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ABSTRACT: For native breast cancer cell growth to be mimicked in vitro as
spheroids, a well-defined matrix that mimics the tumor microenvironment is
required. Finding a biomimetic material for 3D cell culture other than Matrigel has
challenged the field. Because hyaluronan is naturally abundant in the tumor
microenvironment and can be chemically modified, we synthesized a hyaluronan
(HA) hydrogel with independently tunable mechanical and chemical properties for
3D culture of breast cancer cells. By modifying HA with distinct bioorthogonal
functional groups, its mechanical properties are controlled by chemical cross-
linking via oxime ligation, and its biochemical properties are controlled by grafting
bioactive peptides via Diels—Alder chemistry. A series of hydrogels were screened
in terms of stiffness and peptide composition for cancer spheroid formation. In the
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optimal hydrogel formulation, the 3D breast cancer spheroids showed decreased drug diffusion into their core and upregulation
of cellular multidrug-resistant efflux pumps similar to what is observed in drug-resistant tumors. Our results highlight the
potential of these tunable and well-defined gels in drug screening assays.

B INTRODUCTION

In vitro cell culture using three-dimensional (3D) scaffolds has
emerged as a technique that can recapitulate in vivo cellular
phenotypes and genotypes by providing cells with the necessary
biochemical and mechanical cues.' ~ Differences between cells
cultured on conventional 2-dimensional (2D) tissue culture
polystyrene (TCPS) and in 3D scaffolds are extensive;” for
example, culture of breast epithelial cancer cells on 2D TCPS
does not generate physiologically relevant multicellular
spheroidal structures, whereas culture in the commercially
available 3D scaffold, Matrigel, results in 3D breast cancer
spheroids.”* ™ Notwithstanding the benefits of cell culture in
Matrigel, because it is extracted from Engelbreth—Holm—
Swarm (EHS) mouse sarcoma, it has an ill-defined composition
that often results in irreproducible data, batch-sensitive drug
screening results, and consequently an unclear mechanistic
unde1‘standing.9_ll In addition, the use of Matrigel alone can
not be formulated to study the independent effects of
mechanical and biochemical properties, that is, gel stiffness
and immobilized bioactive molecules, respectively, which are
important extracellular matrix parameters that significantly
affect cellular behavior.>'”

Compositionally defined 3D hydrogel scaffolds comprising
naturally derived or synthetic polymers are advantageous for
cell culture, overcoming the inherent limitations of both
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conventional 2D cell culture and 3D culture in the naturally
derived but ill-defined Matrigel."”~"> Hyaluronan (HA) is a
nonsulfated glycosaminoglycan that is particularly interesting
for 3D culture as it is both abundant and upregulated in
numerous tumor tissues and plays a significant role in tumor
metastasis.'°™'® Because of its biological relevance for tumor
growth, and that many cancer cells express CD44 (a cell-surface
receptor for HA), HA-based hydrogels have been explored as
tools to study oncogenesis.'”

The chemical and mechanical properties of the cellular
microenvironment influence cell fate,”"** and these properties
must be considered in the design of hydrogels for cancer cell
culture. Several strategies have been pursued to immobilize
bioactive ligands and covalently cross-link HA to form stable
3D scaffolds for cell culture."*** Acrylate-thiol Michael addition
click chemistry, such as that used in HyStem,** is a prevalent
reaction and can be used to immobilize bioactive ligands, but
this inherently limits independent control of cross-linking and
chemical ligand presentation as both cross-linkers and ligands
compete for the same thiol groups on the HA backbone.

To enable independent control of mechanical and bio-
chemical parameters, we designed a defined HA hydrogel that
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takes advantage of two bioorthogonal chemical strategies (ie.,
oxime ligation and Diels—Alder reaction) within the same HA
polymer backbone. Specifically, HA polymers were first
modified with aldehyde groups and then with methyl furan
motifs. The HA-aldehyde groups are cross-linked with
bis(oxyamine)-poly(ethylene glycol) (PEG) via oxime ligation
to control hydrogel mechanical properties, whereas the HA-
methylfuran groups are conjugated with maleimide-function-
alized bioactive peptides via Diels—Alder reaction to control
hydrogel biochemical properties.””*® Thus, this hydrogel
system, comprising dual click chemistries on the same
polymeric backbone, allows for distinct modulation of
mechanical stiffness through cross-linking and bioactivity
through chemical functionalization (Scheme 1) and is advanta-

Scheme 1. Biomimetic Bifunctional Hyaluronan-Based
Hydrogels with Independently Controlled Mechanical and
Chemical Properties and Their Application in Culturing
Breast Epithelial Cancer Spheroids
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geous over using the combination of two separate mono-
functionalized polymers. We demonstrate how both mechanical
and biochemical properties of the hydrogel influence the
formation of 3D breast cancer spheroids and identify the
optimal combination. We then examine the potential utility of
these defined hydrogels for in vitro drug screening (Scheme 1).

B EXPERIMENTAL SECTION

Materials. All chemical reagents were used directly as provided by
the suppliers unless otherwise stated. All materials were purchased
from Sigma-Aldrich unless indicated otherwise: sodium hyaluronate
(289 kDa, Lifecore Biomedical), aminoacetaldehyde dimethyl acetal, S-
methyl-2-furanmethanamine (TCI), 4-(4,6-dimethoxy-1,3,5-triazin-2-
yl)-4-methylmorpholinium chloride (DMT-MM), poly(ethylene gly-
col) bis-amine (number-average molar mass (M,) 3400 g/mol,
Shearwater), (boc-aminooxy)acetic acid, N,N-diisopropylcarbodiimide,
N,N-diisopropylethylamine, 3-maleimidopropionic acid (TRC), triiso-
propylsilane, Na-Fmoc-Ne-Alloc-L-lysine (Anaspec), phenylsilane,
acetic anhydride, palladium-tetrakis(triphenyl phosphine), O-(6-
chlorobenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexafluoro-
phosphate (Anaspec), methyl cellulose dialysis membrane (1000 Da
and 12—14 kDa cutoff), growth-factor reduced Matrigel (Corning
product # 354230, lot # 4041123), HyStem C (Sigma-Aldrich product
#HYSCO010-1KT), 2-(N-morpholino)-ethanesulfonic acid (MES) (Bio
Basic Canada Inc.), Dulbecco’s phosphate buffered saline, Dulbecco’s
modified Eagle’s medium without sodium bicarbonate, RPMI-1640
medium (product # R8758), Dulbecco’s modified Eagle’s medium/
Nutrient F-12 Ham (product # D6421), trypsin EDTA (product #
T4049), charcoal-filtered fetal bovine serum (product # 12483-020)
(Gibco), collagen IV (product # 356233) (Corning), 0.4% trypan blue
(product # T8154), Hoechst 33342 (product # H1399) (Invitrogen),
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Alexafluor 488 Phalloidin (product # A-12379) (Molecular Probes),
EasiVial PEG (Part # PL2080-0201, Lot # 0006156930), and
hyaluronidase from bovine testes, type IV-S (H3884).

