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Abstract

Although bioartificial liver support system (BLSS) plays an essential role in
maintaining partial liver functions and detoxification for liver failure patients,
hepatocytes are unanimously seeded in biomaterials, which lack the hierarchal
structures and mechanical cues of native liver tissues. To address this challenge, we
developed a new BLSS by combining a decellularized liver matrix
(DLM)/GelMA-based bioengineered whole liver and a perfusion-based, oxygenated
bioreactor. The novel bioengineered whole liver was fabricated by integrating
photocrosslinkable gelatin (GelMA) and hepatocytes into a DLM. The combination of
GelMA and DLM not only provided a biomimetic extracellular microenvironment
(ECM) for enhanced cell immobilization and growth with elevated hepatic functions
(e.g., albumin secretion and CYP activities), but also presented biomechanical support
to maintain the native structure of the liver. In addition, the perfusion-based,
oxygenated bioreactor helped deliver oxygen to the interior tissues of the
bioengineered liver, which was of importance for long-term culture. Most
importantly, this new bioengineered whole liver decreased ammonia concentration by
45%, whereas direct seeding of hepatocytes in the naked DLM showed no significant
reduction. Thus, the developed BLSS integrated with the DLM/GelMA-Based
bioengineered whole liver can potentially help elevate liver functions and prevent HE

in liver failure patients while waiting for liver transplantation.
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Introduction

According to the World Health Organization’s estimates, more than 650 million
people suffer from liver diseases worldwide, and 15% of them eventually develop
liver failure!. Although liver transplantation is the most effective way of saving
patients’ lives, less than 10% of liver failure patients have access to donor livers!.
Without liver transplantation, liver failure patients may develop severe symptoms
such as HE, which leads to an over 50% mortality rate of liver-failure patients in the
first year alone!> 2. As reported, more than 7,500 patients die from liver failure each
year while waiting for suitable donor organs in the United States® *. To provide in
vitro support, artificial liver support systems (ALSS) have been developed to remove
toxins and relieve symptoms through hemodialysis or hemofiltration> 6. Furthermore,
BLSS has been developed by incorporating hepatocytes into ALSS to enable synthetic
functions and biotransformation activities’. However, the effect of these measures
for reducing the mortality of acute liver failure and acute-on-chronic liver failure is

still limited .

In the current design of BLSS, hepatocytes are simply incorporated into biomaterials
and cultured to provide partial hepatic functions, which, however, overlooks the
importance of the extracellular microenvironment (ECM) in supporting cell growth
and maintaining cell functions. It has been systemically reviewed that scaffolds!,
biological factors!?, and biomechanical cues!? synergistically play a vital role in
supporting growth hepatocyte growth, promoting cell-cell interactions, and enhancing
the biosynthesis of albumin, urea, and cytochrome enzymes'4. Although hydrogels'>
16 and electrospun nanofibers!'”> 18 can offer a viable 3D cell culture environment for
hepatocytes, the lack of essential collagens and growth factors may undermine hepatic
functions to a certain extent. Recently, key components derived from DLM (e.g.,
major collagens and growth factors) have been utilized in supporting hepatocytes'®,
showing enhanced ALB secretion and CYP activities” 2> 2!, However, the lack of
histological structures of native tissues are still lacking for providing a biomimetic
ECM similar to where hepatocytes reside in vivo. Thus, the essential components
contributing to ECM should be considered to fully exploit hepatocytes in BLSS to

supporting liver failure patients.

In this study, we developed a new type of BLSS by combining a bioengineered whole



liver and a perfusion-based, oxygenated bioreactor (Figure 1). The novel
bioengineered whole liver was fabricated by integrating GelMA with hepatocytes into
a DLM (Figure 1). Although DLM has been used to construct a bioengineered liver
for liver transplantation® 22 23, its function in BLSS has not been explored.
Furthermore, the combination of GeIMA and DLM not only provided a biomimetic
ECM for enhanced cell immobilization and growth with elevated hepatic functions
(e.g., albumin secretion and CYP activities), but also presented biomechanical support
to maintain the native space configuration of the liver. Most importantly, this new
bioengineered whole liver reduced the initial concentration of ammonia from 5.66
mmol L' to 3.11 mmol L', whereas direct seeding of hepatocytes in the naked DLM
showed no significant reduction. Clearly, our results demonstrated that the
DLM/GelMA-based bioengineered whole liver maintained long-term hepatic
functions and enhanced ammonia reduction, which can potentially be integrated into

