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Abstract
Cancer cells cultured in physiologically relevant, three-dimensional (3D) matrices can recapture
many essential features of native tumor tissues. In this study, a hyaluronic acid (HA)-based bilayer
hydrogel system that not only supports the tumoroid formation from LNCaP prostate cancer (PCa)
cells, but also simulates their reciprocal interactions with the tumor-associated stroma was
developed and characterized. HA hydrogels were prepared by mixing solutions of HA precursors
functionalized with acrylate groups (HA-AC) and reactive thiols (HA-SH) under physiological
conditions. The resultant viscoelastic gels have an average elastic modulus of 234 ± 30 Pa and can
be degraded readily by hyaluronidase. The orthogonal and cytocompatible nature of the
crosslinking chemistry permits facile incorporation of cytokine-releasing particles and PCa cells.
In our bilayer hydrogel construct, the top layer contains heparin (HP)-decorated, HA-based
hydrogel particles (HGPs) capable of releasing heparin-binding epidermal growth factor-like
growth factor (HB-EGF) in a sustained manner at a rate of 2.5wt%/day cumulatively. LNCaP cells
embedded in the bottom layer receive the growth factor signals from the top, and in response form
enlarging tumoroids with an average diameter of 85 μm by day 7. Cells in 3D hydrogels assemble
into spherical tumoroids, form close cellular contacts through E-cadherin, and show cortical
organization of F-actin, whereas those plated as 2D monolayers adopt a spread-out morphology.
Compared to cells cultured on 2D, the engineered tumoroids significantly increased the expression
of two pro-angiogenic factors, vascular endothelial growth factor-165 (VEGF165) and
interleukin-8 (IL-8), both at mRNA and protein levels. Overall, the HA model system provides a
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useful platform for the study of tumor cell responses to growth factors and for screening of
anticancer drugs targeting these pathways.
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1. Introduction
For decades, cancer biologists relied on two-dimensional (2D) monolayer cell culture
platforms and/or in vivo animal models (xenografts) to investigate the complex mechanisms
of tumorigenesis, angiogenesis, invasion and metastasis [1, 2]. Using these complementary
systems, researchers have gained improved understanding of cancer biology and have
developed many efficacious anti-cancer treatment methods. However, both monolayer
cultures and xenografts have inherent limitations [3]. Because of the lack of spatial guidance
cues needed to establish proper cell-cell contacts and cell-matrix interactions, 2D cell
cultures are physiologically irrelevant and experimentally unreliable [4-6]. Although studies
based on animal models predict more pathologically relevant outcomes, the presence of
many uncontrollable variables associated with these models makes it challenging to
determine the impact of specific factors on tumor progression or to identify the therapeutic
efficacies of novel personalized medicine [3]. Moreover, testing therapeutic agents in animal
xenografts is expensive, tedious and time consuming, thus further delaying the translation of
new technologies from bench to bedside [4].

Recently, various three-dimensional (3D) cell culture systems have been developed as
alternative in vitro platforms for improved understanding of cancer biology [1, 2, 5-9].
These 3D culture systems have the potential to overcome the limitations associated with
traditional 2D monolayer cultures, as well as the complexities of in vivo models, by
generating a tightly controlled molecular and mechanical microenvironment typical of
tumors in vivo [6]. Both natural (e.g. basement membrane extract [10, 11], type I collagen
[3, 7, 12] ) and synthetic materials (e.g. PLGA [6] and PEG [5, 13]) have been used to create
matrices and scaffolds for tumor engineering purposes. For instance, researchers have
cultured breast cancer cells in Matrigel™ to investigate the relationship between colony
morphology and gene expression [14]. In other studies, medical grade poly(ε-caprolactone)-
tricalcium phosphate composite scaffolds were used to study prostate cancer (PCa) bone
metastasis [15]. In general, hydrogels derived from animal tissues suffer from batch-to-batch
variations [5], whereas those prepared using synthetic polymers are physiologically
irrelevant [16]; therefore these materials have limited applications in in vitro tumor
engineering.

We are interested in the in vitro reconstruction of prostate tumor tissues using hyaluronic
acid (HA)-based hydrogels [17]. HA is a ubiquitous non-sulfated glycosaminoglycan (GAG)
present in extracellular matrices (ECM) of all vertebrates [18]. HA is not only a structural
component in the tumor ECM that contributes to the overall tissue integrity but also a
biologically active molecule that promotes tumor progression through cell signaling.
Expressed by both motile PCa epithelial cells and associated stromal cells, HA is
concentrated within the tumor-associated stromal ECM [19, 20]. The entangled, HA-rich
matrix can be partially degraded by hyaluronidase (HAase), thereby creating a permissive
pathway for the migration of tumor cells [21]. The migration process is mediated by cell
surface HA receptors such as CD44 or RHAMM [19]. HA also protects the tumor tissues
against immune surveillance and chemotherapeutic agents [19, 22]. Finally, the angiogenic
properties of HA fragments [23] facilitate the recruitment of new blood vessels into the
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growing tumor. Therefore, HA-based hydrogels have been used for in vitro culture of poorly
adherent bone metastatic PCa cells (C4-2B) [17] and in studies of the mechanobiology of
malignant brain tumors [8].

Increasing evidence points to the active roles cancer-associated stroma plays in tumor
initiation and progression [24]. The crosstalk between the tumor tissue and its surrounding
stroma relies on the biological paracrine signaling mediated by soluble factors secreted by
cancer cells or neighboring stromal cells. These secreted factors direct the remodeling of the
stromal microenvironment and the progression of the disease [25-27], thus profoundly
affecting the growth, invasion and metastasis of tumor tissues [26]. Although various in
vitro tumor models have been created using 3D matrices, the stromal component often has
been overlooked. Our studies were designed to address the need to establish 3D culture
systems that can recreate the unique tumor-stroma niche. In particular, we sought to
introduce the controlled release of ECM bound factors to allow for the in vitro engineering
of tumor tissues under well-controlled and reproducible conditions that are amenable to
clinical testing. Among the various biological cues involved in prostate tumor-stromal
interactions, heparin-binding epidermal growth factor-like growth factor (HB-EGF) is
widely recognized as a crucial mediator for tumorigenesis and cancer progression [28]. HB-
EGF is secreted by a variety of stromal cells, such as fibroblasts [27] and associated
inflammatory cells [29], and is mainly localized in smooth muscle compartments within the
prostate stroma [28]. HB-EGF serves as a strong mitogen for tumor growth [27, 30] and is a
potent inducer of angiogenesis [30].

