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1. Introduction

A click-crosslinked dopamine-functionalized
hydrogel for therapeutic delivery of stem
cell-derived extracellular vesicles

xa.b

Joshua S. Copus,®® Ji Hoon Park,® Anthony Atala®® and Sang Jin Lee

Stem cell-derived extracellular vesicles (EVs) hold significant promise for tissue regeneration due to their
potent therapeutic cargo. However, their clinical translation is hindered by rapid clearance from target
sites following systemic or local administration, leading to inefficient delivery and limited therapeutic
efficacy. To overcome this critical challenge, we developed a click-crosslinked dopamine-functionalized
hyaluronic acid hydrogel system (Dopa-HA) for the sustained and localized delivery of EVs. Dopamine was
chemically conjugated to the click-crosslinked hydrogel to enhance the robust immobilization of EVs.
The physicochemical properties of this hydrogel system were subsequently characterized, including
dopamine functionalization degree, rheological behavior, degradation rates, and in vitro protein release
profiles. Our investigations revealed that Dopa-HAs (4% and 14%) enable controlled release of model pro-
teins (albumin and cholesterol), with release kinetics directly tunable through adjustments in the degree
of dopamine functionalization. Particularly, when loaded with osteogenic stem cell-derived EVs, the
Dopa-HA significantly accelerated the osteogenic differentiation of encapsulated stem cells in vitro. In
vivo study in a rat calvarial defect model demonstrated that Dopa-HA markedly enhanced bone regener-
ation, with Dopa-HA-EV constructs achieving nearly twofold faster defect filling than HA-EV controls.
Biodistribution analysis of fluorescently labeled EVs further revealed prolonged local retention at the
defect site for up to 10 days post-implantation. This dopamine-functionalized hydrogel platform rep-
resents a significant advancement, effectively addressing the challenge of EV delivery by extending their
local availability and thereby augmenting therapeutic outcomes.

vesicles (EVs), to recruit endogenous host cells and stimulate
intrinsic tissue regeneration mechanisms.®™®

Traditional tissue engineering approaches integrate living
cells, biomaterial scaffolds, and bioactive molecules to create
functional tissue constructs for repairing or replacing
damaged tissues. Despite promising preclinical outcomes, the
clinical translation of these cell-based strategies faces con-
siderable challenges.”” A primary impediment is the require-
ment for high cell densities to produce viable and functional
constructs, necessitating extensive, time-consuming, and
costly in vitro cell expansion. Consequently, cell-free tissue
engineering strategies, also known as in situ tissue regener-
ation, have garnered increasing interest.>> These approaches
utilize advanced scaffold designs that incorporate bioactive
molecules, such as growth factors, peptides, or extracellular
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Stem cell-derived EVs have emerged as highly promising
therapeutic agents for a wide array of diseases and pathologi-
cal conditions.**** These naturally occurring nanovesicles
effectively deliver a diverse payload of bioactive molecules to
target cells."®> Exosomes, a major subpopulation of EVs, are
nanoscale lipid bilayer-encapsulated vesicles (30-150 nm in
diameter) that play a critical role in paracrine signaling. This
signaling is primarily mediated by the transfer of functional
proteins, lipids, and nucleic acids, including microRNAs
(miRNAs), to recipient cells.'* Upon internalization, EVs
release their molecular cargo, subsequently influencing
diverse cellular processes such as proliferation, differentiation,
migration, and survival.” EVs are readily isolable from the
conditioned media of cultured cells."* Beyond their cargo ver-
satility, EVs offer several inherent advantages for therapeutic
applications, including low immunogenicity, high biological
stability, and an intrinsic targeting capacity that promotes pre-
ferential uptake by injured or diseased tissues.'®'” Crucially,
the molecular composition and therapeutic efficacy of EVs are
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profoundly influenced by their parent cell source and the
environmental conditions of production.®

The clinical translation of EV-based therapies is signifi-
cantly impeded by their poor delivery efficiency. Despite
requiring prolonged presence at target sites for optimal thera-
peutic effects, EVs are rapidly cleared following adminis-
tration. For instance, a study demonstrated that within a few
minutes of systemic injection, the majority of administered
EVs preferentially accumulated in clearance organs such as the
liver and spleen.'® While local delivery strategies have shown a
modest improvement, reducing hepatic accumulation from
approximately 60% to 40%, overall EV bioavailability at the
intended target site remains suboptimal.'® This inherent
inefficiency reduces therapeutic efficacy. Therefore, the low
retention and inefficient biodistribution of EVs represent a
substantial barrier to their clinical translation.

The feasibility of enhancing EV delivery efficiency through
the conjugation of target-specific ligands has been estab-
lished.' While this strategy improves targeting, it typically
requires the genetic modification of donor cells to induce the
expression of specific ligands on the EV surface. As an alterna-
tive, direct chemical modification of EV surfaces allows for the
post-isolation conjugation of targeting ligands, therapeutic
cargo, and polymers. This enhances delivery specificity and cir-
culation stability.”* > However, these reactions pose risks such
as non-specific protein interactions, inactivation of endogen-
ous surface proteins, membrane destabilization, and cyto-
toxicity from metal catalysts. These factors collectively compro-
mise EV bioactivity.>® An ideal solution would involve the inte-
gration of EVs within hydrogel systems, thereby enabling loca-
lized, sustained release while preserving EV functionality. Such
systems could facilitate targeted cellular interactions that
promote cell recruitment, migration, and subsequent tissue
remodeling, effectively addressing the limitations of current
EV delivery strategies.

