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The skin is a vital organ that protects the human body, making it highly susceptible to injury. When wounds fail 

to heal properly, they can become chronic and prone to infection. Hydrogel-based wound dressings, made from 

natural and synthetic polymers, play a crucial role in wound management by enhancing the wound environment, 

providing a protective interface over the wound, retaining moisture, and facilitating ease of removal which 

supports the formation of new tissue. Among these, methacrylated alginate hydrogels show promising biological 

potential but require improvement in mechanical strength to meet clinical demands due to their large moisture 

uptake capacity. In this study, methacrylated alginate hydrogels were reinforced with four low-cost (meth)acrylic 

crosslinkers: ethylene glycol diacrylate, ethylene glycol dimethacrylate, triethylene glycol dimethacrylate and 

pentaerythritol triacrylate, to improve mechanical properties without compromising biological efficacy. The best 

formulation, using the first one, demonstrated a swelling capacity of 40 g of water per g of hydrogel, significantly 

outperforming commercial products like Kaltostat (25 g/g) and AquacelAg (18 g/g). Its mechanical strength 

(~0.06 MPa) was comparable to DuoDERM-ET (0.07 MPa) and Mepilex (~0.05 MPa). The hydrogel also 

demonstrated excellent in vitro biocompatibility, positioning it as a simple, cost-effective alternative to reinforce 

methacrylated hydrogels so they eventually become possibly useful as wound dressings, mechanically and 

physically strongly competing with commercial dressings, while still offering room for future bioactive devel- 

opment to enhance wound healing. 
 

 

 

1. Introduction 

 

The skin, the human body’s largest organ, protects internal organs 

making it highly susceptible to injury by chemical, physical, and bio- 

logical agents. Wounds are classified as acute or chronic. Acute wounds 

typically heal within 1–12 weeks, while chronic ones are delayed due to 

underlying conditions such as diabetes, or venous insufficiency, making 

them more difficult to treat and prone to infection [1–3]. Chronic 

wounds are particularly challenging due to poor healing; consequently, 

there is a continuous search for wound dressings that not only promote 

healing, but also prevent further damage. Such a treatment must absorb 

excess exudate while maintaining a moist environment, which can speed 

recovery by up to five times. Moreover, removable wound dressings are 

often changed regularly, such as every 1–3 days, to ensure optimal 

healing [4]. Biopolymer-based hydrogels are ideal for this, as they 

regulate moisture and create a healing environment [1,5,6]. 

With a backbone made of crosslinked natural and/or synthetic hy- 

drophilic polymers, hydrogels are three-dimensional networks capable 

of absorbing biological fluids while preserving their structure. Their 

high-water content, porosity, and biocompatibility make them similar to 

the extracellular matrix of skin, supporting wound healing. Addition- 

ally, they are biodegradable and non-toxic, which has made them 

increasingly relevant in the market [2,6]. 

Polysaccharides, like sodium alginate (SA), are commonly used in 

hydrogel preparation, but their instability makes them unsuitable for 

wound dressings without modification. To address this, they are often 

grafted through the reaction of their functional groups (i.e. -OH, 

—COOH and -NH2) for covalent crosslinking, resulting in stable bonding 

[1,2,7,8]. Sodium alginate (SA) is a widely utilized polysaccharide due 

to its low environmental impact and cost-effectiveness. Comprising 
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irregular blocks of β-D-mannuronic acid (M) and 1–4 linked α-L-gulur- 

onic acid (G), it can form gels via ionic crosslinking in mild environ- 

ments, but its mechanical properties are insufficient for advanced 

wound healing applications. By grafting acrylate or methacrylate groups 

onto the polymer backbone, SA can undergo photocrosslinking via the 

carbon‑carbon double bond [8], creating alginate methacrylate 

(ALMA). ALMA hydrogels are widely used in biomedical applications 

due to their enhanced mechanical properties [1,2,7,8]. 

The mechanical properties of ALMA hydrogels are influenced by a 

range of factors, including initiator concentration, UV exposure, and the 

degree of methacrylation (the ratio of methacrylate groups introduced 

to the original functional groups on the alginate backbone). Among the 

methods for introducing this functionality, modification with meth- 

acrylic anhydride (MAAH) is one of the most cost-effective approaches 

under mild conditions with few by-products [9]. However, despite 

improved stability through covalent crosslinking, ALMA hydrogels still 

lack the mechanical strength required for wound healing. Synthetic 

polymers can reinforce these materials but may reduce biocompatibility, 

while natural additives, though non-toxic, often fail to provide adequate 

mechanical reinforcement or are not cost-effective. Achieving a balance 

between mechanical strength, biocompatibility, and cost is crucial for 

producing hydrogels that are both effective and economically viable for 

clinical translation [9]. 

Existing commercial dressings often fail to offer an optimal 

compromise in terms of sufficient mechanical properties, fluid uptake, 

biocompatibility, and/or cost. Although previous studies have reported 

mechanical reinforcement of ALMA hydrogels using various crosslinking 

strategies [8,9], much of this research has focused on single crosslinker 

systems [10], non-covalent interactions [11,12] or unfunctionalized 

polymer hydrogels [13]. In contrast, direct comparisons between 

structurally distinct (meth)acrylic crosslinkers remain limited, high- 

lighting the need for broader evaluation. The novelty of this study lies in 

the targeted comparison of low-cost synthetic (meth)acrylic cross- 

linkers, selected for their ability to covalently interact with the meth- 

acrylated functionality of alginate hydrogels (ALMA), aiming to enhance 

mechanical performance without compromising biocompatibility or 

affordability, aspects that remains underexplored in the literature, 

especially in relation to different crosslinker structures. 

This study aimed to improve the mechanical properties of covalently 

crosslinked ALMA hydrogels while maintaining their biological perfor- 

mance and cost-effectiveness. It was done by comparing the effect of the 

addition of four synthetic crosslinkers in a 2:1 M ratio to the meth- 

acrylated alginate in terms of their crosslinkable functionalities. The 

studied molecules were ethylene glycol diacrylate (EGDA), ethylene 

glycol dimethacrylate (EGDMA), triethylene glycol dimethacrylate 

(TEGDMA) and pentaerythritol triacrylate (PETA). The focus of this 

study was on optimizing hydrogel formulations to enhance their 

physico-chemical and mechanical properties. Once these characteristics 

were established, subsequent research addressed biocompatibility and 

cost-effectiveness. Future work would then explore the incorporation of 

active compounds into the developed platform to support wound heal- 

ing. Altogether, the presented findings provide a foundation for the 

development of mechanically robust and adaptable hydrogel systems 

with potential for clinical use in wound care. 

