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Abstract 

Background/Objectives: Micro- and nano-scale hydrogels (microgels and nanogels) have 

attracted increasing attention as carriers for drug delivery due to their high-water content, 

responsiveness to external stimuli, tunable properties, and versatility. In this work, gelatin 

methacryloyl (GelMA) with a medium degree of methacryloylation (DoM ca. 60%) was 

ad hoc synthesized as a constituent material for nanogel production. For the first time in 

the literature, GelMA-based nanogels (nanoGelMA) were developed through an opti-

mized two-step desolvation method combined with photo-crosslinking. Methods: The in-

fluence of key process parameters, including the pH, volume of desolvating agent, photo-

initiator concentration, and UV exposure time, was systematically investigated to identify 

optimal conditions for nanoGelMA preparation. To assess its potential as a drug delivery 

nanocarrier, the nanoGelMA was loaded with ibuprofen (IBU) as a model anti-inflamma-

tory drug via in situ encapsulation during nanogel preparation. Results: The formulated 

nanoGelMA exhibited an average hydrodynamic diameter (d) of ca. 250 nm, a polydis-

persity index of 0.2, and a production yield of approximately 30%. The nanogels demon-

strated stability in water and in phosphate buffer at pH 5 over 96 h, while exhibiting sig-

nificant swelling in physiological-like conditions and enzymatic degradation (d of ca. 421 

± 91 nm and 609 ± 182 nm at 96 h, respectively). The cytocompatibility evaluation demon-

strated high cell viability (86–96%) of the nanoGelMA at different concentrations (1–5 

mg/mL). IBU-loaded nanoGelMA particles were successfully developed via direct drug 

encapsulation during nanogel formation, achieving a maximum encapsulation efficiency 

of ca. 30%, and exhibited environment-responsive release, with kinetics modulated by the 

ionic strength, pH, and enzymatic activity. Conclusions: Overall, the nanoGelMA devel-

oped herein represents a promising nanogel platform with great potential for the devel-

opment of advanced and controlled drug delivery therapies. 
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1. Introduction 

Nanogels are three-dimensional submicron hydrogels formed by crosslinked poly-

mer chains, which retain the highly hydrated nature and liquid absorption capacity of 

hydrogels while exhibiting the nanoscale size of nanoparticles. Due to these features, they 

have been widely investigated in the biomedical field, particularly as drug delivery sys-

tems (DDSs) and for theranostic applications [1,2]. In this context, nanogels are considered 

innovative and biocompatible nanocarriers, offering high stability, biodegradability, low 

toxicity, and reduced immunogenicity, thereby overcoming several limitations of conven-

tional therapies. As nanocarriers, the main advantage of nanogels lies in their high loading 

capacity for bioactive molecules, enabled by the presence of functional groups along the 

constituent polymer chains, which promote interactions (electrostatic forces, hydrogen 

bonding, and Van der Waals interactions) with several drugs and biomolecules. Moreo-

ver, their strong affinity for aqueous environments allows them to absorb fluids and swell, 

facilitating the encapsulation and controlled release of a wide range of therapeutic agents, 

including proteins, peptides, biomolecules of different molecular weights, and poorly wa-

ter-soluble drugs. In addition, their small size, high surface area, and stimuli-responsive 

behavior enable tissue penetration, targeted delivery, and sustained drug release. All 

these features make nanogels particularly suitable for applications in gene therapy, chem-

otherapy, diagnosis, and regenerative medicine [3–5]. Among the different materials used 

for nanogel formulation, natural proteins, such as elastin, collagen, gelatin, and silk fi-

broin, show great promise for nano-system preparation due to their intrinsic biocompati-

bility and biodegradability. Furthermore, they also bear functional groups (e.g., amino 

and carboxylic acid groups, hydroxyl groups, and thiols) that confer responsiveness to 

environmental stimuli or allow further functionalization, enabling active targeting strate-

gies [6,7]. In particular, gelatin, a hydrolyzed derivative of collagen, is widely used as a 

biomaterial due to its low toxicity, high availability, and cost-effectiveness and has been 

commonly investigated for the development of both macroscopic hydrogels and nanocar-

riers. So far, different approaches have been reported in the literature for the preparation 

of gelatin-based nanoparticles, including desolvation, emulsification, and nanoprecipita-

tion, although each method presents specific limitations [8,9]. The desolvation technique 

relies on the self-assembly of gelatin chains in the presence of a desolvating agent (e.g., 

acetone or alcohol), leading to nanoparticle formation (200–300 nm). However, the subse-

quent crosslinking step, typically performed using glutaraldehyde, may reduce biocom-

patibility [10–12]. Using an emulsification method, gelatin nanoparticles (100–200 nm) are 

prepared via the dispersion of an aqueous gelatin phase into an oil phase followed by 

stabilization with glutaraldehyde or genipin. The use of organic solvents and the need for 

additional purification steps have been reported as the main limitations [13–15]. Nano-

precipitation represents a simpler alternative to produce gelatin nanoparticles (200–350 

nm) as result of the dropwise addition of a gelatin solution into a non-solvent, although it 

generally requires a high amount of stabilizers [16,17]. In recent years, gelatin-based na-

noparticles and nanogels have been widely investigated for drug-delivery applications, 

particularly in cancer therapy [18–21]. For instance, Fatima et al. developed injectable dox-

orubicin (DOX)-loaded gelatin nanoparticles using a two-step desolvation method and 

glutaraldehyde as a crosslinker, achieving an encapsulation efficiency of approximately 

55–65%. The system exhibited pH-responsive behavior, with enhanced drug release under 

acidic conditions typical of tumor environments [22]. Similarly, Vaghasiya et al. designed 

cisplatin-loaded gelatin nanoparticles for lung cancer treatment, achieving an encapsula-

tion efficiency of ca. 74% and enabling targeted delivery through surface functionalization 

with concanavalin A, a glycoprotein able to selectively bind to mannose receptors over-

expressed in tumor tissues. The release of cisplatin was shown to be enzyme-responsive, 

being triggered by matrix metalloproteinases secreted in the tumor microenvironment 
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[23]. A comparable approach was reported by Zhou et al., who developed paclitaxel 

(PTX)-loaded gelatin nanoparticles via nanoprecipitation, followed by functionalization 

with bovine serum albumin (BSA) to achieve active targeting. The system demonstrated 

enzyme-triggered drug release and significant antitumor activity both in vitro and in vivo 

[24]. In addition to anticancer applications, gelatin-based nanocarriers have also been in-

vestigated for antibacterial and antifungal therapies, as demonstrated by the development 

of antibiotic-loaded nanoparticles for improving the delivery of poorly cell-penetrating 

drugs such as spectinomycin and chloramphenicol [25]. Furthermore, their potential for 

gene therapy has been highlighted by Andrée et al., who reported the use of gelatin na-

noparticles as non-viral vectors for mRNA delivery, showing the role of the nanoparticle 

surface charge in cellular uptake and payload binding [26]. Despite these promising re-

sults, conventional gelatin-based nanocarriers for drug-delivery applications present 

some limitations related to the use of potentially toxic crosslinking agents for their prep-

aration and limited control over network structure. To address these challenges, in this 

work, a customized gelatin methacryloyl (GelMA) was synthesized and used as constitu-

ent material for designing GelMA-based nanogels (nanoGelMA). A detailed comparison 

among the nanoGelMA formulated in this study and existing gelatin- and gelatin meth-

acryloyl-based nanoparticle systems is provided in Table S1. To the best of our 

knowledge, this work reports, for the first time, the preparation of a nanoGelMA using an 

optimized methodology, combining a two-step desolvation technique and photopolymer-

ization. The influence of key process parameters, including the pH, volume of desolvating 

agent, photo-initiator concentration, and light exposure time, was investigated. The re-

sulting nanoGelMA particles were characterized in terms of size, Zeta potential, produc-

tion yield, stability in different aqueous environments, and cytocompatibility according 

to regulations. Furthermore, the potential application of nanoGelMA as a drug delivery 

system was evaluated through the encapsulation and release of ibuprofen as a model anti-

inflammatory molecule. 

