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Abstract

Three-dimensional (3D) bioprinting is an emerging strategy for constructing tissues and organs

in vitro. Here, we achieved long-term expansion of primary mouse hepatocytes using a defined
medium and constructed liver tissue using 3D bioprinting. The 3D-printed liver tissue demon-
strated several essential liver functions and was able to prolong the survival of mice with acute liver
failure due to extreme hepatectomy after in vivo transplantation, and the transplanted artificial
liver tissue showed distinct functional partitioning. Overall, our results develop a method for long-
term in vitro culture of primary hepatocytes and demonstrate the potential of 3D bio-printed liver

tissue for clinical translational applications.

1. Introduction

The liver is an extremely important and complex
metabolic organ. Although it has a strong regener-
ative capacity, it can be greatly limited under cer-
tain pathological conditions [1, 2]. For patients with
liver failure, liver transplantation is a viable solution;
however, the shortage of donor organs is becoming
increasingly problematic [3, 4]. In addition, bioartifi-
cial liver (BAL) and cellular therapies have the disad-
vantages of low hepatocyte function, complex tech-
nology, and high cost, so they have not been widely
clinically applied [5, 6]. In recent years, in vitro bio-
manufacturing techniques have made some research
progress in constructing liver tissues for liver function
repair and replacement [7, 8].

© 2026 The Author(s). Published by IOP Publishing Ltd

Three-dimensional (3D) bioprinting technology
is one of the most advanced core technologies in vitro
biomanufacturing, which can precisely control the
spatial distribution of cells and the surrounding
microenvironments to construct in vitro tissues and
2 organs with complex structures and biological
functions [9, 10]. Currently, some in vitro tissues and
organs, such as the heart and lung, have been con-
structed based on 3D bioprinting technology [11, 12],
and our previous studies have successfully achieved
the construction and application of liver tissues [13].
However, there are still many technical hurdles to
overcome in this field.

First, there is a lack of easily cultured and good
functional hepatocytes. Primary hepatocytes are the
best choice for constructing in vitro liver tissues
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and available replacements. However, their long-term
in vitro culture faces significant challenges. Recently,
Zhang et al [14] and Xiang et al [15] achieved in vitro
culture of primary human hepatocytes, but the
in vitro culture time only lasted 1-2 months, and the
cell function rapidly decreased. Peng et al [16] and Hu
et al [17] achieved in vitro culture of primary mouse
hepatocytes (PMHs) based on organoid technology,
but the cell number was unsatisfactory. Although pre-
vious studies have reported long-term culture systems
for PMHs in two-dimensional (2D) conditions [18—
20], obtaining a stable, large-scale cell source suitable
for subsequent tissue engineering remains an ongoing
challenge.

Second, can the in vivo liver function demon-
strated by 3D bio-printed liver tissue rescue mice with
liver failure? Our previous research confirmed that
3D bio-printed liver tissue exhibits superior thera-
peutic efficacy in mice with chronic liver failure. [13]
However, due to the greater difficulty in treating acute
liver failure (ALF), few studies have explored the res-
cue effect of artificial liver tissue on mice with ALE
Although Deng et al recently succeeded in construct-
ing implantable liver tissue using decellularized liver
scaffolds and demonstrated its therapeutic potential
in a 90% hepatectomy model [21], the field contin-
ues to explore diverse technical approaches to optim-
ize functionality and clinical translation feasibility.
Deng et al’s work excellently demonstrates the effic-
acy of a ‘top—down’ strategy based on the natural
organ extracellular matrix. However, this approach
faces challenges in standardizing manufacturing pro-
cesses, achieving precise microstructural control, and
mitigating batch variability in animal-derived materi-
als. In contrast, the ‘bottom—up’ construction strategy
based on 3D bioprinting exhibits unique advant-
ages in precisely controlling the spatial distribution
of cells and biomaterials and customizing complex
biomimetic structures.

We report the construction of functional liver tis-
sue using 3D bioprinting technology with primary
hepatocytes expanded in vitro over extended periods.
We systematically evaluated its post-transplantation
survival and therapeutic efficacy in a model of ALF
induced by 90% hepatectomy.

2. Materials and methods

2.1. PMHs isolation and culture

Primary hepatocytes were isolated from C57BL/6
mice by a two-step collagenase perfusion technique
with minor modifications. [16] Briefly, insert the
catheter into the inferior vena cava, then imme-
diately cut off the portal vein, and perfuse the
pre-warmed liver perfusion medium (Gibco, cat.
17701038) through the inferior vena cava into the
liver at a rate of approximately 6-8 ml min~! for
5 min. Then, perfuse the pre-warmed digestion
medium containing 0.5 mg ml~! collagenase type
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I (Sigma, cat. C0130) at a rate of 5-6 ml min—!
for 5 min. After the liver was digested, it was cut
into small pieces and filtered through a 70 pm filter.
Hepatocytes were separated from other cells by low-
speed centrifugation (50 g x 5 min).

The isolated hepatocytes were resuspended in
RPMI 1640 media (HyClone, cat. SH30027.01) con-
taining 10% fetal bovine serum and seeded on a
cell culture dish coated with rat tail collagen I
(Gibco, cat. A1048301) in advance at a density of
2 x 10* cm 2. After 6 h, the un-adherent hepatocytes
were removed, and the medium was replaced with
YACD medium consisting of Advanced DMEM/F12,
2 g17! galactose, 1% insulin—transferrin—sodium sel-
enite (ITS), 0.3 g1~ proline, 0.61 g1~! nicotinamide,
0.1 g1 ! ornithine, 40 ng ml~! transforming growth
factor-alpha (TGF-a), 40 ng ml~! epidermal growth
factor (EGF), 10 uM dexamethasone (Dex), 10 uM
Y-27 632, 0.5 uM A-83-01, 3 puM CHIR99021 and
1% penicillin/streptomycin. During culturing, PMHs
were maintained at 37 °C, 5% CO, in YACD medium,
which was refreshed every 48 h. Hepatocytes are usu-
ally passaged with a split ratio of 1:3 every 2-3 d.

