in triplicate.

2.4. Immunostaining
Samples from the 2D, SW, and 3DP models were 
collected for immunostaining after 8  days in culture. 
The samples were fixed with 4% paraformaldehyde for 
30  min and permeabilized with 0.1% Triton X-100 for 
20 min. Fluorescein isothiocyanate–conjugated phalloidin 
(ab176753, Abcam, Cambridge, UK) was used after 
permeabilization for cytoskeletal staining. The samples 
for ki-67 and albumin staining were subsequently blocked 
in 2% bovine albumin for another 2 h. Rabbit anti-human 

ki-67 (ab15580, Abcam) and rabbit anti-human albumin 
(ab207327, Abcam) were used as the primary antibodies. 
The blocked samples were incubated in the primary 
antibody solution overnight at 4°C and then treated with 
Alexa Fluor®488 (ab150077)  -  or Alexa Fluor®568 
(ab175471)  -  conjugated goat anti-rabbit IgG (Abcam) 
as secondary antibodies. Cell nuclei were stained with 
4′,6-diamidino-2-phenylindole. The fluorescence images 
were captured using a confocal laser-scanning microscope 
(LSM710META, Zeiss, Oberkochen, Germany) by layer-
by-layer scanning. All images were stacked and rebuilt 
to a single image. The mean fluorescence intensity of 
these images was analyzed using ImageJ to quantitatively 
determine the expression level of the biomarkers. 
Samples of each group were prepared in triplicate. Four 
randomly captured images from each sample were used 
for the analysis.

2.5. RNA extraction and quantitative real-time 
reverse transcription polymerase chain reaction 
(qRT-PCR)
Total RNA was extracted from hiPSC-Heps using 
TRIzol™ reagent (15596026, Invitrogen, Carlsbad, CA, 
USA). After RNA extraction, the concentration and purity 
of the RNA were measured using a spectrophotometer 
(Nanodrop 2000, Thermo Scientific, Waltham, MA, 
USA). Reverse transcription of RNA was performed 
using PrimeScript™ RT Master Mix (6210 A, TaKaRa, 
Kyoto, Japan), following the manufacturer’s protocol. 
The qRT-PCR reaction system was then prepared using 
Maxima SYBR Green qPCR Master Mix (RR420L, 
TaKaRa). Data collection was performed using a real-
time PCR detection system (7500, Applied Biosystems, 
Carlsbad, CA, USA). The relative gene expression levels 
were calculated using the 2–ΔΔCt method with β-actin 
selected as the housekeeping gene. Primers used for qRT-
PCR are listed in Table A.1. Samples of each group were 
prepared in triplicate.

2.6. Enzyme-linked immunosorbent assay 
(ELISA) assay
The secretion of human albumin, α-1-antitrypsin (AAT), 
and blood urea nitrogen (BUN) was measured using a 
human albumin ELISA kit (EHALB, Invitrogen), a serpin 
A1 human ELISA kit (EHSERPINA1, Invitrogen), and a 
BUN colorimetric detection kit (EIABUN, Invitrogen), 
respectively. Culture supernatants were collected 24  h 
after the medium change on days 2, 4, 6, and 8. The 
number of cells at each time point for sample collection 
was measured using the CCK8 kit. The amounts of 
albumin, AAT, and BUN were calculated according to 
the standard curve, followed by data normalization per 
1 million cells per day. A total of 12 individual samples 
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(triplicates at each sampling time point) were used for 
data analysis.

2.7. Evaluation of drug-induced hepatotoxic 
response
In this study, acetaminophen (APAP) (A800441, Macklin, 
Shanghai, China) was used as a model drug for in vitro 
hepatotoxicity testing. Drug-induced hepatotoxicity in the 
2D, SW, and 3DP models was evaluated after 8 days in 
culture. APAP stock solution was prepared by dissolving 
APAP powder in dimethyl sulfoxide, which made up 1% 
of the culture medium volume. Consecutive dilutions, 
ranging from 0 to 80 mM, were selected for drug testing. 
Cell viability was measured after 24 or 48 h of treatment 
using the CCK8 assay kit. Dose–response curves were 
obtained using the four-parameter variable slope-fitting 
method (GraphPad Prism 7.0). Internal controls were 
prepared with the same volume of culture medium without 
APAP. The half maximal inhibitory concentrations (IC50) 
were determined from respective dose-response curves. 
Samples of each group were prepared in triplicate.