2. Materials and Methods 

2.1. Synthesis of Gelatin Methacryloyl (GelMA) 

Custom-made gelatin methacryloyl (GelMA) was synthesized according to a proto-

col already reported in the literature with some modifications [27]. Briefly, 10 g of gelatin 

type A from porcine skin (~300 g Bloom, pI 7.0–9.0, product code G1890, Sigma Aldrich, 

Milan, Italy) was solubilized in warm phosphate-buffered saline solution (PBS, pH 7.4) at 

a 10% w/v concentration and stirred at 60 °C until complete solubilization. Then, to syn-

thesize GelMA with a medium degree of methacryloylation, 0.16 mL of methacrylic an-

hydride (MA, Sigma Aldrich, Milan, Italy) per gram of gelatin was added dropwise, and 

the reaction mixture was stirred at 50 °C for 3 h. Subsequently, PBS was added to termi-

nate the reaction (at a 5:1 v/v ratio with respect to the initial PBS volume used to dissolve 

gelatin). Finally, the resulting solution containing GelMA was transferred into dialysis 

membrane tubes (MWCO 12–14 kDa, Carlo Erba Reagents S.r.l., Cornaredo, Italy) and 

dialyzed against demineralized water (Milli-Q Direct Q® 8 UV system, Merck Millipore, 

Milan, Italy) for one week (the dialysis medium was refreshed three times/day). Lastly, 

the GelMA solution was freeze-dried (ALPHA 2–4 LSC, Martin Christ Gefriertrocknung-

sanlagen GmbH, Osterode am Harz, Germany) and stored under  vacuum at 4 °C until 

use. 
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2.2. Chemical Characterization of GelMA 

2.2.1. Attenuated Total Reflectance–Fourier Transform Infrared (ATR-FTIR) and Proton 

Nuclear Magnetic Resonance (1H NMR) Spectroscopies 

ATR-FTIR spectroscopy was performed using a Perkin Elmer Spectrum 100 

equipped with an ATR accessory (UATR KRSS, PerkinElmer Inc., Shelton, CT, USA) with 

a diamond crystal. GelMA was analyzed at room temperature in the spectral range 4000–

600 cm−1 (resolution 4 cm−1, 32 scans). As a reference, the gelatin spectrum was also rec-

orded according to the same protocol. The spectra were analyzed and compared using the 

Perkin Elmer Spectrum 10 Software (PerkinElmer Inc., Waltham, MA, USA). 
1H NMR spectroscopy was performed using a Bruker Avance NEO spectrometer 

(Bruker Biospin AG, Fällanden, Switzerland) equipped with a 11.75 T superconducting 

magnet (500 MHz 1H Larmor frequency) and a Bruker multinuclear SMARTProbe (Bruker 

Biospin AG, Fällanden, Switzerland). Samples were prepared by solubilizing 10 mg of 

gelatin or GelMA in 0.75 mL of deuterium oxide (D2O, 99.8%, Sigma Aldrich, Milan, Italy). 

The 1H NMR spectra were obtained as an average of 24 scans (3.5 s relaxation time). Spec-

tra were elaborated using MNova 6.0 software (Mestrelab Research S.L., Santiago de Com-

postela, Spain). 

2.2.2. Ninhydrin Assay 

The degree of methacryloylation (DoM) of the synthesized GelMA was indirectly 

evaluated through the Ninhydrin assay (commercially available as the Kaiser test kit, 

Sigma Aldrich, Milan, Italy). In detail, 2.5 mg of gelatin or GelMA was dissolved in 240 

μL of double-distilled water (ddH2O) and, after complete solubilization, the Kaiser test 

reagents were added according to the supplier’s instructions (75 μL of phenol solution, 

80% in ethanol, 100 μL of KCN in H2O/pyridine, and 75 μL of Ninhydrin, 6% in ethanol). 

Samples were incubated at 120 °C for 5 min and afterwards were diluted by adding 360 

μL of ethanol. Then, sample absorbance was measured with a UV-visible spectrophotom-

eter (Perkin Elmer, Lambda 365, PerkinElmer Inc., Waltham, MA, USA) in the spectral 

range 400–700 nm. The DoM was calculated according to Equation (1): 

𝐷𝑜𝑀 (%) =  
𝐴𝑔𝑒𝑙𝑎𝑡𝑖𝑛 −  𝐴𝐺𝑒𝑙𝑀𝐴

𝐴𝑔𝑒𝑙𝑎𝑡𝑖𝑛

× 100 (1) 

where Agelatin and AGelMA indicate the gelatin and GelMA absorbance measured at 570 nm, 

respectively. Tests were conducted in triplicate, and results were reported as the average 

value ± standard deviation. 

2.3. Formulation of Nano-Systems Based on GelMA (nanoGelMA) 

Photo-cured gelatin methacryloyl-based nano-systems (nanoGelMA) were formu-

lated through a two-step desolvation method that was optimized starting from the proto-

col for gelatin nanoparticles preparation already reported by Coester et al [28]. In detail, 

250 mg of GelMA was dissolved in ddH2O at a 5% w/v concentration and stirred at 45 °C. 

After complete solubilization, acetone at a 0.5:1 v/v, 0.75:1 v/v, 1:1 v/v, or 1.5:1 v/v ratio 

with respect to ddH2O was rapidly added to induce the desolvation and sedimentation of 

high molecular weight GelMA (HMW GelMA). After 20 min, the supernatant was dis-

carded and 5 mL of ddH2O was added to solubilize the HMW GelMA. Then, the pH of 

the resulting solution was adjusted to 12 with 0.1 M NaOH or to 4.5, 3.5 and 2.5 using 0.1 

M HCl, at 45 °C. Subsequently, HMW GelMA was desolvated again via the dropwise ad-

dition of acetone at 2:1 v/v, 3:1 v/v, or 4:1 v/v ratio with respect to ddH2O, under vigorous 

stirring (600 rpm) at 45 °C. Lastly, 1 mL of a lithium phenyl-2, 4, 6-trimethylbenzo-

ylphosphinate (LAP, TCI Chemicals Zwijndrecht, TCI EUROPE N.V., Zwijndrecht, Bel-

gium) photoinitiator aqueous solution at a 0.1% w/v or 0.05% w/v concentration was added 

https://doi.org/10.3390/pharmaceutics18070812


Pharmaceutics 2026, 18, 812 5 of 25 
 

https://doi.org/10.3390/pharmaceutics18070812 

dropwise, and the nanoGelMA dispersion was photocrosslinked through UV light irradi-

ation (365 nm wavelength at 10–12 mW/cm2) for 2.5, 5, or 10 min. The dispersion was then 

centrifuged (MIKRO 220R, Andreas Hettich GmbH, Tuttlingen, Germany) at 6000 rpm 

and 15 °C for 30 min. The nanoGelMA particles were purified via re-dispersion in 20 mL 

of ddH2O and centrifugation (at 6000 rpm, 15 °C for 20 min). After the last re-dispersion 

in 15 mL of ddH2O, the nanoGelMA dispersion was subjected to ultrasound sonication 

(52 W, 20 kHz, Vibracell VCX130, Sonics, Newtown, CT, USA) for 10 min within a cold-

water bath. Lastly, the nanoGelMA dispersion was filtered using 1 μm poly(tetrafluoro-

ethylene) (PTFE) syringe filters (LLG International, Meckenheim, Germany) and used for 

further characterizations. 

2.4. Characterization of nanoGelMA 

2.4.1. Dynamic Light Scattering (DLS) Analysis 

Dynamic light scattering (DLS) analysis was performed to determine the size distri-

bution of the nanoGelMA suspension. Specifically, the polydispersity index (PDI) and av-

erage hydrodynamic diameter (d, nm) were measured. After nanoGelMA production and 

purification, aliquots of the nanoGelMA dispersion were diluted and transferred into pol-

ystyrene cuvettes (Carlo Erba Reagents S.r.l., Cornaredo, Italy). Samples were analyzed at 

25, 37, and 45 °C using a Zetasizer Nano S90 (Malvern Instruments, Worcestershire, 

United Kingdom) instrument. Before analysis, samples were equilibrated at the test tem-

perature for 2 min. The hydrodynamic diameter and polydispersity index were calculated 

as the average of triplicate samples, and results were reported as the average value ± 

standard deviation. 

2.4.2. Zeta Potential Measurement 

Zeta potential measurements were performed to assess the surface charge of the 

nanoGelMA. After nanoGelMA production and purification, aliquots of the nanoGelMA 

dispersion in ddH2O were diluted and transferred into Litesizer™ Omega cuvettes (Anton 

Paar Italia S.r.l., Rivoli, Italy). Samples were analyzed at 20 °C using a Litesizer™ 500 (An-

ton Paar Italia S.r.l., Rivoli, Italy) instrument. Zeta potential values were calculated as the 

average of triplicate samples on a representative nanoGelMA batch, and results were re-

ported as the average value ± standard deviation. 