BLSS to prevent HE in liver failure patients while waiting for suitable liver donors.
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Figure 1. Schematic of the new BLSS integrated with a DLM/GelMA-based
bioengineered whole liver for potential prevention of HE. In liver failure patients,
hepatocytes cannot biotransform ammonia from the intestine, and excessive ammonia
passes through the blood-brain barrier and enters the brain, which can cause HE. A
bioengineered whole liver was fabricated by incorporating GeIMA and HepG2 cells
into DLM and continuously cultured in a perfusion-based oxygenated bioreactor. The
DLM/GelMA-based bioengineered whole liver exhibits significantly enhanced

biosynthesis and biotransformation capabilities, which has great potential to support



liver failure patients and to prevent the progression to HE.

Materials and methods

Liver excision

The livers were excised from Sprague-Dawley rats weighing 250-300 g according to
the animal protocol (ZJU20170787) as approved by the Zhejiang University
Experimental Animal Welfare Ethics Committee. After anesthetizing via intra
peritoneal injection of 50 mg kg™! pentobarbital sodium, the rats’ abdomens were cut
open to visualize the livers. A cannula was first inserted into the portal vein for
subsequent perfusion. The vena cava and the remaining appendages were then
dissected. The harvested livers were finally frozen overnight at -80 °C prior to

decellularization.

Decellularization of the liver and characterization of DLM

To start the decellularization process, frozen livers were left to completely thaw at
room temperature. A peristaltic pump (Longer Pump, Baoding, China) was then
attached to the cannula, which was previously inserted in the portal vein, to allow
sequential perfusion of a number of solutions for liver decellularization. First,
phosphate buffer saline (PBS) was perfused for 1 hour. Second, 0.1% (w/v) sodium
dodecyl sulfate (SDS) was perfused for 5 hours. Third, 1% (w/v) Triton X-100 was
perfused for 30 minutes. The flow rate was set to 20 mL min-!. To remove the
residual nucleic acid completely, 80 U mL-! Deoxyribonuclease I (DNase I) and 5 U
mL" Ribonuclease (RNase) (Sigma-Aldrich, St. Louis, US) were perfused for an
additional 30 minutes. Finally, the resultant DLM scaffold was rinsed with PBS
containing 2% penicillin-streptomycin and amphotericin B (2.5 pg mL") (Sangon
Biotech, Shanghai, China). The DLM was transferred to a sterile Petri dish and stored

at 4 °C prior to use.

Characterization of DLM was evaluated using scanning electron microscopy (SEM),
HE staining and immunostaining. The microstructure of both DLM and native liver
were dried, gold coated, and observed using SEM (Hitachi, Tokyo, Japan). HE
staining was used to image cells and collagen fibers after decellularization. For
immunostaining, native and decellularized livers were fixed in 4% formalin buffer,

dehydrated, and finally embedded into paraffin. The resultant DLM was then sliced



and incubated with primary polyclonal antibodies from rabbit against collagen type 1,
collagen IV, fibronectin, or laminin (Abcam, Cambridge, UK). The sliced DLM
scaffolds were then incubated with fluorescent secondary antibodies, which were goat
anti-rabbit AlexaFluor® 594 (Abcam, Cambridge, UK). For identification of
remaining cells within the DLM scaffolds, the sliced samples were stained with 4°,
6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma-Aldrich, St. Louis, US).
All samples were imaged at a corresponding wavelength under a fluorescence

microscope (Zeiss, Oberkochen, Germany).

Cell culture

For reseeding the DLM, the culture of HepG2 cells was expanded in a 75 cm? cell
culture flask containing Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
Melbourne, Australia), which was supplemented with 10% (v/v) of fetal bovine serum
(FBS) (Gibco, Melbourne, Australia) and 1% (v/v) of penicillin/streptomycin (Sangon
Biotech, Shanghai, China). The culture was carried out in an incubator with 5% CO,

at 37 °C, and sub-culture was performed every three days.

