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ABSTRACT: Synthetic hydrogels have been used widely as extracellular matrix (ECM) mimics due to the ability to control and
mimic physical and biochemical cues observed in natural ECM proteins such as collagen, laminin, and fibronectin. Most synthetic
hydrogels are formed via covalent bonding resulting in slow gelation which is incompatible with drop-on-demand 3D bioprinting of
cells and injectable hydrogels for therapeutic delivery. Herein, we developed an electrostatically crosslinked PEG-based hydrogel
system for creating high-throughput 3D in vitro models using synthetic hydrogels to mimic the ECM cancer environment. A 3-arm
PEG-based polymer backbone was first modified with either permanent cationic charged moieties (2-(methacryloyloxy)ethyl
trimethylammonium) or permanent anionic charged moieties (3-sulfopropyl methacrylate potassium salt). The resulting charged
polymers can be conjugated further with various amounts of cell adhesive RGD motifs (0, 25, 75, and 98%) to study the influences
of RGD motifs on breast cancer (MCF-7) spheroid formation. Formation, stability, and mechanical properties of hydrogels were
tested with, and without, RGD to evaluate the cellular response to material parameters in a 3D environment. The hydrogels can be
degraded in the presence of salts at room temperature by breaking the interaction of oppositely charged polymer chains. MCF-7 cells
could be released with high viability through brief exposure to NaCl solution. Flow cytometry characterization demonstrated that
embedded MCF-7 cells proliferate better in a softer (60 Pa) 3D hydrogel environment compared to those that are stiffer (1160 Pa).
As the stiffness increases, the RGD motif plays a role in promoting cell proliferation in the stiffer hydrogel. Flow cytometry
characterization demonstrated that embedded MCF-7 cells proliferate better in a softer (60 Pa) 3D hydrogel environment compared
to those that are stiffer (1160 Pa). As the stiffness increases, the RGD motif plays a role in promoting cell proliferation in the stiffer
hydrogel. Additionally, cell viability was not impacted by the tested hydrogel stiffness range between 60 to 1160 Pa. Taken together,
this PEG-based tuneable hydrogel system shows great promise as a 3D ECM mimic of cancer extracellular environments with
controllable biophysical and biochemical properties. The ease of gelation and dissolution through salt concentration provides a way
to quickly harvest cells for further analysis at any given time of interest without compromising cell viability.
KEYWORDS: RGD motif, stiffness, polyelectrolyte hydrogel, gel dissociation and release of breast cancer spheroids

1. INTRODUCTION
There is a global effort to develop three-dimensional (3D) in
vitro cell models which have been shown to reflect the cellular
responses in vivo better than 2D cell cultures.1−3 A crucial part
of 3D cell cultures is the employed extracellular matrix (ECM).
Hydrogels of synthetic polymers are often used as ECM
mimics.4,5 This is because such synthetic hydrogels have many
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characteristics in common with ECM biopolymers such as
gelatin, collagen, and fibronectin, with the added advantage
that their mechanical and chemical properties are tuneable.6,7

Frequently, the synthetic ECM mimics use poly(ethylene
glycol) (PEG) as a structural element because of their low
amount of interaction with cells such that the cell responses
can be controlled by conjugating bioactive molecules, such as
cell-adhesive ligands or cell cleavable moieties.8,9 For example,
the high degree of control over the chemistry of the polymer
chains allows one to develop ECM mimics where cell
adhesion, cell remodeling, and stiffness can be modulated.10−12

The gelation process of polymeric hydrogels from solution
to a hydrogel state involves crosslinking of the polymer chains
that are the hydrogel precursors via either chemical (covalent)
or physical (non-covalent) bonds to form a 3D hydrogel
network.13 Most biopolymer hydrogels rely on physical
crosslinking to stabilize the material, while most synthetic
hydrogels are crosslinked chemically.14,15 Apart from the
control over the polymer properties, the power of the chemical
gelation is the robustness of the final polymer but at the cost of
gelation time (typically on the order of minutes or
longer).12,16,17 Rapid gelation is needed in applications such
as 3D bioprinting of cells18,19 and injectable hydrogels for
therapeutic delivery.20 Recently, Nguyen et al. reported a
physically crosslinked synthetic hydrogel by developing a
diblock (AB-) copolymer hydrogel system with PEG forming
the main polymer backbone with at either end of the polymer
chain a permanent anionic or permanent cationic charged
moiety.21 Equimolar mixing of the positively charged polymers
with the negatively charged polymers resulted in almost
instantaneous gelation as observed for biopolymer ECM
mimics.

This initial proof of concept paper explored the tunability of
the PEG-based polymer in terms of physical properties and
showed that the system was compatible with MCF-7 breast
cancer cells. In addition to rapid gelation, another desirable
feature of 3D ECM mimics is the ability to harvest the cell
population quickly and mildly for analysis which is a critical
aspect for the future of high content bioassays. Currently, most
chemically crosslinked PEG-based hydrogels are degraded via
sophisticated designs such as functionalizing with cleavable
crosslinks, e.g., matrix metalloproteinases (MMPs),22,23 con-
jugating photolabile moieties24,25 or hydrolyzing the bond.26,27

The degradation rate is often slow and unpredictable which
can be problematic as the hydrogel scaffold can significantly
affect osteogenesis, chondrogenesis, neurogenesis, and ECM
cell deposition.28 For example, rapid scaffold degradation can
dramatically change hydrogel porosity, preventing proper ECM
build-up as ECM molecules tend to diffuse away. In contrast,
slow degradation can prevent the proper distribution of
deposited ECM throughout the hydrogel.29,30 As such, it is
important to match scaffold degradation to endogenous ECM
production by allowing degradation to occur at a specific time
point of interest for a particular study. The purpose of the
study herein was to explore this polyelectrolyte di-block
copolymer hydrogel system in detail. This included under-
standing the stability of the hydrogels in the cell culture
medium, showing how to tune the presentation of chemical
cues on cell biology through the conjugation of RGD ligands
to the cells, and how to dissociate the hydrogels to recover cells
for downstream applications.

2. EXPERIMENTAL SECTION
2.1. Materials. 4-Cyano-4-(phenylcarbonothioylthio)pentanoic

acid N-succinimidyl ester (>97%, Sigma-Aldrich), 3-arm PEG amine
hydrochloride salt (3-arm PEG-NH2·HCl, >98%, Mn = 15 kDa,
JemKem Technology), 3-sulfopropyl methacrylate potassium salt
(98%, Sigma-Aldrich), 2-(methylacryloyloxy)ethyl trimethylammo-
nium (75%, Sigma-Aldrich), 4,4′-azobis(4-cyanovaleric acid) (ACVA,
Sigma-Aldrich), 6-maleimidohexanoic acid N-hydroxysuccinimide
ester (98% HPLC, Chem-Impex), tris(2-carboxyethyl)phosphine
(TCEP, 99% assay by titration, Chem-Impex), sodium chloride,
calcium chloride, dimethylformamide (HPLC grade, Chem-Supply
Pty Ltd. Australia), diethyl ether (VWR International, Pty Ltd.), PBS
(pH = 7.4), Dulbecco’s phosphate-buffered saline (no calcium, no
magnesium, DPBS, Life Technologies, Australia), Dulbecco’s
modified Eagle medium (DMEM, Thermo Fisher Scientific, USA)
fetal bovine serum (FBS, Thermo Fisher Scientific, USA), and dialysis
tubing cellulose membrane (MWCO 14,000, Sigma-Aldrich) were
used as received. Deuterium oxide (D2O, 99.9%, Cambridge Isotope
Laboratories Inc.) was used as received as an NMR solvent. All
solvents used for synthesis and purification were of analytical grade.
Milli-Q water (18 MΩ × cm) was used for all experiments unless
stated otherwise.
2.2. Synthesis. 2.2.1. Synthesis, Purification, and Character-

ization of Polyelectrolyte 3-Arm PEG-Based Polymers. The
synthesis of polyelectrolyte 3-arm PEG-based polymers involves a
two-step process: first, by making the 3-arm PEG MacroRAFT agent
and then attaching the charged monomer onto the 3-arm PEG
MacroRAFT agent.
2.2.1.1. Synthetic Procedure of 3-Arm PEG MacroRAFT Agent.