 

2. Materials and methods 

 

SA, MAAH and phosphate buffered saline (PBS) were bought from 

Sigma Aldrich Belgium. The photoinitiator 2-methyl-1-[4-(hydroxye- 

thoxy)phenyl]-2-methyl-1-propanone (Irgacure® 2959, I2959), 

EGDMA and TEGDMA from TCI Europe. Maximum recovery diluent 

(MRD), peptone salts solution and fetal bovine serum (FBS, from 

American origin) were bought from VWR Belgium. PETA, sodium hy- 

droxide, LIVE/DEAD Viability/Cytotoxicity Kit L-3224, bovine serum 

albumin (BSA), antibiotic antimycotic (AA), dimethyl sulfoxide (DMSO) 

and phosphate buffer saline (PBS) were bought from Fisher Scientific 

Belgium. EGDA was purchased from Acros Organics Belgium. Dialysis 

membranes Spectra/Por® 4 (MWCO 12–14 kD) were bought from 

Spectrum Laboratories Inc., USA. Normal Human Dermal Fibroblasts, 

Adult (NHDF-Ad) were bought from Lonza Belgium and granted an 

ethical permit approval number S67135 by the Ethical Research Com- 

mission UZ/KU Leuven. Dulbecco’s Modified Eagle Medium (DMEM) 

high glucose GlutaMAX was bought from Life Technologies Europe. The 

3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) 

cell proliferation and cytotoxicity kit was bought from Bio Connect Di- 

agnostics, Netherlands. 

 

2.1. Alginate methacrylation 

 

The derivatization with MAAH was performed as described earlier 

[14,15]. Briefly, MAAH was added dropwise to a 2 mol% sodium algi- 

nate solution in demineralized water. The amount corresponded to 2 

equivalents of MAAH per mol hydroxyl moieties on alginate. During the 

synthesis, released methacrylic acid lowers the pH, so it was increased 

and kept at pH 8 by the dropwise addition of 5 M sodium hydroxide 

(NaOH) solution. This light alkaline environment is maintained to in- 

crease the reaction efficiency. However, pH should not be too high to 

avoid the hydrolysis of the ester. The mixture was stirred at room 

temperature for 24 h, then purified by dialysis against distilled water 

with two changes per day for 3 days. The resulting modified alginate 

solution was dried by lyophilization (Christ freeze-dryer alpha 2–4-LSC, 

Martin Christ, Germany). The degree of methacrylation, also called 

degree of substitution (DS), was calculated with 1H NMR analysis with 

D2O as solvent [16]. 

 

2.2. Sample overview 

 
The samples described in Table 1 were prepared for mechanical, 

physical, and biological testing (n ≥ 3). The hydrogels containing 

crosslinkers are compared to a control, which is a hydrogel with only 

ALMA. Each of the other compositions had the same amount of ALMA 

but additionally one of the studied crosslinkers. The samples that could 

be compared according to their chemical structure (one parameter at a 

time) are indicated in the last column of Table 1. 

To determine an optimal crosslinker ratio that enhanced mechanical 

properties while minimizing crosslinker addition, two molar ratios of 

crosslinking moieties in the crosslinker to functionalized crosslinking 

moieties in the alginate were tested: 1:1 and 2:1. The selection of these 

ratios was based on the available functional groups in the methacrylated 

alginate (ALMA), ensuring efficient covalent bonding while minimizing 

excess crosslinker. This indicates a trade-off between fluid uptake and 

mechanical strength, which depends on the density of covalent bonds 

formed. Preliminary tests with the 1:1 ratio, conducted as part of an 

initial screening, did not show a significant change in hydrogel prop- 

erties. Therefore, the focus of this study shifted to the 2:1 ratio, which 

was further evaluated with four different crosslinkers. Their perfor- 

mance was assessed through swelling behavior, gel fraction, and me- 

chanical testing, leading to the selection of the best-performing 

formulation for subsequent biocompatibility testing in cell culture. 

 
2.3. Crosslinking 

 
The different hydrogels were made at 5 w/v % of functionalized 

biopolymer in 10 ml deionized water. For the samples with an additional 

crosslinker, it was mixed based on a 2:1 (meth)acrylate molar ratio to 

ALMA according to the number of introduced alkene functionalities 

measured with 1H NMR (the DS). Subsequently, an aqueous solution of 

Irgacure® 2959 initiator was added to the polymer solution in a con- 

centration of 8 mol% relative to the calculated DS. The samples were 

protected from light with aluminum foil, mixed thoroughly with a 

SpeedMixer® DAC 150 (Hauschild, Germany). Then, injected between 

two parallel glass plates covered with a sheet of teflon foil and separated 
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ALMA, 

EGDA 

 

Table 1 

Sample overview of the study. 

Name ALMA 2:1 (meth)acrylate functionality molar ratio of crosslinker to ALMA Compared to 

 

ALMA N/A 
EGDA, EGDMA 

TEGDMA, PETA 
 

 

EGDA Ethylene glycol diacrylate 

 

ALMA, 

EGDMA, 

PETA 

 

 

 

EGDMA Ethylene glycol dimethacrylate 
ALMA, 

TEGDMA 

 

5 wt% 

 

TEGDMA Triethylene glycol dimethacrylate 
ALMA, 

EGDMA 

 

The added crosslinker corresponds to ~0.1 wt%. 

 

by a 1 mm thick silicone spacer. Finally, they were placed to crosslink for 

an hour between two series of lamps at 365 nm (UV-A LED Gen 2 Emitter 
LZ1-00UV00, with a radiant flux of 800 mW at 2.8 W power dissipation). 

the Eq. (2), 

SD

(
 g water 

) 

= 
Ws — Wd 

x 
 1 

 

 
(2) 

Crosslinked hydrogels were characterized both structurally by FTIR 
g hydrogel Wd SG 

spectrophotometer and morphologically by scanning electron micro- 

scope (SEM). Fourier transform infrared (FT-IR) spectra were recorded 

on freeze dried samples using a Spectrum 100 from PerkinElmer in 

transmission mode in the range 2000–600 cm—1. High-resolution elec- 

tron micrographs of alginate hydrogels were obtained using a Philips 

XL30 FEG SEM (Philips, The Netherlands) operating at an accelerating 

voltage of 5 kV and collecting secondary electron emissions. Samples 

were crosslinked and dried overnight at 40 ◦C prior to imaging. Before 

measurement, they were fixed onto carbon tape and dehydrated in a 

vacuum chamber. A 5 nm coating of Pt80/Pd20 alloy was then applied 

via plasma sputtering. The images were taken to assess the homogeneity 

of the hydrogel surface and to evaluate the ultrastructure of the for- 

mulations. Representative micrographs are provided in the supple- 

mentary data (Fig. S.1) for reference. 