Recellularization and culturing of the bioengineered whole liver

To prepare 5% (w/v) GelMA solution, 0.5g of GelMA (Suzhou Intelligent
Manufacturing Research Institute, Suzhou, China) was added to 10 mL of DMEM
medium with thorough mixing. HepG2 cells were first resuspended in 2 mL of
DMEM at a final concentration of 1.0 x 107 cells mL!. The cell suspension was then
centrifuged at 1,000 rpm for 3 minutes. The supernatant was discarded and replaced
with 2 mL of 5% (w/v) GeIMA. HepG2 cells were resuspended by pipetting up and
down 5 times and then injected into the DLM using a 1 mL syringe. Once injected,
GelMA was immediately exposed to ultraviolet (UV) light at a wavelength of 365 nm
for 7 seconds for solidification. As a control, the same concentrations and volumes of
HepG2 cells suspension were directly seeded in the naked DLM. These two types of
bioengineered whole livers were then cultured in a 100 mL bioreactor containing 30
mL of DMEM. The medium was flowed via a peristaltic pump at a rate of 3 mL min
-1, The two types of bioengineered whole liver were cultured at 37°C with a mixed gas
supply (95% O, and 5% CO,) for 14 days. The culture supernatant was collected
periodically for biological function analysis. 30 mL of DMEM medium was

recirculated in the perfusion system and refreshed every 24 h.



Calculation of oxygen in the DLM/GelMA-based bioengineered whole liver
To understand the oxygen supply in the interior of the DLM/GelMA-based
bioengineered whole liver, we calculated the oxygen concentration using the

following equation:
1SN, 5
Cr=aP—ﬁ(R0 —X)

Cr represents the oxygen concentration in different parts of the bioengineered whole
liver; the solubility coefficient for oxygen (a) at 37 °C in the medium was 2.08 x 10-3
mol m~ mmHg"!, the oxygen partial pressure of medium (P) was 90 mmHg 2%; the
oxygen consumption rate (S) of HepG2 cells was 2.4 x 10"'7 mol s*! cell! 2; the cell
density (N) was 1.07 x 10'3 cells m?3; the diffusion coefficient (D) of oxygen in gel
was 2 x 10 m? s”! 26; the half thickness of organ (Ry) was about 1.5 mm, and X was

the distance from surface to the center.

Detection of cell hypoxia

To evaluate the presence of hypoxia in cells in the bioengineered whole liver, the
original medium in the culture flask was removed and replaced with fresh growth
medium containing Image-iTTM green hypoxia reagent (Thermo Fisher Scientific,
MA, USA) at a final concentration of 5 uM on day 14. The device was incubated at
37°C, 95% O, for 4 h before the bioengineered whole liver was washed twice with
PBS, and the stained cells were observed under a confocal fluorescence microscope

(A1, Nikon, Tokyo, Japan).

Characterization of HepG2 cells within the bioengineered whole liver

The viability of HepG2 cells within both the DLM/GelMA and the naked DLM based
bioengineered whole liver was analyzed using a calcein-AM/propidium iodide kit
(Live/Dead staining) (Dojindo, Kumamoto, Japan) on days 1, 3, 7, and 14. A dye
solution, which allowed differentiation of live cells and dead cells, was prepared by
adding 3 pL of calcein-AM and 2 pL of propidium iodide (PI) to 1 mL of PBS. Both
types of bioengineered whole liver were stained by adding 10 mL of the
calcein-AM/PI solution and then incubated for 2 hours at 37 °C, 95% O,, and 5% CO,
in the dark. The stained cells were analyzed using a confocal fluorescence

microscope, and the obtained images were evaluated using Image J (National



Institutes of Health, Bethesda, MD, USA) software to quantify the cell viability and

the cell growth rate in the same field-of-view.

Quantification of albumin and urea

The capacity to synthesize albumin (ALB) and urea by seeded HepG2 cells was
assessed using a Rat Albumin ELISA Kit (ColorfulGene Biological Technology,
Wuhan, China) and a Urea Assay Kit (Huding Biotechnology, Shanghai, China). The
cell supernatant was collected on days 1, 3, 7, and 14 over a 14-day culture period.
Both assays were carried out according to the manufacturers’ respective protocols and
the observance was measured using a multifunctional microplate reader (SpectraMax
MS5, Molecular Devices, San Jose, US). The concentration of ALB and urca was

calculated according to their respective standard curves.

