
In Situ Photo-crosslinkable Hyaluronic Acid/Gelatin Hydrogel for 
Local Nitric Oxide Delivery

Daniele M. Catori,
Institute of Chemistry, University of Campinas, UNICAMP, Campinas 13083-970 São Paulo, Brazil

Laura C. E. da Silva,
Institute of Chemistry, University of Campinas, UNICAMP, Campinas 13083-970 São Paulo, Brazil

Matheus F. de Oliveira,
Institute of Chemistry, University of Campinas, UNICAMP, Campinas 13083-970 São Paulo, Brazil

Grace H. Nguyen,
School of Chemical, Materials and Biomedical Engineering, College of Engineering, University of 
Georgia, Athens 30602 Georgia, United States

Joseph C. Moses,
School of Chemical, Materials and Biomedical Engineering, College of Engineering, University of 
Georgia, Athens 30602 Georgia, United States

Elizabeth J. Brisbois,
School of Chemical, Materials and Biomedical Engineering, College of Engineering, University of 
Georgia, Athens 30602 Georgia, United States

Hitesh Handa,

Corresponding Authors: Hitesh Handa – School of Chemical, Materials and Biomedical Engineering, College of Engineering, 
University of Georgia, Athens 30602 Georgia, United States; Pharmaceutical and Biomedical Sciences Department, College of 
Pharmacy, University of Georgia, Athens 30602 Georgia, United States; hhanda@uga.edu, Marcelo G. de Oliveira – Institute of 
Chemistry, University of Campinas, UNICAMP, Campinas 13083-970 São Paulo, Brazil, mgo@unicamp.br.
Author Contributions
D.M.C.: conceptualization, methodology, investigation, writing—original draft preparation, revising and editing of the peer-reviewed 
manuscript; L.C.E.d.S.: guidance, revising and editing of the peer-reviewed manuscript; M.F.d.O.: methodology, revising and editing 
of the peer-reviewed manuscript; G.H.N.: methodology, revising and editing of the peer-reviewed manuscript, J.C.M. methodology, 
revising and editing of the peer-reviewed manuscript; E.J.B.: guidance, methodology, revising and editing of the peer-reviewed 
manuscript; H.H.: funding acquisition, supervision, revising and editing of the peer-reviewed manuscript; M.G.d.O.: funding 
acquisition, conceptualization, supervision, writing—original draft preparation, revising and editing of the peer-reviewed manuscript.

The authors declare no competing financial interest.

ASSOCIATED CONTENT
Supporting Information
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/acsami.3c10030.
1H NMR spectrum of HAGMA; schemes of the reaction between HA and GMA, and GEL and HCT; FTIR-ATR spectra of HA, 
GMA, HAGMA, GEL, and GELSH; mean hydrodynamic diameters of NPPLGA-GSNO obtained by dynamic light scattering; surface 
charge measured by zeta potential of NPPLGA-GSNO as a function of pH; calibration curve of GSNO in DMSO in the concentration 
range of 0.1–0.7 mmol L−1 measured at 336 nm; UV–vis absorption spectrum of NPPLGA-GSNO dispersed in DMSO; schemes of 
the photo-crosslinking reactions between vinyl groups of HAGMA, leading to the formation of HHA, and the reaction between the 
vinyl group of HGGMA and the thiol group of GELSH, leading to the formation of thiol–ene bond in HAG; variation of the G′ and 
G″ moduli as a function of the irradiation time for HHA in the absence and in the presence of free GSNO at the concentration of 
0.15 mmol L−1; bar graph of the elastic modulus of HHA, NPHHA, HAG0.5, NPHAG0.5, HAG1, and NPHAG1; SEM images of the 
HHA, NPHHA, HAG0.5, NPHAG0.5, HAG1, and NPHAG1 hydrogels; and optical microscopy images of fibroblast adhesion on the 
controls (2D control and collagen) and HHA, NPHHA, HAG0.5, NPHAG0.5, HAG1, NPHAG1 hydrogels after 0 h, 24 and 72 h of 
incubation (PDF)

HHS Public Access
Author manuscript
ACS Appl Mater Interfaces. Author manuscript; available in PMC 2024 November 05.

Published in final edited form as:
ACS Appl Mater Interfaces. 2023 October 25; 15(42): 48930–48944. doi:10.1021/acsami.3c10030.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://pubs.acs.org/doi/10.1021/acsami.3c10030


School of Chemical, Materials and Biomedical Engineering, College of Engineering, University of 
Georgia, Athens 30602 Georgia, United States

Pharmaceutical and Biomedical Sciences Department, College of Pharmacy, University of 
Georgia, Athens 30602 Georgia, United States

Marcelo G. de Oliveira
Institute of Chemistry, University of Campinas, UNICAMP, Campinas 13083-970 São Paulo, Brazil

Abstract

An increasing number of studies have shown that the local release of nitric oxide (NO) from 

hydrogels stimulates tissue regeneration by modulating cell proliferation, angiogenesis, and 

inflammation. The potential biomedical uses of NO-releasing hydrogels can be expanded by 

enabling their application in a fluid state, followed by controlled gelation triggered by an 

external factor. In this study, we engineered a hydrogel composed of methacrylated hyaluronic 

acid (HAGMA) and thiolated gelatin (GELSH) with the capacity for in situ photo-cross-linking, 

coupled with localized NO release. To ensure a gradual and sustained NO release, we charged 

the hydrogels with poly(L-lactic-co-glycolic acid) (PLGA) nanoparticles functionalized with S-

nitrosoglutathione (GSNO), safeguarding SNO group integrity during photo-cross-linking. The 

formation of thiol–ene bonds via the reaction between GELSH’s thiol groups and HAGMA’s 

vinyl groups substantially accelerated gelation (by a factor of 6) and increased the elastic modulus 

of hydrated hydrogels (by 1.9–2.4 times). HAGMA/GELSH hydrogels consistently released NO 

over a 14 day duration, with the release of NO depending on the hydrogels’ equilibrium swelling 

degree, determined by the GELSH-to-HAGMA ratio. Biocompatibility assessments confirmed 

the suitability of these hydrogels for biological applications as they display low cytotoxicity 

and stimulated fibroblast adhesion and proliferation. In conclusion, in situ photo-crosslinkable 

HAGMA/GELSH hydrogels, loaded with PLGA-GSNO nanoparticles, present a promising avenue 

for achieving localized and sustained NO delivery in tissue regeneration applications.

Graphical Abstract
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1. INTRODUCTION

Nitric oxide (NO) plays a pivotal role in tissue engineering and regenerative medicine 

by influencing vasodilation, inflammation, immune responses, angiogenesis, collagen 

production, and cell behavior. The development of hydrogels capable of releasing NO 

locally has been reported as an effective strategy for reducing inflammation,2 accelerating 

wound healing,3,4 increasing dermal vasodilation,2,5 and providing antibacterial action.6,7

Among the chosen polymers employed in developing hydrogels for biomedical applications, 

hyaluronic acid (HA) has emerged as an appealing choice.8 HA, an anionic biopolymer 

comprising repeating disaccharide units encompassing D-glucuronic acid and N-acetyl-D-

glucosamine, is a key constituent in the extracellular matrix (ECM) of cartilage and skin, 

possessing the ability to interact with cells through specific receptors, such as CD44, thereby 

eliciting and regulating cell proliferation. Furthermore, HA exerts its action by diminishing 

the activity and downregulating the synthesis of pro-inflammatory mediators and matrix 

metalloproteinases.9–11 Notably, these advantageous effects of HA can be potentiated when 

combined with other biomacromolecules, such as gelatin (GEL), which enhances cell 

attachment by virtue of the arginine–glycine–aspartic acid (RGD) sequence inherited from 

collagen.12,13

However, it is important to acknowledge that natural biopolymers, including HA and GEL, 

may exhibit a limited half-life in the body due to enzymatic activity. To circumvent this 

constraint, one of the strategies pursued involves the functionalization of HA and GEL 

with reactive pendant groups, thereby facilitating their chemical cross-linking through 

various methodologies.14 The capacity to induce the crosslinking of hydrogels for medical 