2.8. Statistical analysis
Statistical analyses were performed using GraphPad 
Prism 7.0. All data are presented as the mean ± standard 
deviation (SD). Two-tailed Student’s t-test or one-way 
analysis of variance was used for two-group and multiple-
group comparisons, respectively. Statistical significance 
is defined as *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results
3.1. Spheroid formation in the SW and the 3DP 
hepatic tissue model
In the 2D model, hiPSC-Heps attached to the bottom of 
culture plates and grew in a monolayer with no spheroid 
formed. In the SW and 3DP models, hiPSC-Heps were 
embedded in an alginate-gelatin hydrogel and surrounded 
by 3DP microenvironments. Cells proliferated and 
gradually formed spheroids during the culture period 
(Figure  2A). Figure  2B shows the average diameter 
of hiPSC-Heps spheroids in the SW and 3DP model. 
Interestingly, we observed that the spheroid growth was 
different between the central and edge regions of the 3DP 
model. Considering that the diffusion limit in avascular 
tissue is approximately 200 μm[28], we defined the 
region within 200 μm of the hydrogel edges as the edge 
region and that more than 200 μm from the edges as the 
central region. The average diameter of the hiPSC-Heps 
spheroids in both the central and edge regions of the 3DP 
model was significantly wider than that in the SW model 
from day 2 to day 4. However, the average diameter of 
the spheroids in the central region of the 3DP model was 

no longer significantly wider than that in the SW model 
from day 6 to day 8, while that in the edge region of 
the 3DP model was still found to be significantly wider. 
Notably, a significant difference in spheroid diameter 
between the central and edge regions of the 3DP model 
was observed on day 8, with 46.06 ± 6.38 μm and 70.25 
± 11.65 μm in the central and edge region, respectively. 
Figure 2C shows the live/dead fluorescent images of the 
SW and 3DP models on day 8. The average diameter of 
the spheroids located at different distances from the edge 
of the hydrogel structure was analyzed. We observed that 
most large spheroids were distributed toward the edge 
of the hydrogel structure in the SW and 3DP models. In 
the 3DP model, the spheroid diameter decreased rapidly 
as the distance to the edge of the hydrogel structure 
increased. However, this phenomenon was not seen in 
the SW model. These results suggest that the 3DP model 
is permissive for hiPSC-Heps to form larger spheroids, 
despite a concentrated distribution at the edge of the 
hydrogel fibers.

3.2. Cell viability and proliferation in the SW 
and the 3DP hepatic tissue model
As mentioned above, cells in the two 3D-cultured models 
(SW and 3DP model) both formed spheroids after 8 days 
of culture. It is essential to compare the cell viability and 
proliferation to evaluate the cell growth during spheroid 
formation. As shown in Figure 3A, fluorescence images 
of living and dead cells on days 0, 2, 4, 6, and 8 were 
captured using the live/dead double staining method. 
The cell viability rates in the SW and 3DP models were 
calculated and are shown in Figure 3B. On day 0, cell 
viability in the 3DP model after the printing process was 
only 70.94% ± 3.44%, while hiPSC-Heps in the SW 
model maintained high viability close to 100%. However, 
after 2  days of culture, cell viability in the 3DP model 
significantly increased to 97.52% ± 0.80%, and a massive 
cell death occurred in the SW model with a sharp decrease 
in cell viability to 68.02% ± 5.09%. After 8  days of 
culture, cell viability in the 3DP model was significantly 
higher than that in the SW model. In both models, cell 
viability decreased moving from the peripheral to the 
central area of the hydrogel structure. According to the 
results in Figure 2C, it could be speculated that spheroid 
diameter may be a good proxy for cell viability.

Cell densities were calculated using the CCK8 assay 
to determine cell proliferation in the two models. As shown 
in Figure 3C, cell densities in the two models exhibited 
a slight decrease on day 2, followed by a continuous 
increase until day 8. On day 8, the cell density of the 3DP 
model reached at (9.79 ± 1.29) × 106 cells/cm3 and the SW 
model reached a density of (6.67 ± 0.30) × 106 cells/cm3, 
resulting in an approximately five- and three-fold increase 
from the initial seeding density (2 × 106  cells/cm3), 
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respectively. On the basis of these results, it can be 
concluded that hiPSC-Heps exhibited higher viability and 
more robust proliferation in the 3DP model than hiPSC-
Heps in the SW model.

