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Abstract 

Hemostatic adhesive hydrogels as sealants for surgical operations are one of the focus of the researches in 

the field of injectable materials. Herein, we evaluated the potential application of a mechanically robust 

nanocomposite hydrogel with significant adhesion strength and shorter blood clotting time. This hydrogel 

was composed of thiolated gelatin (Gel-SH) and gelatin methacrylate (GelMA) as the main matrix to 

support cell viability and proliferation, while polydopamine functionalized Laponite (PD-LAP) were 

introduced to the structure to improve the mechanical properties, adhesion strength, and blood clotting. This 

hydrogel formed via Michael reaction between Gel-SH and GelMA, and covalent interaction between PD-

LAP and hydrogel. Results revealed that presence of PD-LAP significantly controlled the swelling ratio, 

biodegradability, and mechanical properties of nanocomposite hydrogels. Tensile and compressive 

strength of nanocomposite hydrogels were measured in the range of 22-84 kPa and 54-153 kPa, 

respectively. Furthermore, nanocomposite hydrogels revealed excellent recovery ability, strong tissue 

adhesiveness and significantly less blood clotting time than Gel-SH/GelMA hydrogel (2.25 min). In the 

culture with L929 fibroblasts cells, viability more than 97% and high proliferation after 5 days of culture 

was estimated. The simplicity, low-cost, tunable mechanical properties, short blood clotting time, and 

cytocompatibility of the hydrogels composed of Gel-SH, GelMA, and PD-LAP highlight its potential as 

hemostat sealants. 

Keywords: Thiol-methacrylate chemistry; Methacrylate gelatin; Thiolated gelatin; Visible photo 

crosslinking; Surgical sealants.  
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1. Introduction: 

According to the World Health Organization (WHO) report, 356 million operations occurred in 2012, while 

they are anticipated to rise by 38% in 2020. Current surgical closure materials and techniques such as 

sutures, staples, wires, and clips have been widely used in different surgeries for a long time[1]. Despite 

their accessibility, ease of use and cheapness, they may result in air or fluid leakage, and microbial infection 

[2]. Moreover, the old surgical closure materials may increase the length and cost of hospitalization, while 

they are inappropriate for sensitive surgeries such as nerve, ocular, and vascular operations[3]. Recently, 

surgical gules have been recommended as alternatives for internal surgical closure materials, due to the 

relative ease of use and to prevent further damage. The internal surgical glues have to stimulate blood 

clotting, while acting as barriers against air and liquid leakage. Moreover, they should be biocompatible 

without causing any infection and side effects, and with controlled degradation rate under the physiological 

condition. Besides, the mechanical strength of surgery glues has to be adjustable depending on the type of 

the tissue[4]. Setting time, non-pyrogenic crosslinking, and proper swelling ratio are other important factors 

for selection of an optimized glue for a specific application[4]. Finally, tissue adhesives need to have robust 

wet adhesion [4].  

Various types of synthetic and natural polymers and hydrogels have been applied as surgical glues[2, 4]. 

Between the natural polymers, gelatin derived from denaturation of collagen is one of the most available, 

biocompatible, biodegradable and non-immunogenic biopolymers [5]. However, in physiological 

conditions and due to the hydrolysis and enzymatic reactions, gelatin quickly degrades. Therefore, the 

mechanical strength and the hemostatic capability of gelatin adhesives are not adequate [6] [7]. One of 

the promising approaches to overcome these issues is copolymerization of gelatin with various functional 

groups and synthesis of modified structures such as gelatin methacrylate (GelMA), aminated (Gel-NH2) 

and thiolated gelatin (Gel-SH). Nicolas et al.[8] proposed a modification approach based on disulfide 

crosslinking of collagen hydrogels. They produced a film by generating disulfide bindings which resulted 

in acceptable mechanical properties and high resistance against enzymatic degradation. However, thiolated 

collagen suffers from the water solubility. Moreover, crosslinking process of Gel-SH is very slow, making 

it not suitable for wound dressing and surgical sealants[9].  

Another approach to control the gelation and degradation rate of disulfide-based crosslinking of hydrogels 

is Michael addition reaction, which is based on nucleophilic addition between Michael acceptors and 

donors[10, 11]. The hydrogels synthesized through this reaction can be cross-linked faster within a few 

minutes with improved stability in physiological condition [12]. In this regard, a Michael addition has been 

reported between Gel-SH [10], heparin [13], chitosan[14], hyaluronic acid [9] and other polymers such as 
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polyethylene glycol diacrylate (PEGDA). However, PEG, as a synthetic polymer lacks the suitable 

biofunctional groups which are necessary for cell interactions [12]. 

Hybrid hydrogels containing different types of additives such as graphene oxide[15], carbon nanotubes[16], 

metal and metal oxide nanoparticles [17], and nanoclays [18] have been introduced as an adhesive 

hydrogels with improved mechanical properties. Among the nanostructured reinforcements, from Smectite 

family, is Laponite(LAP), Na0.7Si8Mg5.5Li0.3O20(OH)4, with disk-like structure and diameter of 20-30 nm 

[19]. There has been many reports on the application of  LAP nanoplates in drug delivery [20], wound 

dressing [18] and bone tissue engineering [21, 22]. Moreover, due to the surface charge and particular 

disk-like structure, LAP has been known as an effective hemostatic agent [23]. Gaharwar et al. [7] 

developed a gelatin-LAP hydrogel and confirmed this hydrogel decreased the blood clotting time by 77%. 

Furthermore, incorporation of LAP nanoplates in the hydrogel improved its shear-thinning properties, 

making it suitable for hemorrhage usage [7]. Häffner et al. [24] reported the antibacterial effect of LAP 

nanoplates hindering initiation of infection and inflammation reaction in the wound. To increase the 

adhesion strength and uniform distribution of LAP nanoplates in any hydrogel-based materials, various 

surface modification approaches have been applied [25]. In this regard, mussel-inspired materials 

consisting of DOPA and polydopamine have been used by Han et al. [4] to modify the nanoclays in the 

composition of adhesive hydrogel with improved long-term mechanical stability as a wound dressing [4].  

In this study, we introduced an adhesive hydrogel with hybrid structure based on gelatin laden 

polydopamine modified LAP (PD-LAP) and evaluated the role of PD-LAP and various concentrations of 

plate-like PD-LAP (0, 0.5, 1, 2 wt%) on the properties of hydrogels. Blended hydrogel comprising Gel-SH 

and GelMA has an advantage of multi-crosslinking system in gelatin, based on Thiol-methacrylate 

chemistry. It was anticipated that the incorporation of PD-LAP in the gelatin-based hydrogel could provide 

a cytocompatible hydrogel with suitable physical, mechanical and biological properties, and improved 

hemostasis behavior due to the presence of PD-LAP which can introduce the nanocomposite hydrogel as 

a surgical sealant.  

2. Material and Method 

2.1. Materials 

Type A gelatin from porcine skin (300 bloom), 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC), ethylenediamine ( 99.0%), 2-iminothiolane (98.0%), methacrylic anhydride 

(94%), triethanolamine (TEA, 99.0%), N-vinylcaprolactam (VC, 98%), Eosin Y (99%), 5,5’-
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Dithiobis(2-nitrobenzoic acid) (DTNB) (98.0%), L-Cysteine (97.0%) and sodium borohydride (98.0%) 

were purchased from Sigma-Aldrich. Synthetic silicate nanoplates (Laponite RDS) composed of SiO2 

(60%), MgO (27%), Na2O (3%) and Li2O (1%) was bought from Rockwood Additives Limited, UK. 

Dopamine hydrochloride (DA, C8H11NO2) was obtained from Merck Millipore. Dialysis membrane 

(molecular weight cutoffs (MWCO) of 12-14 kDa) was provided from Betagen Co, Mashhad, Iran. 

Moreover, deionized (DI) water was applied in all experiments. 

 

2.2. Synthesize of thiolated gelatin (Gel-SH) 

Following Duggan report with some changes [6], Gel-SH was firstly aminated, where one gram gelatin was 

dissolved in 25 ml of 0.1 M phosphate buffer (pH 5.1) at 40◦C and stirred for 1 h. After complete dissolution 

and addition of ethylenediamine (3.14 ml), the pH value of the solution was adjusted to 5 using 1M HCl. 