Dimethoxy Acetal-Substituted Hyaluronan (HA-dma) (1).
Sodium hyaluronate (for 51% degree of substitution (D.S.): 0.5 g; for
68% D.S.: 1.0 g, 289 kDa) was dissolved in 0.1 M MES buffer (8.3
mL/g of sodium hyaluronate, pH S.5) and mixed with DMT-MM (for
51% D.S.: 0.55 g, 1.98 mmol; for 68% D.S.: 1.17 g, 4.22 mmol). The
reaction was stirred for 15 min, and aminoacetaldehyde dimethyl
acetal (for 51% D.S.: 0.14 g, 1.31 mmol; for 68% D.S.: 0.50 g, 4.75
mmol) was added. After stirring for 48 h at room temperature, the
solution was dialyzed extensively in 0.1 M NaCl (S times, 12—14 kDa
molecular weight cutoff), followed by distilled water (3 times). The
purified solution was lyophilized and analyzed by 'H NMR (Figure
S1) in deuterium oxide (D,0) to determine dimethoxy acetal
substitution of 51% (1a) or 68% (1b).

Methyl Furan/Dimethoxy Acetal-Substituted Hyaluronan
(HA-MF-dma) (2). Dimethoxy acetal-substituted hyaluronan (la or
1b) (0.22 g, 289 kDa) was dissolved in 0.1 M MES buffer (26 mL, pH
5.5) and mixed with DMT-MM (0.147 g, 0.53 mmol). The reaction
was stirred for 1S min, and S-furfurylamine (59 mg, 0.53 mmol) was
added dropwise. After stirring for 24 h at room temperature, the
solution was dialyzed against 0.1 M NaCl and then distilled water (3
times). The purified solution was lyophilized, resulting in 2a or 2b
(021 g 93% yield), and was analyzed by 'H NMR in D,0O to
determine methyl furan substitution of 16% (Figure S2).

Methylfuran/Aldehyde-Substituted Hyaluronan (HA-MF-
Ald) (3). Methylfuran/dimethoxy acetal-substituted hyaluronan (2a
or 2b) (211 mg, 289 kDa) was dissolved in distilled water (10 mL)
and dialyzed in 0.2 M HCI (12—14 kDa molecular weight cutoff) for
48 h at room temperature followed by distilled water for 24 h. The
purified solution was lyophilized, resulting in 3a or 3b (0.165 g, 87%
yield), and "H NMR was used to monitor the completion of the
reaction via the disappearance of acetal signal at 3.45 ppm (Figure S3).
Gas permeation chromatography was used to investigate the change in
molecular weight of unmodified HA to HA-MF-ald by comparison to
poly(ethylene) glycol (PEG) standards and revealed a decrease in
molecular weight from M,, 330.1 to 284.1 kg mol™".

Quantification of Aldehyde Substitution in the HA Polymer
Backbone for Compounds. Aldehyde substitution was quantified as
previously reported.”” Briefly, aldehyde-substituted hyaluronan (10
mg) (3a, 3b, or 7) was dissolved in acetate buffer (0.7S mL, 0.1 M in
water, pH 5.2), mixed with a solution of fert-butyl carbazate (15.6 mg,
0.12 mmol) and sodium cyanoborohydride (7 mg, 0.12 mmol) in
acetate buffer (0.75 mL), and stirred for 24 h at room temperature.
The solution was sequentially dialyzed against 0.1 M NaCl and
distilled water and lyophilized to afford HA-hydrazide (Boc)
derivatives (4a, 4b, 8 corresponding to 3a, 3b, 7, respectively). 'H
NMR was used to determine aldehyde substitution by the ratio of
integrals corresponding to tert-butyl (1.47 ppm) and N-acetamide
(2.03 ppm) (Figures S4, SS, and S8).

Poly(ethylene glycol) Bis(oxyamine) (5). To a solution of
dichloromethane (DCM) (3 mL) under nitrogen were added (boc-
aminooxy)acetic acid (0.035 g, 0.18 mmol) and N,N’-diisopropylcar-
bodiimide (DIC) (0.033 g, 0.26 mmol), which was then stirred for 1 h
at 0 °C. PEG diamine (0.300 g, 3400 MW) was added with N,N-
diisopropylethylamine (0.022 g, 0.18 mmol), and the reaction was
stired for 48 h at room temperature. Completion of the PEG
modification reaction was confirmed using 'H NMR by the
disappearance of the terminal methylene (-CH,-NH,) signals at 3.0
ppm (Figure S4) and the appearance of the fert-butyl groups (1.5
ppm) of the Boc-protected bis(oxyamine). DCM was evaporated
under reduced pressure. The resulting solid was dissolved in a mixture
of 0.1 M MES buffer (pH 5.5) and dimethylformamide (DMF) and
then dialyzed using a methyl cellulose dialysis membrane (1000 Da
molecular weight cutoff) in sodium chloride (0.1 M) followed by
distilled water (3 times) before being lyophilized. Boc-protected PEG
bis(oxyamine) (Sa) was obtained as a white solid (268 mg, 79% yield)
and characterized for substitution by 'H NMR. Boc groups were
cleaved by dialysis in hydrochloric acid (0.2 M) followed by DI water.
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PEG bis(oxyamine) (5) was obtained as a white crystalline solid (200
mg, 82% yield) and characterized by '"H NMR (Figure S6).

Mal-IKVAV-Ls Peptide. Mal-GRKQAASIKVAVSG,SRLsR,KG
was prepared using Fmoc-Glycine-Wang Resin and standard Fmoc
solid phase synthesis. Following piperidine deprotection of the N-
terminus, maleimide functionality was immobilized by activating 3-
maleimido-propionic acid (84 mg, 0.5 mmol) with DIC (0.120 mL,
0.75 mmol) in DCM (6 mL) and 1-methyl-2-pyrrolidinone (0.2 mL)
for 30 min. The solution was added to preswollen resin-containing
peptide (0.25 mmol) in DCM and stirred overnight. Peptides were
cleaved off the resin using 90% trifluoroacetic acid, 5% water, and 5%
triisopropylsilane over 4 h at room temperature. The crude peptide
was precipitated into cold ether and purified by HPLC with water and
acetonitrile containing 0.1% trifluoroacetic acid. ESI calcd for
CiseH N4 05, [M]*, 3112.85; found, 3112.9.

