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ABSTRACT
Sutures are the main tissue approximation technique used in surgical procedures. However, they are operator-dependent and 
susceptible to inflammatory reactions. In this context, surgical bioadhesives have been developed with the aim of replacing su-
tures or acting as a complementary protection to them. To fulfill these purposes, bioadhesives need to have specific structural 
characteristics, such as good tissue adhesion, the ability to aid the healing process without releasing toxic substances or altering 
the wound microenvironment. Soybean oil stands out as a promising material for the development of bioadhesives due to its 
favorable structural properties and low cost, which makes its use economically viable. The aim of this study was to develop a 
bioadhesive based on commercial soybean oil so that it can be used to reinforce sutures or as a tissue bonding agent. The bio-
adhesive was characterized by FTIR, 1H NMR, rheological analysis, curing time, water absorption, hydrolytic degradation and 
cytotoxicity. The bioadhesive exhibited 69–80 s curing time, easy handling and malleability, transparency, and low toxicity, with 
cell viability of approximately 91% after 24 h of exposure to the PolyOSEA film extract. These results show its bioadhesive poten-
tial to be used in the healing process of surgical wounds or further biomedical applications.

1   |   Introduction

Sutures are currently regarded as the gold standard for the clo-
sure of surgical incisions, as the term “suture” encompasses 
any material utilized to approximate tissues, thereby promoting 
healing by first intention [1]. A broad range of suture threads is 
available, including monofilament and multifilament variants. 
These are further classified according to their origin in natu-
ral or synthetic and their tensile strength retention in absorb-
able, which gradually lose tensile integrity, and non-absorbable, 
which retain it over time. The ideal suture material should be 
both malleable and flexible, permitting secure knot formation 
while eliciting minimal inflammatory response upon contact 
with biological tissues, ultimately yielding predictable clini-
cal outcomes. However, despite their routine use in medical 

practice, sutures present numerous drawbacks, including the 
potential for infection, exposure of the patient to anesthesia, 
and complications such as wound dehiscence, adhesions, fistu-
las, and granulomas [2]. These issues are often compounded by 
variability in surgical technique among practitioners, resulting 
in inconsistent clinical outcomes. In light of these limitations, 
there is a growing need for the development of alternative tech-
nologies for surgical wound closure [3].

Surgical adhesives are needle-free materials developed with 
the intent to supplement or replace sutures, thereby mitigating 
their associated disadvantages. These materials can adhere by 
molecular bonds between their structures and that of the target 
tissue [4]. Typically available in liquid or gel form, their solid-
ification ensures stable adhesion of juxtaposed tissue surfaces 
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[5]. Tissue adhesives can be composed of either synthetic or nat-
ural compounds, including cyanoacrylates, poly(ethylene gly-
col), dendrimers, polysaccharides, and proteins. Nevertheless, 
several of these formulations present limitations. For instance, 
while cyanoacrylates are widely employed, they may exhibit tis-
sue toxicity due to their degradation by-products and often re-
sult in brittle or overly rigid cured products [6, 7]. Among the 
natural-based surgical adhesives, fibrin glue (Tisseel—Baxter, 
Deerfield, IL, USA) provides hemostasis, sealing, and adhesion 
simultaneously [8]. Despite its use in several surgical proce-
dures, its most significant contribution is in abdominal surgery 
as a suture reinforcement [9]. BioGlue is a tissue adhesive com-
posed of purified bovine albumin and glutaraldehyde, produced 
by Cryolife [10]. Initially employed for strengthening vascular 
anastomoses, it is currently used in cardiac surgery, neurosur-
gery, and urological surgery as suture protectors [11]. In addition 
to these commercially available bioadhesives, novel formu-
lations have been studied, including those based on chitosan 
and on L-3,4-dihydroxyphenylalanine (L-DOPA), a compound 
found in mussels. However, it should be noted that these formu-
lations are still in the clinical trial stage for use in humans [12]. 
With respect to plant oil-based bioadhesives, the simple reaction 
between epoxidized soybean oil (ESO), methacrylic acid, and 
tannic acid, followed by the addition of zinc ions, was recently 
published. This bioadhesive can be rapidly cured in situ at the 
lesion site via photocrosslinking under ultraviolet light-emitting 
diode (UV-LED) irradiation, demonstrating high adhesion per-
formance under wet conditions [13].

