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metalloproteinase-mediated invasion of metastatic breast cancer cells

Kasra Goodarzi , Shreyas S. Rao *

Department of Chemical and Biological Engineering, The University of Alabama, Tuscaloosa, AL 35487, USA

A R T I C L E I N F O

Keywords:
Hyaluronic acid
Hydrogel
Invasion
Crosslinking
Breast cancer metastasis
Spheroids

A B S T R A C T

In recent years, polymeric hydrogels have been employed to investigate cancer cell-extracellular matrix (ECM)
interactions in vitro. In the context of breast cancer, cancer cells are known to degrade the ECM using matrix-
metalloproteinases (MMPs) to support invasion resulting in disease progression. Polymeric hydrogels incorpo-
rating MMP-cleavable peptides have been employed to study cancer cell invasion, however, the approaches
employed to incorporate these peptides often change other hydrogel properties. This underscores the need for
decoupling hydrogel properties while incorporating MMP-cleavable peptides. Herein, we report structurally
decoupled hyaluronic acid (HA) hydrogels formulated using varying ratios of a biologically sensitive MMP-
cleavable peptide and an insensitive counterpart (Dithiothreitol (DTT) or polyethylene glycol dithiol
(PEGDT)) to study MMP-mediated metastatic breast cancer cell invasion. Rheological, swelling ratio, estimated
mesh size, and permeability measurements showed similar mechanical and physical properties for hydrogels
crosslinked with different DTT (or PEGDT)/MMP ratios. However, their degradation rate in the presence of
collagenase correlated with the ratio of MMP-cleavable peptide. Encapsulated metastatic breast cancer spheroids
in HA hydrogels with MMP sensitivity exhibited increased invasiveness compared to those without MMP
sensitivity after 14 days of culture. Overall, such structurally decoupled HA hydrogels provide a platform to study
MMP-mediated breast cancer cell invasion in vitro.

1. Introduction

Polymeric hydrogels have been extensively employed to study tumor
cell-matrix interactions as they provide tumor cells with a relevant three
dimensional (3D) context evidenced in vivo and enabling us to maintain
the cellular phenotype in vitro [1–4]. The hydrophilic nature of hydro-
gels enables them to absorb large amounts of water, recapitulating the
elastic and viscoelastic properties of the extracellular matrix (ECM),
along with its composition [5–8]. In addition, the ability to tune
hydrogel properties has enabled recapitulation of several key aspects of
the tumor microenvironment in vitro. For instance, it is well known that
the tumor microenvironment provides biophysical and biochemical
cues, that can independently modulate cancer cell phenotype [9–12].
Polymeric hydrogels provide the ability to recapitulate these cues and
subsequently study how these cues influence tumor cell phenotypes in
an in vitro setting [13]. To this end, both natural (e.g., hyaluronic acid
(HA), collagen) and synthetic (e.g., polyethylene-glycol (PEG)) hydro-
gels have been employed to study cancer cell-matrix interactions,
including how biophysical cues such as matrix stiffness, and biochemical

cues such as incorporation of adhesion or degradation cues influence
cancer cell fate [14–19].

In the context of breast cancer, it is well known that the cancer cells
invade the tissue at the primary and metastatic sites by degrading the
native ECM with matrix-metalloproteinases (MMPs), leading to disease
progression [20–22]. MMPs are a group of zinc-dependent endopepti-
dases that can degrade almost every component of the ECM, which is
required for tumor cell migration and invasion. MMPs are not only
produced by tumor cells, but also by stromal cells in the tumor micro-
environment, highlighting the complex interactions that contribute to
tumor progression [23,24]. Consequently, efforts have been made to
model MMP-mediated invasion of breast cancer cells in vitro. Collagen-
based hydrogels have been used to study the invasion of breast cancer
cells and spheroids [25,26]. However, decoupling of hydrogel properties
is typically challenging as change in one property can simultaneously
change other properties. Another approach involves incorporating
MMP-cleavable crosslinks into the hydrogel structure via the utilization
of multiple crosslinking strategies. This approach has been employed in
HA as well as PEG based hydrogel systems to study invasion in breast
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cancer [27–29] as well as other cancer cells [30–32]. However, the
multiple crosslinking strategies employed to incorporate MMP-cleavable
crosslinks also led to change in other hydrogel properties such as stiff-
ness making it difficult to assess which specific property influences
cancer cell behavior [27,28,30]. This underscores the need for decou-
pling of hydrogel properties to study MMP-mediated invasion of breast
cancer cells in vitro. However, to the best of our knowledge, model
systems that enable effective decoupling between hydrogel mechanical
and structural properties such as modulus (stiffness) and mesh size while
incorporating MMPs into the hydrogel matrix have not been reported.