Followed by the addition of EDC (0.5 g), the reaction completed during 24 h, at ambient temperature. After 

that, the solution was dialyzed using a 12-14 kDa dialysis membrane against DI water in a dark room for 4 

days. Finally, the solution was freeze-dried and stored at 4◦C.  

For the second-step thiolation, a solution of Gel-NH2 (200 mg) in DI water (20 ml) was prepared. 

Consequently, 2-fold molar excess of 2-iminothilane added to this solution at ambient temperature and the 

pH value was adjusted to 7 using 1 M NaOH solution. After stirring of the solution at ambient temperature 

for 20 min, its pH value was reduced to 5. Then, the solution was dialyzed in the dark against one mM HCl 

solution (for 1 day), 5 mM HCl (for 1 day), and another day against one mM HCl solution, subsequently. 

Lastly, the solution was freeze-dried and stored at 4◦C for further experiments (two-step thiolation). To 

investigate the role of the amination process, a similar approach was performed on the primary gelatin (one-

step thiolation).  

2.3. Synthesize of gelatin methacrylate (GelMA) 

GelMA, with a high methacrylation degree, was synthesized, according to Nichol et al.[26]. Briefly, 10 

wt% gelatin solution in phosphate buffer saline (PBS, pH=7.4) at 40◦C was prepared. PBS was prepared 

based on a previous protocol [27]. After complete dissolution, methacrylation reaction was started by 

adding 20 ml of methacrylic anhydride to the gelatin solution and it was stirred under 40◦C for 2 h. To stop 

the methacrylation process, two-fold dilution of pre-warmed PBS (40◦C) was used and final solution was 

dialyzed against distilled water for 7 days at 40◦C to remove unreacted monomers and salts. The solution 

was finally freeze-dried for 2 days and kept at 4◦C for further experiments. 

2.4. Synthesize of polydopamine modified LAP nanoparticles 
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According to Con et al.[4] with some modifications, polydopamine modified LAP (PD-LAP) was prepared. 

Briefly, 0.057 wt% LAP nanoplates suspension in dopamine solution was prepared which was stirred for 

5h at ambient temperature for intercalation and oxidation of dopamine. Finally, the suspension was freeze-

dried to collect the PD-LAP powder.  

2.5. Preparation of nanocomposite hydrogels  

Primarily, 5 wt% GelMA solution in PBS at 60◦C was prepared and mixed with PD-LAP  at various 

concentrations including 0.5, 1 and 2 wt% until it was homogenously distributed. Then, 1.75 wt% of Gel-

SH was added to the GelMA/PD-LAP solution and kept stirring at 40◦C for 15 min. The ratio of Gel-SH 

and GelMA concentrations was selected based on the literature [28].  After 30 min mixing, 0.75 wt% TEA, 

as a co-initiator and 0.5 wt% VC as a co-monomer was added. In the next step, after 30 min stirring at room 

temperature, a mixture of this solution (10 µl) and 1 µl of 0.5 mM Eosin Y aqueous solution was prepared 

which could be cross-linked under various exposure time under blue-green light (100 Mw/cm2) with 

wavelength in the range of 450-550 nm. Giving the concentration of PD-LAP (0.5, 1 and 2 wt%), the 

hydrogels were named Gel-0%PD-LAP, Gel-0.5%PD-LAP, Gel-1%PD-LAP and Gel-2%PD-LAP, 

respectively.  

2.6. Characterization of nanocomposite hydrogels 

The microstructure of the hydrogels was studied using scanning electron microscopy (SEM, Philips, XL30, 

Netherlands). Before imaging, the samples were frozen in liquid nitrogen, consequently lyophilized 

overnight and gold-coated using a sputter coater. After imaging of the hydrogel cross-section, at least 3 

images from 3 individual samples, was used to measure the pore size of hydrogels using ImageJ. The 

modified LAP nanoplates were analyzed using a field emission-SEM (FE-SEM, QUANTA FEG 450, USA), X-

ray diffraction (XRD, Phillips, Netherlands) and Fourier transform infrared spectroscopy (FTIR, Tensor27, 

Germany). Surface charge of the nanoplates of LAP and PD-LAP was measured in DI water at 25 C using 

a 633nm laser Malvern ZEN3600 (Malvern Instruments, UK). Chemically modified hydrogels (Gel-NH2, Gel-

SH and GelMA) were also analyzed by FTIR and 1H-NMR spectroscopy (Bruker Avance II, 500 MHz, 

Germany). 1H-NMR spectra of gelatin, Gel-NH2 and Gel-SH were performed in D2O at the frequency of 

500 MHz. The amounts of free thiol groups were quantified photo-metrically, according to Ellman’s 

reagent [6]. Briefly, the Gel-SH was dissolved in DI water with a concentration of 1 mg/ml and reduced 

with 0.1 M NaBH4. Subsequently, Ellman’s reagent (with the concentration of 4 mg/ml) was prepared in 

0.1 M phosphate buffer at pH 8 and added to the above solution. After 2h incubation at room temperature 

in the dark, the absorbance of solutions was analyzed using a UV-Vis spectrophotometer at 412 nm. The 
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experiment was performed in triplicate. To determine the free thiol group content in gelatin, a curve of 

standard calibration by L-Cysteine was provided similarly.  

2.7. Physiological stability assessment of nanocomposite hydrogels 

To study the effect of PD-LAP concentration on the swelling ratio of nanocomposite hydrogels, the 

samples (n=3) were freeze-dried, weighed (W1) and immersed in PBS solution (pH=7.4) for 24 h at 37◦C. 

After 24 h incubation, the samples were weighed (W2) and swelling ratio was measured, based on 

equations 1 [29]: 

Swelling ratio (%) = 
𝑊2−𝑤1

𝑊1
× 100                                                                               (1) 

To evaluate the degradation rate, the nanocomposite hydrogels (n=3) were lyophilized and weighed (W1), 

followed by immersing in PBS (pH=7.4) at 37◦C. After 3, 7 and 14 days of incubation, the samples were 

lyophilized, weighted (W2) and the weight loss of hydrogels was determined based on equation 2 [30]: 

Weight loss (%)= 
 (𝑊1−𝑊2)

𝑊1
× 100                                                                                                  (2) 

2.8. Mechanical properties of nanocomposite hydrogels 

The mechanical properties (tensile, compression, and cyclic compression) of hydrogels containing various 

concentrations of PD-LAP were determined. Tensile properties of hydrogels were investigated using a 

tensile tester (Hounsfield H25KS, UK) with a load cell capacity of 500 N. The samples (n=3) with the 

dimension of 15mm5mm1mm were fixed between two tension grips and extended at the tensile rate 

of 1 mm/min until failure. The tensile test was also carried out to determine the elastic modulus, 

elongation, and toughness of samples. The elastic modulus determined from the slope of stress-strain 

curves in the linear region (0.05-0.15 strain).   

The uniaxial compression test also performed on the cylindrical samples (n=3) with a diameter of 11 mm 

and a thickness of 3 mm at the strain rate of 1 mm/min. Consequently, the compressive strength was 

estimated from the stress-strain curves at 60% strain. Finally, to estimate the recovery ability of the 

samples (n=3), five compression recovery cycles, up to 40% strain at the loading rate of 0.5 mm/min, were 

carried out.  

2.9. Adhesive strength of nanocomposite hydrogels 

Tissue adhesive strength of samples was investigated according to ASTM F2458-05 standard, using a fresh 

sheepskin. At first, the sheepskin was incubated in PBS for 8 h to prevent drying during the experiment. 
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Then, the skin was fixed to the Ti sheet using glue, and 250 µl of each sample was applied on the 10 mm15 

mm of the sheepskin and crosslinked. The adhesive strength of samples was measured at the point of tearing 

at the strain rate of 10 mm/min. 

2.10. Protein adsorption of nanocomposite hydrogels 

Adsorption of bovine serum albumin (BSA) by composites was determined according to the batch contact 

method [31]. Briefly, after incubating in PBS for 3h, the samples (n=3) were weighted and immersed in 0.2 

wt% BSA solution at room temperature for 30 min, while shaken slowly. Subsequently, the BSA absorption 

of the residual solution estimated using UV-vis spectrophotometer at 280 nm. Finally, the adsorbed BSA 

on the surface of samples determined according to equation 3 [18]: 

Adsorbed BSA = 
(𝐶0−𝐶𝑎)

𝑊
× 𝑉                                                                                                           (3) 

In which C0 and Ca are the concentration of BSA, before and after adsorption (mg/ml) on the hydrogel 

surface, respectively. Moreover, W and V are the weight of swollen samples (g) and the volume of BSA 

solution, respectively. 