Formulations combining highly biocompatible natural poly-
mers, such as gelatin and alginate, have been studied for use 
as double composite bioadhesives, resulting in a material with 
good mechanical properties, high tissue adhesion, and biolog-
ical compatibility [14]. A bioadhesive formulation based on a 
combination of gelatin and alginate cross-linked with carbo-
diimide (N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hy-
drochloride [EDC]) and loaded with the hemostatic agent kaolin 
was investigated for epidermal closure of long surgical incisions 
(≥ 4 cm) in a porcine skin model [15].

Oils are water-insoluble substances that remain in a liquid state 
at ambient temperatures and may originate from vegetable, an-
imal, synthetic, or mineral sources [16]. Vegetable oils, typically 
extracted from plant seeds, are renewable feedstocks primarily 
composed of triglycerides, which consist of a glycerol backbone 
(propane-1,2,3-triol) esterified with three long-chain fatty acids. 
The defining feature of fatty acids that makes them suitable pre-
cursors for polymer production is the presence of unsaturated 
bonds. These sites of unsaturation allow for diverse structural 
modifications, each producing distinct physicochemical proper-
ties  [17]. Soybean (Glycine max) is a major global commodity, 
valued for both its protein content and oil. Despite initially being 
a by-product of soybean meal production, soybean oil is one of 
the most used vegetable oils worldwide [18]. From a biochemi-
cal standpoint, soybean oil is rich in unsaturated fatty acids—
primarily linoleic and linolenic acids—making it particularly 
attractive for biotechnological applications. The presence of 
unsaturation ensures that the oil remains in a liquid state even 
when subjected to significant temperature variations [19, 20]. 
However, the native reactivity of soybean oil is insufficient 
for direct photopolymerization, due to the low reactivity of its 

double bonds. To enhance its suitability as a polymer precursor, 
it must undergo chemical modifications that introduce reactive 
functional groups, such as esters or additional unsaturation. 
One such modification is epoxidation, in which hydrogen per-
oxide reacts with the carbon–carbon double bonds to form cy-
clic ethers (epoxides) by incorporating oxygen atoms. Another 
approach is acrylation, which involves the addition of acrylate 
groups, thereby rendering the molecule sufficiently reactive for 
photopolymer-induced solidification [17]. Photopolymerization 
refers to the polymerization of a reactive resin upon exposure to 
electromagnetic radiation. This process requires the presence of 
photoinitiators—compounds that absorb visible light and gen-
erate reactive species that initiate polymer formation [21, 22].

The objective of the present study is to synthesize a light-curable 
polymer derived from the epoxidation and acrylation of soybean 
oil—a low-cost, renewable resource—with the aim of evaluat-
ing its potential as a bioadhesive. This material may serve as 
a complementary or even alternative solution to conventional 
suturing techniques. The main innovative contribution of this 
work, compared with photocurable adhesives and other existing 
systems, is the use of soybean oil as the polymer matrix, with the 
advantage of its natural source, wide availability, and low cost, 
combined with the easy synthesis route, resulting in reduced 
expenses and improved properties. Although research into oil-
based polymers has progressed significantly, further exploration 
is warranted, given the exceptional versatility of vegetable oils 
and their potential to offer sustainable, functional alternatives 
to traditional medical materials.