We describe herein a bilayer hydrogel platform that was created using orthogonally
functionalized HA derivatives as the building blocks and HA-based hydrogel particles
(HGPs) [31] as HB-EGF-releasing devices. To mimic the tumor/stroma interaction, HB-
EGF-loaded HGPs were entrapped within the top gel layer while LNCaP PCa cells were
encapsulated in the bottom layer (Figure 1A). The mechanical properties and enzymatic
degradation of the hydrogel matrix were evaluated by rheometric and colorimetric analyses,
respectively. The HB-EGF release kinetics were quantified by ELISA. The
cytocompatibility of the hydrogel matrix was confirmed both by live/dead staining and
PicoGreen assay. Cell adhesion and cell morphology were characterized by standard
immunohistochemical analyses. The expression and production of angiogenic factors were
quantified at both the mRNA level and the protein level. Overall, the HA-based bilayer
platform supports the growth of prostate tumoroids, models paracrine interactions in the
tumor microenvironment, and leads to the production of pro- angiogenic signals in growing
tumoroids.

2. Materials and Methods
2.1 Materials

HA (sodium salt) was generously donated by Genzyme Corporation (500 kDa, Cambridge,
MA) or purchased from Lifecore Biomedical (357 kDa, Chaska, MN). 3,3’-Dithiobis
(propanoic acid), hydrazine hydrate, 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide
(EDC), 1-hydroxybenzotriazole (HOBt), dithiothreitol (DTT), adipic acid dihydrazide
(ADH), N-acryloxysuccinimide (NHS-AC), heparin (HP, sodium salt, 18 KDa, 177 USP
units mg-1) from porcine intestinal mucosa, dioctyl sulfosuccinate sodium salt (AOT, 98%),
2,2,4-trimethylpentane (isooctane, anhydrous), divinyl sulfone (DVS) and bovine testicular
hyaluronidase (HAase, 30,000 U/mg) were obtained from Sigma Aldrich (Milwaukee, WI).
Cascade blue hydrazide (CB, sodium salt) was purchased from Molecular Probes (Carlsbad,
CA). Recombinant human HB-EGF and the Quantikine ELISA kits for vascular endothelial
growth factor-165 (VEGF165) and interleukin-8 (IL-8) were purchased from R&D Systems
(Minneapolis, MN). The ELISA kit for HB-EGF was purchased from RayBiotech, Inc.
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(Norcross, GA). Alexa Fluor® 488 Mouse anti-human E-Cadherin was obtained from BD
Pharmingen ™ (San Diego, CA). LNCaP PCa cells were obtained from American Type
Culture Collection (ATCC, Manassas, VA). NuPAGE® Bis-Tris Gel was purchased from
Life Technologies (Grand Island, NY). Rabbit anti-HYAL1 antibody and primary and
secondary antibodies for β-actin were purchased from Sigma (Milwaukee, WI). Goat anti-
rabbit HRP-conjugated secondary antibody was obtained from Thermo Fisher Scientific
(Barrington, IL). All cell culture reagents were purchased from Invitrogen (Carlsbad, CA).
All other reagents were used as received unless otherwise noted.

2.2 Cell culture
LNCaP PCa cells were maintained in Corning (Lowell, MA) tissue culture flasks (75 cm2)
at 37 °C in 5% (v/v) CO2 in a RPMI-1640 medium supplemented with 5% (v/v) fetal bovine
serum (FBS), 100U/mL penicillin G sodium and 100 μg/mL streptomycin sulfate in 0.085%
(v/v) saline (P/S). The medium was changed every other day, and cells were routinely
passaged using 0.25% (w/v) trypsin containing ethylenediaminetetraacetic acid
(EDTA·4Na).

2.3 Synthesis and characterization of soluble HA precursors
HA with a molecular weight of 500 KDa was used for the synthesis of HA derivatives.
Acrylated HA (HA-AC) was synthesized by reacting adipic acid dihydrazide-modified HA
(HA-ADH, 35% ADH incorporation determined by 1H NMR [18]) with N-
acryloxysuccinimide (NHS-AC), as previously reported [32]. The product was obtained as a
freeze-dried solid (yield: 70%). Sulfhydryl groups were incorporated in HA (HA-SH) via the
reaction with a disulfide-containing dihydrazide compound, followed by reduction with
DTT, according to reported methods [33]. The solid HA-SH was obtained after
lyophilization (yield: 80%). The chemically modified HA products, HA-AC and HA-SH,
were stored at -20 °C prior to use. The degree of modification and the molecular weight of
HA derivatives were characterized by 1H NMR and gel permeation chromatography (GPC),
respectively.

2.4 Synthesis and characterization of HA hydrogels
2.4.1 Hydrogel synthesis—HA derivatives were separately dissolved in phosphate
buffered saline (PBS, pH 7.4) at a concentration of 20 mg/mL. After the HA-AC and HA-
SH solutions were thoroughly mixed (1/1, v/v), the mixture was aliquoted to cell culture
inserts (Diameter: 12 mm, pore size: 0.4 μm) and were incubated at 37 °C for 6 h to obtain
fully crosslinked hydrogel discs (height: 1.3 mm, diameter: 12 mm).

2.4.2 Oscillatory rheology—The rheological properties of the HA hydrogels were
evaluated using a controlled stress rheometer (AR-G2, TA Instruments, New Castle, DE)
with a parallel plate geometry (20 mm diameter). Immediately after mixing, the precursor
mixture was loaded on the geometry, and mineral oil then was applied around the sample to
prevent water evaporation during the measurement. The linear viscoelastic region was
determined by a strain sweep from 0.1 to 1000% at an angular frequency of 6 rad/s. A time
sweep experiment was conducted for 6 h at a frequency of 6 rad/s and a strain of 1%. A
frequency sweep experiment within the linear viscoelastic range was performed after the
time sweep measurement at 1% strain from 0.1 to 100 rad/s. Samples were tested at 37 °C
with a gap size of 100 μm. All measurements were conducted in triplicate.