Sustained delivery of EVs to target tissues has been shown
to significantly enhance their therapeutic efficacy throughout
the course of treatment.>* While synthetic hydrogels can facili-
tate prolonged EV release, they are often limited by poor cell
compatibility. Conversely, naturally derived hydrogels offer
more favorable cellular microenvironments and can often be
formulated into injectable hydrogels. To retain EVs and
prevent their premature release, these materials typically
require chemical conjugation with affinity ligands or recep-
tors.>®> However, this strategy suffers from several drawbacks: it
selectively captures only a subset of EVs bearing appropriate
surface markers, and the release of bound EVs is often
difficult to regulate due to the irreversible nature of the chemi-
cal linkages. Therefore, there is a pressing need for a naturally
derived hydrogel system capable of retaining EVs without
chemically functionalizing EV surface, thereby avoiding poten-
tial damage to the vesicles and preserving their inherent
bioactivities.

In this study, we aimed to develop a click-crosslinked hydro-
gel system designed for the sustained release of EVs through
the functionalization of dopamine into its polymeric hydrogel
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backbone. Dopamine, a key component of mussel adhesive
proteins, contains catechol groups known for their strong
adhesion properties in aqueous environments, facilitating
robust binding to both biological tissues and inorganic
surfaces.>*® We hypothesized that this dopamine-functiona-
lized hydrogel could significantly enhance EV retention and
targeted delivery at specific sites. Additionally, we utilized a
bio-orthogonal click chemistry, specifically via the reaction
between trans-cyclooctene (TCO) and tetrazine (Tz) groups for
controlled crosslinking process.>*?° This copper-free click
reaction enables swift and efficient gelation under physiologi-
cal conditions, rendering the system highly amenable to mini-
mally invasive injection. The physicochemical properties of
the synthesized dopamine-functionalized hydrogel
thoroughly characterized, including its degree of dopamine
functionalization, rheological behavior, and degradation rates.
Furthermore, the in vitro release profiles were systematically
investigated using model proteins to simulate EV release
dynamics. Finally, the therapeutic potential and EV retention
capabilities of the dopamine-functionalized hydrogel system
were evaluated in a rat calvarial defect model.

were

2. Materials and methods

2.1. Dopamine functionalization

The dopamine-functionalized hyaluronic acid (Dopa-HA) was
synthesized via carbodiimide coupling, following established
protocol.>" Briefly, 200 kDa HA (LifeCore Biomedical, Chaska,
MN) was dissolved in an MES buffer (100 mL, 0.05 M, pH 5.0)
at a concentration of 1% w/v in a 250 mL round bottom flask,
sealed with a rubber stopper, and stirred for 60 min. EDC
(0.951 g, 0.00496 mol) and NHS (0.571 g, 0.00496 mol) were
then added at a 1:2 molar ratio to HA to activate the carboxyl
groups. After 1 h, dopamine hydrochloride (dopamine-HCl)
was introduced with different molar ratios to synthesize Dopa-
HAs. To prevent dopamine oxidation, nitrogen gas was intro-
duced into the flask. The reaction proceeded overnight and
was quenched with 100 mL of DI water. The solution was then
dialyzed using 3.4 kDa tubing against DI water for 3 days to
remove unreacted materials and excess salts. Finally, the Dopa-
HA solution was frozen and lyophilized. All chemical reagents
were purchased from Millipore Sigma (Burlington, MA) unless
otherwise specified.

2.2. Quantification of dopamine functionalization

To confirm successful dopamine functionalization onto the
HA backbone, the chemical structure of the synthesized Dopa-
HA was characterized using 'H-NMR spectroscopy. Briefly,
2 mg of Dopa-HA was completely dissolved in 1 mL of deute-
rated water (D,O) in a standard NMR glass tube, and spectra
were acquired.

For the quantitative analysis, UV-Vis spectroscopy was
employed. A standard curve was prepared by dissolving dopa-
mine-HCI in deionized water at concentrations ranging from 0
to 1.5 mM, with absorbance measured at 280 nm. To quantify

This journal is © The Royal Society of Chemistry 2026
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the dopamine content within the Dopa-HA hydrogels, syn-
thesized with varying initial molar ratios of dopamine, and a
control HA without functionalization were prepared as 10 mg
mL™" solutions. Absorbance measurements were performed
across a spectral range of 0-450 nm using a UV-2600 UV-Vis
spectrophotometer ~ (Shimadzu  Scientific  Instruments,
Durham, NC). The dopamine content in Dopa-HA samples was
then quantified by comparing their absorbance at 280 nm to
the standard curve. All samples were analyzed in triplicate,
and data are presented as mean + standard deviation.

2.3. Conjugation of click chemistry crosslinkers

To establish click-crosslinked Dopa-HA hydrogels, methyl tet-
razine-amine HCI (Tz) and trans-cyclooctene-amine HCI (TCO)
(BroadPharm, San Diego, CA) were conjugated to Dopa-HA
backbones, respectively. Mixing the two components-initiated
crosslinking via an inverse electron-demand Diels-Alder reac-
tion under physiological conditions. Conjugation was per-
formed at 15, 30, and 60 mmol concentrations relative to the
carboxyl groups of Dopa-HA. Dopa-HA was dissolved in 0.1 M
MES buffer (pH 5.0) at 10 mg mL~". EDC and NHS (1:1 molar
ratio) were added to activate carboxyl groups, followed by 1 h
of stirring at room temperature. The solution was then split
equally, and either Tz or TCO was added to the respective
flasks at specified concentrations. Each reaction proceeded
overnight under gentle stirring at room temperature.
Afterward, the modified Dopa-HA solutions were dialyzed
against deionized water using dialysis tubing with a molecular
weight cutoff (MWCO) of 3.4 kDa for 3 days with frequent
water changes. The purified products were flash-frozen and
lyophilized to obtain dry powders. This method was applied to
both low (4%) and high (14%) Dopa-HA hydrogels to generate
click-crosslinked hydrogels for subsequent experiments.