2   |   Materials and Methods

2.1   |   Materials

Commercial soybean oil was purchased from Liza (Primavera 
do Leste, Mato Grosso, Brazil). N,N-dimethylacrylamide and 
diphenylphosphoryl (mesityl)methanone were purchased from 
AmBeed (Arlington Heights, Illinois, USA). Sodium Carbonate 
Anhydrous PA ACS (Na2CO3), Acrylic Acid (C3H4O2), Glacial 
Acetic Acid PA ACS (CH3COOH), Hydrogen Peroxide 35% 
130V, and Triethylamine P.S (C6H15N). P.A (H2O2) were pur-
chased from Êxodo Científica (Sumaré, São Paulo, Brazil). 
Hydroquinone P.A. (C6H6O2) was purchased from LabSynth 
(Diadema, São Paulo, Brazil). Dimethyl Sulfoxide-d6 was pur-
chased from Sigma-Aldrich, San Luis, Missouri, USA.

2.2   |   Methods

2.2.1   |   Epoxidation of Soybean Oil

The preparation of ESO followed the procedure described in the 
literature [17]. Commercial soybean oil (209 g), toluene (50 mL), 
and glacial acetic acid (15.7 g) were placed into a 500 mL round-
bottom flask and maintained in an oil bath at 85°C. Hydrogen 
peroxide (35% w/w, 90 g) was then gradually added to the flask 
using a dropping funnel, and the reaction mixture was main-
tained for 48 h. The mixture was washed with 100 mL of an 
aqueous sodium carbonate solution (Na2CO3, 10% wt), filtered, 
and dried in an oven at 70°C–80°C.
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2.2.2   |   Acrylation of the Epoxidised Soybean Oil

ESO (63 g), toluene (20 mL), acrylic acid (16.8 g), and hydroqui-
none (0.01 g) were mixed, placed in a 500 mL round-bottomed 
flask, and heated to 85°C for 30 min. Triethylamine (2.8 g) was 
added to the flask, and the reaction was maintained for a fur-
ther 2 h at 85°C. The resulting product was washed with ethanol 
(100 mL, PA), an aqueous sodium carbonate solution (100 mL), 
and finally with a sodium chloride solution (10% wt, 100 mL). 
Each washing step was carried out in a separating funnel. 
Following the washing procedures, the acrylated oil was dried 
in an oven at 60°C to ensure complete removal of residual water. 
The product was named AESO.

2.2.3   |   Photopolymerisation of AESO

AESO was mixed with N,N-dimethylacrylamide and the 
photoinitiator diphenylphosphoryl (mesityl)methanone. 
After homogenization, 200 μL of the mixture was put onto 
a flat surface, and the 2 × 2 cm samples were irradiated with 
UV light (Delpho instruments, 400 nm, São Carlos, SP) at a 
distance of 2 cm for polymerization. Six compositions were 
tested to optimize the concentrations of each component, 
aiming to produce a film with the desired texture and prop-
erties for application as a bioadhesive. The component ratios 
of AESO: N,N-dimethylacrylamide: photoinitiator (in g) are 
shown in Table 1. The photopolymerized polymer was named 
PolyOSEA.

2.3   |   Structural and Physico-Chemical 
Characterization

2.3.1   |   Structure Determination

Fourier transform infrared (FTIR) spectroscopy was carried out 
using a Perkin-Elmer Spectrum 100 spectrometer equipped with 
an attenuated total reflectance (ATR) diamond accessory coated 
with a zinc selenide crystal. Spectra were recorded in the range 
of 600–4000 cm−1 with a resolution of 4 cm−1, and 16 scans. 1H 
NMR measurements were carried out using a Bruker AVANCE 
III spectrometer operating at 14.1 T and equipped with a 5 mm 
TCI cryoprobe and BBI probe head. All measurements were 
performed at 25°C, with samples dissolved in dimethylsulfoxide 
(DMSO).

2.3.2   |   Rheological Analysis

The rheological tests on the SO, ESO, and OSEA samples were 
carried out on an Anton Paar MCR92 Rheometer. A 25 mm 
parallel plate geometry was used in the analyses to evaluate 
the viscosity of the samples as a function of time. The following 
parameters were used: 0.20 mm gap, 26°C temperature, and 
0.01 rad/s for 240 s. A low shear rate was used in this analy-
sis to avoid the influence of shear on the material's viscosity 
response.