 

 

2.4. Measurement of gel fraction and swelling degree 

 

For this test, the hydrogels were first frozen at —20 ◦C for lyophili- 

zation with a Christ freeze-dryer alpha 2–4-LSC (Martin Christ, Ger- 

many) for 24 h. Then, to determine the gel fraction (GF), 0.5 × 0.5 cm2 

pieces of lyophilized hydrogel were weighed before (wd0) swelling in 

ultrapure water for 120 h. Then, they were lyophilized again and 

weighted (wd). From these measurements, the GF was calculated ac- 

cording to Eq. (1), 

where the dry weight was corrected by multiplying it first by the GF for 

the samples submerged in SWF to account for the loss of soluble/non- 

crosslinked polymer during the swelling process. This correction en- 

sures that the measurement reflects only the material that remains as 

part of the network. The mass of swollen materials is represented by ws, 

wd is the dry mass, and SG the specific gravity of the applied solution 

(SWFavg ≈ 1.0245 g/ml) [11]. This correction accounts for the non- 

water components of the solution, such as salts and proteins, ensuring 

the swelling measurement measures only the absorbed liquid. This 

approach is based on methods reported in earlier literature [17–19]. All 

experiments were conducted in quadruplicate. 

 

2.5. Measurement of tensile and unconfined compressive strength 

 

Tensile and compression testing were conducted on fresh and 5-day 

SWF incubated hydrogels using a dynamic mechanic analyzer (DMA) 

model Q800 (Universal Instruments, USA). For these tests, hydrogels 

with a methacrylation degree of 11.5 % were made. At least five samples 

were measured at room temperature in hydrated state for each condi- 

tion. From both tests, a stress-strain curve was plotted to determine 

compression (Ec), tensile modulus (Et), strain-at-break (εBc, εBt), 

compression- (σBc) and stress-at-break (σBt) of the hydrogels. The 

moduli were calculated with the slope of the curve in the elastic 

deformation zone between 0 and 20 % strain. 

For the tensile testing, the specimens were punched out with a 

GF = 
 Wd 

Wd0 

(1) 
custom-made dog bone shape puncher (length = 15 mm, width = 3 mm, 

gage thickness = 1 mm, total length = 29.5 mm). Double sided tape 

covered with paper towel was attached to the clamps to prevent the 
to quantify the amount of cross-linked polymer chains from the net- 

works. The experiments were performed in quadruplicate. 

For the swelling degree, the dry samples weighted for the determi- 

nation of the GF (wd), were subsequently immersed for five days at skin 

temperature (33 ◦C): once in ultrapure water and a second time in 

simulated wound fluid (SWF, prepared by mixing maximum recovery 

diluent (1.037 g/cm3) with fetal bovine serum (1.012 ± 0.008 g/cm3) in 

equal volumes). Afterwards, the swollen hydrogels were removed from 

solution and weighed (ws). The swelling degree (SD) was calculated with 

samples from slipping during the test. It was performed until failure at a 

constant stress-strain rate of 0.050 N/min, an upper force limit of 5 N 

and a preload force of 1 mN. For compression testing, circular specimens 

with diameter of 6 mm and thickness of 1 mm were punched and 

evaluated in a clamp for compression at a constant stress-strain rate of 

0.5 N/min until sample failure (cracking followed by fracture) with an 

upper force limit of 10 N, preload force of 5 mN. 
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2.6. Cytotoxicity testing 

 

2.6.1. Preparation of scaffolds 

The different solutions (ALMA, EGDA, EGDMA, TEGDMA and PETA) 

were sterile filtered before crosslinking to form the hydrogels with a 

thickness of 1 mm (as explained in Section 2.3 Crosslinking). Then, fresh 

circular pieces with a diameter of 3 mm were punched and sterilized 

with UV at 254 nm by running the preset sterilization program of the 

biosafety cabinet on each side of the gels. They were rinsed three times 

with 100 μl of cell culture medium and incubated 24 h at 37 ◦C, 5 % CO2 

and 90 % RH. The medium was composed of DMEM GlutaMAX™ with 1 

μM pyruvate, supplemented with 1 % antibiotic/antimycotic solution 

and 10 % FBS. Afterwards, the medium was removed, and the hydrogels 

were ready for the cell-culture experiments. 

 

2.6.2. Hydrogel scaffolds on cell monolayer 

NHDF-Ad cultured for two passages in T-175 flasks were seeded in 

48-well plates at a density of 4 × 104 cells/cm2 and allowed to attach 

overnight. The following day, pre-treated hydrogels were placed in 

direct contact on top of the cells. This set-up was incubated at 37 ◦C, 5 % 

CO2 and 90 % RH for 7 days. The medium was refreshed every 2–3 days, 

while leaving the hydrogels intact on top of the cells. During each 

refreshment, monitoring with an optical microscope Primovert (Zeiss, 

Germany) was performed. 

 

2.6.3. Cell cytotoxicity 

Cell viability was assessed on days 1, 3 and 7. The hydrogels and 

medium were carefully removed before adding 125 μl of yellow tetra- 

zolium MTT. After a 3 h incubation at 37 ◦C, 5 % CO2 and 90 % RH, the 

supernatant was carefully removed, and formazan crystals were 

extracted by adding 375 μl DMSO for 10 min. Total absorbance at 570 

nm of 100 μl of the solubilized product was quantified using SpectraMax 

ABSPlus microplate reader (Molecular Devices, USA). The experiments 

were performed with four replicates and the spectrophotometric mea- 

surements were done with a technical triplicate. 

