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1. Introduction

Biomimetic double network hydrogels of
chondroitin sulfate and synthetic polypeptides
for cartilage tissue engineeringy

Juhi Singh, @& Jacob C. Kadir, Jason D. Orlando and Stefanie A. Sydlik =) *

Articular cartilage defects are common, and the progressive deterioration of cartilage frequently results in
the onset of osteoarthritis. However, the intrinsic regenerative capacity of articular cartilage is minimal.
Synthetic therapeutic solutions for treating cartilage damage are being developed. However, current
scaffolds and hydrogels employed in cartilage tissue engineering face limitations in promoting cellular
activity and providing sufficient load-bearing strength. This is primarily due to suboptimal crosslinking
methods for the synthetic scaffolds composed of natural proteins and glycosaminoglycans (GAGs).
Synthetic polypeptides, owing to their customizable reactive functional groups, present an exciting
opportunity to enhance crosslinking through both physical and chemical approaches. This study intro-
duces a strategy for the development of injectable, shape-adaptive double network hydrogels that closely
replicate the structural integrity and mechanical properties of native cartilage. These hydrogels are com-
posed of photocrosslinkable GAGs, specifically methacrylated chondroitin sulfate A (CSMA), combined
with a synthetic polypeptide, poly(L-lysine) (PLL). By varying the degree of polymerization (DP) of PLL and
weight percentage of PLL in the composition, the hydrogels can be optimized for desired material pro-
perties. Varying DP of PLLs varies the molecular weight between crosslinks, thus leading to tunable rigidity
(yield strength, ultimate compression strength, storage modulus) and toughness. We further this tunability
through the integration of photoresponsive components, enabling controlled, non-invasive post-injection
modifications. Initial testing indicates that these double network hydrogels exhibit significantly improved
mechanical strength compared to hydrogels formed solely from CSMA, positioning them as strong candi-
dates for minimally invasive cartilage defect repair. This innovative method offers the potential to acceler-
ate recovery, restore joint function, and improve patients’ overall quality of life.

microfracture,” osteochondral allograft® and autografts,® and
autologous chondrocyte implantation.”® These strategies are

Cartilage injuries impact millions of patients further affecting
their quality of life." The cartilage tissue has limited self-regen-
eration and intrinsic repair ability owing to limited blood and
neuron supply.” This further complicates recovery wherein car-
tilage rarely recovers and, in many cases, leads to a degra-
dation cascade resulting in osteoarthritis characterized by
defects of articular cartilage.® The primary issue with osteoar-
thritis is cartilage damage, wherein inflammation and enzy-
matic activity lead to further joint damage which impact joint
movement requiring total joint replacement.® Current clinical
approaches for cartilage regeneration involve strategies such as
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invasive in nature often leading to inadequate healing and
mechanical mismatch of grafts with that of the cartilage.” To
address the limitations of current approaches, tissue regener-
ation strategies that integrate cell therapy with synthetic
materials, designed to replicate the mechanical properties of
cartilage are essential.

Injectable hydrogels offer a minimally invasive approach for
the management of cartilage defects.'® The design principle
for injectable hydrogels involves the use of polymer com-
ponents that can mimic the extracellular matrix of natural car-
tilage in terms of chemical composition and mechanical pro-
perties."" Thus, injectable hydrogels derived from natural poly-
saccharides and proteins have emerged as promising alterna-
tives to traditional cartilage regeneration methods. To this end
hydrogels based on natural polysaccharides, proteins as well
as synthetic polymers have been studied with various in vivo
and ex vivo gelation mechanisms. A pioneering study reported
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the development of a chondroitin sulfate (CS)-based hydrogel
designed for cartilage regeneration. In this approach, CS was
chemically functionalized with methacrylate and aldehyde
groups, creating two functional arms: one for covalent
bonding with a biomaterial scaffold and the other for anchor-
ing to the tissue surface.'®> Another study integrated hyper-
branched multifunctional poly(ethylene glycol) with thiolated
CS to develop injectable hydrogels. This system was designed
as a stem cell delivery platform to address the challenges of
weak mechanical properties and rapid degradation typically
associated with CS hydrogels.'® Another leading study focused
on the development of a variety of photosensitive hyaluronic
acid hydrogels to promote chondrogenesis."*"® Hydrogels
based solely on GAGs suffer from limited mechanical strength
and viscoelastic properties, lower by an order of magnitude
compared to native cartilage. Composite hydrogels comprising
of GAGs along with synthetic toughening agents as an alterna-
tive to collagen fibers found in the native cartilage could be
the solution.

Hydrogels that rely primarily on physical crosslinking for
gelation often exhibit low crosslinking density, which compro-
mises their rigidity, however, are flexible and stretchable owing
to reversibility of physical crosslinks. This results in reduced
storage and loss moduli, as well as lower yield and ultimate
compressive strength. A notable example is the development of
injectable and shear-reversible alginate hydrogels, achieved
through a combination of cell-based crosslinking and ionic
crosslinking techniques for cartilage regeneration. The hydro-
gels exhibit shear reversible gelation, however the storage
modulus is limited to 0.01-0.2 kPa."” Alternatively, hydrogels
which exhibit covalent crosslinking upon external stimuli
exposure have been designed by incorporating photoreactive
groups. However, hydrogels relying solely on covalent cross-
links yield hydrogels with improved rigidity but are brittle in
nature due to low flexibility. A common approach is functiona-
lizing CS with crosslinkable moieties such as catechol or meth-
acrylate which would enable covalent crosslinking to form
hydrogel matrix.'®*°

Thus, double network hydrogels which combine a fine
balance of physical and chemical crosslinks could offer the
perfect blend of toughness and robustness required to mimic
the cartilage. For instance, a double-network hydrogel com-
posed of sulfated alginate functionalized with catechol and
methacrylate, combined with methacrylated chitosan, was
reported. The hydrogel crosslinked through UV irradiation and
the addition of an oxidizing agent, forming a robust double
network. This type of hydrogels can demonstrate a compres-
sive strength up to 400 kPa, five times greater than hydrogels
made with catechol-functionalized alginate and chitosan in
the presence of an oxidizer alone.?® Another example of hybrid
photocrosslinkable hydrogel combining methacrylated hya-
luronic acid (HA) and o-nitrobenzyl (NB)-grafted HA demon-
strated enhanced mechanical performance (storage modulus -
6-12 kPa compared to 1-2 kPa of individual gels) via double-
network mechanisms. Rapid crosslinking (within 4-6 seconds)
was achieved through radical polymerization, while aldehyde
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groups photogenerated from the NB moieties efficiently
reacted with amino groups present in gelatin or on surround-
ing cartilage surfaces.”!

Incorporation of naturally derived proteins into GAG hydro-
gels have been reported. For example, polysaccharide-protein-
based scaffolds such as HA/CS/gelatin,®* cellulose/peptide,*
CS/collagen,> HA/silk fibroin,”> and CS/gelatin.>® These
scaffolds exhibit compressive strengths ranging from 10 to 130
kPa and storage moduli between 0.1 and 10 kPa. Natural pro-
teins, however, are limited in terms of density of reactive func-
tional groups responsible for physical or chemical crosslinks
leading to slow gelation and limited mechanical properties.
Moreover, these proteins are expensive and difficult to obtain
in large quantities.

Natural cartilage is majorly composed of proteoglycans
(core proteins linked with glycosaminoglycans (GAGs)), hyalur-
onan, collagen, water and chondrocytes.”” Water is responsible
for cartilage resilience, collagen for tensile strength and chon-
drocytes for maintaining and repairing the cartilage.”” The
GAGs such as CS and keratan sulfate are involved in chondro-
cyte signaling pathways further promoting chondrogenesis by
binding integrins that increase TGF-p1 expression leading to
production of hyaluronic acid and type II collagen.*® Collagen
fibers in the native cartilage are responsible for toughening of
GAG scaffold thus enhancing the longevity and lubricity of the
tissues.?”»?°

Synthetic polypeptides offer an alternative to natural pro-
teins with wide tunability in terms of reactive functional
groups and their density. Synthetic polypeptides prepared
through ring opening polymerizations such as poly(r-lysine)
(PLL) and poly (i-glutamic acid) have been widely studied for
tissue regeneration and antibacterial properties. Varying the
degree of polymerization and thus the chain length offers tun-
ability in terms of density of reactive functional groups. The
chain length can be used to manipulate the molecular weight
between crosslinks and further dictates hydrogel properties:
shorter molecular weight between the crosslinks leads to
higher rigidity while larger molecular weight between the
crosslinks lead to higher flexibility.

In this work, we propose the design of a double network
composite hydrogel based on chondroitin sulfate and PLL. CS
is chosen owing to its presence in the natural cartilage and
ability to promote chondrogenesis. PLL is chosen as the syn-
thetic alternative for collagen present in cartilage responsible
for toughness. Methacrylated CS is employed for this study as
it allows for light responsive covalent crosslinking, thereby
giving surgeons control to initiate crosslinking. The covalent
crosslinking within CSMA chains is expected to provide rigidity
to the system. Incorporation of PLL chains is expected to estab-
lish physical crosslinks resulting in enhanced flexibility and
toughness of the composite hydrogels. It is hypothesized that
incorporation of PLLs with lower degree of polymerization
(DP) will yield composite hydrogels with a shorter molecular
weight between the crosslinks and thus higher rigidity (yield
strength, ultimate compression strength, storage modulus)
while those with higher DPs will yield tougher hydrogels.

This journal is © The Royal Society of Chemistry 2025
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2. Results & discussion

2.1. Rationale for material design

Cartilage is a specialized tissue with unique chemical and
structural composition responsible for its resilience, elasticity
and compressive strength along with bioactivity. Structurally,
cartilage comprises of about 65-80% water by weight majorly
responsible for viscoelastic property and the extracellular
matrix composed of collagen fibers, proteoglycans and hya-
luronic acid. An ideal injectable hydrogel should be viscous in
nature such that it can be injected at the defect site in a mini-
mally invasive manner, followed by stimuli responsive gelation
in less than a minute."" The formed hydrogel should also
match the viscoelastic and mechanical load bearing properties
of the native cartilage around the defect to avoid separation
due to mechanical mismatch."" The hydrogel in combination
with cells should have the ability to promote chondrocyte
growth and differentiation leading to reduced healing time."*
The hydrogel should also have suitable porosity and intercon-
nectivity to enable cell migration and efficient exchange of
nutrients and waste.'"*°

To mimic the structure and function of cartilage, double
network hydrogels composed of proteoglycan chondroitin
sulfate (CS) and synthetic polypeptide poly(r-lysine) (PLL) is
proposed. CS is incorporated owing to its presence in natural
cartilage and its ability to promote chondrogenesis. Natural
proteins are rich in lysine, which provides important cross-
linking, for example to stabilize the collagen triple helix.*!
Thus, we selected PLL to provide toughness to the hydrogel
matrix in similar manner as collagen fibers in the cartilage.

2.2. Synthesis and formulation of the double network hydrogels

To impart injectability and stimuli-responsive gelation to
the hydrogels, CS is functionalized with methacrylate

Chondroitin Sulfate Methacrylate (CSMA)  Poly(l
« Covalent crosslinks
* Rigid & Brittle hydrogel .