applications via an external stimulus, increases their versatility and efficacy.15 This enables 

the hydrogel to be administered or injected in a fluid state to fill intricate cavities and 

subsequently undergo gelation to ensure retention at the application site. Of particular 

note are hydrogels capable of delivering drugs that can be spontaneously formed in 

situ.16,17 Among the diverse strategies available for inducing in situ cross-linking and 

gelation of hydrogel precursor formulations, the use of light-induced photo-cross-linking 

in the presence of a photoinitiator is especially noteworthy. In this context, methacrylation 

reactions have been frequently employed to functionalize HA and GEL with vinyl 

groups.18,19

Within the realm of developing hybrid photo-crosslinkable hydrogels, the strategy of 

functionalizing one of the formulation components with thiol (SH) groups emerges as 

a prominent approach. In the presence of thiolated components, the radical reactions 

initiated by the cleavage of the methacrylate group’s double bonds concurrently result 

in the formation of thiol–ene bonds, commonly referred to as click reactions, and may 

substantially accelerate the gelation process.20 In the present study, we developed hybrid 

hydrogels for in situ photo-cross-linking and localized NO release, based on mixtures 
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of HA and GEL. Due to its cell-promoting properties, anti-inflammatory effects, ECM 

mimicry, formulation versatility, and its role in wound healing. HA was chosen as the main 

component of the hybrid hydrogels. In this sense, HA was functionalized with methacrylate 

groups (HAGMA) to allow it to be photo-cross-linked as a single component, compared with 

HAGMA hydrogels containing thiolated GEL (GELSH).

To incorporate a NO donor into the HAGMA/GELSH hydrogels, we used S-

nitrosoglutathione (GSNO), a primary S-nitrosothiol (RSNO) obtained from the S-

nitrosation of glutathione.21 RSNOs act as NO donors through spontaneous dimerization 

reactions when in an aqueous solution.22 In addition to these reactions, RSNOs themselves, 

as well as free NO released from them, are also potent antioxidant agents capable of 

inactivating radical species.23 However, this last action, which can be very beneficial to 

fight cell damage in oxidative stress conditions, brings a limitation to the use of free 

RSNOs in photo-cross-linkable hydrogels. Since photo-crosslinking is a process that starts 

with the formation of free radicals from the photoinitiator and propagates through radical 

reactions to form the cross-linked network, the presence of free RSNOs or NO leads to the 

partial inactivation of these radical species, reducing the rate of the cross-linking process 

of the hydrogel. At the same time, such reactions consume the RSNOs incorporated in the 

precursor solution, reducing the amount of NO released by the hydrogel and its capability to 

sustain a prolonged NO release.

To overcome these limitations, we describe herein a novel strategy to prepare photo-

cross-linked GSNO-containing HAGMA/GELSH hydrogels capable of releasing NO in a 

prolonged manner. We based our strategy on the protection of GSNO from the reactions 

with radical species during the photo-cross-linking process by chemically bonding GSNO 

to the terminal carboxyl groups of poly(L-lactic-co-glycolic acid) (PLGA) which, in turn, 

is precipitated as nanoparticles (NPs). In this way, most of the GSNO becomes trapped and 

protected in the bulk of the NPs. Upon subsequent exposure to the aqueous medium of 

the hydrogels, the NPs undergo hydration and hydrolysis, allowing the GSNO molecules to 

dimerize with NO release.

Therefore, the present hydrogels can be utilized across a spectrum of lesion types, 

facilitating effective coverage and filling of intricate local defects before undergoing photo-

crosslinking. These versatile applications have the potential to accelerate wound healing, 

alleviate inflammation, or elicit microbicidal effects stemming from the biological properties 

of the NO released in situ. In the context of open wounds, the photo-cross-linking process 

can be initiated by direct irradiation of the precursor formulation applied to the wound 

surface. Furthermore, the composition of these hydrogels, comprising two absorbable 

biopolymers loaded with PLGA NPs (also absorbable), introduces the possibility of leaving 

them in situ for complete absorption during the tissue regeneration process. This feature may 

enhance the adaptability and efficacy of these hydrogels in diverse clinical scenarios.
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2. MATERIALS AND METHODS

2.1. Materials.

Sodium hyaluronate (Mw 1.8 kDa and 3 MDa) was purchased from Via Farma (São Paulo, 

SP, Brazil). Type A gelatin, glycidyl methacrylate (GMA), PLGA—acid termination (Mw 

7–17 kDa) Resomer RG 502 H, N-acetyl-homocysteine thiolactone (HCT), hyaluronidase 

from bovine testis type I–S (400–1000 U mg−1), sodium nitrite (NaNO2), reduced 

L-glutathione, 2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), 

L-cysteine hydrochloride monohydrate, 5,5′-dithiol-bis(2-acidonitrobenzoic) (Ellman’s 

Reagent), dimethyl sulfoxide (DMSO), dichloromethane (DCM), thiazolyl blue tetrazolium 

bromide (98%), potassium chloride (KCl), DAPI Readymade solution, and Triton 

X-100 were purchased from Sigma-Aldrich. N-Hydroxysuccinimide (NHS) and 1-[3-

(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC) were purchased from 

Acros Organics. Ethylenediaminetetraacetic acid tetrasodium salt dihydrate (EDTA), 

hydrochloric acid (HCl), acetone, and ethanol were purchased from Synth. Low molar 

mass poly(vinyl alcohol) (PVA) (98–99% hydrolyzed) was purchased from Alfa Aesar. 

Calcium and magnesium-free phosphate-buffered saline (PBS) solution (1×) (CMF-PBS) 

was purchased from Corning Incorporated. Dulbecco’s modified Eagle’s medium (DMEM), 

fetal bovine serum (FBS), and penicillin−streptomycin (P/S) were purchased from VWR. 

NIH/3T3 mouse fibroblast cells (ATCC 1658) for cell compatibility were obtained from 

American Type Culture Collection. Paraformaldehyde (4%) in PBS was purchased from 

Santa Cruz Biotechnology. Bovine serum albumin (BSA) was purchased from Proliant 

Biologicals. Alexa Fluor 488 Phalloidin was purchased from Invitrogen. All reagents were 

used without prior purification. The experiments were performed using Milli-Q ultrapure 

water (resistivity, 18.2 MΩ cm at 25 °C).

2.2. HA Methacrylation.

The functionalization of HA with GMA for the insertion of vinyl groups was based on the 

procedure described by Reis et al.24 Initially, 2 g of HA was solubilized in 200 mL of water 

at room temperature in a round-bottomed flask. The temperature of the solution was raised 

to 55 °C and its pH was adjusted to 3.5 by adding HCl (1 mol L−1). Then, 6.48 mL of GMA 

was added to the flask and the solution was kept under magnetic stirring (1100 rpm) for 

24 h at 55 °C. After this period, the solution was cooled to room temperature, transferred 

to a cellulose acetate dialysis bag (cutoff 12–14 kDa), and dialyzed against water for 72 h, 

changing the water three times per day. The dialyzed solution was frozen in liquid nitrogen 

and lyophilized using Benchtop (Virtis) at 21 mT and −38 °C for 48 h. The methacrylated 

hyaluronic acid obtained was named HAGMA.

2.3. Gelatin Thiolation.

Gelatin thiolation was performed according to the procedure described by Vlierberghe et 

al.25 Initially, 5 g of gelatin and 50 mL of carbonate buffer solution (pH 10) were added to 

a round-bottomed flask and left overnight at room temperature for the hydration of gelatin. 

After this time, the temperature was raised to 40 °C for complete solubilization of the 

gelatin. Next, 0.015 g of EDTA and 3.81 g of HCT were added. The reaction mixture was 

kept at 40 °C for 3 h under vigorous magnetic stirring and performed under a nitrogen 
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atmosphere. After this time, the reaction mixture was diluted with the addition of 100 mL of 

water, dialyzed against water for 48 h at 40 °C, changing the water three times per day, and 

lyophilized. The thiolated gelatin obtained was named GELSH.