Toxic effects of NH4Cl on HepG2 cells

To determine the toxic effects of ammonia on HepG2 cells, 100 pL of HepG2 cells
(10° mL-! ) was seeded in a 96-well plate and cultured for 24 h with a mixed gas
supply (95% O, and 5% CO,) at 37°C. The seeded cells were then treated with 0, 5,
10, 30, 60 and 120 mM of NH4CI (Sangon Biotech, Shanghai, China), and each
treatment was repeated in 3 microwells. Cell viability was assessed at 24 hours using
Cell Counting Kit-8 reagent (MedChem Express, Monmouth Junction, NJ, USA).
Briefly, 10 pL. of CCK-8 solution was added to each microwell, and then the

absorbance was evaluated at 450 nm after 2 hours.

Quantification of ammonia biotransformation

Both types of bioengineered whole liver were first cultured in DMEM with a
perfusion rate of 3 mL min-! for 12 hours. Then, the culture media was replaced with
DMEM supplemented with 10 mM of NH4Cl. Both types of bioengineered whole
liver were cultured for another 48 hours, and the supernatant was collected. The
concentration of ammonia in the culture supernatant was colorimetrically measured
using a Urea Assay Kit (Huding Biotechnology, Shanghai, China) as also described in

section 2.9.

Statistical analysis

Quantification data were expressed as average + SD. A one-way analysis of variance



(ANOVA) was implemented to analyze the inter-group comparison via SPSS 19
(IBM Corporation, USA) software. Three independent trials were carried out unless
otherwise stated. A statistical difference was determined when p was smaller than
0.05. The software package of GraphPad Prism 5 (GraphPad Software Inc., San
Diego, CA, USA) was used for data analysis.

Results

Characterization of DLM

In this experiment, chemical solvents combined with physical destruction were used
to prepare the DLM. First, liver cells were destroyed by repeated freezing and
thawing, and then the livers were continuously perfused through the portal vein using
SDS/Triton X-100. As with we previously reported, this protocol successfully
produced decellularized livers®® 27. As shown in Figure 2A, prior to perfusion, the
liver appeared dark red; after 9 hours of perfusion at a flow rate of 20 mL min‘!, the
whole liver became colorless and transparent with clear choroidal structures. SEM
results showed that the liver tissue after decellularization was loose and fibrous with a
mesh structure (Figure 2B). H&E staining showed no clear nuclear and cytoplasmic
components in the decellularized liver rather than in the pink extracellular matrix
(Figure 2C). Immunohistochemical (IHC) staining showed that collagen I, collagen
IV, fibronectin, and laminin were observed in the natural liver (Figure 2D). Following
decellularization, all four aforementioned major ECM components were well
preserved. DAPI staining was also conducted and a lack of blue staining of the nuclei

of cells confirmed the success of decellularization (Figure 2E).
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Figure 2. Characterization of the native liver matrix and DLM. (A) Native rat

liver compared to the white/transparent DLM. (B) SEM characterization of the native
liver compared to the acellular liver scaffold. Scale bar: 100 um. Fine reticular matrix
fibers were observed in DLM. (C) H&E staining for comparison of natural and
acellular livers. (D-E) Collagen I, collagen IV, fibronectin, and laminin from both the
native liver and DLM were all immuno-stained in red. Sections were counterstained

with DAPI (blue). Scale bar: 100 um (A, C, D, E) and 50 um (B).

Fabrication of the bioengineered whole liver

Approximately 2 x 107 HepG2 cells were seeded into the DLM. The recellularized
livers were transferred to a perfusion-based oxygenated bioreactor for culturing in
vitro. Bioengineered whole livers were cultured for 14 days with continuous perfusion
of oxygenated media and observed on days 1, 3, 7, and 14 (Figure 3A-B). HepG2
cells seeded in decellularized liver scaffolds grew into 3D nodules. In daily visual

inspections, both the size and density of the nodules formed by mixing the cells with



5% GelMA throughout the culturing period was greater than the nodules formed via
direct seeding in the naked DLM (Figure 3A-B). After culturing in identical 3D
environments, the DLM/GelMA displayed cell viability values of 97.74 + 3.63%,
97.14 + 1.60%, 94.55 + 3.42%, and 98.02 + 1.57% on days 1, 3, 7, and 14,
respectively. Comparatively, the direct seeding model displayed cell viability values
0f 96.39 £ 2.63%, 97.40 £ 0.54%, 89.49 + 3.83%, and 95.51 + 2.48% on days 1, 3, 7,
and 14, respectively, showing no significant difference (p > 0.05) (Figure 3C-E).
However, the DLM/GelMA model displayed cell growth rates of 71.15 £ 2.06%,
87.23 £ 19.97%, 89.74 + 19.01%, and 93.95 + 37.39% on days 1, 3, 7, and 14,
respectively. On the other hand, the direct seeding model displayed values of 41.93 +
11.94%, 47.16 + 77.62%, 64.31 + 31.80%, and 83.05 = 57.26%, respectively. These
results demonstrated that the cell growth rate was significantly higher in the