2.4. Rheological analysis

To assess the viscoelastic properties of Dopa-HA hydrogels
prior to crosslinking, rheological measurements were con-
ducted wusing a Discovery Hybrid Rheometer-2 (TA
Instruments, Wilmington, DE). A 40 mm cone-plate geometry
with a 1° angle and a gap height of approximately 100 pm was
employed. The average viscosity, storage modulus (G'), and
loss modulus (G”) were determined for native HA, 4% Dopa-
HA, and 14% Dopa-HA formulations.

To evaluate the effect of crosslinker concentration on gela-
tion kinetics, time sweep experiments were performed
immediately after mixing the hydrogel precursors.
Measurements were conducted at 37 °C to assess crosslinking
behavior. During time sweeps, a constant oscillatory strain of
1% and a frequency of 1 Hz were applied over a duration of
1800 seconds, with data collected at 30-second intervals.
Hydrogels were considered fully crosslinked when the loss
tangent (tan § = G"/G’) dropped below 1, indicating a transition
from viscous to elastic-dominant behavior. Following gelation,
Modulus (gel stiffness) was evaluated using strain sweep tests
conducted within the linear viscoelastic region to ensure
characterization of the hydrogel’s mechanical response. All
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measurements were conducted in triplicate (n = 3) for each
experimental condition.

2.5. Degradation testing of click-crosslinked Dopa-HA
hydrogels

To assess hydrogel stability and its dependence on cross-
linking concentration, we characterized the degradation rates.
Specifically, the sol fraction, representing the portion of the
hydrogel not integrated into the crosslinked network, was
quantified. The sol fraction was calculated using eqn (1):

5y = W= Wa) (1)

Wi

where W; is the initial weight and Wy is the dry weight at
various time points. A decrease in the sol fraction signifies
polymer loss, which directly correlates with the hydrogel’s
degradation rate. Conversely, the gel fraction, representing the
crosslinked portion of the hydrogel, was calculated using

eqn (2):
Gr=1-—5¢ (2)

and it quantified the amount of material remaining within the
crosslinked networks that remained intact and did not
undergo degradation.

To quantify sol and gel fractions, Dopa-HA-Tz and Dopa-
HA-TCO solutions (30 mg mL™" in PBS) were prepared separ-
ately, mixed, and incubated at 37 °C for 30 min to allow com-
plete crosslinking. Formed hydrogels were then immersed in
fresh PBS and incubated for predetermined degradation
periods (1, 3, and 7 days). At each time point, samples were
collected, flash-frozen, and lyophilized. The dry mass was
measured and compared to the initial hydrated mass to calcu-
late the sol fraction (eqn (1)); the gel fraction was derived
accordingly (eqn (2)). All measurements were performed in
triplicate (n = 3) for each condition.

2.6. Invitro release kinetics assays

To evaluate in vitro release kinetics from Dopa-HA hydrogels,
low and high concentrations of human serum albumin (2.5
and 12 mg mL™") and cholesterol (250 and 500 mg mL™") were
incorporated into 4% and 14% Dopa-HA hydrogels, as well as
a non-dopamine click-crosslinked HA control. Each 1 mL
hydrogel sample was placed in a 6-well plate, submerged in
5 mL deionized water, and incubated at 37 °C on an orbital
shaker. Supernatants (1 mL) were collected over 14 days with
full media replacement.

Albumin release was quantified using the Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific, Inc., Waltham,
MA). Briefly, 25 pL of each sample or BSA standard was com-
bined with 200 pL of BCA reagent in a 96-well plate, incubated
at 37 °C for 30 min, cooled to room temperature, and absor-
bance was measured at 562 nm. Cholesterol release was
assessed using a colorimetric Total Cholesterol Assay Kits (Cell
Biolabs, Inc., San Diego, CA). Each 50 puL sample or standard
was mixed with 50 pL of reaction reagent, incubated at 37 °C
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for 45 min, and absorbance was recorded at 560 nm.
Concentrations were determined from standard curves, and
data are presented as mean + SD (n = 6 per group and time
point).

2.7. Cell culture

Human placental stem cells (hPSCs; passages 3-5) were iso-
lated from healthy donors with informed consent, under pro-
tocols approved by the Institutional Review Board of Wake
Forest University School of Medicine (IRB #00056941,
Winston-Salem, NC).*>** Human PSCs were cultured in growth
medium (GM) composed of Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (DMEM/F12), supplemented
with 10% (v/v) fetal bovine serum (FBS; ScienCell Research
Laboratories, Carlsbad, CA), 100 U mL™" penicillin G, and
100 pg mL™" streptomycin (Penicillin-Streptomycin, 10 000 U
mL™"). Cells were maintained at 37 °C in a humidified incuba-
tor with 5% CO,. Unless otherwise specified, all cell culture
reagents were obtained from Thermo Fisher Scientific, Inc.

2.8. Invitro cell viability and proliferation

Cell viability was assessed using Live/Dead staining on hPSC-
laden Dopa-HA constructs cultured for 1, 3, and 7 days.
Human PSCs were encapsulated at a density of 1.0 x 10° cells
per mL by suspending the cell in the hydrogel precursor solu-
tion prior to gelation. Following gelation, the hPSC-laden
hydrogel constructs were transferred to the GM and main-
tained at 37 °C in a humidified incubator with 5% CO, for up
to 7 days. For Live/Dead staining, constructs were rinsed 2-3
times with PBS at room temperature, then incubated with a
Live/Dead staining solution containing Calcein AM and propi-
dium iodide (2 : 1 ratio in PBS; 1 mL per well in a 24-well plate)
at 37 °C for 15 min. Fluorescence imaging was performed
using a Leica TCS LSI Macro Confocal Microscope (Leica
Microsystems, Wetzlar, Germany) with excitation wavelengths
of 490 nm for live cells and 545 nm for dead cells. Images were
processed to visualize viable cells in green and non-viable cells
in red. Cell proliferation was evaluated using the AlamarBlue
assay. Constructs were incubated in culture medium contain-
ing 10% (v/v) AlamarBlue reagent at 37 °C for 3 h. Following
incubation, the supernatant was transferred to a 96-well plate,
and absorbance was measured at 570 nm with a reference
wavelength of 600 nm using a microplate reader.