CSMA-PLL
« Double network
« Tough & Robust

Scheme 1

y(L-lysine) (PLL)
« Physical crosslinks
Flexible & Stretchable
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groups to yield chondroitin sulfate methacrylate (CSMA).
This undergoes vinyl free radical polymerization upon
UV-Visible light exposure. CSMA is synthesized through an
esterification reaction using methacrylic anhydride wherein
hydroxyl groups of CS act as nucleophiles and attack the car-
bonyl in methacrylic anhydride. CSMA with degree of substi-
tution 0.5-0.8 (as determined by 'H-NMR) is synthesized
(Fig. S2 and S3%) used to formulate the hydrogels. PLL,
which is the second component of the hydrogels, is syn-
thesized by ring-opening polymerization of i-lysine(Z)-NCA
(Fig. S4t) followed by deprotection and dialysis. For CSMA-
PLL hydrogels, covalent crosslinking of CSMA is expected to
form the first network of the double network composite
hydrogels, while physical crosslinks among PLL chains form
the second network (Scheme 1).

The composition of CSMA-PLL hydrogels is described in
Table 1. The weight percentage (%w/w) of water is maintained
at 87-89% for all hydrogels to mimic that of the cartilage. The
(%w/w) of CSMA is around 8%. To initiate photocrosslinking
upon light exposure, 0.05% lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate (LAP) is added to the hydrogels which
generates free radicals initiating the crosslinking. In case of
PLL incorporation, the degree of polymerization of PLL is
varied to be DP15, DP35 and DP50 to assess the impact of
molecular weight on viscoelasticity and mechanical properties.
The %w/w of PLL is varied (0, 2.5 and 5%) to assess the impact
of PLL concentration on the composite hydrogel performance.
Structure-property relationships evaluate the effect of PLL
incorporation, PLL DP and %w/w PLL on viscoelasticity
(storage modulus, loss modulus, dynamic viscosity, yield stress
and strain at break point), structural morphology determined
by SEM, compression strength in freshly prepared and swollen
states, viscoelasticity upon enzymatic degradation and human
mesenchymal stem cell cytocompatibility.

Tuning chain length of PLL to tune mechanical properties
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Illustrative representation of the double network hydrogel formed by CSMA—PLL. CSMA forms the covalently crosslinked network upon

light exposure while PLL forms the physical crosslinks via hydrogen bonding. Tuning the PLL chain length is hypothesized to tune the flexibility and

rigidity of hydrogels.
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Table 1 Formulation of CSMA-PLL hydrogels with varying PLL weight
percentage (%w/w)

CSMA-PLL hydrogel CSMA-PLL CSMA-PLL
composition CSMA 2.5 5.0
Chondroitin sulfate methacrylate ~ 8.00%  8.00% 8.00%
(CSMA)

Poly(i-lysine) (PLL) 0.00%  2.50% 5.00%
LAP 0.05% 0.05% 0.05%
Water 92.00%  89.00% 87.00%
2.3. PLL Incorporation improves the viscoelastic properties of

CSMA hydrogels

CSMA-PLL hydrogels formulated by mixing varying weight per-
centages of CSMA and PLL are evaluated for changes in visco-
elastic properties upon light exposure using a photorheology
setup (Fig. S11Af). Real-time photorheology determines the
extent of light-dependent crosslinking. The samples are sub-
jected to UV light (365 nm) with intensity of 100 mW cm™> for
200 s which amounts to 20 J of light dose. Upon light
exposure, the photoinitiator LAP generates free radicals pri-
marily from the cleavage of the benzoyl-phosphinate bond,
creating a phenyl radical and a radical derived from the tri-
methylbenzoyl group. These radicals then initiate free radical
vinyl polymerization reactions with the methacrylate groups of
CSMA, leading to crosslinking of the hydrogels. The corres-
ponding changes in the storage and loss modulus due to cross-
linking are recorded with respect to time for all the
formulations.

The first step of photorheological experiment involves
exposing the hydrogels to 1% oscillatory strain for 30 s, which
disrupts the weak intermolecular attractive forces (Fig. 1A).

PLL (35) 5% wiw - 365 nm
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Dynamic viscosity is evaluated at this time which gives an idea
about the injectability of the hydrogels. Hydrogels with
dynamic viscosity lower than 10 Pa-s are injectable using a
syringe. CSMA-PLL hydrogels exhibit dynamic viscosity
ranging from 0.03-0.4 Pa-s (Fig. S11B¥), which is higher than
neat CSMA hydrogels (0.024 Pa-s). A green horizontal line at
0.024 Pa-s represents the properties of neat CSMA hydrogel
without any PLL incorporation. This suggests PLL incorpor-
ation leads to increase in dynamic viscosity, possibly due to
covalent and non-covalent interactions between the CSMA and
PLL polymer chains. The extent of interaction, however, is also
dictated by the %w/w of PLL and PLL chain length evident by
variation in dynamic viscosity. Decrease in PLL %w/w leads to
decreased viscosity for formulations with PLL DP15. However,
the dynamic viscosity remains comparable to CSMA for DP35
and an increase in viscosity is observed for PLL DP50.

After the first step, the samples are exposed to UV light
(365 nm) for 200 s, amounting to 20 J light dose and the
changes in storage and loss modulus are recorded as depicted
in the representative rheogram (Fig. 1A). The storage (G') and
loss modulus (G”) are then allowed to stabilize for 670 s to
allow for complete crosslinking to occur. Gelation time is the
time required for the hydrogels to crosslink and reach a point
where G’ becomes equal to the G”. All CSMA-PLL hydrogels
exhibit gelation times ranging from 1-4 s (0.1-0.4 J), compar-
able to, or in most cases lower than CSMA hydrogels.

After crosslinking, all CSMA-PLL hydrogels exhibit storage
and loss moduli higher than neat CSMA hydrogels. The G’ for
all CSMA-PLL hydrogels after photocuring ranges from 50-300
kPa which is the same order of magnitude as that of the
natural human cartilage (G’ - 300 kPa).**** The G” ranges
from 1-30 kPa. Both G’ and G” for CSMA-PLL formulations are

5
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Fig. 1 Viscoelastic properties of CSMA—-PLL hydrogels upon photocuring with UV light (365 nm). (A) Representative rheogram of CSMA-PLL hydro-
gel with PLL DP35 (5% w/w) depicting the increase in storage (G') and loss modulus (G") upon light exposure (365 nm). (B) Gelation time for the
CSMA-PLL hydrogels with varying PLL chain lengths (DP) and PLL weight percentage compared to neat CSMA hydrogels. Comparison of (C) G' and
(D) G” of CSMA—-PLL hydrogels. (E) Representative amplitude sweep curve depicting yield stress, yield strain and yield point. Comparison of (F) yield
stress; (G) yield strain (%) and (H) linear viscoelastic range (LVR) obtained from the amplitude sweeps of CSMA—-PLL hydrogels with varying PLL chain
lengths (DP) and PLL weight percentage. The box plot represents the 25th and 75th percentiles as the edges of the box, with the median indicated
by the line inside the box. The error bars in the box plots correspond to the interquartile range (IQR), n = 3.
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higher than that of neat CSMA hydrogels suggesting the tough-
ening effect of incorporated PLL chains. The hydrogel with 5%
w/w incorporation of PLL DP35 exhibits exceptionally high G’
and G” when compared to other formulations. This can be
attributed to the synergistic physical and covalent interactions
at play between CSMA and PLL DP35 chains. Conversely, for
DP15 and DP50, hydrogels with 5% w/w PLL incorporation
exhibit lower G’ and G" compared to 2.5%. This suggests
increasing PLL content is inversely proportional to G’ and G”
for hydrogels with PLL DP15 and DP50.

Hydrogels with 5% PLL DP35 also exhibit an interconnected
pore network with larger pore size (100-180 pum, Fig. S18%) as
opposed to all other CSMA-PLL hydrogels with smaller pore
size (0.7-25 pm) (Fig. 3). A well-defined, highly interconnected
porous structure in case of PLL DP35 facilitates efficient stress
distribution, preventing localized stress concentrations that
could lead to premature failure. Hydrogels with an optimal pore
network, such as those with DP35, exhibit a balanced cross-
linking density and polymer chain mobility, allowing for both
structural reinforcement and flexibility.>**> This results in a
higher storage modulus, as the network can effectively store
elastic energy during deformation, and a higher loss modulus,
indicating the material’s ability to dissipate energy as heat or
molecular reorganization.>**> The presence of interconnected
pores also enhances viscoelastic energy dissipation, enabling
the hydrogel to withstand repeated loading and unloading
cycles without significant degradation.>*** In contrast, a dense,

(A) Polymer Entan
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Methacrylate (CSMA)
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tightly crosslinked network (e.g., DP15) may limit energy dissi-
pation, leading to brittle behavior, whereas a loosely cross-
linked, highly porous structure (e.g., DP50) may compromise
mechanical integrity, reducing both storage and loss modulus.
Thus, an optimized interconnected pore network is essential for
achieving superior mechanical resilience and durability under
physiological loading conditions.

The formulations were then subjected to an amplitude
sweep (1-1000% strain, 10 Hz) after photocuring to evaluate
changes in viscoelastic properties upon oscillatory strain appli-
cation (Fig. 1E). The strain % at which the G’ and G" crossover
is defined as the yield point, whereas the yield stress is defined
as G’ at break (yield point). Yield strain is the strain at which
the hydrogel transitions from an elastic regime to a plastic or
flow regime. All CSMA-PLL hydrogels exhibit yield stress
(0.03-30 kPa) comparable or higher than neat CSMA hydrogels
(Fig. 1F). Hydrogels with PLL DP35 incorporation exhibit com-
paratively higher median yield stress (20-30 kPa) suggesting
stronger internal crosslinks or network interactions, making it
more resistant to deformation before yielding. In terms of
yield strain (Fig. 1G), all CSMA-PLL hydrogels exhibit median
yield strain (80-250%) lower than that of neat CSMA hydrogels
(400%). This suggests CSMA-PLL hydrogels exhibit reduced
chain mobility because of denser crosslinking. Higher yield
stress and lower yield strain compared to CSMA can be attribu-
ted to additional interactions (Scheme 2) between CSMA and
PLL chains in the CSMA-PLL hydrogels.
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Illustrative representation of the interactions within the CSMA—-PLL hydrogel, highlighting (A) polymer chain entanglement, (B) electro-

static interactions between negatively charged CSMA and positively charged PLL, and (C and D) covalent interactions, including vinyl free radical

polymerization and Michael addition of PLL onto the CSMA vinyl groups.
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The linear viscoelastic region (LVR) is the range of strains
or stresses within which a material’s properties are indepen-
dent of the applied stress or strain. In this region, the stress
and strain have a linear relationship. All hydrogels except
those incorporated with PLL DP35 (5% w/w) and DP50 (2.5%
w/w) exhibit LVR higher than neat CSMA hydrogel (11%)
(Fig. 1H). A negative correlation between PLL chain length
(DP) and LVR is observed for hydrogels incorporated with
2.5% w/w PLL suggesting increased crosslinking density or
stronger intermolecular interactions within the hydrogel
network, contributing to better resistance against deformation.
Hydrogels with PLL DP35 (5% w/w) exhibits higher G’, G” and
yield stress but lower LVR owing to rigid matrix due to higher
crosslinking density.