Mal-YIGSR-L¢ Peptide. Mal-GDPGYIGSRG,RL,R,KG was pre-
pared using the above protocol for peptide synthesis. ESI calcd for
Ci6H10sN3s05, [M + NH,*T*, 2649.51; found, 2647.5.

RGD-L¢-Mal Peptide. Ac-GRGDSPASSKG,SRLR,KK(Mal)G
was prepared using the above solid phase synthesis protocol with
the following modifications: Fmoc-Glycine-Wang resin (1.0 mmol)
first coupled to Na-Fmoc-Ne-Alloc-L-lysine (0.68 g, 1.5 mmol) using
HCTU (0.78 g, 1.88 mmol) and DIPEA (0.37 mL, 2.25 mmol)
overnight. Subsequent Fmoc deprotections of the N-termini were
achieved using 20% piperidine in DMF containing 0.1% HOBt.
Following cleavage of the final Fmoc residue, the peptide was N-
capped using acetic anhydride (0.2 mL) and DIPEA (0.5 mL) in DCM
for 2 h. Completion of reactions were monitored using a 2,4,6-
trinitrobenzenesulfonic acid (TNBS) test. Alloc deprotection was
performed in DCM under nitrogen with palladium-tetrakis(triphenyl
phosphine) (catalytic) and phenylsilane (0.31 mL, 2.5 mmol)
overnight. C-terminal maleimide functionalization was performed by
activating 3-maleimido-propionic acid (253 mg, 1.5 mmol) with DIC
(0.70 mL, 2.25 mmol) in DCM (6 mL) and 1-methyl-2-pyrrolidinone
(0.2 mL) for 30 min. The solution was added to preswollen resin in
DCM and stirred overnight. Peptides were purified as above. ESI caled
for Cyp5H,1sN43056 [M + HJY, 2930.64; found, 2930.68.

Preparation of Bifunctional Hyaluronan Hydrogels. Sterile
HA polymer (25 mg mL™" in Dulbecco’s modified Eagle’s medium
without sodium bicarbonate) was diluted to the desired concentration
with Dulbecco’s phosphate buffered saline (DPBS) and transferred
into each of the desired wells. Sterile poly(ethylene glycol)
bis(oxyamine) solution (72 mg mL™" in 0.1 M phosphate buffer pH
7.4) was then added to each well and immediately, yet carefully to
avoid air bubbles, mixed with a pipet. Increased gel viscosity was
observed within S s. Completion of gelation was achieved by
incubation for 45 min at 37 °C in 5% CO,. The hydrogels were
washed with DPBS (once) followed by 0.1 M MES buffer (pH S.5, 2
times). Scaffolds were modified by incubation with the desired
concentration of maleimide-modified peptides (dissolved in 10%
DMSO in 0.1 M MES pH S5.5) overnight at 37 °C. Hydrogels were
washed twice with MES (30 min each), twice with 0.3 M glycine
solution (diluted in PBS), and twice with phosphate buffer (0.1 M, pH
8).

Preparation of Matrigel Hydrogels. Growth factor-reduced
Matrigel was allowed to reach 4 °C over several hours, and using
prechilled tips, the appropriate volume was transferred to the desired
wells.

Preparation of HyStem Hydrogels. 3D HyStem hydrogels were
prepared according to manufacturer’s protocols and based on the
reported procedure.”®

Hydrogel Sswelling. Hydrogels were prepared (100 uL/gel) and
incubated for 2 h at 37 °C to ensure full gelation. The hydrogel mass
was taken as the nonswollen value, and DPBS (400 L) was added to
the hydrogels, which were incubated at 37 °C. Every 24 h, buffer was
removed, and hydrogel mass was recorded and replaced with DPBS
(400 uL) until hydrogel degraded over 28 days. Swelling data was
recorded as a ratio of initial gel mass at a specific day to nonswollen
hydrogel mass.
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Unconfined Mechanical Testing to Determine Compressive
Moduli. First, 7S uL of each gel was prepared in 16-well chamber
slides with a surface area of 0.4 cm® Gels were washed and preswollen
in PBS for 24 h prior to analysis. Samples were placed between two
impermeable flat platens connected to a single axis load cell (150g,
ATI Industrial Automation) on a Mach-1 micromechanical system
(Biomomentum), and an initial force of 0.01 N was applied find the
gel surface. The initial sample height was determined as the separation
distance between the two platens. An initial uniaxial, unconfined
compression was applied at a strain of 10% of the gel height to remove
surface defects. Sample analysis was performed by applying a
subsequent strain of 10%. The compressive modulus was calculated
from the slope of the resultant stress versus strain chart for each
sample. At least 3 separate samples were prepared and analyzed for
each condition.

Quantification of Peptide Immobilization to HA Hydrogels
by Amino Acid Analysis. HA-MF-ald hydrogels (100 uL) were
formulated with 11 mg mL™" HA-MF-ald substituted with aldehyde
(51%) and methyl furan (16%) cross-linked with 5.8 mg mL™" of 3.5
kDa PEG bis(oxyamine) for low PEG cross-linked (25% cross-linking)
or 174 mg mL™" of PEG bis(oxyamine) for high PEG cross-linked
(75% cross-linking) in PBS, which were prepared and incubated for 1
h at 37 °C. Hydrogels were washed twice with 0.1 M MES buffer (pH
5.5) for 10 min each followed by the respective addition of maleimide-
modified IKVAV-L,, YIGSR-L;, or RGD-L¢ solutions (100 uL, 161
uM) in MES with 5% DMSO. Gels with a higher concentration of
IKVAV-Lg were prepared by the addition of 100 L (805 uM peptide
in MES with 5% DMSO). The hydrogels were incubated overnight at
37 °C and washed with MES, 0.1 M aminooxyacetic acid (in PBS), and
PBS before being degraded by treatment with SU of type IV
hyaluronidase (5.55 #L) and incubated for another 48 h at 37 °C until
completely digested. Samples were compared to controls containing
only hyaluronan hydrogel + hyaluronidase spiked with an equal
amount of maleimide-modified peptide solutions used for immobiliza-
tion. Samples containing peptides are hydrolyzed to individual amino
acids using 6 N HCl at 110 °C for 24 h. Excess HCI was removed by
evaporation under reduced pressure, and the hydrolyzed amino acids
were derivatized using phenylisothiocyanate (PITC). The phenyl-
labeled amino acids were then separated, and samples were quantified
using Pierce amino acid standard H and an Acquity UPLC BEH C18
column (2.1 mm X 10 cm) at 48 °C. Signal was detected at 254 nm
using an Acquity TUV detector; results were processed using Waters
Empower 2 chromatography software, and glycine values were used for
analysis with n = 3 gels per condition. To calculate the conjugation
efficiency of maleimide-modified peptides immobilized into a hydrogel
sample, we compared the amount of immobilized peptides to standard
solutions with known concentrations of HA-MF-ald and maleimide-
modified peptides.