The 3-arm PEG MacroRAFT agent containing PEG attached with
three CPADB end groups was synthesized by NHS coupling
according to Nguyen et al. (Figure S12).21 In a typical synthesis of
3-arm PEG MacroRAFT agent, 3-arm PEG NH2·HCl (MW = 15
kDa, 5.065 g, 0.333 mmol) was dissolved fully in PBS (pH = 7.4, 30
mL) and the CPADB succinimidyl ester (0.452 g, 1.2 mmol) was
prepared separately and dissolved in DMF (65 mL). The two
solutions were mixed to give a clear pink mixture, and it was stirred at
room temperature for 24 h. The mixture was then precipitated with
diethyl ether and dried under a high-pressure vacuum for overnight to
yield a pink solid (5.667 g). 1H NMR (400 MHz, D2O, Figure S13): δ
(ppm) 1.75 (s, 3H, CH3), 2.70 (s, 2H, CH2−C�O), 2.81 (s, 2H,
CCH2), 3.63 (s, 4nH, (CH2CH2−O)n), 7.45 (t, 2H, ArH), 7.70 (t,
1H, ArH), 8.70 (d, 2H, ArH-C�S), where n is the degree of
polymerization.
2.2.1.2. RAFT Polymerization of Negatively Charged Monomer

(SPMA) Using 3-Arm PEG MacroRAFT Agent. The 3-arm PEG
MacroRAFT agent was coupled with 3-sulfopropyl methacrylate
potassium salt monomer via RAFT polymerization to yield 3-arm
PEG-block-PSPMA polymers according to Nguyen et al. (Figure
S14).21 In a smaller scale reaction, RAFT agent (1 equiv, 3.157 ×
10−5 mol, 0.501 g), monomer (252 equiv, 7.955 × 10−3 mol, g), and
ACVA initiator (0.2 equiv, 6.314 × 10−6 mol, 1.770 mL) were
dissolved in Milli-Q water (14.14 mL) and the overall concentration
of the polymer solution was kept constant at 0.5 M. The polymer
solution was sonicated until the solution was clear and homogenous.
The solution was then purged with Ar for 30 min, placed in a
preheated oil bath at 70 °C, and stirred for 5 h. After that, the polymer
solution was stopped and placed in an ice bath for 30 min to stop the
polymerization and terminate the polymer chains. A small amount of
sample was withdrawn, and NMR was performed to determine the
polymerization conversion rate (90−95%). The polymer solution was
then dialyzed against Milli-Q water using a 14 kDa cutoff dialysis tube
for 2 days at room temperature, consistently changing the water once
in the morning, noon, and afternoon to remove unreacted reagents.
The polymer solution was then frozen at −80 °C and freeze-dried to
yield an orange fluffy solid (1.960 g), which was then kept at room
temperature until further use. 1H NMR (400 MHz, D2O, Figure S15):
δ (ppm) 0.70−1.10 (m, 2nH, CH2 of the main chain), 1.80−2.10 (m,
2nH, CH3 of the main chain), 3.03 (t, 2nH, S−CH2), 3.70 (s, 4nH,
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(CH2CH2O)n), 3.75−3.95 (br, s, N+(CH3)3), 4.16 (br s, COO−
CH2), where n is the degree of polymerization.
2.2.1.3. RAFT Polymerization of Positively Charged Monomer

(MAETMA) Using 3-Arm PEG MacroRAFT Agent. According to
Nguyen et al., the 3-arm PEG MacroRAFT agent was coupled with 2-
(methylacryloyloxy)ethyl trimethylammonium monomer via RAFT
polymerization to yield PEG-block-PMAETMA polymers.21 (Figure
S14). In a small-scale reaction, RAFT agent (1 equiv, 3.156 × 10−5

mol, 0.500 g), monomer (350 equiv, 1.2 × 10−3 mol, 2.29 mL), and
ACVA initiator (0.2 equiv, 6.313 × 10−6 mol, 1.770 mL) were
dissolved in Milli-Q water (19.715 mL) and the overall concentration
of the polymer solution was kept constant at 0.5 M. The polymer
solution was sonicated until the pink solution turned clear and
homogenous. The solution was then purged with Ar for 30 min,
placed in a preheated oil bath at 70 °C, and stirred for 18 h. After that,
the polymer solution was stopped and placed in an ice bath for 30 min
to stop the polymerization and terminate the polymer chains. A small
amount of sample was withdrawn, and NMR was performed to
determine the polymerization conversion rate (90−95%). Molar
equivalents of monomer units can be adjusted to achieve other chain
lengths. Batch-to-batch variability was minimized by only using
batches with similar stiffness. The polymer solution was then dialyzed
against Milli-Q water for 2 days (molecular weight cutoff of 14 kDa),
consistently changing the water in the morning, noon, and afternoon
before freeze-drying to yield an orange fluffy solid (1.850 g). 1H NMR
(400 MHz, D2O, Figure S16): δ (ppm) 0.72−1.49 (m, 2nH, CH2 of
the main chain), 1.88−2.35 (m, 3nH, CH3 of the main chain), 3.30 (s,
3H, CH3), 3.72 (s, 4nH, (CH2CH2O)n), 3.90 (br s, N−CH2) and
4.64 (br s, COO−CH2), where n is the degree of polymerization.
2.2.2. Synthesis, Purification, and Characterization of Anionic 3-

Arm PEG-Based Polymers Conjugated RGD Motifs. The bioconju-
gation of RGD was achieved in a “one-pot” reaction in which the
reaction occurs in two reaction steps. In the first step, 3-arm PEG-
based cationic polymers (1 equiv, 10.0 g) were dissolved in
NaBH4(aq) (0.5 M, 200 mL). The mixture was stirred at room
temperature for 2 h, followed by the addition of tris(2-carboxyethyl)-
phosphine (TCEP) (200 equiv, 3440 mg) in Milli-Q water (5 mL).
The mixture was stirred overnight at room temperature to reduce the
trithiocarbonate functionality of the polymer RAFT end group to 3-
arm PEG-based polymeric thiols. In parallel, the mixture of 6-
maleimidohexano-RGD was prepared by mixing a solution of RGD
solid (12 equiv, 1068 mg) in NaHCO3 (50 mM, 30 mL) and 6-
maleimidohexanic acid N-hydroxy succinimide ester (6 equiv, 600
mg) in NaHCO3 (50 mM, 60 mL) overnight at room temperature to
yield 6-maleimidohexano-RGD compound (86.7%). In the second
step, a mixture of the 6-maleimidohexano-RGD was mixed with the 3-
arm cationic polymeric thiols and stirred overnight at room
temperature. The resulting mixture was dialyzed against Milli-Q
water to remove any unconjugated residues for a day using a
molecular weight cutoff of 14 kDa with consistently changing the
water in the morning, noon, and afternoon before freeze-drying to
yield RGD-modified 3-arm PEG-based polymers (9.890 g, 98.9%). IR
(FT-IR, ATR iD7 Diamond): 1550 cm−1 (N−H bending), 1660 cm−1

(C�O stretching), 1730 cm−1 (C�O stretching).
2.3. Preparation of Polyelectrolyte 3-Arm PEG-Based

Hydrogels. The charged polymer solids were prepared to a desirable
concentration (% w/v) by balancing the charges (1:1 charge ratio) on
both cationic and anionic polymer chains. The charges on polymers
can be calculated according to the number of monomer repeating
units (RUs), assuming that one monomer RU equals one charge on
the polymer chains. Each weighed polymer was dissolved separately in
a specific solvent of interest. For example, a 20% w/v polymer
solution of polymers with 150 RUs was prepared by weighing 250.21
mg of cationic polymers and 249.79 mg of anionic polymers and
dissolved separately in 1 mL. Finally, an equal volume of cationic and
anionic polymer solutions was then mixed to form a polyelectrolyte
hydrogel. Full detail on how to prepare polymer solution can be found
in the Supporting Information.
2.4. Characterization of Synthesized Polymers Using 1H