2.4.3 Swelling ratio and sol fraction—The as-synthesized hydrogels were allowed to
swell in PBS at 37 °C for 24 h. After a thorough wash with DI water, samples were
dehydrated by passing through graded ethanol solutions. After drying at 37 °C overnight, the
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hydrogel dry weight was recorded. The sol faction was calculated based on the ratio of the
final dry weight of the hydrogel to the initial solid mass used in the gel preparation.
Separately, previously dried gel discs were re-immersed in PBS at 37 °C for 24 h and the
wet weight was recorded. The swelling ratio was determined as the ratio of the final wet
weight to the measured dry weight. The measurements were performed in triplicate.

2.4.4 Degradation—A total of three groups of hydrogel discs (triplicate samples for each
group) were allowed to swell in PBS at 37 °C for 24 h. The average dry weight (W1) of one
group of hydrogel discs was measured as described above. Then, the stability of the other
two groups of hydrogel samples was evaluated by immersing the discs in PBS with or
without HAase (5 U/mL). The degradation solution collected every other day was stored at
-20 °C until further analysis. The degradation medium was replenished with PBS or a
freshly prepared enzyme solution. The amount of HA degraded (W2) at each time point was
quantified using the carbazole assay following a reported procedure [34]. The weight
fraction of the remaining hydrogels (wt%) at each time point was calculated using the

equation: .

2.5 Synthesis and characterization of hydrogel particles (HGPs)
HP-decorated, HA-based HGPs (HA/HP HGPs) were synthesized using an inverse emulsion
crosslinking process, as previously described [31]. The amount of HP covalently
incorporated in the HGPs was 0.6 μg/mg, and the particles had an average diameter of 1.1
μm [31]. To label HGPs fluorescently, 5 mg HA/HP HGPs were dispersed in 1 mL DI water
containing 0.54 mg/mL sodium periodate. The reaction was allowed to proceed in the dark
overnight under constant agitation, followed by thorough washing with DI water. The
oxidized HGPs bearing aldehyde groups then were allowed to react with cascade blue
hydrazide (7.45 mg) in 1mL DI water for 6 h in the dark. The resulting fluorescent particles
were subjected to exhaustive washing with DI water, ethanol and acetone before being dried
at room temperature.

2.6 HB-EGF loading and release
HB-EGF loading and release were measured according to reported procedures [31, 35].
Briefly, one mg HGPs were incubated with 200 ng of HB-EGF in 200 μL of binding buffer
(0.1 wt% BSA) for 2 h at ambient temperature. The supernatant containing unloaded HB-
EGF then was collected by centrifugation (14,000 rpm, 5 min) and stored at -20 °C for
further quantification. HGP-embedded hydrogels were prepared following the procedure
described above for the bulk gels, except that 1 mg of HB-EGF-loaded HGPs were
thoroughly mixed with hydrogel precursors prior to gelation. To quantify HB-EGF release in
vitro, particles or hydrogel discs were incubated in the release medium (RPMI-1640) at 37
°C. At a predetermined time, the supernatant was collected and the releasing medium was
replenished with fresh medium of equal volume. The HB-EGF concentration in the
supernatant was quantified by using the ELISA kit. The encapsulation efficiency (EE) was
calculated by dividing the amount of HB-EGF loaded into the particles by the amount of
HB-EGF initially added. The loading content (LC) was defined as the amount of HB-EGF
(ng) loaded per mg HGPs. The cumulative release was calculated as the total amount of HB-
EGF released at a particular time point relative to the amount initially loaded.

2.7 Cell culture in bilayer HA hydrogels
Cell culture inserts were pre-wet with PBS before being placed into a 24-well culture plate
(Beckton-Dickenson Labware, Franklin Lakes, NJ). To prepare the cell-containing bottom
gel layer (Figure 1B), HA-SH (100 μL, 20 mg/mL) was added to the HA-AC solution (100
μL, 20 mg/mL) containing dispersed LNCaP cells (2 × 105). After thorough mixing, the cell
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suspension was transferred into the cell culture insert and was incubated for 45 min at 37 °C
before the medium was added around the insert. HGP-embedded hydrogel (Figure 1B) was
prepared as stated above, with 5 mg HB-EGF-loaded HGPs being encapsulated within the
hydrogel discs. The bilayer construct was assembled by overlaying the HGP-containing
hydrogel on top of the cell-laden hydrogel (Figure 1A, referred as “3D-HB-EGF”). Three
dimensional cultures without the HB-EGF-releasing top layer (referred as “3D-CT”) served
as the controls. Two dimensional studies in which LNCaP cells were cultured on a 24-well
plate at an initial cell seeding density of 1×104 cells/cm2, with or without HB-EGF (25 ng/
mL), were conducted and the respective samples were referred to as “2D-HB-EGF” and
“2D-CT”. The cell culture medium was changed every day for each culture.

2.8 Characterization of tumoroids
2.8.1 Cell viability—For 2D monolayer cultures, cells at an initial seeding density of
1×104 cells/cm2 were plated onto an 8-well chambered cover glass that is useful for all
imaging purposes. Upon completion of the 3D culture, the bilayer construct was separated,
and the bottom layer containing entrapped tumoroids was removed from the insert and
placed on the cover glass. For live/dead staining, SYTO-13 and propidium iodide (PI) were
diluted at 1:1000 and 1:2000 (v/v) respectively in PBS. Five hundred microliters of the
staining mixture then were applied to the 2D monolayer or 3D constructs, and samples were
incubated at room temperature for 20 min. Images were acquired using a Zeiss510 NLO
confocal microscope (Carl Zeiss, Maple Grove, MN). The hydrogel top layer containing
cascade blue labeled HGPs was imaged separately using a Zeiss 5 LIVE DUO confocal
microscope (Carl Zeiss, Maple Grove, MN).