Quantification of Bis(oxyamine)-PEG Immobilization to
Bifunctional Hyaluronan Hydrogels. Bifunctional HA hydrogels
(51% aldehyde D.S.) cross-linked with bis(oxyamine)-PEG (3.5 kDa
(75 repeating ethylene glycol units), 100% molar ratio oxy-
aminepy:aldehyde;;,) were prepared in D,0/DMSO-dg (3:1 v/v).
Hydrogels were washed with D,0/DMSO-dg4 to remove unbound
reagents. Hyaluronidase (5 U in 5.55 yL) was added to degrade the
gels for 24 h at 37 °C. The degraded gel was then lyophilized and
resuspended in D,0/DMSO-dg for 'H NMR acquisition. As a
standard, the pyranose proton peaks (3.3—4.1 ppm, 10H) of HA-MF-
ald alone (Figure S9B) were first quantified relative the C2-NHAc
peak (2.1 ppm, 3H). For the conjugation efficiency of bis(oxyamine)-
PEG immobilized within the HA gels, peaks between 3.3 and 4.1 ppm
(corresponding to the methylene peaks of PEG and the pyranose
peaks of HA-MF-ald) were integrated relative to the C2-NHAc peak of
HA-MF-ald (Figure S9C) and compared to the theoretical amount of
bis(oxyamine)-PEG initially added: theoretical number of PEG
pI‘OtOI’lS per mOIHA (100% moL)xyamine added/m()laldehyde DS on HA) X
(51% a‘ldehydeDS on HA/InOl HA) X (1 mOlPEG added /2’ m01oxyamine added)
X ((75 repeating units/molppg) X (4 Hy3_4; ppm/repeating unit) + 4
terminal H3.3*4A1 ppm/mOIPEG +4 aH3A374A1 ppm/m()lcross-li.nked PEG)'
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Cell Seeding. Cells were cultured using DMEM/F12 (MCF-7) or
RPMI-1640 (T47D) supplemented with penicillin-streptomycin (1%),
fetal bovine serum (10%), and insulin (0.01 mg/mL). Cells were
passaged by removing media and rinsing the cells with PBS before
adding trypsin EDTA (3 mL). Gels were equilibrated with media by
washing 3 times prior to cell seeding. Then, 45 uL of gel/well was
prepared in 96-well plates. Cells were diluted to the desired
concentration using media, and 100 uL of cell solution was added
to each well (i.e., for 6,000 cells/well, 100 uL of 60,000 cells/mL was
added). For cells cultured on Matrigel, preformed Matrigel gels of
100% (8—12 mg mL™') were seeded on the surface with cells
suspended in a media solution containing dilute 2.5% Matrigel as
previously described.”” For cells cultured on bifunctional-HA hydro-
gels, preformed HA-MF-ald gels were seeded on the surface with cells
suspended in media followed by additional media containing IKVAV-
Ls (20 uM) and YIGSR-L; (1 M) peptides and the addition of
collagen IV (20 ug mL™"). With the added proteins and peptides, we
were able to eliminate all use of ill-defined Matrigel in our well-defined
HA-MF-ald cell studies. Media was changed every 48 h, and gels with
cells were maintained at 37 °C in 5% CO,.

Quantification of Spheroid Number and Size. Spheroid size
was quantified using a GelCount instrument without further treatment
at 2400 dpi with settings as follows. Edge detection (65), dark on light
detection mode, center detection sensitivity (60), colony intensity
(0.1-0.5), circularity factor (60), number of spokes (12), fast
Gaussian fit (3), good edge factor (80), and overlap threshold (50).
In some wells, the colony intensity was adjusted to eliminate
background by adjusting the colony intensity threshold. Spheroid
diameters were binned and graphed using GraphPad.

Treatment with Doxorubicin. Fresh drug solutions were
prepared from a S mM stock of doxorubicin prepared in DMSO
and stored at —80 °C. Drug solutions at 10 nM, 50 nM, 100 nM, 1
uM, and 10 uM were prepared by serial dilution with RPMI-1640
media containing 10% fetal bovine serum and penicillin-streptomycin.
A control solution containing 0.2% of DMSO was prepared from
DMSO in the same media. Seven days after initially seeding cells,
media were carefully removed from the wells and the cells were dosed
with 150 uL of drug solution. The media was replenished with fresh
drug solutions every 48 h. For visualizing the penetration of
doxorubicin into cancer spheroids, seven days after seeding 6,000
T47D cells per well in a 96-well plate, media were carefully removed
from the wells and cells were dosed with 150 uL of 10 yM of a
doxorubicin solution. After 7 days of drug treatment, Hoechst 33342
(1/1000 dilution in media) was added to each well. After incubating
the cells for 4 h at 37 °C, cancer spheroids were imaged at 20X
magnification using an inverted confocal microscope to capture z-stack
images with 10 pm step sizes.

Immunocytochemistry. Media were carefully removed using a
pipet, and SO uL of 4% PFA (dissolved in PBS) was added at room
temperature (15 min for 2D culture and 1.5 h for 3D gels). Gels were
then carefully washed with 75 uL of PBS (4 times, 20 min each with
gentle agitation), and 2% BSA in PBS containing 0.1% TritonX was
used to block nonspecific interactions for at least 1 h. Primary antibody
(1/100 dilution for rabbit-MDRI1 (anti-P glycoprotein antibody
[EPR10364-57], Abcam, ab170904) or 1/100 dilution for Phalloi-
din-AlexaFluor488 (ThermoFisher, A12379) were diluted in 2% BSA/
PBS containing 0.1% TritonX, and 20 uL was added to each well and
incubated at 4 °C overnight with gentle agitation. Gels were then
washed extensively with 2% BSA/PBS containing 0.1% TritonX with
gentle agitation (S times, at least 1 h each time). For MDRI,
secondary antibodies (goat antirabbit-AlexaFluor 488, 1/100 dilution)
and Hoechst (1/1000 dilutions) were diluted into the same solution in
2% BSA/PBS containing 0.1% TritonX and filtered through a 0.2 ym
syringe filter. Twenty microliters was added to each well and incubated
at room temperature for 2 h with gentle agitation. Gels were then
washed using 2% BSA/PBS containing 0.1% Triton X extensively (5
times, at least 1 h each time with gentle agitation).