To assure the clinical applicability of the hydrogels, photo-
curing is also assessed with UV-Vis light (350-550 nm) at
150 mW cm> for 200 s amounting to 30 ] of light dose
(Fig. S12%). In case of exposure to UV-Vis light, CSMA hydrogel
requires about 6 s (0.6 J) for gelation while all other hydrogels
exhibit lower gelation times of 1-5 s (0.1-0.5 J). Hydrogels
cured under UV-Vis light exhibit significantly higher storage
modulus (G’), ranging from 50 to 200 kPa. This enhancement
is likely attributed to the increased crosslinking density result-
ing from the higher light dose applied during the curing
process. All CSMA-PLL hydrogels exhibit G’ and G” higher
than neat CSMA hydrogel. The general trend observed is
higher median G’ and G” for hydrogels with 2.5% wt PLL com-
pared to 5% PLL. Like the UV-cured hydrogels, CSMA-PLL
hydrogels demonstrate higher yield stress (ranging from 1 to
10 kPa) compared to neat CSMA. However, they exhibit lower
yield strain in comparison to neat CSMA hydrogels. The LVR of
UV-Vis light-cured hydrogels shows a trend opposite to that of
UV-cured hydrogels. Specifically, an increase in LVR is
observed with increasing PLL DP for both 2.5% and 5% PLL
concentrations.

The enhanced storage modulus, loss modulus, and yield
strength observed in CSMA-PLL hydrogels photocured with a
UV-Vis light combination can be attributed to several factors.
First, the applied light dose in these cases was 30 J, 1.5 times
higher than that used for UV light alone, likely leading to
increased crosslinking density. Another key factor is the pene-
tration depth of UV versus UV-Vis light. Given the 200-micron
thickness of the hydrogel samples, UV light efficiently pene-
trates only about 50 microns, whereas UV-Vis light can reach
100-200 microns, leading to a more uniformly crosslinked
network.*®*” This increased crosslinking density contributes
to the higher storage modulus, loss modulus, and yield
strength observed with UV-Vis curing.

2.4. CSMA-PLL hydrogels exhibit a combination of physical
and chemical crosslinking

The double network of hydrogels which provides it with tough
and robust nature occurs due to the combination of physical
and chemical crosslinking between the components. Similarly,
in the case of CSMA-PLL hydrogels, it's a combination of
covalent and non-covalent interactions. The non-covalent
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interactions involve polymer entanglement and electrostatic
forces (Scheme 2). Physical entanglement is anticipated
between the PLL chains, CSMA chains as well as between the
CSMA and PLL chains. The positively charged groups of PLL
will likely interact with the negatively charged carboxylates of
CSMA, resulting in electrostatic interactions leading to physi-
cal crosslinks.

There are two types of covalently crosslinked networks. The
first type is formed via free-radical polymerization of the meth-
acrylate groups on CSMA chains.*®?° This reaction is initiated
by the generation of free radicals upon exposure to UV or
UV-Vis light, leading to polymerization through the vinyl
groups of the CSMA methacrylate (Scheme 2).

The second type of covalent crosslink arises from the
Michael addition reaction, where the primary amine groups of
PLL act as nucleophiles and add to the vinyl bonds of the
CSMA methacrylate. To confirm this Michael addition between
CSMA and PLL, small molecules mimicking the repeating
units of CSMA and PLL were mixed in a deuterated solvent
and monitored for changes in the methacrylate peaks (Fig. 2A).

p-Glucose functionalized with methacrylate (glucose meth-
acrylate), serving as a mimic for CSMA, is reacted with r-lysine,
which represented PLL. i-Lysine is added in excess to a solu-
tion of glucose-methacrylate in the presence of DMF as an
internal standard. The vinyl proton signals (5.75 ppm and
6.19 ppm) and the methyl proton signal (1.86 ppm) from the
methacrylate groups were monitored over a period of 60 min
using "H-NMR spectroscopy.

At the 4 min time point after mixing glucose-methacrylate
with t-lysine, the vinyl proton and methyl proton signals were
clearly observed. Over time, the intensity of the vinyl proton
signals diminished, disappearing completely by the 60 min
mark (Fig. 2B). This indicates that the vinyl groups reacted
with the primary amines of r-lysine to form a conjugate
addition product, as evidenced by new peaks appearing at
6.1 ppm and 5.7 ppm.

Similarly, the signal intensity for the methyl proton
decreased, and the singlet began splitting, accompanied by
the emergence of a new peak at 1.85 ppm (Fig. 2C). This new
peak corresponds to the methyl group of the methacrylate,
which shifted upfield due to the absence of the adjacent vinyl
group. The splitting of the peak is attributed to the introduc-
tion of a new hydrogen atom adjacent to the carbon bonded to
the methyl group in the conjugate addition product.

The viscoelastic and mechanical properties of CSMA-PLL
hydrogels result from a dynamic interplay of covalent and non-
covalent interactions between the CSMA and PLL chains. The
covalent bonds, including those formed through free-radical
polymerization and Michael addition, provide structural integ-
rity and robustness to the network. Meanwhile, non-covalent
interactions such as electrostatic forces and polymer entangle-
ments contribute to the flexibility and adaptability of the
hydrogel. This synergistic combination of interactions enables
the hydrogel to exhibit both strength and flexibility, making it
a promising material for applications in tissue engineering
and regenerative medicine.

This journal is © The Royal Society of Chemistry 2025
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2.5. Interplay of PLL chain length and concentration in the
CSMA-PLL hydrogels impacts the microarchitecture of the
hydrogels

The microarchitecture of the hydrogels, often represented by
pore size and pore area is crucial for replicating the native car-
tilage environment, as it directly influences nutrient diffusion,
cellular infiltration, and mechanical resilience. However, a
delicate balance must be maintained between structural integ-
rity and biological properties as larger pores often lead to
reduced mechanical properties but improved biological pro-
perties.*® Thus, determining structural morphology and pore
structure of hydrogels is essential to ensure a balance between
mechanical support and biological functionality, essential for
effective cartilage repair and regeneration.

The microstructural analysis of CSMA-PLL hydrogels is per-
formed using scanning electron microscopy (SEM) (Fig. 3).
The influence of increasing molecular weight between cross-
links (PLL chain length) and PLL concentration on the micro-
architecture of the hydrogels is assessed. Evolution of pore
structure and network density with increasing PLL chain
length (left to right, A to C) and PLL weight percentage in the
hydrogels (bottom to top, D to F) is presented (Fig. 3).

Panels A-C and D-F demonstrate that longer PLL chains
lead to high molecular weight between crosslinks that produce
a more uniform and dense pore structure, indicative of limited
polymer flexibility and restricted entanglement. As the chain

This journal is © The Royal Society of Chemistry 2025

length decreases, the pores become larger and more irregularly
shaped, resulting in a hydrogel network that appears to have
increased porosity. This is likely due to enhanced chain mobi-
lity and greater electrostatic interactions between PLL and
CSMA, leading to less compact crosslinking.

Increasing the PLL concentration enhances crosslinking
density leading to increased pore frequency (Fig. S19Af) and
reduces pore size (Fig. S19B7). At low PLL weight percentages,
the network exhibits sparse crosslinking, resulting in larger
pores (0.7-50 um®, Fig. S19Bf), comparable to CSMA
(0.7-65 pm?, Fig. S19B7) (Fig. 3G). However, at higher concen-
trations, the increased number of electrostatic and covalent
interactions between PLL and CSMA promotes a denser and
more cohesive hydrogel matrix leading to smaller pores
(0.7-25 pm, Fig. S207). This is observed for hydrogels incorpor-
ated with all types of PLL chain lengths except PLL DP35
which exhibits relatively larger pores (2-180 pm, Fig. S18 and
S207). For mammalian cell diffusion, a pore size generally con-
sidered optimal is around 50-150 micrometer.** Thus, based
on the microarchitecture, CSMA-PLL hydrogels with 2.5% w/w
PLL incorporation are suitable for cell diffusion and move-
ment. Specifically, hydrogels with PLL DP15 and DP35 are the
closest to neat CSMA hydrogel.

The interplay between PLL chain length and concentration
directly impacts the microarchitecture of CSMA-PLL hydrogels.
These findings underscore the potential to fine-tune hydrogel
properties by modulating these parameters, paving the way for

Biomater. Sci,, 2025, 13, 4211-4231 | 4217
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Fig. 3 SEM micrographs of freeze dried CSMA hydrogels incorporated with 5% w/w of PLL and varying PLL chain length (A) DP15; (B) DP35; and (C)
DP50. SEM micrographs of freeze dried CSMA hydrogels incorporated with 2.5% w/w of PLL and varying PLL chain length (D) DP15; (E) DP35; and (F)
DP50. (G) SEM micrograph of freeze dried neat CSMA hydrogel. Increasing molecular weight between crosslinks leads to reduced pore size. Similarly
increasing PLL concentration (% w/w) leads to hydrogel network with smaller pores compared to that of CSMA.

the development of customizable cartilage-mimicking hydro-
gels with desired mechanical and biological characteristics.

2.6. Shorter PLL molecular weight between crosslinks (lower
PLL DP) leads to higher yield and compression strength

Cartilage-mimicking hydrogels are subjected to physiological
load-bearing conditions upon injection into cartilage defect
sites. Therefore, evaluating the compressive properties of
CSMA-PLL hydrogels is crucial to ensure their mechanical
durability and functionality under such conditions.

The mechanical performance of CSMA-PLL hydrogels
under compression is thus assessed using a rheometer. Using
this technique, the impact of molecular weight between cross-
links and PLL %w/w on the yield and compression strength of
the hydrogels is determined. Hydrogel cubes with surface area
ranging from 10-25 mm?® (determined using Image]) are com-
pressed at the strain rate of 0.02 mm s™' and the corres-
ponding load values are noted. Load normalized to hydrogel
surface area is defined as compression strength. For com-
pression testing, yield strength is the stress at which a material
begins to deform plastically (Fig. 4A and D). Up to this point,
the material deforms elastically, meaning it can return to its
original shape when the stress is removed. Beyond the yield
strength, permanent (plastic) deformation occurs. For carti-
lage, yield strength indicates the point at which the structure
can no longer sustain deformation without irreversible
damage. Ultimate compression strength represents the peak
stress point on a stress-strain curve in compression testing
(Fig. 4A and D).

Distinct mechanical behaviors of CSMA-PLL hydrogels
demonstrate the importance of molecular weight between the
crosslinks (PLL DP) at 5% w/w PLL incorporation (Fig. 4D).
Hydrogels with a higher molecular weight between the cross-

4218 | Bjomater. Sci., 2025,13, 4211-4231

links (e.g., DP50) exhibit a higher strain at yield strength com-
pared to those with lower DP (e.g., DP15 and DP35) (Fig. S217).
This suggests that higher molecular weight between crosslinks
lead to improved resistance to compressive deformation. This
is likely due to increased non-covalent crosslinking density
and enhanced network interactions.