2.8.2 Cell morphology and cell-cell adhesion—After the 2D cultures and the 3D
constructs were washed thoroughly with PBS, cells were fixed in a paraformaldehyde (PFA)
solution (4% (v/v) in PBS) for 30 min. After extensive washing, samples were immersed in
Triton X-100 (0.2% (v/v) in PBS) for 15 min. The Triton solution was removed and samples
were washed again with PBS. Samples then were treated with bovine serum albumin (BSA,
3wt% in PBS) at 4 °C overnight. Subsequently, samples were incubated with 1:1000 (v/v)
AlexaFluor® 488 phalloidin or 1:10 AlexaFluor® 488 Mouse anti-E-cadherin in 3 wt%
BSA at 37 °C for 3 h before being exposed to a 1:1000 (v/v) solution of Draq5 in 3 wt%
BSA for another 15 min at room temperature. After a final wash with PBS, samples were
imaged using the Zeiss510 NLO confocal microscope.

2.8.3 Cell proliferation—LNCaP cells were cultured on 2D or in 3D, as described above.
At predetermined time points, cells on 2D plastic surfaces were trypsinized and collected.
Cells cultured in HA hydrogels were harvested by degrading the matrices using HAase (5
KU/mL) at 37 °C for 4 h. Cells collected from 2D or 3D cultures then were digested with a
phosphate buffer (5 mM L-cysteine, 5 mM EDTA, pH 6.4) containing 125 μg/mL papain at
60 °C for 18 h. The total DNA content then was quantified using a PicoGreen DNA assay
(Invitrogen, Grand Island, NY) following the manufacturer's protocol.

2.8.4 Western blotting—Cells cultured under various conditions were collected as
described above after 7 days of culture. Cells were lysed using a radioimmunoprecipitation
(RIPA) buffer (50 mM tris buffer pH=8.0, 150 mM NaCl, 0.5 wt% deoxycholic acid, 1% (v/
v) Nonidet P-40, 0.1 wt% SDS, 200 μL DI H2O) containing a protease inhibitor cocktail
(PICSIII) on ice for 1 h [36]. The total protein concentration was determined by a
bicinchoninic acid assay (BCA) following the manufacturer's instructions. Protein samples
(45 μg each) were mixed with the sample buffer (Laemmli sample buffer supplemented with
5% (v/v) β-mercaptoethanol) in equal volume and were boiled for 5 min before loading in
the gel. Samples were electrophoresed at 95 V for 120 min. Proteins then were transferred to
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a nitrocellulose membrane at 22 V for 90 min. Membranes were immersed in a blocking
buffer (3 wt% BSA in PBS-1% (v/v) Tween-20) for 1 h. For the immunodetection of
HYAL-1, a primary antibody was used at a 1:500 dilution in 3 wt% BSA. Goat anti-rabbit
HRP-conjugated secondary antibody was applied at a 1:5000 dilution in 3 wt% BSA.
Primary and secondary antibodies for the loading control (β-actin) were used as 1:5000 and
1:15000 dilutions from stock in 3 wt% BSA, respectively. An enhanced chemoluminescence
(ECL) reagent was used to visualize the antibody binding.

2.8.5 Evaluation of the angiogenic potential—LNCaP cells were collected at various
time points as described above. RNA extraction, reverse transcription and quantitative
polymerase chain reaction (qPCR) analysis using an ABI Prism 7300 Sequence Detection
System (AB Applied Biosystems, Foster City, CA) were performed as described previously
[31]. Primer sequences for specific genes were as follows: VEGF165 (NM_001171629.1):
forward (5’-GAC AAG AAA ATC CCT GTG GGC-3’), reverse (5’-AAC GCG AGT CTG
TGT TTT TGC-3’); IL-8 (NM_000584.3): forward (5’-CTC CAT AAG GCA CAA ACT
TTC AG-3’), reverse (5’-GTC CAC TCT CAA TCA CTC TCA G-3’) and β-actin
(NM_001101.3, the housekeeping gene): forward (5’-GGA CTT CGA GCA AGA GAT
GG-3’), reverse (5’-AGC ACT GTG TTG GCG TAC AG-3’). The relative gene expression
was calculated using Equation (1) [31]:

(1)

where Etarget and Eref are the real time PCR efficiencies of the target and the reference
genes, respectively. ΔCttarget is the difference in the threshold cycle (Ct) of the target genes
between the control and the test samples. ΔCtref is the difference in the Ct value of the
control versus the test samples with reference to β-actin.

To evaluate the expression of VEGF165 and IL-8 at the protein level, cell culture media were
collected every day for 7 days. ELISA following the manufacturer's procedures was
performed to quantify the total amount of released angiogenic markers during the 7-day
period. Results were normalized to the respective cell number at day 7 for each culture
condition as quantified by the PicoGreen assay as described above.

2.9 Statistical analysis
All quantitative measurements were performed on three replicate samples. Statistical
significance was evaluated using a two tailed Student's t-test. A P value of <0.05 was
considered to be statistically different.

3. Results
3.1 Hydrogel preparation and characterization

Acrylated HA (HA-AC) was prepared via the nucleophilic substitution of NHS-AC with
hydrazide-functionalized HA (HA-ADH) produced by a carbodiimide-mediated coupling
reaction between HA and adipic acid dihydrazide (ADH) [18, 32]. HA-AC had a weight-
average molecular weight (Mw) of 345 KDa and the degree of acrylation of 10%, as
determined by GPC (data not shown) and 1H NMR (Figure S1), respectively. Separately, a
carbodiimide-mediated coupling reaction between HA and a disulfide-containing
dihydrazide, followed by reduction with DTT, gave rise to thiolated HA (HA-SH) [33] with
an Mw of 314 KDa and ~44% modification (Figure S2).
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HA-based hydrogels were prepared via a Michael-type addition reaction between HA-AC
and HA-SH under physiological conditions (Scheme 1). These hydrogels exhibited an
average swelling ratio of 12.9 ± 0.1 and a sol fraction of 18 ± 4%. Cryogenic scanning
electron microscope (CryoSEM) imaging (Figure S3) revealed the presence of nanosized
pores (50-100 nm) in the gels. Rheological analyses showed that the hydrogels had an
average storage modulus (G’) of 234 ± 30 Pa and a loss modulus (G”) of 3 ± 2 Pa. Analysis
of the time sweep result (Figure 2A) indicates that the gelation process started 17 min after
HA-AC and HA-SH were mixed (as evidenced by the crossover of G′ and G″ in Figure
2A), but was not complete until after 6 h. Substitution of HA-AC with unmodified HA (Mw
= 357 kDa) resulted in a weaker gel (Figure 2A) with the average G’ and G” values of 8 ± 2
Pa and 2 ± 1 Pa, respectively. The G’ value for the control gels (HA/HA-SH) was
significantly lower than that for the sample gels (HA-AC/HA-SH) at the end of the time-
sweep experiments (6 h). The insensitivity of G’ in the sample gels (Figure 2B) to the
frequency change from 0.1 to 10 Hz confirmed the elastic nature of covalently crosslinked
HA-AC/HA-SH networks [37]. The elastic modulus for the control samples, on the other
hand, increased moderately from 5 Pa at 0.1 Hz to 14 Pa at 10 Hz over the course of the
frequency sweep (31 min, Figure 2B).