2.4.3. Evaluation of Production Yield 

The evaluation of the nanoGelMA production yield was performed on both the first 

and the second GelMA desolvation steps, by collecting, freeze-drying (ALPHA 2–4 LSC, 

Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), and 

weighing waste and synthesis products. Specifically, the first-step desolvation yield 

(HMW GelMA recovery) was calculated according to Equation (2): 

𝐻𝑀𝑊 𝐺𝑒𝑙𝑀𝐴 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =
𝑤𝐺𝑒𝑙𝑀𝐴_𝑖 − 𝑤𝐿𝑀𝑊_𝐺𝑒𝑙𝑀𝐴

𝑤𝐺𝑒𝑙𝑀𝐴_𝑖

× 100 (2) 

where wGelMA_i is the initial GelMA mass (250 mg), while wLMW_GelMA is the mass of the freeze-

dried low molecular weight GelMA discarded after the first GelMA desolvation. 

The second-step desolvation yield was calculated by applying Equation (3): 

𝑆𝑒𝑐𝑜𝑛𝑑 𝑑𝑒𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑤𝑛𝑎𝑛𝑜𝐺𝑒𝑙𝑀𝐴

𝑤𝐻𝑀𝑊_𝐺𝑒𝑙𝑀𝐴

× 100 (3) 

where wnanoGelMA is the mass of the freeze-dried nanoGelMA, while wHMW_GelMA refers to the 

mass of high molecular weight GelMA measured as wHMW_GelMA = wGelMA_i − wLMW_GelMA. 

Lastly, the overall nanoGelMA production yield was quantified according to Equa-

tion (4): 
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𝑛𝑎𝑛𝑜𝐺𝑒𝑙𝑀𝐴 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑤𝑛𝑎𝑛𝑜𝐺𝑒𝑙𝑀𝐴

𝑤𝐺𝑒𝑙𝑀𝐴_𝑖

× 100 (4) 

2.5. Stability Test in Contact with Aqueous Environment 

The nanoGelMA behavior in contact with aqueous environments was tested by incu-

bating nanoGelMA aqueous dispersions at 37 °C (Memmert IF75, Schwabach, Germany). 

In detail, nanoGelMA particles were produced according to the optimized methodology 

and freeze-dried. The nanoGelMA dispersions at a 5 mg/mL concentration were prepared 

in phosphate-buffered saline (PBS, pH 7.4), phosphate buffer at an acidic pH (pH 5), and 

an enzymatic solution containing 5 μg/mL of Proteinase K (from Tritirachium album) 

(Sigma Aldrich, Milan, Italy) prepared in ddH2O. The initial average hydrodynamic di-

ameter was measured through DLS analysis, before sample incubation at 37 °C. After-

wards, at predefined time points (0, 24, 48, and 96 h), samples were simply vortexed and 

analyzed through DLS measurements at 37 °C. Then, samples were centrifuged at 12,000 

rpm and 15 °C for 5 min (Heraeus Megafuge 8R, Thermo Scientific, Osterode am Harz, 

Germany), resuspended in 1 mL of fresh buffers via ultrasound sonication (52 W, 20 kHz, 

Vibracell VCX130, Sonics, USA) for 30 s, and incubated at 37 °C again. Measurements were 

performed in triplicate, and results were reported as the average value ± standard devia-

tion. 

2.6. Preparation and Characterization of Drug-Loaded nanoGelMA 

Ibuprofen (IBU, Sigma Aldrich, Milan, Italy) was selected as a hydrophobic drug to 

be encapsulated within the nanogel network. The IBU-loaded nanoGelMA was prepared 

according to the optimized method with some modifications. Briefly, 250 mg of GelMA 

was solubilized at a 5% w/v concentration in ddH2O at 45 °C, and the first desolvation was 

performed by adding acetone at a 1:1 v/v ratio with respect to the ddH2O volume. GelMA 

with a high molecular weight was separated and solubilized in 5 mL of ddH2O, and the 

pH of the HMW GelMA solution was adjusted to 3.5 at 45 °C using 0.1 M HCl. During the 

second desolvation step, 15 mL of an IBU solution in acetone was added dropwise under 

vigorous stirring. Then, IBU-loaded nanoGelMA particles were photocrosslinked for 10 

min (at 365 nm and 10–12 mW/cm2) in the presence of 1 mL of LAP at 0.1% w/v as a pho-

toinitiator. IBU concentrations of 1, 5, 25, or 50 mg/mL were reached in the final mixture. 

The dispersion was then centrifuged (MIKRO 220R, Andreas Hettich GmbH, Tuttlingen, 

Germany) at 6000 rpm and 15 °C for 30 min, and the supernatant was collected and frozen 

at −20 °C, after acetone evaporation under a fume hood. IBU-loaded nanoGelMA particles 

were purified and filtered as previously described and stored at −20 °C until use. 

2.6.1. Evaluation of Ibuprofen Encapsulation Efficiency 

The IBU encapsulation efficiency (EE, %) was indirectly quantified by measuring the 

amount of unloaded IBU. In detail, at the end of IBU-loaded nanoGelMA production, the 

collected supernatant from the centrifugation of the dispersion was freeze-dried and ana-

lyzed using a High-Performance Liquid Chromatography (HPLC) system (Dionex Ulti-

mate 3000 HPLC, Thermo Scientific, Waltham, MA, USA) equipped with a C18 column (5 

μm, 120 Å). HPLC-grade acetonitrile (ACN, Carlo Erba Reagents S.r.l., Cornaredo, Italy) 

and an aqueous phosphoric acid solution (H3PO4 at 0.03% w/v) were used in a 60:40 v/v 

ratio as the mobile phase, at a flow rate of 1.7 mL/min, according to the IBU analysis 

method reported by Laurano and Boffito [29]. The freeze-dried supernatant was solubil-

ized in 25 mL of the mobile phase and filtered using 0.45 μm poly(tetrafluoroethylene) 

(PTFE) syringe filters (LLG International, Meckenheim, Germany). Aliquots were ana-

lyzed at 25 °C and 214 nm for 4 min. The concentration of IBU in the supernatant samples 

was quantified by referring to a calibration curve based on IBU standard solutions with 
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concentrations ranging from 0.001 mg/mL to 1 mg/mL. Lastly, the EE was calculated ac-

cording to Equation (5): 

𝐸𝐸(%) =
𝑤𝐼𝐵𝑈_𝑖 − 𝑤𝐼𝐵𝑈_𝑓

𝑤𝐼𝐵𝑈_𝑓

× 100 (5) 

where wIBU_i is the initial mass of IBU used for IBU-loaded nanoGelMA preparation, while 

wIBU_f refers to the mass of IBU quantified in the supernatant. Tests were conducted in 

triplicate, and results were reported as the average value ± standard deviation. 

2.6.2. Ibuprofen Release in Physiological-like, Acidic pH, and Enzymatic Conditions 

Ibuprofen release from nanoGelMA was performed under physiological-like, acidic, 

and enzymatic conditions. In detail, freeze-dried IBU-loaded nanoGelMA particles were 

resuspended at a 5 mg/mL concentration in phosphate-buffered saline (PBS, pH 7.4), 

phosphate buffer at an acidic pH (pH 5), and an enzymatic solution containing 5 μg/mL 

of Proteinase K (from Tritirachium album) (Sigma Aldrich, Milan, Italy) prepared in 

ddH2O. Samples were incubated at 37 °C (Memmert IF75, Schwabach, Germany) and cen-

trifuged at 12,000 rpm and 15 °C for 5 min (Heraeus Megafuge 8R, Thermo Scientific,Os-

terode am Harz, Germany), at predefined time points (6, 24, 48, and 96 h). The release 

medium was collected and freeze-dried, while the IBU-loaded nanoGelMA pellets were 

resuspended in 1 mL of fresh buffers via ultrasound sonication (52 W, 20 kHz, Vibracell 

VCX130, Sonics, USA) for 30 s and incubated at 37 °C again. The release medium was 

analyzed through HPLC, according to the protocol described above. Briefly, each freeze-

dried release medium was solubilized in 1.5 mL of the mobile phase and filtered using 

0.45 μm PTFE syringe filters (LLG International, Meckenheim, Germany). Samples were 

analyzed at 25 °C and 214 nm for 4 min. The concentration of released IBU was quantified 

by referring to a calibration curve based on IBU solutions with concentrations ranging 

from 0.001 mg/mL to 1 mg/mL. Tests were performed in triplicate, and results were re-

ported as the average value ± standard deviation. 