2.4. S-Nitrosoglutathione Synthesis.

S-Nitrosoglutathione (GSNO) was synthesized through the S-nitrosation of glutathione 

(GSH) with sodium nitrite in an acidic medium according to Vercelino et al.2 Initially, 4.5 g 

of GSH and 1 g of NaNO2 were solubilized in 23 mL of water containing 1 mL of HCl (37 

wt %). The reaction mixture was kept under stirring in an ice bath for 90 s, protected from 

room light, and then precipitated through the addition of 30 mL of cold acetone. After 5 min, 

the precipitate was vacuum filtered, washed with 15 mL of cold acetone, and lyophilized for 

24 h. The solid dry GSNO was stored at −20 °C in a vial protected from light.

2.5. Functionalization of PLGA with GSNO.

Coupling of PLGA with GSNO was performed according to the procedure described by Lee 

et al.26 Initially, 2 g of PLGA, 0.452 g of EDC, and 0.268 g of NHS were dissolved in 

12 mL of DMSO under magnetic stirring (500 rpm) for 24 h at room temperature. These 

amounts correspond to a molar excess of NHS over PLGA of 8.6 times. The product formed 

(PLGA-NHS) was precipitated in 100 mL of water, separated by centrifugation (10,000 

rpm), frozen in liquid nitrogen, and lyophilized for 24 h. Next, 1 g of PLGA-NHS and 

0.4 g of GSNO were dissolved in 6 mL of DMSO under stirring (500 rpm) for 24 h at 

room temperature. These amounts correspond to a molar excess of GSNO over PLGA-NHS 

of 8.8 times. The product formed (PLGA-GSNO) was precipitated in 100 mL of cold 

water and separated by centrifugation (10,000 rpm) at 10 °C. Excess-free GSNO was 

removed by washing the solid product twice with cold water during the centrifugation step. 

Subsequently, the solid PLGA-GSNO was frozen in liquid nitrogen, lyophilized for 24 h, 

and stored at −20 °C. All the above steps involving GSNO were performed with the reaction 

flasks protected from room light with aluminum foil.

2.6. Preparation of the PLGA-GSNO Nanoparticles.

The PLGA-GSNO NPs were prepared by the emulsion solvent evaporation method 

according to Lee et al.26 Initially, 100 mg of PLGA-GSNO was dissolved in 4 mL of 

DCM and poured into 20 mL of cold 1 wt % aqueous PVA solution. The mixture was 

sonicated for 90 s using a Sonics Vibra-cell Sonicator VCX 500 instrument at 40% of the 

maximum amplitude. The dispersion was kept under stirring (600 rpm) in an ice bath under 

a gentle N2 flow for solvent evaporation. Subsequently, the PLGA-GSNO NP dispersion was 

centrifuged (10,000 rpm) twice at 10 °C, with the addition of cold water, frozen in liquid 

nitrogen, and lyophilized. The obtained NPs were named NPPLGA-GSNO.

2.7. Measurement of the GSNO Loading.

The GSNO loading of the NPPLGA-GSNO [L(GSNO)] was calculated by measuring the 

absorbance of the NPPLGA-GSNO solution at 336 nm, which is the maximum of the 

characteristic UV absorption band of GSNO in a diode-array UV–vis spectrophotometer 

(Agilent, model 8453) in triplicate using a 1 cm path-length quartz cuvette. Solutions of 
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NPPLGA-GSNO were prepared by dissolving 5.0 mg of the dry NPPLGA-GSNO in 2 mL 

of DMSO. The calibration curve was obtained with standard GSNO solutions in DMSO in 

the concentration range of 0.1–0.7 mmol L−1.

2.8. Preparation of the Photo-Cross-Linked Hydrogels.

To prepare the photo-cross-linkable HA hydrogel, HAGMA (1.5% w/v) was dissolved 

in a PBS solution (pH 7.4) containing 1 mmol L−1 of EDTA. Then, 200 μL of an 

ethanolic solution of the photoinitiator Irgacure 2959 was added to the solution to reach 

a final concentration of 0.5 w/v %. The HAGMA solution was poured into a cylindrical 

polypropylene mold that was 2 cm high and 1 cm in diameter. It was then irradiated from 

the top for 10 min using a 3 mW cm−2 power UV source emitting at 365 nm (Lightning 

Enterprises UV LED Spot Cure System). The resulting photo-cross-linked HA hydrogel was 

named HHA.

For the preparation of photo-cross-linkable HA hydrogels containing GELSH, aqueous 

buffered solutions of GELSH (0.5 and 1.0 w/v %) were prepared by dissolving them 

at 40 °C in a PBS solution containing 1 mmol L−1 of EDTA (pH 7.4). These GELSH 

solutions were then cooled to room temperature, and HAGMA was added to reach a 

final concentration of 1.5% w/v. The mixture was stirred magnetically until complete 

homogenization. Then, 200 μL of an ethanolic solution of the photoinitiator Irgacure 2959 

was added to the solution to reach a final concentration of 0.5 w/v %. Subsequently, the 

combined HAGMA/GELSH solutions were poured into cylindrical polypropylene molds 

that were 2 cm high and 1 cm in diameter. They were irradiated from the top for 10 min 

using the previously mentioned light source. The HA photo-cross-linked in the presence of 

GELSH (0.5 and 1.0 w/v %) was named HAG0.5 and HAG1, respectively.

NPPLGA-GSNO were incorporated into the photo-cross-linkable HHA, HAGE0.5, and 

HAGE1 hydrogels at a concentration of 20 wt % relative to the dry mass of HAGMA. 

To achieve this, NPPLGA-GSNO were initially dispersed in the PBS solutions used for 

dissolving HAGMA and GELSH, as described above. To ensure homogeneous dispersion of 

NPPLGA-GSNO in the PBS solutions, the solutions were sonicated in an ultrasonic bath for 

4 min at room temperature. The resulting HHA, HAG0.5, and HAG1 hydrogels containing 

NPPLGA-GSNO were named NPHHA, NPHAG0.5, and NPHAG1, respectively.

2.9. Nuclear Magnetic Resonance.

The functionalization of HA was confirmed by 1H NMR. For the NMR analysis, 15 mg of 

pure and modified polymers were solubilized, separately, in 500 μL of D2O and the spectra 

were obtained in a Bruker AVANCE 250 spectrometer operating at a frequency of 300.059 

MHz. The methacrylation degree (MD) of HAGMA was estimated through integration of 

the 1H NMR peaks of the vinylic hydrogens of the methacrylate group at 6.17 and 5.74 ppm 

(I6.17 and I5.74, respectively) and the peaks of the methyl hydrogens of the n-acetyl group of 

HA at 2.0 ppm (I2.0), and the calculation of their relative intensity was according to eq 1.

% MD = 3 I6.17 + I5.74
2 I2.0

× 100
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(1)

2.10. Infrared Spectroscopy.

Attenuated total reflectance Fourier-transformed infrared spectroscopy (ATR-FTIR) was 

used to confirm the formation of HAGMA, PLGA-GSNO, and GELSH. All the materials 

were analyzed as dry powders after lyophilization. The ATR-FTIR spectra were acquired in 

an Agilent Cary 660 spectrometer, in the spectral range of 4000–400 cm−1 with a total of 64 

scans/spectrum and 4 cm−1 resolution.

2.11. Raman Spectroscopy.

The presence of thiol groups in the GELSH, as well as the formation of photo-cross-

linked HAGMA/GELSH hydrogels, was confirmed by Raman spectroscopy using a Horiba 

XploRA One 785 nm spectrometer in the spectral range of 4000–400 cm−1 using a 785 nm 

laser. Each spectrum was obtained with an exposure time of 60 and 2 scans.

2.12. Thiol Quantification.

Ellman’s assay was used to quantify the thiol groups in GELSH. A stock solution was 

prepared by dissolving 4 mg of Ellman’s reagent into 1 mL of PBS solution (pH 8.0) 

containing 1 mmol L−1 of EDTA. GELSH solutions were prepared through the dissolution 

of 30 mg of solid dry GELSH into 30 mL of water at 40 °C under magnetic stirring for 2 h. 