2.3.3   |   Water Absorption Rate

The samples were cut in 2 × 1 × 0.1 cm, weighed, and immersed 
in 5 mL of distilled water (pH = 6.8) at 25°C. The samples were 
withdrawn, their surface was gently dried with a soft paper, 
and weighed at 0.033, 0.083, 0.17, 0.25, 0.5, 1, 24, and 48 h. The 
water absorption rate was measured using the following equa-
tion: % water absorption rate = (Mf × 100)/Mi, for which Mf is 
the final mass, and Mi is the initial mass. Triplicates of samples 
were tested for statistics, namely average and standard devia-
tion (SD).

2.3.4   |   Hydrolytic Degradation

The test was performed in triplicate using phosphate-buffered 
saline (PBS, pH 7.4 ± 0.2) for 6 weeks. The sample (2 × 1 × 0.1 cm) 
was weighed, inserted into test tubes with 5 mL of PBS, and 
maintained at room temperature. The samples were withdrawn, 
their surface was gently dried with a soft paper, and weighed at 
0, 15, 30, and 45 days. The mass loss (%) was determined using 
the following equation: ∆M% = ([M0 − Mf] × 100)/M0, for which 
∆M is the weight loss, M0 is the mass of the samples before the 
degradation test, and Mf is the mass of the samples at the differ-
ent times. The hydrolytic degradation test was carried out in ac-
cordance with ASTM F1635-11 [23]. Triplicates of samples were 
tested for statistics, namely average and SD.

2.3.5   |   Tensile Tests

Tensile tests were performed using a DL2000 universal testing 
machine (EMIC Instron) equipped with a 500 N load cell. Six 
samples (approximately 15 mm width × 1 mm thickness) were 

TABLE 1    |    AESO, N, N-dimethylacrylamide, and diphenylphosphoryl (mesityl)methanone amounts for optimization of the bioadhesive 
photopolymerization.

AESO (g) N,N-dimethylacrylamide (g) Diphenylphosphoryl (mesityl)methanone (g)

Sample 1 0.3 0.3 0.06

Sample 2 0.3 0.6 0.09

Sample 3 0.6 0.3 0.09

Sample 4 0.6 0.3 0.045

Sample 5 0.9 — 0.045

Sample 6 0.9 — 0.09
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tested at 6 mm.min−1. All samples were conditioned at a rela-
tive humidity of 50% for 48 h at 23°C before testing. Young's 
modulus was determined as the slope at low deformation, and 
tensile strength was determined as the force of the sample at 
break. Six samples were tested for statistics, namely average 
and SD of deformation, Young's modulus and tensile stress.

2.3.6   |   Cell Cytotoxicity Tests

The material's in  vitro cytotoxicity was assessed using the 
resazurin-based assay, in which resorufin, the fluorescent 
product of resazurin reduction by cells, indicates cell viabil-
ity. For this, L929 murine fibroblast cell culture was main-
tained at 37°C ± 2°C in a humidified atmosphere containing 
5% CO₂ until they reached 80%–90% confluence, after which 
they were trypsinized. The resulting cell suspension was cen-
trifuged for 5 min at 1200 × g, and 0.1 mL (1 × 105 cells) was 
seeded into each well of a 96-well microplate and incubated 
for 24 h. The culture medium was replaced with medium 
containing the sample extract (prepared by immersing the 
oil-based polymer in 1 mL of distilled water and incubating 
at 37°C for 24 h). The culture medium was used as a negative 
control (100% cell growth), and 10% (v/v) dimethylsulphoxide 
(DMSO) was used as a positive control. After 24 h of incuba-
tion with the test solutions extracted from the samples, the 
medium was removed and the cells were washed with PBS. 
Resazurin solution (10% vol) in DMEM supplemented with 
bovine serum was added to each well, and the plates were in-
cubated for 4 h at 37°C ± 2°C in a 5% CO₂ atmosphere. The 
samples (100 μL) were transferred to the 96-well microplate, 
and the fluorescence was measured at an excitation wave-
length of 570 nm and emission at 590 nm in a Cary Eclipse 
microplate reader (Agilent Technologies, Santa Clara, CA, 
USA). The test was carried out in triplicate. Cell viability was 
expressed as the relative percentage to the negative control. 
Data were processed using Microsoft Excel, and the results are 
shown as mean ± SD.