To address this need, herein, we report structurally decoupled hy-
aluronic acid (HA)-based hydrogels as a 3D biomimetic platform to
investigate the invasion of metastatic breast cancer cells mediated by
MMPs. HA hydrogels were fabricated using varying ratios of biologically
sensitive (i.e., MMP-cleavable peptide) and insensitive crosslinkers (i.e.,
Dithiothreitol (DTT) or polyethylene glycol dithiol (PEGDT)). Rheo-
logical measurements, swelling ratio analysis, estimated mesh size,
permeability measurements, and degradation analysis were conducted
to determine if HA hydrogels crosslinked with various ratios of DTT/
MMP or PEGDT/MMP exhibited comparable mechanical and physical
properties while exhibiting varying degradation profiles as a function of
MMP-cleavable peptide concentration. Finally, we examined the impact
of incorporated MMP-cleavable peptides on the invasion of MDA-MB-
231Br metastatic breast cancer spheroids encapsulated in 3D HA
hydrogels.

2. Materials and methods

2.1. Materials

Sodium Hyaluronate (Mw: 66–90 kDa, Part number: HA60K-5) was
purchased from Lifecore Biomedical. Methacrylic anhydride, serum-free
Dulbecco’s Modified Eagle’s Medium (DMEM), Poly (2-hydroxyethyl
methacrylate) (p-HEMA), Dithiothreitol (DTT), Poly (ethylene glycol)
dithiol (PEGDT), Dextran-fluorescein isothiocyanate (FITC-Dextran)
with 20 kDa and 70 kDa molecular weights were purchased from Sigma
Aldrich. Fetal bovine serum (FBS) was purchased from VWR Life Sci-
ence. Penicillin-streptomycin (PS) was purchased from Gibco. Para-
formaldehyde and Triton X were purchased from Alfa Aesar. AlexaFluor-
488 labeled phalloidin and 4,6-diamidino-2-phenylindole (DAPI) was
purchased from Invitrogen. The integrin binding peptide (RGD) with
GCGYGRGDSPG sequence and MMP-cleavable peptide with
CGPQGIWGQC sequence were purchased from GenScript. Collagenase
type 2 was purchased from Worthington Biochemical Corporation.

2.2. Preparation of DTT-HA and PEGDT-HA hydrogels incorporating
MMP-cleavable peptides

The synthesis of hyaluronic acid methacrylate (HAMA) was per-
formed as described previously [16,33]. Briefly, an aqueous prepolymer
solution containing 1 wt% of HA was prepared overnight. The HA so-
lution was subjected to methacrylation through a reaction with ~18-
fold molar excess of methacrylic anhydride at a temperature of 4 ◦C. The
pH of the solution was meticulously maintained within the range of 8–10
by utilizing a 5 M NaOH solution. The synthesized HAMA was extracted

Fig. 1. Mechanical characterization of DTT/MMP crosslinked HA hydrogels. (A) Storage modulus of DTT/MMP crosslinked HA hydrogels as a function of oscillation
strain (0.01 % - 10 %) and frequency of 1 Hz. (B) Storage modulus of DTT/MMP crosslinked HA hydrogels as a function of frequency (1–10 Hz) and oscillation strain
of 0.1 %. (C) Comparison of storage modulus of DTT/MMP crosslinked HA hydrogels prepared by varying ratios of DTT and MMP-cleavable peptide crosslinkers from
the frequency sweep at an oscillation strain of 0.1 % and frequency of 1.6 Hz. N ≥ 3 replicates per condition.
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by subjecting the final solution to a five-fold excess of cold acetone. The
resulting mixture was then frozen and freeze-dried overnight. In the
present study, HAMA with a methacrylation degree of ~125 % was
employed, as determined by proton nuclear magnetic resonance (1H
NMR).

To fabricate DTT-HA and PEGDT-HA hydrogels, a gel precursor so-
lution was formulated by incorporating 5 wt% HAMA into DMEM. The
solution was incubated with the integrin binding peptide at a final
concentration of 1 mg/mL overnight. The following day, DTT-HA
hydrogels were prepared by incorporating various ratios of DTT and
MMP-cleavable peptide crosslinkers into the hydrogel precursor solu-
tion. The total final concentration of crosslinkers was 10 mM, and
different combinations of concentrations were used, including 10 mM
DTT, 7.5 mM DTT with 2.5 mM MMP, and 5 mM DTT with 5 mM MMP.
Similarly, to produce PEGDT-HA hydrogels, the precursor solution was
combined with varying quantities of PEGDT and MMP concentrations to
achieve a total crosslinker concentration of 10 mM. These included 10
mM of PEGDT, 7.5 mM of PEGDT with 2.5 mM of MMP, as well as 5 mM
of PEGDT with 5 mM of MMP. The crosslinking process for HA hydrogels
utilizes methacrylate groups on the HAMA backbone. The crosslinkers
employed, including DTT, PEGDT, and MMP-cleavable peptides, all
possess thiol groups at both ends. Gelation occurs through a thiol-
Michael addition reaction between the methacrylated groups on the
HAMA backbone and the thiol groups on the crosslinkers. This reaction
forms covalent bonds resulting in a stable hydrogel network [15].

2.3. Mechanical characterization

Rheological evaluations were conducted utilizing an Anton Paar
Modular Compact Rheometer (MCR) 302 using a previously established

procedure [34]. The experiments were conducted using parallel plates
positioned at a precisely controlled distance ranging from 2.5 to 3.0 mm.
Prior to commencing the experiments, the hydrogel samples were
immersed in phosphate-buffered saline (PBS) for two days. The swollen
hydrogels were placed into the rheometer. Strain sweeps were con-
ducted at a constant frequency of 1 Hz. These sweeps facilitated the
determination of the storage modulus as a function of strain amplitude,
aiding in the recognition of the linear viscoelastic region. The storage
modulus of each hydrogel sample was subsequently determined using
frequency sweep measurements conducted at a constant strain ampli-
tude of 0.1 %.