For the reaction with the Ellman’s reagent, 250 μL of the GELSH solution was mixed with 

2.5 mL of PBS solution (pH 8.0) and 50 μL of the Ellman’s stock solution and kept at room 

temperature for 15 min. After this time, the solution was transferred to a 1 cm path-length 

quartz cuvette and the absorbance was measured at 412 nm using the above-described UV–

vis spectrophotometer, in triplicate. The calibration curve was obtained following a similar 

procedure, using a buffered cysteine hydrochloride monohydrate solution in the range 1 × 

10−4 to 1 × 10−5 mol L−1 as standard.

2.13. Characterization of Nanoparticles.

The morphology of the NPPLGA-GSNO prepared was analyzed by transmission electron 

cryomicroscopy (cryo-TEM) performed in a Talos Arctica microscope (ThermoFisher) 

operating at 200 kV. Dispersions of NPs in water containing 5 mg mL−1 were prepared 

using an ultrasonic bath (Fisherbrand, model CPX1800) for 5 min. The mean diameter of 

NPPLGA-GSNO was obtained by analyzing 320 NPs in the cryo-TEM micrographs with 

the Size Meter software. The OriginPro 2018 software was used to plot a histogram of the 

NP size distribution. The size distribution of PLGA NPs was also analyzed by dynamic light 

scattering (DLS) using a Malvern Zetasizer Nano ZS particle size analyzer. The analysis 

was performed in triplicate at 25 °C with an equilibrium time of 120 s. The average particle 

size and the polydispersity index were determined simultaneously. The surface charge of the 

NPPLGA-GSNO was determined by measuring the zeta potential ζ  of the particles using 

the above-described particle size analyzer. For this analysis, 0.4 mg mL−1 of lyophilized 

NPPLGA-GSNO was dispersed in a 1 mmol L−1 KCl solution by using an ultrasonic bath. 

The pH of the dispersions was adjusted in the range of 2–10 using HCl and NaOH solutions. 

Measurements were done in triplicate at 25 °C.
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2.14. Rheological Measurements.

The gelation time of the hydrogels was investigated by rheology using a Thermo Scientific 

HAAKE MARS 40 rheometer equipped with a Thermo Scientific A25 thermostatic bath. A 

plate–plate (P35) geometry with a 1 mm gap was employed. The tests were carried out at a 

frequency of 1 Hz and at 37 °C to obtain G′ and G″ as a function of time. The solutions 

were irradiated through the gap between the parallel plates of the cell with a 3 mW cm−2 

power UV source emitting at 365 nm (Lightning Enterprises UV LED Spot Cure System). 

The gelation time was defined by the crossover of G′ and G″.

2.15. Compression Tests.

Uniaxial compression tests were carried out on a TA.XT plusC texture analyzer (TA 

Instruments), which was outfitted with a 5 kgf load cell and a 15 mm diameter circular 

Delrin probe (P/0.5). The analyzer was programed to deform 30% of the hydrogel samples 

at a speed of 1 mm s−1. Cylinders of hydrogels 1 cm in diameter and 1 cm high photo-cross-

linked for 10 min of irradiation were used as specimens for the compression tests. All of the 

specimens were previously swollen for 24 h in a PBS solution (pH 7.4). The compression 

tests were performed in triplicate. The elastic modulus of compression was obtained through 

the slope of the stress–strain curve, according to eq 2 (Young’s equation), where σ is the 

stress in MPa, E is the elastic modulus, and ϵ is the strain in absolute value.

σ = E ⋅ ϵ

(2)

2.16. Swelling Measurements.

The water absorption profiles of the photo-cross-linked hydrogels were characterized 

gravimetrically during their immersion in PBS solution (pH 7.40) at 37 °C in a thermostatic 

bath until they reached the swelling equilibria. Cylinders of hydrogels 1 cm in diameter 

and 1 cm high photo-cross-linked for 10 min of irradiation were used as specimens for the 

swelling measurements. To monitor the water absorption, we removed the hydrogel samples 

from the PBS solution at predetermined time points over 48 h. Each sample was carefully 

dried with filter paper to remove excess surface water before weighing. Measurements were 

performed in quadruplicate. The swelling degree was expressed as the percentage of mass 

increase according to eq 3, where Mi is the initial mass of the sample and Ms is the mass of 

the completely swollen sample.

SD(%) = Ms − Mi
Mi

× 100

(3)

2.17. Enzymatic Degradation.

The degradation of hydrogels was characterized gravimetrically during the 14 days of 

immersion in PBS solution (pH 7.40) at 37 °C in a thermostatic bath in the presence 

of hyaluronidase (10 U mL−1). Cylinders of hydrogels 1 cm in diameter and 1 cm high 

photo-cross-linked for 10 min of irradiation were used as specimens for the degradation 
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measurements. To monitor the mass loss, the freeze-dried hydrogel samples were initially 

weighted and then immersed in the PBS solution. The samples were removed from the PBS 

solution at predetermined time points, freeze-dried, and weighed again. Measurements were 

performed in quadruplicate. The mass loss (ML) was expressed as the percentage of mass 

loss according to eq 4, where Mi is the initial mass of the dry sample and Mt is the mass of 

the degraded dry sample at each time t.

ML(%) = Mi − Mt
Mi

× 100

(4)

2.18. Scanning Electron Microscopy.

The morphology of the hydrogels was characterized by SEM using a Quanta 450 FEG 

(Thermo Fischer Scientific) microscope operating at an acceleration voltage of 10 kV. 

The hydrogels were frozen in liquid nitrogen and freeze-dried for 24 h before being 

cryogenically fractured in liquid nitrogen.

2.19. Real-Time NO Release.

The profiles of real-time NO release of the NPPLGA-GSNO were characterized by ozone-

based chemiluminescence using a nitric oxide analyzer (Sievers 208i, GE Analytical 

Instruments) operating at a 6.0 psig oxygen pressure and a cell pressure of 8.0 Torr. For 

the measurements, 10 mg of NPPLGA-GSNO, were introduced into the reaction flask of 

the instrument, containing PBS solution (pH 7.4) and 1 mmol L−1 of EDTA, protected from 

light and maintained at 37 °C.

2.20. Long-Term NO Release.

The long-term NO release profiles from NPHHA, NPHAG0.5, and NPHAG1 were 

characterized over a 14 day monitoring period under incubation in a PBS solution (pH 

7.4) at 37 °C by quantifying the released NO by chemiluminescence. In this case, since NO 

released in the PBS solution can be oxidized to nitrite and nitrate over extended incubation 

times, the vanadium chloride (VCl3) method,27 which quantitatively reduces nitrite and 

nitrate back to NO, was used for NO quantification, using the same above-described NO 

analyzer (NOA). A saturated solution of VCl3 in 1.0 mol L−1 HCl was used, 5 mL of which 

was transferred to the NOA reaction flask and maintained at a temperature of 90 °C, with 

a cell pressure of 7.0 Torr. For incubation, specimens of the hydrogels were immersed in 

20 mL of PBS solution contained in a Schott flask kept closed, protected from ambient 

light with aluminum foil, and immersed in a thermostated bath at 37 °C. At time intervals 

between 1 and 14 days, aliquots of 100 μL of the PBS solution were removed from the 

Schott flask and injected into the NOA for triplicate quantification of the cumulative NO 

released. After each aliquot extraction, the total extracted volume was replaced with fresh 

PBS solution (pH 7.4) to keep the solution volume of the Schott flask constant. Pure PBS 

was analyzed as a control. A calibration curve was obtained in the range of 12.5–500 mmol 

L−1 using a standard sodium nitrite solution.
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2.21. 3T3 Mouse Fibroblast Cell Culturing.

Cell cytocompatibility was assessed for the hydrogels using NIH 3T3 mouse fibroblast 

cells per the ISO 10993–5 standard.28 The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT) assay was employed by using the indirect testing method. The 

cells were cultured on a T75 (75 cm2) flask with complete DMEM (DMEM supplemented 

with 10% FBS and 1% P/S) at 37 °C and 5% CO2. When the cells were 70% confluent, 

they were seeded on sterile 96-well plates at a cell seeding density of 5 × 103 cells well−1 to 

adhere.