2.4   |   Qualitative Wound Skin Adhesion Test

To simulate wound closure, we employed the methodology 
adapted from Fang et al. [5]. The skin used in the assays was 
of porcine origin, obtained from a local butcher. The material 
was stored under refrigeration at 2°C–8°C until use, ensuring 
its integrity. Samples measured 5 × 3 × 0.1 cm. On each sam-
ple, a linear incision 1 cm in length and approximately 1 mm 
in depth was made using a scalpel. The incision size was kept 
constant across all repetitions to ensure reproducibility of 
the assays. The adhesive polymer was applied in a controlled 
amount (100 μL), forming a thin layer on the outer surface 
of the skin. The material was then irradiated with UV light 
(Delpho Instruments, 400 nm, São Carlos, SP) for 70 s at a dis-
tance of 2 cm from the skin. The adhesion tests were carried 
out in two situations: (i) after application, with no time inter-
val, and (ii) after complete polymer curing, the samples were 
submerged in a beaker containing water for 5 min. Following 
this period, the skin was carefully removed, gently dried with 
soft paper, and manually inspected to assess the adhesion of 
the bioadhesive.

3   |   Results and Discussion

3.1   |   Formulation, Handling Properties, 
and Curing Time of the Bioadhesive

In order to elucidate the appropriate proportions of the reagents 
for polymerization, their concentration was tested and the re-
sults are shown in Table 2. The curing time to generate the film 
was also carried out and the results ranged from 69 to 80 s. This 
curing time is interesting, as film formation in the wound area is 
critical for minimizing blood loss. Studies on citric acid-derived 
collagen sealants show adequate bonding strength and low tox-
icity; however, curing times of approximately 10 min, which is 
suboptimal for surgical applications. PolyOSEA curing time 
thus aligns well with these standards, further supporting its po-
tential applicability in clinical medicine.

The literature describes the typical properties for bioadhesive, 
such as good flexibility, once it must adapt to the skin micro-
structure and be quick and easily handled, features found in 
surgical adhesives already used in medical practice [24], besides 
adequate adhesion. Following comparative analysis, Sample 3 
was identified as the most promising formulation, displaying 
an optimal balance of malleability, adhesiveness, and rigidity. 
Consequently, it was selected as the reference formulation for 
following investigations, as illustrated in Figure 1.

3.2   |   FTIR and 1H RMN Results

FTIR spectroscopic results of SO, ESO, AESO, and the polymer 
are shown in Figure 2. The spectrum of soybean oil shows the 
typical strong absorption band at about 2800 and 2900 cm−1 cor-
responding to the stretching vibration of CH2 and CH3, and a 
strong band at about 1722 cm−1 attributed to its carbonyl (C  O) 
group. The ESO spectrum shows the new band at 818 cm−1 at-
tributed to the epoxy group [25]. The disappearance of the 
band at 3008 cm−1, corresponding to H2C  CH2 group, is also 
attributed to the epoxidation, confirming the success of the re-
action. AESO spectrum displays bands at 980 and 1047 cm−1, 
corresponding to CH vibrations, typical of acrylates, evidencing 
its insertion into the structure, even at a low degree. The spec-
trum of the polymer shows the carbonyl band at 1616 cm−1 and 
the appearance of the hydroxyl groups at about 3300 cm−1 indi-
cating the crosslinking of the acrylate groups in the polymer, 
confirming the curing reaction [26, 27].

TABLE 2    |    Curing time and malleability properties of bioadhesive.

