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ABSTRACT

Purpose Hepatocellular carcinoma (HCC) is a prevalent solid
malignancy. Critically needed discovery of new therapeutics has
been hindered by lack of an in vitro cell culture system that can
effectively represent the in vivo tumor microenvironment. To
address this need, a 3D in vitro HCC model was developed
using a biocompatible, chitosan-alginate (CA) scaffold cultured
with human HCC cell lines.

Methods The correlation between the cell function, such as
secretion of growth factors and production of ECM in vitro, and
the tumor growth and blood vessel recruitment in vivo was
investigated.

Results HCC cells grown on 3D CA scaffolds demonstrated
morphological characteristics and increased expression of
markers of highly malignant cells. Implantation of CA scaffolds
cultured with human HCC cells in mice showed accelerated
tumor growth. Histology revealed marked differences in
morphology and organization of newly formed blood vessels
between tumors produced by different pre-cultured condi-
tions. Resistance to doxorubicin was significantly pronounced in
CA scaffold-cultured HCC cells compared to 2D or Matrigel
cultured HCC cells.
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Conclusions This 3D model of HCC, with its ability to more
closely mimic the in vivo tumor behavior, may serve as an
invaluable model for study and application of novel anticancer
therapeutics against HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most
common solid malignancies with over a million new cases
diagnosed annually worldwide. Most patients with HCC
present in an advanced stage are not amenable to
potentially curative treatments (e.g. orthotopic liver trans-
plantation and surgical liver resection) (1). Even the most
recent advancements in chemotherapeutics (e.g. Sorafenib)
prolong survival by merely three months (2), which signals
an urgent need for the development of new and more
effective therapies.

Unfortunately, experimental models used to test novel
HCC therapies are limited. Costly i vivo animal models
remain the most sophisticated and faithful models of the
disease (3,4). In vitro studies are an essential component of
the initial screening for any anti-cancer therapy, allowing
for high-throughput, cost-efficient exploration of potential
therapeutics. However, traditional @ vitro cell culture on
two-dimensional (2D) tissue culture substrates fails to
simulate the structure of the tumor microenvironment
(TME) present i viwo, i.e., complex cell-cell organization
and extracellular matrix (ECM)-cell interactions, which
have significant effects on cell phenotype and malignancy
(5-8). Cells in 2D culture are forced to adhere to a rigid
surface and are geometrically constrained, adopting a flat
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morphology (7) which alters the cytoskeletal regulation that
1s important in intracellular signaling and consequently can
affect cell growth, migration, and apoptosis (7,9). More-
over, organization of the ECM, which is essential to cell
differentiation, proliferation, and gene expression (10), is
absent in 2D cultured tumor cell models. These limitations
of 2D cultures often result in biological responses to drugs
and potentially curative treatments @ ovitro strikingly
different from what is observed i vivo. The ideal i vitro
TME model should provide a platform for i witro drug
screening that will better translate to @ vwo testing by
mimicking both the spatial arrangement of cells and ECM
signaling found in tumors i vivo, resulting in the expression
of the native i viwo phenotype in these cells (7,8).

A number of studies have demonstrated that three-
dimensional (3D) tumor cell culture @ vitro induces an
increase in malignant phenotype and drug resistance
compared to standard 2D cultured cells (5-9,11,12). The
3D organization of tumor cells has been suggested to play a
key role in the induction of environment-mediated drug
resistance (9,13), via environmental cues including hypoxia
(14) and contact signaling with the ECM and neighboring
cells (9,15). Therefore, 2D wn wvitro cell culture models are
unlikely to accurately represent the  vivo state. A variety of
synthetic and natural materials including poly(lactide-co-
glycolide), collagen, fibrin, and the commercially available
Matrigel have been explored to replicate the 3D TME
vitro. However, many synthetic materials degrade into acidic
non-biocompatible byproducts, and mammalian sourced
natural ECM materials may introduce pathogens in
addition to their high cost. Matrigel, a commercially
available proprietary mixture of ECM proteins and growth
factors secreted by mouse tumor cells, represents the
industry standard for ECM replacement (7,8,10).

