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Abstract
GelMAhydrogels are prominent in biomedical applications due to their innate extracellularmatrix
mimicking properties. They exhibit favorable properties for cell proliferation and formation of light-
induced hydrophilic cross-linked structures. However, there is limited research on the effect of
variations in the startingmaterial (gelatin) on the physical, mechanical and biological properties. In
this study, GelatinMethacrylic Anhydride (GelMA)hydrogels were synthesized from two different
products of type B gelatin and loadedwith polyvinylpyrrolidone (PVP) nanoparticles by electrospray
method. Chemical and structural analyses were performed by FTIR, 1HNMR, TNBS and SEM,
respectively.Mechanical properties were evaluated by compression tests. Cytocompatibility was
evaluated byXTT analysis. GelMAhydrogels obtained from two brands have suitable pore size,
mechanical strength, swelling properties and cytocompatibility,making them suitable for various
biomedical applications. In addition, the addition of PVPnanoparticles canmake themuseful for
drug delivery applications.

1. Introduction

Hydrogels developed frombiocompatible gelatin formed by partial hydrolysis of collagen, themost abundant
protein in living organisms, have recently become very popular [1]. It hasmany applications inmedical/
pharmaceutical, technical, food and cosmetic products. One of the important features of gelatin, which has good
solubility and low antigenicity compared to collagen, is that it has very specific structures that enable cell
adhesion and remodeling, such as arginine-glycine-aspartic acid (RGD) sequences andmatrix
metalloproteinase (MMP) target sequences [1–3]. To overcome the disadvantages of gelatin hydrogels, such as
lack of stability at body temperature, rapid degradation, and lowmechanicalmodulus, they are subjected to
various chemicalmodifications by utilizing -OH, -COOH, -NH2, -SH, and similar active groups in their side
chains [4]. Among them,GelMA,which is prepared in different application forms tomeet different application
needs, is themost popular [3, 4]. GelMAhas been used inmany applications and forms since it wasfirst
synthesized in 2000 from the reaction of gelatinwithmethacrylic anhydride [5]. This synthesis occurs through
the exchange of amino groups andmethacryloyl groups. GelMAhydrogels, which gain the ability to
photocrosslink underUV light when photoinitiator is added due to the presence ofmethacryloyl groups in its
structure, retain the presence ofMMPandRGD sequences, which are themain advantages of gelatin,
biocompatibility and biodegradability. In addition, unlike gelatin, it has the advantage ofmaintaining its stability
and shape at body temperature [2, 6]. Biocompatible GelMAhydrogels contribute to tissue repair by providing
an ECMenvironment for cells. Photopolymerization is awidely usedmethod for producing protein-based
hydrogels such asGelMA. It allows proteins to be easily prepared andmechanicallymodifiedwithout losing
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their natural bioactivity. In this context, GelMA is one of themost remarkable protein-based biomaterials
produced through photopolymerization [7]. Gelatin, a versatile biopolymer, is commonly produced from
bovine, poultry andfish. Due to differences in production sources, there are differences in chemical composition
(molecular weight, amino acid content and isoelectric points) and structure-function. Bovine and porcine
gelatins aremost commonly used forGelMA synthesis [8]. Therefore, GelMA can be divided into two types
according towhether they are derived from typeA or type B gelatin. Gelatin derived fromporcine skin is
commonly known as type A gelatin and is reported to havemore free carboxyl groups and a higher isoelectric
point compared to type B gelatin derived frombovine skin. There is also great interest in the development of
efficientmethods to produceGelMAwith high reproducibility and controllability in terms of composition and
biophysiochemical properties for sustainableGelMAproduction in the food industry and pharmacology [9].

Themost important criterion in these studies is to systematically ensure the reproducibility and
controllability of the synthesis. A common feature ofGelMAs is that the physical properties of the hydrogels vary
depending on the degree ofmethacrylation, initial gelatin concentration (w/v), photoinitiator concentration
(w/v) and light exposure time [10]. The brand supplied and even the batches within brands are as important as
the initial gelatin concentration. In this context, studies have generally proceededwith the synthesis of GelMA
fromcommercially available gelatin fromSigma-Aldrich [10–12].