 
2.6.4. Cell viability assay 

Cell viability was studied on days 1, 3, 5, 6 and 7. Using the LIVE/ 

DEAD Viability/Cytotoxicity Kit L-3224 (Invitrogen, USA). The hydro- 

gels and medium from the well plates were removed and the cells were 

washed twice with PBS for 5 min. Then, LD solution was added (500 μl 

per well) and incubated at 37 ◦C, 5 % CO2 for 30 min. The staining 

solution was composed of 2 μM calcein acetoxymethyl ester (ex/em 

494/517 nm) and 4 μM ethidium-homodimer-1 (ex/em 528/617 nm) 

per ml PBS, where the former gives a green signal for live cells due to 

their intracellular activity, while the latter a red signal for dead cells due 

to the capacity to enter damaged membranes [20]. Next, two more PBS 

washes were performed and finally the cells were imaged in the Nikon 

Eclipse Ti 2 inverted fluorescence microscope. The assay was done in 

triplicate. Afterwards, the images were processed in triplicate using 

image J for cell counting, resulting in a semi-quantitative assessment to 

confirm the results of the MTT assay. 

 
2.7. Statistics 

 

Statistical analysis throughout the research was ran using a two- 

sample F-test to compare the variances followed by a t-test. Statisti- 

cally significant differences were identified as p < 0.05. 

3. Results 

 

3.1. Quantification of the methacrylation of sodium alginate 

 
ALMA was acquired through the methacrylation of sodium alginate 

with methacrylic anhydride. The DS is a resulting parameter that has an 

important effect on the swelling and mechanical capacity of the cross- 

linked hydrogels [21]. It is defined as the number of methacrylate 

moieties introduced relative to the initial amount of hydroxyl func- 

tionalities on alginate. This was calculated by applying Eq. (3), 

1 
I5.73 ppm +I6.16 ppm 

DS =  2  x100% (3) 
2 I4.58 ppm + I4.97 ppm 

 

based on 1H NMR spectroscopy where the intensities of the character- 

istic methacrylate alkene peaks (Ha and Hb) present at 5.73 ppm and 

6.16 ppm are correlated with alginate’s characteristic anomeric carbo- 

hydrate signals at 4.58 ppm and 4.97 ppm, respectively the anomeric 

protons of mannuronic, M-, and glucuronic, G-, residues (HM and HG), 

depicted in Fig. 1. As every monosaccharide unit has two available hy- 

droxyl functionalities for methacrylation, the obtained value is divided 

by two. The achieved degree of substitution for ALMA was 11,5 % per 

OH-moiety present in alginate. 

ALMA hydrogels were formed by covalent crosslinking based on the 

reaction of the methacrylate groups in the presence of initiator when 

exposed to UV light (Fig. 2). Additional covalent crosslinking was ach- 

ieved by incorporating one of the four crosslinkers: EGDA, EGDMA, 

TEGDMA, PETA which were assessed to make a comparison study. 

 

3.2. Gel fraction and swelling degree 

 

The hydrogel gel fractions (Fig. 3) were calculated from the dry 

weight before and after incubation in ultrapure water. Statistical ana- 

lyses showed differences only between ALMA-EGDMA and EGDA- 

EGDMA, while no significant differences were found among the other 

cross-linked hydrogels. In the following step, the swelling capacities 

were determined after five days of incubation (Fig. 4) to ensure that an 

equilibrium was reached. While polymerization kinetics and crosslinker 

structure can influence gelation, the effect of the different crosslinkers 

became apparent in the swelling behavior rather than in the gel fraction, 

reflecting differences in network density and structure. Swelling in ul- 

trapure water indicates the maximum material swelling and allows to 

calculate the gel fraction. In the present case the hydrogels are intended 

for wound healing applications, so the property is relevant to be trans- 

lated to the volume of exudate that it could absorb. Therefore, it is 

performed in a solution that emulates wound fluid (SWF). Overall, the 

addition of a crosslinker caused a significant reduction on the equilib- 

rium swelling. Significant differences were also found between the 

different crosslinkers, except for EGDA and EGDMA swollen in SWF, 

where the difference was not statistically significant. 

 
3.3. Measurement of tensile and compressive strength 

 

The capacity to take up and balance wound fluid is crucial for a 

material in the wound healing market. However, given exposure to 

different stresses during use, dressings’ mechanical properties are a 

priority as well. Therefore, Ec, Et, σBc, σBt, εBc and εBt were assessed 

through hydrogel tensile and compressive testing displayed in Fig. 5. 

From the obtained data, it can be identified that the hydrogels with 

EGDA had the highest moduli (around 50 kPa) and stress at break 

(almost 140 kPa in compression), which outperformed the others. 

Indeed, the statistical tests (p < 0.05) showed stronger hydrogels with 

EGDA than without it, but also stronger compared to those with EGDMA 

and PETA. At the same time, EGDA showed a lower maximum strain in 

tension and compression (51 % and — 35 % respectively) than all other 

formulations. The least performing hydrogel was EGDMA, given that it 

was equal or weaker than ALMA and the strain capacity was lower. 

TEGDMA and PETA showed similar parameters to ALMA, of which 

moduli were between 10 and 15 kPa, the stress at break 11 and — 80 kPa 

for tension and compression, with a maximum strain of 60–70 %. 

From the obtained data tables (see supplementary data), it can be 

identified that the hydrogels with EGDA had the highest moduli (around 

60 kPa) and σBc (almost 140 kPa), which outperformed the others. 
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Fig. 1. Alginate methacrylation synthesis of ALMA where the relevant protons for quantification of the degree of modification are highlighted, followed by the 1H 

NMR spectrum obtained. 

 

 

 

Fig. 2. Methacrylated alginate crosslinking in the presence of Irgacure® 2959 and UV light with a wavelength of 365 nm. 

 

 

Fig. 3. Graphical representation (left) and table of values (right) of the gel 

fraction values obtained for the different crosslinked hydrogels, n = 4. 

 

Indeed, the statistical tests (p < 0.05) showed stronger hydrogels with 

EGDA than without it. ALMA’s moduli were between 10 and 15 kPa, the 

σBt 11 and σBc — 80 kPa, with ε of 60–70 %. EGDA also proved stronger 

compared to EGDMA and PETA, but a lower εBc and εBt (—35 % and 51 

% respectively). The least performing hydrogel was EGDMA, given that 

it was equal or weaker than ALMA and the strain capacity was lower. 

While TEGDMA and PETA showed similar parameters. The exact tensile 

and compressive parameters of the different samples can be consulted in 

Tables S.1 and S.2 in the supplementary data. 