In this study, we use a chitosan-alginate (CA) scaffold
system to address the limitations of existing ¢ vitro tumor
models. Both chitosan and alginate are biocompatible, non-
mammalian-sourced natural polymers with properties ideal
for cell culture scaffold formation. Chitosan, a natural
polysaccharide derived from the partial deacetylation of
chitin, shares structural similarities to glycosaminoglycans
present in the native ECM (16,17). Alginate is a family of
polyanionic copolymers derived from brown sea algae, and
comprises 1,4-linked P-D-mannuronic and o-L-guluronic
residues in varying proportions. The chitosan and alginate
can be used to create a 3D interconnected, CA complex
porous structure (18,19). Previous studies have demonstrated
a number of advantages of the CA scaffold system,
including i vitro and n vivo biocompatibility, biodegrad-
ability, non-immunogenicity, and an ability to stimulate
cell differentiation (18-21). Here we investigate if CA
scaffolds can be used to mimic the structure of the in vivo
TME of HCC in vitro by inducing a biological response in
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the HCC cell lines, PLC/PRF/5 (PLC) and HepG2. This
i vitro HCC tumor model developed on CA scaffolding
more closely resembles the i viwo tumor than traditional
2D cell culture or Matrigel and may be used as a platform
to rapidly evaluate anti-cancer therapies that will translate
better to i viwo studies and promote effective treatment of
this deadly disease.

MATERIALS AND METHODS
Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis,
MO) unless otherwise specified. Chitosan (PolySciences, PA,
15,000 MW) and sodium alginate powders were used as
received. Antibiotic-antimycotic, Dulbecco’s phosphate-
buffered saline (D-PBS), and Alamar Blue reagent were
purchased from Invitrogen (Carlsbad, CA). Fetal bovine
serum (FBS) was purchased from Atlanta Biologicals
(Lawrenceville, GA). PLC/PRF/5 (PLC) and HepG?2
human hepatocellular carcinoma cell lines and Eagle’s
Minimum Essential Medium (MEM) were purchased from
American Type Culture Collection (ATCC, Manassas,
VA). Cells were maintained according to manufacturers’
instructions in fully supplemented MEM (MEM with 10%
FBS and 1% antibiotic-antimycotic) at 37°C and 5% COs
in a fully humidified incubator. Reduced growth factor
Matrigel matrix was purchased from BD Biosciences (San
Jose, CGA). bFGF, IL-8, and VEGF ELISA kits were
purchased from R&D Systems (Minneapolis, MN). PVDF
membrane and Immun-star chemiluminescent reagent
for dot blotting were purchased from BioRad (Hercules,
CA), while antibodies were purchased from Abcam
(Cambridge, MA).

Chitosan-Alginate Scaffold Synthesis

The chitosan-alginate (CA) scaffolds were prepared as
previously reported (18,19). Briefly, a 4 wt% chitosan and
2 wt% acetic acid solution was mixed under constant
stirring in a blender for 7 min to obtain a homogeneous
chitosan solution. A 4 wt% alginate solution was added to
the chitosan solution and mixed in a blender for 5 min to
obtain a homogeneous CA solution. The CA solution was
cast in 24-well cell culture plates and frozen at —20°C for
8 h. The samples were then lyophilized, sectioned into discs
of 13 mm diameter X 2 mm thickness, crosslinked in 0.2 M
CaCly solution for 10 min under vacuum, washed with
deionized water several times to remove any excess salt, and
sterilized in 70 v% ethanol for 1 h. The scaffolds were then
transferred to a sterile PBS solution and placed on an
orbital shaker for >12 h to remove any excess ethanol.
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Cell Culture

Cells were seeded onto damp CA scaffolds in 24-well plates
at 50,000 cells in 50 pL fully supplemented media per well.
Cells were allowed to infiltrate the scaffold for 1 h before
1 mL fully supplemented media was added to each well.
For Matrigel pre-cultured samples, 50,000 cells suspended
in 200 pL fully supplemented media were mixed with
200 puL Growth Factor Reduced Matrigel matrix to form a
viscous gel and placed in 24-well plate wells to gelate i situ.
Matrigel samples were allowed to gel for 1 h before 1 mL
fully supplemented media was added to each well. For 2D
pre-cultured samples, 50,000 cells in 1 mL fully supple-
mented media were added to 24-well plate wells. Media
were replaced every 2 days.