DLM/GelMA than the direct seeding model (p << 0.05) (Figure 3 F).
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Figure 3. Biofabrication and characterization of the DLM/GelMA-based
bioengineered whole liver. The DLM/GelMA-based bioengineered whole liver was
fabricated by incorporating approximately 2 x 107 HepG2 cells with DLM/GelMA.
The resultant DLM/GelMA-based bioengineered whole liver was then cultured in a
bioreactor with 95% of oxygen for 14 days. As a control, GeIMA was not

incorporated into the bioengineered whole liver. The gross images of the



DLM/GelMA-based bioengineered whole liver (A) and the control within the naked
DLM (B) were observed on Days 1, 3, 7, and 14. The Live/Dead staining of the
DLM/GelMA-based bioengineered whole liver (C) and the control within the naked
DLM (D) were observed on Days 1, 3, 7, and 14. The fluorescence images were taken
from a representative region with a depth of approximately 100 um in two
bioengineered whole livers. Scale bar: 100 um. Based on the representative images
shown in (C) and (D), the cell viability of HepG2 cells (E) and the cell growth rate (F)
were analyzed and compared between these two bioengineered whole livers. Data are
averaged from 3 samples and presented as Avg = SD (* indicates that p is less than

0.05, and NS indicates that p is more than 0.05).

Oxygen delivery to the bioengineered whole liver within the bioreactor

By establishing the model, the concentration of oxygen in the surface layer of the
DLM/GelMA whole liver was 0.19 mol m=, and the concentration of oxygen delivery
to the center of the whole liver was 0.04 mol m- (Figure 4A). Hypoxia staining
showed less hypoxic hepatocytes in the surface and center of the bioengineered whole
liver (Figure 4B). Live/Dead staining showed a cell viability of more than 90% in the

surface and center of the novel bioengineered whole liver (Figure 4C-D).
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Figure 4. Oxygen delivery to the bioengineered whole liver via a bioreactor. (A)

Calculation of oxygen concentration in the DLM/GelMA-based bioengineered whole



liver in a perfusion-based oxygenated bioreactor. (B) After 14 days of culture the
surface and center cells of DLM/GelMA-based bioengineered whole liver were
stained with a hypoxia kit (B) or Live/Dead assay (C). Hypoxic cells were stained
green in (B), while living cells were stained green and dead cells were stained red in
(C). (D) Based on the representative images shown in (C), the cell viability of HepG2

cells was analyzed.

Functional characterization of the bioengineered whole liver

The synthesis and transformation functions of HepG2 cells mixed in 5% GelMA and
then injected in DLM were compared to that of HepG2 cells directly injected into the
naked DLM. To this end, the albumin levels secreted by HepG2 cells in both models
over 14 days were compared (Figure SA). The amount of ALB secreted on days 1, 3,
7, and 14 by cells mixed with GeIMA was 13.54 + 0.19, 14.18 + 0.52, 13.93 + 0.84,
and 12.76 + 0.17 pg mL"!, respectively. These values were significantly higher than
that of HepG2 cells directly seeded in naked DLM on days 1, 3, 7, and 14 with values
of 11.37 +£0.53, 12.52 + 0.20, 12.05 £ 0.27, and 10.99 + 0.53 ug mL!, respectively (p
< 0.05) (Figure 5A). Similarly, when HepG2 cells were mixed with 5% GelMA in
DLM, the amounts of urea produced on days 1, 3, 7, and 14 were 1.34 £ 0.12, 1.28 +
0.09, 1.30 + 0.09, and 1.69 + 0.08 mmol L-!, respectively. In contrast, the amounts of
urea produced by HepG2 cells directly seeded in naked DLM were 0.95 + 0.08, 1.06
+ 0.01, 1.05 = 0.07, and 1.40 = 0.11 mmol L-!, respectively. These results indicated
that under perfusion-based oxygenation culturing conditions, HepG2 cells in
DLM/GelMA-based bioengineered whole liver maintained significantly higher levels
of urea production than in the naked DLM (p < 0.05, Figure 5B).
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Figure 5. Functional characterization of HepG2 cells in the bioengineered whole
liver. Production of albumin (A) and urea (B) in the DLM/GelMA-based
bioengineered whole liver compared to those in the naked DLM. The main metabolic
enzyme expression levels of HepG2 cells CYP1A2 (C) and CYP3A4 (D) in the
DLM/GelMA compared to those in the naked DLM. Data are averaged from 3
samples and presented as Avg + SD (* indicates that p is less than 0.05, and NS
indicates that p is more than 0.05).

