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Background: In liver tissue engineering, co-culturing hepatocytes with typical non-parenchymal hepatic
cells to form cell aggregates is available to mimic the iz vivo microenvironment and promote cell biological
functions. With a modular assembly approach, endothelialized hepatic cell aggregates can be packed for
perfusion culture, which enables the construction of large-scale liver tissues. Since tightly packed aggregates
tend to fuse with each other and block perfusion flows, a loosely packed mode was introduced in our study.
Methods: Using an oxygen-permeable polydimethylsiloxane (PDMS)-based microwell device, highly
dense endothelialized hepatic cell aggregates were generated as hepatic tissue elements by co-culturing
hepatocellular carcinoma (HepG2) cells, Swiss 3T3 cells, and human umbilical vein endothelial cells
(HUVECGs). The co-cultured aggregates were then harvested and applied in a PDMS-fabricated
bioreactor for 10 days of perfusion culture. To maintain appropriate interstitial spaces for stable perfusion,
biodegradable poly-L-lactic acid (PLLA) scaffold fibers were used and mixed with the aggregates, forming a
loosely packed mode.

Results: In a microwell co-culture, Swiss 3T3 cells significantly contributed to the formation of hepatic
cell aggregates. HUVECs developed a peripheral distribution in aggregates for endothelialization. In the
perfusion culture, compared with pure HepG2 aggregates, HepG2/Swiss 3T3/HUVECs co-cultured
aggregates exhibited a higher level of cell proliferation and liver-specific function expression (i.e., glucose
consumption and albumin secretion). Under the loosely packed mode, co-cultured aggregates showed a
characteristic histological morphology with cell migration and adhesion to fibers. The assembled hepatic
tissue elements were obtained with 32% of in vivo cell density.

Conclusions: In a co-culture of HepG2, Swiss 3T3, and HUVECs, Swiss 3 T3 cells were observed
to be beneficial for the formation of endothelialized hepatic cell aggregates. Loosely packed aggregates
enabled long-term perfusion culture with high viability and biological function. This study will guide us in
constructing large-scale liver tissue models by way of aggregate-based modular assembly.
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Introduction

In liver tissue engineering, the key to constructing
in vitro liver tissue models is to mimic actual cellular
microenvironments and produce stable liver-specific
functions closely matching those measured in vivo.
Hepatocytes are attachment dependent and require
sufficient interactions with the surrounding cells and
extracellular matrix (ECM) (1). When cultured in a
monolayer, hepatocytes lose their normal phenotype
and functions (2). Therefore, three-dimensional (3D)
cultures of hepatocytes have been developed to form cell
aggregates (3). To date, approaches to culturing cell
aggregates mainly include the rotary culture system (4),
low-attachment culture plates (5), the hanging drop
technique (6), micropatterned substrates (7), and microwell
arrays (8,9).

However, a simple culture of pure hepatocyte aggregates
is not adequate to mimic the liver tissue structure. In fact,
the liver is composed of 80% hepatocytes (parenchymal
cells) and 20% non-parenchymal cells (10). Typical non-
parenchymal cells, such as vascular endothelial cells,
fibroblasts, stellate cells, and Kupffer cells, play crucial
roles in angiogenesis, tissue regeneration, and cell
signaling (11). Therefore, co-culturing hepatocytes with
other non-parenchymal cells is essential to mimic the
tissue microenvironment as well as promote cell biological
functions (12). Conventional Transwell co-culture is often
applied in establishing a platform for in vitro hepatotoxicity
research and drug screening (13), but it cannot be used
to build 3D tissue elements for further assembly. Using
a suspension culture, hepatocytes and non-parenchymal
cells are expected to self-assemble into heterogeneous
aggregates. However, because of the unstable heterotypic
interaction in certain types of cells, cells have been observed
to lack close contact, resulting in co-culture failures (14).
Thus, cell surface modification (15,16) and magnetic
microbeads (17) were introduced to control the cell
aggregation process manually. These methods usually
require specialized materials and devices, and involve
exogenous substances, such as synthetic polymers and
magnetic microbeads, which may influence normal cell
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function and have cytotoxic effects.