Sample Curing time (s) Malleability

1 80 Low

2 71 Low

3 69 High

4 73 High

5 74 Low

6 72 Low
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The 1H NMR spectra of the SO, ESO, and AESO are shown 
in Figure 3. The spectrum of soybean oil exhibits the typical 
peaks corresponding to the triglycerides structure. ESO peaks 
associated with epoxy protons appear at 2.91 ppm (j), and the 
protons adjacent to the epoxy group at 1.49 ppm (i). AESO 
peaks corresponding to acrylate protons, notably around 
5.98–6.04 ppm (a), emerge. These spectral changes further 
confirm the successful epoxidation and subsequent acrylation 
of the soybean oil.

3.3   |   Rheological Analysis

The rheological behavior of the samples is shown in Figure 4A 
and indicates the impact of chemical modification—epoxida-
tion and acrylation—on the viscosity of soybean oil. The mac-
roscopic differences between SO, ESO, and AESO are shown 
in Figure  4B. The viscosity of SO, ESO, and AESO slightly 
and gradually increased, respectively. The increased viscosity 

of ESO when compared to SO can be attributed to the epoxy 
groups in its structure, which increases its polarity and the 
intermolecular interactions between the chains. AESO dis-
played the highest viscosity. This higher viscosity can be at-
tributed to the acrylated triglyceride molecules with a high 
content of polar hydroxyl groups and ester bonds associated 
with each acrylate moiety. These structural changes increase 
the intermolecular interactions among adjacent molecules, 
thus increasing the viscosity and showing that the chemical 
modifications influence the fluid dynamics of the soybean oil 
and its derivatives.

The modifications resulting from the epoxidation and acryla-
tion processes also led the samples' color to change, as shown 
in Figure 5B. ESO appears more transparent than unmodified 
soybean oil, whereas AESO acquires a golden-yellow color as a 
possible result of the occurrence of the acrylation reaction.

3.4   |   Water Absorption Rate, Hydrolytic 
Degradation, Cytotoxicity Test, and Mechanical 
Properties

The water absorption behavior of PolyOSEA, hydrolytic deg-
radation, cytotoxicity, and the results of mechanical tests are 
shown in Figure  5. The results of the gravimetric analysis, 
presented in Figure 5A, showed that after 2 min of immersion, 
the PolyOSEA films had an initial water absorption of around 
10.50%. During the first hour, this absorption increased to 
33.33%. After 24 and 48 h, no significant variations were ob-
served, with absorption values reaching 35.68% and 35.88%, 
respectively. This behavior indicates favorable performance, 
as the material maintains moisture while retaining structural 
integrity for at least 48 h. After this period of time, the film 
started to become brittle, possibly indicating the onset of hy-
drolytic degradation.

The results of hydrolytic degradation, Figure 5B, indicated a 
mass loss of about 16.92% after 15-day time point, followed 
by the loss of mass of about 24.65% at 30 days, and 28.88% 
at 45 days. These results can be attributed to the hydrolytic 

FIGURE 1    |    Film made from sample 3 shown in images (A), demonstration of malleability (B), demonstration of adhesion of the material to a 
surface (C).

FIGURE 2    |    FTIR spectra of soybean oil (SO), epoxidized soybean 
oil (ESO), acrylated epoxidized soybean oil (AESO), and the photopoly-
merized polymer (PolyOSEA).
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FIGURE 3    |    1H RMN spectra of SO, ESO e AESO.

FIGURE 4    |    Viscosity as a function of time for SO, ESO, and AESO, (A) differences between SO, ESO, and AESO (B).
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cleavage of the ester bonds in the polymer matrix and the 
leaching of the small broken molecules into the liquid. The 
immersion into phosphate-buffered saline led the matrix to 
swell, as shown in water absorption tests, thereby enhancing 
the hydrolytic degradation. Biodegradability is an import-
ant property for bioadhesives, mainly for those intended for 
internal use, as it influences both safety and functionality. 
Degradation may occur in vivo via enzymatic activity or more 
slowly via hydrolysis, as shown here. High hydrophilicity can 
accelerate the degradation, and high cross-linking density 
typically reduces the mass loss. Additionally, external influ-
ences, such as the specific conditions within the wound mi-
croenvironment, must be considered [28].