The expression levels of key enzymes in liver drug metabolism, specifically CYP1A2
and CYP3A4 in HepG2 cells, were investigated. The amount of CYP1A2 expressed
on days 1, 3, 7, and 14 by cells mixed with DLM/GelMA was 9.85 + 0.32, 9.38 +
0.22, 11.03 + 0.95, and 10.61 + 0.10 ng mL-!, respectively. Comparatively, the
amount of CYP1A2 expressed on days 1, 3, 7, and 14 by cells directly seeded in the
naked DLM was 9.02 + 0.60, 9.27 + 0.39, 8.57 = 0.51, and 8.97 + 0.38 ng mL!,
respectively. Therefore, the CYP1A2 expressed was not significantly different on
days 1 and 3. However, the amount of CYPIA2 expressed by cells mixed with
GelMA was significantly higher on days 7 and 14 than that of cells directly seeded in
the naked DLM (p < 0.05, Figure 5C). In contrast, the amount of CYP3A4 expressed



on days 1, 3, 7, and 14 by cells mixed with GeIMA was 6.22 + 0.15, 6.00 £ 0.19, 5.95
+0.14, and 6.30 = 0.16 ng mL"!, respectively. Comparatively, the amount of CYP3A4
expressed on days 1, 3, 7, and 14 by cells directly seeded in the naked DLM was 5.54
+ 0.17, 5.53 £ 0.18, 5.41 £ 0.15, and 5.81 = 0.09 ng mL-!, respectively. Thus, the
expression of CYP3A4 in HepG2 cells seeded in the DLM/GelMA was significantly
higher than that of cells directly seeded in the naked DLM in every observable time
frame (p < 0.05, Figure 5D).

Ammonia reduction by the bioengineered whole liver

To observe the detoxification function of the bioengineered whole liver, various
concentrations of NH4Cl were added to the culture solution. Cell viability, ammonia
concentrations, and urea concentrations were assessed accordingly. Cell viability was
found to be 96.09 + 2.29%, 90.30 + 2.31%, 83.02 £ 6.97%, 53.94 + 2.59%, and 42.79
+ 4.21% at concentrations of 5, 10, 30, 60, and 120 mM NH,CI, respectively (Figure
6A). The results illustrated a negative correlation between NH4Cl concentration and
cell viability. By adding 10 mM NH4CI to the culture medium within 48 h, the
ammonia concentrations in the DLM/GelMA were found to decrease from 5.66 +
1.24 mmol L to 3.11 + 0.65 mmol L, a significant reduction of approximately 45%
(p < 0.05). Cells in the direct seeding model showed an insignificant decrease in
ammonia concentration from 5.66 + 1.24 mmol L-! to 4.24 + 1.27 mmol L-! (p > 0.05)
(Figure 6C). After 48 hours, urea production by HepG2 cells in the DLM/GelIMA
increased from the initial 346.49 £+ 4.97 umol L-! to 556.78 = 57.20 umol L-!, whereas
urea production by HepG2 cells in the direct seeding model was found to increase
from 321.49 + 42.24 umol L-! to 443.82 £ 0.50 pmol L-!. The results showed that the
amount of urea produced by HepG2 cells increased significantly with the addition of
NH,4CI solution (p < 0.05) (Figure 6D). Therefore, the results indicated that HepG2
cells in the DLM/GeIMA had a better ammonia detoxification function than that of
HepG2 cells directly seeded in the naked DLM.
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Figure 6. Detoxification of high levels of ammonia via the DLM/GelMA-based
bioengineered whole liver. (A) The DLM/GelMA-based bioengineered whole liver
was cultured in a bioreactor with a continuous flow of DMEM at a perfusion rate of 3
mL min-') and 95% of oxygen. The mechanism of biotransformation of ammonia to
urea was leveraged for ammonia reduction. (B) The viability of HepG2 cells was
evaluated following incubation with 5, 10, 30, 60, and 120 mM of NH,CI for 24
hours. (C) The concentration of NH4Cl was measured at 48 h after adding 10 mM of
NH,4CI to the DLM/GelMA-based whole liver and HepG2 cells seeded into the naked
DLM. (D) The concentration of urea was also measured after the NH4Cl (10 mM)
treatment for 48 hours in both models. Data are averaged from 3 samples and
presented as Avg + SD (* indicates that p is less than 0.05, and NS indicates that p is
more than 0.05).