A biotechnological breakthrough was reported by Kojima
et al. (18), who were the first to use methylcellulose (MC)
for the rapid production of cellular aggregates. MC absorbs
the solvent of the cell suspension and forces the cells to
aggregate. Although cell aggregates can be obtained within
just several minutes using this technique, it is relatively
difficult to separate cell aggregates and high-viscosity MC
material. It is of considerable significance that we can rely
on cell self-organization to improve the cell-aggregation
quality in co-culture. Among the abovementioned non-
parenchymal hepatic cells, fibroblasts possess the function
of secreting several types of ECM molecules and soluble
growth factors (19). It has been demonstrated that
fibroblasts stabilize cell-cell interactions and enhance
hepatic functions (20-22). Therefore, combining fibroblasts
and hepatocytes in co-cultures is usually recommended for
obtaining highly functional aggregates without introducing
extra materials.

Co-cultured hepatic cell aggregates can be used as tissue
elements for large-scale tissue construction in a modular
assembly approach. By designing and fabricating individual
tissue modules as “building blocks” and assembling them
into an integral whole, it is feasible to build scalable and
complex tissue constructs with specific biological functions
(23,24). Aggregate-based modular assembly uses either
homocellular aggregates or co-cultured heterocellular
aggregates to build tissue modules. By means of molding
and 3D bioprinting approaches, cellular aggregates
can be precisely manipulated and self-organized into
macrostructures with unique size, shape, and constitution,
which are used as manageable units (25). Based on aggregate
assemblies, various functional tissue structures have been
generated, including cardiac (26), bone (27), hepatic (28),
salivary gland (29), thyroid gland (30), and blood vessel (31)
tissues.

We cannot ignore that large tissues and organs require
a mass of oxygen and nutrient supply, which are delivered
by blood vessels in vivo. Similarly, vascularization plays
a pivotal role in constructing iz vitro large-scale tissues,
especially for liver tissue with active metabolism. Vascular
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endothelial cells, as a type of non-parenchymal cell, are
commonly applied in co-culture to form endothelialized
aggregates (32). These aggregates are considered to be
pre-vascularized microtissues and are packed together
for perfusion culture (33). Endothelial cells gradually
mature and self-assemble into intricate capillary networks
among aggregates. Inamori et /. (34,35) generated
hepatocyte aggregates coated with HUVECs and packed
them in hollow fibers to assemble functional hepatic
tissue. However, due to the dense packing, some adjacent
aggregates started to fuse and lost their original boundaries.
Partial interstitial spaces were eliminated, thus blocking
perfusion flow and leading to massive cell death. In one of
their later relevant studies, cell viability in the culture system
decreased to less than 60% after just one day (28). Aiming
to solve this problem, we proposed the idea of “loosely-
packed hepatic tissue elements” in our previous studies
(36,37). We used biodegradable scaffold fibers and made a
mixture with formed hepatic cell aggregates in a perfusion
culture system, which has been proved to be a simple and
effective way of maintaining the interstitial space. Thanks
to the ameliorative perfusion condition, we implemented
a long-term perfusion culture and acquired self-assembled
hepatic tissue with high cell retention and enhanced
biological functions. However, in one of our former
studies (36) we used primary hepatocytes with limited
proliferation ability, which hampered the construction of
dense liver tissues. As a possible replacement in this study,
we used the highly proliferative HepG?2 cell line. This
line is derived from a hepatocellular carcinoma and has
preserved hepatic functions; thus, it seems to be adequate
for our purposes. Moreover, our constructed hepatic tissue
elements so far have merely consisted of hepatocytes and
endothelial cells. To improve cell interaction and hepatic
functions, the introduction of fibroblasts in the cell co-
culture should be considered.

Therefore, in this study, we introduced the Swiss 3T3
cell line as fibroblasts to generate advanced hepatic tissue
elements. By means of a novel polydimethylsiloxane
(PDMS)-based oxygen-permeable microwell device
(36,38,39), Swiss 3T3 and HUVECs were co-cultured
with HepG2 at a high cell density of 4.0x10° cells/cm” to
construct endothelialized hepatic cell aggregates. Aggregates
were mixed with biodegradable poly-L-lactic acid (PLLA)
fibers in a PDMS-based bioreactor for a 10-day perfusion
culture. Aggregates were loosely packed in a bioreactor
and achieved 32% in vivo cell density. As advanced hepatic
tissue elements, HepG2/Swiss 3T3/HUVECs co-cultured
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aggregates showed higher aggregation quality, stronger
cell proliferation ability, and better liver-specific functions
than pure HepG2 aggregates. This work highlights the
importance of fibroblasts in co-culturing high-quality
hepatic cell aggregates and validates the advantage of the
loosely packed mode in aggregate-based modular assembly.
Our study also provides guidance for constructing large-
scale liver tissue models.