2.2. Ethics statement

All experiments involving animals were conducted
according to the ethical policies and procedures
approved by the Ethics Committee and Institutional
Review Board of our hospital (Approval no. XHDW-
2023-076).

2.3.3D bio-printing
The in vitro liver constructs were fabricated using two
kinds of bio-inks, gelatin—alginate (Gel) and gelatin
methacryloyl (GelMA)-LAP, by a 3D bio-printer
provided by SUNP Co., following the previously
established protocol with appropriate modifications
[13, 22]. The 3D bioprinted liver constructs (3DP-
LCs) for in vitro tests used gelatin—alginate and
GelMA-LAP as bio-inks. The 3DP-LCs for in vivo
transplantation used GelMA-LAP as the bio-ink
because of its better structural stability. During print-
ing, the temperature of the nozzle and the printing
platform were controlled at 20 °C-22 °C and 10 °C,
respectively. The 3DP-LC was a grid-like structure
with a size of 10 mm x 10 mm x 3 mm, the layer
height was 0.25 mm, the line distance was 1.25 mm,
the printing speed was 8 mm s~!, and the extrusion
speed was 2 mm® s~ L.
For liver constructs using gelatin—alginate, the
harvested mouse hepatocytes were prepared into
a cell suspension with an initial concentration of
1 x 107 ml~! and mixed uniformly with the 12%
gelatin solution and the 4% sodium alginate solution
at a ratio of 2:2:1. The final concentrations of cells,
gelatin and sodium alginate were 5 x 10° ml~!, 4.8%,
and 0.8%, respectively. The cell/bio-ink mixture was
drawn into a 1 ml sterile syringe with a 23 G needle.
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This operation needs to be carried out at 37 °C to pre-
vent the bio-ink from turning into a colloidal state.
In addition, air bubbles should be avoided. Next, the
syringe was placed at 4 °C for 20 min to make the
bio-ink into a colloidal state. Subsequently, the syr-
inge was set in a 3D bio-printer (SPP1603) to prepare
for fabrication. The liver construct was set as a grid-
like structure with a size of 10 mm x 10 mm and a
height of 12 layers. The grid-like structure can ensure
that the cells have better access to the culture medium.
The temperature of the nozzle and molding cham-
ber was adjusted to maintain the highest cell viabil-
ity during printing. Printing speed, extrusion speed,
layer height, line distance, and other parameters were
all adjusted to appropriate values to ensure that the
bio-ink can be extruded uniformly, and the struc-
ture can maintain stability. The withdrawal distance
was set to an appropriate value to ensure continuity
between layers. The printed structure was collected in
a petri dish with a diameter of 35 mm. 3DP-LCs were
immersed in 3% calcium chloride solution for 3 min
to crosslink with the sodium alginate solution, then
the calcium chloride solution was removed, and 3 ml
of YACD medium was added.

For liver constructs using GelMA-LAP, the har-
vested mouse hepatocytes were prepared into a
cell suspension with an initial concentration of
1 x 108 ml~! and mixed uniformly with the 12.5%
GelMA solution and the 2.5% LAP solution at a ratio
of 1:8:1. The final concentrations of cells, GeIMA and
LAP were 1 x 107 ml~!, 10%, and 0.25%, respect-
ively. The cell/bio-ink mixture was drawn into a 3 ml
sterile syringe with a 23 G needle. The mixing pro-
cess also needs to be carried out at 37 °C to avoid
bubbles. Another 3D bio-printer, SunP biomaker, was
used to fabricate liver constructs. The structure of
liver constructs using GelMA-LAP was set to be the
same as that of liver constructs using gelatin—alginate.
The light source of SunP biomaker was used for light
curing after the liver construct was printed, and the
light intensity, light period, and light distance were set
to 5%, 20 s, and 10 mm, respectively. Subsequently,
3 ml of YACD medium was added to the petri
dish.

2.4. Culture of 2D planar, 3D sandwich and
3DP-LCs

The 2D planar culture was carried out by seeding
1 x 10° cells in a petri dish with a diameter of 60 mm.
All 2D planar culture was covered with 3 ml of YACD
medium and refreshed every two days. The 3D sand-
wich culture was performed by seeding 250 pl of cells-
gelatin—alginate mixture containing 1 x 10° cells in
a 24-well flat-bottom cell culture plate. All 3D sand-
wich culture was covered with 2 ml of YACD medium
and refreshed every two days. All 3DP-LCs were cul-
tured with 3 ml of YACD medium in 35 mm diameter
petri dishes and refreshed every two days.
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2.5. Cell viability

In order to evaluate the cell survival in 3DP-LCs,
a fluorescent live/dead staining was performed to
determine the cell viability. Briefly, a mixture of
calcein-AM (CAM) (1 pmol 171, Sigma) and prop-
idium iodide (PI) (2 pmol 17!, Sigma) was prepared
in advance. The 3DP-LCs were cross-linked and cured
with calcium chloride for 3 min and then washed
gently three times with phosphate-buffered saline
(PBS) for 1 min. Next, the 3DP-LCs and the prepared
CAM/PI mixture were incubated for 15 min at room
temperature and protected from light. After incuba-
tion, the 3DP-LCs were gently washed with PBS three
times and observed under a laser scanning confocal
microscope (C2/C2si, Nikon). Cell viability was cal-
culated by counting the number of cells using Image
J [(live cell/total cell) x 100%]. Five images of ran-
dom fields were captured for each sample, and cells
in five samples were counted. Cell viability was eval-
uated on the 0d, 1d, 3d, 5d, 7d, 9d, 11d, 13d, and 15d
after printing.