The photocrosslinking, controlled degradation andmechanical properties of GelMAhydrogelsmay
facilitate [1, 3, 4] their combinationwith bioactive components, cytokines, exosomes, cells, nanoparticles and
drugs. Thismaymake it attractive formany biomedical applications [7, 13–16].Wang et al comparedGelMAs
prepared from gelatins of different originswith the commonly used porcine gelatin. GelMAs produced from
gelatins of different origins, which overcome the thermal gelation problemof porcine gelatin, were compared
chemically,mechanically, physically, and biologically. As a result, they reported thatGelMAs prepared from
cold-soluble gelatin are promising for the development of bioinks [17]. Gaglio et al In his study, he focused on
the chemical, physical,mechanical, and biological effects of degree of functionalization (DoF)modulation on
the properties of GelMAs synthesized fromboth type A and type B by differentmethods, drawing attention to
theDoF ofGelMAs. In addition, their efficiency as bioinks in 3Dprintingwas also investigated.When the
synthesis protocols of GelMAs produced from type A gelatinwere comparedwith those obtained from type B
gelatin, their performances showed significant differences, indicating the need for further studies in this area. It
has also been reported that GelMAs produced from type B gelatin have amore sustained potential on cell
viability thanGelMAs produced from type A gelatin [18]. Our goal is not to replace Sigma gelatinwithHalvet
gelatin, but to show thatHalvet gelatin has similar physical, chemical,mechanical and biological properties to
Sigma gelatin, demonstrating its potential for biomedical applications. In addition, it was observed that GelMA
obtained fromHalvet gelatin exhibits similar physical, chemical,mechanical and biological properties toGelMA
obtained fromSigma gelatin, and it is predicted that it has potential for biomedical applications.

Processes to produce smaller particles in drug delivery systems include ionic gelation, high temperature
treatments, homogenization, electrospray (ES), and spray drying [19]. Electrohydrodynamic atomization
(EHDA), also known as ES, is a simpleway to produce particles of desired size through single ormulti-step
processes [20]. In the last two decades,MP/NPs produced by ES using polymericmaterials have become of
interest for biomedical applications [12]. In this technique, electrostatic forces are used to formnano- tomacro-
sizedfibers or particles bymanipulating an electrically charged liquid jet. Through variousmethods such as
mixing, surfacemodification and coaxial processes, it is possible to integrate bioactivemolecules such as drugs,
proteins, cells, DNA and growth factors into carriers produced by EHDA techniques [21].

Polymericmicro/nanoparticles (MP/NP)made of biodegradable polymer can provide sustained and
controlled release compared to conventional drug delivery vehicles, protect drugs from chemical and enzymatic
degradation, prolong their in vivohalf-life, and improve cellmembrane and blood–brain barrier penetration.
They can overcome physiological barriers and can also be targeted to cells, tissues, or organswithmore efficient
delivery or reduced side effects [22]. Polyvinylpyrrolidone (PVP) is one of themostwidely used FDA-approved
polymers in the pharmaceutical, medical, and cosmetic fields [23]. PVP is awater-soluble, biodegradable, non-
toxic, and biocompatible polymer. It has C=O,C-N andCH2 functional groups, which arewidely used inNP
synthesis. In addition, it contains a strong hydrophilic component (pyrrolidonemoiety) and a significant
hydrophobic group (alkyl group), which give it amphiphilic properties [24]. It can be encapsulatedwith drugs or
bioactive ingredients [25]. Edikresnka et al successfully synthesized PVP composite nanostructures loadedwith
green tea extract (GTE) as an active ingredient using ES technique and showed fromSEM images that PVP/GTE
nanostructures have a combination of less spherical particles and nanofibers [26].Chhouk et alTo increase the
bioavailability of a small amount of water-soluble curcumin, they reported that they increased the dissolution of
curcumin/PVPparticles inwater by preparing curcumin-containing PVPmicrospheres by electrospraying [27].
Rezeki et al reported that they successfully prepared PVP/mangosteen pericarp extract (MPE) particles [28].
Guastaferro et al successfully producedmicroparticles andmicrofibers of quercetin (QT)-loaded PVP via an
electrohydrodynamic process supported by supercritical CO2 [29]. Ali et al reported their studies on drug release
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by coatingmetalmicroneedles with the ESmethod using PVP [30]. Belyy et al reported that it forms a strong
complexwith the lignin-PVP complex and contributes to the stability of the lignin colloidal solution through
steric stabilization [31]. Xu et al developed core–shell nanoparticles using the ESmethod. They developed a
modified coaxial ESmethod for drug preparation based on the use of PVP cellulose acetate (CA) in the shell
portion as an acetaminophen (ATP)-based sustained release carrier [32]. To our knowledge, our study is the first
to report the application of PVPparticles toGelMAhydrogels using the ESmethod.