Methods
Cell preparation

The hepatocellular carcinoma HepG2 cell line (RRID:
CVCL_0027) was purchased from the Japanese Collection
of Research Bioresources (JCRB) and was applied as
hepatocytes in this study. HepG2 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM, low glucose
containing) (10567022, Gibco, Tokyo, Japan) supplemented
with 10% fetal bovine serum (FBS) (10099141, Gibco), 1%
nonessential amino acid solution (NEAA) (11140, Gibco),
1% antibiotics (15140, Gibco), and 0.5 mM ascorbic acid
2-phosphate (323-44822, Wako, Tokyo, Japan). Swiss
3T3 cells JCRB, RRID: CVCL_0123) were cultured
in high glucose-containing DMEM (10569010, Gibco)
and employed as fibroblasts for co-culture with HepG2
cells. HUVECs (C2519A, RRID: CVCL_2959, Lonza,
Basel, Switzerland) were maintained in EGM-2 and were
harvested for experimental use between passages two and
six. All of the cells were incubated at 37 °C in a humidified
5% CO, atmosphere. Before inoculation into the microwell
device, Swiss 3 T3 cells were stained with cell membrane
labeling reagent PKH 67 (MINI67, Sigma, Tokyo, Japan),
and HUVECs were stained with PKH 26 (MINI26, Sigma)

for cell distribution observation.

Formation of endothelialized bepatic cell aggregates in the
PDMS-based oxygen-permeable microwell device

Figure 14 shows the structure of the PDMS-based oxygen-
permeable microwell device used in this study. The
fabrication process of the microwell device is detailed in our
previous work (36,38,39). Briefly, a 24-well culture plate
designed in-house was used as the main body, which consists
of a polycarbonate frame, a slice of PDMS sheet, and a
stainless bottom frame, stacked and immobilized by screws.
PDMS microwell membranes were installed in each of the
culture wells in the 24-well plate. The detailed structure of
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Figure 1 Formation of endothelialized hepatic cell aggregates in a polydimethylsiloxane (PDMS)-based oxygen-permeable microwell device.

(A) Structure of the PDMS-based oxygen-permeable microwell device. (B) Detailed structure of a microwell membrane. (C) Schematic

showing the process of co-culturing hepatocellular carcinoma (HepG2) cells, Swiss 3T3 cells, and human umbilical vein endothelial cells

(HUVEC:) in the microwell device.

the microwell membranes is shown in Figure 1B. Hexagonal
microwells were arranged in a honeycomb pattern on a 1
mm thick circular PDMS membrane. Each chamber of the
microwell measured 126 pm in both the inscribed circle
diameter and depth for cell inoculation. Supported by the
underlying PDMS sheet, microwell membranes enabled
direct oxygen diffusion from the bottom of the plate to the
cultured cells.

Before cell inoculation, the surfaces of the microwell
chambers were treated with a 2-methacryloyloxy ethyl
phosphorylcholine (MPC) polymer (lipidure-CR1701,
Nichiyu, Japan) coating to prevent cell adhesion (36,38).
Cells inoculated in microwells maintained suspension and
aggregated spontaneously. As shown in Figure 1C, HepG2
and Swiss 3T3 cells were first seeded at a ratio of 4:1 with
a total cell density of 4.0x10° cells/cm’. Pure HepG2 cells
at the same cell density were seeded as the control. Twenty
hours after inoculation into the microwell device, the
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aggregate formation of the two groups was evaluated. The
average diameter and spheroid circularity of aggregates
were calculated by Image] (RRID: SCR_003070). After
two days of co-culture, HUVECs were subsequently
inoculated into microwells at a density of 3.8x10* cells/cm’,
and endothelialization on the hepatic cell aggregates was
allowed to proceed for another three days of co-culture.
Endothelialized hepatic cell aggregates were constructed
and harvested for further perfusion culture.

Fiber treatment

Non-woven fabric (0.1 g, NWF, 20 g/m’) made from
PLLA (Figure 24) was cut into small fragments to serve
as biodegradable scaffold fibers. The fibers were treated
with 1 N NaOH in an ultrasonic bath for 3 h to enhance
their hydrophilicity. After centrifugation, the treated fibers
were collected and washed sequentially with 70% ethanol

Ann Transl Med 2020;8(21):1400 | http://dx.doi.org/10.21037/atm-20-1598



Annals of Translational Medicine, Vol 8, No 21 November 2020

A

Page 5 of 14

Figure 2 Preparation of biodegradable poly-L-lactic acid (PLLA) scaffold fibers. (A) Non-woven PLLA fabric (20 g/m’). (B) Single PLLA
fibers in the suspension (short fibers: 20-50 pm, medium fibers: 50-200 pm, long fibers: 200-300 pm).