Cellular Proliferation Analysis

Proliferation of cells cultured on 2D wells, Matrigel matrix,
and CA scaffolds was determined using the Alamar Blue
assay following the manufacturer’s protocol. Briefly, cells
were washed with D-PBS before adding 1 mL of Alamar
Blue solution (10% Alamar Blue in fully supplemented
MEM) to each well. After 2 h, the Alamar Blue solution
was transferred to a 96-well plate to obtain fluorescent
values on a SpectraMax M2 microplate reader (Molecular
Devices, Sunnyvale, CA) at 550 nm excitation, 590 nm
emission. Standard curves were generated by seeding cells
counted using a hemocytometer onto cell culture materials
in triplicate, and performing Alamar Blue assay to generate
a plot of linear regression of fluorescent values wvs. cell
number for each material. The cell number in an
experimental sample was calculated based on the standard
curve. No background fluorescence was generated by CA
scaffolds. Cells were again washed with D-PBS to remove
Alamar Blue solution and fresh, fully supplemented media
were added to each well.

Cellular Morphology Analysis (by SEM)

Samples for SEM analysis were first fixed with cold
Karnovsky’s fixative overnight followed by dehydration in
a series of ethanol washes (0%, 50%, 70%, 90%, 100%
ethanol in deionized water). Samples were critical point
dried and sputter coated with platinum before imaging with
a JSM 7000 SEM (JEOL, Tokyo, Japan).

Cellular Protein Expression Analysis

After 9 days of culture, media from cell cultures were replaced
with a low serum counterpart (media containing 1% FBS and
1% antibiotic-antimycotic), and cells were incubated for 24 h.
Media were collected and stored at —80°C for future use.

Growth factor (bFGF, IL-8, and VEGF) secretion was
determined via ELISA assays following the manufacturer’s
protocol. The protein concentration per cell was calculated
based on cell number in the well, and the values were
normalized to 2D culture conditions. Glypican-3 was detected
using dot blot analysis, and protein concentration per cell was
normalized to 2D culture conditions using Image] (NIH,
Bethesda, MD).

In Vivo Tissue Response

All animal studies were performed in accordance with
University of Washington IACUC oversight on approved
protocols. Athymic nude male mice (nu/nu, 088 strain,
Charles River Labs, Wilmington, MA), 6—8 weeks of age,
were anesthetized with a solution of ketamine and xylazine
before CA scaffolds containing cells were implanted
subcutaneously into the left and right flanks. 2D and
Matrigel matrix pre-treated cells were diluted into 100 pL
media to a cell number matching that of CA scaffold
cultured cells prior to implantation based on Alamar Blue
assay, and mixed with 100 pL. Matrigel before injecting
subcutaneously into the left and right flanks of the
anesthetized mice. Four mice were tested per group. CA
scaffold tumors were measured using calipers, and volume
was calculated using the formula of a cylinder, i.e., volume =
radius® X height X m, subtracting initial dimensions of the
scaffold (265 mm®), and the formula for an ellipsoid volume
(22) (volume = length X width® X 11/6) was used for 2D and
Matrigel tumors. Four weeks post-implantation of PLC and
HepG2 tumors, mice were sacrificed by GOy inhalation
followed by cervical dislocation, and the tumors were
resected, fixed in a 10% formalin solution, and submitted
for histological analyses.

Cellular Response to Chemotherapeutic Agents

After 10 days of culture, media from cell cultures were
replaced with 1 mL fully supplemented cell culture media
containing various concentrations of doxorubicin. Cells
were induced with doxorubicin containing media for 24 h,
after which media was replaced with standard fully
supplemented cell culture media. Cell viability was assessed
using the Alamar Blue assay following the manufacturer’s
protocol as described above. LDjy; was estimated via a
polynomial approximation.

Statistical Methods
All experiments were performed in quadruplicate (n=4).
Data are presented as means * standard deviation.

Statistical analysis at each sampling point was performed
using one-way analysis of variance (ANOVA) comparing
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each treatment condition. Differences were considered
significant for p<0.05.