The aimof this studywas to synthesize GelMA fromSigma gelatin, which is widely used in the literature, and
Halvet gelatin, whichmay be its equivalent, and to compare their chemical,morphological, physical and
biological behavior. It was found that even the batch number of the gelatin used in the synthesis of GelMAhad an
effect on the properties of GelMAhydrogells, while two different brands had similar properties. GelMA
synthesized fromboth products was then coatedwith PVPparticles, a candidate drug/biological carrier, using
the electrospraymethod. To the best of our knowledge, this study is thefirst example in the literature where
GelMAs fromdifferent type B gelatins were compared and coatedwith PVPparticles.We report relatively
favorable swelling performance, goodmechanical properties, and cytocompatibility for use in biomedical
applications.Wefind that theHalvetGelMAhydrogels obtained in the study exhibit similar physical, chemical,
mechanical, and biological properties to SigmaGelMAhydrogels.We envision that bothGelMAhydrogels can
be coatedwith PVP and evaluated for their chemical,mechanical and physical properties tofind a place in any
applicationwhere tissue engineering and drug delivery systems are co-designed.

2.Materials andmethods

2.1.Materials
Gelatin type B frombovine skinwas bought fromHalvet (Turkey) and SigmaAldrich (Germany). Sigma-
Aldrich/G9391Gelatin (Type B, gel strength∼225 g Bloom) andHalvet/0797-21 (Type B, gel strength∼gel
230–250 g Bloom).Methacrylic anhydride (MAA) (276685–100 ml), 2-Hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (ırgacure) (410896–10 G), Polyvinylpyrrolidone (PVP): molecular weight 40,000 Da,
TNBS solution (5% (w/v) in water), sodiumdodecyl sulfate (SDS), ethanol (C2H5OH) and dialysismembrane
(cut-off value 14 kDa and average flat width 43 mm)were obtained fromSigmaAldrich (Germany). Sodium
carbonate, sodiumhydroxide, hydrochloric acid fuming 37%were purchased fromMerck (Germany).
Phosphate-buffered saline (PBS, pH 7.4)was bought fromChemBio (Turkey). Sodiumhydrogen carbonate
(>99.7%)was purchased from ISOLAB (Germany).

2.2.Methods
2.2.1. GelMA synthesis and preparation of hydrogels
Apreviously established protocol was followed to synthesize GelMA from the type B gelatins used in the study
[33]. The reason for using 0.2 ml ofMAAper gram is that type B gelatin containsmore amine groups than type A
[34]. Briefly, a 10% (w/v) gelatin solutionwas allowed to dissolve in 0.1 Mbicarbonate buffer at 60 °C. Then,
0.2 ml ofmethacrylic anhydride (MAA) per gramof gelatinwas added to the gelatin solution and allowed to
react at 50 °C for 3 hwith constant stirring. To remove unreactedMAA andmethacrylic acid by-products, the
resulting solutionwas dialyzed in distilledwater at 40 °C for 3 days. It was then lyophilized for three days and
stored at−20 °Cuntil use. The hydrogel was prepared by covalent crosslinking in aUV curing apparatus using
20%GelMA and 5mg irgacure perml in approximately 7 min. It was namedGelMA1, synthesized from gelatin
(Sigma), andGelMA2, synthesized fromgelatin (Halvet).

2.2.2. Preparation of solutions for electrospray
A10%w/v PVP solutionwas used in the study. The solutionwas prepared in amagnetic stirrer at 200 rpmuntil
dissolved in ethanol. PVPparticles were prepared by the electrospraymethod in a Basic system (Inovenso,
Istanbul, Turkey) [35]. The distance between the collector and the needle was set at 12.5 cm and a voltage of
18 kVwas applied at aflow rate of 0.8 ml/h. To collect PVPparticles, a glass coverslip and thenGelMA1 and
GelMA2hydrogels were placed on the collector dried appropriately, and stored for characterization.

