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This chapter focuses on the synthesis of an adhesive hydrogel possessing substantial 

mechanical strength. It also explores the adhesive properties of this hydrogel on various 

surfaces, under both dry and submerged conditions. In addition, it also highlights 

hydrogel’s inherent self-healing abilities. 
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2.1 Introduction 

Gelatin-based hydrogels have found numerous applications in various biomedical 

fields including cell adhesion. Gelatin contains arginine-glysine-aspartic acid (RGD) 

sequence which helps promote cell adhesion and are also suitable for cell remodeling. 

Moreover, gelatin-based hydrogels are easily degradable, possess no toxicity, and can be 

tuned with multifunctional properties, making them an ideal candidate as an adhesive 

hydrogel. Although numerous adhesives have been developed and found applications in 

our day-to-day life, but achieving adhesion between two wet surfaces is still challenging. 

Since water molecules on the surface restrain the two adhering surfaces from coming 

closer thereby impeding the formation of physical and chemical bonds between the 

adhesives and the wet surface. Therefore, adhesives that can withstand wet environments 

caused by moisture, underwater applications, and body fluids are very essential and 

indispensable materials in many fields mostly in biomedical areas which include tissue 

engineering, wound healing, biomedical implants, sealants in surgery [1-4]. Therefore, 

many researchers around the world have shifted their focus toward the adhesive 

mechanism in nature found in wet and underwater environments. Examples include the 

toepad of tree frog, caddisfly larva, suction cup of octopi, and adhesive protein in 

mussels, barnacles, snails, slugs, and sandcastle worms which hang on to the rough 

surfaces (both hydrophilic and hydrophobic) even under diverse wet conditions [5-8]. As 

discussed in Chapter 1, the mussel-inspired adhesives are the most widely studied as wet 

adhesives. The adhesive protein they contain is 3,4-dihydroxyphenylalanine (DOPA) 

most commonly known as dopamine (Figure 2.1) and their adhesion property is mainly 

attributed to the presence of catechol moiety which undergoes multiple non-covalent 

interactions such as H-bonding, π-π interactions, and cation-π interactions with different 

substrates. These interactions also contribute to the self-healing nature of the dopamine 

molecule. The long-term adhesive properties of dopamine are due to the redox balance 

between quinone and catechol groups [9]. Intrigued by this, considerable research has 

been carried out for synthesizing hydrogel-based adhesives for wet surfaces by emulating 

the use of the 3,4-dihydroxyphenylalanine group [10-14]. The factors behind the superior 

nature of the hydrogel-based wet adhesives over traditional wet adhesives include its 

hydrophilicity which induces a strong capillary adhesion between two wet surfaces. They 

can also absorb a large amount of water thereby allowing the two adhering surfaces to 

make closer contact.  
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Figure 2.1 Molecular structure of dopamine 

Moreover, their close resemblance to that of natural tissue enables their use in a 

wide range of medical applications including drug delivery, bio-patch, bio-ink, and 

regenerative medicine [15-19]. Although the crosslinking mechanism of dopamine are 

not fully understood, it is suggested that oxidation of DOPA to DOPA-quinone or DOPA-

semiquinone may lead to crosslinking via radical mechanism with other DOPA residues 

or with amine via Michael-addition reaction [20-23]. However, the use of oxidant in the 

synthesis of an adhesive hydrogel is a crucial factor in the formation of polydopamine. 

Since the oxidative agents such as FeCl3, NaIO4, H2O2, etc often oxidizes the catechol 

group rapidly, leading to overoxidation which eventually retarded the polymerization 

process, and also the lack of a sufficient number of catechol groups results in poor 

adhesiveness and limited reusability [24,25].  

In addition, the toxicity of the metal is also a major concern for its applicability in 

biomedical fields. Therefore, fabrication of a hydrogel-based adhesive is one of the key 

hurdles in achieving tough adhesion between hydrogels and wet surfaces. Han et al. 

designed a tough polydopamine-polyacrylamide (PDA-PAM) single network hydrogel 

with superior self-healing ability and tissue adhesiveness. They do so by preventing the 

over-oxidation of dopamine to maintain enough free catechol groups [26]. Again Chen et 

al. composed a tissue adhesive hydrogel based on dopamine and poly(γ-glutamic acid) 

for local hemostasis application. These hydrogels exhibited stronger tissue adhesive 

strength as compared to traditionally used clinical fibrin glue [27]. Rao et. al developed a 

tough hydrogel that shows great underwater adhesion to diverse substrates. The fast and 

strong adhesion was obtained by combining hydrogels with dynamic ionic and hydrogen 

bonds and bio-inspired surface drainage architecture. It is desired to obtain 
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multifunctional hydrogel with high stretchability, reversibility, self-healing, and tough 

mechanical properties along with strong and dynamic adhesion to diverse substrates.  

In this chapter, we have designed a facile method to synthesize a bioinspired 

hydrogel-based adhesive with high mechanical strength, self-healing properties, and 

reversibility. Here, gelatin is considered as the main material of the adhesive hydrogel. 