Cell Imaging. Cells were imaged using an Olympus Fluoview
(FV1000) inverted confocal microscope. Images were taken with a
20X objective lens and acquired as Z-stacks (with 10 ym step size)
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that spanned the entire 3D volume of the regions. All images for the
same experiment were acquired using the same microscope settings,
processed using the same software settings on FV10-ASW3.1, and
displayed as compressed z-stacks. The same microscope settings were
used for each set of experiments. Negative controls were performed
using cells stained only with secondary antibodies.

Statistical Analysis. All statistical analyses were performed using
GraphPad Prism version 6.00 for Mac (GraphPad Software, San
Diego, CA, USA). For frequency distribution of spheroid sizes, sizes
were binned at 50 ym, and a polynomial line of best fit is shown for
clarity. Differences among groups of three or more treatments were
assessed by one- or two-way ANOVA with Tukey post hoc tests to
identify statistical differences. An a level of 0.05 was set as the criterion
for statistical significance. Graphs are annotated with p-values
represented as *p < 0.0S, **p < 0.01, ¥**p < 0.001, and **** p <
0.0001. All data are presented as mean + standard deviation.

B RESULTS AND DISCUSSION

To control hydrogel mechanical properties, we used oxime
chemistry to chemically cross-link HA-aldehydes with PEG-
bis(oxyamine), as the reaction is rapid and results in chemically
stable gels.’”’' Oxidative cleavage is a common method to
generate aldehydes from polysaccharides where the C—C bond
between vicinal diols in the pyranose rings is cleaved and
subsequent oxidation results in alcohols;””**** however,
undesired hydrolysis of the glycosidic bonds readily occurs,
leading to HA backbone degradation, decreased molar mass,
and inconsistent polymer syntheses. To overcome this
limitation, we instead reacted HA carboxylic acids with amino
acetaldehyde dimethyl acetal (an acid-labile protected aldehyde
precursor)**** using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMT-MM, Scheme 2) as a
coupling agent. By controlling the molar equivalents of DMT-
MM, HA was functionalized with the aldehyde precursor
dimethyl acetal (HA-dma, 1) at S1 or 68% substitution (as
determined by 'H NMR, Figure 1 and Figure S1), which
enables us to study the effect of aldehyde substitution on
hydrogel properties.

Next, we independently control the biochemical properties
by purposefully designing the HA hydrogels with a second
bioorthogonal group, S-methylfuran, which reacts with
maleimide-functionalized peptides via Diels—Alder click chem-
istry. This strategy provides a distinct reaction from that used in
chemical cross-linking, thereby providing independent control
of mechanical and chemical properties. 5-Methylfurfurylamine
is coupled to unreacted backbone carboxylic acids of HA-dma
using DMT-MM, resulting in a bifunctional HA with a
methylfuran substitution of 16% (HA-MF-dma, 2) (Figure 1).
Dimethyl acetal protecting groups are completely cleaved under
acidic conditions (aqueous 0.20 M hydrochloric acid at 20 °C
for 24 h) generating HA substituted with both methylfuran and
aldehyde (HA-MF-ald, 3). Aldehyde substitution was quantified
using an established protocol,”” where aldehydes on the HA-
MF-ald backbone were reacted with tert-butoxycarbonyl
hydrazide followed by sodium cyanoborohydride reduction
(HA-MF-hydrazide(Boc), 4), yielding an aldehyde substitution
of 51 or 68%, consistent with the DMA substitution of the HA-
dma precursor (1). Importantly, and in contrast to previous
reports of HA-aldehyde syntheses via oxidative cleavage,””*°
our chemical modification methodology resulted in only a 15%
decrease in the HA weight-average molar mass, from M,, 330.1
to 284.1 kg mol™’, as determined by GPC.

HA-MF-ald is air-stable following dissolution in aqueous
medium and can be dissolved and stored as a stable and usable
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Scheme 2. Synthesis of Bifunctional Hyaluronan (HA) with
S-Methylfuran and Aldehyde Functional Groups
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solution for at least 3 months at 4 °C. In contrast, HyStem
(comprising HA-thiol and gelatin-thiol) is susceptible to air
oxidation after several days, resulting in undesired self-

polymerization after these components are dissolved in aqueous
buffer. This inherently limits the reactivity of HA-thiol and
gelatin-thiol with PEG diacrylate cross-linkers, leading to
hydrogels with irreproducible physicochemical properties.
Having synthesized HA functionalized with both methyl
furan and aldehyde motifs (HA-MF-ald) (3), hydrogels were
formed with independent control of both chemical and
mechanical properties. The hydrogel stiffness can be tuned by
varying either the percent of aldehydes cross-linked with
bis(oxyamine)-PEG (5) or the degree of aldehyde substitution
(Figure 2). Using 1.1% bifunctional HA hydrogels with 51%

(oxyamine / aldehyde)

124 :

.
.
.
.

Compressive
Modulus
(kPa)

L S i . #

%molarratio 25 55 75 100 i 100

68%

51% Ald D.S. Ald D.S.

Figure 2. Compressive modulus of bifunctional 1.1% HA-MF-ald
hydrogels with S1% degree of aldehyde substitution (except for last
bar, black, at 68%) and cross-linked with bis(oxyamine)-PEG (25—
100% molar ratio of oxyamine relative to aldehyde).

aldehyde substitution, the compressive modulus can be tuned
from 0.60 + 0.03 to 4.95 + 1.64 kPa by increasing the molar
ratio of oxyamine to aldehydes from 25 to 100%, respectively,
with the conjugation efficiency of bis(oxyamine)-PEG being
quantitative for the latter gels (Figure S9). In addition,
increasing the aldehyde substitution from 51 to 68% further
increases the modulus to 9.69 + 0.31 kPa.