(EtOH), Milli-Q, and phosphate buffer saline (PBS) for
three times each. The fibers were then passed through a
300 pm filter to remove fiber clusters. The resulting single

fibers (Figure 2B) were dispersed in culture medium for
further use.

Perfusion culture

A perfusion bioreactor was fabricated using PDMS for
oxygen supply. Figure 34 shows the structure of the
bioreactor. The culture medium was dispensed into the
culture chamber from the upper flow inlet and discharged
from the lower flow outlet. A 40 pm polyester mesh filter
was placed at the bottom of the culture chamber to trap
cultured elements. The total volume of the culture chamber
was 0.1028 cm’. The top tube was designed for aggregate
and fiber seeding and was tightly clipped during the
perfusion culture.

The configuration of the perfusion culture system
is illustrated in Figure 3B. The system has four major
constituent parts, namely, a medium reservoir, a peristaltic
pump, a bubble trap, and a PDMS-based bioreactor.
Endothelialized hepatic cell aggregates and PLLA fibers
were mixed at a ratio of 1:1 and loaded into the bioreactor.
For comparison, pure HepG2 aggregates were used
to perform the same perfusion culture. High glucose-
containing DMEM was supplied as the perfusion culture
medium. The perfusion culture was carried out for
10 days with daily culture medium replacement. During the
culture period, the whole perfusion system was placed in an
incubator at 37 °C in 5% of CO,. The flow rate of perfusion
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was controlled at 0.24 mL/min to meet the demand for
cellular oxygen consumption.

Iimmunostaining

The formed endothelialized hepatic cell aggregates were
resuspended and collected from the microwells. The
aggregates were fixed with 4% paraformaldehyde for 30 min
and permeabilized with 0.1% Triton-X 100 (21123, Sigma)
for 20 min, followed by blocking in 1% BSA for another
30 min. Mouse anti-human vascular endothelial (VE)-
cadherin (monoclonal, clone BV6, RRID: AB_10845943,
MABT134, Merck Millipore, Billerica, MA, USA) was
diluted to a ratio of 1:200 and used as a primary antibody.
The blocked aggregates were incubated in the primary
antibody solution overnight at 4 °C. Subsequently, the
aggregates were treated with Alexa 555-conjugated
Goat anti-Mouse IgG (polyclonal, IgG(H+L), RRID:
AB_2535846, A21425, Invitrogen, USA) as a secondary
antibody at a 1:200 dilution for 2 h. Cell nuclei were stained
with 4’,6-diamidino-2-phenylindole (DAPI) for 15 min.
Fluorescent images were captured under a fluorescence

microscope (IX 50, Olympus, Tokyo, Japan).

Measurement of DNA content and assessment of liver-
specific functions

The bioreactors loaded with aggregates and fibers were
fixed in 4% paraformaldehyde solution for 30 min and
dehydrated in sucrose solution with gradient concentrations
of 10% (2 h), 20% (2 h), and 30% (overnight at 4 °C). The
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Figure 3 Perfusion culture system. (A) Structure of the PDMS-based bioreactor (cross-sectional view in the left schematic figure).

(B) Configuration of the perfusion culture system.

samples were then incubated with PBS containing gelatin
for 1 h at 37 °C, and finally blocked at -70 °C. Each sample
was vertically cut into two equal parts. One was for DNA
content measurement, and the other was for histological
morphology observation. For DNA content measurement,
the cut samples were sonicated at 40 W for 1 min on ice.
The DNA content of suspension was measured by DAPI-
fluorometry.

To evaluate the liver-specific functions during the
perfusion culture, glucose consumption and albumin
production were measured. The culture medium was
collected from the medium reservoir and used in a
quantitative measurement of glucose concentration using
a biochemistry analyzer (YSI 2950, YSI Life Science,
OH, USA). To measure albumin production, a sandwich-
type enzyme-linked immunosorbent assay (ELISA) was
performed using anti-human albumin goat antibody
(polyclonal, human albumin, RRID: AB_67016, A80-129A,
Bethyl Products, USA) and peroxidase-conjugated anti-
human albumin goat antibody (polyclonal, serum albumin,
RRID: AB_67023, A80-129P, Bethyl Products, USA) as

primary and secondary antibodies, respectively.