2.4. Swelling ratio and mesh size estimation

To determine the equilibrium swollen weight of HA hydrogels, all
synthesized hydrogels underwent lyophilization for 24 h. The lyophi-
lized hydrogels were then weighed to obtain their resulting dry weights
(Wd). The lyophilized hydrogels were then immersed in PBS for 48 h at
37 ◦C to achieve equilibrium swelling. Following this, the swollen
samples were gently placed on a Kimwipe surface for 30 s to absorb any
excess PBS. The swollen weight of the samples at this stage was recorded
as Wi. The swelling ratio was calculated by dividing the mass of water
absorbed by the mass of the dry sample (Wd) [35].

Swelling Ratio Q = [(Wi−Wd)/Wd ] × 100

The evaluation of mesh size was performed following the method-
ology established by Canal and Peppas, a well-recognized technique in
the characterization of hydrogels [36]. This approach focuses on
determining the molecular weight between crosslinks (Mc) by utilizing
the equilibrium swelling ratio (Q), a fundamental parameter described

Fig. 2. Mechanical characterization of PEGDT/MMP crosslinked HA hydrogels. (A) Storage modulus of PEGDT/MMP crosslinked HA hydrogels as a function of
oscillation strain (0.01 % - 10 %) and frequency of 1 Hz. (B) Storage modulus of PEGDT/MMP crosslinked HA hydrogels as a function of frequency (1–10 Hz) and
oscillation strain of 0.1 %. (C) Comparison of storage modulus of PEGDT/MMP crosslinked HA hydrogels prepared by varying ratios of PEGDT and MMP-cleavable
peptide crosslinkers from the frequency sweep at an oscillation strain of 0.1 % and frequency of 1.6 Hz. N ≥ 3 replicates per condition.
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in the Flory-Rehner Eq. [37]. It was assumed that the physical charac-
teristics of HAMA used in this study would be similar to those of un-
modified HA. The Mc value plays a crucial role in determining the mean
square end-to-end distance of the chain in the absence of the solvent. By
using established methodologies in polymer network analysis, the mesh
size was computed based on the theoretical mesh size calculation [38].

2.5. Scanning electron microscopy (SEM) and morphological analysis

To examine the microstructural architecture of HA hydrogels cross-
linked with DTT/MMP or PEGDT/MMP crosslinkers, we utilized scan-
ning electron microscopy (SEM). After fabricating the HA hydrogels, the
samples were frozen in liquid nitrogen and then lyophilized overnight.
For cross-sectional views, the lyophilized hydrogels were cut through

Fig. 3. Swelling ratio and estimated mesh size of DTT/MMP and PEGDT/MMP crosslinked HA hydrogels. (A, B) Swelling ratio and mesh size of DTT/MMP
crosslinked HA hydrogels prepared by varying ratio of DTT and MMP-cleavable peptide crosslinkers (C, D) Swelling ratio and mesh size of PEGDT/MMP crosslinked
HA hydrogels prepared by varying ratio of PEGDT and MMP-cleavable peptide crosslinkers. N ≥ 7 replicates per condition.
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the middle, while uncut samples were used for top-view analysis. The
prepared samples were then sputter-coated with gold using a Hummer®
6.6 Sputter Coater. SEM analysis was performed with an SU3500
Scanning Electron Microscope at an accelerating voltage of 5.00 kV to
capture images of the hydrogel structure as described previously [34].

2.6. Permeability measurements

To evaluate the diffusivity of HA hydrogels, we employed a well-
established method [39]. Briefly, HA hydrogels were exposed to a so-
lution containing FITC-Dextran molecules at a concentration of 1 mg/
mL. We employed FITC-Dextran with a molecular weight of 20 kDa and
70 kDa and these were dissolved in PBS (pH = 7). Incubation occurred
for a duration of 3 days at a controlled temperature of 37 ◦C. Following
this incubation period, the hydrogels were submerged in 1 mL of PBS,
and at regular intervals of 30 min, 100 μL samples were drawn over a
total period of 3 h. An additional sample was collected after 24 h.
Fluorescence intensity measurements were conducted using the Filter-
Max F5 multi-mode microplate reader. These readings were then uti-
lized to determine the concentration of released FITC-Dextran from the
HA hydrogels. The correlation between the fluorescence readings and
known concentrations established through a standard curve allowed for
the quantification of the released FITC-Dextran concentrations by using

the below formula [39].

Mt

M∞
= 2

[
Det
πx2

]
1
2

The calculation of effective diffusion coefficient (De) utilized Fick’s
law of diffusion. In this context, Mt represents the released mass of FITC-
Dextran at a given time t, M∞ denotes the total released mass of FITC-
Dextran from the hydrogel in the solution, De is the diffusion coeffi-
cient, t stands for time, and x refers to the hydrogel depth, following
methodologies previously described [40].