2.9. Isolation of osteogenic EVs

Osteogenic extracellular vesicles (osteo-EVs) were isolated from
hPSCs (passage 11) using a previously established protocol.®
hPSCs were cultured in T175 flasks and induced to differen-
tiate into the osteogenic lineage over a 21-day period in osteo-
genic medium (OM) containing 10 nM dexamethasone,
100 pM ascorbic acid, and 2 mM f-glycerophosphate.
Following differentiation, the medium was replaced with
serum-free culture medium for 72 h to facilitate EV accumu-
lation. Conditioned media were subsequently collected, and
EVs were isolated through sequential differential centrifu-

2624 | Bjomater. Sci,, 2026, 14, 2621-2632

View Article Online

Biomaterials Science

gation and filtration. The resulting osteo-EVs were comprehen-
sively characterized as described in our previous study.®

2.10. Invitro osteogenic differentiation of hPSCs in Dopa-HA
constructs

To evaluate the efficacy of the Dopa-HA hydrogel system, two
hydrogel formulations were prepared for comparison: a 14%
(w/v) Dopa-HA hydrogel and a click-crosslinked HA hydrogel
without dopamine functionalization. Each formulation was
loaded with 150 pug mL™" of osteo-EVs. Human PSCs were
encapsulated at a density of 1.0 x 10° cells per mL by suspend-
ing them in the hydrogel solution prior to gelation. The cell-
laden HA hydrogels were maintained in OM for 21 days.
Alkaline phosphatase (ALP) activity assays were conducted on
days 7 and 14 to assess early osteogenic commitment. Mineral
deposition was evaluated via Alizarin Red S staining on days 7,
14, and 21. The click-crosslinked HA constructs without dopa-
mine functionalization and osteo-EVs cultured in GM served
as a negative control.

For ALP assay, samples were washed with PBS, then hom-
ogenized and lysed using Triton X-100 in accordance with the
manufacturer’s protocol (One-Step Kit; Thermo Fisher
Scientific, Inc.). ALP activity was assessed using p-nitrophenyl
phosphate (pNPP) as the substrate. The enzymatic conversion
of pNPP to p-nitrophenol, indicative of ALP activity, was quan-
tified spectrophotometrically. Measurements were performed
on days 7 and 14, with n = 4 for each time point and experi-
mental group.

For histological analysis, samples were rinsed with PBS and
fixed in 10% neutral-buffered formalin overnight at 4 °C.
Following fixation, specimens were dehydrated in 70%
ethanol, paraffin-embedded, sectioned at a thickness of 7 pm,
and mounted on glass slides. For Alizarin Red S staining,
tissue sections were deparaffinized, rehydrated to 50%
ethanol, rinsed with distilled water, and stained with 2%
Alizarin Red S (pH 4.2) for 1 min. Slides were counterstained
with light green, treated sequentially with acetone and
acetone—xylene (1:1), and cleared in xylene. Coverslips were
applied, and imaging was performed using a Leica DM4000B
microscope.

2.11. Invivo animal study

Male Lewis rats (300-500 g) were used in accordance with pro-
tocols approved by the Institutional Animal Care and Use
Committee (IACUC) at Wake Forest University. The experi-
mental design included two treatment groups: one receiving
14% Dopa-HA hydrogel loaded with 150 pg mL™" of osteo-EVs,
and the other receiving click-crosslinked HA hydrogel (non-
Dopa-functionalized) loaded with the same EV concentration.
To evaluate EV biodistribution, all osteo-EVs were fluorescently
labeled with DiIC18(7) 1,1-dioctadecyl-3,3,3',3-tetramethyl-
indotricarbocyanine Iodide (DiR’) following the manufacturer’s
protocol (Sigma-Aldrich, St Louis, MO).

For implantation, anesthesia was induced and maintained
with 3% isoflurane delivered via a custom-designed nosecone.
Animals were placed on heated pads and stabilized in a stereo-

This journal is © The Royal Society of Chemistry 2026
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taxic frame throughout the procedure. A midline scalp incision
was made to expose the calvarium, followed by careful removal
of the periosteum. A cranial defect (4 mm diameter) was
created on the parietal bone using a dental burr. The HA-EV or
Dopa-HA-EV hydrogels were applied to the defect site.
Following implantation, incisions were closed using absorb-
able sutures and skin adhesive. Preoperative analgesics
included bupivacaine (8 mg kg™), buprenorphine (0.05 mg
kg™"), meloxicam (2 mg kg '), and famotidine (0.5 mg kg™").
Postoperative monitoring involved close observation for recov-
ery and assessment of neurological status. Animals without
treatment served as controls.

2.12. Biodistribution analysis

The biodistribution of DiR-labeled osteo-EVs was evaluated
using the IVIS® Lumina XR imaging system (PerkinElmer,
Waltham, MA). Fluorescent imaging was conducted under
near-infrared (NIR) excitation/emission settings with an indo-
cyanine green (ICG) filter. Animals (n = 3 per time point) were
anesthetized using 1-5% isoflurane during imaging sessions.
Fluorescent signals were captured on days 1, 3, 7, and 10 fol-
lowing implantations.