© Annals of Translational Medicine. All rights reserved.

Hematoxylin and eosin (H&E) staining

The other part of the divided samples mentioned
above was employed in hematoxylin and eosin (H&E)
staining. Sections from the central region of each sample
were obtained at 10 pm thickness using a microtome
and subsequently stained with H&E. The histological
morphology of the aggregates was observed under a
transmitted light microscope (BX 50, Olympus).

Statistical analysis

All of the data in the results were presented as mean =
standard deviation. A Student’s #-test was used to compare
the means of the pure HepG2 group and the co-cultured
*, P<0.05, **,

group. Statistical significance was defined as
P<0.01, and ***, P<0.001.

Results
Co-culture of HepG2 and Swiss 3T3 cells

In our pre-experiment, the inoculation ratio of HepG2 and
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Figure 4 Swiss 3T3 cells facilitated the formation of hepatic cell aggregates. (A) Images of pure HepG2 aggregates (left) and HepG2/

Swiss 3T3 co-cultured aggregates (right) after 20 h of cell inoculation. (B) Average diameter of pure HepG2 aggregates and co-cultured

aggregates. (C) Spheroid circularity of pure HepG2 aggregates and co-cultured aggregates (scale bar: 100 pm) (¥, P<0.05; **, P<0.01).

Swiss 3T3 was investigated. With a higher proportion of
Swiss 3T3 cells, aggregation of HepG2 cells was obviously
accelerated. However, a high ratio of fibroblasts (50%)
could cause excessive cell aggregation, resulting in aggregate
movement out of the microwell chambers (data not shown).
Therefore, taking into account the aggregate morphology
and cell growth condition, the percentage of Swiss 373 cells
was set at 20%.

After 20 h of inoculation in the microwell device,
compared with pure HepG2 aggregates, HepG2 cells co-
cultured with Swiss 3T3 cells formed aggregates with a
smoother surface (Figure 44). The average diameter of co-
cultured aggregates was smaller than that of pure HepG2
aggregates (Figure 4B). Co-cultured aggregates showed a
higher level of contraction, indicating tighter cell junction.
The circularity of the aggregates was also compared in
Figure 4C to reflect the aggregate quality. It was noted that
co-cultured aggregates had a shape closer to spheroids. This
result demonstrated that fibroblasts provide a beneficial
function in the formation of hepatic cell aggregates.

© Annals of Translational Medicine. All rights reserved.

Endothelialization of hepatic cell aggregates in the
microwell device

On day two after HUVECs inoculation, co-cultured
aggregates were observed occupying most of the volume
of the microwell chambers. Some overgrown aggregates
damaged the MPC coating layer and adhered to the
chamber wall, eventually causing aggregate disintegration.
Figure 5A illustrates the distribution of Swiss 3 T3 cells
and HUVEC:s in the microwells. Interestingly, the seeded
HUVEC:s did not develop a conspicuous cell coating layer
as expected. Some HUVECs formed self-aggregated small
clusters among the microwell chambers. After filtrating
these clusters, detailed fluorescent images of individual
aggregates were captured. As shown in Figure 5B, the
majority of Swiss 3T3 cells were distributed in the interior
region of aggregates, whereas HUVECs were mainly
distributed in the peripheral region. As a consequence, a
hierarchical structure was constructed with inner HepG2
and Swiss 3T3 cells and outer HUVECs, suggesting
the formation of endothelialized hepatic cell aggregates.
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Figure 5 Endothelialization of hepatic cell aggregates in the microwell device. (A) Fluorescent images showing the distribution of Swiss 313

cells (green) and HUVECs (red) in microwell chambers. (B) Magnified fluorescent images showing the detailed distribution of Swiss 3T3

cells (green) and HUVEG:s (red) in a single aggregate. (C) An immunofluorescent image illustrating VE-cadherin expression by HUVECs

(scale bar: 100 pm).

Figure 5C shows the immunofluorescence of VE-cadherin,
which is a specific protein expressed by vascular endothelial
cells. As shown in the figure, the co-cultured HUVECs
exhibited wide expression of VE-cadherin, indicating the
normal biological function of HUVECs in endothelialized
hepatic cell aggregates. The results attested to the feasibility
of generating functional endothelialized hepatic cell
aggregates by means of co-culturing HepG2, Swiss 3713,
and HUVEC:s in the microwell device.