2.7. Degradation analysis

Degradation analysis was conducted to quantitatively assess the rate
of degradation of HA hydrogels by the collagenase type II enzyme that
was acquired in a powdered form with a solid concentration of 255 U/
mg. Initially, each fabricated hydrogel was immersed in PBS for a
duration of 2 days to attain a state of equilibrium swelling. The weights
of all HA hydrogels were measured after their placement on a Kimwipe
for the purpose of eliminating any surplus PBS. The HA hydrogels were
then fully immersed in a solution containing collagenase type II enzyme
at a concentration of 50 U/mL in PBS, a value chosen based on the
effective range reported in the literature [41,42]. Prior to weighing the

Fig. 4. Permeability and effective diffusion coefficient of DTT/MMP crosslinked HA hydrogels utilizing dextran molecules with molecular weights of 20 kDa and 70
kDa. (A, C) The released fraction (Mt/Minf) of 20 kDa and 70 kDa dextran from DTT/MMP crosslinked HA hydrogels over time respectively. (B, D) Effective diffusion
coefficients (cm2/s) of 20 kDa and 70 kDa dextrans through DTT/MMP crosslinked HA hydrogels. N ≥ 5 replicates per condition.
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samples, any excess collagenase type II solution was removed via
placement on a Kimwipe. Subsequently, the weights of each hydrogel
were measured at various time intervals over a 4 h time period, while
ensuring that the hydrogels were placed in the incubator during periods
when weight measurements were not being conducted [43].

2.8. Cell culture

In this study, we utilized the MDA-MB-231Br cell line, a brain met-
astatic derivative of the MDA-MB-231 triple-negative breast cancer cell
line. These cells were cultured using established protocols [16,44]. In
particular, the cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) high glucose, supplemented with 10 % FBS and 1 % PS, at a
controlled temperature of 37 ◦C and 5 % CO2. The cells were passaged
when they reached approximately 80 % confluency and were subse-
quently utilized in making cell spheroids. Cells with <25 passages were
utilized in all studies.

2.9. Tumor cell spheroid construction

Cell spheroids were prepared using a well-established method
[45–47]. Briefly, a 20 mg/mL solution of p-HEMA was prepared in 95 %

ethanol. To achieve a non-cell adhesive surface, each well of a 96-well
conical bottom plate was coated with approximately 30 μL of the p-
HEMA solution. The plate was then dried in a laminar hood overnight.
To form MDA-MB-231Br cell spheroids, cell dilutions were prepared at a
concentration of 10,000 cells per 100 μL. The cell suspensions were
carefully placed into the pre-coated wells of a 96-well conical bottom
plate. Subsequently, the plate was centrifuged at 1000g for 10 min to
facilitate the formation of cell spheroids. Post-centrifugation, 2.5 μL of
growth factor reduced Matrigel was added to the wells and the plate was
then incubated overnight.

2.10. Spheroid encapsulation, optical imaging, and cell spheroid area
measurements

To encapsulate spheroids in HA hydrogels, the gel precursor solution
with the desired ratio of crosslinkers at a final concentration of 10mM
was prepared and then 100 μL of this solution was added to each well of
a 96-well plate. Next, retrieved cell spheroids (one spheroid per gel)
were immediately embedded in the gel precursor solution and spheroid-
laden hydrogels were formed in ~2 h following which cell culture media
was added on top of the hydrogels. The spheroid-laden hydrogels were
cultured for 14 days. Throughout this period, the culture media

Fig. 5. Permeability and effective diffusion coefficients of PEGDT/MMP crosslinked HA hydrogels utilizing dextran molecules with molecular weights of 20 kDa and
70 kDa. (A, C) The released fraction (Mt/Minf) of 20 kDa and 70 kDa dextran from PEGDT/MMP crosslinked HA hydrogels over time respectively. (B, D) Effective
diffusion coefficients (cm2/s) of 20 kDa and 70 kDa dextrans through PEGDT/MMP crosslinked HA hydrogels. N ≥ 5 replicates per condition.
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underwent replacement every 4 days. Brightfield images for day 0 were
taken ~2h after encapsulation. The area of cell spheroids was assessed
using Image-J software on days 0 and 14, considering both the cross-
sectional area of the spheroid and the spread area of cells that
migrated from the spheroids, as previously described [45,48]. Briefly,
the boundaries of the cell spheroids were manually delineated. In cases
where cell migration from the spheroids was detected, these migrating
boundaries were also included in the calculation of the spheroid areas.
The area ratio was calculated by dividing the total area of the encap-
sulated spheroid and spread area at day 14 by the encapsulated spheroid
area at day 0.

2.11. F-actin staining

To observe the F-actin filaments in theMDA-MB-231Br cell spheroids
encapsulated in HA hydrogels, we performed staining for F-Actin using a
previously utilized protocol [14]. In brief, the encapsulated spheroids
were fixed using 4 % paraformaldehyde for 1 h, followed by per-
meabilization with a 0.25 % Triton X solution in PBS for another hour.
Subsequently, the spheroids were blocked for 1 h using a 5 % FBS so-
lution in PBS. Subsequently, AlexaFluor-488 labeled phalloidin

(Invitrogen) [1:500] was utilized for staining the actin filaments within
the cells. For visualizing the cell nuclei, DAPI staining [1:1000] was
performed. Fluorescence microscopy was performed using an Olympus
IX83 microscope with a spinning disc confocal attachment.