3.3. Comparison of typical immunohistochemical 
characteristics
Immunostaining was performed to compare the typical 
immunohistochemical characteristics of the 2D, SW, and 
3DP models. F-actin, ki67, and albumin were selected as 
biomarkers to assess cellular morphology, proliferation 
capability, and liver-specific function, respectively. 
Figure 4A shows the fluorescent images of the three models 
and Figure  4B shows the mean fluorescence intensity 
of these images. Widespread expression of F-actin and 
ki-67 was observed across the three models. As shown 
in Figure  4B, spheroid-formed hiPSC-Heps in the SW 
and the 3DP model exhibited stronger mean fluorescence 
intensity of F-actin and ki-67 than monolayer hiPSC-
Heps in the 2D model. Despite the wide expression in 
the three models, stronger mean fluorescence intensity of 
F-actin and ki-67 in the SW and 3DP model revealed more 
integrated cellular morphology and active proliferation 
status of the hiPSC-Heps spheroids. Only a small fraction 

of hiPSC-Heps in the 2D model showed any expression 
of albumin, a marker of mature hepatocytes, whereas a 
significantly stronger mean fluorescence intensity with an 
extensive distribution throughout the spheroids indicated 
higher albumin expression in the SW and 3DP models. 
These results suggest the biofunctional superiority of 
hiPSC-Heps spheroids in 3D alginate-gelatin hydrogel 
cultures over monolayer cells in 2D cultures.

3.4. Liver function-related mRNA and protein 
expression
We performed qRT-PCR and ELISA assays after 8 days 
of culture to determine the gene and protein expression of 
liver-specific functions in the three models. Biomarkers 
detected by qRT-PCR included cytochrome P450-
1A2 (CYP1A2), cytochrome P450-3A4, AAT, tyrosine 
aminotransferase, albumin, transferrin, asialoglycoprotein 
receptor-1, and cytokeratin-18. As shown in Figure 5A, all 
biomarkers showed significantly higher expression levels 
in the 3DP model than those in the 2D model. Notably, 
high mean values and SDs of biomarker expression were 
observed in the SW model. However, no statistically 
significant difference was found between the SW model 
and the other two models. Figure 5B shows the secretion 

Figure 2. Formation of hiPSC-Heps spheroids in the SW and the 3DP hepatic tissue model. (A) Cellular morphology of hiPSC-Heps during 
8 days of culture. (B) The average diameter of hiPSC-Heps spheroids in the SW and 3DP model. Central region: region more than 200 μm 
from the hydrogel edges; edge region: region within 200 μm of the hydrogel edges. (C) Variation of spheroid diameter in different regions 
of hydrogel structure on day 8. In the 3DP model, spheroid diameter rapidly decreased as the distance to the edge of hydrogel structure 
increased (Scale bar: 200 μm). Data are presented as means ± SD (n = 3). *P < 0.05, **P < 0.01.
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of AAT, albumin, and BUN. hiPSC-Heps in the 3DP model 
exhibited significantly higher levels of AAT, albumin, and 
BUN secretion than those in the other two models. The 
expressions of AAT and albumin were also found to be 
significantly higher in the SW model than those in the 2D 
model. However, no statistically significant difference 
was found in BUN secretion between the 2D and SW 
models. Interestingly, the results for gene expression and 
protein secretion of AAT and albumin were not consistent 
with each other. Despite the lower average level of gene 
expression in the 3DP model compared with that in the SW 
model, the higher quantitative secretion of these proteins 
in the 3DP model accurately reflected the liver-function 
activity of hiPSC-Heps.

3.5. Assessment of drug-induced hepatotoxicity
After 8 days of culture, all three models were treated with 
APAP to evaluate drug-induced hepatotoxicity. Figure 6A 
shows the dose-response curves after 24 h of treatment 
with APAP. According to Table 1, the IC50 of the 2D, 

SW, and 3DP model after 24  h of drug treatment were 
11.89, 26.48, and 49.54 mM, respectively. Therefore, we 
selected 10, 25, and 50 mM as the corresponding IC50 
concentrations to further evaluate the metabolic activity 
of drug metabolism-related enzyme CYP1A2. The 
hiPSC-Heps in the 3DP model exhibited the strongest 
resistance to APAP, followed by those in the SW model. 
As shown in Figure 6B, the viability of hiPSC-Heps in 
all three models significantly decreased with prolonged 
drug exposure. The IC50 values after 48 h of treatment 
decreased to 0.89, 16.41, and 12.88 mM, respectively. 
At this point, the drug resistance of the 3DP model 
became slightly weaker than that of the SW model but 
still much stronger than that of the 2D model. Under the 
IC50 concentrations, the expression of the representative 
drug metabolic enzyme CYP1A2 was determined after 
24 and 48 h of drug treatment. As shown in Figure 6C, 
CYP1A2 expression was significantly upregulated in 
all three models between 0 and 24 h. Between 24 h and 
48 h, CYP1A2 expression was significantly upregulated 

