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ABSTRACT: The combination of hydrogels and polymeric nanoparticles
(NPs) offers a versatile strategy to engineer multifunctional nanocomposite sys-
tems for advanced drug delivery applications. In this work, three amphiphilic
block copolymers were synthesized through controlled/living polymerizations,
affording macromolecules with distinct end-chain functionalities. These copoly-
mers self-assembled into core-shell NPs, which were subsequently embedded
within a cross-linked agarose-carbomer-hyaluronic acid hydrogel via physical,
chemical, or ionic interactions. The incorporation of NPs within the hydrogel
matrix enabled the co-delivery of both hydrophobic and hydrophilic therapeutic
cargos, confining dexamethasone (DEX) in the hydrophobic NP core and a
model protein within the water-rich hydrogel network. The resulting hybrid sys-
tems exhibited tunable rheological and NP release properties, depending on the
NP surface moieties and the encapsulation method. Sustained DEX release wasN
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displayed over several days, and controllable protein release was achieved accordinIL
A

tio
n

g to the NP surface properties. The nanocomposite
showed excellent cytocompatibility, demonstrating a relevant reduction of pro-inflammatory cytokines expression in vitro. Overall, the
proposed strategy highlights the potential of polymer chemistry-driven design to tailor hydrogel-NP interactions, providing a prom-
ising platform for targeted, sustained co-delivery of therapeutics suitable for several applications.
KEYWORDS: composite hydrogel, polymeric nanoparticles, sustained drug delivery, macromolecular interactions, anti-inflammatory effect
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1. INTRODUCTION and hydrophobic domains.17–20 They are typically designed to
26
Nanocomposite systems constituted of hydrogels and poly-
meric nanoparticles (NPs)1,2 have recently emerged as highly
versatile platforms for a broad spectrum of biomedical applica-
tions,3 including drug delivery,4,5 cancer therapy,6 tissue engi-
neering,7 wound healing,8 and gene therapy.9 These systems
combine the structural and physicochemical advantages of
hydrogels with the functional versatility of NPs, creating prom-
ising polyvalent constructs10,11 with synergistic and tunable
properties, specifically engineered to overcome the intrinsic
weakness of each individual component.12 Hydrogels can be
formulated from a wide range of natural or synthetic polymers
and are distinguished by their remarkable ability to retain large
amounts of water,12 which confers excellent swelling capacity,
biocompatibility, biodegradability, and favorable cellular interac-
tions.13,14 However, their pronounced hydrophilicity poses
major challenges for drug delivery,15 as most therapeutic mole-
cules are hydrophobic, leading to poor drug solubility, drug
aggregation, or uncontrolled burst release.12,16 In addition,
hydrogels generally display low mechanical strength and lack
multifunctional features, which are essential for selective in situ
delivery.7 On the other hand, polymeric NPs are copolymer-
based colloidal structures characterized by distinct hydrophilic
cross biological barriers, protecting therapeutics from degrada-
tion while prolonging their half-life.21 Polymeric NP surface
functionalization further enables targeted delivery, thereby reduc-
ing systemic toxicity and minimizing off-target effects.18,19

Nevertheless, NPs are frequently prone to premature clearance
and burst release, with unpredictable drug retention at the target
site.21 Hybrid NPs-hydrogel composites have paved the way to
overcome the aforementioned challenges, leading to overall
enhanced therapeutic performances.12,22,23 By integrating the
NPs into the hydrogel matrix, the gel acts as a depot for both the
NPs and the loaded active substances, reducing their rapid clear-
ance from the site of administration and slowing drug release over
time, with minimized burst release.1,24–27 Among others, one of
the most appealing features of these platforms is their
https://doi.org/10.1021/acsbiomaterials.6c00470
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dual-compartment structure, in which NPs and the hydrogel
matrix act as complementary reservoirs for therapeutic agents.23

NPs provide a hydrophobic environment for the encapsulation
of lipophilic drugs, while the water-rich hydrogel favors the incor-
poration of hydrophilic molecules.28 In this way, therapeutic
agents with distinct physicochemical properties (small drugs,16

proteins,29 growth factors,23,30 and cytokines31) can be simulta-
neously co-delivered, and synergistic therapeutic effects can be
obtained through different or complementary release rates.6,9

Achieving predictable in vitro and in vivo behavior requires
the rational design of both the hydrogel and the NPs.32 By care-
fully selecting the polymeric materials, cross-linking mecha-
nisms and density, the hydrogel features, such as mesh size,
porosity, swelling, viscoelasticity, and mechanical strength, can
be finely tuned.33 Similarly, NPs can be engineered through
adjustment of their architecture, monomer composition,
and hydrophilic/hydrophobic balance, yielding well-defined
structures with specific functionalities.17,18 These parameters
collectively govern the interactions established within the
NPs-hydrogel network that are critical in determining physico-
chemical properties, drug loading capacity, release kinetics,
and overall biological behavior of the final composite sys-
tem.9,23,34 A variety of formulation strategies have been investi-
gated to form these composite systems, including physical
embedding through nonspecific interactions,34 hydrophobic
interactions,35 electrostatic interactions,36 and chemical bond-
ing.22 Despite the growing number of NPs-hydrogel nanocom-
posites reported in the literature, most of them rely on complex
synthetic and post-modification routes to achieve tailored fea-
tures.18,23 In this work, a multivalent composite platform is pro-
posed, consisting of hydrogels embedding polymeric NPs for
the simultaneous co-delivery of multiple therapeutics: a hydro-
phobic synthetic drug encapsulated within the NP core, and a
model protein entrapped within the hydrogel matrix. To this
end, three distinct amphiphilic block copolymers were synthe-
sized via ring-opening polymerization (ROP) and atom transfer
radical polymerization (ATRP), yielding structures with differ-
ent terminal functionalities. The proposed approach highlights
that the modulation of nanocomposite properties can be
Figure 1. Schematic representation of the different physicochemical assemb

B

effectively achieved by simply tailoring the chemistry of the
hydrophilic block within a unified block copolymer design,
coupled with a rational optimization of the composite formula-
tion process. Specifically, poly(poly(ethylene glycol) methyl
ether methacrylate) P(PEGMA), poly(2-(dimethylamino)ethyl
methacrylate) (PDMAEMA), and poly(glycerol methacrylate)
(PGMA) blocks were synthesized from poly(ε-caprolactone)
(PCL)-based macroinitiators. These copolymers were designed
to self-assemble in aqueous media, forming core-shell NPs cap-
able of encapsulating dexamethasone (DEX) within their
hydrophobic core, which is widely recognized for its powerful
anti-inflammatory and antioxidant properties.37–39 The NP
incorporation within the hydrogel network was achieved by har-
nessing the interactions between the NP surface functionalities
and the hydrogel constituents (Figure 1). The hydrogel was
obtained through a polycondensation reaction between agarose,
carbomer, and hyaluronic acid (HA). BSA was selected as a
model protein to mimic the encapsulation and release of thera-
peutic proteins or antibodies within the hydrogel phase. The
resulting composite systems were thoroughly characterized in
terms of rheological behavior and release kinetics of the NPs,
DEX, and BSA, proposing a comparative evaluation of how
NPs-hydrogel-cargos interactions influence overall release perfor-
mance. Finally, the therapeutic potential of the system was
assessed in vitro on human chondrocyte cell cultures, given the
suitability of this platform in anti-inflammatory applications. In
this perspective, osteoarthritis (OA)38,40,41 represents a particu-
larly suitable target for the proposed system, which benefits from
the synergistic DEX anti-inflammatory effect,37,42 and the HA
lubricating properties.43,44 HA is indeed one of the major compo-
nents of the synovial fluid, which provides lubrication for joints.

2. MATERIALS AND METHODS

Materials

ε-Caprolactone 97% (ε-CL), poly(ethylene glycol) methyl ether meth-
acrylate Mn= 500 Da (PEGMA), (dimethylamino)ethyl methacrylate
≥ 98% (DMAEMA), Benzyl alcohol 99.8% anhydrous (BnOH),
Rhodamine B ≥ 95% (RhB), 2-hydroxyethylmethacrylate ≥ 99%
lies strategies employed for NPs-hydrogel composites formulation.
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(HEMA), N,N′-dicyclohexylcarbodiimide 99% (DCC), 4-(dimethyla-
mino)pyridine ≥ 99% (DMAP), α-bromoisobutyryl bromide 98%
(BiBB), ethyl-α-bromoisobutyrate 98% (EBiB), 2,2′-bipyridyl ≥ 99%
(BPY), Tin(II) 2-ethylhexanoate 92−100% (Sn(Oct)2), copper
(I) bromide 98% (CuBr(I)), copper (II) chloride 97% (CuCl2(II)),
L-ascorbic acid 99% (AA), isopropyl alcohol ≥ 99.8% (IPA), acetoni-
trile (ACN), acetonitrile for HPLC gradient grade 99.9% (ACN),
N,N-dimethylformamide ≥ 99.8% anhydrous (DMF), methanol
≥ 99.8% (MeOH), tetrahydrofuran ≥ 99.9% anhydrous inhibitor-free
(THF), tetrahydrofuran ≥ 99.9% gel permeation chromatography
grade (THF), toluene ≥ 99.9% anhydrous, dichloromethane ≥ 99.8%
(DCM), diethyl ether ≥ 99.8% (Et2O), ethyl acetate ≥ 95%, 2, dexa-
methasone ≥ 98% (DEX), triethylamine ≥ 99% (TEA), hydrochloric
acid > 37% (HCl), 1,1,4,7,10,10-hexamethyltriethylenetetramine 97%
(HMTETA), hexane ≥ 99%, deuterochloroform ≥ 99.8% (CDCl3),
aluminum oxide (Al2O3), lithium bromide 99% (LiBr), sodium bicar-
bonate (NaHCO3), sodium sulfate ≥ 99% (Na2SO4), sodium chloride
≥ 99% (NaCl), sodium hydroxide pellets ≥ 97% (NaOH), and
albumin-fluorescein isothiocyanate conjugate (BSA-FITC) were all
purchased from Sigma-Aldrich (Merck, Italy). Dimethyl sulfoxide-d6
100% (DMSO-d6) and deuterium oxide 100% (D2O) were purchased
from Eurisotop (Cambridge Isotope Laboratories, France). N,N-
Dimethylacetamide ≥ 99.5% (DMAc) was purchased from
ThermoFisher Scientific (Italy). Glycerol monomethacrylate (GMA)
was purchased from Polysciences (Germany). Tris (2-pyridylmethyl)
amine (TPMA) was purchased from Tokyo Chemical Industry
(Belgium). Agarose (Mn = 200 kDa) was purchased from Invitrogen
(USA). Sodium hyaluronate (Mn = 10 kDa) was purchased from
LifeCore (USA). Carbomer 974P (Mn = 1 kDa) was purchased from
Fargon (Netherlands). Dulbecco’s modified Eagle medium/Nutrient
Mixture F-12 (DMEM/F-12), Fetal bovine serum (FBS), penicillin-
streptomycin (P/S), gentamicin (Gent), and Dulbecco’s phosphate-
buffered saline sterile (DPBS) were purchased from Gibco.
Amphotericin B (Amp B) was purchased from Sigma-Aldrich (USA).
Molecular biology grade water was purchased from Corning. All chemi-
cals were used without further purification unless otherwise indicated.
Deionized water (18.2 MΩ) was obtained from a Millipore Milli-Q
purification unit.