2.6. Cell proliferation

Cell proliferation was measured using cell counting
kit-8 (CCK-8) (Dojindo, Japan). Briefly, 2D cells, 3D
sandwich cells, and 3DP-LCs were incubated at 37 °C
for 4 h in a mixture of culture medium and CCK-8
reagent in a volume ratio of 10:1 at culture days of 0,
1, 3,5,7,9, 11, 13, and 15. After incubation, trans-
fer 110 pl of the mixture into a 96-well plate. The
absorbance at 450 nm was measured to determine the
cell viability using the microplate reader (AS-AMR-
100-1122, Allsheng, China). The data are representat-
ive of three independent experiments in triplicate. A
standard curve of fluorescence for a certain number
of cells at different times was established. The detec-
ted fluorescence of the sample was then normalized
to cell number according to the standard curve.

2.7. Immunofluorescence

For immunofluorescence staining, the cells were fixed
with 4% paraformaldehyde for 20 min at room tem-
perature, and then incubated with PBS contain-
ing 0.2% Triton X-100 (Sigma) for 30 min. Cells
were then washed three times with PBS. After being
blocked by 3% bovine serum albumin (BSA) in PBS
for 45 min at room temperature, cells were incub-
ated with primary antibodies at 4 °C overnight,
washed three times with PBS, and then incubated
with appropriate fluorescence-conjugated secondary
antibody for 60 min at room temperature in the dark.
Nuclei were stained with DAPT (Sigma). Primary and
secondary antibodies were diluted in PBS contain-
ing 3% BSA. Primary antibodies used for immun-
ofluorescence are as follows: chicken anti-albumin
(1:100; Abcam), mouse anti-E-Cadherin (1:100; BD
Transduction Laboratories), mouse anti-AAT (H-7)
(1:100; Santa Cruz), mouse anti-CYP3A11 (1:200;
Santa Cruz), rabbit anti-GST (1:200; Abcam), and
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mouse anti-CD31 (1:100; Abcam). Secondary anti-
bodies used for immunofluorescence are as fol-
lows: goat anti-chicken IgG Alexa Fluor 594 (1:500;
Abcam), goat anti-mouse IgG Alexa Fluor 488 (1:500;
Abcam), goat anti-mouse IgG Alexa Fluor 594 (1:500;
Abcam), goat anti-rabbit IgG Alexa Fluor 594 (1:500;
Abcam). The laser scanning confocal microscope
(C2/C2si, Nikon) was used to observe the stained
cells.

2.8. Histology and immunohistochemistry
Specimens were fixed in 4% paraformaldehyde
(formalin) and embedded in paraffin using stand-
ard procedures. Embedded specimens were cut into
5 pm-thick paraffin slices for hematoxylin and eosin
staining (HE) and immunohistochemistry. Tissue
sections were stained with hematoxylin and eosin
for pathological evaluation. For immunohistolo-
gical staining, paraffin slices were deparaffinized and
dehydrated using xylene and pure ethanol. Slices were
then immersed in Ethylenediaminetetraacetic acid
(EDTA) antigen retrieval solution (pH 8.0). Slides
were treated in 3% H,0O, for 15 min, blocked in
5% normal goat or horse serum in 1% BSA-PBS
for 20 min, and stained with the indicated antibod-
ies in 1% BSA-PBS overnight. Secondary antibodies
were used according to Vectastain ABC kits (Vector
Laboratories), followed by DAB staining (DAKO).
The following antibodies were used for immunohis-
tochemical staining: rabbit anti-CD31 (Servicebio,
GB113151, 1:300), goat anti-mouse albumin (Bethyl
Laboratories, A90-134 A, 1:200), chicken anti-
albumin (Abcam, ab106582, 1:200), rabbit anti-CPS1
(Abcam, ab45956, 1: 200), rabbit anti-glutamine
synthetase (Abcam, ab73593, 1:200), rabbit anti-
CYP2 x 10! (Sigma, HPA009128, 1:200), and mouse
anti-E-cadherin (BD Transduction Laboratories,
610182, 1:200).

2.9. CYP induction

For the measurement of CYP enzyme induction,
3DP-LCs were cultured in a YACD medium for
7 d and then changed to a YACD medium sup-
plemented with 3-methylcholanthrene (25 uM)
for 48 h, rifampicin (25 pM), sodium phenobar-
bital (2 mM), carbamazepine (100 uM), and acet-
aminophen (100 uM) for 72 h. Total RNA of cells
with and without inducer treatment was extracted
to measure the expression of Cyp450 genes. The
gene expression levels of Cyplal, Cypla2, Cyp2a6,
Cyp2bl, Cyp2b6, Cyp2c8, Cyp2c9, Cyp2d6, Cyp3all,
and Cyp2 x 10" were measured by qPCR.

2.10. PAS and Dil-ac-LDL staining, and the ICG
uptake assay

Cells were stained by periodic acid-Schiff (PAS,
Sigma) and Dil-ac-LDL (Invitrogen) following the
manufacturer’s instructions. For the indocyanine
green (ICG, Sigma) uptake assay, cells were incubated
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in the medium supplemented with ICG (1 mg ml~!)
at 37 °C for 1 h, followed by washing with PBS three
times. After 6 h, the excretion of ICG was observed.