 

 

 

 

 

 

 

Fig. 4. Graphical representation of the swelling degree after five days incu- 

bation in ultrapure water (left) and simulated wound fluid (right) of the 

different crosslinked hydrogels, n = 4. 
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Fig. 5. Tensile (a., b.) and compressive (c., d.) stress-strain curves of the five hydrogels tested. On the left (a., c.), the hydrogels were assessed right after UV 

crosslinking, while on the right (b., d.) they were evaluated after swelling in simulated wound fluid. 

 

3.4. Confirmation of reactions by Fourier transform infrared spectroscopy 

 
As a qualitative assessment of the chemical structure, functionali- 

zation and crosslinking attainment, the materials were characterized by 

Fourier transform infrared spectroscopy (FTIR), by a Spectrum 100 from 

PerkinElmer. A representative spectrum of selected materials to 

compare to the best performing crosslinker are shown in Fig. 6, the 

characteristic peaks were identified and subsequently summarized in 

Table 2. 

SEM images (Fig. S.1 of supplementary data) showed that both 

ALMA and EGDA hydrogels exhibited relatively smooth surfaces at 

lower magnifications (25×). At higher magnifications (100×), the EGDA 

hydrogel displayed a slightly more granular surface compared to ALMA 

(B). This morphological difference likely reflects the higher crosslinking 

density achieved in the presence of EGDA, as also indicated by its lower 

swelling capacity and superior mechanical strength. EGDA, as a 

 

 
 

Fig. 6. Fourier transform infrared spectra of sodium alginate prior to modification (green), methacrylated alginate before (dark blue) and after crosslinking (orange), 

EGDA crosslinker for reference (light blue) and crosslinked ALMA with EGDA as reinforcement (yellow). (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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Table 2 

Relevant characteristic peaks identified in Fig. 6. 
 

Wavenumber (cm—1) Vibration Strength Functionality 

1720, 1675 v(C=O) strong Ester 

1640 v(C=C) weak Alkene 

1600 v(COO
–
) strong Carboxylic acid 

1350 δ (C–H) strong Methyl and methylene 

1170, 1100 v(O–C–O) strong Ester 

850 δ(C–H) strong Vinyl 

FTIR spectra of alginate, ALMA, crosslinked ALMA, pure EGDA and crosslinked 

EGDA. 

 

homobifunctional crosslinker, is known to facilitate efficient network 

formation through free-radical polymerization. This could have 

contributed to the increased crosslinking density and the resulting more 

irregular and rough surface morphology observed in our SEM images 

[22,23]. 

 
3.5. Cytocompatibility of photocrosslinked alginate hydrogels 

 

Cytotoxicity testing focused on EGDA-crosslinked hydrogels, as these 

demonstrated the most favorable balance of mechanical properties and 

swelling capacity, making them the primary candidate cytocompati- 

bility evaluation. To this end, the metabolic activity and viability of 

human skin fibroblasts — a cell line directly relevant to wound healing 

— were assessed using a standard assay widely accepted for the initial 

biological validation of skin-contact materials [24]. 

Cells were cultured in direct contact with the hydrogels for 1, 3 and 7 

days and were subsequently assessed with a commercial MTT-assay. The 

cell survival after exposure was calculated by normalizing the absor- 

bance of samples at 490 nm to that of the control without hydrogel (live 

control). The survival of cells cultured in the presence of hydrogel with 

crosslinker (112 ± 14 %) was slightly higher than that of cells treated 

with ALMA hydrogels (98 ± 13 %). However, there was no significant 

differences in cell viability for all three time periods of culture between 

the groups exposed to hydrogels and the live control without hydrogel, 

as shown in Fig. 7. The equivalent dose of pure EGDA applied directly to 

the cells showed clear toxicity. 

Viability was assessed by a Live/Dead assay, a fluorescent staining 

where live cells are labeled green (calcein AM dye, CA-AM) and dead 

cells red (ethidium homodimer 1, EthD-1) (Fig. 8). Thereby, inverted 

microscope and confocal laser scanning microscope observations 

confirmed the results of the MTT test showing that the hydrogels were 

non-toxic towards fibroblasts even not after 7 days of exposure and also 

supported viability. The images present almost no dead cells and there is 

overall no difference between the treatments and the control (see sup- 

plementary data Fig. S.2 for the images on the dead control). Further- 

more, the images were processed via image J in triplicate for a semi- 

quantitative assessment (Fig. 9). This demonstrated no significant dif- 

ference in the number of live cells over time when exposed to either 

hydrogel. The dead control, where the cells are expected to die due to a 

washing step with ethanol, confirmed the growth rate because the count 

of dead cells (brown line in Fig. 9) followed the same trend as the live 

cell count. This control is to validate the efficacy of the ethidium 

homodimer-1 staining. 

 

4. Discussion 

 

ALMA was synthesized by reacting alginate directly with methacrylic 

anhydride in deionized water. The rate of methacrylic anhydride addi- 

tion, agitation speed, reaction temperature, pH and other mixing con- 

ditions may have particular effects on the reaction quality. An advantage 

of this synthesis method is that the carboxyl groups on ALMA, remain 

available for chemical functionalization for further applications [9]. The 

obtained degree of substitution per repeating unit was 11,5 % per OH- 

moiety present in alginate. This value is within the range reported in 

the literature [16,25] and it translates to the crosslinking ability of the 

network, and the physico-mechanical properties of the formed 

hydrogels. 

A hydrogel’s gel fraction gives an indication of the efficiency of a 

polymer network’s crosslinking, representing the proportion of hydrogel 

that was effectively integrated in the polymer network [26]. In our 

study, most gel fractions approached or exceeded 80 %, which is 

considered relatively high for methacrylated biopolymer hydrogels and 

reflects a generally efficient network formation. However, the limited 

variation in gel fraction among formulations suggests that the cross- 

linker type did not strongly determine the final gel fraction under the 

crosslinking conditions used in this study [27,28]. Nonetheless, the 

crosslinker will have strong effects on the swelling and mechanical 

behavior of the formed hydrogels. 