Next, pendant maleimide-functionalized peptides were
chemically conjugated to the methylfuran groups of preformed
bifunctional HA-MF-ald/PEG hydrogels (Figure 3A). Specifi-
cally, we conjugated a laminin @l chain mimic, maleimide-

gl
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Figure 1. "H NMR spectra of 1—4. Highlighted proton peaks (in blue, green, and red boxes) were integrated relative to the N-acetal signal of the HA
backbone (2.1 ppm, black box) and used to quantify the degree of substitution of aldehydes (red) and methylfuran (blue). Detailed "H NMR spectra

are shown in the Supporting Information.
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Figure 3. (A) Synthesis and (B) mechanical properties of hyaluronan-
methylfuran-aldehyde (3, HA-MF-ald) hydrogels cross-linked with
bis(oxyamine)-(PEG) (55% (open bars) or 100% (closed bars) molar
ratio of oxyamine relative to aldehyde) and conjugated with Mal-
IKVAV-L¢ peptide. Addition of peptide does not affect hydrogel
stiffness. N > 4, mean + s.d. plotted. *p < 0.05. Two-way ANOVA,
Tukey’s post hoc test.

GRKQAAS-IKVAV-SG,SRL¢R,KG (referred to as Mal-IKVAV-
L), to promote the formation of breast cancer spheroids.
We determined the peptide conjugation efficiency using amino
acid analysis. When the same concentration of peptides (35
nmol/mg ;) was added to gels with varying stiffness (0.6 or
1.6 kPa), the peptide conjugation efficiency was not statistically
different (73.7 £ 10.6% vs 57.1 + 11.7%, p > 0.05); however,
peptide conjugation efficiency was significantly lower when the
concentration of peptide was increased (from 35 to 75 nmol/
mg;,) in gels of the same stiffness (0.6 kPa) (73.7 + 10.6% vs
37.2 + 2.7%, p < 0.01) (Figure S10). The addition of peptides
did not significantly change the stiffness of the bifunctional
hydrogels (Figure 3B), indicating that the cross-linking
chemistry was unaffected.

To demonstrate the advantage of using multiple function-
alities to independently tune chemical and physical properties,
we prepared 1.1% HA-methylfuran (6, HA-MF, 60% degree of
substitution (D.S.), Figure 4A) and first cross-linked it with
bis(maleimide)-PEG and then modified it with Mal-IKVAV-Ly,
In these hydrogels, the modulus decreased significantly after
peptide modification even though it had already been cross-
linked. In contrast, the incorporation of peptides did not affect
the modulus of the hydrogels comprising both methyl furan
and aldehyde functionalities that were cross-linked with
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bis(oxyamine)-PEG and modified with the same Mal-IKVAV-
L¢ peptide (Figure 4B).

To demonstrate the advantage of using multiple function-
alities to independently tune chemical and physical properties,
we prepared 1.1% HA-methylfuran (6, HA-MF, 60% degree of
substitution (D.S.), Figure 4A) and first cross-linked it with
bis(maleimide)-PEG and then modified it with Mal-IKVAV-Ly,
In these hydrogels, the modulus decreased significantly after
peptide modification even though it had already been cross-
linked. In contrast, the incorporation of peptides did not affect
the modulus of the hydrogels comprising both methyl furan
and aldehyde functionalities that were cross-linked with
bis(oxyamine)-PEG and modified with the same Mal-IKVAV-
Lg peptide (Figure 4B).

To understand why the modulus decreased for HA-MF
hydrogels cross-linked with (bis-maleimide)-PEG and then
modified with Mal-IKVAV-L¢ peptide, we examined the
mechanism. Given the reversibility of the Diels—Alder
reaction,”® we hypothesize that methylfuran groups of HA
and maleimide groups of the PEG cross-linker are released
from the Diels—Alder adduct. Reformation of chemical cross-
links of maleimide-(PEG) with methyl furan groups of HA-MF
is then competitively inhibited by addition of Mal-IKVAV-L
peptides, consequently decreasing the degree of chemical cross-
linking and weakening the hydrogel (Figure 4C).

With our interest in developing bioengineered scaffolds for
culturing breast cancer spheroids, we designed our hydrogel to
mimic the physical propertles of Matrigel, which is widely used
to grow spheroids.”*”® The stiffness of bifunctional HA
hydrogels, 0.60 + 0.03 kPa, matched closely with Matrigel
(0.98 + 0.30 kPa) and HyStem (0.64 + 0.1S kPa), another
commercially available HA-based hydrogel. These bifunctional
HA hydrogels are composed of 1.1% HA with a degree of
substitution of 51% aldehyde and cross-linked with bis-
(oxyamine)-PEG (25% molar ratio of oxyamine to aldehyde,
Figure SA). To further study the role of gel stiffness on
spheroid formation, we also prepared a stiffer hydrogel (2.30 +
0.79 kPa) by increasing the molar ratio of oxyamine to 75%.

Long-term cell culture (>28 d) is desirable for spheroid
formation in vitro, drug screening, and genetic analysis of the
cells. Using an in vitro swelling study of gels with comparable
moduli, the stability of bifunctional HA-MF-ald/PEG gels with
either low (25%) or high (75%) cross-linking was assessed.
Bifunctional hydrogels were stable and showed no decrease in
swelling ratio for at least 28 d, whereas HyStem and Matrigel
showed significant decreases after 7—14 days (Figure SB).
Despite the increased stability of bifunctional HA-MF-ald/PEG
gels, they remain degradable by hyaluronidase to enable
retrieval of viable cells for further study.”