2.11. RNA isolation and RT-qPCR

Total RNA was isolated from «cells by Trizol
(Invitrogen) following the manufacturer’s instruc-
tions. Subsequent purity, integrity, and degradation
evaluation of RNA were performed. One microgram
of RNA was reverse transcribed using a ReverTra
Ace gqPCR RT Master Mix with gDNA Remover Kit
(Toyobo) in a 20 pl reaction. After a 20-fold dilution,
4 pl of complementary DNA was used as the tem-
plate in a 20 pl real-time polymerase chain reaction.
For real-time polymerase chain reaction, amplifica-
tion was performed for 40 cycles using EvaGreen 2X
qPCR MasterMix (Applied Biological Materials Inc.,
Canada). Primers were designed using exon junc-
tions to prevent co-amplification of complementary
genomic DNA (supplementary table 1).

2.12. In vivo experiment

Mice were divided into four groups in the in vivo
experiment, each receiving different surgical proced-
ures. Mice in the Sham group underwent simple open
and closed abdominal surgery on day 0, and extreme
hepatectomy (90% liver resection) on day 7. Mice in
the cell-free 3DP transplantation (cf-3DPT) group
were transplanted with 3DP-LCs without hepatocytes
on day 0, and underwent extreme liver resection on
day 7. Mice in the intrasplenic injection (ISI) group
received intrasplenic transplantation of PMH on day
0 and underwent extreme liver resection on day 7.
Mice in the 3DPT group were transplanted with 3DP-
LCs containing hepatocytes on day 0 and underwent
extreme liver resection on day 7.

For intrasplenic hepatocyte transplantation, a
small incision was made in the flank, and the spleen
was exposed. PMH (1 x 10° cells) suspended in 50 pl
of HBSS (Gibco™, 14025092) were kept on ice before
injection into the spleen of the mouse using a 30-
gauge needle, as previously described [23, 24]. For
liver resection in mice, we performed a 90% hep-
atectomy. The procedure follows the method estab-
lished by Myronovych et al [25], that is, a single lig-
ature is used to remove the left lateral, left median,
and right median lobes, then the right lateral lobe is
excised, leaving only the caudate lobe (10%). For the
transplantation of 3DP-LCs, we opened the abdom-
inal cavity of the mice and placed the 3D printed liver
tissues in the iliac fossa on both sides. All operations
were performed under anesthesia with 1% sodium
pentobarbital.

2.13. Liver function assay of mouse serum

Blood samples from mice were collected at vari-
ous time points and centrifuged at 300 g for
15 min. Albumin, total protein, bilirubin, alanine
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aminotransferase, aspartate aminotransferase, lact-
ate dehydrogenase, gamma-glutamyl transpeptidase,
alkaline phosphatase, cholinesterase, pre-albumin,
and albumin/globulin ratio were estimated using an
AU 5800 automated analyzer (Beckmann) in the clin-
ical laboratory of our hospital.

2.14. Single-cell sequencing and analysis

Single-cell sequencing was performed according to
official 10x Genomics procedures and standards. 3D-
printed liver tissues were removed from the mice
2 weeks after transplantation. Samples were prepared
as single-cell suspensions using GelMA lysate (SunP,
SP-BI-G04-1). We used the Luna II Cell Counter for
cell counting and cell viability determination. The
cell viability rate >85% and the cell concentration
and total volume >1 x 10° cells ml~! were con-
sidered to meet the requirements. Cell labeling was
performed based on the 10x Genomics Chromium
TM system. After the library was constructed and
passed the quality check, the Illumina NovaSeq6000
platform was used for PE150 sequencing. Sequencing
data quality was assessed before starting data ana-
lysis. After obtaining high-quality Clean Reads, use
10x Genomics’ official analysis software, Cell Ranger,
for cell quality control, detection, reference genome
comparison, cell cluster analysis, etc.

2.15. Statistical analysis

All data were shown as the mean = SD. For most stat-
istical evaluations, a one-sided unpaired Student’s ¢-
test was applied to calculate statistical probability in
this study. For survival analysis, a one-sided Mantel—
Cox log-rank test was applied. Statistical analysis
was performed employing the Statistical Program for
Social Sciences software (IBM). Differences were con-
sidered statistically significant if p-values were lower
than 0.05. For all statistics, data from at least 3 inde-
pendent samples or repeated experiments were used.
No specific statistic calculation was performed to
estimate the sample size. Sample sizes were chosen
mainly based on previous experience. Details of
sample sizes can be found in the figure legends. No
samples or animals were excluded from the analysis.
All animals were recruited into experimental or con-
trol groups randomly by the animal technician. The
investigators were not totally blinded to the group
allocation in the study.

3. Results

3.1. In vitro expansion of PMHs and establishment
of 3DP-LCs

We obtained primary hepatocytes from 8-week-old
C57BL/6 ] male mice by a two-step collagenase perfu-
sion method (figure 1(A)). Only when the total num-
ber of hepatocytes isolated from each mouse exceeds
3 x 107, and the viability exceeds 80%, will it be
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used for subsequent experiments. In 2D culture, the
hepatocytes were passaged at a ratio of 1:3, which
can be continuously passaged for at least 60 passages
(no longer passages were tried), and the cell morpho-
logy did not change significantly. Figure 1(B) shows
the 60th-passage hepatocytes, while figure S3 dis-
plays hepatocytes from the 14th, 19th, 29th, and 55th
passages, respectively, indicating that no significant
morphological changes occurred in the hepatocytes
during serial passage. We performed immunofluores-
cence staining analysis on PMH cells from the 10th to
the 50th passage. The results demonstrated that cells
from different passages stably expressed hepatocyte-
specific markers such as ALB and AAT (figures S4 and
S5). In most cases, the hepatocytes used in experi-
ments were in the 30th to 50th generation.