Polymer Characterization

Monomer conversion (χROP, χATRP) and polymer degree of polymer-
ization (DPreal) were determined by 1H NMR analysis, dissolving
crude and purified polymers in the proper deuterated solvent.
1H NMR spectra were recorded on a Bruker Avance 400 MHz at
298 K, using CDCl3 or DMSO-d6 as solvent. Chemical shifts (δ) are
reported in ppm downfield from the deuterated solvent used as an
internal standard. The polymer number-average molar mass (Mn,SEC)
and dispersity (Đ = Mw/Mn) values were evaluated using two Jasco
LC-2000Plus size exclusion chromatography (SEC) instruments, both
equipped with an AS-2055Plus autosampler, a refractive index detector
(RI-2031Plus, Jasco), a PU-2080 pump, and a CO-2060 plus oven col-
umn. One system employs 3× Agilent PCgel columns (300 × 7.5 mm,
5 μm particle size) and 1 × PCgel guard (50 × 7.5 mm, 5 μm particle
size) using THF as eluent at 35 °C. The second SEC system works
with 3 × GRAM columns (300 × 8 mm, 10 μm particle size) and 1 ×
GRAM guard (50 × 8 mm, 10 μm particle size) using DMAc (30 mM
LiBr) as eluent at 40 °C. Both instruments were calibrated by using poly-
styrene standards (calibration kits by RESTEK and Sigma-Fluka).
According to the compound solubility, samples of purified polymer were
dissolved in THF (containing 250 ppm BHT as inhibitor) or DMAc at a
concentration of 4 mg/mL, filtered through PTFE syringe filters
(0.22 μm), and injected at a flow rate of 1 mL/min.

Synthesis of HEMA-RhB

1 g of RhB (2.1 mmol, 1 equiv) together with 0.325 g of HEMA
(2.5 mmol, 1.2 equiv) were dissolved in 20 mL ACN under magnetic
stirring at 20 °C. Meanwhile, 0.43 g of DCC (2.1 mmol, 1 equiv)
C

and 13 mg of DMAP (106 mmol, 0.05 equiv) were dissolved in an
additional 20 mL of ACN. This solution was added by means of a
dropping funnel to the HEMA-RhB reacting mixture (20 min,
∼1 mL/min), leaving the system under N2 flux. The reaction was car-
ried out in the dark at 40 °C under magnetic stirring for 24 h. The mix-
ture was then quenched in an ice bath for 10 min to facilitate
dicyclohexylurea precipitation. This side product of the coupling reac-
tion was eliminated from the solution through filtration, and finally,
ACN was removed under reduced pressure. The collected solid was
redispersed in a mixture composed of 40 mL of EtAC and 40 mL of
a diluted aqueous solution of NaHCO3 (0.1 M, pH ≈ 8.4). The water
phase (∼40 mL) was isolated by means of a separating funnel, washed
three times with fresh EtAC (1/1 v/v), and successively saturated with
NaCl. The pH was maintained neutral by adding drops of a 1 M HCl
solution. The product was then extracted from the aqueous phase with
an organic mixture (1/1 v/v) of DCM/IPA 1:2 v/v. The organic phase
was collected and dried with NaSO4 while the solvent was removed by
rotary evaporator. The collected solid was dissolved in a small amount
of MeOH and precipitated into cold Et2O. Yield = 80%.

Synthesis of PCLn-b-P(PEGMA)m

The reaction macroinitiator (I) PCLn-Br (500 mg, 1 equiv) and the
monomer PEGMA (30 equiv) were inserted into a Schlenk flask, and
three cycles of nitrogen/vacuum of 5 min each were performed.
THF (inhibitor-free) was degassed under nitrogen for 30 min. The cat-
alyst solution (C) was prepared as follows: Cu(I)Br (574 mg) was
inserted in a double-neck flask, and three cycles of vacuum/nitrogen
were performed. 5 mL of degassed THF and 1 mL of the ligand
(L) HMTETA were added to the system and stirred at r.t. under nitro-
gen for 10 min. THF was added to the reaction mixture ([PEGMA] ≤
1 M) that was heated and kept at 50 °C until complete dissolution of
the solid components. Finally, the required amount of catalyst solution
([C]/[L]/[I] = 1/1/1) was added to the monomer. The reaction mix-
ture was stirred overnight at 50 °C. The purification was performed by
filtering the crude through a neutral alumina pad (h = 3 cm, Φ =
2 cm), washing with THF. Subsequently, the filtrate was dried under
reduced pressure, and the crude was dissolved in DCM (2 mg/mL)
and dropped in cold Et2O (DCM/Et2O = 1/100 v/v), maintaining
the system under stirring in an ice bath. The mixture was stored at
−20 °C for 30 min, and the resulting precipitate was isolated by remov-
ing the supernatant through filtration. Yield> 80%. 1H NMR (400MHz,
CDCl3), δ (ppm): δ 7.34 (s, 5H, PCL: C6H5−CH2−), 5.11 (s, 2H, PCL:
C6H5−CH2−OC(O)−), 4.14−4.02 (m, 2H·n + 4H, PCL:
−CH2–OC(O)−, PEG: −O−CH2CH2−O−), 3.6 (m, 4H·8·m, PEG:
−CH2CH2−), 3.38 (s, 3H·m, PEG: −OCH3), 2.32−2.25 (t, 2H·n, PCL:
−OC(O)−CH2−), 1.92 (s, 6H, −CH2OC(O)C(CH3)2−), 1.48−1.65
(m, 4H·n, PCL: −OC(O)−CH2CH2−, −CH2CH2−OC(O)−),
1.25−1.38 (m, 2H·n, PCL: −CH2CH2CH2−), 1.2−0.6 (m, 3H·m, PEG:
CH3,backbone), where n is the PCL degree of polymerization, and m is
the P(PEGMA) degree of polymerization.

Synthesis of PCLn-b-PGMAm

The reaction macroinitiator (I) PCLn-Br (500 mg, 1 equiv) and the
monomer GMA (30 equiv) were weighed into a Schlenk flask, and
three cycles of nitrogen/vacuum of 5 min each were performed.
DMF was degassed under nitrogen for 30 min. The catalyst solution
(C) was prepared as follows: CuCl2 (107 mg) and the ligand
(L) TPMA (465 mg) were added in a double-neck flask, and three
cycles of vacuum/nitrogen were performed. 2 mL of degassed DMF
was added, mixing at r.t. under nitrogen for 10 min. The reducing agent
(R) solution was obtained by inserting AA (528 mg) in a double-neck
flask and performing three cycles of vacuum/nitrogen prior to the addi-
tion of 2 mL of DMF. DMF was added to the reaction mixture
([GMA] ≤ 1 M), and the flask was heated up to 50 °C until complete
dissolution of the solid components. Finally, the catalyst solution
([C]/[L]/[I] = 1/2/1) and the AA solution ([C]/[L]/[R] = 1/2/5)
were added to the monomers. The reaction mixture was stirred
https://doi.org/10.1021/acsbiomaterials.6c00470
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overnight at 50 °C. The purification was performed by filtering the crude
mixture through a neutral alumina pad (h = 3 cm, Φ = 2 cm), washing
with THF. Then the filtrate was dried under reduced pressure, and the
crude was dissolved in the minimum amount of DCM (2 mg/mL)
and dropped in cold IPA (DCM/IPA= 1/100 v/v), maintaining the sys-
tem under stirring in an ice bath. The mixture was stored at−20 °C, and
the resulting precipitate was isolated by removing the supernatant
through filtration. Yield 60–70%. 1H NMR (400 MHz, DMSO-d6),
δ (ppm): δ 4.89−4.65 (s, 2H·m, GMA: −CH2−OH, −CH−OH), 3.99
(t, 2H·n-1, PCL: −CH2−OC(O)−), 3.85−3.6 (m, 3H·m, GMA:
−O−CH2−CH(OH)−), 3.39 (s, 2H·m, GMA: −CH−CH2−OH),
2.27 (t, 2H·n, PCL: −OC(O)−CH2−), 1.92 (s, 6H,
−CH2OC(O)C(CH3)2−), 1.63–1.48 (m, 4H·n, PCL:
−OC(O)−CH2CH2−, −CH2CH2−OC(O)−), 1.37–1.25 (m, 2H·n,
PCL:−CH2CH2CH2−), 1.2−0.6 (m, 3H·m, GMA: CH3,backbone), where
n is PCL degree of polymerization,m is PGMA degree of polymerization.