Figure 3. Cell viability and proliferation in the SW and the 3DP hepatic tissue model. (A) Images of live/dead double-staining during 8 days 
of culture. (B) Statistics of cell viability rate. (C) Statistics of cell density using CCK8 assay (Scale bar: 200 μm). Data are presented as 
means ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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in the SW and 3DP models, while no significant change 
was found in the 2D model. Moreover, spheroid-formed 
hiPSC-Heps in the SW and 3DP models presented higher 
levels of CYP1A2 expression than those in the 2D model.

4. Discussion
With the development of 3D cell culture technologies, 
human hepatocytes have been used to construct 3D 
hepatic tissue models for a variety of biomedical 
applications. So far, methods of constructing 3D 
hepatic tissue models mainly include scaffold-free and 
scaffold-based approaches[6]. Scaffold-free cultures 
are aimed at generating spheroids without introducing 
external biomaterials. Cell suspensions self-aggregate 
into spheroids, avoiding cell adhesion onto substrates 
through gravitational, hydrodynamic, and electrostatic 

forces. Representative techniques are spinner flasks, 
rotary culture systems, non-adherent surfaces, hanging 
drop, and microwell arrays[29]. Among these techniques, 
arrayed platforms, including commercial ultra-low 
attachment culture plates[30], hanging drops[31], and 
microwells[32], have been applied widely for high-
throughput drug screening. However, the absence of 
biomaterials in scaffold-free cultures leads to a lack of 
biochemical cues and inadequate recapitulation of actual 
hepatic microenvironments. Therefore, a myriad of 
natural and synthetic biomaterials with various chemical 
components and mechanical properties have been 
developed as porous bio-scaffolds to facilitate cell-cell 
and cell-ECM interactions in hepatic tissue models. At 
present, scaffold-based culture approaches mainly consist 
of cell microencapsulation[33], microfluidics[34,35], and 3D 

Figure 4. Immunohistochemical characteristics of the hepatic tissue models. Immunofluorescent images of F-actin, ki67, and albumin 
after 8 days of culture to evaluate cell morphology, proliferation ability, and liver-function expression, respectively (Scale bar: 100 μm). 
(A) F-actin: Green; ki67: Green; albumin: Red; DAPI: Blue. (B) Fluorescence intensity of F-actin, ki67, and albumin. Data are presented as 
means ± SD (n = 3). *P < 0.05, **P < 0.01.

A

B
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bioprinting[3,36]. Cell microencapsulation is a relatively 
easy way to generate liver microtissues, but this method 

does not always meet the standard of drug screening 
due to its low reproducibility. Artificial microstructures 
in microfluidic devices ensure the establishment of 
controllable microenvironments. However, high cost and 
specific requirements for fabrication technology limit the 
large-scale generation of hepatic tissues. Compared to cell 
microencapsulation and microfluidics, 3D bioprinting has 
unique benefits for the efficient, scalable, and reproducible 
fabrication of hepatic tissue models, which could easily 
meet the demands of high-throughput drug screening and 
toxicological tests.

Given these merits, we chose 3D bioprinting as the 
tissue model construction method for this study of hiPSCs, 
an easily accessible and highly expandable hepatic cell 
source. A standard type of bioink alginate-gelatin, which 
has been widely used for bioprinting various types of 
tissue models[37-39] including liver tissue[12,13,18], was 
employed to construct a simple and practical hepatic 

Figure 5. Liver function-related mRNA and protein expression in the 2D, SW, and 3DP hepatic tissue models. (A) Detection of liver function-
related mRNA expression by qRT-PCR: cytochrome P450-1A2, cytochrome P450-3A4, α-1-Antitrypsin (AAT), tyrosine aminotransferase 
(TAT), albumin, transferrin, asialoglycoprotein receptor-1, and cytokeratin-18. Data are presented as means ± SD (n = 3). (B) Measurement 
of liver function-related proteins by ELISA: AAT, albumin, and blood urea nitrogen. Data are presented as means ± SD (n = 12). *P < 0.05, 
**P < 0.01, ***P < 0.001.