2.7. Cytotoxicity Test 

The cytocompatibility of the nanoGelMA was evaluated according to the ISO 10993:5 

regulation [30], by performing the CellTiter-Blue® (Promega, Milan, Italy) cell viability 

assay [31]. Briefly, nanoGelMA samples were prepared according to the optimized 

method and freeze-dried. Subsequently, they were re-dispersed in Dulbecco’s Modified 

Eagle Medium (DMEM, Carlo Erba Reagents S.r.l., Cornaredo, Italy) supplemented with 

MycoZap PLUS and 10% v/v Bovine Calf Serum (BCS, LGC Standards S.r.l., Milan, Italy) 

at concentrations of 5 mg/mL, 2.5 mg/mL, and 1 mg/mL. Samples were incubated at 37 °C 

for 24 h, and then, the supernatants were collected and filtered through a 0.22 μm filter 

(poly(ether sulfone) membrane, Carlo Erba Reagents S.r.l., Cornaredo, Italy). Concur-

rently, NIH-3T3 murine fibroblasts (ATCC® CRL-1658, LGC Standards S.r.l., Milan, Italy) 

were cultured in complete medium (at 37 °C, 5% CO2, 95% humidity) and tested for my-

coplasma contamination (MycoAlert PLUS mycoplasma detection kit, Lonza, Galeen, The 

Netherlands), before being trypsinized and seeded in a 96-well plate at 7500 cells/well. 

After 24 h of culture, the complete medium was substituted with 100 μL of filtered nano-

GelMA extracts, and the plate was incubated again in normal culture conditions for 24 h. 

To evaluate the metabolic activity of the cells, 20 μL of CellTiter-Blue® solution was 

added to each well of the 96-well plate. Cells cultured in complete medium and treated 

with 2 μL of lysis agent provided by the kit were considered as negative and positive 

cytotoxicity controls, respectively. After 3 h of incubation, the fluorescence of reduced 

resazurin (resorufin) was measured using a multimodal plate reader (Perkin Elmer Victor 

X3, Waltham, MA, USA) at Ex/Em 535/590 nm. Cell viability was calculated by referring 
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to the negative control. Analyses were performed in quintuplicate, and results were re-

ported as the average value ± standard deviation. 

2.8. Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 10 for Windows 10 

(GraphPad Software, La Jolla, CA, USA; www.graphpad.com). Two-way ANOVA fol-

lowed by Bonferroni’s multiple comparison test was conducted to compare the results. 

Statistical differences were assessed according to Boffito et al. [32]. 

3. Results and Discussion 

3.1. Chemical Characterization of GelMA 

To the best of our knowledge, we optimized, for the first time, a two-step desolvation 

procedure followed by photocrosslinking to formulate nanogels based on gelatin methac-

ryloyl (nanoGelMA). Since the residual free amino groups of GelMA and its degree of 

substitution directly affect both the nanoGelMA formation and photocrosslinking, cus-

tom-made GelMA with a medium degree of methacryloylation was synthesized and char-

acterized. 

GelMA was synthesized through the reaction between gelatin type A from porcine 

skin and methacrylic anhydride (MA). A first chemical characterization was performed 

through ATR-FTIR spectroscopy to assess the presence of the characteristic bonds of 

GelMA. Figure 1A shows the ATR-FTIR spectra of gelatin type A and GelMA synthesized 

by adding 0.16 mL of MA per gram of gelatin. The GelMA ATR-FTIR spectrum displays 

the characteristic absorption peaks of gelatin, at around 3200 cm−1 ascribed to the O-H and 

N-H stretching vibrations, at ca. 3000 cm−1 due to the C-H stretching vibration, and at 1627 

cm−1 and 1500 cm−1 related to C=O stretching vibration and the concurrent C-N stretching 

and N-H bending vibrations, respectively. Conversely, the characteristic peaks of meth-

acryloyl groups turned out to be overlapped with those of native gelatin. Indeed, the C=C 

stretching vibration of methacryloyl groups showed its characteristic absorption peak at 

1627 cm−1 corresponding to the amide I band of gelatin. For this reason, no further confir-

mation of the successful GelMA synthesis could be provided through ATR-FTIR spectros-

copy. Nevertheless, the maintenance of the gelatin characteristic absorption peaks in the 

GelMA spectrum confirmed that the synthesis process was not detrimental to the poly-

mer’s bulk nature. 

Conversely, 1H NMR spectroscopic analyses proved the successful synthesis of 

GelMA. Indeed, compared to the gelatin spectrum, GelMA displayed a reduction in the 

free lysine methylene signal intensity at δ 3.0 ppm, due to the reaction between meth-

acrylic anhydride and lysine lateral chains resulting in methacrylamide groups (Figure 1B). 

Furthermore, the appearance of new signals in the δ 5.4–5.7 ppm chemical shift range and 

at δ 1.9 ppm ascribed to the vinyl protons of methacrylamide groups and the methyl pro-

tons of methacryloyl groups, respectively, confirmed the successful GelMA synthesis [33]. 

The degree of methacryloylation (DoM) of GelMA was evaluated through the quan-

tification of the residual amino groups present along the GelMA polymer chains, thus 

indirectly estimating the degree of substitution. In particular, the ninhydrin assay (com-

mercially available as the Kaiser test) was performed to quantify the fraction of free amino 

groups [34]. The colorimetric assay revealed differences in color intensity between gelatin 

type A and GelMA samples, confirming the successful methacryloylation reaction that 

induced a reduction in the amount of free primary amines present along the GelMA pol-

ymer chains. The discrepancy in color intensity resulted in significantly different absorb-

ance values measured through UV-Vis spectroscopic analysis between 400 and 700 nm, 
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and GelMA DoM was estimated to be 57.5% ± 2.6% with a good synthesis repeatability 

among three different batches. 

 

 

Figure 1. Spectra of gelatin type A from porcine skin (blue line) and GelMA (dark red line) acquired 

through (A) ATR-FTIR and (B) 1H NMR spectroscopies. Dashed lines and boxes highlight the char-

acteristic absorption peaks and chemical shifts, respectively, of GelMA with respect to gelatin. 

3.2. Study of nanoGelMA Formulation: Role of the Process Parameters 

So far, desolvation has been widely investigated as a method to fabricate protein-

based nanoparticles [35–37]. Among these, several studies in the literature report the use 

of one-step and two-step desolvation methods for the fabrication of gelatin-based nano-
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particles for drug-delivery applications [38–40]. However, due to several issues associated 

with the one-step synthesis route, such as low reproducibility and poor nanoparticle qual-

ity, the two-step desolvation method is reported as the most reliable for gelatin-based na-

noparticle production. In general, as first defined by Coester et al. [28], gelatin nanoparti-

cle formation through two-step desolvation consists of several steps. In detail, a first 

desolvation is induced through the addition of a desolvating agent (acetone) to a gelatin 

aqueous solution, which allows the separation of low molecular weight and high molec-

ular weight gelatin chains. Subsequently, the pH of the high molecular weight gelatin so-

lution is adjusted to an acidic value to ensure the proper polymer chain repulsion via 

amino group protonation. Then, monodisperse nanoparticles are formed via dropwise 

addition of the desolvating agent under stirring. Lastly, nanoparticle stabilization is 

achieved by chemically crosslinking gelatin using glutaraldehyde as a crosslinking agent. 

In this work, we report the formulation of nanogels based on custom-made gelatin 

methacryloyl through a two-step desolvation method, coupled with nanogel crosslinking 

through a photopolymerization reaction. Particularly, GelMA with a medium degree of 

methacryloylation (DoM ca. 60%) was selected as the constituent material, since it pos-

sesses both residual amino groups to be protonated and methacryloyl moieties to be 

photo-crosslinked, thus potentially resulting in the production of monodisperse and sta-

ble nanoGelMA. This intermediate gelatin functionalization represents a compromise to 

balance the nanogel formulation and subsequent network performance. Theoretically, 

low DoM values preserve unreacted amino groups, altering the electrostatic repulsion be-

tween the polymer chains and inducing macromolecular aggregation, while yielding 

poorly photo-crosslinked matrices susceptible to rapid degradation and burst drug re-

lease. Conversely, high DoM values deplete the amino groups, causing charge screening 

and precipitation during desolvation, while producing an over-crosslinked network with 

restricted swelling capacity and limited drug diffusion. A systematic study of the entire 

production process was performed, aiming to understand the nanogel-formation mecha-

nism through the desolvation method and to define a reliable nanoGelMA preparation 

protocol. For this reason, the optimization of the nanoGelMA preparation protocol was 

conducted by investigating the influence of several technological parameters (volume of 

desolvating agent, for both the first and second desolvation procedures, pH, photoinitia-

tor concentration, and time of the photocrosslinking phase) on nanoGelMA characteristics 

(average hydrodynamic diameter, polydispersity index, and production yield). 