Synthesis of PCLn-b-PDMAEMAm

The reaction macroinitiator (I) PCLn-Br (500 mg, 1 equiv) and the
monomer DMAEMA (30 equiv) were added to a Schlenk flask, and
three cycles of nitrogen/vacuum of 5 min each were performed.
THF (inhibitor-free) was degassed under nitrogen for 30 min. The cat-
alyst solution (C) was prepared as follows: CuBr (574 mg) and the
ligand (L) BPY (864 mg) were inserted in a double-neck flask, and
three cycles of vacuum/nitrogen were performed. 2 mL of degassed
THF was added, and the mixture was stirred at r.t. under nitrogen
for 10 min. THF was added to the reaction mixture ([DMAEMA] ≤
1 M), and the flask was heated up to 50 °C until complete dissolution
of the solid components. Finally, the catalyst solution ([C]/[L]/[I] =
1/2/1) was added to the monomer. The reaction mixture was stirred
overnight at 30 °C. The purification was performed by filtering the
crude mixture through a silica pad (h = 3 cm, Φ = 2 cm), washing with
DMC. Then, the filtrate was dried under reduced pressure, and the crude
was dissolved in DCM (2 mg/mL) and dropped in cold hexane (DCM/
hexane = 1/100 v/v), maintaining the system under stirring in an ice bath.
The mixture was stored at −20 °C for 30 min, and the resulting precipitate
was isolated by removing the supernatant through filtration. Yield > 90%.
1H NMR (400 MHz, CDCl3), δ (ppm): δ 7.34 (s, 5H, PCL:
C6H5−CH2−), 5.11 (s, 2H, PCL: C6H5−CH2−OC(O)−), 4.14−4.02
(m, 2H·n + 2H·m, PCL: −CH2−OC(O)−, PDMAEMA:
−O−CH2−),3.10−3.20 (m, 2H·m, PDMAEMA: −OCH2CH2N−),
2.32−2.25 (t, 2H·n, PCL: −OC(O)−CH2−), 2.30−2.20 (s, 6H·m,
PDMAEMA: −N(CH3)2−), 1.92 (s, 6H, −CH2OC(O)C(CH3)2−),
1.48−1.65 (m, 4H·n, PCL: −OC(O)−CH2CH2−, −CH2CH2–
OC(O)−), 1.25−1.38 (m, 2H·n, PCL: −CH2CH2CH2−), 1.2−0.6 (m,
3H·m, PDMAEMA: CH3,backbone), where n is PCL degree of polymeriza-
tion, m is PDMAEMA degree of polymerization.

For PCLn-P(PEGMA)m, PCLn-PGMAm, and PCLn-PDMAEMAm
polymers, the syntheses described above were also carried out by incor-
porating HEMA-RhB as a co-monomer along with the corresponding
hydrophilic monomer (PEGMA, GMA, or DMAEMA) during ATRP.
HEMA-RhB was used at a 1:100 molar ratio relative to the hydrophilic
monomer, in order to obtain fluorescently labeled polymers analogous
to the native ones and showing the same design parameters.

Nanoparticles Formulation

NPs were prepared according to a nanoprecipitation/solvent evapora-
tion method.17,18 Briefly, from 1 to 20 mg of copolymer were dissolved
under stirring in 1 mL of acetone. The solution was added dropwise
into 1 mL of PBS (10 mM, pH 7.4) or ultrapure water and stirred
for 10 min. Acetone was removed at the rotary evaporator under con-
trolled gradient of pressure (from 1000 mbar to 100 mbar in 1 h, and
then setting it at 100 mbar for 1 h) at 30 °C. Particle size distribution,
average size (Z-Av.), polydispersity index (PdI) (1 mg/mL in ultrapure
water), and ζ-potential (ζ-pot.) (0.5 mg/mL in ultrapure water) were
evaluated at 25 °C via dynamic light scattering (DLS) using a
D

Malvern Zetasizer Ultra, equipped with a 4 mW He−Ne laser operat-
ing at λ = 632.8 nm (backscattered angle 173°).

Preparation of Drug-Loaded NPs

2 mg of dexamethasone (DEX) was dissolved in 1 mL of acetone
together with 20 mg of copolymer. The mixture was stirred for
15 min and then added dropwise into 1 mL of ultrapure water or
PBS (10 mM, pH 7.4). The mixture was stirred for 15 min, and ace-
tone was removed at the rotary evaporator under a controlled gradient
of pressure (from 1000 mbar to 100 mbar in 1 h, and then setting it for
1 h at 100 mbar) at 30 °C. To remove the unloaded DEX from the NP
suspension, the latter was filtered using 0.22 μm PTFE filters. The
amount of DEX encapsulated in the polymeric nanocarriers was deter-
mined by using an HPLC system (Jasco) equipped with a Restek C18
column and a photodiode array PDA detector. Detector wavelength
was set at 270 nm, the mobile phase was composed of ACN and ultra-
pure water (52/48 v/v) in isocratic conditions at a flow rate of 1 mL/
min at 25 °C. 200 μL of DEX-loaded NP suspension was lyophilized
using a Modulyo EF4-1596 freeze-dryer (Edwards). Subsequently,
200 μL of DMSO was added to dissolve the and release the encapsu-
lated DEX for quantification. The encapsulation efficiency (EE) and
drug loading (DL) were calculated as reported in eqs 1 and 2, deter-
mining the amount [mg] of DEX loaded by means of a calibration
curve obtained by dissolving the pure drug in DMSO (Figure S1,
Supporting Information).

DL=
mass DEX loaded ½mg�
mass solid phase ½mg� % (1)

Drug loading (DL) and encapsulation efficiency (EE) evaluation for
DEX-loaded NPs.

EE=
mass DEX loaded ½mg�
mass DEX feed ½mg� % (2)

Encapsulation efficiency (EE) evaluation for DEX-loaded NPs.
DEX-loaded NPs were analyzed at DLS for a comparison of the par-

ticles size distribution and average size with the ones obtained before
DEX loading.

DEX Release from NPs

3 mL of each DEX-loaded NP suspension was formulated at 5 mg/mL,
as previously described, and was placed in a Spectra Por 1 kDa MWCO
dialysis membrane closed with tubing clips. The membranes were
placed in Falcon tubes containing 40 mL of PBS at 37 °C for the
release test. 1 mL of PBS was withdrawn at specific time points, and
it was substituted with freshly added PBS. The withdrawn aliquots
were freeze-dried (Modulyo EF4-1596 freeze-dryer, Edwards), redis-
persed in 200 μL of DMSO, and then filtered to remove salt residues.
The amount of DEX released at each time point was evaluated by using
the Jasco HPLC machinery previously described, equipped with a
Restek C18 column. The detector wavelength was set at 270 nm,
the mobile phase was composed of ACN and ultrapure water
(52/48 v/v) in isocratic conditions at a flow rate of 1 mL/min at
25 °C. The drug cumulative release [%] was calculated by determining
the amount [mg] of DEX released by means of a calibration curve
obtained by dissolving the pure drug in DMSO (Figure S1) as per-
formed for EE and DL evaluation. The release profiles obtained were
fitted with the Korsmeyer-Peppas (KP) and Peppas-Sahlin (PS) diffu-
sion models according to eqs 3 and 4.

Mt

M
=K1 × tn (3)

The Korsmeyer-Peppas model is used for describing the fraction of
drug released as a function of time, where t is the time, Mt is the
https://doi.org/10.1021/acsbiomaterials.6c00470
ACS Biomater. Sci. Eng. XXXX, XXX, XXX–XXX

https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.6c00470/suppl_file/ab6c00470_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.6c00470/suppl_file/ab6c00470_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.6c00470/suppl_file/ab6c00470_si_001.docx
http://pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.6c00470


ACS Biomaterials Science & Engineering pubs.acs.org/journal/abseba Article
cumulative mass released at time t, M∞ is the total mass of drug
released at t = ∞, K1 is the coefficient describing diffusional contribu-
tion, and n is the diffusional exponent.

Mt

M
=K1 × tn +K2 × t2n (4)

The Peppas-Sahlin model is used for describing the fraction of drug
released as function of time, where t is the time,Mt is the cumulative mass
released at time t, M∞ the total mass of drug released at t =∞, K1 is the
coefficient describing diffusional contribution, K2 is the coefficient
describing the contribution of polymer relaxation, n is the diffusional
exponent, and 2n is the temporal growth of the relaxation contribution.

Pristine AC-HA Hydrogels Formulation

The hydrogel synthesis was adapted from a previously existing protocol
with some modifications.43 Briefly, the polymer solution was obtained
by dissolving carbomer 974P and sodium hyaluronate in PBS under
continuous stirring at room temperature, with a final concentration
of 1.6 and 17.5 mg/mL, respectively. The pH of the solution was
adjusted to 7.4 with 1 M NaOH solution. The AC-HA hydrogel was
achieved by dissolving agarose in the polymer solution (at a concentra-
tion of 5 mg/mL), using 500 W electromagnetic stimulation heating at
80 °C. The reaction time was dependent on the reactive volume, i.e.,
1 min per 10 mL of polymeric solution. Then, before reaching the
sol-gel transition temperature (∼45 °C), the solution was diluted in a
1:1 v/v ratio with either 2 mg/mL BSA-FITC solution for BSA-
encapsulated hydrogels or PBS for the pristine samples. The sol-gel
transition process was carried out in 1 cm-diameter cylindrical-
shaped molds with a final volume of 0.5 mL.

IR Spectroscopy Analysis

Infrared (IR) spectra of the hydrogels were acquired with an Agilent
Cary 630 spectrometer from Agilent Technologies. The spectra were
recorded in the 650–4000 cm−1 range at a 4 cm−1 resolution and
64 scans/spectra under dry nitrogen conditions. The spectra were
processed and reported with baseline correction and reversed y-axis.

NPs-Hydrogel Composites Formulation

NPs-hydrogel composites were formulated using the same protocol
employed for AC-HA hydrogel preparation, with some modification
according to NP shell functionality.

For the case of physical and ionic NP encapsulation (with PCL-
P(PEGMA) and PCL-PDMAEMA polymers), the hydrogel was syn-
thesized by dissolving agarose (at a concentration of 5 mg/mL) in
the pristine polymer solution, by means of a 500 W electromagnetic
stimulation heating at 80 °C. Before reaching the sol-gel transition
temperature (∼45 °C), the solution was diluted in a 1:1 v/v ratio with
the respective NP solution (20 mg/mL in PBS), or with a mix of the
NP solution and BSA-FITC, to reach a final NP concentration of
10 mg/mL in each hydrogel.

For the case of NP chemical loading (using PCL-PGMA polymer),
carbomer 974P and sodium hyaluronate were dissolved by gentle stir-
ring in 3 mL of 20 mg/mL NP solution in PBS at r.t., with final con-
centrations of the polymers at 1.6 and 17.5 mg/mL, respectively.
After complete dissolution, 15 mg of agarose (to reach a final concen-
tration of 5 mg/mL) was dissolved in the previously obtained solution
by means of a 500 W electromagnetic stimulation heating at 80 °C for
2 min. Before the sol-gel transition took place (∼45 °C), the solution
was diluted in a 1:1 v/v ratio with either PBS or 2 mg/mL BSA-FITC
solution in PBS.