A

B

Figure  6. APAP-induced hepatotoxicity of the hepatic tissue 
models. (A) Dose-response curves after 24 h treatment of APAP. 
(B) Dose-response curves after 48  h of treatment with APAP. 
(C) Expression of cytochrome CYP1A2 measured at the 2  time 
points under the APAP exposure of IC50 concentrations. Data are 
presented as means ± SD (n = 3). *P < 0.05, **P < 0.01.

A B

C

Table 1. IC50 values (mM) of APAP‑induced hepatotoxic response.

2D model SW model 3DP model
24 h treatment 11.89 26.48 49.54
48 h treatment 0.89 16.41 12.88
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tissue model. Alginate, a natural polysaccharide with good 
biocompatibility, can be rapidly crosslinked by divalent 
ions, such as calcium ions (Ca2+). Despite their excellent 
formability, the lack of cell-binding domains leads to 
poor cell adhesion in pure alginate hydrogels[40]. Thus, 
peptide-containing gelatin is often added to enhance the 
cellular affinity of the bioink. By optimizing the bioink 
concentrations and printing parameters in our preliminary 
experiment, we successfully created a 12 × 12 × 1.2 mm 
grid hydrogel structure. Considering the high oxygen 
consumption of hepatocytes[41], the distance between 
adjacent hydrogel fibers was set to 2  mm to ensure 
sufficient oxygen supply to the medium.

In our study, we compared the cell growth, liver-
specific function, and drug-induced hepatotoxicity of 
constructed 2D, SW, and 3DP models. In contrast to 
the 2D monolayer culture, cells are 3D-cultured in both 
the SW and 3DP models. Since the same material was 
used in the SW and 3DP models, topological structure 
is considered the major difference in microenvironment 
between the SW and 3DP models. In hydrogel structures, 
oxygen and nutrient supply to cells relies on diffusion 
through the culture medium. Cells in the peripheral 
region consume oxygen and nutrients and consequently 
hinder their penetration[42]. In the SW models, the cells 
in the inner region of a consolidated hydrogel layer 
experienced impaired medium supply. Compared to 
the consolidated hydrogel layer in the SW model, the 
interconnected microchannels of the 3DP grid structure 
allow greater inflow of culture medium, and thus may have 
facilitated mass transfer, supporting greater cell growth. 
In relevant studies of 3D bioprinting of cervical[43] and 
cholangiocarcinoma[44] tumor models, comparing 3DP 
models to SW models, it was found that cell spheroids 
in 3DP models were larger than those in SW models, 
indicating better cell growth in 3DP models. Similarly, 
in our study, hiPSC-Heps maintained active proliferation 
and formed larger spheroids in the 3DP model than those 
in the SW model. Nevertheless, diffusional gradients of 
oxygen and nutrients considerably limited the volume of 
spheroids formed in the inner region of the hydrogel fibers. 
We observed that a certain number of cell deaths occurred 
in the 3DP model immediately after the printing process, 
which could be attributed to shear stress during bioink 
extrusion. However, hiPSC-Heps rapidly recovered their 
high viability and started steady proliferation in the 3DP 
model. Conversely, in the SW model, the poor oxygen 
and nutrient supply in the inner region of the hydrogel 
layer could not support such a high density of cell culture, 
leading to substantial cell death. Therefore, 3D bioprinting 
plays a key role in efficient 3D culture of hiPSC-Heps by 
ameliorating oxygen and nutrient supply conditions.

Regarding biofunction in the 2D, SW, and 3DP 
models, spheroid-formed hiPSC-Heps in the SW and 

3DP models showed significantly higher expression of 
albumin than did those in the 2D model according to 
the immunostaining results. Compared to monolayer 
cultures, the 3D spheroids in the hydrogel structures 
provide tight cell junctions for attachment-dependent 
hepatocytes, which promotes hepatocyte polarization 
and function maintenance[45]. In addition, the SW 
and 3DP models showed a higher mRNA expression 
of liver function-related biomarkers than did the 2D 
model. Notably, high SDs in the mRNA expression 
were observed in the SW model. On the one hand, the 
results were analyzed using only 3 data points, which 
could lead to large random errors. On the other hand, 
it could be also due to the rupture of the hydrogel 
structure in some samples, leading to unwanted changes 
in culture conditions. However, the secretion levels of 
AAT, albumin, and BUN were significantly higher in the 
3DP model than those in either of the other two models, 
which clearly demonstrate the stronger liver functions of 
the 3DP model.