2.2.3. Characterization of particle-loaded hydrogels

2.2.3.1. Chemical structure analysis
Fourier transform infrared spectroscopy (FTIR, FT/IR-ATR 4700, Jasco, Easton,MD,USA)was used to
determine the chemical structure of PVP,Gelatin Sigma, GelatinHalvet, GelMA (Sigma), GelMA (Halvet),
GelMA (Sigma)@PVP andGelMA (Halvet)@PVP.Measurements were performed at room temperaturewith a
resolution of 4 cm−1 in thewavelength range 450–4000 cm−1.
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The degree of substitution (DS) ofGelMAwas investigated using 1HNMR spectroscopy (Bruker AvanceNeo
500MHz, Bremen, Germany). Both gelatin andGelMAwere dissolved at a 10 mgml−1 concentration inD2O;
1H-NMR spectra were obtained at a frequency of 500MHz and room temperature. TheDS ofGelMAwas
calculated according to the following equation (1):

DS
peak area of GelMA lysine methtlene

peak area of gelatin lysine methtlene
% 1 100% 1= - ´( ) ( )

( )
( )

TheDS value ofGelMAwas also determined by the TNBSmethod [11, 36]. GelMA and gelatin samples were
dissolved in 0.1 M sodiumbicarbonate (pH8.5) buffer to a concentration of 0.5 mg ml−1. 250 μl of 0.01%TNBS
solutionwere added to 500 μl of each sample, and themixturewas incubated in the dark at 40 °C for 2 h. To stop
the reaction, 250 μl of 10% (w/v) SDS and 125 μl of 1 Mhydrochloric acid solutionswere added. TheUV
absorbance of each sample wasmeasured at 335 nm (UV-1280, Shimadzu, Japan). Glycine standard solutions
with concentrations of 0, 1, 5, and 10 μgml−1 were used to determine the amino group concentration.

2.2.3.2.Morphology of hydrogels
The surfacemorphology ofGelMA1, GelMA2, and PVP particules were examined using a scanning electron
microscope (SEM) (EVAMA10, Zeiss, Jena, Germany). GelMA1 andGelMA2hydrogels were dried at−20 °C
for 1 day and then in a lyophilizer for 1 day, allowing its porous structure to be examined by SEM.Dried
specimenswere coatedwith gold/palladium for 120 seconds using a spray coatingmachine (SC7620,Quorum,
Laughton, East Sussex, UK). Histogram graphs fromSEMresults of hydrogels and nanofiberwere drawn by
using an imaging software (OlympusAnalysıs, USA). All data is expressed asmean± standard deviation (n= 3).

2.2.3.3.Mechanical properties
Themechanical properties of GelMA1,GelMA2, GelMA1@PVP andGelMA2@PVPhydrogels were detected
with amechanical testingmachine (EZ-LX, Shimadzu, Kyoto, Japan). For each group, three different samples
were tested. The compression test was applied to hydrogels. Cylindrical hydrogels 4 mm in height and 3 mm in
diameter were prepared for compression testingwas calculated using a digitalmicrometre (MitutoyoMTI
Corp., USA). The compression tests were carried out at a rate of 1 mmperminute up to amaximumof 50%
strain.

2.2.3.4. Swelling behaviours
Swellingmeasurements were performed to determine thewater uptake capacity of the hydrogels. For the
swelling tests, phosphate buffered saline (PBS) at pH7.4was used. During these tests, the initial weights of the
hydrogels and nanofibers were of equal weight were recorded. The sampleswere then transferred to Eppendorf
tubes containing 2 ml PBS and kept at 37 °C in a thermal shaker (Microtest). After a certain period of time, the
samples were removed from the excess water and thewetweight of the samples wasmeasured [37]. Swellingwas
measured using equation (2).

Swelling ratio
Ww W

W
% 100% 20

0

=
-

´( ) ( )