Fiber preparation

Using the fiber treatment process mentioned above, a fiber
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suspension with a density of 12 fibers/pL was obtained,
which was suitable for mixing with aggregates. The
average diameter of fibers was 20 pm, and the length was
predominantly in the range of 20-300 pm. Table 1 shows
the statistical data of the fiber length distribution in the
suspension. Fibers with lengths of 20-50, 50-200, and
200-300 pm were defined as short, medium, and long,
respectively. Medium fibers constituted the main part,
with a proportion of 43.58%. Short fibers accounted for
28.49%, but were easily washed away through the filter.
The remaining 27.93% were made of long fibers, which
could break up into shorter segments under the effect of
perfused flow.
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Table 1 Distribution of fiber length in the suspension
Fiber length (um) 20-50 50-100 100-150 150-200 200-250 250-300
Proportion (%) 28.49 18.44 15.64 9.50 15.64 12.29
Degree Short Medium Medium Medium Long Long
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Figure 6 Measurement of cell proliferation and liver-specific functions during the perfusion culture. (A) Cell number of aggregates on day 1

and day 7. (B) Glucose consumption rate of aggregates in seven days of culture. (C) Albumin secretion of aggregates in seven days of culture

(***, P<0.001).

Evaluation of cell proliferation and liver-specific functions

The total DNA content of aggregates was measured and
normalized to cell number (Figure 64). On day one of the
perfusion cultures, both groups contained approximately
4.0x10° cells. However, after seven days of culture, the
two groups exhibited significantly different degrees of cell
proliferation. A rapid growth in cell number was observed
in co-cultured aggregates, with the value reaching 8.6x10°
cells, whereas pure HepG2 aggregates showed a minor
proliferation, with 5.8x10° cells. After 10 days of culture,
the final cell density of the co-cultured aggregates was
3.24x10"/cm’, which is equivalent to 32% of the in vivo cell
density (~1x10%/cm’). According to this result, cells were
able to maintain active proliferation under the co-culture
condition.

Glucose consumption is relevant for cell respiration
and glucose metabolism, which are some of the basic

© Annals of Translational Medicine. All rights reserved.

metabolic activities of liver cells. In Figure 6B, the glucose
consumption rate of aggregates was tracked during the
perfusion culture. For co-cultured aggregates, the amount
of glucose consumption maintained a steady augment
from 20 mg/10° cells on day one to 35 mg/10° cells on day
seven. In contrast, glucose consumption of pure HepG2
aggregates merely showed a slight increase and remained
at no more than 10 mg/10° cells. Notably, despite the
similar cell numbers between the two groups on day one,
the glucose consumption rate of co-cultured aggregates
was obviously higher than that of pure HepG2 aggregates.
"This result was consistent with the result of DNA content
measurement, and indicated a stronger proliferation
capability and metabolic activity of co-cultured aggregates
than pure HepG2 aggregates.

With respect to the assessment of liver-specific secretion
function, human albumin production was measured and is
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Figure 7 Histological morphology of aggregates in the bioreactor after 10 days of perfusion culture. (A) Pure HepG2 aggregates. (B)
Endothelialized hepatic cell aggregates (HepG2/Swiss 3 T3/HUVECs) (scale bar: 100 pm).

shown in Figure 6C. In both groups, albumin production
decreased slightly in the first two days and then exhibited
steady growth from day three. The reason may be the
partial cell loss and the variation of culture conditions.
Similarly, albumin secretion of co-cultured aggregates
consistently increased, and we noticed a sharper increase
during the culture period. On day seven, co-cultured
aggregates reached albumin production of 17.5 pg/10°
cells, which was a value two times higher than that of pure
HepG2 aggregates. On the basis of these results, it can be
concluded that co-culturing HepG2 cells with Swiss 3713
cells and HUVECs enabled the promotion of typical liver-
specific functions.

Histological morphology of endothelialized hepatic cell
aggregates after perfusion culture

Having accomplished the 10-day perfusion culture,
H&E staining was performed to observe the histological
morphology of aggregates in the bioreactor. Figure 7
displays images of pure HepG2 aggregates (Figure 74) and
co-cultured aggregates (Figure 7B). Although obvious gaps
existed among the pure HepG2 aggregates, some debris
separated from the aggregates was observed floating in the
interstitial spaces, which could hinder normal perfusion
flow. In addition, some of the aggregates converged and
lost their original boundaries, leading to the development
of non-perfused areas. On the contrary, larger interstitial
spaces were retained among co-cultured aggregates.
Remarkably, some cells were observed growing out of the
co-cultured aggregates. The cells adhered to and spread
along the fibers, causing immobilization of the aggregates.
Under the effect of cell-fiber interaction, the co-cultured
aggregates lost their original spherical shape. Accordingly,
aggregates cultured with fibers exhibited a loosely packed
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structure and generated the necessary spaces for sufficient
medium perfusion, which is ideal for long-term culture.