3.2.1. Volume of the Desolvating Agent in the First Desolvation Step 

The two-step desolvation method has been developed to produce nanoparticles with 

a small size and narrow size distribution. For this aim, the typical heterogeneity of the 

molecular weight distribution of gelatin was reduced by discarding low molecular weight 

gelatin through the first desolvation step [41]. The amount of desolvating agent (acetone) 

added during the first desolvation step was properly optimized to allow the precipitation 

of polymer chains with a homogeneous molecular weight. Furthermore, given that 

GelMA aqueous solutions exhibit an upper critical solution temperature (UCST) behavior, 

resulting in a sol state at temperatures above UCST [42], 45 °C was identified as the opti-

mal temperature to perform the first step. This ensured enhanced homogeneity in the col-

lected HMW GelMA, thereby preventing an increased recovery of material upon acetone 

addition due to the lower solubility of GelMA in aqueous media at lower temperatures. 

Different volumes of acetone were added to the GelMA aqueous solution prepared 

in ddH2O, and the first-step desolvation yield (or HMW GelMA recovery) was evaluated. 

As shown in Figure 2A, the HMW GelMA recovery trend was highly dependent on the 

volume of the desolvating agent. Indeed, as expected, the lower acetone:ddH2O volume 

ratios produced lower first-step desolvation yield values (ca. 9% and 11.2% for 0.5:1 v/v 
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and 0.75:1 v/v ratios, respectively), due to the difficult manual separation of the two indis-

tinct phases through decanting (Figure 2B). By increasing the acetone:ddH2O volume ratio 

to 1:1 v/v, the HMW GelMA recovery was measured to be around 45%. Consistently, a 

further acetone volume increase resulted in an increasing trend (HMW GelMA recovery 

of 72% for an acetone:ddH2O 1.5:1 v/v ratio). Indeed, the addition of acetone at a 1.5:1 v/v 

ratio with respect to the ddH2O volume led to the indiscriminate precipitation of all 

GelMA chains, which were subsequently recovered via decantation (Figure 2B). 

Therefore, the optimal desolvating agent:ddH2O volume ratio for the first GelMA 

desolvation was selected as 1:1 v/v, as this condition enabled an effective separation of 

GelMA chains based on their molecular weight, thereby reducing the heterogeneity of the 

recovered fraction. 

 

Figure 2. (A) Trend in HMW GelMA recovery as a function of the acetone:ddH2O volume ratio for 

the first desolvation step performed at 45 °C; (B) appearance of GelMA solutions after acetone ad-

dition at 0.5:1 v/v, 0.75:1 v/v, 1:1 v/v, and 1.5:1 v/v ratios with respect to the ddH2O volume used to 

initially solubilize GelMA (from left to right). 

3.2.2. pH Value 

The pH value of the polymeric solution has been reported as one of the key parame-

ters influencing the quality of the final product. In fact, the positive or negative net charge 

on gelatin induces repulsive forces between the polymer chains, thus affecting nanoparti-

cle formation upon addition of the desolvating agent [43]. GelMA, as a derivative of gel-

atin, exhibits groups on the side chains that can be protonated/deprotonated by changing 

the environmental pH. Indeed, pH alteration results in gelatin net charge changes, due to 

the protonation of amino groups (i.e., NH3+) and deprotonation of carboxylic acid groups 

(i.e., COO−). However, due to the partial replacement of gelatin functionalities by methac-

ryloyl moieties, the isoelectric point (pI) of GelMA varies in accordance with the degree 

of substitution. Particularly, as the degree of methacryloylation increases, the pI value de-

creases accordingly [44]. To understand the role exerted by the pH value of the HMW 

GelMA solution on nanoGelMA formation, three pH conditions (pH 2.5, pH 12, and no 

pH adjustment) were initially evaluated. The condition of no pH adjustment (ca. pH 6) 

resulted in almost no nanogel formation, since the final product was prevalently formed 

by other species, such as filaments. This preliminary result was in agreement with the 

literature that has already highlighted the pivotal role exerted by electrostatic interactions 

in determining gelatin-based nanoparticle formation. Indeed, it was reported that gelatin 

nanoparticles prepared at a pH value close to the pI exhibited larger sizes and instability 

due to aggregation of gelatin molecules, while the high surface charge of the polymer 

chains guaranteed greater repulsive forces to prevent these phenomena [45]. Conversely, 

nanoGelMA prepared by adjusting the pH to 2.5 or 12 was further characterized through 
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DLS analysis (samples coded as nanoGelMA_pH 2.5 and nanoGelMA_pH 12, respec-

tively). Figure 3A reports the intensity distribution profiles of the nanoGelMA hydrody-

namic diameter for the two tested conditions. The nanoGelMA prepared from the alkaline 

HMW GelMA solution (nanoGelMA_pH 12) exhibited a broad and bimodal hydrody-

namic diameter distribution (PDI of 0.51 ± 0.03). Conversely, the nanoGelMA prepared at 

an acidic pH showed a Gaussian distribution, a hydrodynamic diameter of 304.3 ± 9.2 nm, 

and a PDI of 0.37 ± 0.04. Hence, the acidic pH condition was selected for additional inves-

tigations. In detail, three different acidic pH conditions were tested, ranging between pH 

2.5 and 4.5. Similarly to the no pH adjustment condition, setting the pH at 4.5 (coded as 

nanoGelMA_pH 4.5) resulted in almost no nanogel formation. As reported in Table 1, this 

observation was also confirmed by the nanoGelMA production yield that resulted to be 

lower than 1%. Conversely, nanoGelMA samples formulated at pH 2.5 and 3.5 (referred 

to as nanoGelMA_pH 2.5 and nanoGelMA_pH 3.5, respectively) showed a comparable 

second desolvation yield (ca. 65%) and, accordingly, a nanoGelMA production yield equal 

to approx. 26%. Thus, the nanoGelMA prepared by setting lower acidic pH values was 

further characterized via DLS analysis. Figure 3B shows the distribution pattern by inten-

sity of nanoGelMA_pH 2.5 compared to nanoGelMA_pH 3.5, with the former showing a 

shift toward a higher nanogel size, as also confirmed by the average hydrodynamic diam-

eter and polydispersity index measurements, summarized in Table 1. nanoGelMA_pH 3.5 

possessed a smaller hydrodynamic diameter compared to nanoGelMA_pH 2.5 (i.e., 251.9 

± 11 vs. 304.3 ± 9.2 nm, p < 0.01) and a narrower size distribution (i.e., PDI 0.22 ± 0.01 vs. 

0.37 ± 0.04, p < 0.01). Interestingly, the optimal HMW GelMA solution pH value resulted 

to be 3.5, instead of pH 2.5, which is generally reported as the optimal pH for preparing 

gelatin-based nanoparticles [28]. As expected, due to the medium substitution degree of 

GelMA, the maximum protonation of residual amino groups was achieved at a higher pH 

value compared to native gelatin, and a further decrease in pH (at 2.5) negatively affected 

the properties of the resulting nanoGelMA. This observation suggested that the addition 

of an excessive volume of hydrochloric acid (0.1 M HCl) to adjust the HMW GelMA solu-

tion pH to pH 2.5 resulted in an increase in the number of anions (i.e., Cl−) present in the 

reaction mixture, which consequently induced a reduction of the intermolecular electro-

static repulsion between charged GelMA chains. This effect, also known as Debye–Hückel 

screening, can occur when nanoparticles interact with electrolytes and the localized ion 

concentration shields the surface charge of the polymer chains [46]. 

Therefore, pH 3.5 was selected as the optimal pH value for the HMW GelMA aque-

ous solution, to be subjected to the second desolvation and nanoGelMA formation. In-

deed, this pH value ensured the optimal electrostatic interaction among GelMA polymer 

chains. 