Lower molecular weight between crosslinks results in an
increase in yield strength. Yield strength of CSMA-PLL hydro-
gels in freshly prepared state is significantly affected by both
PLL concentration and PLL DP (Fig. 4B). The yield strength of
CSMA-PLL hydrogels ranges from 0.25-0.8 MPa, comparable
to 0.46 MPa of neat CSMA hydrogels. Hydrogels containing 5%
PLL showed consistently higher median yield strength across
all DP levels compared to their 2.5% counterparts. For
example, at DP35, the yield strength increased by approxi-
mately 30% when the concentration was increased from 2.5%
to 5%. As the molecular weight between the crosslinks
decreases, the yield strength increases - reducing the PLL DP
from 50 to 15 enhances the yield strength from 0.25 MPa to 0.8
MPa, demonstrating the significant impact of crosslink density
on mechanical performance. This trend highlights the reinfor-
cing effect of PLL, with a higher concentration and lower mole-
cular weight between crosslinks promoting greater initial resis-
tance to mechanical deformation.

Ultimate compression strength (UCS) followed similar
trends, with higher PLL concentrations and lower molecular
weight between crosslinks (DPs) correlating with increased
strength (Fig. 4E). Notably, hydrogels containing 5% PLL with
DP15 exhibited the highest ultimate compression strength
(~3.8 MPa), nearly doubling the strength observed for 2.5%
PLL with DP15 (~1.5 MPa). This indicates that increased PLL
content enhances load-bearing capacity, likely due to a more
robust hydrogel matrix. Increasing the molecular weight

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm00296f

Open Access Article. Published on 23 Juni 2025. Downloaded on 18.02.26 22:00:41.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Biomaterials Science Paper
A B rm
) — Ultimate Compression Strength ) Normal State C) Swollen State
2 1.5 1.5
“5 0
5 Yield Strength = 5% =
° o T o
3 210 2 1.0
e 5 5
3 5 5% = 5 5% X
g 3 o5 25% 5% 3 0s iZM -
8 3 = M %, W 3 5% 2.5% 25% i .
= = W = = = = - ]
Compressive load (or strain) 0.0 0.0
elastic deformation  plastic deformation DP15 DP35 DP50  Control DP15 DP35 DP50  Control
D E Varying PLL DPs and w/iw% F Varying PLL DPs and w/w%
) Representative Stress Strain curves for 5 w/w% PLL ) )__
N 5| Ultimate Compression Strength ——p g 5 5% § 5 "
© = =
a £ I <
] J— o 4 © 4
g'; DP 15 H 8 5% 2.5%
3 = DP 35 3 4 5% . @ 4 5% T
% °| == DP 50 s T 25% gy 2 g ok .
2 Yield Strength g, 25% 1 2 5% [ g, . 2.5% ° 5%
2 2 & el = 5% 5 5% -
g [ o= ¥ §, mm
E 1 2 : - o L !
© £ £
0 g 0 E 0
0.0 0.2 0.4 0.6 0.8 1.0 DP15 DP35 DP50 Control DP15 DP35 DP50 Control
Strain (mm/mm) Varying PLL DPs and w/w% Varying PLL DPs and w/w%
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swollen state. The box plot represents the 25th and 75th percentiles as the edges of the box, with the median indicated by the line inside the box.
The error bars in the box plots correspond to the interquartile range (IQR), n = 3.

between crosslinks significantly compromises the UCS. For
instance, as the PLL DP increases from 15 to 50, the UCS
decreases approximately threefold, from ~3.8 MPa for DP15 to
~1.5 MPa for DP 50.

Comparisons across DPs (DP15, DP35, DP50) and PLL con-
centrations (2.5% vs. 5%) reveal a synergistic relationship
between these variables. While increasing PLL concentration
improves mechanical properties across all PLL DP levels, the
effect is most pronounced at lower PLL DPs. This observation
suggests that both PLL chain length and concentration contrib-
ute to hydrogel network reinforcement, with lower DPs enhan-
cing inter-polymer interactions and mechanical integrity.

Cartilage-mimicking CSMA-PLL hydrogels are susceptible
to swelling and a subsequent deterioration in mechanical pro-
perties when exposed to aqueous physiological fluids in vivo.
To evaluate the impact of swelling on compressive mechanical
properties, CSMA-PLL hydrogels are tested for yield strength
and UCS in their swollen state. A decrease in median yield
strength is observed for swollen hydrogels with PLL DP15,
while the yield strength remained relatively constant for DP35
and DP50. A similar trend was seen in the UCS of swollen
CSMA-PLL hydrogels, where a reduction in median UCS
occurred for shorter molecular weights between crosslinks,
and an increase was noted for higher molecular weights.

In hydrogels with lower molecular weights between cross-
links (DP15), the network has a higher crosslink density. This
increased density restricts the polymer chains’ ability to move
freely, making them more susceptible to disruption and weak-
ening when they absorb water.*> The higher crosslink density

This journal is © The Royal Society of Chemistry 2025

hinders the hydrogel’s ability to accommodate the increased
volume and flexibility associated with swelling, leading to a
decrease in mechanical strength, particularly yield strength
and UCS. In contrast, hydrogels with higher molecular weights
between crosslinks (e.g., DP 50) possess longer polymer
chains. These chains are more flexible and have a greater
ability to distribute stresses across the network.*> When such
hydrogels swell, the increased chain length provides enhanced
stability and flexibility, allowing the network to maintain its
integrity under compressive forces. The longer chains are able
to accommodate swelling without significant degradation of
mechanical properties, leading to less pronounced reductions
in yield strength and UCS.

The improvements in mechanical properties with decreas-
ing PLL DP and increasing concentration can be attributed to
matrix rigidity owing to smaller molecular weights between
the crosslinks. PLL, with its cationic nature and high mole-
cular weight, likely forms strong electrostatic and covalent
interactions within the hydrogel matrix, resulting in improved
structural integrity and resistance to deformation (Scheme 2).
The linear correlation between mechanical strength and PLL
DP/concentration suggests that these parameters can be effec-
tively tuned to meet specific mechanical requirements for car-
tilage or tissue engineering applications.

2.7. Structural integrity of CSMA-PLL hydrogels is retained
after possible aqueous and enzymatic degradation

Given the limited regenerative capacity of damaged cartilage, it
is crucial for scaffolds used for cartilage regeneration to main-
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tain their mechanical properties in the long-term (weeks to
years).*? Swelling and enzymatic degradation are the primary
routes of hydrogel erosion and degradation, which can result
in the loss of mechanical integrity. Thus, the impact of swell-
ing and enzyme exposure on the viscoelastic properties of the
CSMA-PLL hydrogels is assessed.

To quantify swelling of the hydrogels, pre-weighed CSMA-
PLL hydrogels are incubated in water at 37 °C for 24 h followed
by reweighing to calculate the swelling percentage. The swell-
ing percentage of the hydrogels is found to be dependent on
PLL concentration and the molecular weight between the
crosslinks (Fig. 5A). For hydrogels with 5% w/w PLL incorpor-
ation, the median swelling percentage is highest (360%) for
hydrogels with PLL DP15 while it reduces to 164% for DP 35
and 168% for PLL DP 50. However, when the PLL concen-
tration is lowered to 2.5% w/w, swelling percentage remain
comparable for hydrogels with PLL DP15 and DP35 and
reduces for those with DP50 (406% for DP15, 474% for DP35
and 50% for PLL DP50). This could be attributed to the inter-
play between crosslink density and chain flexibility. At lower
PLL concentrations, the reduced crosslink density might cause
longer PLL chains to dominate the network behavior, increas-
ing the free volume and enhancing water uptake. Conversely,
at higher PLL concentrations, the dense network structure due
to higher crosslink density restricts swelling.

The viscoelastic properties of fresh hydrogels and enzymati-
cally degraded (ED) hydrogels are compared to assess the
impact of aqueous swelling and degradation. Mechanical pro-
perties of hydrogels that rely on structural integrity are used as
indicator of structural biodegradation. Chondroitinase ABC is a
depolymerizing lyase that cleaves the proteoglycans, chondroi-

View Article Online

Biomaterials Science

tin sulfate in this case, at the glycosidic bond via
B-elimination.** Hydrogels are thus incubated with chondroiti-
nase ABC enzyme in aqueous buffer to evaluate the impact of
degradation on mechanical properties. Previous studies have
shown that crosslinked CS hydrogels experience a significant
decline in viscoelastic properties after 24 h of enzyme
exposure. Theoretical estimates indicate that complete degra-
dation of the CS content within the hydrogel could occur in
approximately 9 h (Section A.1, ESIT).” To identify an appropri-
ate experimental timeframe, tests were conducted using CSMA
hydrogels incubated for varying durations, followed by rheolo-
gical evaluation of G’ and G”. A 3-week timepoint was selected
as it represents a relevant period during which noticeable
degradation (reduction in G’ and G") can be detected, allowing
for a meaningful assessment of the hydrogel’s long-term struc-
tural integrity (Fig. S27, ESIT).

The viscoelastic properties of CSMA-PLL hydrogels with
2.5% w/w PLL DP15 and DP35 are evaluated and compared to
neat CSMA hydrogels. These specific formulations (2.5% w/w
PLL DP15 and DP35) are selected for their enhanced visco-
elastic performance compared to CSMA and porosity suitable
to facilitate mammalian cell diffusion. The G’ (storage
modulus) for both these hydrogels exhibit slight decrease in
the median (25%), however no significant reduction is
observed (Fig. 5B). The G” (loss modulus) for these hydrogels
exhibit an increase of about 10-15%, not statistically signifi-
cant (Fig. 5C). In case of CSMA, however, 43% reduction in G’
and 75% reduction in G" is observed indicating structural
degradation.

All hydrogels exhibit reduction in median yield stress, yield
strain and narrowing of linear viscoelastic range upon incu-
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(A) Equilibrium swelling ratio of hydrogels after 24 h of immersion in water, presented as swelling percentage (%). Rheological properties of

the hydrogels are used as an indicator of structural biodegradation upon incubation with chondroitinase ABC enzyme in aqueous buffer for 3 weeks.
The rheological study assessed storage (G') and loss modulus (G”) at 1% strain and 10 Hz frequency followed by amplitude sweep ranging from
0.1-100% strain. Comparison of viscoelastic properties of hydrogels before (Fresh) and after enzyme-based degradation (ED): (B) G’; (C) G”; (D) yield
stress at break; (E) yield strain at break; and (F) linear viscoelastic range (LVR). The box plot represents the 25th and 75th percentiles as the edges of
the box, with the median indicated by the line inside the box. The error bars in the box plots correspond to the interquartile range (IQR), n = 3.
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bation with the enzyme (Fig. 5D-F). Overall, the yield stress for
CSMA-PLL hydrogels remain comparable to their fresh
counterparts and that of fresh CSMA suggesting no significant
structural degradation due to the enzyme attack. Enzymatically
degraded CSMA-PLL formulations and neat CSMA exhibit a
75% decrease in yield strain. This suggests reduction in matrix
flexibility or increased brittleness. A similar trend is observed
in the case of linear viscoelastic range (LVR%) wherein CSMA-
PLL formulations demonstrate a decrease in LVR upon enzyme
incubation while still being comparable to that of neat CSMA
hydrogels.