NMR. 1H NMR spectra were analyzed on a Bruker ADVANCE III

HD spectrometer (400 MHz). Deuterium oxide (D2O) was used as
received as a NMR solvent. Chemical shifts (symbol) were reported
in parts per million (ppm), relative to the residual solvent peak. The
residual proton signal of D2O was used as an internal standard (sigma
H = 4.79 for D2O). The NMR spectra were processed using the
Bruker TOPSPIN 3.0 software. Multiplicities are assigned as singlet
(s), doublet (d), doublet of doublet (dd), triplet (t), quartet (q),
multiplet (m), and broad (br). Percentage conversion was determined
as follows: % conversion = 100 × (integral polymer peak)/(integral
monomer peak + integral polymer peak) of crude 1H NMR. The
theoretical molecular weights (Mn) of the polymers were calculated
using eq 1

=
[ ]

[ ]
× ×

×

M
Monomer

RAFT
M. W. %

conversion M. W.

n,theo
0

0
monomer

RAFT (1)

Equation 1: calculation of theoretical molecular weight (Mn,theo) of
the synthesized polymers, where [monomer]0 is the initial
concentration of monomer, [RAFT]0 is the initial RAFT concen-
tration, M.W.monomer is the molecular weight of the monomer, and
M.W.RAFT is the molecular weight of the RAFT agent.
2.5. Rheological Measurements. Rheological experiments on all

hydrogels were performed using an Anton Paar MCR302 rheometer
equipped with a parallel-plate geometry of 25 mm diameter and
RheoCompass software. Rheological measurements were conducted
using a solvent trap to minimize evaporation of the hydrogels. The
measuring plate was lowered to a fixed gap height of 1 mm. The
cationic and anionic polymer solids were prepared by dissolving
separately in a solvent of interest [Milli-Q water, PBS, DMEM buffers,
NaCl (aq) and CaCl2 (aq)] at a 1:1 monomer charge ratio. The
resulting cationic polymer solution (270 μL) and anionic polymer
solution (270 μL) were loaded and mixed on the rheometer plate
using a pipette tip to ensure complete gelation. The measurements
were then performed with the oscillatory time sweep for 60 min to
monitor the stability and gelation behavior at a fixed frequency of 1
Hz and 0.1% strain, followed by a frequency sweep (0.01−10 Hz) at
0.1% strain to confirm the expected gel viscoelasticity, and finally, two
strain sweeps (0.1−100%) were conducted at a fixed frequency of 1
Hz. Two temperatures (25 and 37 °C) were used in all experiments
unless mentioned otherwise. The results were then plotted using
Origin 2018 where the data presented are an average of three
individual repeats.
2.6. Mesh Size Calculation. Mesh size was calculated using the

Flory−Rehner equation (eq 2) as previously described in literature.
Briefly, swelling ratio was calculated for relaxed gels (Qmr) and
swollen gels (Qm). The wet weight and dry weight of each sample was
obtained and applied to the following formula

= =Q
m m

m
mass swelling ratio m(r)

wet lyophilised

lyophilised (2)

Volumetric (Qvr) and equilibrium (Qv) swelling ratios were then
calculated using the following equation (eq 3), where polymer density
(rp) was taken as 1.125 g/cm3 and solvent density (rs) was taken as
1.011 for DMEM.

= +Q Q1 ( 1)v(r)
p

s
m(r)

(3)

Relaxed polymer volume fraction (υ2r) wand equilibrium polymer
volume fraction (υ2s) were calculated using the following equation (eq
4)

=
Q
1

v (4)

The Flory−Rehner equation was then applied to calculate the
molecular weight between crosslinks (Mc), where Mc is the average
molecular weight of the polymer prior to crosslinking, υ̅ is the specific
volume of the polymer (taken as 0.93 for PEG), V1 was the molar

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.2c01252
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01252/suppl_file/ab2c01252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01252/suppl_file/ab2c01252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01252/suppl_file/ab2c01252_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01252/suppl_file/ab2c01252_si_001.pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c01252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


volume of the solvent (18 mL/mol for water), and X1 is the polymer−
solvent interaction (0.426 for PEG in water) to give eq 5.

=
[ + + ]

Å
Ç
ÅÅÅÅÅÅÅÅÅ

Ñ
Ö
ÑÑÑÑÑÑÑÑÑ( ) ( )M M

X1 2 ln(1 )
V

c n

2s 2s 1 2s
2

2r

1/3
1
2

1

2s

2r

2s

2r (5)

Lastly, mesh size (ξ) was calculated using the below equation,
where Mr is the molecular weight of the RU, l is the bond length along
the polymer backbone (0.15 nm for PEG), and Cn is the Flory
characteristic ratio (4 for PEG) as in (eq 6).

= l
C M
M

2
2s

1/3 n c

r (6)

2.7. Cell Culture. 2.7.1. Breast Cancer Cells. Frozen human
immortalized breast cancer cells (MCF-7, ATCC) were harvested by
thawing in 37 °C water and resuspended in pre-warmed high glucose
DMEM culture medium (4.5 g/L D-glucose) supplemented with 10%
v/v FBS (10 mL) and 1% v/v penicillin/streptomycin. The suspended
cells were centrifuged (500g) for 5 min, and the supernatant was
decanted to remove dimethyl sulfoxide (DMSO). The cell pellet was
resuspended in DMEM media and transferred into a tissue culture
flask. Cells were cultured in DMEM culture media and incubated in a
5% CO2 atmosphere at 37 °C. The cell culture media was changed
every 2−3 days, and the cells were passaged twice a week at 80−90%
confluency, 2−3 times per week, between passages 10−25. DMEM
culture media was removed, and the cells were washed with DPBS (1
× 10 mL), followed by the addition of trypsin (0.25% w/v, 3 mL) and
incubation in a 5% CO2 atmosphere at 37 °C for 3 min to detach the
cells from the surface of the tissue culture flask. The suspended cell
solution was dispersed in DMEM media (6 mL) and then centrifuged
(500g) for 3 min. The DMEM media and trypsin solution were
aspirated, followed by resuspension in DMEM media (10 mL).
DMEM media (9 mL) were added to a new tissue culture flask before
adding the cell suspension (1 mL) to create a new passage which was
then incubated in a 5% CO2 atmosphere at 37 °C for 2−3 days or
until confluence was reached. The remaining cell suspension was used
for subsequent cell experiments. All procedures were done under
sterile conditions of physical containment level 2 (PC2).
2.7.2. Preparation of Samples. All chemicals and synthesized

polymers were prepared in the non-sterile laboratory before
proceeding to cell work where they were sterilized by filtering
through a 0.22 μm syringe filter. The sample was prepared by
dissolving polymers in DMEM medium culture according to the
desired polymer concentration and then sterilized by filtering through
a 0.22 μm syringe filter before adding to the cell pellet based on the
desired cell density. The samples were prepared fresh and used within
a day.
2.7.3. 3D Cell Encapsulation Viability Study. Breast cancer MCF-

7 cells were detached from the flask using 0.25% w/v trypsin and
counted with trypan blue solution (0.4% w/v, Gibco, USA). The
trypsinized cells were then centrifuged (500g for 5 min), resuspended
in warmed culture media, and counted using a hemocytometer to
determine initial cell concentration. To obtain the desired cell
concentration for the experiments, cells were taken from the initial
cell concentration, centrifuged, and re-suspendered in 3-arm cationic
PEG-based ink in DMEM culture media at the desired polymer
concentration. Cell suspension in the cationic ink (25 μL) was
pipetted onto a 96-well plate, followed by the addition of the anionic
polymer ink (25 μL) dissolved in DMEM to form a hydrogel with a
volume of 50 μL by quickly mixing the polymer components gently
with a pipette tip. DMEM culture media (200 μL) was added to each
well and incubated in a 5% CO2 atmosphere at 37 °C, and the media
was changed every two days.
2.7.4. Viability of MCF-7 Cells When Exposing to NaCl Solutions.