Discussion

Based on a “bottom-up” strategy of tissue engineering,
modular assembly provides a promising method of
generating large-scale tissues and organoids via fabricating
manageable modules and assembling them into a functional
whole. Aggregate-based modular assembly uses 3D
cultured cell aggregates as functional microtissue modules
for later assembly. When endothelialized aggregates are
packed together and applied in a perfusion culture system,
endothelial cells tend to form intercellular connections
that develop into a network structure (34,35,40). However,
closely packed aggregates can spontaneously form cell
attachments and undergo fusion, leading to the blockage of
perfusion flow. Considering this, we added biodegradable
PLLA fibers into packed aggregates to acquire the necessary
interstitial spaces in normal perfusion culture. Co-
cultured aggregates of HepG2/Swiss 3T3/HUVECs were
constructed and used as advanced modules for functional
liver tissue assembly in this study. The loosely packed
aggregates in the bioreactor promoted cell proliferation
and liver-specific functions, and finally achieved high
cell density, suggesting that this is a feasible approach for
constructing large-scale liver tissues.

The co-culture of hepatic cell aggregates was performed
in a PDMS-based oxygen permeable microwell device.
It is commonly known that hepatocytes consume large
amounts of oxygen for metabolic activities. In addition, in
view of the density of real liver tissue, aggregates of high
cell density should be generated for liver tissue modules.
Thus, oxygen supply plays a critical role in aggregate co-
culture. Conventional culture plates made of tissue culture-
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treated polystyrene (TCPS) are not oxygen-permeable.
The available oxygen mainly derives from that dissolved in
the culture medium. However, due to the poor solubility
of oxygen in the culture medium, the amount of cell-
acquired oxygen is very limited. To address this problem,
we previously fabricated a novel PDMS-based culture plate
which contains a PDMS bottom membrane to enable direct
oxygen diffusion. The oxygen supply through the PDMS
membrane was two orders of magnitude higher than that
through the culture medium (41). Based on this difference,
we generated high-density cultures of hepatocytes in our
previous studies (36,37,39,42). Here, utilizing the same
microwell device, we successfully acquired cell aggregates
with a cell density of 4.0x10° cells/cm’.

In this study, we applied Swiss 3T3 cells and HUVECs
in co-culture with HepG2 cells. Our previous research (36)
was based on primary hepatocytes with limited proliferation
ability, which is not conducive for the construction of
dense liver tissues. Therefore, a type of hepatocellular
carcinoma cell (HepG2) with proliferation ability and
preserved hepatic functions was employed here. The
Swiss 3T3 fibroblast cells synthesize a variety of ECM
molecules, such as collagen, elastin, proteoglycan, and
fibronectin. HUVECs, as endothelial cells, are essential in
angiogenesis for tissue vascularization. Both types of non-
parenchymal cells are widely used in the hepatocyte co-
culture. In comparison with pure HepG2 aggregates, co-
culturing Swiss 313 cells with HepG2 cells dramatically
facilitated the formation of spherical aggregates. Co-
cultured aggregates exhibited a compact cell junction with
a smooth surface, which could be related to the ECM
secretion by fibroblasts. To endothelialize the aggregates,
HUVECs were added to the microwells after two days of
HepG2/Swiss 3T3 co-culture. It was noticed that HUVECs
formed a non-uniform distribution in the aggregates, and
some cells self-aggregated to small clusters. Interestingly,
Wenger et al. (43) generated collagen-embedded spheroids
by co-culturing HUVECs with human fibroblasts (hFB).
Cells self-organized and developed a characteristic spatial
organization with HUVECs aggregating in the center and
fibroblasts locating peripherally. They deduced that the
temporal and spatial organization of co-culture spheroids
was highly cell-type dependent, which could be an
interpretation to the results of our current study.