Hydrogel degradation under physiologically relevant conditions with or without HAase was
monitored by carbazole assay (Figure 3). A slight weight loss (10 ± 4 wt%) was observed
after the hydrogels were immersed in HAase-free PBS for 2 weeks. In the presence of
HAase at a concentration of 5U/mL, the hydrogels became gradually smaller and completely
disappeared by day 10. Approximately 79 wt% of the gels was degraded by day 4, with an
average HA loss of 20 wt%/day from day 0 to day 4 and 2.5 wt%/day from day 4 to day 10
(Figure 3). In general, the HA hydrogels are hydrolytically stable, but could be readily
degraded by HAase.

3.2 HGP synthesis and HB-EGF release
HP-decorated, HA-based hydrogel particles were employed in the in vitro tumor model as a
growth factor depot to present HB-EGF in a sustained manner for the growth of PCa
spheroids. Particles were synthesized via an inverse emulsion crosslinking technique [31]
and heparin was covalently incorporated into the particles to specifically interact with HB-
EGF and to modulate its release. Owing to the high binding affinity of HB-EGF for heparin
[38, 39], one milligram of HGPs sequestered up 194.1 ± 0.2 ng of HB-EGF, and a high
encapsulation efficiency (97 ± 0.1%) was observed. HB-EGF was released from HGPs at an
average rate of 2.8 wt% per day over the entire course of the release study (Figure 4). One
mg of particles retained 129.1 ± 2.7 ng of HB-EGF, releasing 33.4 ± 1.4 wt% of the initially
bound HB-EGF by day 13, when the experiment was terminated. Embedding the HB-EGF
loaded HGPs into the HA-based hydrogel did not significantly alter the release kinetics of
HB-EGF, and a sustained release profile at a rate of 2.5wt% per day (Figure 4) was
observed. After 13 days of incubation, HGP-embedded hydrogels retained 131.3 ± 7.5 ng of
HB-EGF, releasing 32.3 ± 3.9 wt% of HB-EGF initially loaded. Collectively, these results
confirm that the release of HB-EGF can be modulated by HA/HP HGPs in a close to zero-
order kinetics profile.

To identify the optimal dosage to be used for the 3D bilayer cultures, a cell proliferation
assay was performed in the presence of various concentrations of HB-EGF (Figure S4). A
dose-dependent acceleration of cell proliferation was observed at an HBEGF concentration
between 0.025 and 25 ng/mL. An HB-EGF concentration of 25 ng/mL produced a 1.6 ± 0.1
fold increase in cell proliferation relative to the growth factor-free controls. Further increase
in HB-EGF concentration to 250 ng/mL suppressed the stimulatory effect significantly
(Figure S4, #: p<0.05). This information, combined with the growth factor release data,
suggests that 5 mg of HB-EGF-loaded HGPs with a daily release rate of 25 ng/mL are
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necessary to trigger the most robust inductive effect on LNCaP cell growth in 3D. In our
control studies, LNCaP cells were cultured on 2D in an HB-EGF-conditioned medium (25
ng/mL) that was refreshed every day. Overall, the daily dosage of HB-EGF was the same for
both 2D and 3D cultures.

3.3 Tumor growth in bilayer HA constructs
Bilayer constructs were prepared by overlaying the HGP-containing hydrogel on the cell-
laden matrix (Figure 1A). A confocal cross-sectional view of each hydrogel layer (Figure 1B
(b)) showed that both HGPs and LNCaP cells were homogeneously distributed throughout
the matrices.

3.3.1 Cell viability, proliferation and morphology—Live/dead staining revealed
minimal cell death (stained red by PI) in both 2D and 3D cultures over the entire 7-day
period (Figure 5). Live cells (stained green by SYTO13) were round and dispersed
individually throughout the 3D matrix at day 1 (Figure 5G and 5J). Multicellular aggregates
were observed at day 4 in 3D cultures and individual clusters increased in size over time,
reaching an average diameter of 50 μm at day 7 in the absence of the HB-EGF-releasing top
layer (3D-CT, Figure 5H-I). Sustained presentation of HB-EGF in the bilayer model led to a
rapid development of tumoroids, reaching an average diameter of 85 μm after 7 days of
culture (3D-HB-EGF, Figure 5K-L). Cells cultured on 2D plastic surface had a more spread-
out cell body (Figure 5A-F), and the cell number increased over time, forming a confluent
monolayer (Figure 5C, 5F) at day 7. Visually, more LNCaP cells were present in 2D
cultures with HB-EGF (2D-HB-EGF, Figure 5E-F) as compared to those without the growth
factor (2D-CT, Figure 5B-C).

Quantitative analysis revealed that cells proliferated faster in the presence of HB-EGF, both
on 2D and in 3D (p<0.05, Figure 6). By day 4, the cell number had increased by 7.8 ± 0.4
and 6.0 ± 0.5 fold (normalized to the respective cell number at day 0) for 2D monolayer
cultures with or without HB-EGF, respectively. Cells continued to proliferate on 2D, and by
day 7, the cell number had increased by 13.2 ± 0.1 and 11.8 ± 0.5 fold for 2D-HB-EGF and
2D-CT, respectively. Similarly, a fold increase of 2.8 ± 0.1 and 2.1 ± 0.1 was observed at
day 4 in 3D-HB-EGF and 3D-CT cultures, respectively. By day 7, a 4.8 ± 0.4 fold increase
in cell number was detected from the 3D-HB-EGF culture, whereas cells cultured in
hydrogels without HB-EGF (3D-CT) only increased in number by 2.5 ± 0.2 fold. Of note,
cells were significantly less proliferative when cultured in 3D hydrogel matrices than on a
2D monolayer (*: p<0.05, Figure 6), in good agreement with previously reported findings
[5, 17].