The specific threshold for what is considered a high gel fraction can 

vary depending on the intended application. A gel fraction above 60 % is 

commonly regarded as sufficient for biopolymer hydrogels to preserve 

their structural integrity [29]. Hydrogels with higher gel fractions tend 

to exhibit better mechanical strength and stability, which are desirable 

for the current application. Nonetheless, as observed in our results, even 

similar gel fractions, such as the ones obtained here, can lead to different 

swelling behaviors and mechanical properties, suggesting that factors 

beyond crosslinking efficiency, including the network structure and 

material composition, also contribute to the final properties of the 

hydrogels [30]. Although the polymerization process itself was not the 

focus of this study, the observed differences in mechanical behavior 

between hydrogels likely reflect variations in polymerization kinetics 

and network density specific to each crosslinker. 

The reaction of crosslinking agents is complex, it implies different 

variables such as degree of polymerization, glass transition temperature, 

 

 

Fig. 7. Survival rate of NHDF-Ad cells cultured in direct contact with hydrogel and pure EGDA for 1, 3 and 7 days (n = 4). Results were obtained with an MTT-assay. 
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Fig. 8. Viability at 1, 3, 5, 6 and 7 days after application of ALMA and EGDA hydrogels at 37 ◦C, 90 % RH, 5 % CO2. Confocal laser scanning microscope images of 

LIVE/DEAD™ assay on skin fibroblasts (NHDF-Ad). The negative control was culture medium incubated without cells. Test according to ISO 10993-5:2009 standard. 

 

Fig. 9. Cell counting by ImageJ (n = 3) of the viability at 1, 3, 5, 6 and 7 days after application of hydrogels at 37 ◦C, 90 % RH, 5 % CO2, assessed by Live/Dead assay. 

Live cells were labeled green (calcein AM dye, CA-AM) and dead cells red (ethidium homodimer 1, EthD-1). (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

 

geometric constraints, and the presence of unreacted molecules [31]. 

EGDMA is often used for crosslinking due to its short chain, which re- 

sults in less residual monomer, and it helps increase the resistance to 

deformation. On the other hand, long chain crosslinkers significantly 

increase the toughness of hydrogels by introducing flexible segments 

into the network, which may enhance the material’s ability to dissipate 

energy under stress [32]. However, such effects typically require higher 

crosslinker concentrations (e.g. ≥15 %) to be significant [33]. 

It is noteworthy that the sample with EGDMA presented a signifi- 

cantly lower gel fraction compared to the negative control (without 

additional crosslinker), which may be attributed to the higher steric 

hindrance introduced by the crosslinker, leading to slower polymeriza- 

tion kinetics, compared to the acrylic counterparts, as reported 

previously [31]. The lower reactivity of methacrylates compared to 

acrylates [34–36] further supports the observation that EGDA and PETA 

showed slightly higher gel fractions. Particularly in the case of PETA, 

even with a bulkier structure, the steric effect that could be caused may 

be compensated by the presence of higher and more reactive function- 

alities (three acrylate groups) than EGDMA, leading to a higher gel 

fraction [37,38]. 

In the case of TEGDMA, the longer chain between the functional 

groups of the polymer could further influence crosslinking efficiency. 

However, despite these structural differences, none of the other cross- 

linkers – apart from EGDMA – resulted in a gel fraction statistically 

different from the control. This indicates that, under the experimental 

conditions, the crosslinkers, EGDA, TEGDMA and PETA in a 2:1 ratio to 
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the methacrylic groups in alginate did not strongly affect the final yield 

of network formation efficiency of the polymeric matrix [14]. 

The gel fraction values in this study are consistent with current 

research on methacrylated alginate hydrogels. For instance in a previous 

study, we reported values up to 89 % for a methacrylated alginate (DS 9 

%) crosslinked with acrylic acid and acrylamide [16]. In contrast, 

hydrogels prepared with a lower degree of methacrylation (DS 6 %) 

yielded a gel fraction of 66 %, while the present study, using a DS of 

11.5 %, achieved higher values [14]. This indicates that degree of 

methacrylation may remain the primary factor in determining gel 

fraction, while the choice of crosslinker affects other properties such as 

network structure, and therefore, resulting performance in swelling and 

mechanical strength [39]. 

However, it is important to note that the low swelling observed in 

EGDMA hydrogels cannot be attributed solely to their lower gel fraction. 

Rather, the short chain length and less reactive functionality, result in a 

network that restricts water uptake, despite a lower fraction of poly- 

merized material. In contrast, EGDA, which presented the lowest 

swelling and highest gel fraction, forms in this case the most efficient 

and tight network, probably due to a balance of chain length and 

reactivity. 

In an application for wound healing, uptake capacity can be 

considered high from 30 g fluid absorbed per gram of hydrogel [25,40]. 

This was achieved by all our different hydrogels, while commercial 

hydrogels often offer considerably less. For instance, Kaltostat (24.7 ± 

1.9 gwater/gmaterial) and AquacelAg (17.5 ± 1.39 gwater/gmaterial) are 

within the reported hydrogels with the highest absorption capacity in 

ultrapure water [5]. Other formulations such as Hydrosorb and Duo- 

Derm ET absorb as low as 2 to 5 gwater/gmaterial. Mepilex is another 

standard wound dressing made of silicone with a swelling capacity of 

11.37 ± 0.51. In this sense, there is quite a need of improvement [5]. 

Overall, in our study the addition of a crosslinker caused a significant 

reduction on the equilibrium swelling but yet considerably above 

commercial standards. 

The swelling capacity within the different crosslinkers was also 

significantly different, except for the crosslinkers EGDA and EGDMA in 

SWF. It is expected that water absorption is reduced when high cross- 

linking is achieved because a more tightly cross-linked structure with 

more junction knots per volume unit restrict the fluid absorption ca- 

pacity [25,29]. However, in our study, EGDMA showed a relatively low 

gel fraction while also exhibiting a reduced swelling capacity compared 

to the control hydrogels. This combination suggests that although the 

crosslinking indicates a lower gel fraction, the resulting network may 

have lacked the structural stability for the corresponding water uptake 

[33]. Additionally, this behavior may be influenced by the methacrylate 

structure itself; the presence of an additional methyl group, when 

compared to acrylates such as EGDA, could slightly reduce hydrophi- 

licity and affect the network’s ability to retain water [41,42]. Never- 

theless, the aim of this study was to assess the practical performance of 

the hydrogels rather than to investigate the underlying polymerization 

mechanisms. Ultimately, the observed behavior of EGDMA highlights its 

unsuitability as an additive for this particular application. 

In addition, the comparison between EGDMA and TEGDMA high- 

lights interesting differences in swelling behavior depending on the 

medium used. TEGDMA hydrogels swelled less in ultrapure water than 

EGDMA, which can be attributed to a longer flexible structure in 

TEGDMA, possibly leading to an obstruction of initial water uptake. 