2.12. Statistical analysis

Aside from mechanical characterization, which included a minimum
of three samples per condition, all other characterizations were con-
ducted in two distinct experimental trials, with each condition tested in
at least two replicates. Unless explicitly stated, all numerical values are
reported as the mean ± standard deviation. Statistical analyses were
performed using the PRISM software package. For comparison between
samples, one-way analysis of variance (ANOVA) was performed.
Following ANOVA, post-hoc comparisons were performed utilizing the
Tukey-Honest Significant Difference (Tukey-HSD) test. A p-value of
<0.05 was considered to be statistically significant.

3. Results and discussion

In this study, we present a HA hydrogel-based 3D biomimetic

Fig. 6. Degradation analysis of DTT/MMP and PEGDT/MMP crosslinked HA hydrogels using Collagenase type II enzyme. (A, C) Degradation rate profiles of DTT/
MMP and PEGDT/MMP crosslinked HA hydrogels in the enzyme environment over time. (B, D) Degradation rate of DTT/MMP and PEGDT/MMP crosslinked HA
hydrogels after immersing for 4 h in enzyme solution with 50 U/mL concentration. N = 6 replicates per condition. Statistically significant difference indicator via
one-way ANOVA followed by Tukey-HSD test: (*, p < 0.05) (**, p < 0.01) (***, p < 0.001) (****, p < 0.0001).
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platform that allows decoupling between hydrogel mechanical and
structural properties such as modulus (stiffness) and mesh size while
incorporating MMPs into the hydrogel matrix to study the invasion of
metastatic breast cancer spheroids in vitro. While the influence of MMP-
cleavable peptides on cancer cell response has been studied in
conjunction with other cues [27,30], the specific impact of degradable
cues on cancer cell invasion, especially, in the context of brain meta-
static breast cancer remains unexplored. Herein, for the first time, we
have employed structurally decoupled HA-based hydrogels crosslinked
with varying ratios of biologically sensitive to insensitive crosslinkers to
investigate the impact of MMP-cleavable peptides on the invasion of
encapsulated MDA-MB-231Br brain metastatic breast cancer cell

spheroids. A key feature of this approach is that both biologically sen-
sitive (i.e., MMP) and insensitive (i.e., DTT or PEGDT) crosslinkers are
thiol terminated on both ends enabling HAMA crosslinking via the
Michael-type addition reaction.

3.1. Mechanical characterization

To determine if utilizing varying ratios of DTT or PEGDT with MMP-
cleavable peptide crosslinkers impact mechanical properties of the
resulting HA hydrogels, rheological analysis was conducted. The storage
modulus for each hydrogel condition was obtained by conducting a
sweep over a range of oscillation strains at a constant frequency of 1 Hz

Fig. 7. Invasion of encapsulated MDA-MB-231Br cell spheroid in DTT/MMP crosslinked HA hydrogels. (A) Representative bright field images of encapsulated cell
spheroid at day 0 and day 14 post encapsulation. (B) Ratio of the area of encapsulated spheroid in DTT/MMP crosslinked HA hydrogels on day 14 compared to day 0.
Scale bar = 200 μm. N ≥ 5 replicates per condition. Statistically significant difference indicator via one-way ANOVA followed by Tukey-HSD test: (*, p < 0.05) (**, p
< 0.01).

Fig. 8. Invasion of encapsulated MDA-MB-231Br cell spheroid in PEGDT/MMP crosslinked HA hydrogels. (A) Representative bright field images of encapsulated cell
spheroid at day 0 and day 14 post encapsulation. (B) Ratio of the area of encapsulated spheroid in PEGDT/MMP crosslinked HA hydrogels on day 14 compared to day
0. Scale bar = 200 μm. N ≥ 5 replicates per condition. Statistically significant difference indicator via one-way ANOVA followed by Tukey-HSD test: (*, p < 0.05) (**,
p < 0.01).
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(Fig. 1A, 2A). Next, a frequency sweep was performed over a range of
1–10 Hz at constant strain amplitude of 0.1 % (Fig. 1B, 2B). The results
of the frequency sweep analysis at constant strain amplitude showed
that storage modulus of HA hydrogels crosslinked with varying ratios of
DTT/MMP or PEGDT/MMP in the range of 1–2 Hz at 0.1 % oscillation
strain were in the linear viscoelastic region. Thus, the storage modulus
data used to compare the mechanical properties of each hydrogel con-
dition were determined at 0.1 % oscillation strain and 1.6 Hz.