2.13. Computed tomography (CT) analysis

New bone formation was evaluated using computed tomogra-
phy (CT) imaging. Animals were euthanized at predetermined
time points (2, 4, and 8 weeks post-implantation) via CO,
asphyxiation followed by bilateral thoracotomy, in accordance
with the IACUC protocol. CT imaging was performed using the
Vimago™ High-Definition CT Imaging System (Epica Medical
Innovations, San Diego, CA) at a voxel resolution of 90 pm. For
each experimental group and time point, five animals were
assessed (n = 5). Image reconstruction, volumetric quantifi-
cation, and 3D rendering were conducted using 3D Slicer
(https://www.slicer.org), an open-source platform for medical
image analysis and visualization.

2.14. Histological examination

Retrieved samples were fixed in 10% neutral buffered formalin
for 48 h. Following fixation, specimens were decalcified using
Richard Allan Scientific Decalcifying Solution per the manu-
facturer’s protocol (TermoFisher Scientific, Inc.). Decalcified
tissues were then sectioned into 12 pm-thick slices and
stained with modified Tetrachrome staining to detect new
bone formation. Histological imaging was carried out using a
Leica DM4000B microscope.

2.15. Statistical analysis

Continuous variables are expressed as mean + standard devi-
ation (SD). Prior to statistical analysis, data were assessed for
normality using the Shapiro-Wilk test and for homogeneity of
variance using Levene’s test. Differences among groups were
evaluated using a one-way analysis of variance (ANOVA). When
the omnibus F-test indicated statistical significance (p < 0.05),
Tukey’s HSD (Honestly Significant Difference) post-hoc test was
applied to identify specific pairwise differences while control-
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ling for the Type I error rate. All statistical analyses were per-
formed using GraphPad Prism 10.0.

3. Results

3.1. Click-crosslinked dopamine-functionalized HA hydrogels

To develop the click-crosslinked hydrogel platform for con-
trolled release of bioactive molecules, dopamine was covalently
conjugated to the HA backbone, followed by the covalently
binding of tetrazine (Tz) and trans-cyclooctene (TCO), respect-
ively, for click chemistry to form hydrogels. Fig. 1A shows the
schematic diagram of the resulting Dopa-HA hydrogel and its
proposed mechanism for controlled release of bioactive mole-
cules, including EVs. Successful conjugation was confirmed
via '"H NMR spectroscopy (Fig. 1B). Native HA displayed
characteristic peaks at 1.95-2.0 ppm, corresponding to the
N-acetyl group, and at 2.8-3.7 ppm for N-acetyl-p-glucosamine.
The introduction of dopamine, Tz, and TCO resulted in dis-
tinct new peaks: 6.7-7.2 ppm for dopamine’s catechol protons,
7.0-7.2 ppm and 8.0-8.2 ppm for Tz, and 5.5-6.0 ppm for
TCO, respectively. These observations confirmed the stepwise
and successful functionalization of HA with dopamine and the
bio-orthogonal reactive groups.

To quantitatively assess dopamine
efficiency, UV-Vis spectroscopy was performed using a dopa-
mine standard curve ranging from 0 to 1.5 mM (Fig. 1C). The
degree of dopamine substitution was tunable based on the
dopamine concentration, yielding two distinct groups: low and
high Dopa-HA, with functionalization degrees of 4.14 + 2.22%
and 14.07 + 1.66%, respectively (Fig. 1D). These spectral
changes collectively demonstrate the sequential and successful
modification of HA with dopamine and the reactive click pair.

functionalization

3.2. Characterization of in click-crosslinked Dopa-HA
hydrogels

The gelation behavior of click-crosslinked Dopa-HA hydrogels
was assessed before and after the click reaction. Macroscopic
observations confirmed the transition from the pre-gel solu-
tion to a solidified hydrogel (Fig. 2A). Rheological assessments
were conducted to determine the influence of varying dopa-
mine functionalization levels (0%, 4%, and 14%) on the rheo-
logical properties of Dopa-HA hydrogels. Average viscosity
revealed a substantial increase corresponding to dopamine
content, with Dopa-HA (14%) exhibiting a viscosity of 931.9
cPs, compared to 333.8 cPs for Dopa-HA (4%) (Fig. 2B).
Further rheological analysis demonstrated that both the
storage modulus (Fig. 2C) and loss modulus (Fig. 2D)
increased proportionally with higher dopamine functionali-
zation. These findings suggest that dopamine functionali-
zation enhances the viscoelastic behavior of Dopa-HA
hydrogels.

To examine the effect of crosslinker concentration on the
physical characteristics of Dopa-HA hydrogels, various
amounts of TCO and Tz crosslinkers (15, 30, and 60 mmol)
were tested. As In Fig. 2E, gelation time was strongly depen-
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properties of Dopa-HA hydrogels: (B) average viscosity (n = 3), (C) storage modulus (n = 3), and (D) loss modulus (n = 3). (E) Effect of crosslinking
time on Dopa-HA (14%) hydrogels with varying amounts of conjugated crosslinker (n = 3). (F) Modulus (gel stiffness) of crosslinked Dopa-HA hydro-

gels as a function of crosslinker concentration (n = 3). Degradation profi

les of Dopa-HA hydrogels with varying crosslinker concentrations: (G) 4%

and (H) 14% Dopa-functionalization (n = 3). All data are represented as mean + SD.

dent on crosslinker concentration, with higher concentrations
significantly accelerating the transition to a fully crosslinked
network. Specifically, the formulation containing 15 mmol of
crosslinker had an average gelation time of 1291.6 + 232.7
seconds, while the 30 mmol and 60 mmol formulations gelled
in 323.6 + 37.8 seconds and 111.2 + 37.7 seconds, respectively.

2626 | Biomater. Sci, 2026, 14, 2621-2632

These results confirm the critical role of crosslinker concen-
tration in gelation process. However, dopamine functionali-
zation did not influence the gelation process.