RESULTS
In Vitro Cell Response

In vitro models of hepatocellular carcinoma (HCC) were
generated by culturing human PLC/PRF/5 (PLC) or
HepG2 cells in either a 2D surface, Matrigel, or CA
scaffold environment. The proliferative response of these
cells was compared using the Alamar Blue assay. As shown
in Fig. 1, successful expansion and propagation was
observed for both PLC and HepG2 cell lines in all three
substrate conditions. Statistically significant differences in
PLC proliferation were observed at 2 (p<0.01), 4 (p<0.01),
6 (p<0.01) and 8 (p<0.01) days. Similarly, HepG2 also
exhibited statistically significant changes in proliferation
at 2 (p<0.01), 4 (p<0.01), 6 (p<0.01), 8 (p<0.01) days.
However, the proliferation rates in 3D culture conditions,
t.e., Matrigel and CA scaffolds, were significantly lower
than the rates in the 2D condition.

The effect of the culture microenvironment on cell
morphology was evaluated by SEM, which showed signif-
icant differences in cell morphology and organization
between 2D and 3D culture conditions for both HCC cell
lines (Fig. 2). PLC cells cultured on a flat monolayer 2D
condition exhibited an elongated morphology, whereas
when cultured in Matrigel, cells exhibited an enlarged
spherical morphology and clustered together within the
provided ECM. This 3D organization of PLC cells was also
observed when cultured in CA scaffolds, where spherical
cells formed large dense aggregates within the pores of the
scaffold. Similarly, HepG2 cells exhibited a spherical
morphology when cultured in either Matrigel or CA
scaffolds and demonstrated greater organization by forma-
tion of stacked groupings of cells that filled the scaffold
pores.

>

Cellular Protein Expression

The protein expression profile of the cultured cells was
examined to determine if the various culture conditions
would affect the secretion of growth factors or cytokines that
may stimulate tumor expansion and promote malignancy.
The expansion of malignant tumors has been shown to be
dependent on the development and maintenance of the
surrounding vascular network # vwo (23); therefore, we
evaluated the expression of pro-angiogenic growth factors
IL-8, bFGF, and VEGF, secreted by HCC cells, using
ELISA assays. IL-8 has been implicated in cell proliferation,
invasion, and recruitment of blood vessels for cancer cell
survival (23). As illustrated in Fig. 3A, IL-8 expression was
upregulated by both PLC and HepG2 cells cultured in CA
scaffolds, by a factor of 2.86%0.38 fold (p<0.01) and 4.37*
0.84 fold (p<0.01), respectively, as compared to 2D cultured
cells. bFGF is a chemotactic signal that induces endothelial
cell migration, an angiogenic phenotype, stimulating
proliferation, and the release of ECM remodeling
enzymes (24). As shown in Fig. 3B, CA scaffold-cultured
PLC and HepG2 cells both increased the expression of
bFGF by a factor of 1.831£0.22-fold (p<0.01) and 3.16*
0.81-fold (p<0.01), respectively, as compared to their 2D
counterparts. VEGF is a multi-functional cytokine that
plays an important role in angiogenesis (25). VEGF
expressed by PLC and HepG2 cells cultured in CA
scaffolds was significantly higher than that of 2D cultured
cells, by a factor of 2.28%0.27-fold (p<0.01) and 2.54=*
0.43-fold (p<0.01), respectively (Fig. 3C).

Glypican-3 (GPC-3) is a surface proteoglycan expressed
in up to 83% of HCCs and has been used as a specific
marker of a cell’s malignant transformation (26-28).
HepG?2 is known to express a high level of this gene, while
PLC does not (26). Dot blots used to determine the GPC-3
expression level showed that GPC-3 expression in HepG2
cells cultured in 3D Matrigel and CA scaffolds was greatly
increased, by 2.61+0.37-fold and 5.51+0.42-fold (p<0.01),
respectively, compared to 2D culture (Fig. 4).
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:I'IDt' | b :ﬂDt' |

- atrige * € w o] atrige i

2 31 —.—CA Scaffold — g —+—CA Scaffold

x * ¥ 2 ¥

2 2 34

g E Y *

Z 4] * i z i

b 3 “] " :

0 i 2 0 1- /

0 —

1234567839

Time (days)