As shown in Fig. 1C and Fig. 2C, the results revealed that there was

no significant difference in the storage modulus of DTT/MMP or
PEGDT/MMP crosslinked HA hydrogels. Specifically, the storage
modulus values were measured as 1121 ± 331.9 Pa, 850.2 ± 85.2 Pa,
and 921.0 ± 195.8 Pa for the hydrogels crosslinked with 5 mM of DTT
and 5 mM of MMP, 7.5 mM of DTT and 2.5 mM of MMP, and 10 mM of
DTT, respectively. Similarly, the storage modulus of HA hydrogels
crosslinked with 5 mM of PEGDT and 5 mM of MMP was 2517 ± 491.5
Pa. The hydrogels crosslinked with 7.5 mM of PEGDT and 2.5 mM of
MMP had a storage modulus of 2986 ± 254.1 Pa. Finally, the hydrogels

Fig. 9. F-actin staining of 10 k MDA-MB-231Br cell spheroid encapsulated in DTT/MMP crosslinked HA hydrogels on day 14. Green = F-actin, Blue = DAPI, Scale
bar = 200 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. F-actin staining of 10 k MDA-MB-231Br cell spheroid encapsulated in PEGDT/MMP crosslinked HA hydrogels on day 14. Green = F-actin, Blue = DAPI,
Scale bar = 200 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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crosslinked with 10 mM of PEGDT had a storage modulus of 3280 ±

406.6 Pa. The findings revealed that the partial replacement of biolog-
ically inactive crosslinkers with MMP-cleavable peptide crosslinkers for
the fabrication of HA hydrogels did not have a substantial impact on the
storage modulus of the hydrogels. Thus, hydrogels with different com-
binations of sensitive and non-sensitive crosslinkers in each condition (i.
e., DTT or PEGDT) exhibited similar mechanical properties.

3.2. Swelling ratio and estimated mesh size

The hydrogel’s swelling ratio and mesh size play a crucial role in
determining the physical microenvironment that cancer cells experi-
ence, ultimately influencing the way they respond to biochemical and
biophysical signals [28]. Moreover, the hydrogel’s mesh size, which
represents the average distance between crosslinks in the polymer
network, plays an important role in determining molecule diffusion and
the physical confinement of cells in the hydrogel matrix. The signifi-
cance of these physical microenvironmental cues is highlighted by their
ability to regulate the availability and transport of nutrients and oxygen,
growth factors, and signaling molecules within the hydrogel [49]. This
directly affects the behavior of cells, including cell morphology and
migration [50].

Results of swelling ratio measurements demonstrated that there were
no significant differences observed in the swelling ratio of DTT and
DTT/MMP crosslinked HA hydrogels across all conditions. In particular,
the swelling ratio for the hydrogels crosslinked with 5 mM of DTT and 5
mM of MMP, 7.5 mM of DTT and 2.5 mM of MMP, and 10 mM of DTT
were 28.8 ± 2.9, 28.4 ± 1.6, and 27.3 ± 0.9, respectively. Further, the
calculated theoretical mesh sizes were 85.4 ± 4.9 nm, 84.9 ± 2.8 nm,
and 83 ± 1.6 nm for hydrogels crosslinked with 5 mM of DTT and 5 mM
of MMP, 7.5 mM of DTT and 2.5 mM of MMP, and 10 mM of DTT,
respectively (Fig. 3A, B).

Similarly, the results from swelling ratio measurements and calcu-
lated theoretical mesh sizes indicate that PEGDT and PEGDT/MMP
crosslinked HA hydrogels also had statistically similar swelling ratios
and mesh sizes. In particular, the swelling ratios were 24.4 ± 0.9, 23.1
± 1.4, and 22.9 ± 1.4 and the theoretical mesh sizes were 77.5 ± 1.9
nm, 74.6 ± 3 nm, and 74.3 ± 3.1 nm for hydrogels crosslinked with 5
mM of PEGDT and 5 mM of MMP, 7.5 mM of PEGDT and 2.5 mM of
MMP, and 10 mM of PEGDT, respectively (Fig. 3C, D). Based on the
theory of rubber elasticity, materials generally exhibit a decrease in
swelling ratio as the crosslinking density increases or the average mo-
lecular weight between the cross-links decreases [51,52]. Therefore, the
absence of significant differences in swelling ratios and calculated mesh
sizes among all PEGDT/MMP crosslinked HA hydrogels is indicative of
the structural similarity of these hydrogels. We also performed SEM to
assess the microstructural architecture of the hydrogels. The surface and
cross-sectional morphologies of HA hydrogels crosslinked with DTT/
MMP (Fig. S1) and PEGDT/MMP (Fig. S2) were similar and consistent
within their groups further confirming the structural similarity of these
hydrogels.

3.3. Permeability

To determine if utilizing varying ratios of DTT/MMP-cleavable
peptide crosslinkers impact permeability of the resulting HA hydro-
gels, we measured permeability through fluorescent dextran release
studies of two different molecular weights (i.e., 20 kDa and 70 kDa).

We quantified the concentration ratio of released dextran at a spe-
cific time (Mt) to the total concentration released at infinite time (24 h)
(Minf) for HA hydrogels crosslinked with DTT/MMP by utilizing a
standard curve generated using fluorescently labeled dextrans (Fig. S3
and Fig. S4). This ratio is graphed against the square root of time (s1/2)
and the slope of this graph provides the effective diffusion coefficient of
dextran molecules with varying molecular weights from DTT/MMP
crosslinked HA hydrogels [39]. The calculated effective diffusion

coefficients for DTT/MMP crosslinked HA hydrogels revealed no sig-
nificant difference in permeability between the hydrogels for both sizes
of dextran molecules (Fig. 4B, D).