Following gelation analysis, six distinct hydrogel formu-
lations were synthesized by 4% and 14% Dopa-HAs with
TZ and TCO (15, 30, and 60 mmol). These formulations were
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subsequently evaluated for their mechanical properties and
degradation behavior. Modulus (gel stiffness) was character-
ized through strain sweep tests performed within the linear
viscoelastic region (Fig. 2F). For hydrogels functionalized with
14% dopamine, the modulus increased substantially with
higher crosslinker concentrations, rising from 47.8 + 13.3 Pa at
15 mmol to 189.1 + 34.4 Pa at 30 mmol and reaching 759.7 +
69.2 Pa at 60 mmol. In contrast, hydrogels with 4% dopamine
showed considerably lower modulus, registering moduli of
15.9 + 1.2 Pa, 36.1 + 6.8 Pa, and 98.1 + 13.7 Pa at 15, 30, and
60 mmol, respectively. These observations highlight the sig-
nificant contribution of dopamine functionalization to hydro-
gel stiffness, complementing the effects of increasing cross-
linker concentration.

Degradation profiles were assessed over a 7-day period. All
formulations exhibited progressive degradation, though no
direct correlation with crosslinker concentration was observed.
4% Dopa-HA hydrogels retained gel fractions of 45.5 + 6.1%,
69.3 + 8.3%, and 68.6 + 11.8% for the 15, 30, and 60 mmol for-
mulations, respectively (Fig. 2G). 14% Dopa-HA hydrogels
demonstrated slightly varied retention, with gel fractions of
45.8 + 9.1%, 63.0 = 5.2%, and 59.2 *+ 8.9% for the same cross-
linker concentrations (Fig. 2H). These results suggest that
degradation behavior is likely governed by factors such as
hydrolysis of the HA backbone or crosslinker chemistry, rather
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than dopamine content alone. While dopamine functionali-
zation had a pronounced impact on mechanical properties, its
influence on degradation rates appeared minimal.

3.3. Invitro release kinetics

The albumin release assay exhibited a characteristic initial
burst within the first 3 h post-loading, indicating non-co-
valently associated albumin species - either freely dispersed or
transiently entrapped within the hydrogel network without
stable interactions with the matrix surface. Following this early
phase, the release profile conformed to first-order kinetics,
demonstrating a progressive and sustained release over a
14-day period. Comparative analysis revealed statistically sig-
nificant differences in release behavior between Dopa-HA
hydrogels and the non-functionalized HA control. Specifically,
4% Dopa-HA hydrogels sustained albumin release through day
10, while 14% Dopa-HA hydrogels exhibited an extended
release profile lasting up to day 14. This prolonged release was
observed consistently across both low and high albumin
loading conditions - 2.5 mg mL ™" (Fig. 3A) and 12 mg mL ™"
(Fig. 3B) - indicating that the release kinetics were primarily
governed by the degree of dopamine functionalization rather
than the initial protein concentration.

The cholesterol release assay similarly demonstrated sus-
tained release profiles under both low (250 pg mL™", Fig. 3C)
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Fig. 3 Release kinetics of model biomolecules from Dopa-HA hydrogels with varying dopamine functionalization: (A) 2.5 mg mL™ albumin (n = 6),
(B) 12 mg mL™* albumin (n = 6), (C) 250 ug mL™* cholesterol (n = 6), and (D) 500 pm mL™* cholesterol (n = 6). All data are represented as mean + SD.
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and high (500 pg mL™", Fig. 3D) loading conditions, with
release extending through 14-day period. Consistent with the
albumin release data, the Dopa-HA hydrogels with higher
dopamine functionalization exhibited enhanced cholesterol
retention. Under low cholesterol loading, an initial burst
release was observed; however, 4% Dopa-HA hydrogels showed
statistically significant release only until day 7, whereas 14%
Dopa-HA hydrogels maintained sustained release through day
14. These results highlight the influence of dopamine-
mediated interactions on protein retention and release kine-
tics, suggesting enhanced matrix-protein affinity and pro-
longed release profiles in Dopa-functionalized systems.

3.4. Invitro cell viability and proliferation

To assess cell viability within Dopa-HA hydrogels, Live/Dead
staining was conducted on constructs containing 4% and 14%
dopamine functionalization, cultured under GM conditions.
Imaging performed on days 1, 3, and 7 revealed consistently
high cell viability, with minimal presence of dead cells across
all time points (Fig. 4A). Quantitative analysis further con-
firmed that encapsulated hPSCs remained viable and actively
proliferated when maintained in GM (Fig. 4B). Additionally,
the proliferation of hPSCs encapsulated within 14% Dopa-HA
hydrogels revealed continuous expansion throughout the
14-day culture period (Fig. 4C). These findings highlighted the
excellent cytocompatibility of Dopa-HA hydrogels and their
potential as a supportive matrix for long-term cell encapsula-
tion, maintenance, and growth.

A

4%
Dopa-HA

14%
Dopa-HA

Fig. 4
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3.5. Invitro osteogenic differentiation

Human PSCs encapsulated within click-crosslinked HA hydro-
gels were subjected to osteogenic differentiation for up to 21
days. The Dopa-HA-EV hydrogels with osteo-EVs demonstrated
significantly elevated ALP activity, reaching 21 U L™" and 28 U
L™" on days 7 and 14, respectively, compared to 16 U L™ and
23 U L' in the HA-EV group (Fig. 5A). Furthermore, EVs incor-
porated into the Dopa-HA-EV hydrogels markedly enhanced
calcium deposition, as evidenced by Alizarin Red staining and
quantitative analysis (Fig. 5B and C). The Dopa-HA-EV group
exhibited substantially larger stained areas (10% and 43% at
days 7 and 14) relative to the HA-EV group (6% and 24%) and
the control group (0.4% at all time points), indicating a pro-
nounced enhancement of osteogenic differentiation mediated
by osteo-EVs within the Dopa-HA-EV hydrogels. These results
suggest that dopamine functionalization effectively modulates
EV retention within the hydrogel, facilitating prolonged bioac-
tivity while maintaining efficient EV uptake by encapsulated
cells.