The schematic process of 3D bioprinting is shown
in figure 1(A). The 3D bioprinting protocol was based
on our previous studies [13, 26, 27]. On the 0Oth, 3rd,
5th, 9th, 13th, and 30th days after printing, the gen-
eral and light microscope morphology of 3DP-LCs
was photographed and recorded, and the cell viability
was measured (figure 1(C)). We performed quantitat-
ive analysis of cell viability using Image]. The results
showed that over 95% of cells remained viable within
two weeks post-printing, and more than 80% of cells
were still alive at 30 d post-printing. Figure 1(D) dis-
plays the cell proliferation curves of 2D culture, 3D
culture, and 3D printing (3DP) culture, as determ-
ined by CCK-8 assay results. Hepatocytes in 2D state
had the fastest proliferation rate, while 3D culture and
3DP culture had almost no proliferation.

3.2. In vitro liver function testing of 3DP-LCs

We analyzed the expression of liver-specific genes in
the PMH group, 2D group, 3D group, and 3DP group
by qPCR detection. Compared with the 2D and 3D
groups, the hepatocytes of the 3DP group expressed
the highest levels of genes related to liver function,
including Albumin (Alb), Alphal-antitrypsin (Aat),
ferroportin, and Asialoglycoprotein receptor 1 (Asgrl)
(figure 2(A)). The expression levels of some genes
in the 3DP group even exceeded those in the PMH
group, such as Cytokeratin 8 (Ck8), Cytokeratin 18
(Ck18), Multidrug resistance protein 2 (Mrp2), and
Farnesoid X receptor (Fxr) (figure 2(B)). The expres-
sion profiles of other liver-specific genes are shown in
figure S1(A).

We measured albumin concentrations in the cul-
ture supernatants of the 2D culture group, 3D culture
group, and 3D-printed group at different time points
using clinical laboratory testing methods. The results
showed that hepatocytes in all three groups exhib-
ited robust albumin secretion capacity. Notably, the
albumin concentration in the supernatant of the 3D-
printed group reached a significant peak detectable
after day 5 of culture, surpassing that of the other two
groups (figure S6).
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Figure 1. Fabrication and culture of the three-dimensional bio-printed liver constructs (3DP-LCs). (A) Primary mouse hepato-
cytes were isolated, cultured, and expanded, and 3DP-LCs were constructed using a 3D bio-printer. Subsequently, 3DP-LCs were
tested for liver function in vitro and in vivo. (B) Primary mouse hepatocytes cultured in vitro (passage 60). Scale bar = 100 pzm.
(C) General morphology, light microscopic morphology, and live/dead staining of 3DP-LCs on days 0, 3, 5, 9, 13, and 30 after
printing. (D) Cell proliferation in 2D planar, 3D sandwich, and 3DP-LCs cultures. Scale bar = 100 pm.

In order to detect the drug metabolism an increase in the expression of at least one

function of 3DP-LCs, we conducted a CYP450 CYP450 enzyme (figure 2(C)), while car-
enzyme drug induction experiment. We used bamazepine and acetaminophen failed to induce
five drugs, including rifampicin, phenobarbital, it (figures S1(B) and (C)). The most frequently
3-methylcholanthrene, carbamazepine, and acet- induced CYP450 enzymes with increased expres-
aminophen, for the experiment. Rifampicin, sion levels were CYP1A2, CYP1BI1, CYP2A6,
phenobarbital, and 3-methylcholanthrene induced and CYP2 X 10'.
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Figure 2. In vitro liver function testing of the three-dimensional bio-printed liver constructs (3DP-LCs). (A), (B) Quantitative
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We further analyzed the expression of hepatocyte-
specific proteins of 3DP-LCs through immunofluor-
escence staining experiments. The results showed
that 3DP-LCs had abundant expression of ALB,
AAT, CYP3A11, and GST (figures 2(D) and S1(D)).
In addition to Gel-3DP-LCs, we also performed
immunofluorescence staining analysis on GelMA-
3DP-LCs. The results showed that GelMA-3DP-LCs
also had abundant expression of albumin and AAT
(figure 2(E)).

In addition, we also proved the glycogen stor-
age and low-density lipoprotein uptake functions of
3DP-LCs by PAS staining and Dil-ac-LDL staining
(figure 2(F)). The ICG uptake and excretion test is a
commonly used clinical test to judge liver function.
We conducted ICG uptake and excretion experiments
on 3DP-LCs. The results showed that when 3DP-LCs
were incubated with 1 mg ml~! ICG for 1 h, 3DP-1Cs
would take up ICG into the cell, and significant excre-
tion was observed after 6 h (figure 2(G)). The above
results fully demonstrated that 3DP-LCs had several
important liver functions in vitro.