Similarly, the release ratio of dextran at a specific time compared to
its complete release after 24 h in HA hydrogels crosslinked with PEGDT/
MMP, was determined through the same calibration curve of fluo-
rescently labeled dextran (Fig. S3 and Fig. S4). The effective diffusion
coefficients calculated for PEGDT/MMP crosslinked HA hydrogels
indicate consistent permeability levels across the hydrogels, regardless
of the size of dextran molecules (Fig. 5B, D). These results further
demonstrate that the average mesh size of PEGDT/MMP crosslinked
hydrogels is similar. This is supported by the fact that the hydrogels did
not exhibit any significant difference in diffusion rate or effective
diffusion coefficients when evaluating their permeability to dextran
molecules of varying molecular weights and, consequently, different
hydrodynamic radius.

3.4. Degradation analysis

Through mechanical characterization, swelling measurements, mesh
size estimation, SEM, and permeability measurements, we determined
that utilizing varying ratios of DTT (or PEGDT)/MMP cleavable peptide
crosslinkers has minimal impact on the resultant hydrogel properties.
However, the inclusion of MMP-cleavable peptide crosslinkers should
enable cell mediated matrix degradation via MMPs. Therefore, we first
sought to test if utilizing varying ratios of DTT/MMP-cleavable peptide
crosslinkers influences degradation behavior of the resulting HA
hydrogels.

Fig. 6A illustrates the timeline of degradation for DTT/MMP cross-
linked HA hydrogels. The degradation rate of the hydrogel by college-
nase type II enzyme increased as the ratio of MMP-cleavable peptide in
the hydrogel network increased. This data demonstrates that the pres-
ence of a MMP-cleavable peptide as a crosslinker leads to a considerably
higher degree of degradation, even within a brief timeframe, as depicted
in Fig. 6B. Specifically, the degradation percentages of hydrogels
crosslinked with different concentrations of DTT and MMP after 4 h
were as follows: 78.8 ± 9.0 % for 5 mM of DTT and 5 mM of MMP, 48.2
± 18.1 % for 7.5 mM of DTT and 2.5 mM of MMP, and 22.8 ± 3.4 % for
10 mM of DTT.

Similar results were also noted in the PEGDT/MMP crosslinked HA
hydrogel system. Fig. 6C demonstrates the timeline of degradation for
HA hydrogels crosslinked with PEGDT/MMP. Rapid degradation rate
was observed by an increase in the ratio of MMP-cleavable peptide
crosslinker in HA hydrogels crosslinked with PEGDT/MMP. This data
also reveals that the inclusion of an MMP-cleavable peptide as a cross-
linker results in a significantly greater degree of degradation, even
within a short timescale, as seen in Fig. 6D. Specifically, the percentage
of hydrogel degradation for hydrogels crosslinked with 5 mM of PEGDT
and 5 mM of MMP, 7.5 mM of PEGDT and 2.5 mM of MMP, and 10 mM
of PEGDT were found to be 41.2 ± 7.8 %, 22.7 ± 8.8 %, and 11.4 ± 2.8
%, respectively. The analysis of the enzymatic degradation profiles of
DTT/MMP and PEGDT/MMP crosslinked HA hydrogels shows that the
presence of MMP-cleavable peptide crosslinker that is sensitive to bio-
logical degradation significantly accelerates the degradation of hydro-
gels. This is supported by the observed higher degradation rates when
there is a higher concentration of MMP-cleavable peptide in the
hydrogel network. The results of our degradation analysis align with
previous studies that utilized MMP-cleavable peptides in hydrogel net-
works to create bioactive polymeric systems [53,54].

3.5. MDA-MB-231Br cell spheroid invasion study

Prior studies have shown that hydrogel biophysical cues, such as
matrix stiffness [14], crosslink density [27], and structure of the
network [55], can influence cancer cell response. Herein, DTT/MMP or
PEGDT/MMP crosslinked HA hydrogels exhibited comparable
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characteristics, as indicated by measurements of mechanical and phys-
ical properties, however, the degradation profiles varied as a function of
MMP-cleavable peptide crosslinker concentration. Thus, these hydrogels
enabled us to investigate the impact of cell-mediated matrix degradation
on the invasion of brain metastatic breast cancer cell spheroids in vitro.

We encapsulated 10 k MDA-MB-231Br cell spheroid in DTT/MMP or
PEGDT/MMP crosslinked HA hydrogels to study invasion over a period
of 14 days. The cross-sectional area measurements at day 14 vs. day
0 revealed cellular invasion within the HA hydrogel network with MMP
sensitivity. Although there were no differences in the measured cross-
sectional area between the conditions of MMP-sensitive HA hydrogels
crosslinked with 5 mM of DTT and 5 mM of MMP, and 7.5 mM of DTT
and 2.5 mM of MMP, both conditions exhibited a significant difference
compared to non-sensitive HA hydrogels crosslinked with 10 mM of DTT
(Fig. 7). In particular, the ratio of cell-covered cross-sectional area
measured on day 14 to day 0 was 2.6 ± 0.6, 3.2 ± 1.3, and 1.1 ± 0.2
respectively, for the highest to lowest ratio of the MMP-cleavable pep-
tide crosslinker in the case of DTT/MMP crosslinked HA hydrogels.
These results also suggest that even lower concentrations of MMP-
cleavable peptides (i.e., 2.5 mM of MMP) were sufficient to support
cancer cell invasion in vitro.