The study examines the combined swelling and enzymatic
effects on the structural degradation of CSMA-PLL formu-
lations compared to that of CSMA. It is found that the hydro-
gels undergo structural degradation evident by the slight
decrease in G’ and G”, suggesting reduction in the rigidity of
the hydrogels. Decrease in yield stress, yield strain, and LVR
suggests reduced flexibility or increased brittleness due to
structural degradation. Although enzymatic degradation might
not be significant enough to impact the rigidity of the hydro-
gels, it certainly impacts the elasticity of these hydrogels. This
could be attributed to the combined impact of enzymatic
degradation and swelling. Enzymatic degradation preferen-
tially breaks down CSMA chains. Since elasticity (related to
flexibility and yield strain) depends more on the polymer chain
mobility and the crosslinking density, minor enzymatic degra-
dation can compromise the elastic properties without drasti-
cally affecting the overall rigidity (G'). Swelling on the other
hand causes an expansion of the hydrogel network, increasing
chain mobility and reducing the effectiveness of crosslinks.
This stretching of crosslinking chains due to swelling likely
impacts the elastic recovery of the network related to yield
strain and elasticity, with the hydrogel retaining some struc-
tural rigidity.

While these findings provide insight into the structural
degradation of CSMA-PLL hydrogels under swelling and enzy-
matic conditions, further studies are required to assess their
long-term degradation behavior in physiologically relevant
environments. Native cartilage ECM remodeling occurs over an
extended timeframe, with collagen turnover taking decades
and proteoglycan turnover occurring within years.**™*” In con-
trast, hydrogel degradation is influenced by polymer compo-
sition, crosslinking density, and enzymatic susceptibility,
which may not fully replicate the remodeling dynamics of
native cartilage. Future work will focus on extended degra-
dation studies to evaluate the impact of prolonged enzymatic
exposure and mechanical loading on the hydrogel network,
with an emphasis on comparing its degradation profile to
native cartilage ECM remodeling. Additionally, in vitro and
in vivo assessments will be conducted to investigate the func-
tional longevity of these hydrogels in cartilage-mimetic con-
ditions. Understanding the interplay between enzymatic degra-
dation, swelling effects, and mechanical performance over
time will be crucial in optimizing hydrogel formulations for
sustained cartilage repair applications and ensuring their clini-
cal relevance.

This journal is © The Royal Society of Chemistry 2025
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2.8. CSMA-PLL hydrogels support mesenchymal stem cell
viability both on the surface and upon in situ incorporation

To evaluate the impact of PLL concentration and the molecular
weight between crosslinks (PLL chain length), adipose-derived
human mesenchymal stem cells (AD-hMSCs) are cultured on
the hydrogel surface in growth media for a period of 3 weeks.
The percentage of metabolically active cells, relative to the
control group (cells grown on tissue culture plates, set to
100%), is assessed after 3 weeks using resazurin assay. Cells
seeded on CSMA hydrogel demonstrate approximately 100%
viability (Fig. 6A), with the cells spreading across both the
hydrogel surface and the adjacent plate area (Fig. 6B).

Among the CSMA-PLL hydrogels, those with PLL DP35
exhibit the highest mean cell viability (80-100%), followed by
those with PLL DP15 (70-75%, Fig. 6A). The higher viability in
case of hydrogels with PLL DP35 can be attributed to the rela-
tively higher pore size (Fig. 3) and rigidity (G’, Fig. 1) compared
to other hydrogels. In these cases (PLL DP15 and PLL DP35),
PLL concentration does not significantly impact cell viability.

Hydrogels with PLL DP50 show the lowest mean cell viabi-
lity, with a further reduction observed when PLL concentration
is increased to 5% w/w (from 56% viability at 2.5% PLL to 26%
at 5%, Fig. 6A). This could be attributed to higher concen-
trations of positively charged primary amines available for
interaction with mammalian cells in case of hydrogels with
PLL DP50. This is consistent with the viscoelastic and mechan-
ical properties of hydrogels wherein those with PLL DP50
exhibit lower rigidity (lower physical and chemical cross-
linking) compared to that of PLL DP15 indicating a higher con-
centration of free primary amines. Longer PLL chains (e.g,
DP50) are known to exert higher cytotoxic effects due to their
strong cationic charge density, which can disrupt cell mem-
branes through electrostatic interactions, leading to cell lysis
and apoptosis. This phenomenon is commonly observed in
polycationic biomaterials, where excessive positive charge
enhances interactions with negatively charged phospholipids,
resulting in membrane destabilization.*®**° Osmotic shock has
been reported as important contributor to cell death for low
molecular weight polycations, whereas for higher molecular
weight analogues cell membrane damage due to direct inter-
actions between the polycations and the cell membrane were
found to play a role.’® Overall, the reduced viability observed
in PLL DP50 hydrogels is likely the result of multiple inter-
related factors, including increased cytotoxicity, impaired
adhesion, osmotic stress, sequestration of bioactive molecules,
and altered mechanical properties. Future studies should
investigate surface charge modulation strategies or PLL con-
centration optimization to mitigate these effects and improve
the biocompatibility of long-chain PLL hydrogels for bio-
medical applications.

CSMA-PLL hydrogels support the attachment and expan-
sion of hMSCs both on the hydrogel surface and the adjacent
plate surface, indicating that neither the hydrogel surface nor
anything released from the hydrogels are toxic to the cells
(Fig. 6C). Because of their lack of toxic leachates coupled with
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Fig. 6 Mesenchymal stem cells (hMSCs) seeded both on CSMA—PLL hydrogels and in the surrounding plate area remain viable. (A) Cellular viability
(%) of adipose-derived human mesenchymal stem cells (AD-hMSCs) seeded on CSMA-PLL hydrogels after 3 weeks, as determined by resazurin
assay. The box plot represents the 25th and 75th percentiles as the edges of the box, with the median indicated by the line inside the box. The error
bars in the box plots correspond to the interquartile range (IQR), n = 3. (B) Overlay image of cellular nuclei (blue fluorescence, Hoechst 33342), cyto-
plasm (green fluorescence, calcein—AM), and dead cells (red fluoroscence, propidium lodide) for the hMSCs cultured on CSMA hydrogels and plate
surface around the hydrogel. (C) Images depict hMSCs cultured on CSMA—-PLL hydrogels with varying PLL concentrations and chain lengths, as well
as on the surrounding plate surface, showing overlays of cellular nuclei, cytoplasm, and dead cells.

their superior cell viability, neat CSMA and CSMA-PLL hydro-
gels with 2.5% w/w PLL DP15 and DP35 incorporation are
selected for further studies.

For clinical applications targeting cartilage defects, a prom-
ising strategy involves encapsulating cells within injectable
hydrogels that can be delivered directly to the defect site and
subsequently crosslinked on demand through light activation.
However, it is crucial to assess the viability of cells encapsu-
lated in the hydrogels, as factors such as light exposure, the
crosslinking mechanism, presence of photoinitiator, and
direct contact with hydrogel components may contribute to
cell toxicity. To assess this, hMSCs are mixed with the hydro-
gels (neat CSMA, CSMA-PLL with 2.5% w/w PLL DP15 and
DP35 incorporation), followed by 30 seconds of light exposure
to crosslink the hydrogels. The hydrogels are then incubated
with growth media (Fig. 7) and chondrogenic media (Fig. 8)
for 3 weeks.

For the hydrogels incubated in growth media, after 3 weeks,
the cell viability (%) is determined by using the resazurin
assay. Like the ex situ crosslinked hydrogels, CSMA-PLL hydro-
gels containing hMSCs crosslinked in situ exhibit similar cyto-
compatibility. CSMA-PLL hydrogels with PLL DP35 and neat
CSMA hydrogel exhibit 80-100% cell viability. On the other
hand, CSMA-PLL with DP15 exhibit reduced cell viability
(20-40%) (Fig. 7A). Since the resazurin assay relies on the
diffusion of resazurin into the hydrogel to interact with cells
and the subsequent release of resorufin into the media for
detection, the lower viability observed in PLL DP15 hydrogels

4222 | Biomater. Sci, 2025, 13, 4211-4231

may be attributed to their higher rigidity (higher yield and
compression strength due to shorter molecular weight
between the crosslinks and narrow pore area distribution),
which may hinder resazurin/resorufin diffusion. A highly
crosslinked network may alter nutrient diffusion and waste
removal dynamics, creating a less favorable microenvironment
for cell survival.>*** To further confirm cell viability, live/dead
staining is performed, allowing direct imaging of cellular
components.

The cells are then stained to visualize cell components:
nuclei (blue fluorescence, DAPI channel, Hoechst 33342), cyto-
plasm (green fluorescence, GFP channel, calcein-AM), and
dead cells (red fluorescence, RFP channel, propidium iodide).
The stained cells are imaged to observe their distribution
within the hydrogel matrix. CSMA-PLL hydrogels with both
DP15 and DP35 show live hMSCs distributed throughout the
matrix, as indicated by the green fluorescence (Fig. 7C). The
cells exhibit a circular morphology, suggesting they have not
yet spread within the matrix. In contrast, cells in neat CSMA
hydrogels display an elongated morphology, indicating cell
expansion (Fig. 7C). This difference may be attributed to the
increased rigidity of the CSMA-PLL hydrogels due to the
addition of PLL. Previous studies have reported that hMSCs
are more likely to remain circular in hydrogels with higher
rigidity (G’ around 20 kPa) and spread more easily in hydrogels
with lower rigidity.'®>*

After 3 weeks, hydrogel-encapsulated cells incubated in
chondrogenic media are also stained using the above protocol.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 After 3 weeks of culture in growth media post-encapsulation, hMSCs are distributed throughout the hydrogels. (A) Cellular viability (%) of
AD-hMSCs encapsulated in CSMA-PLL hydrogels after 3 weeks of incubation, as determined by resazurin assay. The box plot represents the 25th
and 75th percentiles as the edges of the box, with the median indicated by the line inside the box. The error bars in the box plots correspond to the
interquartile range (IQR), n = 3. (B) Overlay image of cellular nuclei (blue fluorescence, DAPI, Hoechst 33342), cytoplasm (green fluorescence, GFP,
calcein—AM), and dead cells (red fluoroscence, RFP, propidium iodide) for the hMSCs cultured on tissue culture plate surface in growth media. (C)
Images show AD-hMSCs encapsulated in CSMA—-PLL hydrogels after 3 weeks of culture in growth media, with overlays highlighting cellular nuclei,

cytoplasm, and dead cells.

Z-Stack images are acquired to study hMSCs distribution
within the hydrogel matrix. Neat CSMA and CSMA-PLL hydro-
gels with both DP15 and DP35 show live hMSCs distributed
throughout the matrix, as indicated by the green fluorescence
(Fig. 8). The cells display a circular morphology, suggesting
limited spreading within the matrix. Calcein-AM staining
further confirms that the hydrogels support a comparable
number of live cells per unit area, indicating similar levels of
cytocompatibility across formulations (Fig. S247).