Cell morphology and cell-cell contacts in both 2D monolayer and 3D hydrogel cultures were
analyzed by confocal imaging of immunohistochemically-stained cells (Figure 7). Whereas
LNCaP cells showed a spread-out morphology with an elongated cytoplasm when cultured
on 2D, cells cultured in the bilayer hydrogel displayed a rounded, clustered morphology
with apparent cortical organization of actin (Figure 7A). Individual spheroids contain
multiple, closely packed cells with distinct nuclei and diminished cytoskeletal stress fibers.
At least 25 cells were found within a single tumoroid in the 3D-HB-EGF model at day 7.
Positive staining (Figure 7B) for epithelial cell-cell adhesion molecule (EpCAM) confirmed
that LNCaP cells were in contact with each other through E-cadherin both on 2D (highly
confluent at day 7) and in 3D cultures. Collectively, these results showed that cells cultured
in the hydrogel exhibited a spherical and aggregated morphology with intimate cell-cell
contact that is distinctly different from that seen in cells cultured on 2D plastic surfaces.
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3.3.2 Expression of hyaluronidase and angiogenic factors—Western blotting was
performed to determine HYAL-1 expression by LNCaP cells cultured under various
conditions (Figure 8). HYAL-1 was expressed by LNCaP cells cultured in both 2D and 3D
environments with or without HB-EGF. By densitometry quantification, the level of
HYAL-1 expression was the same for all conditions tested at day 7 (data not shown).

The expression of two important pro-angiogenic factors, VEGF165 and IL-8, was first
evaluated at the mRNA level by qPCR analysis. Our results showed that the inductive effect
from HB-EGF (2D-HB-EGF vs 2D-CT) or the 3D microenvironment (3D-CT vs 2D-CT)
led to a significant upregulation of VEGF165 and IL-8 expression (Figure 9A-B). These two
stimulatory cues synergistically induced the most robust angiogenic propensity (3D-HB-
EGF). Specifically, a 14 ± 1 and 68 ± 5 fold increase was found for 3D-HB-EGF cultures at
day 7 relative to 2D-CT for VEGF165 and IL-8 expression, respectively. The expression of
these pro-angiogenic factors in the bilayer system was also statistically higher than that in
either 2D-HB-EGF or 3D-CT cultures (p<0.05, Figure 9A-B). In addition, a consistent
upregulation of VEGF165 and IL-8 was observed over the entire 7-day period in 3D-HB-
EGF cultures (Figure 9C-D). The fold change for IL-8 was consistently higher than that seen
for VEGF165.

Cellular production of pro-angiogenic factors also was assessed quantitatively at the protein
level (Figure 10). Consistent with the qPCR results, 3D-HB-EGF culture conditions were
most conducive to the production of VEGF165 and IL-8. After 7 days of culture in 3D-HB-
EGF, each cell had produced an average of (9.0 ± 0.2) × 10-3 pg and (5.7 ± 0.1) × 10-3 pg
VEGF165 and IL-8, respectively. The production of these pro-angiogenic factors in 3D-HB-
EGF cultures was significantly higher than that produced under the other three culture
conditions (p<0.05, compared to 2D-CT, 2D-HB-EGF and 3D-CT, Figure 10A-B).

4. Discussion
The in vitro engineering of 3D tumor models reminiscent of the native tissues has emerged
as an alternative strategy in cancer research [3, 6]. Within the tumor microenvironment, the
cancer cells actively communicate among themselves and with their surrounding non-
malignant stroma. Such crosstalk directs tumor growth, invasion and ultimately metastasis
[26]. Therefore, to create clinically-relevant tumor masses for in vitro studies, the intimate
interactions between adjacent cancer cells, as well as the crosstalks between tumor and
stroma, should be considered [26, 27]. The results presented in this study provide an
important advance in the creation of a 3D bilayer platform suitable for studying tumor-
stromal interactions in a physiologically relevant context.

HA-based hydrogels were synthesized using HA derivatives carrying complementary
functional groups via a Michael-type addition reaction between HA-AC and HA-SH. The
spontaneous oxidization of sulfhydryl groups in HA-SH could contribute to the network
structure, considering the large excess of reactive thiols relative to acrylates in the hydrogel
mixture. Because the thiol-acrylate reaction is much faster than the oxidation reaction [40,
41], the former contributes to the faster gelation and dominates the overall mechanical
properties of the resultant hydrogel networks. The slower gelation kinetics and the
considerably lower storage modulus for the control gels prepared using HA-SH and
unmodified HA confirm this speculation. However, the gradual and moderate increase in the
stiffness of HA-AC/HA-SH gels can be attributed to the formation of a secondary disulfide-
linked network [41]. Overall, the resulting elastic-solid-like hydrogel had a stiffness (G': 234
± 30 Pa) comparable to that of the native lymph tissue through which PCa frequently
metastasizes (G': 330 Pa) [42].
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The hydrolytic stability and the enzymatic degradation of synthetic matrices are crucial
determinants of their applicability in tumor engineering [43]. While hydrogels that maintain
their long-term structural integrity are preferred for cell culture purposes, cell-mediated
matrix degradation is desirable for the engineering of 3D PCa tumoroids. This is true
because such processes facilitate cell migration, proliferation and matrix remodeling,
ultimately leading to the formation of tumor tissues [44]. The stability of our hydrogel
networks in cell culture media can be attributed to the hydrolytic stability of the resulting
thioether bond and the absence of neighboring ester linkages [45]. Despite the moderate
degree of chemical modifications, hydrogels synthesized from HA-AC and HA-SH can be
degraded readily by HAase. In this degradation study, the HAase (5 U/mL) concentration
used was significantly higher than that in bulk tissues [19, 43], but may reflect high
concentrations at the tumor invasion front. Our results indicated that the biological identity
of modified HA derivatives was not altered significantly, and that the resultant networks
would be permissive to PCa cells because these cells express HAase (Figure 8) [19].
Collectively, the synthetic matrices provide a mechanically and biologically relevant
microenvironment that is favorable for tumor growth.