2.22. Leachate Preparation.

The hydrogels were previously prepared with the same volume of polymeric solution (250 

μL) according to the procedure described in Section 2.8. The control and test groups (n = 4) 

were first disinfected with 70% ethanol and UV-sterilized for 30 min. The hydrogels were 

then submerged in complete DMEM for 24 h at 37 °C and 5% CO2 to prepare the leachates. 

After 24 h, the hydrogels were centrifuged at 500 g for 10 min. The hydrogels were then 

removed, and the leachates were diluted (10%) and used for cytocompatibility studies.

2.23. Cytocompatibility of the Hydrogels.

MTT stock reagent (5 mg mL−1) was prepared by dissolving and sterile filtering thiazolyl 

blue tetrazolium bromide in CMF-PBS. After 24 h of cell exposure to the leachate dilutions, 

the leachates were removed, and diluted MTT reagent (0.5 mg mL−1) was exposed to the 

cells for 2.5 h at 37 °C and 5% CO2. After incubation, the MTT reagent was removed from 

the wells; the formazan crystals present were redissolved in DMSO. The absorbance was 

read with a BioTek (Winooski, VT) plate reader at 570 and 690 nm and translated into a 

relative percent viability of the fibroblast cells (eq 5).

Relative cell viability (%) = ABS sample
ABS control × 100

(5)

2.24. Cell Adhesion.

The hydrogels’ ability to promote cell adhesion was assessed by direct cell seeding onto 

the hydrogels. The materials, described in Section 2.8, were formed (n = 4) directly on 

8-well culture sides, using the same volume (150 μL), and irradiated for 5 min. NIH 3T3 

mouse fibroblast cells were initially cultured on a T75 (75 cm2) flask with complete DMEM 

(supplemented with 10% FBS and 1% P/S) at 37 °C and 5% CO2. When the cells were 

70% confluent, they were harvested and seeded on UV-sterilized (30 min) hydrogels at a 

cell seeding density of 2 × 104 cells well−1 to adhere. The seeded hydrogels were incubated 

at 37 °C and 5% CO2 for 24 h. After allowing cells to adhere to the hydrogels for 24 h, 

the remaining cells in suspension were counted, and the number of cells adhered to the 

hydrogels was calculated. The cell suspension from each hydrogel was transferred from 

the well into a microcentrifuge tube and centrifuged at 500g for 5 min. The supernatant 

was then removed, and the cell pellet was resuspended in CMF-PBS. Equal parts of the 
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cell suspension and 0.4 % Trypan blue were mixed and counted on a hemocytometer. The 

number of cells adhered to the hydrogels was calculated according to eq 6.

% Cells adhered = cell seeding density − suspended cells
cell seeding density × 100

(6)

2.25. Staining and Fluorescent Imaging of Adhered Cells.

After the initial 24 h of incubation, the hydrogels with cells adhered were incubated with 

fresh complete DMEM for another 48 h to allow for the cells to proliferate and spread. 

At 72 h, the medium was removed, and the cells were fixed with 4% paraformaldehyde 

for 1 h. Once the cells were fixed and rinsed with CMF-PBS, they were permeabilized 

with 0.1% (v/v) Triton X-100, followed by treatment with 10% (w/v) BSA to prevent 

indiscriminate staining of hydrogel components in succession. Then, the cell cytoskeleton 

(F-actin) was stained with 0.165 μM Alexa Fluor 488 conjugated Phalloidin, while the 

cell nucleus was stained with 1μg/mL DAPI, in succession, and protected from light. The 

cells were imaged with an Advanced Microscopy Group’s EVOS FL Fluorescence Imaging 

Microscope (AMG, Mill Creek, WA).

2.26. Statistical Analysis.

Analyses were performed in triplicate, except for the swelling and in vitro degradation 

tests which were performed in quadruplicate and are expressed such as mean ± standard 

deviation. The calculated standard deviation is represented by error bars. A standard 

Student’s t-test was used to determine statistical significance—*P < 0.05.

3. RESULTS AND DISCUSSION

3.1. HA Methacrylation.

Figures 1a and S1 show the 1H NMR spectra of HA and HAGMA. The HA spectrum shows 

a signal at 2.0 ppm, assigned to the proton of the methyl group of the N-acetylglucosamine 

unit, and an envelope of signals between 3.3 and 5.4 ppm, which are assigned to the 

hydrogens of the saccharide units of HA.29 The HAGMA spectrum shows additional signals 

at 5.74 and 6.17 ppm (inset) characteristic of vinylic hydrogens, as well as at 1.93 ppm 

(proton of the methyl group of GMA), and between 3.5 and 4.3 ppm (protons of the 

methylene group of the glycidyl spacer).30 The presence of these additional peaks confirms 

the methacrylation of HA through the ring-opening reaction of GMA, according to the 

reaction shown in Figure S2a.31 Under the experimental conditions used, an estimated MD 

of HA of 75% was obtained (eq 1). Additional evidence of HA methacrylation is shown in 

the comparison among the FTIR spectra of HA, GMA, and HAGMA (Figure S3a,b).

3.2. Gelatin Thiolation.

The functionalization of GEL through the formation of a secondary amide generated by 

the reaction of primary amines of the GEL and the carboxylic acid of HCT,25 led to 

the formation of GELSH, according to the reaction shown in Figure S2b, which was 

characterized by the Ellman assay. Quantification of the thiol groups by this method allowed 
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estimating an extent of thiolation of the GEL of 24 wt %. Although the comparison between 

the FTIR-ATR spectra of GEL and GELSH shows no changes that can be attributed to 

the functionalization of GEL with HCT (the characteristic −SH band at 2567 cm−1 is too 

weak to be detected) (Figure S3c), the formation of GELSH could be confirmed by Raman 

spectroscopy through the detection of the characteristic −SH group band at 2567 cm−1 in the 

spectrum of GELSH (Figure 1b).32

3.3. PLGA-GSNO Nanoparticles.

GSNO was coupled to PLGA through the formation of an amide bond between the primary 

amine of GSNO and the terminal carboxyl of PLGA in a carbodiimide-mediated reaction 

(Figure 2a I and II). Figure 2b shows the ATR-FTIR spectra of pure PLGA and PLGA-

GSNO. Both spectra display the characteristic bands of PLGA at 2996 and 2949 cm−1 (C−H 

stretching of CH2 and CH3, respectively); 1748 cm−1 (CO stretching of esters) and 1168 and 

1083 cm−1 (axial and angular C−O deformation).32 The new weak band that appeared at 

1532 cm−1 in the spectrum of PLGA-GSNO can be assigned to the angular deformation of 

secondary amides,32 confirming the formation of PLGA-GSNO.

PLGA-GSNO nanoparticles (NPPLGA-GSNO) were prepared by emulsion formation 

followed by solvent evaporation. As shown in the cryo-TEM image of Figure 2c, the 

NPPLGA-GSNO are spherical and well dispersed in water. The size distribution of 

NPPLGA-GSNO is shown in the bar graph of Figure 2d, from which an average diameter 

of 144 ± 60 nm can be estimated. This estimate is in agreement with the order of magnitude 

of the average hydrodynamic diameter of the NPPLGA-GSNO (230 ± 89 nm) determined 

by DLS measurements (Figure S4a). It should be noted that the PLGA used in this study 

has terminal carboxylic groups. Assuming a reaction under stoichiometric conditions, these 

groups (that participate in the protonation–deprotonation equilibrium, affecting the charge 

of the nanoparticles), are completely consumed in the GSNO functionalization, according 

to the reactions schematized in Figure 2a I and II. The remaining protonable groups, 

which then determine the net electric charge that the NPPLGA-GSNO can assume, are 

the carboxylate groups present on the glutamate residue (pKa = 2.1) and glycine residue 

(pKa = 3.5) of GSNO.2 Therefore, it can be expected that below pH 2.1, NPPLGA-GSNO 

should show a net charge close to zero.

With increasing pH, the gradual deprotonation of the two – COOH groups from the 

glutamate and glycine residues starts to impart a negative net charge to the NPPLGA-GSNO. 