MCF-7 cells were seeded (20,000 cells) in triplicates on a 96-well
plate and were cultured in standard DMEM, supplemented with 10%
v/v FBS and 1% v/v penicillin/streptomycin in a 5% CO2 atmosphere
at 37 °C for 48 h. All solutions were sterilized by filtering through a

0.22 μm pore syringe filter. Various concentrations of NaCl solution
(100 μL) were added to each well and incubated for 5 min. The saline
solution was carefully removed before adding a fresh DMEM with
alamarBlue reagent (10% v/v) and further incubated at 37 °C for 2 h.
The fluorescence intensity was measured using the Tecan Infinite 200
Pro Multimode Microplate Reader with an excitation wavelength of
540 nm and an emission wavelength of 590 nm. The mean
absorbance values ± SD for each concentration of polymer
components and hydrogels were determined, analyzed, and plotted
using Origin 2020.
2.8. Imaging. 2.8.1. Brightfield. An inverted brightfield micro-

scope (Olympus) was used to capture images under 4× and 10×
objectives every 1−2 days for the 7−14 day hydrogel embedded
culture time. The morphology of spheroids was observed and
recorded using a brightfield microscope. All images were processed
using ImageJ 1.50 (National Institutes of Health, USA) which were
then used to estimate the diameter of spheroids.
2.8.2. LIVE/DEAD. LIVE/DEAD staining was used to examine the

viability of cells encapsulated within a hydrogel. The culture medium
was removed, and the hydrogels were washed with DPBS (2 × 100
μL). A mixture of calcein AM (2 μM) and ethidium homodimer-l (4
μM) (ThermoFisher, USA) in DPBS (100 μL) was added to each
well to stain the live and dead cells, respectively, and incubated for 20
min to allow the stain to diffuse into the hydrogels, followed by two
DPBS washes with 10 min incubation before imaging. A confocal
fluorescence microscope observed stained cells encapsulated within
the hydrogels. The samples were imaged using a Zeiss LSM 800
confocal microscope at the Katharina Gaus Imaging Facility of the
University of New South Wales, Sydney, Australia. A 10× objective
with a 2100 μm working distance was used. LIVE/DEAD stain was
recorded with a quad-band filter with an excitation of 350 and 494 nm
and emission of 617 and 514 nm for Ethidium homodimer-1 and
calcein, respectively.
2.8.3. Immunofluorescence Staining and Tissue Clearing. The

samples were fixed in 4% w/v paraformaldehyde (Chem-Supply)
overnight at room temperature, followed by washing with DPBS
twice. Samples were permeabilized with 0.1% Triton X-100 (Fisher,
USA) in DPBS for 30 min and blocked with 1% bovine serum
albumin (BSA, Sigma, USA). Primary antibodies were used to label
collagen I (rabbit polyclonal, 1:300, ab34710 Abcam, USA) hydrogel
samples overnight at room temperature. The secondary antibody
staining was performed with goat anti-rabbit IgG (H + L), Alexa Fluor
555 (1:200, ThermoFisher, USA) in 1% BSA solution in DPBS with
Hoechst 33342 (1:300, ThermoFisher, USA), and 488-Phalloidin
(1:300, Sigma, USA). The samples were washed with DPBS before
adding the Cubic 2 clearing solution for 2−5 days. Cubic clearing
solution 2 was prepared by mixing 50% w/w sucrose (Sigma-Aldrich,
584173), 25% w/w urea, and 10% w/w triethanolamine (Sigma-
Aldrich, 90278−100 mL) with Milli-Q water at 55 °C. Samples
remained in Cubic clearing solution 2 minimally overnight, before
imaging. The samples were imaged using a Zeiss LSM 800 confocal
microscope at the Katharina Gaus Imaging Facility of the University
of New South Wales, Sydney, Australia. A 10× objective with a 2100
μm working distance was used. Immunostaining images were
recorded with a quad-band filter with an excitation window of 353,
493, and 653 nm and an emission range of 465, 517, and 668 nm for
Hoechst, 488-Phalloidin, and 555-Col I, respectively. The images
were captured with a Zeiss Axiocam 305 monochrome camera,
recorded with the Zen Blue software (Zeiss, Australia) and processed
with ImageJ 1.49 (National Institutes of Health, USA).
2.8.4. Releasing Cells from Hydrogels Using 2 M NaCl Solution.

To release the cells or spheroids from the hydrogel, 2 M NaCl
solution was used as gel dissolution which was prepared from an equal
volume of 4 M NaCl and DMEM culture medium supplemented with
10% v/v FBS (10 mL) and 1% v/v penicillin/streptomycin. The
media was removed from each well, and 2 M NaCl solution (100 μL)
was added to each well to dissociate the hydrogels with gentle
pipetting for a maximum of 5 min.
2.8.5. Flow Cytometry. MCF-7 breast cancer cells were stained

with CellTrace Violet (CTV�stains cytoplasm) and washed twice
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with DPBS buffer (pre-culture staining). The stained MCF-7 cells
were encapsulated in hydrogels at different polymer concentrations
(10, 15, 20% w/v) containing RGD sequences or no RGD and
cultured for seven days. After MCF-7 cells were encapsulated and
cultured in a hydrogel for 7 days in a 5% CO2 atmosphere at 37 °C,
the medium was removed and a mixture of Apotracker and Fixable
Viability Dye 620 (10 μM) was added to each well according to the
procedure from the manufacturer’s manual. To degrade the hydrogels,

NaCl solution (2 M, 200 μL), prepared from an equal volume of 4 M
NaCl and DMEM culture medium, was added to each well by gently
stirring the solution by pipetting up and down for a couple of minutes.
The mixture from each well was then transferred to a 96-round
bottom well plate, and spheroids were spun down at 1500 rpm for 5
min. To dissociate the MCF-7 spheroids down to single cells for flow
cytometry experiments, the supernatant was removed from each well
and 0.25% w/v trypsin (100 μL) was added with gently breaking

Scheme 1. Process of Forming Polyelectrolyte Hydrogel via Electrostatic Crosslink Interaction and Bioconjugation Pathway of
Polyelectrolyte 3-Arm PEG-Based Polymersa

a(a) 3-Arm PEG-based polyelectrolyte hydrogels are formed by mixing the oppositely charged polyelectrolyte polymers that are dissolved
separately in a desired solution of interest at a 1:1 charge ratio. (b) The trithiocarbonate functionality of the polymer RAFT end group is reduced
using NaBH4 (0.5 M) and TCEP to afford polyelectrolyte 3-arm PEG-based polymers with thiol end groups. 6-Maleimidohexano-RGD was
prepared via NHS coupling of RGD motifs and NHS-ester of 6-maleimidohexanoic acid in NaHCO3 (50 mM, pH 8.3) at room temperature
overnight. Finally, a one-pot reaction between polymer with thiol end groups and 6-maleimidohexano−RGD was carried out by stirring overnight
at room temperature. The coupling reaction occurs between polyelectrolyte polymers-thiols and 6-maleimidohexano−RGD linker via the
maleimide-thiol reaction to yield RGD-functionalized anionic polyelectrolytes. (c) A diagram depicting the polymer with all three arms extended.
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spheroids by pipetting up and down and incubated at 37 °C for 5−8
min until cell aggregates were not evidenced on optical microscopy.
The DMEM medium (100 μL) was added to stop the trypsinization.
Cells were spun down at 1500 rpm for 5 min. The supernatant was
removed, and fluorescence-activated cell sorting (FACS) buffer (200
μL) was added to each well. FACS buffer (1 L) was prepared from
(10× PBS buffer), Milli-Q water (900 mL), EDTA (1 mM, 292.24
mg), and FBS (2%, 20 mL). Finally, the fluorescence intensity of the
stained MCF-7 cells was determined using a BD LSRFortessa flow
cytometer coupled with a BD high-throughput sampler (HTS).
2.9. Statistical Analysis. The cell viability experiments were

carried out in triplicates, and the data were expressed as mean ±
standard deviation (SD). The results were analyzed using GraphPad
Prism (version 9.3.1) and excel software to determine the statistical
analysis. One-way analysis of variance technique followed by Tukey’s
test was applied to calculate the significance between groups. The
statistical analysis was carried out at p ≤ 0.05. At least three brightfield
images were taken per hydrogel (n = 3 per condition) on a confocal
microscope. The spheroid size was determined by measuring the
diameter of the spheroid of the brightfield images, where at least three
images were taken per hydrogel (n = 3 per condition) and a minimum
of 60 spheroids were counted. All images were processed using
ImageJ 1.50 (National Institutes of Health, USA). The cell viability
was assessed via LIVE/DEAD staining. Three images were taken per
hydrogel (n = 3 per condition) and processed using ImageJ 1.50
(National Institutes of Health, USA).