SEM Analysis

Scanning electron microscopy (SEM) analysis of pristine hydrogels
and NP-loaded hydrogels was carried out on gold sputtered
cylindrical-shaped (1 cm diameter, 0.5 mL volume) dry samples to
E

determine the internal morphology of the hydrogel using a Zeiss
Evo50 with EDS Bruker Quantax 200 microscope. The samples were
formulated as reported above and immediately frozen at −80 °C, and
then freeze-dried for the analysis.

AC-HA and NPs-Hydrogel Rheological Characterization

Pristine AC-HA and NP-loaded hydrogels were formulated as previ-
ously reported, with a final volume of 1 mL into 10 mm diameter cylin-
drical shape molds for rheological properties investigation. Oscillatory
rheological measurements were performed at 25 °C with an Anton
Paar MCR 502 rheometer equipped with a parallel plate measuring sys-
tem (diameter = 25 mm, plate-plate distance = 1 mm). Amplitude
sweep tests were carried out to determine the linear viscoelastic
(LVE) region limit, varying the shear strain amplitude according to a
logarithmic ramp ranging from 0.01% to 100 % at a fixed frequency
of 10 rad/s. Frequency sweep tests were performed to characterize
the viscoelastic behavior of the hydrogel within the linear range (shear
strain 0.3%, evaluated through amplitude sweep tests) by frequency
variation with a logarithmic ramp between 0.1 and 100 rad/s.

NP Release from NPs-Hydrogels

NPs-hydrogels (0.5 mL volume, 1 cm diameter) were formulated with
the three different NP suspensions at a fixed NP concentration
(10 mg/mL) as previously described. Successively, they were inserted
into a Corning 24 multiwell plate, covered with 2 mL of PBS
(10 mM, pH 7.4), and incubated at 37 °C to simulate in vitro release
conditions. 1 mL of PBS release medium was withdrawn at specific
time points and replaced with the same volume of fresh PBS. The with-
drawn samples were analyzed both via UV-vis spectroscopy (Jasco-630
UV-vis spectrophotometer) and via DLS using a Malvern Zetasizer
Nano ZS, equipped with a 4 mW He–Ne laser operating at λ =
632.8 nm (backscattered angle 173°).

UV-vis analysis was employed to quantify the amount of NPs
released at each time point, exploiting the presence of RhB in their
shell. Measurements were performed at λ = 564 nm, corresponding
to the RhB maximum absorption peak. The cumulative NP release
[%] was calculated as described in eq 3 by determining the amount
of NPs released [mg] through a calibration curve, established accord-
ing to the Lambert-Beer law, which relates the recorded absorbance
to the analyte concentration. This curve was obtained by diluting
RhB-labeled NPs in PBS at different known concentrations
(Figure S2, Supporting Information).

In parallel, DLS analysis was carried out, recording the samples
derived count rate (attenuator = 8, measurement position = 3). As
in the UV-vis analysis, the NP cumulative release was quantified using
a calibration curve obtained by diluting the NPs in PBS at various
known concentrations and correlating it with the measured count rate
(Figure S4, Supporting Information). The release profiles obtained
were fitted with the KP and PS diffusion models according to eqs 3
and 4, respectively, analogous to the case of DEX release from the NPs.

DEX Release from NPs-Hydrogels

NPs-hydrogels were formulated with the three different DEX-loaded
NP dispersions at 10 mg/mL, as previously described. The hydrogels
were molded in cylindrical shapes (0.5 mL volume, 1 cm diameter)
and were placed in 1 kDa MWCO Spectra/Por dialysis membranes,
closed with tubing clips with 3 mL of PBS. Each membrane was
inserted in Falcon conical tubes containing 40 mL of PBS at 37 °C
for the release test for 21 days. 1 mL of PBS was withdrawn at specific
time intervals, and it was substituted with freshly added PBS. The with-
drawn aliquots were freeze-dried, then redispersed in 200 μL of
DMSO, and filtered to remove salt residues. The amount of DEX
released at each time point was evaluated by using the Jasco HPLC
machinery previously described, equipped with a Restek C18 column.
The detector wavelength was set at 270 nm, the mobile phase was
composed of ACN and ultrapure water (52/48 v/v) in isocratic condi-
tions at a flow rate of 1 mL/min at 25 °C. The drug cumulative release
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[%] was calculated by determining the amount [mg] of DEX released
by means of a calibration curve obtained by dissolving the pure drug in
DMSO. The release profiles obtained were fitted with the KP and PS
diffusion models according to eqs 3 and 4, respectively, analogous to
the previous cases.

BSA Release from NPs-Hydrogels

NPs-hydrogels were formulated as previously described with a fixed
concentration of NPs (10 mg/mL) and 1 mg/mL BSA-FITC and were
placed in Corning 24 multiwell plates covered with 2 mL of PBS at
37 °C. At specific time points, 1 mL of PBS release medium was with-
drawn and substituted with fresh PBS. The withdrawn samples were
analyzed by means of UV-vis absorbance using a UV-vis spectropho-
tometer (Jasco-630) at a fixed wavelength (λ = 495 nm) correspond-
ing to the FITC absorption peak. The BSA-FITC cumulative release
[%] was calculated by determining the amount [mg] of BSA released
through a calibration curve, established according to the Lambert-
Beer law, which relates the recorded absorbance to the analyte concen-
tration. The calibration curve was obtained by dissolving pure
BSA-FITC in PBS at different concentrations (Figure S4, Supporting
Information). The release profiles obtained were fitted with the KP
and PS diffusion models according to eqs 3 and 4, respectively, analo-
gous to the previous cases.

Human Chondrocytes Isolation and Culture

Primary articular chondrocytes were isolated by enzymatic digestion
from normal human femoral cartilage obtained through the Gift of
Hope Organ and Tissue Donor Network (Itasca, IL), as previously
described.45,46 The tissue was obtained from donors with a lack of mor-
phological indications of osteoarthritis as determined by the Collin’s
score.47 Only normal cartilage was used, avoiding areas with signs of
degeneration. Cells were cultured to 80−90% confluency in
DMEM/F-12 media with 10% FBS with the addition of P/S, Gent,
and Amp B as antibiotics before any treatment. Use of human tissue
in agreement with both Rush University Medical Center and the
University of North Carolina at Chapel Hill Institutional Review Boards.

Cell Viability Assay

Cells were cultured in Corning 96-well plates at 75 k cells/well in
DMEM/F-12 with 10% FBS from 24 to 48 h. Afterward, the media
was removed, and cells were treated with either PCL-P(PEGMA),
PCL-PGMA, or PCL-PDMAEMA NPs premixed with AC-HA solu-
tion and then diluted in DMEM/F-12 media with 10% FBS in a con-
centration window ranging from 100 to 1 μM of NPs. Additionally,
some wells were treated with free DEX dissolved in DMEM/F-12 with
10% FBS (with 0.1% v/v DMSO), while controls were treated either
with DMEM/F-12 with 10% FBS (100% live) or 70% MeOH
(100% dead). After 24 h of treatment, the media were removed, and
the cells were thoroughly washed with PBS. Cells were treated with
LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (L3224,
Invitrogen) as described in the kit protocol and incubated for
30 min. The number of live and dead cells was determined by counting
the number of Calcein AM and ethidium homodimer-1-stained cells
from fluorescence microscopy acquisitions, obtained using an EVOS
M5000 microscope equipped with an EVOS Olympus 4× objective
(AMEP4752). The images were acquired with the GFP (green) chan-
nel (λex/λem = 470/525 nm) and RFP (red) channel (λex/ λem = 531/
593 nm) and processed using ImageJ. The number of alive cells was
determined with eq 5.

%Live=
Number of alive cells

Number of alive cells+Number of dead cells
× 100

(5)

Evaluation of alive cell % after 24 h from NP administration.
F

Measurement of Inflammation Factors in Human
Chondrocytes after NPs-Hydrogel Treatment

To mimic the OA phenotype in vitro, we used a well-established model
where chondrocytes are stimulated with a purified 42 kDa endotoxin-
free recombinant fibronectin fragment (FN-f) at 1 μM in PBS, pre-
pared as previously described.48,49 The FN-f consists of domains
7−10 in native fibronectin, which contains the RGD cell-binding
domain recognized by the α5β1 integrin. Cells were cultured in
Corning 12 transwell plates at 750 k cells/well in DMEM/F-12 with
10% FBS. Two hours before treatment with either FN-f or PBS for
control, cells were incubated in a serum-free DMEM/F-12 and then
treated for 4 h with FN-f or PBS treatment. Then, cells were washed
with PBS and treated for an additional 24 h and 48 h with either
50 μM free DEX in DMEM/F-12 (with 0.1% v/v DMSO, serum-free),
DEX-loaded PCL-P(PEGMA) NPs encapsulated in AC-HA hydrogel,
or PCL-PDMAEMA NPs encapsulated in AC-HA hydrogel previously
placed in a transwell (0.4 μm polyester membrane). After the treat-
ment, the medium was collected and frozen at −80 °C. The medium
was used for quantification of inflammatory factors secreted by the cells
(IL-6 and TNF-α) through the respective ELISA kit (IL-6: KHC0061,
Invitrogen, TNF-α: BMS223-4, Invitrogen). The analysis was con-
ducted on samples treated with FN-f in DMEM/F-12 medium alone
(CTRL +), DMEM/F-12 medium alone (CTRL −), DEX-loaded
NPs-hydrogels, or free DEX alone.

Cell Morphometric Assessment of Human Chondrocytes
after NPs-Hydrogel Treatment

Cells were cultured in Corning 12 transwell plates at 750k cells/well in
DMEM/F-12 with 10% FBS. Two hours before treatment, cells were
washed with PBS and incubated in a serum-free DMEM/F-12. Then,
cells were treated for 48 h with either PBS (untreated control), pristine
AC-HA hydrogels, AC-HA hydrogels with DEX-loaded PCL-
P(PEGMA) NPs, or AC-HA hydrogels with DEX-loaded
PCL-PDMAEMA NPs, previously placed in the transwell basket
(0.4 μm polyester membrane). After the treatment, the media was
removed, and cells were thoroughly washed with PBS. Cells were succes-
sively treated with 1 μM CalceinAM solution and incubated for 30 min
for staining. Cells were observed using an EVOS M5000 microscope
equipped with an EVOS Olympus 20× objective (AMEP4906). The
images were acquired with the GFP (green) channel (λex/ λem = 470/
525 nm) and processed with ImageJ to study cell morphology.