 

Figure 3. Distribution pattern (by intensity) of nanoGelMA hydrodynamic diameter measured at 25 

°C for nanoGelMA formulated by setting the pH value at (A) 2.5 or 12 and (B) 2.5 or 3.5. 
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Table 1. Average hydrodynamic diameter (nm) and polydispersity index (PDI) measured at 25 °C, 

and production yield (%) of nanoGelMA formulated by setting the pH of the HMW GelMA solution 

at 2.5, 3.5, or 4.5. 

 
Average Hydrodynamic 

Diameter (nm) 
PDI 

nanoGelMA Production 

Yield (%) 

nanoGelMA_pH 2.5 304.3 ± 9.2 0.37 ± 0.004 25.8 

nanoGelMA_pH 3.5 251.9 ± 11.0 0.22 ± 0.01 26.7 

nanoGelMA_pH 4.5 - # - # 0.9 

# not calculated data. 

3.2.3. Volume of the Desolvating Agent in the Second Desolvation Step 

In general, the second step of the desolvation process determines HMW GelMA self-

assembly into nanoparticles, due to the dropwise addition of the desolvating agent under 

vigorous stirring. The formation of the nanoGelMA was investigated upon acetone addi-

tion to the HMW GelMA solution (pH adjusted to 3.5) at three different volume ratios, 

i.e., 2:1 v/v, 3:1 v/v, and 4:1 v/v ratios, with respect to the ddH2O volume used to prepare 

the HMW GelMA solution (sample coded as nanoGelMA_2:1 v/v, nanoGelMA_3:1 v/v, 

and nanoGelMA_4:1 v/v, respectively). Figure 4A displays the second-step desolvation 

yield trend as a function of acetone:ddH2O volume ratio. By increasing the amount of 

acetone from a 2:1 to 3:1 v/v ratio, the second desolvation yield increased accordingly (i.e., 

from 35% to 64.5%). This trend could be explained by considering the mechanism under-

pinning nanogel formation occurring during the second step of the desolvation process. 

As proposed by Hassani Besheli et al., two main phases could be distinguished upon grad-

ual acetone addition, visually identified by an increasing solution turbidity [47]. Specifi-

cally, the initial addition of acetone led to the dehydration of GelMA, and the localized 

supersaturation resulted in polymer chains collapsing into small nanoparticles, due to the 

reduction of electrostatic repulsion between charged moieties along the GelMA backbone 

(i.e., protonated -NH2 at pH 3.5). Due to the small nanoparticles size, no changes in solu-

tion turbidity were observed at this stage. Nevertheless, the incorporation of additional 

desolvating agent into the reaction mixture triggered the growth phase, characterized by 

the self-assembly of primary small nanosystems into more complex spherical nanostruc-

tures. The formation of these latter nanostructures was probably disfavored at an ace-

tone:ddH2O 2:1 v/v ratio, as it was insufficient to reach the growth phase equilibrium. As 

a result, only a few homogeneous nanogels were crosslinked and collected (d 307 ± 4.4 nm 

and PDI 0.2 ± 0.01). Interestingly, a reverse trend was observed upon the addition of ace-

tone at 4:1 v/v ratio, with a second desolvation yield decreasing to 42.3% (compared to 

64.5% for nanoGelMA_3:1 v/v). In this case, larger nanoGelMA and aggregates likely de-

veloped and were discarded during nanogel purification and filtration. Indeed, this out-

come was confirmed by the hydrodynamic diameter distribution patterns (by intensity) 

measured via DLS analyses; the hydrodynamic diameter distribution of nanoGelMA_4:1 

v/v shifted toward larger sizes compared to nanoGelMA_3:1 v/v (d 251.9 ± 11.0 nm and 

PDI 0.22 ± 0.01 vs. d 330 ± 5.7 nm and PDI 0.1 ± 0.01) (Figure 4B). 

Therefore, acetone at a 3:1 v/v ratio was fixed as the optimal condition for the second 

GelMA desolvation. This set-up indeed represents the optimal condition in terms of both 

the production yield and the final dimensions of the nanostructures. 
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Figure 4. (A) Trend of the second desolvation yield (%) as a function of the volume of desolvating 

agent added at 2:1 v/v, 3:1 v/v, and 4:1 v/v ratios with respect to the ddH2O volume used to prepare 

the starting HMW GelMA solution; (B) distribution pattern (by intensity) of nanoGelMA hydrody-

namic diameter measured at 25 °C for nanoGelMA formulated via acetone addition at 3:1 v/v and 

4:1 v/v ratios. 

3.2.4. nanoGelMA Photocrosslinking Parameters 

To stabilize the GelMA-based nanoparticles, the photo-crosslinking of the methacry-

loyl moieties exposed along the GelMA backbone, in the presence of a photo-initiator and 

upon UV-light irradiation, was exploited [48]. In particular, the photo-crosslinking phase 

was optimized in terms of the LAP concentration and UV-light exposure time. Figure 5 

reports the average hydrodynamic diameter and polydispersity index values of nano-

GelMA photocrosslinked through UV-light exposure at 365 nm and 10–12 mW/cm2 for 10 

min in the presence of LAP at a 0.05% w/v (Figure 5A) or 0.1% w/v (Figure 5B) concentra-

tion (samples referred to as nanoGelMA_LAP 0.05% and nanoGelMA_LAP 0.1%, respec-

tively). Both the tested LAP concentrations resulted in stable photo-crosslinked nanogels 

across the different analyzed temperatures. Irrespective of the LAP content, a slight in-

crease in the nanoGelMA size was observed as the analysis temperature increased from 

25 °C to 37 °C. For instance, nanoGelMA_LAP 0.1% increased its hydrodynamic diameter 

from 241.7 ± 4.7 nm at 25 °C to 254 ± 5.2 nm at 37 °C (p = 0.0008). Interestingly, photo-

crosslinking performed in the presence of a low photo-initiator concentration (i.e., 0.05% 

w/v) resulted in nanoGelMA with a smaller size (at 25 °C, average hydrodynamic diameter 

of 212 ± 2 nm for nanoGelMA_LAP 0.05% vs. 241.7 ± 4.7 nm for nanoGelMA_LAP 0.1%, p 

= 0.0006) and PDI of approx. 0.2. However, the evaluation of the nanoGelMA production 

yield (Table 2), and specifically the second-desolvation yield (i.e., 40.3% for nano-

GelMA_LAP 0.05% vs. 64.1% for nanoGelMA_LAP 0.1%), evidenced a lower nanoGelMA 

recovery at a 0.05% w/v LAP concentration compared to 0.1% w/v. This result could likely 

be attributed to the incomplete nanoGelMA stabilization achieved at a 0.05% w/v LAP 

content, which led to the presence of uncrosslinked or poorly crosslinked nanogels that 

were discarded during the purification steps. Based on these results, a LAP concentration 

of 0.1% w/v was selected as optimal for nanoGelMA stabilization through photo-cross-

linking. 
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Figure 5. Average hydrodynamic diameter (d, nm) and polydispersity index (PDI) values measured 

at different temperatures (i.e., 25, 37, 45 °C) for nanoGelMA photo-cured at 365 nm and 10-12 

mW/cm2 for 10 min, in the presence of LAP at a (A) 0.05% w/v and (B) 0.1% w/v concentration. ** p 

< 0.01, *** p < 0.001. 

Table 2. Average hydrodynamic diameter (nm) and polydispersity index (PDI) measured at 25 °C, 

and production yield (%) of nanoGelMA photo-crosslinked at 365 nm and 10–12 mW/cm2 for 10 

min, in the presence of LAP photo-initiator at a 0.05% w/v or 0.1% w/v concentration. 