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of 3-Arm PEG-

Based Hydrogels Conjugated with RGD Motifs. The
synthetic polyelectrolyte 3-arm PEG-based hydrogels are
prepared from two PEG-based polymers with oppositely

charged end groups on each polymer chain, as depicted in
Scheme 1a, such that electrostatic interaction between
positively (2-(methacryloyloxy)ethyl trimethylammonium,
PMAETMA) and negatively charged polymers (3-sulfopropyl
methacrylate potassium salt, PSPMA) instantly forms a
hydrogel. The polyelectrolyte 3-arm PEG-based polymers can
be further modified with the tripeptide arginine−glycine−
aspartic acid (RGD) to obtain cell-adhesive polymeric
materials for cell culture applications prior to gelation. The
bioconjugation of RGD was achieved in a “one-pot” reaction
that comprised two steps, as shown in Scheme 1b. In the first
step, the trithiocarbonate functionality of the polymer RAFT
end group is reduced using 0.5 M NaBH4(aq), followed by the
addition of TCEP to produce 3-arm PEG-based polymeric
thiols.31 In the second step, the 6-maleimidohexano-RGD is
then conjugated with the polymeric thiols to yield RGD
modified 3-arm PEG-based polymers. The optimization of the
reaction conditions is described in the Supporting Information.
A summary of all investigated reaction parameters to obtain a
6-maleimidohexano−RGD compound is presented in Table
S1. FT-IR spectroscopy was used to characterize the 6-
maleimidohexano−RGD compound and RGD conjugated
polymers (Figure S1). The band at 1550 cm−1 was attributed
to the amide and N−H bending, 1660 cm−1 (amide, C�O
stretching) and 1730 cm−1 (C=O stretching). These bands are
the key functional groups found in NHS-ester and RGD
motifs, suggesting a successful bioconjugation of RGD motif
on the 3-arm PEG based-polymers.

Figure 1. Effect of increasing the charged monomer RUs and ionic strength on the formation and the shear modulus of 20% w/v polyelectrolyte 3-
arm PEG-based polyelectrolyte hydrogels via rheology. (a) Hydrogel-like characteristic of hydrogels made in Milli-Q water based on tan δ value <
1, where tan δ = G″/G′. The polymers were prepared at a concentration of 20% (w/v) in Milli-Q water and measured at 25 and 37 °C. (b)
Representative time sweeps showing hydrogel (150 RU) and non-gel-like (50 RU) characteristics. (c) Schematic representation of the dissociation
of electrostatically crosslinked hydrogels in the presence of NaCl. (d) Hydrogel-like characteristics based on tan δ values when polymers with
monomer RU of 90 at a polymer concentration of 20% w/v are prepared in NaCl at various concentrations (0, 0.0625, 0.125, 0.250, 0.500, and
2.000 M). n = 3 experimental replicates per group.
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Ellman’s assay was used to determine the level of free
sulfhydryl moieties on the 3-arm PEG-based polymeric thiols
before and after conjugation of the RGD motif by using the
calibration curve of known cysteine concentration, as shown in
Figure S2. The assumption is that polymers with thiol end
groups react with the double bond of the maleimide on the 6-
maleimidohexano−RGD compound to produce the polymers
modified with RGD or referred to as “RGD-polymers”. It
should be noted that the Ellman’s assay does not reveal any
disulfide bonds that may have formed due to the free thiol ends
of the polymers. However, the Ellman’s assay revealed that
there were adequate free thiols for conjugation to occur. The
amount of thiols on the polymers that have reacted with the
double bonds on maleimide corresponds directly to the
polymers that are successfully modified with the RGDs. The
amount of RGD conjugated to the polymers was varied by
changing the number of moles of 6-maleimidohexanoic acid N-
hydroxysuccinimide ester and RGD motifs. The results from
Ellman’s assay revealed that the percentage of RGD motifs on
the anionic polymers could be tuned to approximately 0, 25,
75, and 98% RGD conjugation when feeding a reaction with
various molar equivalent (molar equiv) of polymer/TCEP/6-
maleimidohexanoic acid N-hydroxysuccinimide ester/RGD
(Table S2). To obtain anionic polymers with 98% RGD
conjugation on average, the reaction was fed with molar equiv
of polymer:TCEP:ester:RGD of 1:200:6:12, respectively.

Under the same conditions that provided the anionic
polymers with 98% RGD conjugation, the coupling reaction
between the RGD motifs and the cationic polymers was
unsuccessful, according to Ellman’s assay (Table S2) and FT-
IR spectrum (Figure S3). The low RGD coupling efficiency on
the cationic polymers is likely to be attributed to the positively
charged environment promoting hydrolysis of the succinimide
ring in the linker.32 Hence, the thiols on the polymers can no
longer react to the double bond on the maleimide, making the
RGD conjugation onto the cationic polymers less efficient. As
an example, in one of the conditions, an extremely high
amount of RGD motifs (6 times higher than a successful
reaction mentioned above) was added to a reaction where
molar equiv of ester and RGD were 1:200:36:72, only resulting
in about (58.7 ± 3.4)% of RGD conjugation on the cationic
polymers (Table S2). Since the RGD coupling reaction of
cationic polymers was not shown to be as efficient as desired,
henceforth, the cell adhesive RGD motif was only coupled to
the anionic polymers and the cationic polymers were left
unmodified.
3.2. Mechanical Properties and Degradation of 3-

Arm PEG-Based Hydrogels with and without RGD
Motifs. The next step was to examine the possible range of
hydrogel stiffnesses with RGD and no RGD hydrogels using
rheology. The effect of the lengths of the charge blocks on the
formation, stability, and mechanical properties of diblock
copolymeric hydrogels was first explored. The cationic and
anionic polymers were synthesized with various RUs of 50, 70,
90, 120, and 150 per PEG arm. The detail of the
polymerization of 3-arm PEG-based polymers with charged
monomers is summarized in Table S3. The hydrogel formation
of resultant polyelectrolytes made in Milli-Q water was
investigated. The two polymer solutions were mixed (at a
1:1 charge ratio, a hydrogel volume of 540 μL) to form a
hydrogel and the rheological properties were measured at 25
and 37 °C. A hydrogel is considered stable when its tan δ, the
ratio of its liquid-like properties (loss modulus G″) and solid-

like properties (storage modulus G′), is less than 1.33 Figure 1a
shows an increasing number of RU per PEG arm from 50 to
150; the electrostatically crosslinked hydrogels became stiffer
with hydrogel-like characteristics observed only with polymers
of at least 90 RU for hydrogels formed in Milli-Q water. Time-
resolved rheology indicates how rapidly a hydrogel state is
formed and the relative stiffness of the hydrogel as a function
of time, shown as an example in Figure 1b. For example, the
stiffnesses of a hydrogel made from polymers with 90 and 150
RU in Milli-Q water were 1529 ± 65 to 1809 ± 58 Pa,
respectively (Figure 1b). Similar trends of hydrogel stiffness
were obtained with forming hydrogels in DMEM and DPBS
buffers (Table S4).