It is generally accepted that cytokines secreted by stromal cells can stimulate tumor
expansion and invasion, which in turn can lead to the remodeling of the stromal
microenvironment in favor of cancer progression [25]. Herein, HB-EGF was employed as an
inductive factor from the stroma for the growth of PCa spheroids in HA hydrogels. As
demonstrated by numerous studies [46-48], the stimulatory potential of cytokines is dose
and time-dependent. When presented to the cells below or above the optimal dosage or at an
inadequate time, growth factors fail to elicit the desired biological responses or may induce
undesirable side-effects [47]. Sustained release of growth promoting HB-EGF was achieved
using HP-decorated, HA HGPs with an HP content of 0.06 wt%. The covalently
immobilized HP effectively sequesters the growth factor and modulates its release through a
spatially defined and specific electrostatic interaction [38, 39]. Interestingly, HB-EGF was
released from HGP suspension and the HGP-embedded hydrogels at comparable rates. This
can be attributed to the small size of HB-EGF (14-19 KDa [49], corresponding to Stokes's
radii [50] of 2.8-3.2 nm) compared to the pore size of the inter-particle network (Figure S3).
Moreover, considering the isoelectric point (pI) of HB-EGF (7.2-7.8) [51] and the pH of the
cell culture medium (7.4), one can easily conclude that there are no apparent electrostatic
interactions between the HP-free HA network surrounding HGPs and HB-EGF. Therefore,
once HB-EGF was released from HA/HP HGPs, the growth factor molecules diffused
through the secondary network without any additional steric hindrance or electrostatic
restriction. In general, this particle-based releasing system enabled the controlled
presentation of HB-EGF to the encapsulated LNCaP cells over the entire culture period.

HB-EGF interactions with PCa cells in the tumor microenvironment [28] have been shown
to accelerate cell growth. The bilayer culture platform was designed to recapitulate the PCa
microenvironment by fostering intimate cell-matrix and cell-cell interactions. The bottom
layer resembles the tumor tissue, and the top layer mimics stromal tissue to provide the
inductive cues to the entrapped LNCaP cells. In related studies (not shown and [28, 52]), we
and others have shown that LNCaP cells express low levels of both EGFR1 and ErbB-2
receptor kinases, providing them with the ability to respond to EGF family members. Thus
the bilayer 3D model provides several components reminiscent of the native tumor
microenvironment: proximally growing PCa cells with stromal cytokines, a controlled
release of HB-EGF, cancer cells expressing receptors for EGF family members, and a matrix
derived from a cell-responsive, native ECM constituent.

In agreement with previous studies [5], LNCaP cells proliferated more slowly in 3D HA
hydrogels than on 2D plastics. Foster and colleagues found that PCa cells grow more slowly
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in vivo than on a 2D plastic cell culture [53]. Therefore, the observed slower growth rate in
HA gels more closely resembles the tumor growth in vivo. The 3D confinement imposed by
the matrices surrounding the cells may have restricted cell proliferation [54]. Because
individual LNCaP cells were evenly distributed throughout the HA matrix at the beginning
of the 3D culture, the formation and expansion of tumoroids cannot be attributed exclusively
to cell proliferation, considering the low proliferative potential of LNCaP cells cultured in
the 3D matrix (Figure 6) and the large number of cells found in individual tumoroids with a
closely packed structure (Figure 7). Merging of tumoroids in close proximity, facilitated by
the matrix degradation (see below), also could contribute to their size expansion.

HYAL-1 is abundant in the tissue of PCa and can utilize HA of any size as a substrate,
generating predominantly tetrasaccharides [55]. Western blot analysis (Figure 8) indicates
that HYAL-1 was highly expressed by LNCaP cells cultured in the 3D environment. The
degradation of the HA matrix by cell-secreted HYAL-1 can create a porous pathway to
facilitate the merging of neighboring tumoroids. In addition, glutathione (GSH) secreted by
LNCaP cells [56] may participate in the matrix remolding process by reducing the disulfide
bond formed through HA-SH that partially contributed to the matrix integrity. An elevated
level of GSH is associated with the evolution of drug-resistant PCa cell lines (LNCaP and
DU-145 upon chemotherapeutic treatment) [56, 57]. Therefore, the extracellularly released
GSH from LNCaP cells also could facilitate the merging of tumoroids. Collectively, both the
HAase and GSH expressed by LNCaP cells may participate in the process of HA matrix
remodeling, which ultimately resulted in the umoroid size expansion by promoting a merger
of tumoroids. It is notable that the overall integrity of the hydrogel was not compromised by
the locally cell-expressed HAase or GSH (Figure S5).

It is worth mentioning that prolonged cultivation of the tumoroids beyond day 7 did not
further increase the size of the cell clusters, nor did cells in the center of the tumoroids
become necrotic or form lumens (data not shown). Previous studies show that elastic stress
gradually accumulates around the in vitro tumor spheroids as a result of the progressive
displacement of the matrices by the growing cellular mass [58, 59]; tumoroids stop
expanding when a growth-inhibitory threshold level of elastic stress is attained [58]. The
inhibitory elastic stress imposed by the matrices was suggested to limit cell proliferation,
ultimately leading to cell apoptosis through a mitochondrial pathway [60]. In our case, the
HA matrix may impose elastic forces on the growing LNCaP tumoroids, thereby limiting
cell growth and preventing the merger of neighboring tumoroids after the threshold spheroid
size was reached. The competition for essential nutrients within the cell-laden 3D matrix
was intensified gradually with the expansion of tumoroids and with the increasing diffusion
distances that are required for nutrients to reach the center of tumoroids. As a self-protective
mechanism, the tumoroids stopped expanding [61, 62]. We anticipate that culturing cells in
our bilayer system under optimal nutrient and oxygen conditions could lead to larger
spheroids with necrotic regions.