Statistical Analysis

Analysis of variance (ANOVA) was used to analyze the experimental
data obtained with Tukey post-hoc tests for comparison of different
groups and evaluation of the p-value. Statistical significance was set at
the top value of <0.05. Results were presented as mean value ± standard
deviation, *p < 0.05; **p < 0.01; ***p < 0.001, and ****p < 0.0001.

3. RESULTS AND DISCUSSION

3.1. Polymer Design and Characterization

To develop a series of composite systems based on a hydrogel
matrix incorporating polymeric NPs, three amphiphilic copolymers
were synthesized by varying the hydrophilic segment to finely tune
the physicochemical properties of the resulting assemblies.
The block copolymers were prepared via a sequential combi-

nation of ROP and ATRP, where the hydrophobic block con-
sisted of PCL, while the hydrophilic segments were composed
of P(PEGMA), PGMA, or PDMAEMA, selected to impart spe-
cific functionalities.
PCL-P(PEGMA) copolymer was selected due to the inert

nature of the P(PEGMA) corona with respect to the hydrogel
matrix. As a result, its encapsulation within the AC-HA system
https://doi.org/10.1021/acsbiomaterials.6c00470
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Table 1. Summary of Design Parameters and
Characterization Data of PCLn-P(PEGMA)m, PCLn-
PGMAm, and PCLn-PDMAEMAm Copolymersa

polymer n [-] m [-]
Mn, NMR
[kDa]

Mn, SEC
[kDa] Ð [-]

PCLn-P(PEGMA)m 30 27 17.1 20.4 1.1
PCLn-PGMAm 29 29 8.1 9.6 1.2
PCLn-PDMAEMAm 30 30 8.7 10.4 1.1

aMn,NMR and Mn,SEC represent the number-average molecular weight
obtained by 1H NMR and SEC, respectively, where Ð is the dispersity
(by SEC). n and m correspond to the degree of polymerization of the
hydrophobic and hydrophilic blocks of the polymers, respectively.
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is exclusively governed by the physical entrapment of the NPs
within the cross-linked gel network. By contrast, PCL-PGMA
copolymer contains PGMA side chains, each bearing two free
hydroxyl groups (−OH) per repeating unit, which can form
covalent bonds with the hydrogel matrix. These reactive groups
can actively participate in the polycondensation reaction
employed to obtain gelation, thereby facilitating chemical inte-
gration of the NPs into the hydrogel network. Lastly,
PCL-PDMAEMA copolymer carries positive charges at physio-
logical pH, arising from the protonation of the terminal tertiary
amine groups present in the DMAEMA segments. In this case,
electrostatic interactions can occur between the positively
charged copolymer and the negatively charged hydrogel matrix,
further influencing the incorporation and stability of the NPs
within the gel.

PCLn blocks were synthesized by bulk ROP of ε-
caprolactone using BnOH as initiator and Sn(Oct)2 as catalyst.
High monomer conversion (χROP > 98%) was achieved, as
determined by 1H NMR spectroscopy, yielding polymers with
defined DP and molecular weight. The terminal hydroxyl
groups of PCLn chains were quantitatively converted to isobu-
tyryl bromide end-groups, generating PCLn-Br macroinitiators
suitable for the subsequent ATRP of the hydrophilic blocks as
previously reported.17,18

PCLn-P(PEGMA)m copolymers were obtained via ATRP of
PEGMA macromonomer, using Cu(I)Br/HMTETA catalytic
system in THF.17 Analogously, PCLn-PDMAEMAm copoly-
mers were synthesized by ATRP of DMAEMA in MeOH, cata-
lyzed by Cu(I)Br/BPY complex. On the other hand,
PCLn-PGMAm macromolecule was produced through an activa-
tor regenerated by electron transfer (AGET) ATRP of GMA,
utilizing CuCl2/TPMA, with ascorbic acid as the reducing agent
in DMF, to ensure more controlled polymerization behav-
ior.17,50 The detailed synthesis pathways followed are reported
in Figure S5 (Supporting Information).

The amphiphilic copolymers were engineered to self-
assemble into structures exhibiting a core-shell architecture.
For all copolymers, the PCLn block length was set to 30 units
(n = 30); likewise, the hydrophilic block was designed with
30 repeating units (m = 30). This architecture enabled the for-
mation of NPs with a sufficiently large hydrophobic domain to
accommodate lipophilic compounds, while maintaining stability
in aqueous media.17,20,51 ATRP of PEGMA, DMAEMA,
and GMA consistently yielded high monomer conversions
(χATRP ≥ 90% after 6 h by 1H NMR) while SEC analysis cor-
roborated these findings with narrow Mn distributions
(Ð < 1.3) and the target lengths. A detailed summary of the
copolymer compositions and their characterization is provided
in Table 1. The observed discrepancies between Mn values
determined by 1H NMR and SEC are attributed to the inherent
limitations of SEC, particularly those associated with calibration
against polystyrene standards, as previously reported.17–19

A representation of the copolymer structure is shown in
Figure 2. 1H HNMR spectra of the purified polymers are pre-
sented in the Supporting Information (Figure S6), along with
corresponding SEC chromatograms (Figure S7).

3.2. Nanoparticle Formulation, Drug Loading, and Release

NPs derived from the synthesized macromolecules were pre-
pared using a nanoprecipitation technique followed by solvent
evaporation, as previously described.17,18 The nanoassemblies
G

were dispersed either in 10 mM PBS at pH 7.4 or in Milli-Q
water, and subsequently characterized by DLS at 25 °C.
The list of formulated NPs, along with their Z-average sizes,

PdI, and ζ-potential values, is provided in Table 2. The corre-
sponding size distribution curves and average ζ-potential are
presented in Figure 3 (ζ-potential distribution curves are
reported in Figure S8, Supporting Information).
All NPs exhibited monomodal size distribution profiles, with

a single peak accounting for 100% of the scattering intensity
and PdI values below 0.2, indicating narrow size distributions
and high sample uniformity. Regardless of the hydrophilic
monomer employed, all micelles displayed an average hydrody-
namic diameter (Dh) between 45 and 50 nm. Consequently,
they are expected to have the same steric hindrance when incor-
porated into hydrogel matrices.
The most notable difference among the formulations was

observed in the ζ-potential measurements. As anticipated, PCL-
P(PEGMA) and PCL-PGMA-based particles were approximately
neutral; in contrast, PCL-PDMAEMA micelles exhibited a mark-
edly positive surface charge with a ζ-potential of approximately
+30 mV. This is ascribed to the partial protonation of the
DMAEMA units under physiological pH conditions.
NPs were loaded with a synthetic hydrophobic drug in order

to assess their encapsulation efficiency and drug loading
performance. For this purpose, DEX was selected, given its
widespread use in the treatment of inflammatory condi-
tions.37–39,52,53 DEX was encapsulated by co-dissolving it with
the polymer in acetone prior to nanoprecipitation.
The drug-to-polymer mass ratio was fixed at 1:10 (w/w)

across all formulations to remain below the maximum drug
loading capacity of this class of polymeric systems.17,20 The
polymer concentration was maintained at 20 mg/mL, based
on previous studies indicating that the highest drug loading effi-
ciencies are achieved at moderate polymer and drug concentra-
tions (20 mg/mL polymer and 10% drug, w/w).19,20,54

Table 2 summarizes the DL (%) and EE (%) values obtained
via HPLC analysis for DEX-loaded NPs, formulated with the
three different copolymers. As expected, the data show very
similar physicochemical characteristics across the formulations,
with an average EE of 35% and a DL of 3.3%, given that the
hydrophobic cores of all three NP types were composed of
PCL having identical molecular weights.
Finally, DEX release from the NPs was investigated over a

period of 5 days to evaluate the rate and extent of drug release
in aqueous buffer under sink conditions, at 37 °C and pH 7.4.
Drug release kinetics were monitored by HPLC, and the result-
ing profiles are presented in Figure S9 (Supporting Information).
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Figure 2. Chemical structure of PCLn-P(PEGMA)m, PCLn-PGMAm and PCLn-PDMAEMAm block copolymers.

Table 2. Summary of Physicochemical Properties and Drug Encapsulation Performances of PCL-P(PEGMA), PCL-PGMA, and
PCL-PDMAEMA NP Suspensions Recorded via DLS and HPLC Analysisa

polymer Z-Av. Size [nm] ζ-pot. [mV] PdI [-] EE [%] DL [%]

PCL-P(PEGMA) 45 ± 1 1.2 ± 0.8 0.14 32.4 ± 0.9 3.1 ± 0.7
PCL-PGMA 47 ± 2 −1.3 ± 0.8 0.15 33.7 ± 1.2 3.2 ± 0.4
PCL-PDMAEMA 50 ± 2 30.2 ± 1.5 0.18 36.8 ± 1.4 3.7 ± 0.6

aReported values represent the mean ± standard deviation, calculated from a minimum of three replicates per sample.

Figure 3. (a) DLS size distribution curves of the three NP formulations in water at 25 °C (1 mg/mL) and (b) average ζ-potential of PCL-
P(PEGMA), PCL-PGMA and PCL-PDMAEMA NPs in water at 25 °C (0.3 mg/mL).
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No significant differences were observed in the release behav-
ior among the different polymeric formulations, with all release
curves reaching a plateau close to 100% within approximately
24 h. Given that polymer degradation was negligible over the
timescale of the experiment,20 the DEX release mechanism
was primarily attributed to passive diffusion.

Additionally, the presence of DEX did not induce notable
changes in particle size as previously observed.17 Therefore, it
is reasonable to conclude that drug diffusion was governed pre-
dominantly by the surface area of the colloids, and hence by the
particle size, which was almost the same across all formulations.
The experimental data obtained were fitted with the
Korsmeyer-Peppas (KP) and Peppas-Sahlin (PS) models
(eqs 3 and 4, respectively) to confirm the mechanism involved
in the DEX release from the NPs. Both models are empirical or
semi-empirical approaches commonly employed to characterize
drug release kinetics from polymeric matrices. The PS model is
an extension of the KP equation, allowing the mathematical dis-
tinction of Fickian diffusion and polymer relaxation/swelling
effects. In Table S1 (Supporting Information) are reported
the coefficients describing the two models obtained from the
mathematical fitting and the corresponding R2 values.