3.3. In vivo transplantation of 3DP-LCs
To explore the liver function of 3DP-LCs in vivo,
we transplanted them into the abdominal cavity of
C57BL/6 ] mice. Mice were divided into four groups
in the in vivo experiment, each receiving different
surgical procedures, as shown in figure 3(A). In our
preliminary investigations, we found that immedi-
ate transplantation of 3DP-LCs following 90% hep-
atectomy failed to improve mouse survival (data not
shown). This prompted us to adopt a strategy of
transplanting one week before hepatectomy, allowing
sufficient time for the graft to undergo vasculariza-
tion and establish function in vivo. We followed up the
mice in the above four groups for up to 7 d, recorded
their survival time, and drew a Kaplan—Meier survival
curve. A total of 84 mice were finally included in the
survival analysis, of which 36 were in the sham group,
8 were in the cf-3DPT group, 23 were in the 3DPT
group, and 17 were in the ISI group. We found that the
survival time of mice in the 3DPT group was signific-
antly longer than that of the sham group (P = 0.008),
while the survival time of mice in the c¢f-3DPT group
and ISI group was not significantly different from that
of mice in the sham group (P > 0.05) (figure 3(B)).
The blood samples of the mice in the above four
groups were collected for biochemical liver function
tests on the first, third, and seventh days after hepatec-
tomy. In addition, we also collected blood samples
from mice that did not undergo any intervention.
It can be found that on the first day after hepatec-
tomy, the liver function damage indexes (such as ALT,
AST, and ALP) of the mice in the 3DPT group were
lower than those in the sham, cf-3DPT, and ISI group,
although there was no statistically significant differ-
ence (figure 3(C)). Considering that we were using
an acute liver injury mouse model, the liver function
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of the mice that can survive to the 3rd day or even
the 7th day has been compensated, so there was no
significant difference in the liver injury indicators of
the three groups of mice (figure 3(C)). We compared
the liver function of mice in the same group at differ-
ent time points, and the results proved that the liver
function of mice that could survive more than 3 d had
indeed been compensated (figure S2(A)). In terms of
protein secretion, the total protein and albumin levels
of the mice in the 3DPT group on the first day after
hepatectomy were lower than those in the sham, cf-
3DPT, and ISI groups (figure 3(C)). The total protein
level of mice in the cf-3DPT group and 3DPT group
increased over time, while the albumin level did not
change significantly (figure S2(A)).

We took out the transplanted 3DP-LCs and resid-
ual liver on the 7th day after hepatectomy, the
14th day after 3DP-LCs transplantation. We found
that macroscopic vascular connections were formed
between the transplanted 3DP-LCs and the abdom-
inal cavity of mice (figure 3(D)). We then per-
formed HE and immunohistochemical (IHC) ana-
lysis (figure 3(E)). We confirmed the implantation of
new blood vessels of 3DP-LCs transplanted into the
body by CD31 staining, which provided the necessary
nutrients and oxygen for the survival of hepatocytes
in 3DP-LCs. Notably, we found that the liver cells of
3DP-LCs in the body can be partitioned by staining
markers such as CPS1, CP2 x 10!, and E-CAD that
indicate the polarity of liver cells (figure 3(F)).

3.4. Single-cell RNA sequencing analysis of
3DP-LCs after transplantation

We took out the transplanted 3DP-LCs for dissoci-
ation on the 7th day after hepatectomy, that is, on
the 14th day after the transplantation of 3DP-LCs,
and performed single-cell RNA sequencing analysis
on the obtained cell suspension. We found that 3DP-
LCs in vivo had become a tissue containing a variety
of cell types, including hepatocytes (53.3%) and mac-
rophages (31.7%), as well as T cells, dendritic cells,
endothelial cells, NK cells, monocytes, and B cells
(figure 4(A)). In order to further explore whether the
hepatocytes of 3DP-LCs in vivo were zoned, we ana-
lyzed the ALB+ cell population. We found a lot of
Glul+ cells, while CPS1+, CYP2 x 10'+, and Cdh1+
cells were not obvious (figure 4(B)).

4. Discussion

In recent years, 3D bioprinting has gradually expan-
ded from the printing of only biological mater-
ials to the printing of living cells [28]. Due to
the advantages of precise control over the spatial
arrangement of cells, 3D bioprinting has shown
great application potential in the construction of
in vitro tissues and organs [9, 29, 30]. Based on
our previous studies [13, 26, 27], we used expand-
able PMHs to construct in vitro liver tissue using
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3D bioprinting and demonstrated that it can pro-
long the survival of mice with ALF induced by
extreme hepatectomy. We also found that 3D-printed

liver tissue can differentiate into different func-
tional subpopulations of hepatocytes in vivo. These
findings suggest that 3D printed liver tissue may
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have crucial potential applications in the treatment
of ALE.

Worldwide, the disease burden of various liver
diseases is gradually increasing [5, 31, 32]. The only
treatment for end-stage liver disease is orthotopic
liver transplantation. However, the donor organs are
far from meeting clinical needs [33]. To overcome the
shortage of donor organs, alternative methods such
as cell transplantation, BAL, and engineering liver
tissues are emerging. All these alternative therapies
require the support of a large number of functional
hepatocytes. In recent years, many efforts have been
made to expand the source of functional liver cells.
Studies have shown that under certain conditions,
liver progenitor cells, embryonic stem cells, pluripo-
tent stem cells, fibroblasts, and mesenchymal stem
cells have the potential to produce functional liver
cells [34—40]. Recently, some studies have described
several protocols for long-term expansion of primary
hepatocytes in vitro [14, 15, 41]. Although these find-
ings have greatly expanded the source of functional
hepatocytes, their practical application is subject to
many limitations, such as insufficient liver function,
complex procedures, and high costs. In this study,
we found the culture conditions that can maintain
the long-term stable expansion of PMHs in vitro by
modifying the medium composition. PMHs can be
stably passaged to at least the 60th passage, with
no obvious changes in cell morphology. Although
hepatocytes lost most of their liver function under
long-term 2D flat culture conditions, they will regain
liver function under 3D culture conditions after 3D
bioprinting.