This prediction agrees with the results of Figure S4b, which show that, starting at pH ca. 

3.0, the NPPLGA-GSNO show a negative zeta potential, which stabilizes above pH 6.0, 

indicating the presence of four negative charges per molecule of PLGA-GSNO (two at 

each end of the chain). Therefore, the good dispersion of the NPPLGA-GSNO, with no 

aggregation after their redispersion in water, as shown in Figure 2c, can be attributed to the 

negative surface charge. Using spectrophotometric measurements based on the absorption 

band of GSNO at 336 nm, the molar amount of GSNO (no π* transition)33 coupled to the 

PLGA nanoparticles was estimated to be 0.104 mol mg−1 (Figure S4c,d).
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3.4. Hydrogel Formation.

HHA, HAG0.5, HAG1, NPHHA, NPHAG0.5, and NPHAG1 were formed through photo-

cross-linking reactions under irradiation in the presence of the photoinitiator. In the case of 

HHA, only the photo-cross-linking reaction between carbon radicals formed in the cleavage 

of the C═C bonds of HAGMA is involved (Figure S5a), while in the case of HAG0.5 and 

HAG1, a parallel reaction between the carbon radicals formed in the cleavage of the C═C 

bonds and thiol groups takes place and leads to the formation of thiol–ene bonds (Figure 

S5b).34,35 In the last case, hydrogen abstraction from the thiol group by a radical species 

leads to the formation of a thiyl radical (RS•) that attacks the double bond (−C═C−), 

establishing a C−S bond. The thiol–ene reactions are known as click reactions and have 

the advantages of being considerably faster than the reaction between two carbon-centered 

radicals, and less susceptible to inhibition by oxygen (O2).36 These two parallel reactions 

also take place in the presence of NPPLGA-GSNO. The two reactions involved in the 

formation of the hydrogels, along with photographs of the photo-cross-linked hydrogels after 

their removal from a cylindrical mold, are shown in Figure 3a–c.

It should be noted that while the HHA and HAG are completely transparent, the NPHAG 

is turbid. This turbidity can be attributed to the light scattering caused by NPPLGA-GSNO. 

The formation of HHA and HAG1 was confirmed by the disappearance of the band assigned 

to the vinyl group from HAGMA at 1640 cm−1 in the FTIR (Figure 3d) and Raman 

(Figure 3e) spectra, respectively.37 Based on the special biological properties of HA and its 

relevance in biomedical applications,8 we decided to keep the HA concentration at 1.5 wt % 

in HAG formulations while keeping the GELSH concentrations below 1.5 wt % so that HA 

is always the major component.

3.5. Rheological Measurements.

Rheological measurements were performed to characterize the gelation process of HA 

promoted by the photo-cross-linking reactions in the absence and presence of GELSH and 

NPPLGA-GSNO. Figure 4a shows representative photographs of the sol−gel transition of 

the HHA hydrogel when irradiated with ultraviolet light and removed from the tube. Figure 

4b–d shows the curves of the elastic or storage (G′) and viscous or loss (G″) modules as a 

function of the irradiation time during the sol−gel transition of HHA and NPHHA (Figure 

4b), HAG0.5 and NPHAG0.5 (Figure 4c), and HAG1 and NPHAG1 (Figure 4d), promoted 

by photo-cross-linking. In all cases, the materials are initially fluid solutions with liquid-like 

behavior and have G″ higher than G′. With the progression of the photo-cross-linking 

process, G′ increases sharply, becoming higher than G″ and the fluid solutions acquire a 

solid-like behavior. As the photo-cross-linking process is completed the curves tend toward 

a plateau. The gelation times, obtained from the point at which the G′ and G″ curves 

intersect, are 334 ± 19 s for HHA, 433 ± 70 s for NPHHA, 72 ± 11 s for HAG0.5, 76 ± 13 s 

for NPHAG0.5, 73 ± 3 s for HAG1, and 75 ± 6 s for NPHAG1 (Figure 4e).

First, the presence of GELSH accelerates the gelation process, making the gelation time 4.6 

times shorter than the gelation time of HHA (there was no statistically significant difference 

between the gelation times of HAG0.5 and HAG1). This reduction in gelation time can be 

attributed to the lower activation energy for hydrogen abstraction from the thiol group of 
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GELSH. While the −C═C− bond energy is 728 kJ mol−1,38 the S−H bond energy is 368 kJ 

mol−1.36 Therefore, the presence of GELSH along with HAGMA increases the reactivity of 

the system as a whole and accelerates the gelation process, as already reported elsewhere.36 

This is a desirable result for the proposed application of the present NO-releasing HA/GEL 

for tissue regeneration since the in situ irradiation time should be as short as possible.

Second, the increase in the gelation time of HHA in the presence of NPPLGA-GSNO 

can be attributed to the photochemical release of NO from GSNO exposed on the surface 

of NPPLGA-GSNO and consequent partial suppression of the photo-cross-linking process. 

To check this assumption, we performed rheological monitoring of HHA gelation in the 

presence of free GSNO. The modulus vs irradiation time curves shown in Figure S6a 

confirmed that the presence of unprotected GSNO leads to a 4-fold increase (from 334 to 

1240 s) in the gelation time of HHA, as expected for the well-known effect of RSNOs in 

the inactivation of radical species.23 The absence of this effect in HAG0.5 and HAG1 can be 

attributed to the formation of thiol–ene bonds in these hydrogels, whose acceleration of the 

photo-crosslinking process overcomes the effect of the suppression of photo-cross-linking 

by the NO released from GSNO. Moreover, the presence of NPPLGA-GSNO led to a 

statistically significant reduction of 26 and 28% in the elastic modulus G′ of the HAG0.5 

and HAG1, respectively (Figure S6b). This trend for the hydrogels containing NPPLGA-

GSNO suggests that this effect is due to the light scattering caused by NPPLGA-GSNO.

It can also be seen in Figure S6b that HAG0.5, NPHAG0.5, HAG1, and NPHAG1 have G′ 
values greater than the modules of HHA and NPHHA. This result agrees with the expected 

mechanical strengthening in the structure of the hydrogels as a result of the formation of 

thiol–ene bonds in the presence of GELSH. This hypothesis was confirmed by comparing 

the rheological properties of HAG1 and a physical mixture of HAGMA and nonthiolated 

gelatin, named HHA/GEL, at the same mass ratio as used for HAG1 (Figure S6c). As can 

be seen, the gelation time of HHA/GEL is about 4 times longer than that of HAG1, which 

clearly demonstrates the contribution of the thiol–ene bond formation. This conclusion is 

reinforced by similarity between the rheological properties of HHA and HHA/GEL, where 

in both cases only cross-linking between the vinyl groups is involved (Figure S6d).

3.6. Mechanical Properties.

Figure 5a,b shows the stress–strain curves and corresponding elastic moduli of HHA, 

NPHHA, HAG0.5, NPHAG0.5, HAG1, and NPHAG1. First, the addition of GELSH led 

to a 1.7- and 4.0-fold increase in the elastic modulus of HAG0.5 and HAG1, respectively, 

compared to HHA, in accordance with the increase in the elastic modulus described above 

due to the presence of GELSH and assigned to the formation of thiol–ene bonds in the 

photo-cross-linking process. Second, in all cases, the presence of the NPPLGA-GSNO led to 

a 3.8-, 6.8-, and 8.6-fold increase in the elastic moduli of NPHHA (8.3 kPa), NPHAG0.5 (15 

kP), and NPHAG1 (19 kPa), respectively, compared to HHA (2.2 kPa).

Although this increase in the compression modulus of the hydrogels with the introduction of 

NPPLGA-GSNO does not reflect the reduction in elastic modulus measured by rheology for 

NPHHA, NPHAG0.5, and NPHAG1 compared to HHA (Figure S6b), it should be noted that 

the two techniques used measure different mechanical responses.