2.2.4. Cytocompatibility
In vitro cytotoxicity forNIH/3T3mousefibroblast cells (ATCC;CRL1658)was evaluated byXTT cell viability
assay. To determine cell viability, direct cell culturewere used in a 96-well plate. NIH/3T3mousefibroblast cells
(ATCC;CRL1658)were cultured as described in previous [38]. Briefly, theywere cultured inDMEM/F-12
containing 10%FBS and 1%penicillin–streptomycin in a 37 °C, 5%CO2 incubator. Themedium,whichwas
examined under an invertedmicroscope (BEL, INV100), was changed approximately every 3 days, andwhen
nearly 80%of the cell layer was formed, it was separated from themediumwith trypsin/EDTA solution. Prior to
cell culture, the hydrogels were sterilizedwithUV light for 1 h. For cell culture, 2× 104 cells were planted in a 96
well plate and kept at 37 °C and 5%CO2 incubator for 1 day. GelMA1 andGelMA2 hydrogels were added and
incubated for 1, 3 and 7 days. Cells in thewell without hydrogel were used as a control and the experiment was
performed in at least three replicates. After the incubation at the end of each day, 100 μl of XTTpowder andXTT
solution containing PMS inmediumwas added to eachwell. Cells were incubated for 4 h in a dark environment,
and absorbance valuesweremeasured at 450 nmusing amicroplate reader (Lab-Line Instr., Inc.). Percentage of
cell viability was calculated for cell culturemethod [39]. Cell viability (%)wasmeasured using equation (3).

Cell viability
OD treatment

OD Control
% 100% 3= ´( ) ( )

4

Mater. Res. Express 11 (2024) 075307 HYilmaz et al



2.2.5. Statistical analysis
Statistical analysis was performed usingGraphPad Prism 9 softwarewith one-wayANOVA test and two-way
ANOVA test as appropriate. Statistical analysis formechanical and physical analyses was performed using
Tukey’smultiple comparison test with one-wayANOVA test.

Statistical analysis on cytocompatibility datawas analyzed by two-wayANOVAwith Tukey’smultiple
comparison test. It was performedwith. Appropriate symbols are used to indicate the p value in the graphs
shown; ns= p> 0.05, *= p� 0.05, **= p� 0.01, ***= p� 0.001, ****= p� 0.0001.

3. Results and discussion

3.1. Chemical groups
FTIRwas used to determine the chemical structure of PVP, gelatins, GelMAs, as shown in figure 1. FTIR
measurement was performed to identify the possible biomolecules, bonds responsible for the structural and
functional stabilization of the biomaterials used in the scaffold production. Polypeptide and protein repeats
units, consisting of nine characteristic IR bands named amideA, B, and I-VII, represent different vibration
points [40]. The amide Aband around 3500 cm−1 and amide B around 3100 cm−1 originate from a Fermi
resonance between thefirst overtone of amide II and theN-H stretching vibration. The amide I band between
1600 and 1700 cm−1 ismainly associatedwith theC=Ostretching vibration. Conformationally sensitive amide
II band around 1500 cm−1 results from theN-Hbending vibration and from theC-N stretching vibration.
Amide III band between 1400 and 1250 cm−1 is associatedwith complex bands . The polypeptide conformation
is directly related to the amide I, II and III band regions of the spectrum.

FTIR spectrumof PVP: the band at 1644 cm−1 is C=Oassociatedwith stretching groups (Amide I),
1421 cm−1 C–Hdeformations and 1286 cm−1 bands is C–N stretching (Amide III), 2951 cm−1 the band at can
be attributed toC–Hstretching (Amide B), and the band at 3419 cm−1 can be attributed to associatedwithO–H
stretching (AmideA) [41, 42]. In theGelMA spectrum, the absorption band at 1630 cm−1 is associatedwith the
C=Ostretching groups (Amide I) and the peak at 1535 cm−1 is associatedwith theN-Hbending groups (Amide
II). The amide II band in gelatin shifted to 1535 cm−1 inGelMA [43]. The absorption band at 1242 cm−1 is C–N

Figure 1. FTIR spectra showing theAmide A, Amide B, Amide I, Amide II, andAmide III regions: PVP,Gelatin1, Gelatin2, GelMA1,
GelMA2, GelMA1@PVP andGelMA2@PVP.
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stretching andN–Hbending (Amide III). In addition, the peak at 3278 cm−1 is associatedwith the presence of
peptide bondsO-H andN-H functional groups (AmideA) [43, 44]. Therewas no difference between the
characteristic bands ofGelMA1 andGelMA2.Due to the overlapping of the characteristic bands of PVP and
GelMA and the very low amount of particles in theGelMA@PVPhydrogels, we can say that slight shifts in the
peaks of theGelMA@PVPhydrogels compared toGelMA indicate the presence of PVP. Therewas no difference
between the characteristic bands ofGelMA1 andGelMA2.