12345¢678§89
Time (days)

Fig. 1 Effect of culture conditions on hepatocellular carcinoma cell proliferation. Populations of (@) PLC and (b) HepG2 cells cultured for a period of
8 days on 2D plates, Matrigel matrices, and CA scaffolds. Cellular proliferation was determined by the Alamar blue assay. Results are shown as mean = s.d., and *
indicates at least one of the group means is statistically different from the others at that time point, p <0.05, n=4.
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Fig. 2 Effect of culture conditions 2D
on hepatocellular carcinoma cell J
morphology as observed by SEM.
PLC (top) and HepG2 (bottom)
cells were cultured on 2D tissue
culture plates, Matrigel matrices
and CA scaffolds for 10 days. The
scale bar represents 10 um.

PLC

HepG2

In Vivo Tissue Response

The n vivo tissue response to implantation of HepG2 and
PLC cells pre-cultured in the three w witro conditions, t.e.,
2D, Matrigel, and CA scaffold cultures, was evaluated in a
subcutaneous xenograft model in athymic nude mice.
Initial cell numbers were normalized to the number of cells
in CA scaffold culture. Tumor volumetric measurements
over a four-week period demonstrated significant increases
in tumor size for CA scaffold pre-cultured HCGC cells
compared to both 2D and Matrigel pre-cultured HCC cells
(Fig. 5). CA pre-cultured PLC cells generated final i vivo
tumor volumes nearly twice as large as that generated by
PLC cells pre-cultured in 2D or Matrigel, while maintaining
consistent proliferation rates between pre-culture conditions
(Fig. 5A). Statistically significant differences were observed
between PLC cultured samples at 1 (p<0.01), 2 (p<0.01), 3
(»p<0.01), and 4 (p<0.01) weeks. Similarly, CA pre-cultured
HepG2 cells expanded to form tumors over four times the

>
w
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Matrigel CA Scaffold

size of 2D cultured cells and significantly larger than those
pre-cultured in Matrigel, again maintaining consistent
proliferation rates for this cell line (Fig. 5B), with statistically
significant differences between samples at the 2 (p<0.01), 4
(»p<0.01), 6 (p<0.01) and 8 (<0.01) week time points as
well. The CA pre-cultured cells effected favorable conditions
for tumor expansion i vwo without altering expansion rates
for either HCC cell line.

Tumors were harvested four weeks post-implantation,
formalin-fixed, and sectioned for histological imaging.
Hematoxylin and eosin staining revealed significant differ-
ences in blood vessel morphology based on pre-culture
condition (Fig. 6). Both 2D and Matrigel pre-cultured cells
displayed consistently small and irregularly shaped blood
vessels with poorly endothelialized thin walls which did not
consistently delineate the vessel from the surrounding tissue.
In contrast, CA pre-cultured cells induced the formation of
large, well-rounded blood vessels with well-defined endo-
thelial linings, carrying large numbers of erythrocytes.

O
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Fig. 3 Comparison of growth factor expression profiles of hepatocellular carcinoma cells cultured in vitro for 10 days on different culture conditions. (a)
IL-8, (b) bFGF, and () VEGF secretion by PCL and HepG2 cells cultured on 2D tissue culture plates, Matrigel matrices, and CA scaffolds as determined by
ELISA. Results are mean = s.d., and * indicates at least one of the means in that group is statistically different from the others, p <0.05, n=4.
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Fig. 4 Glypican-3 (GPC-3) expression by HepG2 hepatocellular
carcinoma cells cultured in vitro for |0 days on 2D tissue culture plates,
Matrigel matrices, and CA scaffolds, as determined by dot blot analysis.
Results are mean = s.d., and * indicates at least one of the means is
statistically different from the others, p<0.05, n=4.

Additionally, the original porous structure of the CA
scaffold was not observed in the histological samples,
indicating the scaffold is completely removed by the
remodeling action of the cells, confirming the scaffold’s
excellent biodegradability.