 
Average Hydrody-

namic Diameter (nm) 
PDI 

nanoGelMA Pro-

duction Yield (%) 

nanoGelMA_LAP 0.05% 212.0 ± 2.0 0.24 ± 0.004 16.5 

nanoGelMA_LAP 0.1% 241.7 ± 4.7 0.23 ± 0.04 26.7 

The reduction in UV-light exposure time was evaluated by performing the nano-

GelMA photo-crosslinking for 10, 5, or 2.5 min in the presence of the selected LAP con-

centration (i.e., 0.1% w/v) (samples coded as nanoGelMA_UV 10 min, nanoGelMA_UV 5 

min, and nanoGelMA_UV 2.5 min, respectively). All the tested UV-light irradiation tim-

ings ensured the successful production of a stable nanoGelMA, whose average hydrody-

namic diameter remained approximately constant as the temperature increased up to 45 

°C, as shown in Figure 6. For instance, the hydrodynamic diameter of nanoGelMA_UV 

2.5 min increased from 258 ± 7.2 nm at 25 °C to 272 ± 3.7 nm at 45 °C (p < 0.05). Longer UV-

light exposure times resulted in smaller nanoGelMA sizes (Figure 6A). In fact, at 25 °C, the 

hydrodynamic diameter of nanoGelMA photo-cured for 5 (Figure 6B) or 2.5 min (Figure 6C) 

was measured to be 260 ± 2.0 nm and 258 ± 7.2 nm, respectively, compared to 241.7 ± 4.7 

nm for nanoGelMA_UV 10 min (UV exposure 10 min vs. 5 min p < 0.01, 10 min vs. 2.5 min 

p < 0.05). Furthermore, similar to the trends observed when varying the photo-initiator 

concentration, as the photo-curing time decreased, the nanoGelMA yield decreased ac-

cordingly. Indeed, lower second desolvation yields were recorded for 5 and 2.5 min of 

nanoGelMA UV-light irradiation (i.e., 50.8% and 40%, respectively, compared to 64.1% for 

nanoGelMA_UV 10 min), resulting in a lower overall production yield, as summarized in 

Table 3. UV-light irradiation for less than 10 min likely produced a heterogeneous final 

product composed of partially photo-crosslinked nanogels, which were discarded during 

purification. 

Therefore, photo-crosslinking via UV-light exposure for 10 min in the presence of 

LAP at a 0.1% w/v concentration was identified as the optimal condition to collect a high 

yield of stable nanoGelMA. According to the optimized protocol summarized in Table 4, 
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nanoGelMA was produced with an average hydrodynamic diameter of 249.5 ± 9.7 nm, a 

polydispersity index of 0.21 ± 0.02, and a production yield of 26.5% ± 1.3%. The highly 

overlapping size distribution profiles confirmed good repeatability among three different 

batches (Figure 7). Furthermore, the zeta potential of nanoGelMA in ddH2O, measured in 

triplicate on a representative batch, was −12.4 ± 1.8 mV (Figure S1). 

 

Figure 6. Average hydrodynamic diameter (d, nm) and polydispersity index (PDI) values measured 

at different temperatures (i.e., 25, 37, 45 °C) for nanoGelMA photo-cured at 365 nm and 10–12 

mW/cm2, in the presence of LAP at a 0.1% w/v concentration, for (A) 10 min, (B) 5 min, and (C) 2.5 

min. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Table 3. Average hydrodynamic diameter (nm) and polydispersity index (PDI) measured at 25 °C, 

and production yield (%) of nanoGelMA photo-crosslinked at 365 nm and 10–12 mW/cm2, in the 

presence of LAP photo-initiator at a 0.1% w/v concentration, for 10 min, 5 min, or 2.5 min. 

 
Average Hydrodynamic 

Diameter (nm) 
PDI 

nanoGelMA Production 

Yield (%) 

nanoGelMA_UV 10 min 241.7 ± 4.7 0.23 ± 0.04 26.7 

nanoGelMA_UV 5 min 260.0 ± 2.0 0.17 ± 0.01 18.5 

nanoGelMA_UV 2.5 min 258.0 ± 7.2 0.19 ± 0.01 16.2 
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Table 4. Summary of the process parameter optimization for nanoGelMA formulation. Comparison 

among all the tested conditions in terms of average hydrodynamic diameter (nm), polydispersity 

index (PDI) measured at 25 °C, and process yield (%), including reasons for the selection (S) or dis-

carding (D) of each tested condition. 

Process Parameter 
Tested  

Conditions 

Average  

Hydrodynamic 

Diameter (nm) 

PDI Yield (%) 
Reasons for Selection (S)/Dis-

carding (D) 

    
First  

desolvation 
 

First desolvation  

acetone:ddH2O  

volume ratio 

0.5:1 - # - # 8.8 D: Poor phase separation 

0.75:1 - # - # 11.2 D: Insufficient recovery yield 

1:1 - # - # 41.4 S: Effective GelMA separation 

1.5:1 - # - # 72.8 
D: Indiscriminate GelMA pre-

cipitation  

    
nanoGelMA 

production 
 

pH 

2.5 304.3 ± 9.2 0.37 ± 0.004 25.8 
D: Surplus of ions causing 

screening effect 

3.5 251.9 ± 11.0 0.22 ± 0.01 26.7 
S: Optimal electrostatic inter-

actions 

4.5 - # - # 0.9 
D: No nanogel formation 

(other species) 

12 292.7 ± 11.3 0.51 ± 0.03 - # 
D: Broad and bimodal diame-

ter distribution  

    
Second 

desolvation 
 

Second desolvation 

acetone:ddH2O  

volume ratio 

2:1 307.0 ± 4.4 0.20 ± 0.01 34.9 
D: Unfavorable nanogel 

growth phase 

3:1 251.9 ± 11.0 0.22 ± 0.01 64.6 

S: Equilibrium between 

GelMA dehydration and 

nanogel growth phase 

4:1 330.0 ± 5.7 0.10 ± 0.01 42.3 
D: Larger nanoGelMA and ag-

gregates 

    
nanoGelMA 

production 
 

Photoinitiator  

(% w/v) 

0.05 212.0 ± 2.0 0.24 ± 0.004 16.5 
D: Incomplete photo-cross-

linking  

0.1 241.7 ± 4.7 0.23 ± 0.04 26.7 
S: Effective nanoGelMA stabi-

lization 

UV-exposure time 

(minutes) 

10 241.7 ± 4.7 0.23 ± 0.04 26.7 
S: Complete network stabiliza-

tion 

5 260.0 ± 2.0 0.17 ± 0.01 18.5 
D: Incomplete photo-cross-

linking 

2.5 258.0 ± 7.2 0.19 ± 0.01 16.2 
D: Incomplete photo-cross-

linking 

# not calculated data. 
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Figure 7. Distribution pattern (by intensity) of nanoGelMA hydrodynamic diameter measured at 25 

°C for three independent nanoGelMA batches formulated according to the optimized protocol. 

3.3. Evaluation of nanoGelMA Physico-Chemical Stability in Aqueous Environments 

The stability of nanoGelMA in contact with aqueous environments was evaluated by 

dispersing the nanogels in different media at 37 °C for up to 4 days. Figure 8 reports the 

average hydrodynamic diameter and polydispersity index measured at different time 

points for nanoGelMA dispersions prepared in ddH2O, phosphate-buffered saline solu-

tion (PBS, pH 7.4), phosphate buffer at pH 5, and an enzymatic solution containing 5 

μg/mL of Proteinase K. The registered trends evidenced a clear dependence of nanogel 

stability on the dispersion medium. In ddH2O (Figure 8A), the nanogels exhibited a slight 

increase in the hydrodynamic diameter (i.e., ca. 240 nm at t0 vs. 270 and 300 nm at 48 h 

and 96 h, respectively), while the PDI values remained constant at around 0.2 over time. 

Indeed, the low ionic strength of the aqueous environment resulted in reduced swelling 

and aggregation phenomena, indicating that nanoGelMA remained overall highly stable 

when dispersed in ddH2O. Conversely, the presence of salt in PBS increased the ionic 

strength, which could screen electrostatic repulsion, interfere with hydrogen bonding 

within the nanoGelMA network, and promote osmotic swelling [49–51], thus leading to 

an increase in both the diameter and PDI and slight aggregation (Figure 8B). Indeed, from 

the early stage of incubation, nanoGelMA dispersion in PBS showed a higher average hy-

drodynamic diameter compared to the same nanogel batch resuspended in ddH2O (i.e., 

260 nm vs. 240 nm at t0) and exhibited a more pronounced increase in diameter over time, 

rising from ca. 260 nm at t0 to 400 nm at 48 h and 420 nm at 96 h. This trend was also 

confirmed by an increase in PDI up to 0.6 at 4 days of incubation, suggesting a reduction 

in homogeneity. The nanoGelMA dispersed in phosphate buffer at pH 5 (Figure 8C) 

showed remarkable stability, with the hydrodynamic diameter and PDI remaining nearly 

constant (i.e., average hydrodynamic diameter of 260 nm and PDI of 0.2). This behavior 

suggested that the acidic conditions did not significantly affect the structural integrity of 

the nanoGelMA network. This stability could be attributed to the concurrent protonation 

of the residual amino groups and the neutralization of carboxylic acid groups under acidic 

conditions, resulting in a reduction in effective electrostatic interactions within the net-

work. As expected, Proteinase K induced the rapid degradation of nanoGelMA. Indeed, 

the average hydrodynamic diameter increased from 330 nm at t0 to approximately 500 and 

600 nm at 48 h and 96 h, respectively, while the PDI increased to a value close to 1 (Figure 

8D). The observed broadening of the particle size distribution was attributed to network 

loosening and swelling, followed by a reduction in nanogel mass due to progressive deg-

radation [52,53]. Overall, differences in stability behavior could be attributed to the nano-

GelMA network structure, the effect of the ionic environment on swelling and aggrega-

tion, the pH-dependent charge of gelatin functionalities, and the susceptibility of the gel-
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atin backbone to enzymes, highlighting the responsiveness of nanoGelMA to biologically 

relevant environments. 