These outcomes indicated a diffusion-dominated release, as
expected for nanometrically sized delivery systems. Moreover,
the release exponent n was consistently close to 0.43 for all
three particle types, confirming that the release followed a
Fickian diffusion model.
H

3.3. NPs-Hydrogel Composite Systems Formulation:
Chemical, Ionic, and Physical NP Loading

The formulated NPs have been successively employed as build-
ing blocks for the assembly of the NPs-hydrogel composites.
The hydrogel consisted of agarose, carbomer, and HA formula-
tion, where the latter represents the most abundant component
of the polymer mixture (composition details are shown in
Figure 4a).55 HA was employed as a partial substituent for carbo-
mer from a formerly optimized hydrogel formulation (agarose-
carbomer, AC).24,25 HA is a naturally derived, biodegradable,
and biocompatible polymer widely employed in biomedical appli-
cations, being part of some biological fluids.56,57 In particular, it is
present in synovial fluid and cartilage extracellular matrix, where
it contributes to lubrication, viscoelastic damping, and joint
homeostasis. Its high water-binding capacity and polyanionic
nature enable the formation of highly hydrated networks that
support diffusion-based drug delivery while preserving tissue
compatibility and reducing cytotoxicity.58 HA is advantageous
over other natural or synthetic polymers, e.g., alginate or gelatin,
as the latter usually need ionic cross-linking and are characterized
by poor NP retention, dispersion, and controlled release.59 In this
regard, HA modulates the swelling behavior, which can influence
the release kinetics of the encapsulated payload by affecting diffu-
sion pathways within the network. In addition, HA free carboxyl
groups are essential for the selected gelation mechanism, while its
molecular weight can be tuned to modulate mesh size and
https://doi.org/10.1021/acsbiomaterials.6c00470
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Figure 4. (a) Sketch of the formulated AC-HA hydrogels, schematic representation of its constituents and w/w % relative composition.
(b) Chemical structure of the AC-HA cross-linked network.
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degradation rate.43 Overall, HA combines intrinsic bioactivity and
translational relevance, making it a particularly suitable compo-
nents in anti-inflammatory composite system for osteoarthritis
treatment.

Hydrogels based solely on HA are lacking from mechanical
properties, however its combination with other polymeric con-
stituents led to hydrogels with improved mechanical properties.33

In this context, carbomer was selected due to its high density
of carboxylic acid groups, which facilitate efficient esterification
reactions and promote robust cross-link formation.43

Furthermore, it is widely used in pharmaceutical and biomedical
formulations as a rheology modifier and gel-forming agent,
offering reproducible mechanical properties and scalability.
The combination of carbomer with HA allowed for the balance
of structural integrity with biological relevance, resulting in a
mechanically stable yet biocompatible hydrogel matrix.60

Similarly, agarose was selected due to its well-established prop-
erties as a natural polysaccharide, ensuring excellent biocompat-
ibility, gradual biodegradability, and thermoresponsive gelation
behavior. Indeed, agarose solutions undergo thermally induced
gelation, forming a stable three-dimensional network when the
temperature decreases from the sol state to values close to phys-
iological conditions (∼37 °C).61 Furthermore, previous studies
investigating hydrogels based on HA conjugated with various
polysaccharides for cartilage repair applications have demon-
strated that agarose incorporation can significantly promote tis-
sue restoration. In particular, these systems have been reported
to support cartilage regeneration by modulating inflammatory
responses and stimulating the expression of genes associated
with cartilage formation and autophagy.62

The hydrogel was obtained through a microwave-assisted
polycondensation reaction occurring between the carboxylic
groups (–COOH) of carbomer and hyaluronic acid and the
hydroxyl groups (–OH) present in agarose and hyaluronic acid.
Microwave irradiation ensures rapid and homogeneous heating
of the reaction mixture, promoting efficient esterification
between the functional groups of the polymeric components
at 80 °C. This reaction leads to the formation of covalent ester
bonds, which act as cross-linking points within the resulting
three-dimensional polymeric network (Figure 4b). The adopted
I

strategy also allows the facile incorporation of bioactive mole-
cules or colloidal systems, such as NP dispersions, within the
matrix prior to the completion of the gelation process, enabling
their homogeneous encapsulation inside the hydrogel structure.
The FT-IR spectrum of the hydrogel matrix is reported in

Figure S10 (Supporting Information) confirming the occurrence
of the polycondensation reaction. A broad absorption band in the
3600−3100 cm−1 region corresponds to the stretching vibrations
of hydroxyl groups (–OH), including both free hydroxyls and
those involved in intra- and intermolecular hydrogen bonding.
The region between 3000 and 2750 cm−1 is associated with the
stretching vibrations of aliphatic C–H bonds in the polymer
backbone. A characteristic band observed at 1750−1720 cm−1

is attributed to the C═O stretching vibration of ester groups, pro-
viding evidence of ester bond formation during the polyconden-
sation process. Additionally, the band in the 1650−1500 cm−1

region can be assigned to N−H bending and stretching vibrations
of amide groups, originating from the HA structure.
Further contributions are observed in the 1440−1390 cm−1

range, which are associated with in-plane C–O–H bending
vibrations and C–O stretching. Finally, the broad region
between 1400 and 900 cm−1 comprises several overlapping sig-
nals related to alcohol and ether functionalities, including O–H
bending vibrations (1410−1230 cm−1), C–O stretching of ether
groups (1400−1200 cm−1), and C–O stretching of alcohol
groups (1200-900 cm−1). The presence of ester-related signals
together with the reduced contribution of free carboxylic groups
indicates that HA actively participates in the esterification reac-
tion, contributing to the formation of the cross-linked matrix.
Additional IR spectra, together with further structural characteri-
zation of similar agarose-carbomer hydrogels, have been previ-
ously reported in the literature.43,63 These studies consistently
corroborate the formation of ester bonds within the polymeric
network, accompanied by a parallel attenuation of the absorption
bands associated with the carbomer carboxylic (–COOH)
groups, supporting the successful esterification and cross-linking.
As illustrated in Figure 5, the formulation procedures used to

prepare the various NPs-hydrogel composites differ according
to the specific interactions targeted between the functional
NPs and the hydrogel network.
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Figure 5. Schematic representation of the formulation processes used for NPs-hydrogel composites: (a) physical or electrostatic encapsulation of
inert PCL-P(PEGMA) or cationic PCL-PDMAEMA NPs, respectively, (b) covalent linkage of PCL-PGMA NPs undergoing polycondensation reac-
tion with hydrogel constituents.
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Specifically, one method consisted of the physical or ionic
entrapment of the NPs in the hydrogel network (Figure 5a),
while the second involved the chemical linkage of the NPs to
the hydrogel matrix (Figure 5b). In this context, only
PCL-PGMA NPs can be subjected to covalent bonding through
their terminal −OH groups. On the other hand,
PCL-PDMAEMA NPs can assemble with the hydrogel matrix
by ionic interaction, given their positively charged surface under
physiological conditions, while PCL-P(PEGMA) NPs can be
embedded into the system only through physical encapsulation.
In the case of covalent encapsulation, the hydrogel constituents
were pre-dissolved in the NP solution in PBS, and then sub-
jected to condensation reaction through microwave irradiation;
in the case of physical and ionic encapsulation, the NP solution
was added to the hydrogel polymers solution (1:1 v/v dilution)
before the sol-gel transition.
Figure 6. (a) Average G′ and G″ from amplitude sweep tests performed on
strain values ranging from 0.1% to 100%). Results are presented as mean ±
of the three composite system measured within the constant LVE region (0.

J

To validate the feasibility of the chemical encapsulation
method, the NP solution alone was subjected to microwave irra-
diation up to 80 °C.24,25 NP integrity was assessed through DLS
analysis (same conditions previously reported from NP charac-
terization), which did not reveal any evident heat-induced degra-
dation or aggregation phenomena, compared to the freshly
prepared NPs, as shown in Figure S11 (Supporting information).

3.4. NPs-Hydrogel Composites Rheological Analysis

Rheological studies were performed on the three formulations
to assess the effect of the NPs-hydrogel interactions on the
mechanical properties of the system. Amplitude sweep tests
demonstrated that all the NPs-hydrogel composites are charac-
terized by a solid-like behavior (with G′≫ G″), within the linear
viscoelastic (LVE) region, as shown in Figure 6. The hydrogel
containing PCL-PDMAEMA NPs showed the highest average
pristine hydrogel and on the three NPs-hydrogel composites (at shear
SD (N = 3). (b) Average G′ values of pristine AC-HA hydrogel and
01%–1% shear strain) (****, p < 0.0001).
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G′ value (250 ± 15 Pa), which could be attributed to the elec-
trostatic interaction established within the hydrogel and the
cationic NPs, forming additional cross-links between the
polymer chains. In contrast, the composite containing
PCL-P(PEGMA) NPs showed a G′ value closer to the pristine
hydrogel (180 ± 8 Pa), due to the lack of significant additional
intermolecular interactions. A different behavior was observed
with the covalently linked PCL-PGMA NPs, exhibiting a slightly
lower G′value compared to PCL-PDMAEMA. While the positive
charges of PDMAEMA might all be involved in electrostatic
interactions with the surrounding chains, in the case of PGMA,
only the−OHgroups effectively linked to distinct hydrogel chains
would contribute to increasing the cross-linking points. Therefore,
while the formation of cross-linking can enhance hydrogel stiff-
ness, this effect is proportional to the number of NPs actively par-
ticipating in the formation of multiple covalent bonds.

Additionally, the test revealed a slightly more extended LVE
region in the case of PCL-PDMAEMA NPs-hydrogel compared
to the other cases. This extension is typically associated with an
enhanced liquid-like response and with an augmented elasticity
of the composite gel, arising from the non-covalent electrostatic
interactions established between the components.64 This was
supported by analyzing the value of the tan(δ) = G″/G′, which
increased in the case of encapsulated ionic NPs, showcasing a
higher contribution of the viscous modulus G″on the composite
hydrogel final properties, compared to the other two cases
(Figure S12, Supporting Information). Frequency sweep tests
revealed that the pristine hydrogel maintained its solid-like
behavior within a frequency range from 0.1 to 100 rad/s, as
shown in Figure S13 (Supporting information).