2.9. Chondrogenic differentiation of hMSCs in hydrogels

hMSCs encapsulated in hydrogels and cultured for eight weeks
in chondrogenic media are stained with Sirius Red F3B to
assess collagen production during chondrogenic differen-
tiation. Sirius Red F3B specifically stains collagen by electro-
statically binding to lysine and arginine residues, with picric
acid enhancing specificity by preventing non-collagenous
staining.>® Under polarized light, birefringence confirms the
presence of aligned collagen fibers.>**® Sirius Red F3B is

This journal is © The Royal Society of Chemistry 2025

expected to interact with the positively charged lysine moieties
of PLL, potentially interfering with collagen deposition by
hMSCs undergoing chondrogenic differentiation. However, the
absence of birefringence in PLL allows for the clear distinction
between oriented collagen fibers, observable under crossed
polarizers (Fig. S247).

Pericellular high-chroma red staining was observed in
hMSCs cultured on tissue culture plates and within CSMA
hydrogels, with collagen deposition aligning along cellular mor-
phology. Birefringence under cross-polarized light further con-
firms collagen fibril organization. However, CSMA-PLL hydro-
gels (PLL DP15 and DP35) appeared uniformly red in brightfield
and parallel polarizer views, likely due to Sirius Red F3B inter-
acting with PLL lysine groups, making it difficult to distinguish
deposited collagen from PLL itself. The uniform staining
suggests an even PLL distribution throughout the hydrogel.

Notably, CSMA-PLL hydrogels without hMSCs also stained
red under brightfield and parallel polarizers but lacked bire-
fringence (Fig. S24%), unlike hMSC-laden hydrogels (high-
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lighted by yellow arrows, Fig. 9). This confirms that collagen
deposition and chondrogenic differentiation occurred in
CSMA-PLL  hydrogels  with  encapsulated =~ hMSCs.
Quantification of collagen area per cell revealed that hMSCs
encapsulated in CSMA and CSMA-PLL (DP35) hydrogels
exhibited collagen deposition comparable to that of hMSCs
cultured on TCPS. Hydrogel encapsulation of hMSCs signifi-
cantly suppresses osteogenic differentiation compared to tra-
ditional 2D culture on tissue culture plastic. Human mesench-
ymal stem cells (hMSCs) cultured on tissue culture plastic
(TCPS) as a control or encapsulated in CSMA and CSMA-PLL
hydrogels are assessed for osteogenic differentiation. After 7

hMSC + collagen Brightfield

Parallel Polarizer

Cross Polarizer
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Fig. 8 After three weeks of culture in chondrogenic media post-encapsulation, hMSCs are uniformly distributed throughout the hydrogels. Z-Stack
overlays of cellular nuclei (blue fluorescence: DAPI or Hoechst 33342), cytoplasm (green fluorescence: GFP or calcein—AM), and dead cells (red flu-
orescence: RFP or propidium iodide) reveal consistent viability and spatial distribution. Hydrogels containing 2.5% PLL with DP15 and DP35 exhibit
widespread live cell presence throughout the matrix, comparable to the distribution observed in control CSMA hydrogels.
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days in growth media, the cells are maintained in chondro-
genic differentiation media for an additional 3 weeks. To
evaluate endochondral ossification, hMSCs are then stained
for alkaline phosphatase (ALP), an osteoblast marker.”® ALP
staining, which appears red, is minimal in all hydrogel-encap-
sulated groups, indicating a lack of endochondral ossifica-
tion.® Quantification showed that hMSCs on TCPS exhibited
an ALP concentration of approximately 20 pg mL™", whereas
those in CSMA and CSMA-PLL hydrogels had significantly
lower levels (Fig. S251). These findings suggest that hydrogel
encapsulation effectively reduces osteogenic differentiation
compared to TCPS culture.

Fig. 9 High-magnification brightfield images of Sirius Red F3B-stained hydrogels show hMSCs distributed throughout the matrix after 8 weeks of
culture in chondrogenic media, exhibiting high collagen expression. Pericellular, high-chroma red staining indicates collagen production and depo-
sition. True-color images of the same field of view were captured under parallel polarizers (top) and crossed polarizers (bottom). The weak, non-
green birefringence observed is characteristic of type Il collagen, distinguishing it from type | and type Il collagens.
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Our findings indicate that the CSMA-PLL hydrogels exhibit
promising characteristics for cartilage repair; however, further
investigations are necessary to confirm their long-term stabi-
lity and functional performance. While the current study pro-
vides initial insights, future work will focus on conducting
in vivo validation and extracellular matrix (ECM) characteriz-
ation to assess their biological integration and durability.
Additionally, key molecular markers such as SOX9, Aggrecan,
and Type II Collagen expression will be evaluated to determine
the extent of cartilage-specific differentiation. These future
studies will provide a more comprehensive understanding of
the therapeutic potential of these hydrogels in cartilage
regeneration.

3. Conclusion

This study presents a double network hydrogel using synthetic
polypeptides in combination with methacrylated chondroitin
sulfate. We developed an injectable material capable of filling
cartilage defects, providing mechanical support, and enabling
in situ crosslinking. These hydrogels can serve as a scaffold for
stem cells to promote cartilage regeneration. The incorpor-
ation of poly(i-lysine) enhances the storage and loss modulus
of the hydrogels, contributing to their improved viscoelastic
and mechanical performance.

The results indicate that incorporating PLL into CSMA-
based hydrogels creates a double network structure character-
ized by a combination of physical and covalent interactions.
While the primary crosslinking mechanism in pure CSMA
hydrogels involves free radical polymerization creating
covalent bonds between CSMA chains, the inclusion of PLL
introduces additional crosslinking mechanisms. In CSMA-PLL
hydrogels, physical entanglement and electrostatic interactions
occur between the carboxylate groups of CSMA and the posi-
tively charged amines of PLL. Furthermore, covalent bonds are
formed via Michael addition, where the primary amines of
PLL react with the vinyl groups of methacrylates in CSMA.
These combined interactions significantly enhance the struc-
tural and functional properties of the hydrogels, making them
suitable candidates for cartilage tissue engineering.

The CSMA-PLL hydrogels display a dynamic viscosity range
of 0.03 to 0.4 Pa-s, making them injectable and suitable for
minimally invasive delivery directly at the defect site. Their
viscous nature enables them to conform precisely to the shape
of the defect, while subsequent light exposure triggers in situ
crosslinking. Notably, the hydrogels undergo a rapid transition
from a viscous to elastic state in less than 5 seconds upon light
activation.

Incorporating PLL into the hydrogels results in enhanced
viscoelastic properties, with increased storage modulus, loss
modulus, and yield strength, though it reduces the yield
strain. The viscoelastic properties of the CSMA-PLL hydrogels,
particularly the storage modulus (G') in the range of 100-300
kPa, closely approximate those of native cartilage. This
enhancement in rigidity, however at the expense of flexibility,

This journal is © The Royal Society of Chemistry 2025
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can be attributed to the increased covalent crosslink density
facilitated by PLL.

CSMA-PLL hydrogels exhibit tunable yield and com-
pression strength achieved by varying the PLL %w/w and mole-
cular weight between the crosslinks (PLL chain length DP).
Decreasing the PLL DP and increasing its concentration leads
to increased compression and yield strength which can be
attributed to greater matrix rigidity due to shorter molecular
chains between crosslinks. The hydrogels also retain their
mechanical properties upon swelling, unlike traditional hydro-
gels which disintegrate due to swelling. Furthermore, the cor-
relation between mechanical strength and PLL DP/concen-
tration underscores the tunability of these parameters to meet
specific mechanical demands for cartilage or tissue engineer-
ing applications, making these hydrogels highly adaptable for
therapeutic use.

Furthermore, when exposed to chondroitinase ABC enzyme
in aqueous media, CSMA-PLL hydrogels maintain their visco-
elastic properties, whereas neat CSMA hydrogels exhibit a sig-
nificant decline in both storage (G’) and loss (G") moduli. This
highlights the improved structural stability of CSMA-PLL
hydrogels under enzymatic degradation, making them promis-
ing for long-term applications in cartilage repair.

CSMA-PLL hydrogels demonstrate excellent cytocompatibil-
ity, supporting hMSC viability (>80%) and attachment, with
minimal cytotoxicity from hydrogel components or leachates.
Encapsulated hMSCs remain viable and uniformly distributed
within the matrix after 3 weeks of culture in both growth and
chondrogenic media. While neat CSMA hydrogels promote
greater cell spreading due to lower rigidity, CSMA-PLL hydro-
gels maintain cells in a circular morphology, reflecting their
higher stiffness. CSMA-PLL hydrogels also exhibit signs of
chondrogenic differentiation as confirmed by collagen stain-
ing and ALP assay. These results highlight the potential of
CSMA-PLL hydrogels for cell encapsulation and -cartilage
regeneration applications. The primary amine groups of PLL
offer versatile functionalization opportunities with short pep-
tides or therapeutics, enabling their gradual release at the
defect site. This approach would render the hydrogels cell-
instructive, fostering cartilage regeneration.

4. Experimental

4.1. Materials

Chondroitin sulfate A sodium salt (90%, 10814-454) and
methacrylic anhydride (94%, stabilized with 0.2% 2,4-
dimethyl-6-tert-butylphenol) was purchased from Thermo
Scientific. Methacrylic acid (stabilized with hydroquinone
monomethyl ether), hexylamine, sodium acetate and resazurin
sodium salt were purchased from Sigma-Aldrich. Lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was pur-
chased from TCI chemicals. p-Glucose was purchased from
L-lysine (99.1%) was purchased from CHEM-IMPEX INT'L INC.
Tris was purchased from G biosciences and bovine serum
albumin was purchased from VWR Lifescience. Phosphate-
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buffered saline (PBS, 10x, pH 7.4, liquid), dichloromethane
(DCM) was purchased from Fisher; acetone, methanol and
ethanol were purchased from Pharmco. Dimethylformamide
(DMF), hydrobromic acid (HBr) and sodium hydroxide pellets
(NaOH) were purchased from VWR Chemicals BDH®. DIC and
Trifluoroacetic acid (TFA) was purchased from Oakwood
chemicals. Pierce SnakeSkin™ Pleated Dialysis Tubing,
MWCO 3500 to 10 000 was purchased from Thermo Scientific.
NMR solvents deuterated water (D,O), dimethyl sulfoxide
(DMSO-dg) and chloroform-d (CDCl;) were purchased from
Cambridge Isotope Laboratories, Inc.

4.2. Instrumentation and software

A 500 MHz NEO Bruker nuclear magnetic resonance (NMR)
spectrometer and TopSpin software were used to acquire
NMR spectra of reactants and products. TopSpin was used
to extract data from NMR experiments. A Tecan Spark plate
reader with SparkControl v2.2 software was used to acquire
ultraviolet-visible (UV-Vis) absorption and fluorescence
spectra for cytocompatibility experiments. TA instruments
Discovery HR-2 hybrid rheometer was used for rheology
and axial compression. SEM imaging was performed using
FEI Quanta 600 FEG SEM. Fluorescence imaging was per-
formed using an EVOS FL Auto Cell Imaging System
(Thermo Fisher Scientific) equipped with a 10x, 0.40
numerical aperture objective. Wolfram Mathematica
13.0.1.0, Mac OS X ARM 64-bit was employed for data ana-
lysis and plotting.