 

2.11. In vitro blood coagulation activity of nanocomposite hydrogels 

Blood provided from an adult volunteer used in blood coagulation and hemocompatibility test of 

nanocomposite hydrogels. Blood collection performed based on the Iran national code of ethics for blood 

donation and transfusion. The blood was mixed with 3.8 wt% sodium citrate anticoagulant agent and diluted 

with normal saline in a volume ratio of 4:5. To investigate the blood coagulation activity of nanocomposite 

hydrogels, blood was primarily diluted in 0.024 ml of 0.2 mol/l CaCl2 solution. Then, 0.27 ml of the diluted 

blood was added on the hydrogels and consequently was incubated at 37◦C for 10 min. After that, 10 ml of 

DI water were added gradually and the sample solutions were centrifuged at 100g for 30 s. Solutions were 

consequently diluted by DI water and kept at 37◦C for 60 min. Subsequently, the absorbance of diluted 

samples was measured at 542 nm. Finally, the blood clotting time of samples was estimated by the BCI 

index, according to equation 4 [32]: 

BCI index =
100×(𝑎𝑏𝑠 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑎𝑡 542 𝑛𝑚) 

𝑎𝑏𝑠 𝑜𝑓 𝐴𝐶𝐷 𝑤ℎ𝑜𝑙𝑒 𝑏𝑙𝑜𝑜𝑑 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 𝑎𝑡 542 𝑛𝑚
                                                            (4) 

Blood compatibility of samples was also investigated using Hemolysis ratio (HR) measurement.  The 

samples with same size and containing different amounts of PD-LAP, at first, were rinsed with normal 

saline and water, and then, were soaked in 10 ml of normal saline at 37◦C for 1h, under slight shaking. In 

the next step, samples were soaked in 0.2 ml diluted blood and supernatants were centrifuged at 100g for 
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5 min. The positive and negative controls were 0.2 ml of diluted blood+10 ml water and 10 ml of normal 

saline, respectively. To estimate the HR of samples, the absorbance of supernatants was determined at 542 

nm by UV spectroscopy. Finally, the HR was calculated, according to equation 5 [32]: 

HR = 100 ×
(𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒−𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒) 

( 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒−𝑛𝑒𝑔𝑒𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒)
                                         (5) 

2.12. In vitro cytocompatibility of nanocomposite hydrogels  

L929 fibroblasts cells, purchased from Royan Institute of Iran, were used to study the cytocompatibility of 

nanocomposite hydrogels. The disk-shape samples with 3 mm thickness were prepared, rinsed with PBS 

(Bioidea) and sterilized under UV for one hour. The cells with a density of 104 cells/ml were subsequently 

cultivated on the hydrogels and control tissue culture plate (TCP, control) for 1, 3 and 5 days. The culture 

medium contains Dulbecco's Modified Eagle Medium (DMEM, Gibco), 10%(v/v) Fetal bovine serum 

(Gibco) and 1%(v/v) streptomycin/penicillin (Gibco). The metabolic activity of cells was measured via 

MTT assay, based on manufacture protocol (Sigma, USA). At the specific time points (1, 3 and 5 days), 

the cell-seeded samples were incubated with MTT solution (0.5 mg/ml) for 4 h at 37◦C. Then, the formed 

formazan crystals were dissolved in DMSO. The optical density (OD) of samples was determined using a 

microplate reader (Biotek Instruments) at 570 nm. Finally, the relative cell survival (% control) was 

determined using equation 6: 

Relative cell survival (%control) =
(𝑋 𝑠𝑎𝑚𝑝𝑙𝑒−𝑋𝑏) 

( 𝑋𝑐−𝑋𝑏)
                                                            (6) 

Where XSample, Xb and Xc are the absorbance of samples, DMSO, and control (TCP), respectively. 

To study the effects of hydrogel composition on the cell viability, live/dead assay (Biotium, UK) was 

performed, according to manufacturer’s protocol. After 1 and 3 days of culture, the cell-seeded samples 

(n=3) were stained with dilution of 4 µM ethidium homodimer-1(EthD-1) and 2µM calcine AM in PBS. 

After 20 min incubation at 37ºC, the samples were rinsed with PBS and consequently, were imaged using 

a fluorescence microscope (Nikon TE 2000-U). Minimum 3 images from each sample was analyzed using 

ImageJ to determine the number of live (green) and dead (red) cells . The cell viability was calculated by 

dividing the number of live cells by the total number of cells. 

Phalloidin/DAPI staining was also performed to determine the role of hydrogel laden in various 

concentrations of PD-LAP on the cytoskeletal organization. The cell-seeded samples, at 1 and 3 days of 

culture, were fixed with 4% (v/v) paraformaldehyde (Sigma) solution and consequently were 

permeabilized using Triton X-100. To decrease the background staining, 2 wt% BSA in PBS was added to 
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the samples and was kept for 2h. After rinsing with PBS, the samples were incubated with rhodamine 

Phalloidin solution for 30 min. Consequently, 6-diamidine-2-phenyl indole dihydrochloride (DAPI, Sigma) 

solution was added to the samples. Following rinsing with PBS, the samples were imaged by a fluorescence 

microscope (Nikon TE 2000-U).    

2.13. Statistical analysis  

Statistical analysis was performed using one-way ANOVA, GraphPad Prism Software (V.6). P-value<0.05 

was considered as a statistically significant. 

3. Result and Discussion 

3.1. Characterization of gelatin-based hydrogel 

In this study, synthesis of blend composition of Gel-SH/GelMA with polydopamine functionalized 

Laponite (PD-LAP) nanoplates and its application as an injectable and bioadhesive surgical sealants was 

evaluated. Due to the availability, biocompatibility, and non-immunogenicity gelatin has been widely used 

for various tissue engineering applications. Moreover, its derivatives of the collagen which is a component 

of extracellular matrix (ECM) and can mimic the ECM and provide the cell adhesion motifs such as RGD. 

Herein, we focused on two types of modifications comprising of methacrylation and thiolation processes. 

GelMA hydrogel was firstly prepared via a one-step methacrylation process (Supplementary Fig. S1A). 

FTIR spectra of gelatin and GelMA presented in Fig. S1B. The identified peaks in the spectra also exhibited 

in Supplementary Table S1. Compared to FTIR spectrum of gelatin, GelMA spectrum exhibited the 

characteristic peaks at 1272 cm-1 and 1548 cm-1, related to the vibration of C-N bonds  (related to amide I 

and II respectively), at 1631 cm-1 corresponded to the C=O bonds, at 2852 and 2922 cm-1 related to the C-

H peaks and also at 3423 cm-1 referred to N-H bonds [33]. 1H-NMR spectra of gelatin and GelMA also 

provided in Fig. S1C. Compared to the spectrum of gelatin, new signals were detected at 5.3 ppm and 5.5 

ppm, relating to C=C bonds in the methacrylate (MA) groups. This result was similarly reported in previous 

researches and demonstrated the successful grafting of MA to gelatin backbone [34]. To determine the 

methacrylation degree, the 1H-NMR spectrum of GelMA was quantified [35]. Our results revealed the 

methacrylation degree of about 87%, confirming the high methacrylation degree of gelatin [26]. 

The second functionalization process on gelatin was the thiolation process via a two-step amination and 

consequently thiolation procedure (Fig. 1A). Gelatin contains approximately 1000 µmol/g free carboxylate 

groups [6]. Upon the amination process, carboxylate groups of gelatin changed to primary amine groups. 

Then, the thiolation reaction was performed using 2-iminothilane to synthesize Gel-SH. 1H-NMR results 

confirmed the successful grafting of thiol on the backbone of Gel-NH2 (Fig. 1B). After the amination 
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process, the chemical signals at 1.24 ppm, 1.87 ppm and, 2.95 ppm, related to the different amine groups 

of gelatin structure increased. Also, at a one-step thiolation reaction, although the spectrum confirmed that 

the main amine peaks decreased, the thiol peak was not detected. It might be related to the low efficiency 

of thiolation reaction in the unmodified gelatin, owing to few amine groups presented in the gelatin 

structure.  In the two-step thiolation reaction, the main amine peaks decreased and a new thiol peak appeared 

in the spectrum at 2.3 ppm, confirming the higher efficiency of two-step reaction compared to the one-step 

process. Moreover, another new peak at 3.2 ppm was visible (determined at higher magnification spectrum) 

which was related to new amine groups in the thiol reagent.  