Cellular Response to Chemotherapy

To determine if the # vitro microenvironment is capable of
inducing an environment-mediated drug response in our
tumor models, cell viability in response to doxorubicin
treatment was evaluated. Cell viability was then assessed over
a 72-h period using the Alamar Blue assay (Figs. 7 and 8).
Successive viability measurements of doxorubicin-treated cells
revealed significantly different cytotoxic responses between
cell types and culture conditions (Fig. 7). PLC cell viability
declined rapidly in 2D culture, with statistically significant
differences in cell viability observed at 24 h (p<0.01) and 48 h
(p<0.01) after treatment between culture conditions when
treated with 5 pM doxorubicin (Fig. 7). After 24 h of drug
induction, a differential, dose-dependent survival response
was observed where viability of 2D cultured PLC cells was
significantly lower than either Matrigel or CA cultured cells
after treatment with 1 uM (p<0.01), 5 uM (p<0.01), and

A PLC B HepG2
2D . 20
i Matrigel ] o ] Matrigel *
= ‘OD“ —.—CA scaffold e 4901 . — cA scaffold
E " E '
Q Q
E200{ £ 200
S - S
0 ; T T T 0+ — . . :
0 1 2 3 4 o 1 2 3 4

Time (weeks) Time (weeks)

Fig. 5 Effect of pre-culture conditions on tumor growth in vivo. Tumor
volume induced by subcutaneously implanted (a) PLC and (b) HepG2
cells pre-cultured on 2D tissue culture plates, Matrigel matrices, or CA
scaffolds, as determined by caliper measurements. Results are mean = s.d.,
and * indicates at least one of the group means is statistically different from the
others at that time point, p <0.05, n=4.
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10 pM (p<0.01) doxorubicin (Fig. 8). At 48 h, differences in
the survival of PLC cells based on culture condition became
more apparent, and viability of CA cultured cells was also
observed to be significantly higher than other culture models
in 1 uM (p<0.01), 5 pM (p<0.01), and 10 uM (p<0.01)
doxorubicin treatments (Fig. 8). Finally, significant differences
in PLC viability between culture conditions was observed
72 h after 1 pM (p<0.01) doxorubicin treatment (Fig. 8). In a
similar fashion, HepG2 cells also responded differentially to
doxorubicin dose over time. Differences in HepG2 viability
between cell culture conditions were not apparent until 72 h
post treatment (p<0.01) when treated with 10 pM doxoru-
bicin (Fig. 7). While the onset of cell death in HepG2 cells
was much less pronounced at 24 and 48 h compared to PLC
cells, the viability was notably decreased in 2D cultures
compared to both Matrigel and CA 3D cultures, statistically
significant differences observed in HepG2 viability observed
at 72 h when treated with 1 uM (»<0.01), 5 pM (p<0.01),
and 10 pM (p<0.01) doxorubicin (Fig. 8). Interestingly, at
72 h, the viability of HepG2 cells cultured on CA scaffolds
and exposed to 1 pM doxorubicin increased slightly to 88.6+
2.75% compared to 86.7+2.4% at 48 h (Fig. 8). The viability
measurements indicated that a population of HepG2 cells
cultured in CA scaffolds had survived doxorubicin treatment
that had eliminated cells cultured on 2D plates.

The LDs5g of a drug is defined as the median lethal dose
and commonly used as a measure of the effectiveness of a
drug in inhibiting biological or biochemical function (29).
The LDj5q of doxorubicin in each of the conditions was
evaluated post-induction, where both HCC cell types
displayed significant differences in cell viability across
culture conditions (Fig. 8). The LDj5y of doxorubicin was
0.24+0.13 uM for PLC cells cultured on 2D surfaces, 3+
1.1 uM for Matrigel cultured, and 4+ 1.4 uM CA cultured
cells as determined at 72 h post-treatment (Fig. 8).
Similarly, the LDs for doxorubicin-treated HepG2 cells
cultured in 2D substrate was 0.4510.18 pM, increasing to
712.2 pM in Matrigel, and finally to 13+ 1.7 uM in CA at
72 h post-treatment (Fig. 8).