The stiffness of electrostatically crosslinked 3-arm PEG-
based hydrogels could be tuned by varying the polymer
concentration. Figure S4a,b shows that the stiffness increases
as the polymer concentration increases for all three conditions,
with stiffness values ranging from 280 to 1700 Pa in water and
228 to 790 Pa in the DMEM culture medium. The stiffness of
these hydrogels aligns with the human endothelial, breast, and
lung tissues.34 As an example, when varying the concentrations
(10, 15, and 20% w/v) of polymers with 150 RU, the stiffness
values of RGD-hydrogels made in Milli-Q water changed
significantly and were found to be approximately 92 ± 5 Pa
(for 10% w/v polymers), 835 ± 11 Pa (15% w/v), and 1628 ±
32 Pa (20% w/v) when measured at 25 °C.

The impact of temperature on this diblock copolymeric
hydrogel system was next examined. Figure S4c,d shows the
hydrogel stiffness maintenance in all three conditions, with a
perceptible drop in stiffness by approximately 30% when the
hydrogel was heated from 25 to 37 °C for both 120 and 150
RU. Full data on hydrogel stiffness for hydrogels with and
without RGD modification made in various solutions and
measured at 25 and 37 °C can be found in Table S5.

To understand how salts play a role in forming the
electrostatically crosslinked hydrogel system, two cell-friendly
salt buffers which are DPBS without Ca2+ and Mg2+ and
DMEM were used. Milli-Q water was used as salt-free control.
As shown in Figure S4, the hydrogels formed from
polyelectrolytes that were dissolved in Milli-Q water (no
salts) exhibited the highest hydrogel stiffness, followed by the
hydrogels dissolved in DPBS and DMEM. There was no
statistical difference in the stiffnesses of the hydrogels among
the DMEM and DPBS buffers in all three concentration groups
(10, 15, and 20% w/v). These results are consistent with
previous works on other polyionic-based hydrogel sys-
tems35−37 which show that the formation of polyelectrolyte
hydrogels is strongly influenced by the presence of salts in
DMEM and DPBS buffers, as presented schematically in
Figure 1c. The effect of the ionic strength of the salt solution
on hydrogel stability was investigated. Hydrogels were formed
in CaCl2 and NaCl solution (0−2 M), where the ionic strength
of CaCl2 was three times higher than the ionic strength of
NaCl. Figure 1d represents hydrogel and non-hydrogel-like
characteristics based on the tan δ values when 3-arm PEG-
based polymers were dissolved in NaCl solutions. In a control
group, polyelectrolyte polymers with 90 RU, prepared in Milli-
Q water [0 M (Figure S5a)], show hydrogel-like characteristics
over 60 min. In contrast, when dissolving polyelectrolyte
polymers in 0.500 M NaCl as an example (Figure S5b), a
change in mechanical behavior from solid-like to liquid-like
was observed, where the G″ value is higher than the G′ value.
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To explore whether the dicationic species have a more
pronounced effect on the formation of the hydrogels, due to
the ionic strength, polymers were prepared in CaCl2 solution.
The results showed that when changing the solution from
NaCl to CaCl2 (Figure S6), hydrogels made in CaCl2 at the
same concentration of 0.0625 M produce a hydrogel with
lower stiffness (800 Pa) compared to when making a hydrogel
in NaCl (1331 Pa). In fact, at a concentration of 0.0625 M,
rheology shows non-hydrogel-like characteristics for hydrogels
that were made in CaCl2 while the one in NaCl still showed
hydrogel-like behavior. Swelling behavior (Figure S4) and
mesh size (Table S3) were also calculated, and no significant
difference was observed for either parameters when changing
concentration or RU length.
3.3. Cytocompatibility of Hydrogel and the Release

of Embedded Cells from Hydrogels. The next step was to

investigate the capability of using this hydrogel system as an
ECM mimic for 3D cell culture applications. The cytocompat-
ibility of the hydrogel was first determined by encapsulating
MCF-7 cells within a 3-arm PEG-based hydrogel made from
different molecular weights (by changing monomer charge
block lengths) and cultured for 7 days with an initial cell
seeding density of 2.4 × 106 cells/mL. Representative
brightfield images of MCF-7 cells grown in hydrogels showed
small clusters of MCF-7 cells on day 3 and day 7 (Figure 2a).
All three PEG hydrogels showed high cytocompatibility using
LIVE/DEAD assay to evaluate cell viability in each hydrogel
condition. LIVE/DEAD images (Figure 2a) reveal that MCF-7
cells remained viable after 7 days of culture with cell viability of
99.5 ± 0.8, 99.1 ± 1.2 and 99.0 ± 1.4% in hydrogels with
molecular weight of 95, 110, and 130 kPa, respectively (Figure
2b). This indicates that this hydrogel system is highly

Figure 2. Cell viability of MCF-7 embedded within a hydrogel at 20% w/v and after released from a hydrogel using 2 M NaCl solution. (a)
Representative brightfield and fluorescence images of MCF-7 breast cancer cells cultured in unmodified 3-arm PEG-based polyelectrolyte hydrogel
with different polymer molecular weights (95, 110, and 130 kDa at 20% w/v polymer concentration). Cells were stained with calcein-AM (LIVE,
green) and ethidium homodimer (DEAD, red), phalloidin (cell F-actin microfilament, green), and Hoechst 33342 (cell nucleus, blue) on day 7.
Initial seeding density of 5.0 × 106 cells/mL. All scale bars 100 μm. n = 3 experimental replicates per group. (b,c) Cell viability (in percentage, %)
of MCF-7 assessed by LIVE/DEAD assay. The columns represent the mean ± SD (n = 3). There were no significant differences in viability when
MCF-7 cells were embedded in a hydrogel, released from a hydrogel, cultured on 2D for 48 h (a control group in the absence of NaCl), or treated
directly with 2 M NaCl on 2D for 5 min (a control group in the presence of NaCl).
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cytocompatible with the potential to serve as an ECM
scaffolding material.

As presented above, the electrostatically crosslinked hydro-
gels can be dissociated by exposing the hydrogels to
electrolytes with a sufficiently high concentration that can
shield the electrostatic interaction of the charges on the
polymer chains. We, therefore, sought to ask the question, can
high electrolyte concentrations be used to dissociate the
hydrogels to release cells for the ECM mimic without
compromising their viability. Table S6 shows that the minimal
volume of 200 μL of 2 M NaCl solution was enough to fully

disintegrate a 50 μL hydrogel within 30 s by gently breaking it
apart with a pipette tip which is consistent with rheology data,
as shown previously in Figure 1d. As such, the MCF-7 cells
were released from the polyelectrolyte hydrogel with a 2 M
NaCl solution. LIVE/DEAD staining was then used to evaluate
MCF-7 cell viability after being released from a hydrogel.
LIVE/DEAD images in Figure 2a reveals that MCF-7 cells
remained viable after being released from a hydrogel with cell
viabilities of 96.1 ± 5.7, 95.0 ± 4.7, and 94.4 ± 9.6% in
hydrogels with molecular weights of 95, 110, and 130 kPa,
respectively (Figure 2b). The viability of released MCF-7 cells