FTIR spectroscopy (Fig. 1C) also confirmed the thiolation process. Significant decrease in the intensity of 

OH and COOH peaks at around 3350 and 1640 cm-1 along with an increase in the intensity of NH2 peak at 

around 3435 cm-1 in the spectrum of Gel-NH2 confirmed the successful amination process[36]. In the 

second modification process, aminated groups converted to the thiol groups. FTIR spectrum of Gel-SH was 

consisted of a new peak at 2650 cm1 confirming the formation of new thiol groups in the structure of gelatin. 

Moreover, due to the presence of new amine groups in the structure of this component, the intensity of NH2 

group at around 3435 cm-1 was increased [37]. Furthermore, the number of thiol groups in the structure of 

hydrogel obtained from one and two-step thiolation reactions using the Ellman’s protocol was calculated 

about 120±23 µmol/gr and 660±25 µmol/gr, respectively. The estimated thiol group on the surface of 

aminated gelatin (two-step thiolation process) was in the range and/or higher than those of previous 

researches [38], confirming the efficient amination and thiolation process. 
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Fig. 1. Scheme and structural characterization of Gel-SH: (A) Scheme representation of the synthesize of Gel-NH2 

and Gel-SH. (B) 1H-NMR spectra of gelatin, Gel-NH2, Gel-SH (one-step) and Gel-SH (two-steps) confirming the 

chemical grafting of thiol on the gelatin structure. (C) FTIR spectra of gelatin, Gel-NH2 and Gel-SH confirming the 

thiolation process. (D) The photographic images of gelatin based hydrogel, (i) before and (ii) after crosslinking with 

visible light. (iii) the scheme images of the gelatin based hydrogel containing two polymer chains of GelMA and 

Gel-SH interacted via thiol-methacrylate chemistry as well as photo-crosslinking process. 

 

After mixing two pre-polymer solutions of GelMA and Gel-SH and consequently mixing them with 

photoinitiator and other components (Fig. 1D(i)), the hydrogels were crosslinked by 60 s exposure to the 

visible light (Fig. 1D(ii)). According to thiol-methacrylate chemistry, Michael addition interaction between 

thiol groups of Gel-SH and methacrylate groups of GelMA,  may result in the formation of crosslinked 

hydrogels [13]. Moreover, after exposure to the visible light, the residual methacrylate groups of GelMA 

via radical polymerizations are crosslinked (Fig. 1D(iii)). The visible light crosslinking of GelMA 

established in the presence of Eosin Y (as photo-initiator), TEA as (co-initiator), and VC (co-monomer). 

During the visible-light exposure, Eosin Y molecules excited from the ground state into a triplet state that 

stimulate them to absorb the hydrogen atoms from TEA. Subsequently, the deprotonated radicals could 

initiate the vinyl bonds of VC, leading to chain polymerization, and subsequently hydrogel cross-linking 

[29]. UV-crosslinked GelMA has been extensively used for wound healing, and tissue engineering 
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applications [39]. However, the UV exposure has a detrimental effect on encapsulated cells and minor 

immune responses was reported in contact with UV cross-linked GelMA after subcutaneous implantation. 

This effect can be generated through the creation of reactive oxygen species (ROS) after exposure to UV 

light which can cause damaging the DNA of the encapsulated cells [40]. Eosin Y, a Food and Drug 

Administration (FDA)-approved photoinitiator has been recently applied in the FocalSeal®( lung sealant) 

[39] and TEA as a crosslinking agent in contact with various types of the cells such as fibroblasts [41] and 

human mesenchymal stem cells (hMSCs) has not shown any major toxicity; however the optimized 

concentration of TEA was determined less than 1.5 wt% [42]. Therefore, crosslinking system based on 

application of visible lights that can infiltrate within tissue and encapsulated cells at superior depths and 

lower energy, has shown significantly higher viability compared to UV light proving the system appropriate 

for minimally invasive applications.  

3.2. Characterization of polydopamine modified LAP nanosheets (PD-LAP)  

To provide strong interaction between LAP nanosheets and multi-crosslinked gelatin hydrogel, LAP 

nanoplates were successfully functionalized using polydopamine (Supplementary Fig. S2A). Consequently, 

PD-LAP with free catechol groups were produced (Fig. S2B). According to Fig. S2A, the color of the LAP 

solution (1mg/ml) changed from white to darkish gray after modification (PD-LAP solution), confirming 

the surface modification of LAP nanoplates. Zeta potential assay (Fig. S2C) also confirmed the difference 

between the surface electrostatic potential of LAP and PD-LAP. The formation of hydroxyl groups 

originated from PD structure on the surface of PD-LAP nanosheets resulted in a significant decrease in the 

zeta potential from -21.3±1.1 mV to -24.6±0.6 mV. Li et al.[43] revealed a similar result when graphene 

oxide nanoparticles coated with polydopamine. After incorporation of LAP nanoplates in the dopamine 

solution, the pH of solution enhanced to pH=8.5, leading to the self-polymerization of dopamine to PD 

[44]. Moreover, compared to the FT-IR spectrum of LAP (Fig. S2D), new peaks could be identified in the 

spectrum of PD-LAP at 1620, 1512 and 1297 cm-1 corresponded to C=C stretching vibration, N-H 

scissoring vibration and C-O stretching vibration of PD, respectively. Based on the PD polymerization 

reaction, the presence of N-H peak confirmed PD polymerization [45] where the new peaks were appeared 

in the lower wavelengths in Fig. S2D and Fig. 2D. Moreover, the presence of the phenol groups shown at 

1051 cm-1 in the FTIR spectrum confirmed the polymerization of PDA [46]. Furthermore, in the XRD 

pattern of LAP nanosheets (Supplementary Fig. S2E) three characteristic peaks at 2Ɵ=7.2◦ , 19.8 and 36.1◦ 

were visible which are belonged to (001), (02,11), and (005) reflection plans, respectively [20]. The d(001), 

d(02,11)  and d(005) spacing were 1.22 nm, 0.22 nm and 0.248 nm, respectively. These d-spacing values were 

close to the d-values described in the literature [47]. After surface modification of LAP nanosheets with PD 

(PD-LAP), these characteristic peaks revealed a left-shift to 2Ɵ=6.7◦, 19.8◦ and 35.3◦, respectively. 
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Therefore, the d(001) spacing, d(02,11) spacing and, d(005) spacing were estimated at 1.32 nm, 0.26 nm and 0.254 

nm, respectively. Our results revealed that after in-situ polymerization of dopamine on the surface of LAP 

nanosheets, the d-spacing of LAP enlarged due to the intercalation of PD into the interlayer of LAP 

nanosheets [4]. Besides, dopamine polymerization caused a broad peak at around 2Ɵ=15-25◦ due to the 

amorphous structure of polydopamine [30]. These results confirmed the successful modification of LAP 

with polydopamine. It could be concluded that dopamine was oxidized by LAP nanosheets and PD 

intercalated between LAP layers, leading to an increase in the d-spacing of the LAP nanosheets. FE-SEM 

images of LAP and PD-LAP also presented in Fig. S2F. While both LAP and PD-LAP nanosheets were 

agglomerates of disk-shaped particles, PD modification process resulted in a minor change in the surface 

roughness of nanosheets. PD-LAP nanoplates revealed a rough surface due to the presence of PD on the 

surface of nanoparticles. Similarly, Mokhtari et al. [30] found that the coating of graphene oxide (GO) with 

polydopamine resulted in similar changes on the surface roughness of the nanosheets.  

3.3. Characterization of nanocomposite hydrogels  

In the next step, by changing the concentration of PD-LAP (0, 0.5, 1 and 2 wt%), a series of nanocomposite 

hydrogels were prepared. The gelation time is one of the most important properties of adhesive hydrogel 

for wound closure. Generally, fast gelation may lead to weaker hydrogels with low adhesive strength, as 

they do not have enough time for a strong network formation. Consequently, a gelation time of 5-60 s often 

required to provide appropriate mechanical and adhesive characteristics, depending on the applications[48]. 