4.3. Synthesis

4.3.1. Chondroitin sulfate methacrylate (CSMA). Chondroitin
sulfate A sodium salt (1 g, 1.94 mmol, 1 eq.) was dissolved in
the 50 ml double-distilled water. After complete dissolution,
5N NaOH solution was carefully added to basify the solution
to ~pH 8.0 (mol ratio of MAA/NaOH is 1/1.12). Followed by
this, methacrylic anhydride (MAA, 114 mmol, 59 eq.) was
added dropwise into the CS solution. The reaction solution
was stirred in dark, at room temperature for 24 h. The reaction
mixture was precipitated in methanol. The obtained white pre-
cipitate was loaded into dialysis tubing and dialyzed against
DI water for 2-3 days. Then, the dialyzed CSMA was frozen to
—80 °C and lyophilized for 3 days until dry. The dialysis was
repeated until no methacrylic anhydride residue was traced by
"H-NMR. The degree of methacrylate substitution was con-
firmed by "H-NMR (Fig. S1-S37).

4.3.2. Poly(i-lysine) (PLL). PLL with varying degrees of
polymerization (DP - 15, 35 and 50) was synthesized as pre-
viously reported (Fig. S4-S101).”””® An oven-dried round
bottom flask was charged with lysine(Z)-NCA and vacuum
backfilled thrice with N,. Then, the monomer was dissolved in
dry DMF (2.2 mL mmol ' monomer) and hexylamine initiator
was added from a stock solution in dry DMF. After 10 min, the
reaction was placed under light vacuum (approximately
300 mbar). After overnight stirring at room temperature under
light vacuum, the reaction solution was precipitated into cold
diethyl ether, filtered, and dried under vacuum to yield pro-
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tected PLL(Z). "H-NMR of protected PLL(Z) in DMSO-dg was
used to assess the degree of polymerization.

PLL(Z) was deprotected to remove the Z protecting group
and yield PLL. PLL(Z) (1.15 g) and trifluoroacetic acid
(16 mL) were added to a round bottom flask and stirred
until the peptide was completely dissolved. Then, HBr
(10 mL, 48% v/v in H,0) was added, and the solution was
stirred overnight. After overnight stirring, distilled water
(15 mL) was added, and the reaction was stirred for another
3 h. Next, the reaction solution was precipitated into ice
cold tetrahydrofuran and filtered to give PLL as a white
solid. The resulting solid was loaded into dialysis tubing
and dialyzed against DI water for 2 days. Then, the dialyzed
PLL was frozen to —80 °C and lyophilized for 3 days until
dry. This material was used as the free (unconjugated) PLL
for hydrogel formulation.

4.4. Formulation of CSMA-PLL hydrogels

Hydrogels were prepared at concentrations ranging from
8-13% w/w. The CSMA hydrogel was formulated at 16% w/w in
distilled water. PLL solution was prepared at 20% w/w, and the
photoinitiator (LAP) at 0.5% w/w. For neat CSMA hydrogels,
8% CSMA and 0.05% LAP were combined with 92% distilled
water and vortexed thoroughly. For CSMA-PLL hydrogels,
varying w/w percentages of CSMA, PLL, and 0.05% LAP were
weighed and mixed accordingly (Table 1).

4.5. Real-time photorheometry

Rheological measurements were performed using a TA
Instruments Discovery HR-2 hybrid rheometer equipped with
a UV-curing accessory, a disposable 8 mm parallel plate (PP8)
probe, and a quartz sample holder (Fig. S11At). Omnicure™
2000 Light Guide was used as the UV/Visible light source with
wavelength ranging from 320-500 nm. The rheometry was
performed at UVA 365 nm and UV/Vis light combination
(320-500 nm). To achieve a wavelength of 365 nm, the light
guide was connected to a collimator (LGC-019-022-07-V) and
an optical bandpass filter (365 nm, 15131, Filter BP OD4
10 nm, 25 mm diameter, Edmund Optics). The applied UVA
intensity (365 nm) was calibrated to 100 mW cm™> with an
AMTAST UV Radiometer (Model: UVA365). Hydrogels were de-
posited on the quartz sample holder to cover its surface. The
top geometry was lowered, and shear storage modulus (G')
and shear loss modulus (G”) were acquired. Gelation was
defined as the crossover time at which G’ became larger than
G". The parameters of dynamic oscillatory strain were set as
follows: 0.2 mm measuring gap, 1% amplitude, and 10 Hz
frequency. The storage modulus (G') and loss modulus (G")
were recorded during the initial 30 seconds to assess
dynamic viscosity (Phase I), followed by photocuring under
UVA irradiation for 200 seconds and continued monitoring
until 670 seconds to capture the post-curing plateau (Phase
II). An amplitude sweep ranging from 1% to 1000% strain at
1 Hz was then conducted (Phase III), as shown in Fig. S1A in
the ESIL.T

This journal is © The Royal Society of Chemistry 2025
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4.6. Determination of crosslinking reaction mechanism

To confirm the Michael addition reaction between primary
amines of PLL and vinyl groups of CSMA, small molecular
weight monomers similar in structure with the repeat unit of
these polymers were employed. -Lysine (Fig. S131) was used to
represent the monomer of PLL and p-glucose (Fig. S14}) was
used to represent the saccharide monomer of CS. p-glucose
was methacrylated using DIC coupling with methacrylic acid
to obtain glucose methacrylate.

Briefly, p-glucose (200 mg, 1.1 mmol, 1 eq.) was dissolved in
10 mL of double-distilled water. Once fully dissolved, 5 mL
THF was added. DIC (705 mg, 5.5 mmol, 5 eq.), and
methacrylic acid (473 mg, 5.5 mmol eq.) were added to the
solution, and the reaction was stirred at room temperature for
24 h. The resulting mixture was filtered to remove the in-
soluble urea byproduct. The aqueous filtrate was extracted
with dichloromethane (DCM) to remove unreacted methacrylic
acid. To eliminate any residual DCM, the aqueous phase was
subjected to vacuum drying. The resulting glucose-methacry-
late (glucose-MA) solution was frozen at —80 °C and lyophi-
lized for 3 days until completely dry. Successful methacrylate
substitution on p-glucose was confirmed using 'H-NMR, and
the degree of substitution was quantified by "H-NMR analysis
(Fig. S15 and S167).

To confirm the occurrence of the Michael addition reaction,
glucose-MA and 1-lysine were reacted in D,O within an NMR
tube at room temperature. The changes in the methacrylate
peaks of glucose-MA were monitored using 'H-NMR for
60 min, with one scan collected every 2 min. For the initial
scan (¢ = 0), glucose-MA (80 mg) was dissolved in D,O
(1.2 mL), and DMF (10 pL) was added as an internal standard
before scanning (Reference). Subsequently, 0.6 mL of the refer-
ence solution was added, followed by the introduction of
t-lysine (8.5 mg, 0.06 mmol) into the tube. The reaction was
monitored over a 60 min period, from ¢ = 0 to ¢ = 60 min. The
methacrylate peaks (vinyl protons and methyl protons) were
integrated to track changes in their concentration relative to
the internal standard (DMF).

4.7. Scanning electron microscopy (SEM) to determine
structural morphology of the CSMA-PLL hydrogels

Neat CSMA and CSMA-PLL hydrogels were prepared by UV
crosslinking 300 mg of hydrogel material in a plastic mold for
approximately 5 min. After crosslinking, the hydrogels were
removed from the mold and cut into nine equal-sized cubes
using a blade. The cubes were frozen at —80 °C and lyophilized
for two days to preserve their 3D structure upon drying.

The dried hydrogels were mounted on 12.5 mm aluminum
SEM sample studs using carbon tape. Prior to imaging, the
samples were coated with a 2 nm layer of gold or platinum
using a plasma sputter coater (EMS Q300T D), depending on
material availability. Imaging was performed with a 30 kv
landing voltage using a FEI Quanta 600 FEG SEM. SEM images
were captured to analyze the structural morphology of neat
CSMA and CSMA-PLL hydrogels and to evaluate the effects of

This journal is © The Royal Society of Chemistry 2025
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PLL weight percentage (% w/w) and chain length on the hydro-
gel morphology.

4.7.1. Pore size determination using Image]J. Pore diameter
measurements were performed using Image] software (version
Fiji for Mac OS X) following a series of image processing steps.
First, SEM images were cropped to a 150 x 150 pixel region of
interest (ROI) to focus on specific areas of the hydrogel surface
and then converted to 8-bit grayscale format to ensure consist-
ency in analysis. The image contrast was enhanced using the
“Enhance Contrast” function, applying a 0.35% value to
improve the visibility of the pores. For thresholding, the image
was processed using the Auto Threshold function with the
Otsu method, which effectively separated white objects (pores)
on a black background, with white pixels being ignored.
Alternatively, manual thresholding was applied when necess-
ary, adjusting the threshold slider for precise pore area selec-
tion, with the red threshold option used for better visualiza-
tion. To determine the pore size and number, the “Analyze
Particles” function was utilized, identifying pores as particles
based on size thresholds and measuring their diameters
according to the calibrated scale in the SEM image. These pro-
cedures ensured consistent, reproducible pore size and
number measurements, with carefully selected image proces-
sing parameters to maintain accuracy and reliability in quanti-
fying pore characteristics.

4.8. Determining the swelling behavior of CSMA-PLL
hydrogels

Equilibrium swelling was assessed by measuring the weight of
hydrogels immersed in a semi-infinite bath of deionized (DI)
water for 24 h. Neat CSMA and CSMA-PLL hydrogels were pre-
pared by UV crosslinking 300 mg of hydrogel material in a
plastic mold for approximately 5 min. After crosslinking, the
hydrogels were removed from the mold and divided into nine
equal-sized cubes using a blade.

Each hydrogel cube was placed into a pre-weighed scintil-
lation vial, and its initial mass (W;) was recorded. The hydro-
gels were then submerged in DI water (2 mL) and allowed to
swell to equilibrium over 24 h. After this period, the water was
carefully decanted, and any residual water was removed using
a micropipette. The swollen mass (W) of each hydrogel was
measured.

The equilibrium swelling ratio (ESR) was calculated using
the following equation:

(Ws - Wd)
d

ESR =

(1)

where W; represents the swollen weight and Wy the dry weight
of the hydrogel.

4.9. Determining the mechanical properties of CSMA-PLL
hydrogels

4.9.1. Axial compression. Axial compression testing was
conducted using a TA Instruments Discovery HR-2 hybrid rhe-
ometer. Freshly prepared cubic hydrogel samples with surface
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areas between 11-20 mm? (determined by Image]) were tested.
For swollen hydrogels, freshly prepared cubes were immersed
in excess water for 4 h to reach equilibrium swelling, resulting
in surface areas between 8-25 mm?®.