Catori et al. Page 15

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2024 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The elastic modulus of hydrogels used in tissue regeneration strongly influences cell 

behavior through the mechanotransduction process that operates when cells come into 

contact with the material. Thus, based on the similarity of elastic moduli, it can be 

considered that the present hydrogels have the greatest potential for guiding tissue 

regeneration in the kidney (5–10 kPa), brain (1–4 kPa), heart (10–15 kPa), intestine (20–40 

kPa), and nucleus pulposus of intervertebral disks.19,39

3.7. Swelling and Degradation Behavior.

The water absorption capacity of the present hydrogels is essential for their proposed 

biomedical applications since the penetration of biological fluids in the freshly formed 

hydrogels favors the infiltration and seeding of cells.40 The swelling behavior of HHA, 

NPHHA, HAG0.5, NPHAG0.5, HAG1, and NPHAG1 in PBS solution (pH 7.4), over 10 

h, after their formation by photo-cross-linking is shown in Figure 5c. The presence of 

GELSH in the formulations led to a decrease in the swelling degree of HHA, which is 

directly proportional to the GELSH amount. When comparing the hydrogels with and 

without NPPLGA-GSNO, it can be noted that the incorporation of NPs led to an additional 

reduction in swelling degree. Although this result may have a contribution to the known 

hydrophobicity of PLGA in the NPPLGA-GSNO,41 it is worth considering that it is more 

likely a result of the grafting of the NPPLGA-GSNO to the photo-cross-linked HA/GEL 

network. This grafting is in fact expected to occur through the establishment of thiol–ene 

bonds between carbon radicals HAGMA and thiyl radicals formed in the photoejection 

of NO from GSNO, leading to an increase in the cross-linking degree and a consequent 

decrease in the swelling degree.

Ideally, the rate of degradation of prosthetic hydrogels used for tissue repair should match 

the rate of the formation of new tissue. To evaluate the degradability of the present hydrogels 

under enzymatic action, HHA, HAG0.5, and HAG1 were subjected to in vitro degradation 

assays which were carried out in phosphate buffer (pH 7.4) in the presence of hyaluronidase 

over 10 days. Hyaluronidase degrades HA by cleaving the β 1,4 glycosidic bond.42 Figure 

5d shows that HHA lost 48 ± 3% of its initial mass on first day of testing in the presence 

of the enzyme and was completely degraded after the eighth day. The degradation rate, 

on the other hand, decreased with the addition and increasing concentration of GELSH. 

HAG0.5 retained approximately 58% of its initial mass until the sixth day of incubation. 

On the tenth day, HAG1 had the lowest observed degradation rate, losing 61 ± 3.5% of 

its mass. This difference in degradation rate can be attributed to hyaluronidase’s decreased 

accessibility to HA cleavage sites with the addition of GELSH. It must be noted that the 

hyaluronidase concentration used in the in vitro assay was 10 U mL−1, which is much higher 

than the concentration of hyaluronidase present in the human body, which can range from 

2.8 × 10−6 to 3.8 × 10−3 U mL−1 in plasma, for example.20 Therefore, HHA, HAG0.5, and 

HAG1 are expected to have a longer residence time in the human body, preserving their 

three-dimensional structure.

3.8. Morphological Analysis.

SEM was used to examine the morphology of hydrogels prepared with and 

without NPPLGA-GSNO. The dry hydrogels displayed a honeycomb morphology with 
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interconnected pores, as shown in the micrographs of Figures 6a,b and S7a–f. These 

micrographs show no evidence of phase separation between HAGMA and GELSH. The 

pore size distribution ranged from 32 to 56 μm. This porosity can help the transport of 

nutrients and gases, as well as provide a large surface area for cell adhesion and migration.18

Although the incorporation of NPPLGA-GSNO did not affect the pore morphology, the 

NPPLGA-GSNO changed the texture of the surface of the pores, where they can be clearly 

seen underneath the pore walls (Figure 6a,b).

3.9. NO Release.

Figure 7a shows a representative real-time NO release curve, obtained after adding 

NPPLGA-GSNO in PBS solution (pH 7.40) at 37 °C. The NO signal that appears 

immediately after the introduction of the samples into the reaction flask of the NO analyzer 

can be assigned to the thermal dimerization of the terminal GSNO molecules at the 

water-NPPLGA-GSNO interface as the nanoparticles swell, and water starts penetrating 

the NPPLGA-GSNO, providing mobility to the terminal GSNO molecules. A proof of 

concept that GSNO is the NO source is shown in Figure 7b, based on a demonstration of its 

photochemical NO release. As the hydration of the NPPLGA-GSNO becomes progressively 

slower, depending on the hydration rate, as well as on the hydrolysis of the NPPLGA-

GSNO, the NO signal decays slowly, reaching the baseline after ca. 35 h, as can be seen in 

the inset of Figure 7a. In this analysis, it should be considered that this release profile may 

be governed by the hydrolysis rate of PLGA, which is relatively high.43 The corresponding 

cumulative NO release curve from NPPLGA-GSNO is shown in Figure 7c. The slope of the 

curve of Figure 7c allows us to estimate a rate of NO release of 1.23 pmol mg−1 min−1.

Figure 7d shows the long-term NO release profiles of NPHHA, NPHAG0.5, and NPHAG1 

over a 14 day monitoring period under incubation in PBS solution (pH 7.4) at 37 °C. In 

these experiments, the cumulative NO released from the hydrogels was quantified after 

1, 2, 4, 7, and 14 days of incubation, by reducing the NO byproducts, such as nitrite 

(NO2
−) and nitrate (NO3

−) back to NO with vanadium chloride.27,44 Figure 7d unveils two 

noteworthy findings. First, the release of NO from NPPLGA-GSNO incorporated into cross-

linked HAG matrices exhibits a significantly prolonged profile (extending up to 14 days) 

when compared to the NO release from NPPLGA-GSNO directly added to a PBS solution 

under identical conditions (with a release duration of up to 35 h). Second, it is evident 

that hydrogels subjected to photo-cross-linking in the presence of GELSH (specifically, 

NPHAG0.5 and NPHAG1) released significantly higher quantities of NO. Furthermore, the 

NO release amounts are directly proportional to the mass proportion of GELSH used in the 

hydrogel formulation. This outcome can be comprehended by considering a well-established 

phenomenon: the hydrolysis of PLGA (and polyesters in general) is catalyzed by the 

localized acidification generated during hydrolysis.45 This catalytic effect is particularly 

pronounced when the free acids produced during hydrolysis are not promptly removed from 

the polymer–solution interface through diffusion or washing.

In the case of the NPHAG0.5 and NPHAG1, it is logical to expect that as the equilibrium 

swelling degree of the hydrogels decreases, there is an increase in diffusion constraints. 

This leads to higher concentrations of free acids accumulating in close proximity to 
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the NPPLGA-GSNO. Consequently, the autocatalytic acceleration of NPPLGA-GSNO 

hydrolysis increases the rate of NO release. This phenomenon arises from the mobilization 

of PLGA-GSNO oligomers formed at the interface of NPPLGA-GSNO, facilitating 

bimolecular reactions between terminal GSNO moieties. These reactions result in the 

formation of S−S bonds and the consequent release of free NO. This interpretation is further 

supported by the observation that the equilibrium swelling degrees of the three NO-releasing 

hydrogels follow the sequence: NPHHA > NPHAG0.5 > NPHAG1 (as shown in Figure 5c), 

which directly corresponds to the increasing amounts of NO released at each time point 

in Figure 7d. Ultimately, the results depicted in Figure 7d illustrate that the quantities of 

NO released from these hydrogels can be precisely controlled by varying the presence and 

amount of GELSH in the formulations.

In this study, we maintained a constant NPPLGA-GSNO load (20% by mass relative to 

the dry mass of HA) across all three hydrogel compositions examined. However, it is 

worth noting that the release of NO from each of these hydrogels might also be effectively 

controlled by incorporating varying amounts of NPPLGA-GSNO, either lower or higher 

than the fixed concentration used.