3.6. Invivo rat calvarial bone defect model

In vivo studies demonstrated that dopamine functionalization
significantly prolonged the retention of EVs at the target site,
as evidenced by DiR-labeled EV biodistribution analysis
(Fig. 6A). At day 10, the Dopa-HA-EV hydrogel group exhibited
a radiant efficiency of 2 x 10%, whereas no detectable signal
was observed at the defect site in the HA-EV group, indicating
rapid clearance and limited EV retention in the absence of
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In vitro viability and proliferation of hPSCs encapsulated in Dopa-HA hydrogels with 4% and 14% dopamine functionalization at 1, 3, and 7

days of culture: (A) Live/Dead stained fluorescence images and (B) quantitative analysis of cell viability (%) (n = 3). (C) Cell proliferation of hPSCs
encapsulated in Dopa-HA hydrogels with 14% Dopa-functionalization by AlamarBlue assay (n = 3). All data are represented as mean + SD.
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Fig. 5 In vitro osteogenic differentiation of hPSCs encapsulated in Dopa-HA hydrogels with 14% dopamine functionalization and 150 pg mL™* of
osteo-EVs. (A) ALP activity assessed at 7 and 14 days of differentiation (n = 6). (B) Alizarin Red staining images at 7, 14, and 21 days of differentiation.
(C) Quantification of calcified regions within the HA-Dopa hydrogels based on Alizarin Red staining (n = 6). All data are represented as mean + SD.
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points (n = 5). All data are represented as mean + SD. (D) Histological evaluation using modified Tetrachrome staining, with newly formed bone
(mineralized bone matrix, red) and osteoid (unmineralized bone matrix, blue). Sl Fig. S1 provides high magnification images.
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dopamine functionalization. This sustained localization of EVs
in the Dopa-HA-EV group correlated with improved therapeutic
outcomes, as reflected by a significant reduction in defect size
compared to the HA-EV group (Fig. 6B and C). The initial
defect area of 0.12 cm® decreased to 0.086 cm?” in the Dopa-
HA-EV group and 0.088 cm’® in the HA-EV group after two
weeks. In non-treatment controls, residual defect sizes aver-
aged 0.085 cm” and 0.091 cm” for the Dopa-HA-EV and HA-EV
groups, respectively, suggesting that the presence of osteo-EVs
within the Dopa-HA-EV contributed to enhanced bone regener-
ation. Histological analysis further confirmed increased new
bone formation in defects treated with Dopa-HA hydrogels
(Fig. 6D). Tetrachrome staining confirmed the presence of
mineralized bone (red) and unmineralized osteoid (blue)
within the defect area. The Dopa-HA-EV group exhibited more
extensive bone formation compared with the HA-EV and
control groups (SI Fig. S1).

4. Discussion

The delivery of bioactive molecules such as proteins, nucleic
acids, and EVs via hydrogel-based systems holds significant
promise for therapeutic applications, particularly in the field
of tissue engineering. However, achieving controlled and sus-
tained release remains a major challenge, largely due to the
limited intrinsic interactions between these molecules and the
hydrogel matrix. EVs, in particular, lack specific surface motifs
that facilitate stable binding or retention within conventional
hydrogel systems, resulting in rapid diffusion and diminished
therapeutic efficacy."® To address this limitation, the present
study employed dopamine functionalization of HA-based
hydrogels to enhance molecular retention. The incorporation
of catechol groups introduced by dopamine enables non-
covalent interactions such as hydrogen bonding and n-= stack-
ing with bioactive molecules, thereby improving their immo-
bilization within the hydrogel network.** This strategy facili-
tates sustained release and preserves bioactivity, ultimately
enhancing the therapeutic potential of EVs and other bio-
molecules delivered through the hydrogel platform.

In this study, HA was selected due to its biocompatibility
and abundance of carboxyl groups, which offer versatile sites
for chemical modification.®® This structural framework
enables the conjugation of dopamine molecules and cross-
linkers, allowing for the development of hydrogels with highly
tunable physicochemical properties. Dopamine functionali-
zation was achieved through carbodiimide chemistry using
EDC/NHS coupling, which facilitates the formation of covalent
amide bonds between the primary amine groups of dopamine
and the activated carboxyl groups on the HA backbone. To
investigate the influence of dopamine content on hydrogel be-
havior, two variants of dopamine-functionalized HA (4% Dopa-
HA and 14% Dopa-HA) were synthesized, representing low and
high degrees of functionalization, respectively. These Dopa-
HAs were subsequently modified with click chemistry-compati-
ble crosslinkers, enabling the formation of click-crosslinked
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hydrogels. This approach provides a robust platform for study-
ing how dopamine content affects both the release kinetics of
encapsulated bioactive molecules and the mechanical and
structural properties of the hydrogel network.

Critically, our approach facilitates controlled retention of
bioactive molecules through non-specific adhesive interactions
mediated by dopamine, eliminating the need for specific
ligand-receptor binding. This enables the effective incorpor-
ation of model molecules such as albumin and cholesterol
into the hydrogel, regardless of their surface chemistry or
binding motifs. Both 4% Dopa-HA and 14% Dopa-HA hydro-
gels demonstrated statistically significant improvements in
retention compared to the HA control group, independent of
the initial protein loading concentration. Release profiles
revealed an initial burst phase followed by a sustained release
that approximates first-order kinetics, with protein release
gradually increasing over a two-week period. Importantly, the
release kinetics of the Dopa-HA hydrogels can be modulated
by varying the degree of dopamine functionalization. This tun-
ability offers a versatile platform for tailoring hydrogel per-
formance to meet the specific demands of diverse biomedical
applications, including drug delivery and tissue regeneration.