During the printing process, the basic printing
parameter settings, including the shape of the print
body, the printing temperature, the printing speed,
the extrusion speed, and the concentration of the bio-
ink, were all in accordance with our previous studies
[13, 26, 27]. In this study, we employed two distinct
hydrogel systems tailored for specific applications:
a gelatin—alginate composite for in vitro function-
ality tests and GelMA-LAP for in vivo transplanta-
tion. The choice of gelatin—alginate was predicated on
its reversible thermal gelation and mild ionic cross-
linking, which facilitates easy dissociation for sub-
sequent cellular analysis. For the more demanding
in vivo environment, we selected GelMA-LAP due
to its superior mechanical stability and biocompat-
ibility following photo crosslinking. In the initial
animal experiments, we used a gelatin—alginate print-
ing system; however, all the printed bodies trans-
planted into the abdominal cavity disappeared after
7 d of liver resection. We speculate that this may
be due to the activation of a certain enzymatic sys-
tem in the body by the stress of liver resection, as
this phenomenon was not present in the previous
study [13] (transplantation only, no liver resection).
This problem is solved by using the bio-ink printing
system of GelMA-LAP. While a detailed rheological
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and mechanical characterization of the hydrogel was
not the central focus of this work, the high post-
printing cell viability, sustained albumin secretion,
and the robust expression of mature hepatic markers
affirm the suitability of our selected bio-ink formula-
tions for maintaining primary hepatocyte function-
ality. Furthermore, the successful vascularization and
therapeutic efficacy of the GelMA-based constructs
in vivo underscore their utility for implantation.
Future work will benefit from a systematic investiga-
tion of hydrogel properties (e.g. stiffness, degradation
kinetics, ligand density) to further optimize the func-
tional maturation and spatial organization of bio-
printed liver tissues.

Many studies have shown that the 3DP process
will not cause substantial damage to cell activity, and
cells can maintain good activity for a long time in
appropriate bio-inks. In our study, more than 95%
of the cells were still alive within 2 weeks of printing.
Under normal circumstances, the proliferation rate of
hepatocytes cannot be combined with liver function.
Under our culture conditions, 2D-cultured hepato-
cytes proliferated the fastest, while 3D-cultured and
3DP-cultured cells did not proliferate significantly. In
the follow-up in vitro liver function tests, hepatocytes
in the 3DP group showed surprising liver functions,
including protein secretion, drug metabolism, glyco-
gen storage, low-density lipoprotein uptake, and ICG
uptake and excretion functions. The above aspects of
liver function lay the foundation for the printed body
to function in vivo.

After completing in vitro liver function tests, we
conducted in vivo experiments. The results showed
that the 3D printed liver tissue helped the mice
survive the ALF period after extreme hepatectomy,
extending the overall survival of the mice. Hepatocyte
transplantation is considered a promising alternative
to liver transplantation for the treatment of metabolic
liver disease, ALF, and chronic liver failure, among
others [5]. However, an insufficient source of hepato-
cytes, decreased function, and cell loss after infusion
limit its clinical application [42, 43]. In our study, we
innovatively used expandable PMHs and successfully
constructed liver tissue blocks in combination with
3D bioprinting technology and transplanted them
directly into the abdominal cavity of mice to exert
liver function. Compared to our previous study [13],
we increased the hepatocyte concentration in the liver
tissue block to 1 x 107 cells ml~'. Each mouse was
transplanted with 2 liver tissue blocks, with a total
volume of about 0.5 ml, so the total number of liver
cells was 5 x 10°. We believe these extra numbers of
liver cells can help improve liver function. In addition,
the timing of transplantation is also very important.
Implantation of the printed body after hepatectomy
was ineffective (data not shown) and only effective
before hepatectomy. We performed the transplant-
ation one week before hepatectomy to allow suffi-
cient time for the graft to establish a blood supply
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and develop functional capacity within the recipi-
ent. The primary reason for the higher survival rate
of the 3DP-LCs grafted group is believed to be that
the graft re-established a vascular system within the
mouse body to obtain oxygen and nutrients, thereby
partially performing the functions of liver cells in vivo.
In previous research, Yang et al demonstrated that 3D
bio-printed liver organoids can prolong the survival
of mice with chronic liver failure caused by Fah gene
deletion [13]. They observed the formation of new
blood vessels derived from the mice within the 3D-
printed organoids after transplantation, enabling the
printed structures to survive in vivo and perform liver
functions. Additionally, mechanisms such as the sup-
portive microenvironment provided by the extracel-
lular matrix and potential endogenous liver regener-
ation may also play a positive role in prolonging sur-
vival in mice with ALE