1HNMRanalysis was performed to confirm the successful substitution of gelatinwithmethacryloyl groups
(figure 2). 1HNMRanalyses were performed usingMestReNova software (v12.0.2). Automated phase and
baseline verificationwas performed prior to analysis, and the chemical shift was corrected by reference to the
4.79 ppmvalue of the deuteriumoxide solvent peak. 1H-NMRanalysis confirmed that the functional amino
groups in the lysine amino acid in the structure of gelatin weremethacrylated. In the spectrumofmethacrylated
gelatin, peaks resulting frommethacrylation are observed at chemical shifts of 5.4 and 5.7 ppm. In addition, the
peak observed at the chemical shift value of 6.1 ppm shows thatmethacrylation also occurs through hydroxyl
groups. As a result ofmethacrylation, the effect ofmethyl protons associatedwithmethacrylation is also seen at
the chemical shift value of 1.9 ppm. The peak at 3.06 and 2.90 ppm shift values belonging to lysinemethylene
(2H) in gelatin disappeared as a result ofmethacrylation [45]. Phenylalanine signals (7.41–7.25)were taken as
reference forDS calculation. Since the lysinemethylene field valuewas obtained as 0 inGelMA, theDMvalue
was calculated as 100% for both samples.

According to the TNBSmethod results, the amino groups ofGelatin1weremethacrylated at a rate of 88.8±
6.3%,whereas those ofGelatin2 reacted at a rate of 90.4± 2.9%. The lowerDS value obtained from the TNBS
results has also been observed in other studies. This discrepancy is attributed to the fact that the free lysine
groups remaining aftermethacrylation cannot be effectively determined due to thewater suppression effect in
the 1H-NMR spectrum signal [36].

3.1.1.Morphology of Hydrogels
Themorphology of the hydrogels was examined by SEMand themicrographs are shown infigure 3. In
hydrogels, pore size is responsible formany important parameters such as influencing higher cellular activities
including degradation profile, drug transport, cell penetration and differentiation [46]. The SEM image of
lyophilizedGelMA1 andGelMA2hydrogels showed an irregular porous structure, consistent with the literature,
and the average pore diameter wasmeasured to be 6.0± 1.7 μmand 14.16± 4.6 μm.Based on this pore size, it
can be assumed that the cells have an opening that can facilitate nutrient-oxygen uptake and infiltration [47, 48].
Based on this pore size, it can be assumed that the cells have an opening that can facilitate nutrient-oxygen
uptake and infiltration [47, 48]. In themorphology of PVPparticles, the particle diameters weremeasured to be
689± 130 nm.When the particles appear spherical, it can be assumed that the solvent has completely
evaporated [25]. These particle sizesmay have the advantage of protecting components (such as drugs) loaded
into them [49].

Figure 2. 1H-NMR spectra of gelatin andGelMA samples: (a)Gelatin1 andGelMA1, (b)Gelatin2 andGelMA2.
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3.2.Mechanical properties
The structure of hydrogels affects theirmechanical and swelling properties. Additionally, themechanical
properties of hydrogels play a crucial role in regulating the interactions between cells and the extracellular
matrix, asmass flow through thematrix is affected.Moreover, the phenotype and genotype of the cells are
controlled by themechanical properties of the hydrogels [47]. The compressive strength curves showed that the
GelMA1hydrogels had the highest compressive strength of 2.045MPa, whichwas higher than that of the
GelMA2hydrogels of 1.564MPa. The compressive strength of PVP-coatedGelMAwasmeasured to be
8.337MPa forGelMA1@PVP and 7.972MPa forGelMA2@PVP (figure 4). Although there was nomajor
difference between the hydrogels of two different brands prepared at the same concentrations andUV exposure
times, it was observed that the compressive strength ofGelMA1 andGelMA1@PVPhydrogels was higher than
that of GelMA2 andGelMA2@PVPhydrogels, which can be interpreted as havingmore functional cross-links
[50]. On the other hand, the increase in compressive strength of the hydrogelmay indicate that it canwithstand
external pressure when implanted in a defective area [51]. In addition, PVPmay increasemechanical strength by
binding toGelMAhydrogels and acting as a crosslinker. In addition, the fact that the pore size of theGelMA2
group is larger than that of theGelMA1 groupmay reveal the correct proportion of the SEManalysis of the
difference inmechanical strength and physical behavior. Statistical analysis was performed usingGraphad Prism

Figure 3. SEM images of hydrogels; (a)GelMA1, (b)GelMA2 and (c)PVPparticles.