The cytotoxicity assay is used for determining if new materials 
intended for biomedical use can cause cell damage. According 
to the ISO 10993-5 standard, the cell viability above 70% is 
considered noncytotoxic [29]. The results indicated that the 
fibroblasts maintained normal viability of about 91.08% after 
24 h of exposure to the PolyOSEA film and its extraction prod-
ucts. These results are shown in Figure 5C, which compares 
the viability of cells exposed to PolyOSEA with that of a con-
trol group.

Figure 5D shows the results of the mechanical tests. The Young's 
modulus, the tensile strength, and the elongation at break were 
determined from the stress–strain curves (Figure 5D). The re-
sult of tension assays shown for PolyOSEA is a nonlinear stress–
strain curve, typical of elastomer materials, in which the tension 
increases slowly, reaching high elongation values (around 80%), 
followed by a gradual increase until break. The average Young's 
modulus was 0.348 ± 0.089 MPa, the average tensile strength 
was 0.165 ± 0.084 MPa, and the strain was 48.870% ± 16.315%.

3.5   |   Qualitative Wound Skin Adhesion

Porcine skin was used to more show the bioadhesive's adhesion 
capability, and the results are shown in Figure 6. This model was 
chosen because of the similarity between porcine skin and human 
skin, both in terms of structure and composition. Anatomically 
and physiologically, porcine skin has similar features to human 
skin, such as the thick epidermis and the comparable dermis–epi-
dermis ratio [15], leading to more reliable results. The bioadhesive 
exhibited adhesion to the skin surface and was capable of ap-
proximating the cut tissues, putting them in contact (Figure 6B). 
This result can indicate the potential of the material to improve 
the healing process. Furthermore, after contact with water for 
10 min, the bioadhesive remained stable and firmly adhered to 
the skin, without losing the tissue approximation capability. This 
result complements the potential of the material for application 
to joint incisions, where the resistance to moisture absorption is 
essential to guarantee its effectiveness and safety.

The adhesion force between PolyOSEA and the porcine skin 
was qualitatively tested by hand. The samples were not mea-
sured using the standard adhesion test because of the low fitting 
capability of the porcine skin into the tensile test grip machine, 
thus representing a limitation of this work.

4   |   Discussion

Bioadhesives have transformed surgical practice over the last 
30 years, with increasing clinical interest and an estimated mar-
ket value of US$ 38 billion [30]. Their applications include surgical 
wound closure, fixation of implantable devices, and the promotion 
of hemostasis [31].

FIGURE 5    |    Water absorption rate (A), degradation (B), and cell viability (C), and tensile tes results (D).
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Curing time is a critical parameter and may rely on chemical cross-
linking, heat, mechanical fixation, or photopolymerization, de-
pending on the formulation and intended use. Photopolymerization 
has emerged as a promising approach due to its rapidity, low cost, 
solvent-free nature, and mild reaction conditions. Nevertheless, 
curing time must be carefully controlled to ensure effective adhe-
sion and mechanical stability: excessively short curing times may 
compromise adhesive strength, whereas longer curing periods 
can prolong surgical procedures and increase infection risk due 
to extended wound exposure. Indeed, the literature demonstrates 
that adequate curing times are essential for achieving optimal 
adhesion and mechanical performance in clinical applications 
[32, 33]. For epoxidized soybean oil-based bioadhesives, curing 
times range from approximately 40 s under near-infrared laser ir-
radiation (808 nm, 0.2 W cm−2) [34] to 30 s with UV LED exposure 
(380–390 nm, 40 W) [13]. By comparison, cyanoacrylate adhesives 
typically polymerize in around 60 s, driven by an exothermic reac-
tion [6]. In this study, the observed curing time of ~80 s can there-
fore be considered clinically acceptable when compared with these 
reported benchmarks.