Finally, we conducted drug screening using 
APAP to evaluate drug-induced hepatotoxicity in the 
constructed hepatic tissue models. APAP overdose 
is the leading cause of acute liver failure in many 
countries. APAP induces liver impairment by causing 
mitochondrial damage and subsequent hepatocyte 
necrosis[46]. PHHs, HepaRG, and HepG2 cell lines are 
commonly used in APAP-induced hepatotoxic assays[47]. 
As an alternative hepatic cell source, the response 
behavior of hiPSC-Heps to APAP in the hepatic tissue 
models requires investigation. After 24  h of drug 
treatment, stronger drug resistance was observed in 
the 3DP model than in the SW model, possibly due 
to the larger and more viable spheroids formed in the 
3DP model. However, cell viability in the 3DP model 
significantly decreased after 48  h of drug treatment. 
A  pronounced upregulation of the drug metabolism-
related enzyme CYP1A2 increased drug sensitivity, 
which is consistent with the findings of recent studies 
using other types of hepatocytes[8,48]. In addition, the 
hiPSC-Heps spheroids in our 3DP model displayed 
drug resistance comparable to that of hiPSC-derived 
hepatocyte spheroids generated by nanopillar plates[49] 
and 3D cellulosic scaffolds[50], suggesting good efficacy 
of the 3DP model in the assessment of APAP-induced 
hepatotoxicity. Overall, the 3DP model performed well 
in APAP drug test and proved its application value in 
in vitro hepatotoxicity evaluation.

Overall, 3D bioprinting of hiPSC-Heps proved 
to be an effective way to construct a functional hepatic 
tissue model. High cell viability, rapid cell proliferation, 
and enhanced liver-specific functions were observed 
in this 3DP model compared to other common models 
including SW and 2D models. This hepatic tissue model 
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has potential applications in in vitro toxicological studies. 
However, further investigation into this methodology 
is needed. The mechanical strength of alginate-gelatin 
bioink is relatively weak and incapable of supporting 
long-term cultures; therefore, bioink components should 
be optimized to achieve better mechanical properties and 
favorable biofunctionality. In addition, the co-culture of 
hiPSC-Heps with non-parenchymal hepatic cells, such 
as mesenchymal stem cells[51], fibroblasts[52], vascular 
endothelial cells[53], stellate cells[54], and Kupffer cells[55], 
should be incorporated into the 3DP hepatic tissue model to 
more accurately mimic the cellular microenvironment of 
liver tissue. Furthermore, investigation of hepatotoxicity 
induced by other types of drugs, such as antituberculotic 
and antineoplastic drugs, should be considered in this 
3DP model.

5. Conclusion
A hepatic tissue model was constructed by 3D bioprinting 
hiPSC-Heps using an alginate-gelatin bioink. Compared 
with the non-printed SW model, the hiPSC-Heps in the 
3DP model formed 3D spheroids with higher overall 
viability and proliferation. The hiPSC-Heps in the SW 
and 3DP models showed upregulated mRNA expression 
of liver function-related biomarkers compared to those in 
the 2D model. The secretion of AAT, albumin, and BUN 
was found to be highest in the 3DP model of the three 
models, indicating the well-maintained biofunctions of 
hiPSC-Heps using this method. In the drug testing of 
APAP-induced hepatotoxicity, the 3DP model exhibited 
favorable performance with the upregulation of the drug 
metabolic enzyme CYP1A2. This 3DP model could be 
used as an advanced hepatic tissue model for potential 
applications in in vitro toxicological studies.
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Table A.1. Oligonucleotide primers used for qRT‑PCR

Primer Forward (5′‑3′) Reverse (5′‑3′)
β‑actin TATTGGCAACGAGCGGTTC ATGCCACAGGATTCCATACCC
CYP1A CAATCAGGTGGTGGTGTCAG GCTCCTGGACTGTTTTCTGC
CYP3A
AAT

AAGTCGCCTCGAAGATACACA
ATGCTGCCCAGAAGACAGATA

AAGGAGAGAACACTGCTCGTG
CTGAAGGCGAACTCAGCCA

TAT TGCCGGGAAAAATGAAAGGC CTCGGATGGGGTTGAAAGTTT
Albumin GCACAGAATCCTTGGTGAACAG ATGGAAGGTGAATGTTTTCAGCA
Transferrin GTGTGCAGTGTCGGAGCAT CATCGGATGGAATGACGCTTT
ASGPR1 GAGAGAGACGTTCAGCAACTTC GGGACTCTAGCGACTTCATCTT
CK‑18 GGCATCCAGAACGAGAAGGAG ATTGTCCACAGTATTTGCGAAGA
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