However, contrary to the expectation, when immersed in simulated 

wound fluid, TEGDMA hydrogels showed higher swelling than EGDMA. 

This may be related to the proteins and ions in the medium which can 

interact with each network. Potentially, TEGDMA could expand more 

under osmotic influence due to its larger, more flexible structure 

compared to a stiffer EGDMA [33,43]. This difference in swelling 

behavior underlines the importance of crosslinker selection for tailoring 

hydrogel handling and performance characteristics, especially in envi- 

ronments simulating physiological conditions. 

Furthermore, even when comparable gel fractions were observed, as 

in the case of PETA and ALMA, a proven difference in swelling was 

measured. This is likely due to the different molecular structure of the 

introduced crosslinkers. Having a tri-functional, branched acrylate, 

PETA lacks the methyl group found in methacrylates, which could 

contribute to slightly different reactivity, potentially favoring a smaller 

mesh size in the network, capable of reduced water uptake despite a 

similar fraction of crosslinked polymer [37,41]. However, it must be 

taken into consideration that the crosslinker concentration used in this 

study was deliberately kept at a minimal ratio, increasing it would be 

expected to significantly amplify the results. 

To confirm the suitability of the swelling degree of the other samples, 

we compared them to other research and found a similar uptake range of 

methacrylated alginate in various biomedical applications. In bone tis- 

sue engineering, it outperforms gelatin with a water uptake from 37 to 

almost 50 g/g. Chou, et al. obtained 30–45 g/g with photocrosslinked 

alginate with DS ranging from 3 to 7 % [15]. Water retention by a 

polymer is highly dependent on its hydrophilicity and microstructure 

[14]. Due to the presence of the two functional groups: carboxylate and 

alcohol, alginate is in particular more hydrophilic than other bio- 

polymers often used for the making of wound dressings such as 

carboxymethylcellulose or gelatin [14,15,25,26]. This has been 

confirmed in the present study, even after the incorporation of several 

synthetic crosslinkers. 

Regarding the mechanical performance, without a crosslinker, ALMA 

hydrogels still show a frail strength profile [39]. While it has been shown 

that with a synthetic approach there is a higher mechanical perfor- 

mance, there are limitations in the properties of swelling and biocom- 

patibility. For instance, oxidized ALMA as a crosslinking spot in poly 

(ethylene glycol) methacrylate and poly(N-hydroxymethyl acrylamide) 

networks, shows improved toughness and rigidity [9,44]. Another 

widely studied crosslinker is glutaraldehyde, which allows the forma- 

tion of a rigid network that can sustain stress of 200 kPa. However, it 

presents inhomogeneities that result in poor deformability in compres- 

sion and high-stress at low strain [45]. Thus, the state-of-the-art points 

towards efforts to improve the mechanical performance without 

compromising the rest of the properties. 

The comparative analysis of tensile and compressive properties 

revealed that hydrogels crosslinked with EGDA exhibited the highest 

moduli and stress at break, in both media used for swelling, demon- 

strating superior mechanical performance among the tested composi- 

tions. Regarding swelling in simulated wound fluid, composition- 

dependent trends were observed. While some samples, such as EGDA- 

crosslinked hydrogels, maintained or even improved their tensile 

properties after incubation, others like EGDMA showed reduced me- 

chanical strength. This behavior likely reflects a combination of osmotic 

effects, ion interactions, and variations in the degree of water uptake in 

the saline environment of SWF compared to pure water. In particular, 

the presence of dissolved salts reduces the driving force for swelling, and 

ionic interactions between the hydrogel matrix and SWF components 

could alter the polymer chains, leading to either stabilization or soft- 

ening of the network depending on the crosslinker structure [46]. These 

observations highlight the importance of the environmental conditions 

on top of the crosslinker chemistry in determining the final mechanical 

performance of hydrogels for biomedical applications. 

The higher modulus observed in EGDA-containing hydrogels, despite 

a similar gel fraction to TEGDMA, can be attributed to the shorter chain 

length of EGDA, leading to a more compact network that increases ri- 

gidity, whereas TEGDMA’s longer, ethylene glycol segments may permit 

greater deformation under stress, resulting in lower modulus despite a 

similar network yield [33]. The comparable mechanical properties 

observed for TEGDMA and PETA-based hydrogels can be explained by a 

balance between PETA’s highly branched chain, but low ratio used, and 

TEGDMA’s longer chain and lower reactivity [37,41]. This may explain 

why no further increase in mechanical performance was observed for 

PETA under the current experimental conditions. These findings were 
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consistently reflected in the obtained stress-strain values (Tables s.1 and 

s.2) and confirmed by statistical analysis (p < 0.05), confirming the 

observed trends. Overall, these results emphasize the need to consider 

both cross-linker structure and the intended application environment 

when optimizing hydrogel performance. 

The mechanical profile of the commercially available products 

mentioned earlier, Kaltostat, AquacelAg, and Hydrosorb, remains un- 

reported. However, DuoDERM ET and Mepilex have been documented 

with a Young’s modulus of 0.07 ± 0.01 MPa and 0.05 ± 0.00 MPa, 

respectively [5]. Another commercially used product is fibrin sealants 

(such as Tisseel®), which are derived from natural polymers and 

extensively utilized in diverse medical fields, including dermatology 

[47]. The Young’s modulus of these materials has been reported to range 

from 0.015 to 0.05 MPa, with a maximum tensile strength between 

0.029 and 0.08 MPa and an elongation at break spanning 15 % to 60 % 

[47–49]. These mechanical properties are significantly lower than those 

of cyanoacrylate-based adhesives, such as Dermabond, which has a 

standard Young’s modulus of approximately 0.050 MPa and is 

commonly used for skin closure [50]. Furthermore, their compressive 

modulus is notably low, ranging from 0.002 to 0.007 MPa; however, all 

parameters can be enhanced up to 30-fold through combinations with 

different components, such as collagen and glycosaminoglycans 

[49,51]. Our best formulation, incorporating EGDA, demonstrated su- 

perior mechanical performance compared to commercial products 

DuoDERM ET and Mepilex (synthetic-based on silicone and poly- 

urethane), as it exhibited a similar Young’s modulus (~0.06 MPa) while 

achieving more than twice the swelling capacity (~40 g/g). This result 

confirms that the reinforcement strategy effectively improved mechan- 

ical properties without compromising fluid uptake, maintaining the 

advantages of a naturally derived approach. Regarding fibrin-based 

products, their mechanical performance is considerably lower than 

that of our formulation. However, their intended purpose differs: fibrin 

is designed to be resorbed by the body and provide adhesion, whereas 

alginate was selected in the current application specifically for its non- 

adhesive nature to prevent trauma to newly formed tissue upon dres- 

sing removal [52]. 