Previously,’ we isolated EVs from human bone marrow-
derived mesenchymal stem cells (hBMSCs; passages 3-5) and
hPSCs (passage 11). In accordance with MISEV guidelines, EVs
were characterized via transmission electron microscopy
(TEM), confirming typical cup-shaped morphology, and nano-
particle tracking analysis (NTA), verifying a size distribution of
50-200 nm. Notably, hPSCs yielded significantly higher
protein and lipid concentrations than hBMSCs, suggesting
superior scalability for EV production. Next-generation sequen-
cing (NGS) identified 306 miRNAs within the EV cargo;
64 miRNAs associated with osteogenic pathways were signifi-
cantly enriched in hPSC-derived EVs. While miR-10b was more
abundant in hBMSC-EVs, hPSC-EVs expressed high levels of
osteopromotive miR-146, miR-515, and miR-520a. Functional
assays demonstrated that EVs harvested at the late stage of
differentiation (Day 21) exhibited enhanced -capacity for
mineral deposition compared to early-stage counterparts.
Consequently, hPSC-derived EVs represent a functionally equi-
valent, high-yield alternative to hBMSC-EVs for bone tissue
engineering.

The in vitro evaluations demonstrated that the Dopa-HA
hydrogel system effectively supported both the encapsulation
of viable cells and sustained delivery of osteogenic bioactive
molecules capable of tissue formation. Live/Dead staining
revealed no cytotoxicity toward encapsulated hPSCs, while via-
bility and proliferation assays confirmed that the cells
remained metabolically active and continued to proliferate
under GM conditions. Osteogenic differentiation assays
further validated that constructs containing Dopa-HA hydro-
gels exhibited significantly enhanced calcium deposition com-
pared to HA controls, indicating superior osteoinductive
potential. This enhancement is attributed to the dopamine-
mediated retention of osteo-EVs within the hydrogel. This
enhancement suggests that dopamine functionalization plays

This journal is © The Royal Society of Chemistry 2026
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a critical role in modulating EV release kinetics, preventing
premature  diffusion  while maintaining  bioactivity.
Importantly, dopamine-mediated retention did not impair the
ability of encapsulated cells to internalize EVs, a limitation
commonly associated with other conjugation strategies that
may hinder vesicle uptake. These findings highlight the multi-
functionality of the Dopa-HA hydrogel system, which combines
cytocompatibility, tunable release kinetics, and efficient mole-
cular delivery.

The in vivo rat calvarial defect model provided robust vali-
dation of our hypothesis that dopamine functionalization
enhances the localized retention and sustained release of
osteo-EVs. Fluorescence imaging of DiR-labeled EVs demon-
strated prolonged signal persistence at the defect site in
animals treated with Dopa-HA hydrogels, indicating effective
EV retention compared to non-functionalized HA controls. CT
analysis revealed a statistically significant reduction in defect
size in the Dopa-HA group, emphasizing the superior regenera-
tive efficacy of the Dopa-functionalized hydrogel. Additionally,
histological evaluation further confirmed enhanced osteogen-
esis, with markedly increased new bone formation observed in
the Dopa-HA-treated defects relative to controls. Collectively,
these findings demonstrate that Dopa-HA hydrogels facilitate
sustained EV delivery at the site of injury, thereby amplifying
their therapeutic potential for bone regeneration. The inte-
gration of dopamine chemistry into the hydrogel matrix not
only improves EV retention but also preserves their bioactivity,
positioning this platform as a promising candidate for transla-
tional applications in tissue engineering.

A key advantage of this hydrogel system lies in its ability to
retain EVs without requiring chemical modification of the EV
surface. This avoids a major limitation of alternative delivery
strategies that may compromise vesicle integrity or alter cellu-
lar internalization pathways, thereby preserving the native
bioactivity and uptake mechanisms of EVs. The Dopa-functio-
nalized hydrogel also offers a minimally invasive platform for
sustained EV delivery, with tunable release Kkinetics.
Modulation of the crosslinking density enables precise control
over hydrogel degradation rates. Moreover, the non-specific
binding mechanism and modular architecture of the hydrogel
extend its utility beyond bone tissue engineering, making it
suitable for a broad range of therapeutic applications.

Although this study demonstrates effective EV delivery
using the Dopa-functionalized hydrogel system, it is con-
strained by short-term evaluation in a small-animal model.
Future investigations will comprehensively map EV distri-
bution within the Dopa-HA hydrogel, quantify EV-cell internal-
ization and associated downstream signaling, and assess the
long-term maintenance of EV bioactivity and regenerative
efficacy in relevant preclinical animal models.

5. Conclusions

The Dopa-functionalized HA hydrogel system represents a ver-
satile and biologically responsive platform for the sustained

This journal is © The Royal Society of Chemistry 2026
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delivery of EVs. By leveraging dopamine-mediated retention
without chemically altering the EV surface, this approach pre-
serves EV integrity and cellular uptake pathways, overcoming
critical limitations of conventional delivery methods. In vivo
studies conducted in a rat calvarial defect model demonstrated
enhanced bone regeneration. Utilizing CT imaging analysis
and qualitative histomorphological assessment, significant
defect closure and increased new bone formation were
observed in the Dopa-HA-treated groups. These outcomes were
supported by prolonged EV retention at the defect site and
tunable release kinetics, achieved through controlled cross-
linking and dopamine functionalization. The Dopa-functiona-
lized hydrogel’s non-specific binding mechanism extends its
applicability beyond bone tissue engineering, offering promise
for broader therapeutic applications. Together, these findings
position the Dopa-HA hydrogel for EV-based regenerative
therapies, combining precision delivery, biocompatibility, and
structural adaptability.
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