Incorporation of both bioorthogonal functional groups on
the same HA polymer backbone was important for gel stability.
We performed a swelling study on hydrogels comprising a
physical blend of each of these bioorthogonal functional groups
on separate HA polymer backbones (i.e., HA-MF (6) + HA-ald
(7)) vs HA-MF-ald (3), where all polymers were cross-linked
with the same concentration of bis(oxyamine)-PEG (5). Unlike
the bifunctional HA-MF-ald polymer (shown in Figure SB), the
physical blend of the separate HA-MF and HA-ald polymers
resulted in a significantly greater swelling ratio and con-
sequently decreased physical stability after 1 day, followed by
mass loss (Figure S11). We attribute this decreased stability to
the dissolution of HA-MF, which is not covalently cross-linked
by bis(oxyamine)-PEG.
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Figure 4. (A) Synthesis and (B) mechanical properties of hyaluronan-methylfuran (6, HA-MF) hydrogels cross-linked with bis(maleimide)-PEG
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ANOVA, Tukey’s post hoc test. (C) Proposed mechanism for decreased stiffness of HA-MF/Mal,PEG hydrogels upon addition of Mal-IKVAV-L
peptide.
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For A,C: N > 3, mean + standard deviation plotted. **p < 0.01; n.s. = not significant. One-way ANOVA, Tukey’s post hoc test. For B: N = 3,
student’s t test was performed to evaluate differences in hydrogel swelling between materials at individual days. *p < 0.05 indicates the difference
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With similar mechanical properties to Matrigel, we screened growth. Given the complexity of the extracellular matrix
HA-MF-ald/PEG with biochemical ligands for spheroid (ECM), we introduced a series of peptides derived from
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Figure 6. Cell morphology of T47D breast epithelial cancer cells cultured on (A) HA-MF-ald/PEG (0.6 kPa) with 35 nmol/mgy;, Mal-IKVAV-L6,
(B) Matrigel (positive control), (C) HyStem, (D) 2D TCPS (control), (E—G) HA-MF-ald/PEG (0.6 kPa) with (E) Mal-RGD-L, peptide, (F) Mal-
YIGSR-Lg peptide, and (G) increased concentrations of Mal-TKVAV-Ly (75 nmol/mgy,), (H) stiffer bifunctional HA-IKVAV-Ly gels (2.3 kPa).
Scale bar = 150 ym. Blue: Hoechst (nuclei), green: Phalloidin (Actin).

major ECM components that we could screen with a
phenotype cell-based assay. Specifically, we conjugated
maleimide-containing peptides derived either from fibronectin
(G-RGD-SPASSK-G,SRL(R,K,-(maleimide)-G), laminin al
(Mal-IKVAV-Ly), or laminin A1 (maleimide-GDPG-YIGSR-
G,SRL,; R,KG) at similar peptide concentrations as determined
by amino acid analysis (Figure 5C).*

With the goal of identifying which hydrogel has the optimal
biomimetic properties for breast cancer spheroids, we cultured
luminal T47D breast epithelial cancer cells on HA-MF-ald/
PEG hydrogels with varying mechanical properties and peptide
compositions. We compared our HA-based hydrogels to both
conventional 2D TCPS and commercially available hydrogels
Matrigel and HyStem. Previous studies have shown the
importance of adding a dilute, 2.5% solution of Matrigel to
cells cultured on the surface of Matrigel to enable spheroid
growth of breast epithelial cells.”” Recognizing this, and along
with our efforts to eliminate the use of Matrigel, we added a
solution containing collagen IV, IKVAV-Ls, and YIGSR-Lg
peptides (at final concentrations of 20 ug mL™', 20 uM, and
1 uM, respectively) to cells cultured on our bifunctional HA
gels. Cells cultured on Matrigel with this protein/peptide
cocktail showed equivalent cell morphology to those cultured
with 2.5% Matrigel in solution (Figure SI2A—D). Similarly,
cells cultured on our bifunctional HA gels with the identical
protein/peptide cocktail had a comparable morphology to
those cultured on Matrigel (Figure S12E). Cells cultured in the
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absence of these components in the media resulted in flattened
cell morphologies or inconsistent spheroid growth (Figure
S12F,G). Even with the protein/peptide cocktail in the media,
cells cultured on HA bifunctional gels without immobilized
IKVAV-L6 peptide formed a nonadherent cell aggregate
(Figure S12H).

Cells cultured on softer HA-MF-ald-IKVAV hydrogels (0.6
kPa), which have comparable compressive moduli to Matrigel
and HyStem (1.0 and 0.6 kPa, respectively), formed spheroids
(Figure 6A—C) on the surface of the hydrogels. In contrast,
cells cultured on 2D TCPS grew as monolayers (Figure 6D),
reflecting the inability of this conventional material to represent
the cellular microenvironment. Although soft HA-MF-ald-
IKVAV gels (0.6 kPa) were optimal for breast cancer spheroid
formation, this was reproduced with neither HA-MF-ald-RGD
nor HA-MF-ald-YIGSR with equivalent concentrations of
immobilized peptide and compressive modulus, where T47D
cells showed signs of a flattened morphology similar to that of
2D cultured cells (Figure 6E, F, white arrows). Peptide
concentration also influenced cell fate as cells cultured on soft
hydrogels (0.6 kPa) grafted with higher concentrations of
IKVAV-Ly peptides (75 nmol/mgy,) formed regions with
flattened cell morphology (Figure 6G, white arrows). In
contrast, cells cultured in the absence of any immobilized
peptides resulted in cells that adhered to each other and not to
the gel, resulting in the formation of a large cell mass that was
easily removed during the wash procedure (Figure S12H). The

DOI: 10.1021/acs.biomac.7b01422
Biomacromolecules 2017, 18, 4373—4384


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b01422/suppl_file/bm7b01422_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b01422/suppl_file/bm7b01422_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b01422/suppl_file/bm7b01422_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b01422/suppl_file/bm7b01422_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b01422/suppl_file/bm7b01422_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b01422/suppl_file/bm7b01422_si_001.pdf
http://dx.doi.org/10.1021/acs.biomac.7b01422
http://pubs.acs.org/action/showImage?doi=10.1021/acs.biomac.7b01422&iName=master.img-009.jpg&w=300&h=327

Biomacromolecules

Number of Spheroids

...
@
S
T

1000+

5001

Number of Spheroids 1>

Log (Cell Density / Well)

=& Matrigel

325 350 3.75 4.00 425 4.50

-+ HA-MF-Ald-IKVAV-L;
0.6 kPa, + IKVAV-L; (35 nmolimgy,)

Spheroid Size
1201

100+

2]
o
1

2]
(=]
1

Spheroid Diameter (um)

n.

L' ) L] L] L] L] 1
3.25 350 3.75 4.00 4.25 4.50
Log (Cell Density / well)

Figure 7. Effect of T47D cell seeding density on spheroid (A) number and (B) size on HA-MF-ald-IKVAV-L/PEG hydrogels (0.6 kPa, 35 nmol/

mgy, IKVAV-Lg) (red) or Matrigel (black) after 7 days of culture.

change in cell morphology as a function of peptide composition
may be due to binding of specific types of cell-surface integrin
receptors that cause specific downstream biochemical signaling
to instruct cell growth.