Another determinant of bioadhesive performance is the ability to 
form an adequate interfacial bond with the target tissue [30]. The 
adhesive must remain securely attached to the tissue surface while 

avoiding damage during manipulation or removal. Adhesion 
arises from the interplay between adhesive and cohesive forces, 
with tissue–adhesive interactions being mediated by functional 
groups naturally present on the skin, such as amino, hydroxyl, 
carboxyl, and sulphydryl groups [35, 36]. These groups provide po-
tential binding sites, as illustrated schematically in Figure 7.

The degradation profile of clinically available bioadhesives is 
strongly influenced by their chemical composition and mo-
lecular structure. Parameters such as polymer hydrophilicity, 
cross-link density, and local pH modulate degradation kinet-
ics [37]. Cyanoacrylates represent the earliest synthetic mate-
rials used for wound closure, with Dermabond being one of 
the most recognized commercial products. Since 1998, octyl-
2-cyanoacrylate has been FDA-approved and widely adopted 
owing to its rapid polymerization and strong skin adhesion. 
Importantly, the degradation rate of cyanoacrylate-based ad-
hesives depends on the alkyl chain length: shorter chains, 
such as ethyl cyanoacrylate, degrade more rapidly, while lon-
ger chains, such as octyl cyanoacrylate, provide slower deg-
radation [38]. For clinical viability, the degradation rate must 
align with tissue repair dynamics, maintaining structural 
support without hindering healing or predisposing to infec-
tion. The slow degradation behavior observed for PolyOSEA 

FIGURE 6    |    Porcine skin incision (A), porcine skin with light-cured soybean oil over the incision (B), porcine skin with light-cured soybean oil 
over the incision after immersion in water (C) and manual analysis of adhesion after immersion in water (D).

FIGURE 7    |    Bioadhesive adhesion to tissue mechanism.
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suggests suitability for medical use, as it preserves adhesive 
function without compromising healing [39].

Despite these promising results, certain limitations remain com-
mon to surgical bioadhesives. These include reduced efficacy 
in wet surgical fields, potential biocompatibility concerns, and 
the scalability of photopolymerization processes. In particular, 
achieving uniform curing in larger adhesive volumes is a manu-
facturing challenge that could compromise product consistency. 
Another critical consideration is compatibility with sterilization 
procedures, as clinical use requires effective sterilization with-
out altering material properties. Methods such as autoclaving or 
ethylene oxide exposure have been shown to reduce stiffness in 
methacryloyl gelatin (GelMA)-based hydrogels, whereas gamma 
irradiation may increase stiffness and delay biodegradation [40]. 
Heinemann et al. further demonstrated that gamma irradiation 
of photopolymerized hyaluronic acid and GelMA hydrogels re-
duced the elastic modulus and altered dissolution behavior [41]. 
These findings highlight the need for systematic evaluation of 
sterilization protocols for PolyOSEA to ensure stability, safety, 
and reproducibility in clinical settings.

5   |   Conclusions

The study shows the development of a photo-curable soybean 
oil-based polymer (PolyOSEA) with potential application as a 
bioadhesive, as a potential alternative to sutures and conven-
tional wound protectants. Among the formulations tested, 
PolyOSEA exhibited good features, including a curing time of 
approximately 69 s. Water absorption analysis revealed moder-
ate uptake within the first 24 h, followed by stabilization after 
48 h, supporting the maintenance of a moist wound environ-
ment. Cytotoxicity testing confirmed the material's biocompat-
ibility, with a high cell viability rate of 91.08%. These results 
indicate that PolyOSEA has great potential for application as 
a surgical adhesive or even a wound dressing, contributing 
to the advancement of biomedical materials and tissue engi-
neering. Future studies should include in  vivo evaluation of 
biocompatibility, degradation kinetics, and the effectiveness of 
the bioadhesive in the wound healing process, as well as his-
topathological analysis of tissue response and possible inflam-
mation. However, this is a proof-of-concept study, and further 
testing is needed to validate its efficacy and safety before pos-
sible clinical translation.
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