Discussion

BLSS is a promising strategy for the clinical management of liver failure and HE,
especially in the absence of readily available liver transplantation. In this study, we
developed a novel BLSS integrated with a GelMA/DLM-based bioengineered whole
liver, aiming at preventing HE in liver failure patients (Figure 1). Of note, the addition

of GelMA in the bioengineered whole liver not only improved the adhesion and



proliferation of hepatocytes, but also provided biomechanical support to maintain the
space configuration of native liver tissues, addressing a persisting challenge for the
fabrication of bioengineered whole liver. In addition, the combination of GeIMA with
DLM provides biological factors (collagens and growth factors), 3D scaffolds, and
biomechanical cues, offering a biomimetic ECM for hepatocytes in the bioengineered
whole liver. Due to the mimicry of the ECM in which hepatocytes reside in vivo,
hepatocytes exhibited a cell viability of more than 90% over the course of 14 days and
showed elevated production of albumin and CYP enzymes. More importantly, the
bioengineered whole liver significantly reduced ammonia by 45%, whereas the
hepatocytes seeded into the naked DLM showed no significant reduction. Thus, this
novel BLSS with the GeIMA/DLM-based bioengineered whole liver showed great

potential to support liver failure patients and to help minimize the progression to HE.

The ECM plays a vital role in controlling cell proliferation, metabolism, and function
as well as cell-to-cell interactions?®3, In this study, we mimicked the ECM of
hepatocytes in vivo in terms of biological composition, biomechanical support, and
3D liver-specific space configuration. Previously, DLM has been utilized as the
scaffolds for fabrication of bioengineered livers, because collagens, growth factors
and vascular structures are preserved and partially biologically active, serving as a
good basis for liver tissue regeneration?® 22 27, Owing to this advantage, we utilized
DLM scaffolds for seeding hepatocytes to fabricate a bioengineered whole liver.
However, the adhesion of hepatocytes within DLM, particularly in the presence of
continuous flow of culture media, remained challenging. To overcome this challenge,
we introduced 5% GeIMA to provide mechanical support so as to promote cell
adhesion and immobilization within DLM. GelMA, in contrast to naturally derived
ECM components such as gelatin, collagen, or hyaluronic acid which suffer from
inconsistency between batch production®!s 32, can be made to reduce lot-to-lot
variation and to improve reproducibility. More importantly, 5% GelMA, once
solidified within DLM, provides biologically relevant stiffness and biomechanical
properties resembled to native liver ECM in vivo33 34, Studies have shown that the
stiffness in ECM can promote stem cell differentiation, maintain cell functionality?®,
and reverse aged oligodendrocyte progenitor cells’’. With this physiologically
relevant stiffness and mechanical support, hepatocytes can be well immobilized

within DLM with good cell viability (more than 90%), cell engraftment and cell



growth (Figure 3E-F). In addition, GeIMA helped maintain the space configuration of
native liver tissues in the bioengineered whole liver (Figure 3A). In contrast, the
bioengineered whole liver using the naked DLM only tended to collapse due to the
absence of mechanical support (Figure 3B). Thus, the DLM/GelMA-based
bioengineered whole liver established a biomimetic ECM for hepatocytes to reside

and grow in a close-to-native manner.