Controlling the rate of NO release from biomaterials is fundamental for allowing their 

biomedical applications since the actions of NO depend strongly on its local concentration 

in the tissues.46 When a tissue is damaged, the inducible form of NO synthase (iNOS) 

produces a high level of NO (local NO concentration >800 nM) in response to inflammatory 

mediators, which may lead to nitrosative stress. On the other hand, if released at low rates, 

achieving local concentrations <1 nmol L−1, NO may mediate protective and proliferative 

effects.47 Therefore, the possibility of modulating the NO release rates of the present 

hydrogels, as shown in Figure 7d, reinforces the prospects of using these formulations to 

obtain in situ anti-inflammatory and proliferative actions in tissue regeneration.48

3.10. In Vitro Cytocompatibility and Cell Adhesion.

To quantify the cytocompatibility of the hydrogels, leachates of each sample were collected, 

diluted, and exposed to NIH 3T3 mouse fibroblast cells. The results showed that cells 

exposed to the leachate dilutions from HHA, HAG0.5, HAG1, NPHHA, NPHAG0.5, and 

NPHAG1 all had a relative cell viability greater than 70% (Figure 8a), exceeding the 

ISO threshold for cytocompatibility.28 The results also confirm that the photoinitiator 

concentration used for producing these hydrogels is safe for the present application, 

showing no toxic effect due to the radicals generated in the photo-cross-linking process, 

in accordance with other works.49 Therefore, all of these materials are suitable for biological 

use.

The adhesion of fibroblasts to the surface of the hydrogels was quantified after 24 h of 

seeding the cells on the formed hydrogel surface. Figure 8b shows that all hydrogels 

had greater than 80% cell adhesion. Two controls were used for this assay: the culture 

plate (2D control) and collagen gel (3D control). The release of NO, from the inclusion 

of NPPLGA-GSNO, increased the cell adhesion. The NPHHA and NPHAG1 hydrogels 

showed cell adhesion statistically similar to the controls, and the percentage of adhered 

cells in NPHAG0.5 was higher than in HAG0.5. The increase in GEL concentration also 
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promoted greater adhesion when comparing the data for HAG0.5 and HAG1, due to the 

interaction of GEL with integrins, cell adhesion proteins.50

The morphology of the adhered cells was analyzed with an optical microscope at 0, 24, and 

72 h of incubation. Figure S8 shows that after 24 h, only the cells that adhered to the 2D 

control showed spread-out spindle morphology, with typical fibroblast morphology, while 

the cells on the other materials remained rounded, indicative of primitive actin filament 

maturation.

Due to the soft nature of hydrogels (elastic modulus in the range of 2–19 kPa), cells take 

longer to spread and migrate across the material’s surface. In the present case, this process 

was achieved after 72 h of incubation. The dependence of morphology on substrate stiffness 

has been reported elsewhere.51,52 Incubating the hydrogels with adhered cells for 72 h 

allowed the cells to proliferate and spread. At this point, the cells were stained to analyze the 

nucleus (DAPI) and the cytoskeleton, specifically the F-actin (Alexa Fluor 488 Phalloidin).

The fluorescent image shows cells grown on the 3D hydrogel substrates with morphologies 

similar to those of the 2D and 3D controls, Figure 8c. The similarities between the 

morphologies support the ability of hydrogels not only to allow cell adhesion but also 

to promote cell growth. Interestingly, cells in NPHHA, NPHAG1, and NPHAG0.5 tend 

to aggregate in close proximity. This may be due to increased cell–cell interactions and 

signaling in the presence of NO, which has been shown to promote cell proliferation at 

low concentrations.53 The biological results confirmed that these hydrogels are safe for the 

biological environment and can be applied in situ to stimulate adhesion and proliferation of 

the cells.

4. CONCLUSIONS

In summary, we have successfully developed photo-cross-linkable NO-releasing hydrogels 

by combining HAGMA and GELSH. The incorporation of GELSH not only reduced the 

photogelation time of the hydrogels through thiol–ene bond formation but also imparted 

them with improved mechanical properties, enhanced resistance to enzymatic degradation, 

and reduced water absorption rates. The utilization of PLGA nanoparticles functionalized 

with GSNO has emerged as a highly efficient and innovative strategy. This approach 

effectively shielded GSNO from the free radicals generated during the photo-cross-linking 

process, resulting in controlled and sustained NO release profiles spanning up to 14 

days. Additionally, the presence of PLGA-GSNO nanoparticles provided an extra layer 

of mechanical reinforcement to the hydrogels. The photo-cross-linking process of HAGMA/

GELSH solutions gave rise to hydrogels characterized by porous structures that distinctly 

indicated the presence of PLGA-GSNO nanoparticles embedded within the pore walls. 

Swelling of these hydrogels led to NO release, driven by the dimerization of GSNO 

moieties chemically bound at the chain ends of the PLGA. This process facilitated a gradual 

NO release, dictated by the kinetics of hydration and hydrolysis of the PLGA-GSNO 

nanoparticles. Moreover, our HAGMA/GELSH hydrogels exhibited good cytocompatibility, 

actively promoting fibroblast adhesion. Consequently, these hydrogels hold substantial 

promise as a novel approach to tissue regeneration therapies. Their unique capability 
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of localized NO release offers the potential for beneficial actions that can significantly 

contribute to tissue repair and regeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) 1H NMR spectra of HA and HAGMA in D2O. (b) Raman spectra of GEL and GELSH.
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Figure 2. 
(a) Scheme of the coupling reaction of PLGA with GSNO mediated by EDC. The carbonyl 

is activated in step I, and the intermediate species is coupled with GSNO in step II. (b) 

FTIR-ATR spectra of PLGA and PLGA-GSNO. (c) Representative cryo-TEM image of 

PLGA-GSNO NPs dispersed in ultrapure water. (d) Size distribution of the PLGA-GSNO 

NPs based on cryo-TEM images.
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Figure 3. 
Schematic representation of the photo-cross-linking reactions between the vinyl groups in 

the (a) formation of HHA, and between the vinyl and SH groups in the formation of HAG 

in the (b) absence and (c) presence of NPPLGA-GSNO. (d) FTIR spectra of HAGMA and 

HHA and (e) Raman spectra of HAG1, highlighting the reduction or full disappearance of 

the band assigned to the vinyl group at 1640 cm−1 after photo-cross-linking.
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Figure 4. 
(a) Representative photographs of the sol−gel transition of HAGMA inside a test tube and 

of formed HHA after its removal from the tube. Elastic (G′) and viscous (G″) modulus as 

a function of time of UV light irradiation of the (b) HHA and NPHHA, (c) HAG0.5 and 

NPHAG0.5, and (d) HAG1 and NPHAG1. (e) Gelation time of the hydrogels obtained at the 

crossing point of modules G′ and G″.
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Figure 5. 
(a) Stress–strain curves of HHA, NPHHA, HAG0.5, NPHAG0.5, HAG1, and NPHAG1 (b) 

elastic modulus extracted from the curves of (a). (c) Swelling curves of HHA, NPHHA, 

HAG0.5, NPHAG0.5, HAG1, and NPHAG1 in PBS solution (pH 7.4). (d) ML of HHA, 

HAG0.5, and HAG1 during the in vitro degradation assay in the presence of hyaluronidase.
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Figure 6. 
SEM micrographs of (a) HAG0.5 and (b) NPHAG0.5. The magnifications show details of 

the morphology of the pore structure and reveal the presence of embedded PLGA-GSNO 

nanoparticles protruding from the surface of the pore walls (b).
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Figure 7. 
(a) Real-time NO release from NPPLGA-GSNO analyzed for 48 h in PBS at 37 °C. (b) 

Proof of concept for the NO release from NPPLGA-GSNO suspended in a PBS solution (pH 

7.40) at 37 °C. (c) Cumulative release of NO from NPPLGA-GSNO analyzed over 48 h. (d) 

Cumulative release of NO from NPHHA, NPHAG0.5, and NPHAG1.
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Figure 8. 
(a) Relative biocompatibility of fibroblastic cells from cell contact with hydrogel leachates. 

(b) Percentage of fibroblasts adhered to the control and hydrogel groups after 24 h of 

incubation. (c) Fluorescence image of controls (control 2D and collagen) and hydrogels after 

72 h of incubation. Cells were stained with DAPI (blue) and Alexa Fluor 488 phalloidin 

(green) dyes
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