Angiogenesis refers to the formation of new blood vessels from the pre-existing vasculature
[63], and is critical for sustained tumor progression, invasion and metastasis [63]. VEGF165,
a potent and prevalent isoform in the VEGF family, is widely expressed by stressed tumor
cells and its production in the tumor microenvironment increases microvascular
permeability, induces endothelial cell ingrowth and proliferation, and promotes endothelial
cell survival [64]. IL-8 also has been suggested to play a crucial role in mediating tumor
angiogenesis [65]. Our results show that both the soluble HB-EGF and the 3D
microenvironment induced an upregulation of VEGF165 and IL-8 expression. The most
robust angiogenic induction was observed when both environmental cues were present. In
addition to its mitogenic effect, HB-EGF plays an important role in tumor angiogenesis by
promoting the expression for VEGF165 and IL-8 from cancer cells [66, 67]. The inductive
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effect of HB-EGF on the secretion of angiogenic factors was shown to be regulated through
its interaction with the cell surface EGF-receptors [68, 69]. Separately, as mentioned above,
the gradually accumulated stress on available nutrients within the 3D matrix triggers cellular
stress and alters gene expression, which ultimately elevates the expression and stabilization
of pro-angiogenic factors [64]. Similar inductive effects also were observed by culturing
cancer cells in collagen gels [3] and in scaffolds fabricated from PLGA [6]. Finally, small
HA fragments containing 4 to 25 disaccharide repeats generated from HAase-mediated
matrix degradation were shown to be angiogenic [23, 70]. Our results confirm that the HB-
EGF released from HGPs, the stress induced by nutrients limitation and the degraded HA
fragments collectively contribute to the increased angiogenic potential exhibited from 3D-
HB-EGF tumoroid cultures.

Although the bilayer model described here recaptures the tumor-stromal cell
communication, it does not recapitulate the spatial distribution of cancer and the stromal
cells in the native tissue where they may be in direct contact. Another limitation of the
current hydrogel culture system is the lack of matrix metalloproteinase (MMP)-degradable
motifs. Considering the crucial roles MMPs play in cancer progression and invasion in vivo
[71], it is important that MMP-sensitive motifs be incorporated in our HA matrices. In our
future studies, tumor cells will be cultured in the presence of randomly distributed EGF-
releasing HGPs in a single hydrogel construct that can be degraded by MMPs as well as
HAase. Using this model, we will investigate the engagement of EGFR in EGF signaling in
a biologically-relevant 3D environment.

5. Conclusions
An HA-based, bilayer culture platform was developed for the 3D culture of PCa cells. This
platform recapitulates the many of the characteristics of PCa and facilitates the crosstalk
between the tumor and its surrounding stroma via growth factor signaling. This bilayer
hydrogel system supports the growth and organization of LNCaP cells. Tumor spheroids
with an average diameter of 85 μm were detected after 7 days of culture in the presence of
temporally presented HB-EGF. Cells in these spheroids expressed cortical actin and E-
cadherin at cell-cell junctions. Cells cultured under the biomimetic conditions expressed a
higher level of pro-angiogenic factors. The 3D bilayer model provides an engineering
advance that can mimic the native carcinoma and can be used as an in vitro model for the
screening of cell responses to growth factors and for anticancer drugs such as those targeting
EGFRs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Synthesis of HA-based hydrogels via the covalent crosslinking of HA-AC and HA-SH.
Hydrolytically stable thioether bonds with neighboring hydrazide amides are formed at the
crosslinking points.
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Figure 1.
Three-dimensional bilayer hydrogel culture (3D-HB-EGF) for the growth of tumoroids from
LNCaP prostate cancer cells. (A) Schematic illustration of the bilayer hydrogel culture
system; (B) Hydrogel formation and construct assembly: (a) HA hydrogels containing HB-
EGF-loaded HGPs (top) or LNCaP cells (bottom) were prepared separately and
subsequently stacked; (b) Confocal images of individual hydrogel layers containing cascade
blue-stained HGPs (top) or SYTO13/PI stained LNCaP cells cultured at day 1 (bottom).
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Figure 2.
Representative rheological measurements of HA hydrogels prepared from HA-AC and HA-
SH (black symbols) and control samples prepared using HA and HA-SH (gray symbols).
(A): Time sweep; (B): Frequency sweep.
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Figure 3.
Hydrolytic stability and enzymatic degradability of HA hydrogels. The gel mass as a
function of incubation time in PBS in the presence (open symbol) or absence (filled symbol)
of HAase (5 U/mL) was monitored by the carbazole assay.
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Figure 4.
Cumulative release of HB-EGF from HGPs (open symbols) and HGP-embedded hydrogels
(filled symbols) for up to 13 days.
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Figure 5.
Representative confocal images of live/dead stained cells cultured under 2D-CT, 2D-HB-
EGF, 3D-CT and 3D-HB-EGF conditions at day 1, 4 and 7. Live (green) and dead (red) cells
were stained with SYTO-13 and propidium iodide, respectively.
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Figure 6.
Proliferation of LNCaP cells cultured on 2D or in 3D with or without HB-EGF as quantified
by PicoGreen DNA assay. The fold change in proliferation was calculated by normalizing
the cell number at day 1, 4, and 7 to that at day 0. The initial seeding density was 1×104

cells/cm2 in 2D, and 1×106 cells/mL in 3D (*: significant difference, p<0.05).
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Figure 7.
Confocal images of immunohistochemically stained LNCaP cells after 7 days of culture on
2D (2D-HB-EGF) or in 3D (3D-HB-EGF) in the presence of HB-EGF. Cell nuclei, F-actin
and E-cadherin were stained blue, green and red, respectively.
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Figure 8.
HYAL-1 expression by LNCaP cells cultured on 2D or in 3D as evaluated by Western blot.
β-actin served as the loading control.
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Figure 9.
Quantification by qPCR of the expression at the mRNA level of angiogenic markers by
LNCaP cells. (A, B): VEGF (A) and IL-8 (B) gene expression at day 7. Gene expression
was normalized to that of 2D-CT at day 7. (C, D): Upregulation of VEGF (C) and IL-8 (D)
over 7 days of culture in 3D-HB-EGF system. Gene expression was normalized to the level
at day 0. β-actin served as the normalization control in all qPCR analysis. (*, significant
difference, p<0.05)
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Figure 10.
Quantification by ELISA of the expression at the protein level of angiogenic markers. The
amount of VEGF (A) and IL-8 (B) secreted under various conditions was quantified by
ELISA after 7 days of culture. Results were normalized to the respective cell number at day
7 for each culture condition as measured by PicoGreen assay. (*: significant difference,
p<0.05).
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