Although the liver-specific ECM has been mimicked to a great extent, vascular
structures and blood flow are missing in the DLM/GelMA-based bioengineered whole
liver. Therefore, oxygen supply might become an issue, since (1) the liver coordinates
high metabolic functions and typically consumes 20% to 33% of total oxygen in
vivo®8; (2) under hypoxic conditions, hepatocytes exhibits pathological,
morphological changes and lose critical biological functions as demonstrated in a
bioreactor®®; and (3) the 21% oxygen content of the atmosphere does not provide
sufficient oxygen for bioengineered livers with high cell densities to survive*’. To
meet the high demand for oxygen in bioengineered liver, we cultured it in a bioreactor
with a continuous flow of culture media (3 mL min') and 95% of oxygen. According
to the modeling of oxygen diffusion, the oxygen level at the surface and center of the
bioengineered liver was 0.19 mol m= and 0.04 mol m3, respectively (Figure 4A),
indicating that there was no oxygen deprivation within the entire bioengineered liver.
Indeed, there was no hypoxia in neither the surface nor the center of the
bioengineered whole liver (Figure 4B). Meanwhile, the viability in both the surface
and the center of the bioengineered whole liver showed no significant difference
(Figure 4D), indicating that the oxygen supply was sufficient within the biofabricated
liver. Taken together, a high level of oxygen (95%) within the bioreactor can provide
sufficient oxygen via diffusion and compensate for the lack of media flow within the

DLM/GelMA based bioengineered whole liver.

Hepatocytes grown in liver-specific ECM with sufficient oxygen supply showed
enhanced biosynthetic and biotransformation capabilities, which lays the foundation
for the development of the novel BLSS. First, HepG2 cells within the
DLM/GelMA-based bioengineered liver showed elevated secretion of albumin
(Figure 5A), which is essential for expanding plasma volume, performing antioxidant

activity, and regulating the immune systems *!. Second, the DLM/GelMA-based



bioengineered whole liver showed significantly higher levels of CYP3A4 and
CYP1A2, which are key members of the cytochrome P450 (CYP) family for liver
metabolism*?> 43, compared to the bioengineered liver with the naked DLM (Figure
5C-D). In addition to enhanced biosynthetic capabilities, the DLM/GelMA-based
bioengineered whole liver was able to convert high concentrations of ammonia to
urea, which is essential to avert the progression of HE in liver failure patients. In the
presence of 10 mM of NHCI*, the DLM/GelMA-based bioengineered whole liver
successfully reduced ammonia from 5.66 mmol L' to 3.11 mmol L-!, whereas, the
whole liver direct seeding of hepatocytes in the naked DLM showed no significant
reduction. The reason why the DLM group did not show significant effects on
ammonia conversion was probably due to low cell engraftment and cell growth in the
absence of biomechanical support provided by GelMA. The capability of ammonia
reduction can be further improved by using HepG2 cells that are gene-edited to stably
overexpress human arginase and human ornithine transcarbamylase*> 46. Thus, the
enhanced biosynthetic and biotransforming capabilities of the DLM/GelMA-based
bioengineered whole liver potentially enable the development of BLSS to support

liver failure patients and prevent the occurrence of HE.

Although this proof-of-concept study has shown increased functionality of BLSS with
integration of DLM/GelMA based bioengineered whole liver, it would further
enhance the scientific merit and improve clinical utility from the following aspects.
First, it is better to compare our DLM/GelMA-based bioengineered whole liver with
other BLSS to verify the functionality of DLM/GeIMA in BLSS. Currently, advances
in BLSS have been attributed to the development of hollow fiber cartridges*’, the
formation of hepatocyte spheroids under oscillating culture conditions*®, the
integration of biomaterials such as alginate to form hepatocyte aggregates*® >, and
the development of human functional hepatocytes (i.e., hiHeps) by lineage
conversion®!. Different from these efforts, our BLSS is characterized by the
integration of DLM/GelMA based bioengineered whole liver, and this new research
direction needs further validation with respect to cell viability and functionality.
Second, it would provide more insights to confirm the enhanced functionality of the
BLSS by normalizing the number of live hepatocytes within DLM. Given the
technical difficulty, the current study can only attribute the enhanced functionality of

the BLSS to the increase in the number of live hepatocytes within the bioengineered



whole liver, or to the enhancement of hepatocyte functionalities, or both. Third
further validation is needed to confirm the safety and clinical utility of integrating
DLM/GelMA based bioengineered whole liver in BLSS to support liver failure

patients and to prevent HE in pre-clinical and clinical studies.

Conclusion

In this study, we developed a novel BLSS integrated with a DLM/GelMA-based
bioengineered whole liver. Owing to the provision of a liver-specific ECM and
sufficient oxygen supply, the fabricated whole liver demonstrated enhanced secretion
of albumin, production of CYP enzymes, and conversion of ammonia to urea, which
shows great potential to support liver failure patients in vitro and minimize the
chances of developing HE. Nevertheless, further validation is needed to confirm the
ability of the bioengineered whole liver and bioreactor to support liver failure in

animal research and clinical trials.
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