The average mesh size (ξ) of the hydrogel network was esti-
mated using classical rubber elasticity theory based on the exper-
imentally measured storage modulus in the plateau region of the
frequency sweep test (G′≈ 155 Pa, Figure S13). According to the
relation ξ = (kT/G′)1/3, where k is the Boltzmann constant (1.38
× 10−23 J K−1) and T is the absolute temperature, the calculated
mesh size was approximately 30 nm. In parallel, the correspond-
ing cross-linking density (νe) was evaluated as νe = RTG′
(R = 8.314 J·mol−1·K−1), resulting in 0.062 mol/m3.

Representative SEM micrographs of the pristine hydrogel
and of the NP-loaded hydrogel are reported in the Supporting
Information (Figure S14), showing the porous morphology of
the lyophilized polymeric network. The micrographs revealed
a highly porous and interconnected network in all samples, with
no significant differences in pore morphology upon NP incor-
poration, indicating that the presence of NPs does not alter
the internal hydrogel architecture. Direct visualization of the
NPs is inherently challenging due to their low concentration
and nanoscale dimensions (45−50 nm), in combination with
their soft polymeric nature, which results in a chemical compo-
sition and electron density closely matching that of the sur-
rounding hydrogel matrix. Nevertheless, visual inspection of
the NPs-hydrogels, prepared with fluorescently labeled NPs
(Figure S15, Supporting Information) revealed homogeneous
color distribution without evidence of NP precipitation or
aggregation. Although nanoscale rearrangements cannot be
excluded based on visual inspection alone, no macroscopic
instability or phase separation was observed.

3.5. Effect of the Encapsulation Method on NP Release

Successively, the NPs-hydrogel composites were immersed in
PBS at 37°C to evaluate the release or retention of the NPs
K

from the matrix, according to the NPs-hydrogel interactions.
In order to assess NP release profiles, PCL-PGMA and PCL-
P(PEGMA) NPs were both subjected to chemical and physical
encapsulation schemes (Figure 5a,b, respectively) at a fixed
concentration.
As expected, PCL-P(PEGMA) NPs exhibited a nearly identi-

cal release profile regardless of the encapsulation method, with
closely 100% of the NPs released after ∼3 days, as shown in
Figure 7a (PCL-P(PEGMA) encaps. and PCL-P(PEGMA)
chemical). This behavior confirms the inability of PCL-
P(PEGMA) NPs to bind any hydrogel constituents, due to
the chemical inertness of P(PEGMA). On the other hand,
PCL-PGMA NPs showed a different release behavior depend-
ing on the encapsulation method. When chemical linkage was
achieved, NPs were partially retained inside the hydrogel
matrix, with only around 33% of the NPs being released over
5 days (Figure 7a, PCL-PGMA chemical, and Figure 7b). By
contrast, in the case of physical encapsulation, the above-
mentioned NPs followed the same release profile showcased
by the PCL-P(PEGMA) ones (Figure 7a, PCL-PGMA encaps.).
A comparable release study was conducted using the

PCL-PDMAEMA NPs to assess the influence of the NPs-
hydrogel electrostatic interactions on NP retention. Similar to
the chemically linked PCL-PGMA NPs, the cationic NPs were
strongly retained within the hydrogel network. As shown by the
release profile, only approximately 22% of PCL-PDMAEMA
NPs were released within the first 24 h, underscoring the hydro-
gel’s ability to function as a reservoir for both positively charged
and covalently bound NPs (Figure 7b).
Also in this case, the release curves were fitted to assess the

mechanism involved in NP release from the composite hydro-
gels. The obtained coefficients are reported in Table S2
(Supporting Information), with the corresponding R2 values.
For all formulations, the resulting equations can be recast into

the KP model. For PCL-P(PEGMA) and PCL-PDMAEMANPs,
the release exponent n = 0.40−0.45 indicates a Fickian or quasi-
Fickian diffusion process. In contrast, for PCL-PGMA NPs, the
exponent n = 0.76 suggests an anomalous transport mechanism,
given by the additional chemical interactions with the hydrogel
constituents. The experiments were repeated under mild acidic
conditions (pH 5) at 37 °C to investigate the pH influence on
the NP release behavior. The selected conditions may mimic
the microenvironment of inflamed or diseased tissues, represent-
ing a relevant context for the possible application of this drug
delivery platform.
The release profiles, displayed in Figure 7c, show that both

PCL-PDMAEMA and PCL-P(PEGMA) NPs tend to be more
retained by the hydrogel when in an acidic environment. This
behavior could be ascribed to the tighter hydrogel matrix,
resulting from the reduced repulsion between the hydrogel
polymeric chains, thanks to charge shielding exerted by the
H+ ions at lower pH. In this case, the swelling is reduced
and consequently the average pore size, thus inhibiting NP
release. However, the difference is more significant for
PCL-PDMAEMA NPs. At pH 5, the latter were almost
completely retained from the hydrogel network, showing just
5% release within 5 days. In this case, despite the simultaneous
hydrogel chain protonation, the PCL-PDAMEMA NP ξ-
potential increase (47 ± 2 mV rather than 32 ± 1 mV under
physiological conditions, Figure S8b, Supporting Information)
offers a more relevant contribution in enhancing NPs-
hydrogel interaction and thus NP retention.
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Figure 7. (a) Comparison of the cumulated NP release from the NPs-hydrogel composite systems using either the physical or the chemical encap-
sulation method for PCL-P(PEGMA) and PCL-PGMA NPs in PBS at 37 °C under sink conditions. (b) Cumulated NP release from the
NPs-hydrogel composites containing the physically encapsulated PCL-P(PEGMA) NPs, chemically encapsulated PCL-PGMA NPs, or ionically
encapsulated PCL-PDMAEMA NPs in PBS pH 7.4 at 37 °C under sink conditions. (c) Comparison of the cumulated NP release from the NPs-
hydrogel composite systems containing PCL-P(PEGMA) NPs and PCL-PDMAEMA NPs at physiological (pH 7.4) and slightly acidic (pH 5) con-
ditions, at 37 °C (under sink conditions).
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3.6. Drug Release from the Composite Systems

Following the characterization of the hydrogel’s capability to
retain or release the NPs, drug release studies were conducted
for the three systems to evaluate the influence of NPs-
hydrogel physicochemical interactions on therapeutic release
kinetics. In this perspective, two scenarios were investigated: a
hydrophobic drug (DEX) encapsulated in the NPs, and a
hydrophilic molecule (BSA) co-encapsulated in the hydrogel
matrix with the NPs. The NPs-hydrogel composites were for-
mulated as previously described, employing DEX-loaded NPs
for this purpose.

Concerning DEX release, the experiments were conducted in
aqueous buffer at 37 °C and pH 7.4, under sink conditions, and
the extent of drug released over time was quantified via HPLC.

The drug release curves, presented in Figure 8a, demonstrate
that the NPs-hydrogel interaction mechanism is able to signifi-
cantly slow down the rate of DEX diffusion from the system, com-
pared to the case of free NPs (Section 3.1, Figure S9). While DEX
was completely released from the free NPs within approximately
24 h, sustained release was observed until 6−14 days from the
NPs-hydrogel composites. More specifically, in the case of PCL-
P(PEGMA), DEX was gradually released until 100% after 6 days.
This behavior can be attributed to the concurrent diffusion of the
NPs out of the hydrogel matrix. In contrast, for PCL-PGMA and
PCL-PDMAEMA loaded gels, DEX release was markedly slower,
approaching a maximum of 86% and 62%, respectively, within 14
days. This outcome is likely due to the effective retention of the
L

majority of NPs within the hydrogel network (as discussed in
Section 3.4), requiring the drug to first diffuse out of the NPs
and subsequently through the hydrogel, thereby leading to a more
sustained overall release. The parameters describing the DEX
release model are reported in Table S3 (Supporting
Information). The release equations derived for the three systems
can be reduced to the KP model with quasi-Fickian or Fickian
behavior (n = 0.41−0.45).
The therapeutic release ability of the NPs-hydrogel compos-

ite was additionally investigated with the encapsulation of a
BSA-FITC within the hydrogel matrix. BSA was selected as a
drug mimetic for the test, owing to the well-characterized fea-
tures, such as size, electrostatic profile at physiological pH,
and diffusion behavior. BSA, with its hydrodynamic diameter
of ∼7 nm, closely resembles properties of different protein-
based drugs, such as enzymes, cytokines, fusion proteins, or
monoclonal antibodies (mAb),23,65 employed for various thera-
peutic applications. The NPs-hydrogel composites were
formulated, encapsulating BSA-FITC according to the above-
mentioned procedure. The release tests were performed in an
aqueous buffer, at 37 °C and pH 7.4, and the amount of protein
released was characterized via UV-vis spectroscopy.
The cumulated BSA release profiles, presented in Figure 8b,

showed different behaviors in terms of kinetics and plateau
values, depending on the NPs employed in the formulation.
In the case of PCL-PDMAEMA NPs, the protein diffusion rate
was consistently lower and limited compared to that of the
other cases. More in detail, for PCL-P(PEGMA) and
https://doi.org/10.1021/acsbiomaterials.6c00470
ACS Biomater. Sci. Eng. XXXX, XXX, XXX–XXX

https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.6c00470/suppl_file/ab6c00470_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.6c00470/suppl_file/ab6c00470_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.6c00470/suppl_file/ab6c00470_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.6c00470/suppl_file/ab6c00470_si_001.docx
http://pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.6c00470


Figure 8. (a) Cumulated DEX release (in PBS at 37 °C under sink conditions) from the NPs-hydrogel composite systems containing either the
physically encapsulated PCL-P(PEGMA) NPs, chemically encapsulated PCL-PGMA NPs or ionically encapsulated PCL-PDMAEMA NPs.
(b) Cumulated BSA release (in PBS at 37 °C under sink conditions) from composite hydrogels with either physically encapsulated PCL-
P(PEGMA) NPs, chemically encapsulated PCL-PGMA NPs, ionically encapsulated PCL-PDMAEMA NPs, or without NPs.
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PCL-PGMA NP-loaded systems, 86% and 94% of BSA-FITC,
respectively, were released in 6 days. On the other hand, the
systems formulated with PCL-PDMAEMA NPs showed a pla-
teau at 15% release after 24 h. The observed behavior was likely
due to the electrostatic interactions between the negatively
charged BSA (isoelectric point at pH 5.1−5.5)66 and the cat-
ionic micelles. Accordingly, almost 85% of the protein was
retained inside the NPs-hydrogel system.