To obtain greater insight into the role of mechanical
properties on cellular spheroid culture, we took advantage of
the versatility of our bifunctional HA gels and examined the
role of gel stiffness. Cells cultured on stiffer HA-MF-ald/PEG
gels (2.3 kPa, Figure 6H) with the optimal IKVAV peptide
concentration of 35 nmol/mgy, observed on softer HA gels
showed that cell morphology changed from 3D spheroid
structures (observed on 0.6 kPa gels, Figure 6A) to regions with
flat monolayers (Figure 6H), corroborating previous reports
that gel stiffness affects the morphology of breast epithelial
cells.”*"*" The change in cell morphology due to varying gel
stiffness (with the same IKVAV-Lg peptide concentration)
suggests that complex cell-matrix interactions are occurring
beyond integrin activation such as the regulation of cellular
mechanotransduction pathways.

Notably, using HA-MF-ald-IKVAV gels, MCF-7 breast
epithelial cancer cells were also cultured and formed multi-
cellular 3D spheroids (Figure S13), thereby demonstrating the
versatility of these well-defined, stable hydrogels for the culture
of different cell types.”*"*’

To gain an understanding of spheroid growth on bifunctional
HA hydrogels, we first assessed cell viability after 7 days using a
Live/Dead assay by staining with calcein AM (live cells, green)
and ethidium bromide homodimer (dead cells, red), which
showed comparable results to Matrigel (Figure S14). Cell
growth after 7 days was further determined using a Presto Blue
metabolic assay, which showed increased cell metabolism
(suggesting increased cell numbers and therefore growth
compared to those at day 1) when cells were cultured on our
3D bifunctional HA gels, Matrigel, and HyStem (Figure S15).
Next, we compared spheroid number and size as a function of
cell seeding density (Figure 7A, B) when cultured on
bifunctional HA-MF-ald gels and Matrigel. After 7 days, the
number of spheroids correlated with its initial cell density when
cultured on either Matrigel or HA-MF-ald/PEG hydrogels with
spheroid number exhibiting a greater dependence on initial cell
density when cultured on HA-MF-ald/PEG hydrogels.
Similarly, the average spheroid size is also correlated to initial
cell density for cells cultured on either Matrigel or HA-MF-ald/
PEG hydrogels, and importantly, these correlations (i.e.,
spheroid size on either material) were not significantly different
from each other (p = 0.187). Our data suggest that HA-MF-
ald/PEG hydrogels are comparable to Matrigel in enabling
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breast cancer spheroid growth yet offer the advantages of being
mechanically and chemically defined.

A goal of 3D cell culture is more predictive in vitro drug
screening. A significant issue in discovering efficacious drug
treatments for solid tumors is the inability for drugs to
penetrate into the tumor mass and the development of drug
resistance. Interior cells have reduced metabolism and
proliferation, rendering them resistant to antiproliferative
chemotherapeutic drugs.41’42 Moreover, larger spheroids limit
the diffusion of drugs into their core.'’ Although Matrigel is
able to form spheroids that reflect their native cellular
structures in vivo, the presence of undefined factors complicates
drug screening. T47D breast cancer epithelial spheroids were
cultured on either Matrigel or HA-MF-ald hydrogels for 7 days
prior to treatment with varying concentrations of the clinical
chemotherapeutic doxorubicin (Figure 8). Spheroids grown on
Matrigel and treated with 0.05 yM doxorubicin or more for 7
days resulted in a shift in spheroid size distribution and
decreased spheroid diameter (Figure 8A, B). However, higher
(0.1 uM) doxorubicin concentrations were required to
decrease the size of spheroids cultured on HA-MF-ald (Figure
8C, D). To better understand these results, we imaged
doxorubicin diffusion (which is intrinsically fluorescent) into
spheroids of similar sizes cultured on Matrigel or HA-MF-ald
hydrogels (Figure 7B). We observed increased drug penetration
into T47D cells cultured on Matrigel (Figure 8E) than into
spheroids cultured on bifunctional HA hydrogels (Figure SF).
For the latter, there was increased fluorescent signal at the
exterior of the spheroids, suggesting that there is less drug
penetration into breast cancer spheroids cultured on bifunc-
tional HA gels (Figure S16).

Immunocytochemical staining of the multidrug resistant
protein (MDR1) drug efflux pump (Figure 8G, H) revealed its
upregulation in cells cultured in our HA gels but not in
Matrigel. MDRI is activated by CD44 binding, which is a native
HA ligand, to pump out cytotoxic drugs such as doxorubicin
and paclitaxel from the cell.”’ Surprisingly, MDRI1 was not
expressed in cells cultured in HyStem, another HA-based
hydrogel (Figure S17), suggesting that our bifunctional HA-
MF-ald hydrogel immobilized with IKVAV-L peptides may be
activating MDRI by other mechanisms. Although several drug
resistance mechanisms exist, these data demonstrate that our
bifunctional HA gels provide an environment that better
mimics this phenotype in vitro than both HyStem and Matrigel
and are useful for screening drug targets that may generate drug
resistance in cancer cells. This may in turn lead to more
predictive drug screening.
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Figure 8. Treatment of T47D breast cancer spheroids cultured on (A,
B) Matrigel or (C, D) HA-mF-Ald-IKVAV-L, gels with varying
concentrations of Doxorubicin. (A, C) Fitted frequency distribution of
spheroid sizes and (B, D) average spheroid diameter of spheroids
formed on (A, B) Matrigel and (C, D) HA-mF-Ald-IKVAV-L
hydrogels. For B and D, N = 3 biological replicates, mean + s.d. *p
< 0.0S; (E, F) Distribution of doxorubicin (red) in cells (nuclei, blue,
Hoechst), and (G, H) expression of multidrug resistance (MDRI)
efflux pump (yellowish gray, anti-P glycoprotein antibody [EPR10364-
57]) cultured on (E, G) Matrigel or (F, H) HA-MF-Ald-IKVAV-L
hydrogels. Scale bar = S0 ym.

B CONCLUSIONS

In summary, the HA-MF-ald/PEG hydrogels designed herein
allow two bioorthogonal “click” reactions for independent
control of hydrogel stiffness and conjugation of peptide ligands.
These new HA-based hydrogels, with an elastic modulus of
approximately 0.6 kPa and laminin a1-mimetic IKVAV peptides
grafted therein, provide an optimal tissue mimetic scaffold for
culturing T47D and MCEF-7 breast epithelial cancer cells as 3D
spheroids that resemble their in vivo morphology. T47D cells
cultured on bifunctional HA hydrogels exhibited decreased
doxorubicin penetration into the spheroid core and increased
expression of the multidrug resistance protein MDRI,
suggesting that cell culture in our bifunctional HA hydrogels
will be useful for predictive drug screening.
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