Between our hydrogels, Gel-0%PD-LAP revealed the longest gelling time (about 55±5 s). Incorporation of 

PD-LAP nanosheets gradually reduced the gelling time to 50±3 s (0.5wt% PD-LAP), 45±5 s (1wt% PD-

LAP), and 42±5 s (2wt% PD-LAP), confirming the effective role of these nanosheets to enhance the 

efficiency of gelation. The incorporation of PD-LAP nanosheets may provide a new interaction with the 

hydrogel network to stimulate hydrogel formation. Similarly, Liu et al. [49] also found that the curing time 

decreased from 1.8±0.1 min to 0.3±0.1 min with increasing LAP content up to 2 wt% in dopamine-modified 

four-armed poly(ethylene glycol) (PEG-D4) hydrogel. 

Micrograph images of nanocomposite hydrogels obtained by SEM (Fig. 2A) revealed that all samples 

consisted of a highly porous structure with interconnected pores. However, the average pore diameter of 

hydrogels decreased from 39 13 m to 116 m as PD-LAP content increased from 0 wt.% to 2 wt.% 

(Fig. 2B). Another effect of adding PD-LAP nanoplates to the hydrogel structure is decreasing the water 

absorption (results are provided in the section 3.4) which is the consequence of the reduced average pore 

size of hydrogels by increasing PD-LAP content. Li et al. [31] also demonstrated that the pore size of gelatin 

nanoparticles/poly(acrylamides) hydrogels decreased with increasing LAP content. Moreover, the 

disorganized structure of Gel-0%PD-LAP by addition of PD-LAP has changed to homogenous and uniform 
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porous structures. The organized microstructure of nanocomposite hydrogels at higher PD-LAP content 

might be due to the surface charge of the nanosheets, which improved their stability and homogeneity of 

the structure. Furthermore, EDS analysis (Fig. 2C) revealed the presence of the silicon from LAP 

nanosheets in the structure of the composite hydrogel. However, according to EDS-mapping analysis (Fig. 

2D), while Si atoms were uniformly scattered on the whole surface of Gel-1%PD-LAP, the agglomerates 

of these atoms detected at Gel-2%PD-LAP. The higher magnification SEM image of Gel-2%PD-LAP also 

confirmed the agglomeration of PD-LAP nanoparticles in the walls of hydrogels (Fig. 2A).  

 

Fig. 2. Characterization of nanocomposite hydrogels: (A) SEM images of hydrogels compromising of different PD-

LAP concentrations. (B) The average pore size and (C) the average pore area of nanocomposite hydrogels as a 

function of PD-LAP content, with the data shown as means ± SD (n = 3) (*: P<0.05). (D and E) EDS and mapping 

analysis of Gel-1%PD-LAP, confirming the presence of PD-LAP nanosheets and the uniform distribution of Si 

atom, respectively.   

 

The Michael addition reaction between Gel-SH and GelMA, according to thiol-methacrylate chemistry, 

was confirmed by FT-IR spectroscopy (Fig. 3A). In comparison with GelMA spectrum, a decrease in the 

intensity of the acrylate groups at 1632 cm-1, 1390 cm-1 and 808 cm1 in the mixture of GelMA/Gel-SH 

(hydrogel without any initiator) is related to the C=C bonds. Besides, the presence of a C-S bond at 1270 

cm-1 and C=S at 1045 cm-1 confirmed the success of the Michael reaction [11]. After incorporation of photo-

initiator in the structure of GelMA/Gel-SH (Gel-0%PD-LAP), according to Fig. 3B, new peaks were 

identified confirming the crosslinking between thiol and methacrylate groups. This spectrum consisted of 

new peaks at 1018, 1100 and 1273 cm-1 certified the presence of C=S, H-C-S and C-S in the structure due 

to the reaction of Sulfur in Gel-SH and Carbon in the GelMA structure, based on Michael reaction. 

Moreover, after incorporation of 2 wt%PD-LAP (Gel-2%PD-LAP sample), the intensity of C=O peaks of 

GelMA (at 1630 cm-1) decreased and a new peak appeared at 1406 cm-1 related to the C-O peak. The 
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intensity of C-H bonds at 2970 cm-1 has increased which confirmed the formation of the new hydrogen 

bonding between catechol groups of PD-LAP and C=O bonds of GelMA [50]. Additionally, the shape, 

intensity, and position of the characteristic peak at 1018 cm-1, after incorporation of PD-LAP, were changed 

which might be due to the physical crosslinking between C=S and Si-O-Si at this wavenumber. In 

conclusion, it can be explained that three different chemical interactions were responsible for hydrogel 

network formation. Photo-crosslinking of GelMA, Michael reaction between GelMA and Gel-SH and 

finally hydrogen bonding/physical interaction between PD-LAP and the gelatin-based structure.  

3.4. In vitro swelling and degradation properties of nanocomposite hydrogels 

The hydrophilic character of the hydrogels with high water content in their networks introduces them as 

suitable surgical glues and they are even able to absorb the wound exudate. Moreover, in wound-healing 

applications and sealants, the swelling ability is helpful for the diffusion of healing factors [18]. Here, the 

swelling ratio of the nanocomposite hydrogels after 24 h immersion in the PBS was calculated which 

confirmed the decreasing trend from 393±8% to 179±2%, when the PD-LAP content increased from 0 wt.% 

to 1 wt.%(P<0.05) (Fig. 3C). However, the incorporation of more PD-LAP in the hydrogel network 

enhanced its swelling ratio. It needs to mention that the obtained swelling ratio of nanocomposite 

hydrogels was in the range of previous reported surgical adhesives [9]. The interaction between PD-LAP 

and hydrogel network could be a cause of prevention of water absorption affecting the swelling ratio. 

However, the enhanced swelling ratio of Gel-2%PD-LAP hydrogel might be related to the agglomeration 

of nanoparticles which resulted in the formation of weaker interactions between hydrogel matrix and PD-

LAP nanoparticles. Similar findings were reported in other researches confirming the prominent role of 

LAP nanoparticles on the swelling behavior of Alginate-PVA [18] and  poly(ethylene glycol) (PEG)-

poly(trimethylene carbonate) (PTMC)[51].  

The degradation rate of the nanocomposite hydrogels during 14 days of immersion in PBS was measured 

by monitoring the weight loss (Fig. 3D). The hydrogel with no nanoplates lost almost 72±4 % of the weight 

during the first 3 days and fully degraded after 14 days of incubation. However, the incorporation of PD-

LAP increased the stability of the composite hydrogel where the degradation rate of Gel-0.5% PD-LAP and 

Gel-1% PD-LAP hydrogels significantly reduced to less than 40±4 % and 35±4%, respectively, after 14 

days of incubation. It could be concluded that PD-LAP acted as an additional crosslinker in the structure 

and reduced the degradation rate of samples. This behavior was similarly reported for LAP incorporated 

PVA-Alginate hydrogels [18]. However, incorporation of 2 wt% PD-LAP in the hydrogel network 

significantly enhanced the weight loss upon 61±1%. It might be related to the increased swelling ratio of 

nanocomposite hydrogels and the agglomeration of nanoplates. 
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To determine the injectability of the hydrogels, the shear-thinning behavior of two compositions (Gel-

0%PD-LAP and Gel-2%PD-LAP) was studied by applying various shear rates (0.01-200 1/s). In case of 

the pure hydrogel with no nanoplates (Gel-0%PD-LAP), the viscosity decreased from 10 Pa.s to 0.74 Pa.s, 

after applying the shear rate between 10-1 to 102 confirming its shear-thinning behavior (Fig. 3E). Addition 

of PD-LAP nanoplates first increased the viscosity of Gel-2%PD-LAP pre-polymer to 18 Pa.s and applying 

shear rate from 10-1 to 102 caused a decrease in the viscosity to 0.4 Pa.s. Formation of the non-covalent 

bonding between the PD-LAP and hydrogel network can be the reason of the increased viscosity. Moreover, 

polydopamine functionalization of nanoplates improved the interaction between PD-LAP and hydrogel 

structure. The shear-thinning behavior of Gel-2%PD-LAP hydrogel is presented in the supplementary 

Video S1. Xavier et al. [52] also studied the rheological behavior of GelMA-LAP nanocomposite hydrogel 

and similarly found that the incorporation of LAP in the GelMA polymer induced the shear-thinning 

properties in the hydrogel. Moreover, Lokhande et al. [53] reported the reduced viscosity from 10 Pa.s to 

0.5 Pa.s, for nanosilicates/kappa-carrageenan hydrogels, when the shear rate increased from 10-1 to 102. 

Mokhtari et al. [30] also demonstrated that the presence of PD coated graphene oxide (GOPD) improved 

the shear-thinning and self-healing properties of the kappa-carrageenan hydrogel due to the incorporation 

of new electrostatic bonds between catechol groups in GOPD and the matrix.  