 

Figure 8. Average hydrodynamic diameter (d, nm) and polydispersity index (PDI) measured at dif-

ferent time points (i.e., for as-prepared samples -t0-, and after 24, 48, and 96 h of incubation at 37 

°C) and 37 °C for nanoGelMA dispersions prepared in (A) double-distilled water (ddH2O), (B) phos-

phate-buffered saline solution (PBS, pH 7.4), (C) phosphate buffer at pH 5, and (D) enzymatic solu-

tion containing 5 μg/mL of Proteinase K. * p < 0.05, ** p < 0.01, **** p < 0.0001. 

3.4. Cytotoxicity Evaluation 

The cytocompatibility of nanoGelMA was preliminarily evaluated in accordance 

with ISO 10993-5 guidelines [30]. The CellTiter-Blue® assay demonstrated a high level of 

metabolic activity in NIH-3T3 murine fibroblasts exposed to nanoGelMA eluates, irre-

spective of the tested concentration. In fact, as reported in Figure 9, the cell metabolic ac-

tivity of NIH-3T3 cells was measured to be ca. 96%, 90%, and 86% for cells cultured for 24 

h in contact with extracts of nanoGelMA at 5, 2.5, and 1 mg/mL, respectively, with no 

statistically significant differences observed. Based on the regulatory cytocompatibility 

threshold (cell viability ≥ 70%), this biological evaluation confirmed the cytocompatibility 

of the nanoGelMA. These preliminary findings indicate that the developed nanocarriers 

possess promising biocompatibility, attributed to the use of gelatin, a natural polymer, as 

a precursor, which effectively supported cell viability. Nevertheless, since the cytocom-

patibility evaluation was restricted to short-term (i.e., 24 h), indirect extract testing on a 

standard murine fibroblast line, further investigations are required to thoroughly assess 

the nanoGelMA behavior in a more complex biological environment. 
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Figure 9. Cell metabolic activity (%) of NIH-3T3 cells in contact with extracts of nanoGelMA at 5, 

2.5, and 1 mg/mL. Lysed cells were used as the positive cytotoxicity control (CTRL+). 

3.5. Ibuprofen-Loaded nanoGelMA: Encapsulation Efficiency and Release Study 

The potential of nanoGelMA as a drug delivery system was assessed by investigating 

the encapsulation and release of ibuprofen (IBU) as a model anti-inflammatory drug. IBU-

loaded nanoGelMA particles were formulated via direct drug encapsulation during nano-

gel formation, following a slightly modified preparation protocol. Specifically, the suc-

cessful formulation of IBU-loaded nanoGelMA was achieved by adding an IBU solution 

in acetone dropwise during the second desolvation step, resulting in simultaneous nano-

gel formation and drug loading. The encapsulation efficiency (EE, %) was optimized by 

varying the initial drug amount added during nanogel preparation. As shown in Figure 10, 

the encapsulation efficiency increased with an increasing drug concentration, reaching a 

maximum of 30.6% ± 6.8% at an initial IBU concentration of 25 mg/mL. Above this optimal 

value, a slight decrease was observed, indicating saturation of the available binding and 

trapping sites within the nanoGelMA network. Therefore, the loading capacity of the pol-

ymer matrix is limited, resulting in ineffective drug encapsulation and the removal of ex-

cess drug during the purification step. The observed encapsulation behavior can be at-

tributed to a combination of weak interactions between drug molecules and polymer 

chains forming the nanoGelMA network and drug precipitation during the desolvation 

step. In particular, IBU is a low molecular weight hydrophobic molecule, and its incorpo-

ration relies primarily on physical entrapment within the hydrophilic nanoGelMA net-

work, which may further limit loading efficiency. The encapsulation efficiency achieved 

in this study is within the wide range reported in the literature for gelatin- and GelMA-

based drug delivery systems, which strongly depends on the physico-chemical properties 

of the payload, the formulation method, and the processing conditions used to produce 

the micro- and nano-carriers [54–56]. Overall, these findings support the suitability of the 

nanoGelMA as a drug delivery platform and provide a basis for the further optimization 

of drug-loading performance. 
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Figure 10. Trend of encapsulation efficiency (EE %) as a function of the initial concentration of ibu-

profen (i.e., 1, 5, 25, and 50 mg/mL) added during IBU-loaded nanoGelMA preparation. 

IBU release was studied in vitro under different environmental conditions (i.e., in 

phosphate-buffered saline solution, PBS at pH 7.4, phosphate buffer at pH 5, and in the 

presence of Proteinase K at 5 μg/mL) for 4 days. The release profiles demonstrated a close 

correlation with the stability behavior of the nanoGelMA under the same conditions. In-

deed, in PBS (Figure 11A), a rapid initial release of 34.5% ± 0.7% in 6 h and 57.6% ± 2% in 

24 h was observed, followed by a plateau. This result was consistent with the swelling and 

partial structural relaxation of the nanoGelMA network due to the high ionic strength of 

the buffer, which facilitated IBU diffusion. In contrast, at pH 5 (Figure 11B), drug release 

was significantly slower and more sustained over time, reaching only ca. 10% after 96 h. 

The release kinetics were in strong agreement with the high stability and limited swelling 

observed under acidic conditions, indicating restricted drug diffusion through the nano-

GelMA network. Furthermore, the occurrence of weak interactions between the en-

trapped payload and the nanoGelMA network (given that at pH 5 IBU is partially depro-

tonated and negatively charged, with a pKa equal to 4.59) [57], could additionally limit 

molecule release. Under enzymatic conditions (Figure 11C), a rapid IBU release of 61% ± 

7% within 24 h was quantified, directly correlating with the degradation of nanoGelMA 

triggered by Proteinase K. Consequently, the enzymatic cleavage of peptide bonds accel-

erated drug release through concurrent drug diffusion and matrix degradation. Overall, 

these results highlight that the drug-loaded nanoGelMA exhibits environment-responsive 

release, with release kinetics and mechanisms modulated by the surrounding environ-

ment, particularly in the presence of ions, pH changes, or enzymatic activity. 

 

Figure 11. IBU release profile from IBU-loaded nanoGelMA dispersion in (A) phosphate-buffered 

saline solution (PBS, pH 7.4), (B) phosphate buffer at pH 5, and (C) enzymatic solution containing 5 

μg/mL of Proteinase K. 

4. Conclusions 

In this work, GelMA-based nanogels (nanoGelMA) were successfully developed 

through a combined two-step desolvation and photo-crosslinking method. The systematic 

optimization of formulation parameters (i.e., amount of desolvating agent, pH, photoin-

itiator concentration, and photocuring time) led to the identification of optimal conditions, 

enabling the production of nano-scale hydrogels with a controlled size, narrow size dis-

tribution, and a good production yield. The designed nanoGelMA exhibited high stability 

in aqueous and acidic environments while showing pronounced swelling under physio-

logical-like conditions and susceptibility to enzymatic degradation, highlighting its re-

sponsiveness to external stimuli. Furthermore, the nanoGelMA displayed excellent cyto-
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compatibility across the tested concentrations, demonstrating its potential for biomedical 

applications. The successful encapsulation of ibuprofen during nanogel formation and the 

environment-responsive release behavior, modulated by the ionic strength, pH, and en-

zymatic activity, further confirmed the suitability of the nanoGelMA as a drug delivery 

system. Subsequent biological validations should be conducted under more physiologi-

cally relevant conditions, alongside the functional evaluation of the drug-loaded nano-

gels. In conclusion, the designed nanoGelMA represents a promising and versatile 

nanocarrier platform for the development of advanced, stimuli-responsive drug delivery 

strategies for site-specific anti-inflammatory therapies and other precision medicine ap-

proaches, including drug delivery to tissues characterized by altered pH or enzymatic 

activity (e.g., infected tissues, tumor microenvironments). 
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in ddH2O. 
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