Similar results was observed in the case of PEGDT/MMP crosslinked
HA hydrogels. Hydrogels incorporating MMP-cleavable peptides
showed significantly greater 3D cell invasion compared to those without
MMP-cleavable peptides as determined using cross-sectional area mea-
surements (Fig. 8). Specifically, the cross-sectional area ratio for
hydrogels crosslinked with 5 mM of PEGDT and 5 mM of MMP, 7.5 mM
of PEGDT and 2.5 mM of MMP, and 10 mM of PEGDT were found to be
1.8 ± 0.4, 1.7 ± 0.3, and 1.1 ± 0.1 respectively. The comparable
crosslinking density, pore size, and RGD ligand density in both DTT/
MMP and PEGDT/MMP crosslinked HA hydrogels indicate that cellular
invasion is mainly regulated by the degradability of the hydrogel
through MMP-mediated processes.

The cell cytoskeleton regulates various physiological cell processes,
and actin, as one of constituent of the cytoskeleton, provides significant
control over many of these cellular processes such as cell movement
[56,57]. Specifically, within cancer cells, the polymerization of F-actin
in the cytoskeleton correlates with the enhancement of properties like
migration, invasiveness, and metastasis [58,59]. F-actin staining
revealed invaded cells with well-developed actin cytoskeleton at the
periphery of spheroids within both DTT/MMP and PEGDT/MMP
crosslinked HA hydrogel structures containing MMP-cleavable sites.
Moreover, F-actin staining showed the presence of invasive protrusions
along the spheroid outer edge in HA hydrogels with MMP-cleavable
peptide crosslinkers (Figs. 9, 10). Conversely, the cell spheroid encap-
sulated in HA hydrogels crosslinked with 10 mM of DTT or PEGDT
exhibited round morphology with ill-formed F-actin fibers and no
invasive protrusions along their periphery (Figs. 9, 10). This suggests
that the lack of degradable sites in these hydrogels prevents F-actin
remodeling, which is required for cancer cell invasion.

Overall, our results demonstrate the utility of these structurally
decoupled HA hydrogels that exhibit similar mechanical and physical
properties while providing varying degradation cues to study metastatic
breast cancer invasion and the associated mechanisms in vitro. This can
lead to a better understanding of the invasion process and the identifi-
cation of novel therapeutic targets. This, in turn, could enable thera-
peutic approaches to inhibit the invasion of metastatic breast cancer
cells in the long term. In addition, these hydrogels can be utilized to
screen potential anti-invasive drugs by providing a controlled environ-
ment that mimics the tumor microenvironment. However, we note the
following limitations of the work: (1) This study employed a brain
metastatic breast cancer cell line (MDA-MB-231Br) to study invasion.
Future research could test additional cell types such as non-invasive
cancer cells and patient-derived cancer cells, to enhance our under-
standing of tumor heterogeneity and the mechanisms of invasion across
different cancer types. (2) Future studies could utilize photo-crosslinkers

to form HA hydrogels and determine if decoupling can be achieved in
these hydrogel systems. (3) Future research could explore how varying
the total concentration and ratios of biologically sensitive and insensi-
tive crosslinkers impacts hydrogel stiffness and biodegradability, and
subsequently cancer cell invasion. (4) This study did not examine other
potential factors in the tumor microenvironment, such as growth factors
and cytokines, which can also influence invasion. Future research could
investigate these factors and how they influence invasion in the
hydrogel environment.

4. Conclusions

In this study, we developed structurally decoupled HA hydrogels as a
3D biomimetic model to study MMP-mediated invasion in brain meta-
static breast cancer cell spheroids in vitro. To form structurally decou-
pled HA hydrogels, we employed different ratios of MMP-sensitive (i.e.,
MMP-cleavable peptide) and insensitive crosslinkers (i.e., DTT or
PEGDT), and found that there was no significant difference in the stor-
age modulus, swelling ratio, mesh size, or permeability of the resulting
HA hydrogels. However, varying the MMP-cleavable peptide ratios
significantly influenced the degradation rates of the hydrogel in the
presence of collagenase type II enzyme. Accordingly, hydrogels incor-
porating MMP-cleavable peptides also supported invasion of encapsu-
lated MDA-MB-231Br cell spheroids cultured over a period of 14 days.
Furthermore, F-actin staining revealed that invaded cells formed a well-
organized actin cytoskeleton at the spheroid periphery in hydrogels
incorporating MMP-cleavable peptides as opposed to those without
MMP-cleavable peptides. In sum, our findings demonstrate that struc-
turally decoupled HA hydrogels could be used as a 3D platform for
studying MMP-mediated metastatic breast cancer cell invasion in vitro.
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