During testing, hydrogel samples were placed on the
bottom geometry, and the top geometry was lowered to a posi-
tion just above the sample. A pre-force of 0.5 N was applied,
followed by controlled lowering of the top geometry at a rate of
0.02 mm s~ ". The axial force was monitored as the samples
were compressed to 80% strain or until a minimum gap of
0.1 mm was reached. Load was divided by hydrogel area to
determine the stress.

4.9.2. Viscoelastic properties upon enzymatic degradation.
Recombinant Proteus vulgaris Chondroitinase ABC (10 pg,
#102868-726, VWR) was diluted in 12 mL of buffer solution
containing 50 mM Tris, 60 mM sodium acetate, and 0.02%
bovine serum albumin in deionized water. Immediately after
preparation, 1 mL of the Chondroitinase solution was added to
each freshly prepared cylindrical hydrogel scaffold (4.5 mm
diameter). Three types of hydrogels were studied: neat CSMA,
CSMA with 2.5% PLL of DP15, and CSMA with 2.5% PLL of
DP35. The hydrogel samples were incubated at 37 °C for 3
weeks to allow enzymatic degradation.

After the incubation period, the viscoelastic properties of
the hydrogels were measured using a rheometer. The rheologi-
cal measurements included the shear storage modulus (G')
and shear loss modulus (G"), which were recorded by lowering
the top geometry onto the samples. Dynamic oscillatory strain
parameters were set as follows: pre-force of 0.5 N, amplitude of
1%, and frequency of 10 Hz. The storage modulus (G’) and loss
modulus (G") were initially evaluated over a 100-second period.
An amplitude sweep from 1% to 100% strain at 1 Hz was sub-
sequently performed to determine the yield stress, yield strain,
and linear viscoelastic range (LVR) of the hydrogels. Identical
hydrogel samples that had not been exposed to the enzyme
served as fresh controls for comparison with the enzyme-
degraded hydrogels.

4.10. Determination of cytocompatibility of CSMA-PLL
hydrogels

4.10.1. Cell culture. All cell culture reagents were pur-
chased from ThermoFisher Scientific. Adipose derived human
mesenchymal stem cells (AD-hMSCs, # R7788-115) were cul-
tured in a humidified, 5% CO, atmosphere at a temperature of
37 ©°C. Commercially available MesenPRO RS Medium (#
12746012), supplemented with r-glutamine (#25030081)
diluted to 2 mM and penicillin—streptomycin diluted to
100 U mL™' was used as growth media for AD-hMSCs.
Similarly, the commercially available StemPro Chondrogenesis
Differentiation Kit (# A1007101), supplemented with gentami-
cin (# 15710064) diluted to 5 mg mL ™", was designed for the
commitment of hMSCs to the chondrogenesis pathway and
generation of chondrocytes. hMSCs were expanded in growth
media and subcultured using TrypLE express (#12604013).

4.10.2. Cytocompatibility studies of CSMA-PLL hydrogels
with hMSCs. For preliminary cytocompatibility testing, rec-
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tangular hydrogel samples (10 mm?) were prepared, and
human mesenchymal stem cells (hMSCs) were seeded onto the
hydrogel surfaces. The hydrogels were incubated in 500 pL of
growth media. Cells seeded directly onto tissue culture plastic
in multi-well plates served as no treatment “control”. After 7
days of incubation, 50 pL of freshly prepared resazurin solu-
tion (20 pL, 0.015% w/v, filtered) was added to each well. The
wells were then incubated at 37 °C for 24 h. Subsequently,
100 pL of media from each well was transferred into a 96-well
plate, and fluorescence was measured using a Tecan Spark
Microplate Reader with an excitation wavelength of 530 nm
and an emission wavelength of 590 nm. The no treatment
control (hMSCs in growth media) were treated identically to
the test samples. Background fluorescence from media blank
was subtracted from the no treatment control (Ctrl, media with
hMSCs). Cell viability (%) was calculated using the following
equation:

% Cell viability =
(fluoroscence of test sample — fluoroscence of media blank)
(fluoroscence of Ctrl — fluoroscence of media lank)
X 100

(2)

Viability was also assessed for hMSCs encapsulated within
CSMA hydrogels or CSMA-PLL hydrogels after light-induced
gelation. For the formulation of cell-laden hydrogels, the base
hydrogel comprised 400 mg of CSMA (16% w/w), 40 pL of a
0.75% LAP solution, and 80 pL of distilled water. hMSCs-
loaded CSMA-PLL hydrogels were formulated by mixing
17.5 pL of base hydrogel with 2.5 pL of PLL solution (20% w/w)
and 5 pL of cell suspension (10° cells), followed by UVA
(365 nm) irradiation for 30 seconds to induce gelation. Neat
CSMA hydrogels were formulated by mixing 20 pL of base
hydrogel and 5 pL of cell suspension (10° cells), followed by
UVA (365 nm) irradiation like other hydrogels. The hMSCs-
loaded hydrogels were incubated in 500 pL of culture media at
37 °C for 3 weeks, with media changes performed every 7 days.
The study was conducted using both growth media and chon-
drogenic media. For chondrogenic differentiation, cells were
first cultured in growth media for 1 week, after which the
media was switched to chondrogenic media at the first media
change. Cells were maintained in chondrogenic media for 3
weeks before cytocompatibility assessment. To ensure accurate
differentiation, all hMSCs reagents were free from phenol red,
as it is known to interfere with differentiation. Resazurin
assays were performed as described earlier to determine the
percentage of cell viability in the hydrogels.

4.10.3. Fluorescence imaging of hMSCs. After 7 days of
culture, fluorescence imaging was performed on hMSCs cul-
tured on the hydrogel surface and those encapsulated within
the hydrogels. The conditioned media from each well were
carefully aspirated, followed by two washes with PBS. Cells
were then stained using 200 pL of staining solution containing
the following components: Hoechst 33342 (Thermo Fisher
Scientific, no. 62249) diluted to 20 pM for nuclear staining,
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calcein-AM (PromoKine, no. PK-CA707-80011-2) diluted to
2.5 pM for live cell staining, and propidium iodide (Alfa Aesar,
no. J66584) diluted to 1 pug mL™" for dead cell staining. The
incubation period was 10 min for cells seeded on the hydrogel
surface and 30 min for cells encapsulated within the hydro-
gels. Following incubation, the staining solution was aspirated,
and the hydrogels were washed twice with PBS to remove any
residual staining solution. Fluorescence imaging was per-
formed using an EVOS FL Auto Cell Imaging System (Thermo
Fisher Scientific) equipped with a 10x, 0.40 numerical aperture
objective. Images were acquired using the following fluo-
rescence light cubes:

+ DAPI light cube (Thermo Fisher Scientific, no.
AMEP4650): excitation at 357/44 nm, emission at 447/60 nm

+ GFP light cube (Thermo Fisher Scientific, no.
AMEP4651): excitation at 470/22 nm, emission at 510/42 nm

+ RFP light cube (Thermo Fisher Scientific, no. AMEP4652):
excitation at 531/40 nm, emission at 593/40 nm

Bright-field images were also captured under identical
imaging parameters for all samples. These fluorescence
images provided a detailed visualization of live, dead, and
total cell populations on and within the hydrogels.

4.11.4. Determination of hMSCs differentiation behavior

Alkaline phosphatase labeling. For alkaline phosphatase (ALP)

labeling, the hMSCs were washed with PBS (2%, 15 min each)
and fixed in 3.7% formaldehyde for 15 min. Followed by this,
the hMSCs were washed with PBS (2%, 15 min each). The
SensoLyte pNPP Alkaline Phosphatase Assay Kit Colorimetric
from AnaSpec (catalog #AS-72146) was used for quantitative
measurement of alkaline phosphatase levels in the samples.
1x assay buffer was prepared by diluting the 10x assay buffer
with deionized (DI) water. A standard curve was produced
using the provided ALP standard. The standard (10 pg mL™")
was diluted 1:50 in 1x assay buffer to achieve a 0.2 pg mL ™
(200 ng mL™") concentration. Serial dilutions were performed
to achieve 100, 50, 25, 12.5, 6.25, 3.125, 1.5625, 0.78125 ng
mL™" concentrations, and these solutions were added to wells
of a 96 well plate in triplicate with a 50 pL volume. A 50 pL of
p-nitrophenyl phosphate (pNPP) solution was added to each
well, and the plate was gently shaken for 30 s. After 45 min at
room temperature, 50 pL of stop solution was added to each
well. The absorbance at 405 nm was measured and plotted
against ALP concentration. A best fit linear line was generated.

0.2% Triton X-100 lysis buffer was prepared by adding 10 puL
Triton X-100 to 5 mL 1x assay buffer, and vortexed to mix. On
day 28 of the experiment, the plate was removed from the incu-
bator for the ALP assay. Media was aspirated and wells were
washed twice with 500 pL of 1x assay buffer for 15 min each. A
200 pL lysis buffer was added to each well, and the plate was
incubated at 4 °C for 30 min. The plate was sealed with paraf-
ilm and sonicated for 10 min, taking care to keep the water
level below the top of the wells. The plate was dried off and
incubated at —20 °C for 30 min. The liquid was aspirated from
each well, transferred to separate 1 mL microcentrifuge tubes,
and centrifuged at 2500g and 4 °C for 10 min. The supernatant
was aspirated from each tube, taking care to avoid the debris
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pelleted at the bottom, and was transferred into new wells on
the 96 well plate. A 50 pL pNPP solution was added to each
well, and the plate was gently shaken for 30 s. After 45 min at
room temperature, the absorbance at 405 nm was measured,
and the best fit line was used to convert absorbance to concen-
tration of ALP in the samples.

Collagen labeling. Collagen labeling was performed using
methods developed and described in the literature.” The
hMSCs were washed with PBS, pH 7.4 (2%, 15 min each) and
fixed in 3.7% formaldehyde for 15 min. The hMSCs were
washed again in PBS (2x, 15 min each) and exposed to 0.1%
sirius red F3B (i.e., Direct Red 80, # AAB21693-06, Alfa Aesar)
in saturated picric acid (# P6744-1GA, Sigma-Aldrich) for 1 h.
Then they were rinsed twice in 0.5% acetic acid in DI water,
washed three times for 30-60 s each with agitation in 100%
ethanol. Brightfield images and color images were acquired of
the samples both with parallel (0°) and with crossed polarizers
(90°). The stained area observed under cross-polarized light
(birefringence) was quantified as a percentage of the total
hydrogel area using Image] (see Section A.2%). This collagen
percentage was then normalized to the number of corres-
ponding cells in each group, and the resulting % collagen area
per cell was reported.

4.12. Statistical analysis

Data are presented as box plots, with the box edges represent-
ing the 25th and 75th percentiles and the median shown as a
line within the box. Error bars indicate the interquartile range
(IQR), with n = 3. Statistical significance was assessed using
the non-parametric Mann-Whitney U test (Wolfram
Mathematica 13.0.1.0, Mac OS X ARM 64-bit). A p-value of
<0.05 (*) was considered statistically significant. Due to the
small sample size (n = 3-5), normality could not be reliably
assessed; thus, the Mann-Whitney U test, which does not
assume normal distribution and is suitable for small sample
sizes, was used.
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