The most critical finding of this study is that liver
tissue constructed from 3D bio-printed and expand-
able hepatocytes (3DP-LCs) successfully rescued mice
undergoing 90% extreme liver resection after het-
erotopic transplantation. This discovery corrobor-
ates the positive therapeutic outcomes recently repor-
ted by Deng et al using decellularized liver scaffolds
[21]. However, the two studies employ fundament-
ally different technical approaches to achieve this
goal, offering complementary insights and options
for the field. The decellularized liver scaffold used by
Deng et al maximally preserves the complex extra-
cellular matrix components and microvascular net-
work template of the native liver, potentially provid-
ing an ideal foundation for cellular function main-
tenance and rapid vascular anastomosis. In contrast,
our study demonstrates the equivalent efficacy of a
‘bottom—up’ strategy combining 3D bioprinting with
explicitly defined hydrogels, such as GelMA. Our
approach offers potential advantages in manufactur-
ing flexibility, structural customizability, and avoid-
ance of animal organ-derived materials. Although
the currently used GeIMA remains animal-derived,
its synthesis process is more readily standardized
than whole-organ decellularization and can seam-
lessly transition to fully synthetic biomimetic hydro-
gels to meet stringent clinical translational regulatory
requirements. Furthermore, the long-term in vitro
expanded primary hepatocytes used in our study
offer an alternative, promising solution to the funda-
mental bottleneck of ‘cell sourcing’ in tissue engin-
eering, compared to primary cells directly isolated
from animals. Although functional adaptations occur
during hepatocyte expansion, our data unequivocally
demonstrate that these cells possess robust rediffer-
entiation and functional maturation capabilities in
both 3D-printed and in vivo environments. Future
efforts may focus on integrating the strengths of dif-
ferent approaches, such as combining printed hepato-
cyte tissues with pre-vascularized synthetic scaffolds,
to further accelerate clinical translation.
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Another important finding was that the 3D-
printed liver tissue showed signs of liver zonation after
transplantation into mice. From the hepatic portal
vein area to the hepatic central vein area, hepato-
cytes can be roughly divided into three zones [44,
45]. Liver zonation plays an important role in main-
taining liver homeostasis, regulating liver regenera-
tion, and optimizing overall liver function. Like nor-
mal livers, the gradient changes of oxygen, nutrients,
and other trace elements caused by the unidirectional
flow of blood in the 3D-printed liver tissue may be
the reason for the zonation of the hepatocytes in
the printed bodies. Single-cell RNA sequencing data
revealed a thought-provoking phenomenon: the pro-
portion of glutamine synthetase (Glul)-positive cells
in transplanted hepatocytes was significantly higher
than the strictly restricted perivascular distribution
observed in normal liver tissue. This finding is closely
related to the specific physiological state of our con-
struct and may reflect unique biological behaviors
during the in vivo integration of engineered tissues.
We hypothesize that this widespread Glul expression
pattern primarily stems from the following factors:
First, the transplanted hepatocytes originate from
cells expanded in vitro over extended periods and
undergo the physical stress of 3DP alongside the
acute stress of the host environment with liver fail-
ure. This series of stimuli may place the cells in a
highly activated ‘regenerative-like state” During liver
regeneration, metabolic programs undergo repro-
gramming, and Glul expression undergoes transient
de-localization to support the biosynthesis of pre-
cursors (e.g. glutamine and nucleotides) required for
massive cell proliferation. Thus, the observed high
Glul expression may indicate that the transplanted
construct as a whole is actively providing metabolic
support to the host while maintaining its own sur-
vival. Second, this immature partitioning state may
relate to the incomplete establishment of morphogen
gradients in the early microenvironment of our con-
struct. In a normal liver, the Wnt//3-catenin signal-
ing gradient precisely confines Glul expression to the
perivascular region around the central vein. However,
in the nascent transplant, although a vascular net-
work has formed (figure 3(E)), it is questionable
whether it can mimic such a precise in vivo signaling
gradient at this early stage. The absence of this spa-
tially restricted signal may lead hepatocytes to exhibit
a more homogeneous, highly active metabolic phen-
otype. In summary, the widespread Glul expression
in the transplanted organ is not evidence of func-
tional deficiency. Rather, it likely represents an adapt-
ive or transitional state enabling the engineered tis-
sue to survive, integrate, and function under severe
physiological stress. This finding suggests that guid-
ing engineered liver tissue to mature from an effect-
ive ‘functional mass’ into a finely compartmentalized
‘organoid’ will be a significant challenge and direction
for future research.
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This study has several distinct innovations from
our previous study [13]. First, for cell selection, we
used expandable PMHs. The long-term expansion
of primary hepatocytes in vitro has always been a
research difficulty and hotspot. We achieved a large-
scale expansion of PMHs by improving the culture
medium. Moreover, hepatocytes can differentiate and
mature after 3D bioprinting culture and in vivo trans-
plantation. Second, in terms of animal models, we
used a mouse model of ALF induced by extreme
hepatectomy. These results initially demonstrate the
potential of 3D printed liver tissue in the treatment of
ALE

Despite the promising therapeutic effects
observed in this study, we acknowledge that the pre-
hepatectomy transplantation model employed here
has inherent limitations in clinical feasibility for treat-
ing ALF, as patients typically present after the onset
of liver injury. To bridge this gap between proof-
of-concept and clinical application, future research
must focus on developing strategies for post-injury
intervention. A primary and promising direction is
the development of ‘off-the-shelf; cryopreservable
3DP-LCs. By optimizing bioink compositions with
cryoprotectants (e.g. trehalose, DMSO), we aim to
establish robust protocols for the long-term stor-
age and rapid thawing of functional 3D liver con-
structs. This would enable the immediate availability
of 3DP-LCs for emergency transplantation, analog-
ous to the use of banked tissues. Alternatively, the
integration of 3DP-LCs into BAL support systems
represents a more near-term clinical strategy. In this
scenario, the 3DP-LCs would serve as a bioreactor
module for temporary extracorporeal liver support,
bridging patients to regeneration or transplantation.
While the current study establishes the potent efficacy
of 3DP-LCs in a stringent model of ALF, we recog-
nize and are committed to overcoming the pivotal
hurdles of clinical timing and scale in our future
work, paving the way for their ultimate translational
application.

It must be admitted that the current research
still has the following limitations. First, the print-
ing of more complex structures containing multiple
cell types may further enhance liver function. Second,
although we found evidence of liver zonation, the
mechanism by which it occurs remains unclear.
Finally, the sample size varied across different exper-
imental groups in this study. The Sham group was
assigned the largest sample size (n = 36) to precisely
establish baseline survival rates following ALF. While
the cf-3DPT group (n = 8) served as an auxiliary con-
trol to exclude effects from the biomaterial itself, its
sample size was determined based on ethical consid-
erations and pre-experimental results. Despite sample
size imbalance, the significant statistical difference
in key intergroup comparisons (e.g. 3DPT vs Sham,
P =0.008) indicates that the primary conclusions are
robust.
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5. Conclusion

In conclusion, we achieved long-term large-scale
expansion of PMHs with defined media and success-
fully constructed liver tissue using 3D bioprinting
technology. 3D printed liver tissue prolongs the over-
all survival of mice with ALF, and its excellent liver
function suggests great promise for clinical applica-
tion in the future.
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