 

Fig. 3. Characterization of nanocomposite hydrogels: FTIR spectra of (A) GelMA and GelMA-Gel-SH and (B) Gel-

0%PD-LAP and Gel-2%PD-LAP nanocomposite hydrogels, along with GelMA and PD-LAP. (C) Swelling ratio and 

(D) degradation profile of nanocomposite hydrogels as a function of PD-LAP concentration, with the data shown as 

means ± SD (n = 3) (*: P<0.05).  (E) Viscosity changes of pre-polymers of Gel-0%PD-LAP and Gel-2%PD-LAP as 

function of shear rate. 
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3.5. Mechanical properties of nanocomposite hydrogels 

The compressive stress-strain graphs of nanocomposite hydrogels consisting of different PD-LAP contents 

after applying 60% strain is presented in Fig. 4A. All curves obeyed a similar trend, including two distinct 

regions. The first region, known as the toe area, was related to the initial deformation of samples. The 

second region (knee region) was correlated to the resistance of nanocomposite networks against the 

mechanical forces [54]. The strength of the samples after 60% strain was calculated and presented in Fig 

4B. Results demonstrated that incorporation of 1 wt% PD-LAP significantly enhanced the compressive 

strength (2.8 times) from 54±2 kPa to 153±7 kPa (P<0.05). However, incorporation of more PD-LAP 

noticeably reduced the compressive strength of nanocomposite hydrogels owing to the agglomerates of 

nanoparticles. Xavier et al. [52] reported the compressive strength of GelMA-LAP nanosheets in 60% strain 

was less than 40 kPa. This improvement in the compressive strength of the present nanocomposite hydrogel 

was related to the increase in the crosslinking density of hydrogel networks and functionalization of the 

LAP nanoplates. Covalent bonding between Gel-SH and GelMA in addition to the incorporation of PD-

LAP improved the mechanical strength by emerging stronger bonding between PD-LAP and the hydrogel 

network.  

The tensile test was also performed on the nanocomposite hydrogels and elastic modulus (Fig. 4C), tensile 

strength (Fig. 4D), toughness (Fig. 4E) and elongation (Fig. 4F) were obtained. The calculated elastic 

moduli was in the range of  6-31 kPa, which is in the range of the reported values for surgery sealants [4] 

and tensile strength was in the range of 20-80 kPa for various concentrations of PD-LAP. Furthermore, the 

extensibility of nanocomposite hydrogels by increasing PD-LAP content upon 1 wt.% was improved for 

~1.8-fold higher (from 35±2% to 63±5%) and then in higher concentration was reduced. Results indicated 

that the highest toughness of nanocomposite hydrogels was obtained at Gel-1%PD-LAP, due to the strong 

chemical crosslinking, which enhanced both tensile strength and elongation of samples. In the developed 

composite hydrogel, seems that Michael reaction has played the main role in improvement of the 

mechanical strength where it formed a new covalent bond between thiol groups of Gel-SH and methacrylate 

groups of GelMA. Besides that, the photo-crosslinking of methacrylate groups on GelMA structure and 

homogenous distribution of PD-LAP nanoparticles in the nanocomposite hydrogels provided an 

homogenous crosslinked network between nanosheets and hydrogel network, which able to dissipate stress 

during deformation [55]. However, incorporation of 2 wt% PD-LAP in hydrogel structure has shown a 

detrimental effect on mechanical properties of nanocomposite hydrogels which was due to the 

inhomogeneous distribution and agglomeration of PD-LAP nanoplates. 
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Fig. 4. Mechanical properties of nanocomposite hydrogels: (A) Compressive stress-strain curves. (B) Compressive 

strength, (C) elastic modulus, (D) tensile strength, (E) toughness and (F) elongation changes as a function of PD-

LAP, with the data shown as means ± SD (n = 3) (*: P<0.05).  

 

An adhesive sealant in contact with wound is facing the dynamic loading such as cyclic stretching or 

compression; therefore, in this study we have tested the stability of the adhesive hydrogel under cyclic 

forces. In this case, the compressive cyclic loading-unloading was applied and stress-strain curves of 

nanocomposite hydrogels under five sequential cycles were obtained (Fig. 5A). Based on these curves, 

toughness (amount of absorbed energy) and dissipated energy (amount of energy which absorbed and 

dissipated) (Fig. 5B) during the cyclic test were estimated. Moreover, the recovery of the hydrogels (the 

ability of hydrogels to recover the absorbed energy in different cycles) was assessed by comparing the 

toughness of hydrogels in each cycle to the 1st cycle (Fig. 5C). According to the compressive loading-

unloading curves of Gel-0%PD-LAP, the strength of hydrogels with increasing the number of compressive 

cycles reduced. However, the initial strain for each cycle increased with a low slope. Therefore, the 

toughness of Gel-0%PD-LAP (Fig. 5B) decreased from 1.3±0.04 kJ/m3 at the first cycle to 0.8±0.05 kJ/m3 

after the fifth cycle. Moreover, the denser hysteresis loop demonstrated a decrease in the dissipated energy 
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of Gel-0%PD-LAP hydrogel (Fig. 5B). Interestingly, the hydrogel with no nanosheets (Gel-0%PD-LAP) 

showed stability after the 2nd cycle and curves were more similar, which can be related to the interactions 

between Gel-SH and GelMA. In continue, the effect of PD-LAP content on the loading-unloading behavior 

of nanocomposite hydrogels was tested, where incorporation of 0.5 wt.% PD-LAP showed enhancement of 

the strength and toughness of the hydrogel at approximately all cycles without disrupting the steady-state 

in the last three cycles. It means that the presence of PD-LAP in the hydrogel networks enhanced the 

stability of the structure in continues cycles which was an important parameter in the dynamic loading. By 

increasing the amount of PD-LAP upon 1 wt%, a significant increase in the strength and toughness was 

observed in all cycles especially in the 1st cycle (2.64 folds) (P<0.05). Mehrali et al. [37] similarly 

investigated the cyclic properties of pectin methacrylate (PEMA)/ Gel-SH hydrogel and showed that the 

maximum total energy dissipation of the hydrogel was about 1.35±0.5 kJ/m3 with the maximum strength 

of 9±3 kPa. In comparison with our current data, incorporation of PD-LAP to Gel-SH/GelMA hydrogel 

resulted in an increase in the strength and toughness to 22±2 kPa and 2.8±0.3 kJ/m3, respectively. The 

recovery percentage in each cycle was also determined based on the changes in comparison with the 

toughness of the first cycle. According to Fig. 5C, although the stability of all hydrogels in the last three 

cycles was confirmed, incorporation of 1 wt% PD-LAP, improved the stability of hydrogel from the 2nd 

cycle. By increasing the amounts of PD-LAP upon 2 wt%, the ability of hydrogels in the compressive 

strength, toughness and absorbing and dissipating energy were sharply decreased which could be related to 

the agglomeration of PD-LAP and consequently weak interaction between nanosheets and polymeric 

chains. 
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Fig. 5. The compressive cyclic properties of nanocomposite hydrogel: A) Compressive loading-unloading curves 

and the anticipated structure of Gel-0% PD-LAP, Gel-0.5%PD-LAP, Gel-1%PD-LAP and Gel-2%PD-LAP 

hydrogels. (B) Toughness and dissipated energy of nanocomposite hydrogels as a function of PD-LAP 

concentration. (C) Recovery percentage in different cycles as a function of PD-LAP concentration, with the data 

shown as means ± SD (n = 3) (*: P<0.05). 

 

3.6. Tissue adhesive strength of nanocomposite hydrogels 

One of the crucial drawbacks in the adhesive sealants is their weak adhesive strength in the wet condition. 