Next, the best-performing composition, the one using EGDA as 

reinforcement, was characterized using infrared absorption spectros- 

copy. The modification of alginate was confirmed by comparing the 

spectrum of sodium alginate with that of methacrylated alginate. While 

successful crosslinking was verified by comparing the spectrum of the 

crosslinked ALMA hydrogel to that of the uncrosslinked form. Finally, 

pure EGDA was also measured to identify its specific contributions to the 

spectrum of the cured hydrogel when the crosslinker was added. 

Successful methacrylation was confirmed with the crosslinking ca- 

pacity of the hydrogel material and the other peaks identified at 850, 

1100, 1350, and 1720 cm—1 of the FTIR spectra explained in Section 3.4 

(Confirmation of reactions by Fourier transform infrared spectroscopy) 

[53–55]. In our previous research, where acrylic acid and methacrylated 

alginate were combined, we also found similar characteristic peaks for 

the same functionalities [16,25]. The expected peak at 1640 cm—1 of the 

carbon‑carbon double bond (v(C=C)) was only appreciable in pure- 

EGDA and not in the spectrum of ALMA. This is due to the weak na- 

ture of the stretch vibration resulting from a slightly polarized C–C 

bond, in contrast to the nearby presence of the strong carboxylic acid 

peak resulting from a strongly polarized C–O bond (so with strong 

dipole moment change during the vibration) in alginate-containing 

samples at 1600 cm—1 [56]. Regarding the crosslinking confirmation, 

Liguori et al. have also measured a peak around 1700 cm—1 attributed to 

carbonyl and carboxylic moieties of solid-state crosslinked poly- 

saccharides. They highlight that peak intensity may also change ac- 

cording to crosslinking efficiency, but the technique is just qualitative 

[29]. Finally, the strong stretching vibrations of the ester functionalities 

(C–O and O–C–O) are clearly visible in both the spectrum of pure EGDA 

and the spectrum of EGDA-crosslinked ALMA. In contrast, these signals 

are less pronounced in the spectrum of crosslinked ALMA without 

EGDA, confirming the presence and structural contribution of EGDA in 

the cured hydrogel. The next step was to verify the transferability of this 

high performing formulation in terms of nontoxicity, in order to be 

applicable for biomedical purposes. 

The cell culture tests clearly confirmed viability and nontoxicity in 

normal human skin fibroblasts. Similar studies of natural-based hydro- 

gels for skin applications have used the same testing such as Lu et al. who 

used LIVE/DEAD™ cell viability and metabolic activity by MTT assay 

after 1 and 3 days of treatment with hydrogel extract on NIH-3 T3 mouse 

fibroblasts. They also found sufficient cytocompatibility, but only up to a 

determined composition of crosslinking with tilapia skin gelatin [57]. In 

contrast to our formulation, where we did not find a decrease in 

viability, other research has reported hydrogels that do present unde- 

sirable effects. For instance, carboxymethylcellulose hydrogels loaded 

with green-synthetized silver nanoparticles for diabetic foot ulcers were 

assessed on the same cell line (NHDF-Ad) and presented a decrease of 

viability between 3 and 12 % [58]. Regarding synthetic options, such as 

glutaraldehyde as a reinforcing agent, it has toxicity concerns due to its 

functional groups and inflammatory reaction. For this reason, detoxi- 

fying strategies have been attempted to increase its application in 

commercial products [45]. Moreover, ALMA has been added into syn- 

thetic systems, such as polyethylene glycol diacrylate-based [59], and 

proven to somewhat improve cell viability. 

Finally, in vitro studies with natural reinforcing agents such as 

genipin and tannic acid have shown potentially promising results but are 

still not ready for clinical translation. The former, obtained from the 

Gardenia jasminoides Ellis plant from regions in South Asia is used in 

traditional medicine due to its excellent biocompatibility and healing 

promotion. However, the amount required ranges between 5 and 20 wt 

% [60,61], with an average cost per 100 mg of 200–400€ [62,63], 

making it extremely unaffordable. On the other hand, tannic acid, which 

is obtained from the bark of certain trees, is used in a similar proportion 

to genipin with a significant price reduction (~100€ for 500 g [64]) but 

its toughening capacity, stability and efficiency is limited [65–67]. 

Furthermore, the production of commercial fibrin-based materials in- 

curs high costs due to stringent quality control measures required to 

mitigate already minimal risks of infectious disease transmission, as well 

as the complex purification steps necessary for their manufacture [52]. 

In contrast, the EGDA in our formulation is in a moderate price range of 

around 100€ for 5 ml in high purity [68], but it is required in an amount 

as low as 0.1 wt% for the desired effects. Considering this, our hydrogel 

proposes a convenient compromise of physico-mechanical properties 

and cost, with no sacrifice of biocompatibility; contributing to the 

struggle of finding the appropriate material for reinforcement hydrogel 

wound dressings. 

 
5. Conclusions 

 

In summary, EGDA proved to be a promising reinforcing agent for 

wound dressings in low concentration (molar ratio addition of (meth) 

acrylate functionalities 2:1 EGDA:ALMA). Our natural-based hydrogel 

exhibited a competitive performance for the market taking the current 

state of the art research and commercial product availability into ac- 

count. The mechanically enhanced hydrogels showed outperforming 

wound fluid absorption capacity and proved biocompatible despite the 

presence of synthetic acrylic groups. It is indeed a viable and cost- 

effective crosslinker for enhancing natural-based hydrogels, due to 

availability and minimal amount required (the molar ratio corresponds 

to ~0.1 wt%). To further develop our platform, it will be necessary to 

incorporate active compounds that contribute to the healing process, for 

instance with antibacterial properties or regulation of the immune 

response. Related tests will include the assessment of antioxidant, anti- 

inflammatory and antimicrobial activity, as well as the scratch assay to 

measure wound closure rate as an indication of favorable wound healing 

followed by in vivo testing. 
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