Figure 3. Brightfield and fluorescence images showing the growth and morphology of MCF-7 cells embedded within 90 RU polyelectrolyte 3-arm
PEG-based hydrogel in various RGD peptide content over 14 days. (a) 0% (unmodified gel), (b) 0% [polymers with thiol (−SH) end group], (c)
25% RGD, (d) 75% RGD, and (e) 98% RGD. An initial seeding density of MCF-7 cells was 2.5 × 106 cells/mL. Hydrogels were prepared from
polymers with 90 RU (M.W. = 95 kDa) at a polymer concentration of 20% w/v which were then dissolved in a DMEM culture medium prior to
making a hydrogel. Cell F-actin microfilament was stained with phalloidin (green); cell nucleus was counterstained with Hoechst 33342 (blue).
Scale bars: 100 μm. (f) Diameter of MCF-7 spheroids at day 14 was measured from brightfield images using ImageJ software. n = 3 experimental
replicates per group.
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was compared with respect to the controls. Figure 2c shows
the viability of MCF-7 cells in the absence and presence of 2 M
NaCl solution, where cell viability was maintained: 98.9 ± 0.2
and 97.5 ± 1.4%, respectively. LIVE/DEAD images of the
control groups can be seen in Figure S7. In brief, there were no
significant differences in cell viability when MCF-7 cells were
embedded in a hydrogel, released from a hydrogel, cultured on
2D, or treated directly with 2 M NaCl on 2D. Therefore, the
results confirmed that 2 M NaCl could safely and effectively
release cells from a polyelectrolyte 3-arm PEG-based ECM
scaffolding hydrogel.
3.4. Influence of RGD Content on Spheroid For-

mation of MCF-7 Cells. Next, polymers with a varied amount
of RGD content characterized earlier were used to form
hydrogels to study the influences of increasing amounts of
RGD on cell adhesion and MCF-7 breast cancer spheroid
formation. This was performed by using gels with 90 RU and
20% w/v with 0, 25, 75, and 98% of the thiol handles
functionalized with RGD. To explore how the RGD content
affects the organization of MCF-7 cells into spheroids, MCF-7

breast cancer cells were embedded and incubated within a
hydrogel containing various RGD content for 14 days (Figure
3a−e), with an initial cell seeding density of 2.5 × 106 cells/
mL. Figure 3f presents the diameter of cell aggregates of MCF-
7 cells where spheroids were observed on day 14 for 75%
RGD-hydrogels (n = 75) and 98% RGD-hydrogels (n = 30)
with an average diameter of 92.2 ± 33.1 and 190.2 ± 65.0 μm,
respectively. This observation is consistent with other
embedded MCF-7 studies where cells fused to form
spheroids.38−40 The process of spheroid formation involves
three stages: (1) formation of loose cell aggregates via integrin-
ECM binding. RGD-containing binding sites for cell−surface
integrins can promote this step to achieve rapid cell
aggregation;41,42 (2) after the early aggregation stage, E-
cadherin, which is a cell−cell adhesion protein fulfilling a
prominent role in epithelial differentiation,43 plays a major role
in cell cohesion and adhesion through homophilic cadherin−
cadherin binding between two adjacent cells;42,44 (3) an
accumulation of E-cadherin induces cell compactness which
eventually leads to spheroid formation.42,45 Note only small

Figure 4. Formation of MCF-7 breast cancer spheroids in electrostatically crosslinked 150 RU 3-arm PEG-based hydrogel with various hydrogel
stiffness by changing polymer concentrations with a fixed polymer molecular weight of 130 kDa. (a) Storage moduli (hydrogel stiffness) were
characterized using bulk oscillatory rheology at 37 °C. MCF-7 cells were embedded in hydrogels with (b) no RGD and (c) RGD motifs (98%),
where hydrogels were made from polymers with 130 kDa at a concentration of 10, 15, and 20% w/v. (d) Diameter of formed MCF-7 spheroids at
day 7 in each condition, with a minimum of 60 spheroids, were counted using ImageJ software. Initial cell seeding density of 5.0 × 106 cells/mL. All
scale bars, 100 μm. n = 3 experimental replicates per group.

ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article

https://doi.org/10.1021/acsbiomaterials.2c01252
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.2c01252/suppl_file/ab2c01252_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01252?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01252?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01252?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.2c01252?fig=fig4&ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.2c01252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


clusters of MCF-7 cells, rather than spheroids, were observed
with the 0 and 25% conjugated RGD groups, even after 14
days, while with 75 and 98% RGD, well-defined spheroids are
formed (Figure 3a−e). These observations confirmed that
RGD can facilitate spheroid formation through cell aggregation
via RGD-containing binding sites for cell−surface integrins.

With the 98% RGD polymer, spheroids of size 200 μm or
more exhibited in vivo-like necrotic cores;46,47 therefore, the
rest of studies we focused on using the unmodified polymers
and polymers with 98% RGD conjugation will henceforth be
now referred to as RGD-hydrogel.

To enhance and quicken biological screening, the culture
time was reduced from 14 days to 7 days and cell density was
increased from 2.5 × 106 and 5.0 × 106 cells/mL for the rest of
the studies. It was found that the size of MCF-7 spheroids on
day 7 in the hydrogel with RGD was approximately 2.5 times
bigger (116.0 ± 38.2 μm) with a higher cell density (5.0 × 106

cells/mL) compared to a lower cell density group (2.5 × 106

cells/mL) where the average spheroid size was 46.0 ± 11.3 μm
(Figure S8). Polymers conjugated with RDG were also
explored (Figure S9), and spheroids were observed in 10
and 15% w/v gels but not in the 20% w/v which is the stiffest
condition. As seen in Table S7, spheroids also formed in the
softest of the unmodified gels at a concentration of 10% w/v.
This suggests that in the absence of RGD, the MCF-7 cells
more readily form spheroids in the softer gels but not in stiffer
conditions.
3.5. Influence of Hydrogel Stiffness on Spheroid

Formation of MCF-7 Cells. Next, the influence of stiffness
on spheroid formation was investigated. The stiffness was
adjusted by changing the 150 RU polymer concentrations
which have a fixed polymer molecular weight of 130 kDa.
MCF-7 cells were encapsulated within the polyelectrolyte 3-
arm PEG-based hydrogels from polyelectrolyte concentrations
of 10, 15, and 20% w/v and cultured for 7 days. Rheology of
PEG-hydrogels containing RGD measured stiffnesses of
approximately 62.3 ± 10.8, 444.5 ± 20.7, and 912.1 ± 17.3
Pa for 10, 15, and 20% w/v, respectively, at 37 °C (Figure 4a
and Table S7) which align with the stiffness of human breasts
and lungs and tissues.34 There was no significant difference in
stiffness between unmodified hydrogels and those modified
with RGD.

Immunostaining images in Figure 4b reveal that spheroids of
MCF-7 cells only formed in softer (10% w/v) but not the
stiffer hydrogels (15 and 20% w/v) when embedding in
hydrogels with no RGD. This is consistent with previous
studies which reported that spheroids of MCF-7 cells had
formed without additional stimuli such as any binding
motif42,48−50 in soft hydrogels (600 Pa).51 In contrast, Figure
4c reveals that MCF-7 cell spheroids had formed in hydrogels
with RGD modification for all three polymer concentrations.
Spheroid formation of encapsulated MCF-7 cells in RGD-
hydrogels. It was previously reported that cell migration is
inhibited in stiffer 3D hydrogels.52 However, the adhesive
peptides such as RGD can promote cell aggregation through
cell−surface integrins and facilitate cell adhesion and
migration53,54 Through the early aggregation stage and E-
cadherin accumulation, spheroid formation occurs as discussed
previously.41,42,44,45 For the groups where spheroids had
formed, the MCF-7 growth was then quantified by measuring
the diameter of spheroids (brightfield images) on day 7. Figure
4d shows that at day 7, MCF-7 spheroids were larger with an
average size of 42.1 ± 12.4 μm (n = 63) when cultured in

softer RGD-hydrogels (84.3 Pa, 10% w/v polymer concen-
tration) compared to the stiffer RGD-hydrogels (386 Pa, 15%
w/v polymer concentration) which produced most spheroid
populations with a diameter of 37.8 ± 8.7 μm (n = 67). The
size of the spheroid here is comparable to previous work,
where MCF-7 cells were cultured for 7 days in other soft
hydrogels.55 The noticeable difference in size compared to
those observed in Figure 3 is due to the length of culture time.
While we have indirect evidence that the cells can freely
migrate in the hydrogel, particularly when presented with cell
adhesion peptides, more work is necessary to understand the
modes of cancer cell migration in this new class of soft
material.
3.6. Release of Embedded Spheroids of MCF-7 Cells

from Hydrogels for Flow Cytometry. Next, spheroids of
MCF-7 embedded for 7 days were released from the 3-arm
PEG hydrogel using a 2 M NaCl solution. LIVE/DEAD
images (Figure 5a) confirm that the released spheroids

remained viable after being treated with a 2 M NaCl solution
for 5 min to release them from the hydrogel. The diameter of
released spheroids was measured from brightfield images and
was found to be approximately 50.5 ± 16.0 μm (n = 84).
Immunostaining images (Figure 5b) show that a single
spheroid remained intact throughout the electrolyte treatment.
Spheroids were still densely packed with compact nuclei
clusters, and the edge of the MCF-7 cell aggregates retained