Figure 4.Compressive properties of GelMA1,GelMA2,GelMA1@PVP andGelMA2@PVPhydrogels.

7

Mater. Res. Express 11 (2024) 075307 HYilmaz et al



9 software. Datawere analyzed byANOVAwith one-wayANOVA test. Statistical difference is indicated by
*** p< 0.001. Error bars represent standard deviations (SDs) ofmeasurementsmade on at least three samples.

3.3. Swelling behaviours
The swelling capacity of the hydrogel is critical for the strength of the scaffold, load release during the healing
period, and cell attachment [52]. To investigate their swelling behavior,mass changes over timeweremeasured
whenGelMA1 andGelMA2hydrogels andGelMA2@PVPwere incubated in PBS solution for 120 min at 37 °C.
The swelling behavior of the hydrogels (figure 5) increased significantly within thefirst 5 min. Swelling
equilibriumwas reached in 45 min forGelMA1 andGelMA2hydrogels and in 60 minGelMA1@PVP and
GelMA2@PVPhydrogels. It is seen that the swelling rate of GelMA1 (∼339%) andGelMA2 (∼332%) are upper
than that of GelMA1@PVP (∼256%)GelMA2@PVP (∼242%). Variation in the degree ofmethacrylation,
amount of photoinitiator, pore size and type of solvent of theGelMAhydrogel affects the swelling property.
Considering themorphology analysis, the fact that the pore size of theGelMA2 hydrogel group is higher than
that of theGelMA1 hydrogel group is not reflected in the swelling properties. Because there is no significant
difference betweenGelMA1 andGelMA2 in terms of swelling behavior. Also, the slight difference between the
twoGelMAhydrogels (Sigma andHalvet) can be attributed to the change in the number of hydrophilic groups in
the hydrogels [48, 53]. It can be thought that coatingGelMA@PVPwith particles reduced thewater absorption
capacity of the hydrogel [52]. Significant differences in themass swelling ratiomay be due to the fact that the
hydrogels are coatedwith PVP and contain fewer hydrophobic amino acids,making thosewith a higher swelling
ratiomore hydrophilic than thosewith a lower swelling ratio [54]. Statistical analysis was performed using
Graphad Prism 9 software. Data were analyzed byANOVAwith one-wayANOVA test. Statistical difference is
indicated by **** p< 0.0001. Error bars represent standard deviations (SDs) ofmeasurementsmade on at least
three samples.

3.4. Cytocompatibility
TheXTT assaywas performed on hydrogels culturedwithNIH/3T3mouse fibroblast cells. The ability of
GelMA1 andGelMA2hydrogels to support cell viability was confirmed. InXTT analysis, all hydrogels showed
biocompatibility. According to the 7-day results, the cell viability inGelMA1 is 139%.Cell viability inGelMA2 is
133%.At the end of day 7, the percentage cell viability for theGelMA1 andGelMA2 hydrogels compared to the
control group (compared to theNIH/3T3 cell control as 100%)was significant (****p<0.0001). In addition, no
significant difference was found betweenGelMA1 andGelMA2 at the end of day 7.Data are expressed asmean
± SD for all cell culturemethods and are statistically significant compared to control. Statistical analysis was
performed usingGraphPad Prism 9 software. Datawere analyzed byANOVAwith Tukey’smultiple comparison
test (figure 6).

Figure 5. Swelling behavior ofGelMA1,GelMA2,GelMA1@PVP andGelMA2@PVPhydrogels.
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4. Conclusions

To summarize, twodifferentGelMA syntheseswere successfully prepared from typeB gelatinof twodifferent
products. Therewas no significant difference between themechanical, physical and biological behaviors ofGelMA
hydrogels from twodifferent products under the samemethacrylation conditions andUVexposure times, except
for differences in pore size.Differences inpore size also didnot show significant differences inother behaviors.

We believe that their use in biomedical applications will yield successful results as the resulting hydrogels
show relatively favorable swelling performance, goodmechanical properties and cytocompatibility. In light of
the results obtained, show that coatingGelMAhydrogels with PVP has the potential to be used in tissue
engineering products integratedwithmany drug delivery systems in the future.
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