According to the representative images in Fig. 6A, the nanocomposite hydrogels (Gel-2%PD-LAP) adhered 

tightly to the skin and tolerated various types of stresses (Fig. 6A(i-iv)). Moreover, Fig. 6A(v) showed that 

this nanocomposite hydrogel was able to adhere to skin and detach simply without initiating any damage, 

therefore, the adhesive strength of samples significantly was improved due to the presence of PD-LAP in 

the structure. Noticeably, the adhesive strength (Fig. 6B) was significantly increased from 68.7±1 kPa (at 

Gel-0%PD-LAP) to 116.1±34 kPa (at Gel-2%PD-LAP) (P<0.05). This strength was significantly superior 
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to that of commercial sealants such as Evicel, Coseal surgical sealants and Fibrin glues [29]. Elvin et 

al.[56] also reported the similar tissue adhesion strength (>100 kPa) for porcine gelatin, bovine gelatin, and 

bovine fibrinogen. The improved adhesion strength can be due to the interactions between thiol groups and 

methacrylate groups, and the strong binding affinity of catechol groups to various nucleophiles in the 

hydrogel network such as amines and thiol groups. Enhanced crosslinking density resulted from these 

interactions resulted in higher cohesive strength of the hydrogel structure. Different interactions between 

the nanocomposite hydrogels and skin are schematically described in Fig. 6C. Moreover, the catechol-

containing amino acids presenting in the structure of PD could anchor to peptides and proteins on the tissue 

surface, providing a hypothetical mechanism for tissue adhesion of these nanocomposites. This is the 

predominant mechanism for nearly all adhesives and sealants containing polydopamine [57]. Catechol is a 

unique adhesive molecule that can bond to both organic and inorganic surfaces with covalent interactions. 

Oxidation of catechol groups forms a highly reactive Quinone. Quinone acts as an intermolecular covalent 

crosslinker and increases the adhesive ability by increasing reactions with nucleophile molecules (NH2) on 

the biological substrates. Han et al. [4] demonstrated that increasing the catechol groups in the structure of 

the hydrogel enhanced its ability to adhere to the surfaces. Also, Liu et al.[49] demonstrated that the 

presence of 2 wt% PD modified LAP nanosheets increased the adhesive strength of PEGDA hydrogel up 

to 7.5±2 kPa. Moreover, Ninan et al.[58] used MAP (mussel adhesive proteins) and crosslinked them with 

V+6 and reported the adhesive strength of 462± 46 kPa confirming the unique adhesive properties of MAP, 

DOPA and dopamine. Besides, the modification of the gelatin backbone chain with amine and thiol groups 

improved the penetration of hydrogel to the sheep skin tissue (Fig. 6C). It could be concluded that the Gel-

PD-LAP nanocomposite hydrogels can be considered as a potential candidate for surgical sealants, 

specifically for internal surgeries.  
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Fig. 6. Adhesive properties of nanocomposite hydrogels: (A) Photographs of Gel-1%PD-LAP hydrogel adhered to 

sheepskin under (i) normal condition and under (ii) tensile, (iii) torsion, and (iv) twist deformation, confirming the 

high adhesion strength. (v) The nanocomposite hydrogels removed completely from the skin, demonstrating their 

highly cohesive strength. (B) Adhesive strength changes of nanocomposite hydrogels as a function of PD-LAP 

content. The adhesion strength of hydrogels was compared with the results of three commercial glues, with the data 

shown as means ± SD (n = 3) (*: P<0.05). (C) Schematic representation of tissue penetration and new covalent 

bonds between tissue and nanocomposite hydrogels. 

   

3.7. Protein absorption of nanocomposite hydrogels: 

The amount of BSA adsorption on the surface of the sealants is the first step in thrombosis formation [18]; 

Therefore, we evaluated the effect of the PD-LAP on absorption of BSA and the results are summarized in 

Fig. 7A. It was shown that BSA absorption was increased 1.3-fold higher from 3.9±0.3 mg/g to 5.16±0.23 

mg/g, when PD-LAP content enhanced from 0 wt.% to 2 wt.% (P<0.05). This is due to the changes in 

surface charge of Gel-SH and PD-LAP in the structure of nanocomposite hydrogels, which resulted in 

increased adsorption of BSA [59].  
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Fig. 7. Blood compatibility of hydrogels: (A) BSA absorption on the nanocomposite hydrogels as a function of PD-

LAP concentration. (B), (C) Effect of PD-LAP concentration on the blood clotting time. (D) BCI index of 

nanocomposite hydrogels as a function of PD-LAP concentration. (F) Comparison of clotting time for Gel-PD-LAP 

hydrogels with commercial glues and previous studies[7]. (E) HR% of nanocomposite hydrogels as a function of 

PD-LAP concentration, with the data shown as means ± SD (n = 3) (*: P<0.05) 

 

3.8. Blood compatibility evaluation of nanocomposite hydrogels 

The hemostatic ability of nanocomposite hydrogels was estimated by examining the clotting time of blood 

in contact with samples (Fig. 7B). According to Fig. 7C, the blood clotting time of control sample was 

determined about 5.5±0.5 min. This time was in agreement with previous reports [7, 60] In contact with 

Gel-0%PD-LAP hydrogel, the blood clotting time was reduced to 3.5±0.5 min (Fig. 7B). The hygroscopic 

structure of gelatin and its tamponade ability could result in the absorption of fluid components of blood 

without the stimulation of clot formation [7]. The reduced blood clotting time in this condition, compared 

to control also might be due to the negative charge of Gel-SH.  However, it was not significantly different 

from blood clotting time on the control (P>0.05). Increasing the PD-LAP content upon 2 wt.% (P<0.05) 

resulted in shorter blood clotting time to about 1.5±0.5 min (Fig. 7B). Another parameter related to the 

blood clotting ability of samples is the blood clotting index (BCI, the UV-absorbance of blood clots in 

contact with samples) (Fig. 7D). Higher blood clotting ability caused higher stability of the clot and lower 

flowing behavior which led to a decrease in the BCI index[61]. By increasing the content of PD-LAP 

concentration from 0 wt.% to 2 wt.% (P<0.05), the BCI of the nanocomposite hydrogels was decreased 1.9-

fold from 35±2 to 18±1. It could be due to the intense negative charge of LAP nanoplates which was greatly 
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improved after modification with PD (supplementary Fig. S2C). Previous studies also demonstrated a 

significant decrease in the blood clotting time after the incorporation of negatively charged materials [62]. 

Interaction of blood with the negatively charged surface can facilitate platelet aggregation and activate the 

intrinsic pathway of blood clotting. The XII factor primarily activated in contact with samples leading to 

the thrombosis formation. Consequently, the clot formed due to the polymerization of fibrinogen monomers 

into fibrin [18]. So, increasing the negative charges on the surface and increased protein adsorption promote 

the blood clotting ability of the sealant. The comparison of blood clotting time measured in the 

nanocomposite hydrogels, developed in our study, and different kinds of hemostatic products (solid, gel 

and liquid) [7] is summarized in Fig. 7E. It can be seen that gels and especially hydrogels with varying 

amounts of LAP revealed the shortest blood clotting time. Moreover, this improvement in blood clotting 

was similar to the reported data for hemostats based on thrombin [63]. Here, our hydrogel with decrease of 

clotting time more than 72% showed significant improvement comparing to other sealants.  

To evaluate the blood compatibility of nanocomposite hydrogels, Hemolysis assay was also performed. 

Generally, HR of all nanocomposite hydrogels was less than the level of 5%, showing these hydrogels were 

non-hemolytic [64]. However, it was found that the HR value of various samples was different, depending 

on the PD-LAP content. For instance, HR percentages of nanocomposite hydrogels significantly enhanced 

4.4-fold from 0.8±0.3% to 3.5±0.3% when PD-LAP concentration was reached to 0.5 wt.% which might 

be due to the negative surface charges of PD-LAP nanoparticles. Golafshan et al.[18] reported similar 

results. However, incorporation of more PD-LAP nanoplates decreased the hemolysis ratio of 

nanocomposite hydrogels; which was due to the functionalized surface of nanoplates with PD as well as 

the agglomeration of PD-LAP at Gel-2%PD-LAP. It has been reported before that polydopamine had effect 

on reduction of the hemolytic activity of biomaterials [65]. For instance, in the study reported by Yang et 

al. [59], PD coating decreased the HR% of the 316L samples. In conclusion, the effective role of 

incorporated PD-LAP in hydrogel structure as a potential sealant was observed where it resulted in 

decreased blood clotting time, reduced hemolysis ratio and increased blood compatibility.  