Perfusion culture is essential to supply sufficient oxygen
and nutrients for cell survival. It has been widely used
not only in liver transplantation (44,45) but also in tissue
engineering. In our work, during the perfusion culture,
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HepG2/Swiss 3T3/HUVECs co-cultured aggregates
showed a higher level of cell proliferation and liver-specific
functions compared with HepG2 aggregates cultured alone.
The results concur with those of several relevant studies
(20-22). Heterotypic cell-cell interactions existing in co-
cultures of hepatocytes with fibroblasts or endothelial
cells have been shown to be beneficial to the hepatic
phenotype and functional maintenance. Similar results
were obtained in co-culturing some other types of non-
parenchymal cells, such as stellate cells (46). In our previous
work, primary rat hepatocytes were co-cultured with
HUVECs (37). Albumin secretion was sharply reduced in
the first three days of the perfusion culture, and slightly
increased afterward. However, albumin secretion of
HepG2/Swiss 3T3/HUVECs co-cultured aggregates only
exhibited an unobvious decrease in the early stage, followed
by a steady and robust increase. We speculated that hepatic
cell aggregates cultured without fibroblasts might lack the
necessary ECM components to maintain close cell—cell
interactions. The structures of some aggregates eventually
collapsed, causing loss of hepatic functions. Thus, our
present work highlighted the advantage of co-culturing
hepatocytes, fibroblasts, and endothelial cells as a ternary
co-culture system.

After 10 days of perfusion culture, we noticed that
cells grew out of HepG2/Swiss 3T3/HUVECs co-
cultured aggregates and formed adhesion to PLLA fibers,
which did not occur in the pure HepG2 aggregates,
nor in the previous primary rat hepatocytes’f HUVECs
aggregates (36). We conclude that Swiss 3T3 cells
(fibroblasts) can play an important part in enhancing cell
migration. Since HepG2 cells are hepatocellular carcinoma
cells, growth factors secreted by fibroblasts such as
transforming growth factor-p1 (TGF-B1) (47) may be able
to stimulate the metastasis of cancer cells. Fibroblasts could
also generate chemokines, such as vascular endothelial
growth factor (VEGF), that target endothelial cells (48).
Loosely packing aggregates ensured the sufficient supply
of culture medium and created an ameliorated mass
transfer condition. The long-term culture of aggregates
was achieved with good histological morphology.
The assembled aggregates reached a cell density of
3.24x107 cells/cm’, which is about 32% that of real tissue.
However, further research is still needed. In order to better
mimic the biological characteristics of real liver tissue, the
cell source should be further considered. Due to the ability
of effective expansion in vitro and orientated differentiation,
induced pluripotent stem cell (iPS) and embryonic stem
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cell (ES)-derived hepatocytes exhibit promising potential
in liver tissue engineering applications, including the
generation of large-scale liver tissue equivalents. To evaluate
the effect of tissue vascularization by aggregate assembly,
the related biological functions of formed microvascular
networks should be further validated. For further iz vivo
tests, advanced detection methods should be employed
to determine the detailed cell composition of formed
aggregates, including cell type, number, and ratio. Besides,
the mechanism of cell interaction between hepatocytes
and other non-parenchymal cells still needs to be clarified,
which would help us optimize the cell types and ratios in
the aggregate co-culture.

Conclusions

To construct advanced hepatic tissue elements, HepG2
cells, Swiss 3T3 cells, and HUVECs were co-cultured
in an oxygen-permeable PDMS-based microwell device.
The cell density of aggregates reached 4.0x10° cells/
em’ under sufficient oxygen supply. We found that Swiss
3T3 cells highly promoted the formation of hepatic
cell aggregates. The inoculated HUVECs developed a
peripheral distribution in the aggregates and supported
endothelialization. In comparison to pure HepG2
aggregates, HepG2/Swiss 3T3/HUVECs co-cultured
aggregates exhibited a higher level of cell proliferation
and expression of liver-specific functions (i.e., glucose
consumption and albumin secretion) during the perfusion
culture. Biodegradable PLLA scaffold fibers enabled
aggregates to pack together loosely, maintaining interstitial
spaces for sufficient medium perfusion and thereby
ameliorating the mass transfer conditions. A characteristic
histological morphology was observed in co-cultured
aggregates after 10 days of culture. Some cells migrated
out of the aggregates and adhered to the fibers. The final
cell density of assembled aggregates in the bioreactor was
3.24x107 cells/cm’, which is nearly 32% of the density of
real liver tissue. This study validated the beneficial function
of fibroblasts in the hepatic cell co-culture and set the
basis for constructing large-scale liver tissue models by the
aggregate-based modular assembly.
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