DISCUSSION

Tumor cells cultured on standard 2D tissue culture flasks
are exposed to a dramatically altered structural micro-
environment as compared to @ vwo tumors, and thus
display altered cell function and response to drug
treatment. An i vitro model that can more closely mimic
the structure of the tumor microenvironment (TME) could
dramatically improve the translation of novel chemo-
therapeutics from i vitro to in vivo testing. To this end,
we use a biocompatible chitosan-alginate complex scaffold
to model the structure of the TME of HCC in witro. The
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Fig. 6 Hematoxylin and eosin
stained histological sections of
tumors induced by implanted
hepatocellular carcinoma cells
pre-cultured on 2D tissue culture
plates, Matrigel matrices, or CA
scaffolds. The implants were
harvested 4 weeks post implanta-
tion in nude mice. Nuclei are
stained dark purple, cytoplasm

is stained light red, erythrocytes
are stained bright red, and
connective tissue is stained pink.
Arrows indicate extravascular
erythrocytes. The scale bar
represents 20 um.

difference in proliferation rate observed between 2D,
Matrigel matrix and CA scaffold culture conditions in
Fig. 1 can be attributed to the diffusion-limitations imposed
by 3D culture environments (7,12). The TME is inherently
heterogeneous (7,9), with the cells at the periphery of a
tumor mass receiving the most nutrients and oxygen, while
the cells closer to the center are typically hypoxic (5,12,13),
whereas 2D monolayer cultured cells have no barrier to this
exchange. 3D CA scaffolds allow for cell clusters to form en
masse, creating 3D multicellular microenvironments (Fig. 2)
which may permit additional interactions between cells
that cannot be generated by 2D culture (8). Changes in
ECM deposition patterns and the ability to form tight
junctions with neighboring cells in the 3D CA scaffold
likely facilitate the formation of these cell clusters. This
complex arrangement of cells cultured in CA scaffolds
resembles that of multicellular spheroid cultures used to
model tumor behavior (8,9,12,30).

Further analysis of differently cultured HCC cells
revealed that expression of the angiogenic factors IL-8,
bFGF, and VEGF were elevated in CA scaffold cultured
cells compared to both 2D and Matrigel cultured cells
(Fig. 3). This suggests that the cell-cell and cell-ECM
interactions created upon culture in CA scaffolds more
faithfully mimicked the native TME conditions that
regulate angiogenic factor secretion. Also, GPC-3 expres-
sion, which is correlated with poor patient survival and is a
potential prognostic factor (31), was significantly elevated in
CA cultured HepG2 cells (Fig. 4). This is consistent with
previous m vwo studies (32), where the upregulation of
GPC-3 was accompanied by increased signaling via the
angiogenic bFGF pathway, as observed in our study. CA

scaffolds stimulate the concurrent expression of multiple
markers for increased malignancy, consistent with @ vivo
observations, suggesting that CA scaffolds provide micro-
environmental cues which neither 2D nor Matrigel micro-
environments simulate faithfully.

The rapid i vwo tumor expansion by the CA scaffold
pre-cultured cells (Fig. 5) may be a result of the rapid
establishment of neovasculature, since the growth factors
vital for the recruitment and maturation of blood vessels
were highly expressed in CA tumor models (Fig. 3). The
increased pro-angiogenic growth factor secretion by CA
scaffold pre-cultured cells promptly overcame the initial
lack of vascularization within the flank tumor implant
providing sufficient nutrients for rapid tumor formation.

A PLC B HepG2
—»—2D —2D
Matrige! Matrigel
1.0 —*— CA scaffold 1.0{ —-— CA scaffold

Viability
o
(4]

25 35 45 55 65 75
Time (h)

25 35 45 55 65 75
Time (h)

Fig. 7 Assessment of drug resistance of hepatocellular carcinoma cells
cultured under different conditions. Viability of (@) PCL and (b) HepG2
cells cultured on 2D tissue culture plates, Matrigel matrices, or CA
scaffolds, relative to untreated cells, as determined by the Alamar blue
assay after Doxorubicin treatment. PLCs were treated with 5 uM
Doxorubicin, while HepG2 were treated with 10 uM doxorubicin.
Results are mean = s.d., and * indicates at least one of the group means is
statistically different from the others at that time point, p <0.05, n=4.
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This was confirmed by observed blood vessel formation in
histological sections which revealed that blood wvessel
morphology and organization varied tremendously based
on pre-treatment (Fig. 6). Extravascular pockets of bright
red erythrocytes associated with poorly formed leaky
vasculature, which is indicative of angiogenesis (33),
were visible in Matrigel pre-cultured HepG2. CA scaffold
pre-cultured HCC tumors contained large, round, well-
endothelialized blood vessels without intraluminal bridg-
ing, characteristic of VEGF-induced tumor vasculature
(33). Compared to Matrigel pre-cultured HepG2 tumors,
there were a large number of erythrocytes in the blood
vessel and no notable extravascular erythrocytes in CA
HCC samples. Blood vessel formation after 4 weeks of
vivo growth correlated well with angiogenic growth factor
expression in vilro, suggesting persistent phenotypical
changes induced by & vitro cell culture conditions.