For all BSA release systems investigated, regardless of the
type of NPs incorporated, the release profiles are well described
by the KP model (Table S4, Supporting Information). In both
the pristine hydrogel and in the presence of PCL-PEGMA
and PCL-PGMA NPs, a Fickian or quasi-Fickian diffusion
mechanism is predominant. In contrast, for positively charged
PCL-PDMAEMA NPs, the value n = 0.26 is consistent with
an anomalous mechanism arising from electrostatic interactions
between the positively charged particles and the negatively
charged protein.

These results clearly demonstrated how the different surface
properties of NPs, obtained by simple chemical modifications of
the hydrophilic copolymer blocks, are able to modify the release
properties of drugs in a composite system.

3.7. Nanoparticles-Hydrogel Composite In Vitro
Therapeutic Efficacy

The cytotoxicity of NPs-hydrogel composites was investigated
before proceeding with successive in vitro functional assays.
The AC-HA hydrogel is primarily composed of natural poly-
mers, with only a minimal fraction of carbomer. These constit-
uents are widely recognized for their low cytotoxicity. On the
other hand, although NPs were synthesized from biocompatible
polymers, the potential cytotoxicity of the composites required
careful assessment. NPs-hydrogel mixtures were prepared with
varying NP concentrations (in the range 1−100 μM) and tested
on human-derived chondrocytes to reflect their potential appli-
cation as a therapeutic platform for OA treatment.

The results, evaluated through LIVE/DEAD assay, are pre-
sented in Figure 9a,b (live and dead controls are shown in
Figure S16, Supporting Information). The cells treated for
24 h showed a constant viability of around 90%, regardless of
the NP type and concentration employed. This demonstrated
the low cytotoxic effect of the combined NPs and AC-HA sys-
tems. Free DEX, administered at various concentrations, also
demonstrated no cytotoxic effects on the cells, further
M

confirming the suitability and applicability of the proposed
delivery system.
As proof of the mechanism of the potential anti-

inflammatory action of the proposed systems, the secretion of
pro-inflammatory cytokines (specifically IL-6 and TNF-α) was
assessed on human chondrocytes, after inflammatory state
induction and NPs-hydrogel treatment. In this perspective, the
FN-f model was used to induce cell inflammation, as reported
by previous works (Figure 9c).67,68

Considering the outcomes of the results presented in
Section 3.5, the anti-inflammatory treatment was performed only
using hydrogels loaded with PCL-P(PEGMA) and
PCL-PDMAEMA NPs, since the latter showed a closely similar
DEX release profile with respect to PCL-PGMA NPs within
the first 48 h. The results are represented as a ratio of cytokine
release from cells treated with therapeutics and CTRL+. The
bar plot reported in Figure 9d,e and Figure S17 shows a signifi-
cant decrease of both TNF-α and IL-6 secretion when the cells
were treated with either free DEX or the DEX-loaded NPs-
hydrogel, compared to the untreated control. More specifically,
over the considered timeframe, DEX released from the
PCL-PDMAEMA system was able to restore cytokine levels to
those observed in non-inflamed cells. In contrast, in the PCL-
P(PEGMA) formulation, the faster drug release led to enhanced
drug accumulation within the volume used for cell treatment in
the experiment. This resulted in a more pronounced inhibition
of the cytokine expression. Additionally, the effect of PCL-
P(PEGMA) was more pronounced than that of free DEX.
Indeed, the composite system enables the DEX administration
to be sustained over time compared to one-shot free drug
administration.
To evaluate whether the hydrogel and drug-loaded nano-

composites influenced chondrocyte morphology, representative
fluorescence micrographs of human-derived chondrocytes
treated with culture medium and PBS (control), pristine
hydrogel, and hydrogels containing DEX-loaded PCL-
P(PEGMA) or PCL-PDMAEMA NPs are shown in
Figure 10a−d. Cells exhibited comparable morphology across
all tested conditions, maintaining the characteristic features of
human-derived chondrocytes, which typically display a pre-
dominantly rounded shape with minimal spreading under
in vitro conditions.
To further support this observation, a quantitative morph-

ometric analysis was performed using ImageJ software
https://doi.org/10.1021/acsbiomaterials.6c00470
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Figure 9. (a) Cell viability from LIVE/DEAD assay performed with different concentrations of free DEX or of PCL-P(PEGMA), PCL-PGMA and
PCL-PDMAEMA NPs mixed into AC-HA sol-gel solution (CTRL line refers to cells cultured only with medium). Results are presented as mean ±
SD (N = 4). (b) Fluorescence microscopy images of the cells treated with only medium or 100 μM PCL-P(PEGMA), PCL-PGMA, and
PCL-PDMAEMA NPs mixed with AC-HA solution (green: live cells, red: dead cells). (c) Timeline of FN-f inflammatory activation and subsequent
DEX-loaded NPs-hydrogel administration for TNF-α and IL-6 detection. (d) Fraction of TNF-α released after 48 h from treatment with free DEX, or
with DEX-loaded NPs-hydrogels composites (CTRL− represents untreated cells while CTRL+ refers to inflamed cells activated by FN-f 7−10 but
not treated with therapeutics). (e) Fraction of IL-6 released after 48 h from treatment with free DEX, or with DEX-loaded NPs-hydrogels composites
(CTRL- represents untreated cells while CTRL+ refers to inflamed cells activated by FN-f but not treated with therapeutics). Results are presented as
mean ± SD (N = 6), ****p < 0.0001).
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(Figure 10e,f). Circularity, roundness, and aspect ratio (AR) were
evaluated to assess potential changes in cell shape and elongation.
Across all experimental groups, these parameters showed compa-
rable values, and no statistically significant differences were
detected (p > 0.05) between control, hydrogel-treated, and
NPs-hydrogel-treated cells, indicating that neither the pristine
hydrogel nor the NP-loaded systems induced detectable
changes in cell spreading or elongation.

Circularity values ranged approximately between 0.6 and 0.7,
while roundness values were between 0.7 and 0.8, with AR
values around 1.2−1.4. These values are consistent with the
moderately spread morphology commonly observed for chon-
drocytes cultured in two-dimensional environments.
N

Overall, the analysis suggests that the pristine and NPs-
loaded hydrogels do not induce detectable alterations in chon-
drocyte morphology compared with the control conditions.

4. CONCLUSIONS

The combination of hydrogel and NPs represents a promising
strategy to design hybrid composite systems as next-generation
platforms for drug delivery applications. In this work, three
amphiphilic block copolymers were synthesized via controlled/
living polymerization techniques, achieving macromolecules with
different end-chain functionalities, i.e., inert methyl groups,
hydroxyl groups, or ionizable tertiary amines. The polymers were
https://doi.org/10.1021/acsbiomaterials.6c00470
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Figure 10. Fluorescence microscopy images of the cells acquired after 48 h of treatment respectively with (a) medium and PBS solution, (b) AC-HA
pristine hydrogel, (c) PCL-P(PEGMA) NP-loaded AC-HA hydrogel, and (d) PCL-PDMAEMA NP-loaded AC-HA hydrogel (green: live cells, red: dead
cells). (e) Cell roundness (bars) and circularity (circles) average values calculated with ImageJ software for samples treated with culture medium and PBS
(control), pristine hydrogel, and hydrogels containing DEX-loaded PCL-P(PEGMA) or PCL-PDMAEMA NPs. Results are presented as mean ± SD
(N = 300 cells). (f) Cell AR (bars) and area (triangles) average values calculated with ImageJ software for samples treated with culture medium and
PBS (control), pristine hydrogel, and hydrogels containing DEX-loaded PCL-P(PEGMA) or PCL-PDMAEMA NPs. Results are presented as mean ±
SD (N = 300 cells).
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formulated into core-shell micelles and then included within a
cross-linked hydrogel matrix through different encapsulation
methods (physical, chemical, or ionic), by harnessing the inter-
play between the hydrogel and the NP surface moieties.

The inclusion of polymeric NPs inside the hydrogel provided
three main advantages: (1) it allowed for encapsulation of a
hydrophobic drug, i.e., DEX, inside an otherwise hydrophilic
environment; (2) it provided a local confinement of the NPs
in a specific space; (3) it prevented the fast diffusion of
DEX from the NPs, enhancing the time of drug effectiveness.

Both intermolecular interactions and the encapsulation
method demonstrated an influence on NP retention and hydro-
gel mechanical properties. The system containing chemically
and ionically encapsulated NPs showcased a limited NP release,
acting as a proper NP reservoir. Additionally, improved
mechanical properties were displayed in the chemically or ioni-
cally linked NPs, compared to the pristine hydrogel. The com-
posite systems demonstrated tunable DEX release kinetics, with
prolonged and sustained release (6−14 days, according to the
encapsulation method) compared to the colloidal NPs.
Moreover, the platform confirmed the ability to modulate the
release of macromolecular hydrophilic cargos (BSA), depending
O

on the NP surface charge, with positively charged micelles
exhibiting stronger protein retention within the hydrogel.
All formulations showed excellent cytocompatibility with
human chondrocytes and effectively reduced pro-inflammatory
cytokine expression (IL-6 and TNF-α) in an in vitro OA
inflammatory model, demonstrating the potential application
in OA treatment.
From a translational perspective, the proposed nanocompos-

ite platform leverages fabrication strategies compatible with
scale-up and pharmaceutical processing. Nanoprecipitation is a
robust and widely adopted technique for polymeric NP produc-
tion at an industrial scale, allowing precise control over particle
size distribution and reproducibility. Similarly, microwave-
assisted polycondensation enables rapid and homogeneous
hydrogel cross-linking within short reaction times, minimizing
thermal gradients, typical of conventional heating, thus support-
ing batch-to-batch consistency. To ensure sterility and clinical
safety, NP suspensions can be sterile-filtered prior to hydrogel
incorporation (as performed during in vitro tests), while hydro-
gel components can be processed aseptically, and terminal ster-
ilization methods such as gamma irradiation or ethylene oxide
treatment may be applied. While further studies on long-term
https://doi.org/10.1021/acsbiomaterials.6c00470
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stability, shelf-life, and large-scale reproducibility are warranted,
the modular and chemically defined nature of the system pro-
vides a strong foundation for translational development.

Overall, these findings demonstrate that tailoring the NP
functionalities solely through polymer chemistry enables the
design of multifunctional NPs-hydrogel composites with tun-
able properties.

The proposed strategy opens new perspectives for future
applications, aiming at obtaining tailored drug delivery per-
formances through accurate NPs and macromolecular interac-
tion engineering.
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