Figure 5. Release of MCF-7 breast cancer spheroids from 3-arm PEG-
based polyelectrolyte hydrogels using 2 M NaCl (aq). Cell viability of
MCF-7 cells after being released from a hydrogel was tested at day 7.
(a) LIVE/DEAD fluorescence images of the released spheroids.
Spheroids were stained with calcein-AM (Live, green) and ethidium
homodimer (Dead, red); (b) Immunostaining fluorescence images of
the released spheroids. Cell F-actin microfilament was stained with
phalloidin (green); cell nucleus was counterstained with Hoechst
33342 (blue); (c) Diameter of the released MCF-7 spheroids was
measured from brightfield images at day 7 using ImageJ. All scale bars
100 μm. n = 3 experimental replicates per group.
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their shape. F-actin networks formed within spheroids during
spheroid formation were still present even after being treated
with a 2 M NaCl solution. The ability to release the spheroid is
very encouraging to explore its potential for downstream
analysis which is discussed in the next section.

The facile release of cells and spheroids from the ECM
mimic 3-arm hydrogel provides an opportunity to recover cells
for downstream assays such as characterization via flow
cytometry. To evaluate this potential, MCF-7 cells were
stained with 10 μM CellTrace Violet before cell culture in
hydrogels with different stiffness through changing polymer
concentrations (10, 15, and 20% w/v), resulting in hydrogels
with stiffnesses of 80, 480, and 1160 Pa, respectively. As
discussed above, seven-day culture spheroids were retrieved
from 3D hydrogels using a 2 M NaCl solution. Spheroids were
then dissociated into single-cell suspensions using a 0.25% w/v
trypsin−EDTA solution. Cells were also stained with cell-
impermeant DNA dye (Fixable Viability Dye 620) before
being released from hydrogel to estimate MCF-7 cell viability
at day 7. Figure S10a shows a representative graph of cell
viability and proliferation of MCF-7 cells at day 7. A CellTrace
Violet signal measured a decrease in the geometric median of
fluorescence intensity of cells as it proliferates over 7 days of
culture. The lower the intensity in the signal from the
CellTrace violet assay indicates, the higher the proliferation of
cells as the fluorescent dye contained in MCF-7 cells is split
into the next generations when cells divide.56 The proliferation
of MCF-7 cells was found to be lower, as the intensity of the
CellTrace Violet signal remained relatively higher, with an
increase in hydrogel stiffness for hydrogels with no RGD
(Figure S10b). This aligns with the previous report, indicating
that cancer cells prefer and proliferate better in softer hydrogel
scaffolds when embedded and grown in a 3D environment.57

In contrast, Figure S10c shows that MCF-7 cells tend to
proliferate more in stiffer hydrogels (445 and 910 Pa)
compared to softer hydrogels (60 Pa) when embedding cells
in RGD conjugated hydrogels. It was also observed that with
similar hydrogel stiffness, cells embedded in hydrogels
containing RGD proliferated more, according to the lower
fluorescence intensity, than no RGD hydrogels made from the
same polymer concentration (Figure S10b,c). These results
point to the role of RGD in promoting the proliferation of
MCF-7 cells in a 3D hydrogel environment, consistent with
previous studies,8 that show hydrogel with RGD adhesive
peptide effectively promotes the proliferation of endothelial
cells.58−60

A detailed estimation of cell viability was then performed by
measuring apoptotic/necrosis (annexin V) and plasma
membrane integrity (cell-impermeable DNA dye) (Figure
S11). Red arrows in each quadrant represent the cell
population exhibiting different stages of apoptosis: viable
cells in Q4, apoptosis and necrotic (Q3) and dead (Q2) cells
which are characterized by the exposure of Annexin V and
DNA to cell-impermeant staining reagents. After a prolonged
injury, the integrity of the plasma membrane is disrupted,
allowing DNA staining by viable dye as well as intra- and
extracellular Annexin V staining, resulting in a double-positive
cell population. Cell viability of the 2D cell culture control
group with no dye is shown in Figure S11a. Figure S11b is a
representative graph of MCF-7 cell viability at day 7 after being
released from hydrogels with or without the RGD motif.
Figure S11c,d reveals that there were no significant differences
in the percentage of live cells (Q4), apoptotic/necrotic cells

(Q3), early death cells (Q2), and dead cells (Q1) for both
hydrogel groups containing RGD or no RGD motif across 3
hydrogel stiffness made from polymer concentrations of 10, 15,
and 20%. The percentages of the cell population for each
group were approximately 85.3 ± 6.2% (Q4, live cells), 3.8 ±
1.4% (Q3, apoptotic cells), and 10.7 ± 5.1% (Q2, early death/
dead cells). These results suggest that the stiffness of hydrogel
in a range between 60 to 1160 Pa does not influence the
viability of MCF-7 cells. This aligns with prior reports, which
found that the cellular viability of MCF-7 cells is not due to the
stiffness of hydrogel, especially when the stiffness is under 1000
Pa.61,62 In addition, there is no statistically significant
difference in cell viability cultured in hydrogels either with or
without the RGD motif. This is consistent with a previous
work by Burdick and Anseth, which showed that the cell
viability of encapsulated rat calvarial osteoblasts did not
significantly improve by modifying the hydrogel network with
RGD.63 Huang et al. also reported that MCF-7 cells remained
highly viable cultured, and the 3D culture conditions induced
no significant apoptosis over 7 days.55

4. CONCLUSIONS
This work provides knowledge toward understanding the
formation, stability, and mechanical properties of electrostati-
cally crosslinked 3-arm PEG-based hydrogels to embed and
release breast cancer spheroids. The ability to tune the degree
of RGD content (0, 25, 75, and 98%) on the polyelectrolyte 3-
arm PEG-based polymer chains was shown. In addition, the
results revealed that this hydrogel system is cytocompatible
and suitable to be used as an ECM mimic when tested against
MCF-7 breast cancer cells that maintain high cell viability
(99.0 ± 1.4)%. Furthermore, the capability of using the
electrostatically crosslinked 3-arm PEG-based hydrogels to
release MCF-7 cells and spheroids at any desired time points
by simply exposing the hydrogels to 2 M NaCl solution for
potential further downstream analysis without compromising
cell viability was demonstrated. The results showed that the
released MCF-7 cells remained highly viable. Flow cytometric
experiments revealed that MCF-7 cells prefer and proliferate
more in softer hydrogel scaffolds than stiffer ones when
embedded and grown in a 3D environment. The RGD motif
plays a role in promoting the proliferation of MCF-7 cells as
hydrogels get stiffer. Moreover, the viability of MCF-7 was not
shown to be influenced by the stiffness of hydrogel in a range
between 60 and 1160 Pa. Taken together, this hydrogel system
can be used as an ECM mimic in 3D cell culture applications
for downstream analysis of biological events, such as the cell−
cell and cell−matrix interactions, at bulk- and single-cell levels,
a feature that can be difficult to achieve with other synthetic
hydrogel systems. Additionally, this polymer system should be
compatible with a drop-on-demand 3D bioprinter, where
cationic and anionic polymers can be used as bioinks and
printed alternatingly, to produce 3D cell cultures in a high-
throughput manner where statistically relevant data can be
obtained.
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