The microenvironment conditions produced in our CA
tumor models induced significant changes in cellular behavior
as compared to conventional 2D culture environments,
consistent with many studies on environment-mediated,
multicellular drug resistance (1,5-10,12—14). Doxorubicin is
an anthracyline antibiotic which induces apoptosis in HCC
by intercalating DNA and interfering with topoisomerase II
DNA replication. It is a cytotoxic agent commonly incorpo-
rated in catheter-based therapies for metastatic disease, ideal
for measuring and comparing response of systemic therapies
against HCC (34), and thus was selected as our model drug
treatment. 2D, Matrigel, and CA scaffold cultured HCC
cells were treated with doxorubicin supplemented media for
24 h at a physiologically relevant dose based on the
clearance rate of doxorubicin m wvwo (35). Overall, CA
cultured cells exhibited significantly greater viability than
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cither 2D or Matrigel cultured cells when exposed to
doxorubicin, suggesting that the CA microenvironment
induced greater resistance to chemotherapy. The LD5q for
doxorubicin-treated PLC cells increased significantly, by
nearly twenty times in 3D culture compared to 2D culture,
and for HepG2, tumor models formed in CA scaffolds had
an LDs( nearly thirty times greater than 2D cultured cells
(Fig. 8). LDs5( for 2D cultured doxorubicin-treated PLC and
HepG2 corresponded well with previous studies (36,37). The
tumor cell clusters that formed exclusively upon culture
in CA scaffolds (Fig. 2) reduced the exposure of the cells to
therapeutic agents since diffusion of therapeutic agents
into the tumor mass is limited by the distance of the core
to the supply (12) and may induce drug-resistant properties
typical to spheroid culture (38). The upregulation of the
P-glycoprotein multidrug transporter, strongly linked to
doxorubicin resistance (39,40), has been associated with the
3D tumor microenvironment (7,41) and also likely contrib-
uted to observed doxorubicin resistance. Additionally,
hypoxic conditions at the core of the tumor cluster may
trigger cell quiescence, making these cells less susceptible to
the action of doxorubicin which interrupts the cell cycle
during DNA replication (14,42). This was confirmed by the
elevated levels of bFGF and VEGT expression, which have
been associated with intercalating agent-resistant quiescent
tumor phenotypes (13), in CA HCC tumor models. Finally,
GPC-3 over-expression, which has been implicated in the
increased resistance to topoisomerase II inhibitors such as
doxorubicin (43), was displayed by HepG2 cells cultured in
CA scaffolds. The greatly increased resistance of 3D CA HCC
tumor models to chemotherapy more closely resembles the i
viwo levels of resistance, where standard dosing schemes result
in peak plasma concentrations of approximately 15 puM
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doxorubicin minutes after treatment, declining to nearly
complete clearance at 48 h post-treatment (35). The CA
scaffolds were shown to be capable of stimulating coopera-
tive signaling between cells and the environment that led to
the expression of a highly malignant, drug-resistant

phenotype.

CONCLUSION

We have developed a 3D i vitro HCC model that features
greater angiogenic potential, increased expression of
markers for malignancy and migration, rapid transfer into
animals, and an increased resistance to chemotherapy in
comparison to 2D and Matrigel cultures. Cancer cells exist
in a dynamic microenvironment involving interactions with
the ECM and soluble factors that is constantly remodeled
by cellular behavior. The CA scaffold system is a highly
reproducible, versatile model of HCC with direct applica-
tions for evaluating tumor behavior and the efficacy of
novel anti-cancer therapies.
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