3.9. Cell Culture 

To study the cytocompatibility of nanocomposite hydrogels with different PD-LAP concentrations, L929 

cells were seeded on the samples and cell proliferation was evaluated using MTT assay (Fig. 8A). Higher 

cell viability was measured after 5 days of culture on various hydrogels confirming the cytocompatibility 

of samples. Moreover, cell survival enhanced by increasing PD-LAP content. For instance, after 5 days of 

culture, in contact with Gel-2%PD-LAP hydrogel, the higher viability (105.7±7.5 (%control)) was 

measured which was 1.2 times greater than on the Gel-0%PD-LAP (82.3±3.6 (%control)). A similar result 

was reported for other nanocomposite hydrogels such as LAP-PEG [66] and LAP/PVA-alginate [18] in 
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contact with different types of cells. The viability of fibroblast cells cultured on the hydrogels was also 

measured using live/dead kit after 1 and 5 days of culture. According to Fig. 8B and C, the cell viability on 

various hydrogels was greater than 85% and cell viability enhanced with increasing culture time, showing 

that all samples were not cytotoxic. Moreover, the cell viability enhanced with increasing PD-LAP content. 

For instance, after 3 days of culture, the viability of fibroblast cells enhanced from 90.5±0.5% (at Gel-

0%PD-LAP ) to 97.5±0.75% (Gel-2%PD-LAP) (P<0.05). Incorporation of LAP nanosheets not only 

improved the mechanical properties and blood clotting ability of the hydrogels, but also showed high cell 

viability, and proliferation. It can be related to the structure of LAP and the release of inorganic ions such 

as Mg+2, Na+, Si(OH)4 and Li+ from LAP nanoplates in contact with the physiological environment [18]. 

LAP nanoplates could be dissolved in the aqueous environment at all pH values, depending on the LAP 

concentration. According to the pH value of the environment, either H+ or OH– ions could dissociate from 

the LAP edges leading to the negative or positive charge, respectively. Consequently, released ions, and 

variation of the pH value of the solution can affect the LAP stability. In the presence of H+ ions, LAP 

nanoparticles could degrade leading to leaching of magnesium (Mg+2) and lithium (Li+) ions, based on the 

following reaction[67]: 

Na0.7Si8Mg5.5Li0.3O20(OH)4+12H++8H2O  0.7Na++8Si(OH)4+5.3Mg2++0.4Li+  

These mineral ions, especially Mg2+, could noticeably influence the cell function [68]. For instance, they 

acted as a stimulator for cell proliferation and increased cell survival. Moreover, modification of LAP 

nanosheets with polydopamine improved cell proliferation because of expanding the catechol groups of 

polydopamine [69]. 

In the next step, we evaluated the cytoskeletal organization of cells adhered to the nanocomposite hydrogels 

after 3 days of culture. According to Fig. 8D, the hydrogel composition affected the cell morphology, and 

density. The stained nucleus was counted to estimate the number of cells assessed after 1 and 3 days of 

culture (Fig. 8E). It confirmed that the nanocomposite hydrogels supported the adhesion and proliferation 

of fibroblasts. After one day of culture, the number of adhered cells on the hydrogels significantly enhanced 

with increasing PD-LAP concentration (P<0.05) which can be the effect of the polydopamine coating as 

well as modulation of the mechanical properties of the hydrogels,  affecting the biomechanic of the material 

to a favorable stiffness for cell adhesion [70]. Moreover, the number of cells spread on the samples was 

also increased after 3 days for samples containing 1 and 2 wt% PD-LAP. Cells completely covered the 

surface of Gel-2%PD-LAP hydrogel and started to expand their cytoskeleton and form connections. The 

relation of the biochemical signals released from the substrates, their bio-mechanic and effects on 

cytoskeleton of cells has been previously reported by Gaharwar et al. [54]. They showed that incorporation 

of different amounts of LAP in the PEG hydrogel significantly increased the cell attachment on the hydrogel 



26 

 

surface. In another study [71], they suggested that incorporation of LAP in the PEG hydrogels enhanced 

the protein absorbance and consequently increased the attachment of cells on the sample surfaces. Con et 

al. [4] also reported the positive effect of PD coating in the polyacrylamide-clay hydrogel on the enhanced  

cell adhesion. Higher cell adhesion was also reported in polydopamine incorporated hydrogels [30] and 

polydopamine coated metals [72] due to the higher protein adsorption.  

Generally, to provide an effective adhesive hydrogel for surgical sealants, various properties including 

mechanical properties, swelling ratio, blood compatibility, clotting time and biocompatibility should be 

optimized. In this study, nanocomposite hydrogels, specifically consisting of 1 and 2% PD-LAP were 

cytocompatible and could promote attachment, spreading and proliferation of fibroblasts. Various elastic 

modulus of this material was advantageous to adjust the properties based on the target tissue that require 

an adhesive sealant. For instance, lung sealants need to have an elastic modulus in the range of 5-30 kPa to 

support lung tissue inflation and deflation [73] and both Gel-1% PD-LAP and Gel-2%PD-LAP hydrogels 

revealed a similar range of elastic modulus. However, the weak dynamic behavior, low elongation and high 

swelling ratio of Gel-2%PD-LAP are not appropriate for highly stressed tissues like lung and arteries. 

[73],[74]. Therefore, elasticity, acceptable clotting time similar to the regular surgical sealants made Gel-

1% PD-LAP, a better candidate for such application [48].  
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Fig. 8. Cytocompatibility of nanocomposite hydrogels: (A) Effect of PD-LAP concentration on the cell viability 

using MTT assay at different culture times (1, 3 and 5 days). The absorbance of samples was normalized against 

TCP.  (B) The illustrative fluorescence images of live/dead assay at days 1 and 3 of culture. The live and dead cells 

were stained by Calcein AM(green) and EthDII (red), respectively. (C) The cell viability calculated based on 

number of live cells. (D) Representative fluorescence images of the stained cells with DAPI (blue) and rhodamine-

phalloidin (red). (E) The cell proliferation determined according to DAPI staining, with the data shown as 

means ± SD (n = 3) (*: P<0.05). 

 

Conclusion 
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In this study, we developed a visible-light crosslinked nanocomposite hydrogel based on thiolated gelatin 

(Gel-SH)/gelatin methacrylate (GelMA) compromising of various amounts of polydopamine-

functionalized LAP (PD-LAP) for surgical sealants. The variation of the physical properties of 

nanocomposite hydrogels such as pore size, mechanics, swelling behavior and degradation rate, for 

different PD-LAP concentration, was carefully analyzed . Noticeably, the incorporation of 1 wt%PD-LAP 

significantly enhanced the tensile strength (4.4 times), toughness (9.3 times), and elongation (2 times) of 

Gel-SH/GelMA hydrogel and promoted its dynamic properties in the cyclic compressive test. Compared 

to other GelMA, and thiolated gelatin-based hydrogels [52], our nanocomposite hydrogels revealed 

significantly higher mechanical strength. Besides, PD-LAP nanoparticles improved the tissue adhesive 

strength, blood clotting ability, cytocompatibility, and blood compatibility of Gel-SH/GelMA hydrogel. 

Moreover, the nanocomposite hydrogel significantly decreased the blood clotting time (1.5±0.5 min), 

compared to the commercial adhesives such as Helistat and Avitene hemostatic sealant [7]. Different 

from other gelatin-based bioadhesive sealants [75], this work studied the effects of PD-LAP on the blood 

clotting, biodegradation, swelling ratio, mechanical properties, tissue adhesive strength, and 

cytocompatibility of gelatin-based hydrogels. The combination of Michael addition reaction, 

photocrosslinking, and covalent interactions between various components have resulted in significant 

improvement in the properties of gelatin-based bioadhesive hydrogels. Further evaluations are still in 

progress. Overall, the results demonstrated that this nanocomposite hydrogel at the optimal concentration 

of PD-LAP (1 wt%) could be a promising hydrogel for hemostatic surgical sealants. 
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