But as the mechanical strength of physically crosslinked gelatin-based hydrogel is poor, 

it is modified with poly(acrylic acid) to form double network (DN) adhesive hydrogel. 

Afterward, the dopamine molecule was grafted to the gelatin-co-poly(acrylic acid) 

backbone to enhance the wet adhesive and other functional properties of the hydrogel 

[28,29]. Here, the addition of acrylic acid (AAc) not only improved the mechanical 

strength of the polymeric hydrogel but also played a significant role in maintaining the 

adhesive property of the hydrogel. The developed hydrogel is then studied for its 

adhesive strength in both dry and wet conditions. The mechanical properties along with 

self-healing properties and blood compatibility of the hydrogel are also studied. 

2.2 Experimental section 

2.2.1 Materials  

Acrylic acid (AA) and N,N/-methylenebis(acrylamide) (MBA) were purchased 

from Sigma Aldrich. Gelatin, from porcine skin (type A) was purchased from Himedia. 

Dopamine hydrochloride (DA) was purchased from Alfa Aesar. Sodium hydroxide and 

ammonium peroxodisulfate (APS) were obtained from Merck. Deionized water was used 

during the experiment for preparing various solutions. All the reagents used were of 

analytical grade and were used as received. 

2.2.2 Synthetic procedures 

Synthesis of polydopamine: Polydopamine (PDA) formation can be achieved through 

oxidation of DA molecules by alkali solution by following the procedure previously 

reported by Lu Han with little modification. Here a fixed amount of dopamine powder 

was dissolved in 2ml aq. NaOH solution by maintaining the pH at 10. The solution is 

then stirred in air atmosphere for 15 minutes or until the appearance of a slight brownish 

colour of the solution.  

Synthesis of hydrogel: The synthesis of hydrogel was carried out by free radical 

polymerization in distilled water. Initially, 1g of gelatin powder were dissolved in 15 ml 
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of double distilled water in a round bottom flask at 55 °C. The mixture was then stirred 

for 30 minutes for the complete dissolution of the gelatin molecule. Afterward, 0.75 ml 

of acrylic acid monomer was added to the gelatin solution followed by addition of 

crosslinker MBA. The whole reaction mixture was deoxygenated by purging nitrogen 

atmosphere for 15 minutes. Finally, the polydopamine solution along with initiator APS 

was added to the reaction mixture, and the temperature was raised to 70 °C. After stirring 

for 1 hour, the reaction mixture turned to a brown-coloured gel. The hydrogel thus 

obtained was washed with distilled water to remove the residual monomer. The detailed 

composition of the hydrogel is shown in Table 1. 

Table 2.1. Detailed composition of the hydrogel with varied compositions of DA 

Hydrogels Gelatin (g) AAc (ml) DA (wt%) APS (wt%) MBA (wt%) 

DA1 1 0.75 1 5 0.8 

DA2 1 0.75 2 5 0.8 

DA3 1 0.75 3 5 0.8 

 

2.3 Characterization 

2.3.1 Fourier transform infrared spectroscopy (FTIR) 

The obtained hydrogel sample was first air-dried followed by grinding to small 

pieces which was then used for FTIR spectral analysis and was prepared with potassium 

bromide (KBr) pellets and the spectra were recorded between 4000-500 cm-1 by using 

Impact 410 (Nicolet, USA) Fourier Transform Infrared (FTIR) spectrometer and the 

number of scans was four.  

2.3.2 Powder X-ray diffractometry (XRD) 

The air-dried and ground hydrogel sample was used for X-ray diffraction (XRD) 

data, which were recorded using a Rigaku Miniflex X-ray diffractometer (Tokyo, Japan) 

by employing Cu Kα radiation (λ= 0.1548 nm) at a voltage of 30 kV and 15 mA current 

and the angle (2θ) was in the range of 10° to 80°.  
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2.3.3 Scanning electron microscopy (SEM) 

The surface morphology of the synthesized hydrogel was studied using a 

Scanning Electron Microscope (SEM, Model-JSM-6390 LV, JEOL, Japan). Before 

performing the analysis, the surface of the sample was first coated with Platinum. 

2.3.4 Thermogravimetric analysis (TGA) 

To analyze the thermal stability of the air-dried hydrogel, Shimadzu TA-60 

thermogravimetric analyzer was used. The heating rate was 10 °C/min under the N2 

atmosphere, and the maximum temperature reached up to 600 °C.  

2.3.5 X-ray photoelectron spectroscopy (XPS)  

XPS analysis of the air-dried and ground samples was done in the ‘ESCALAB 

220 XL spectrometer using 100 eV and 40 eV constant analyser energies for survey 

spectra and high-resolution spectra, respectively 

2.3.6 Optical microscopic images  

Optical microscopic images were recorded by using MOTIC BA310Pol 

Microscope.  

2.3.7 Determination of equilibrium swelling 

The equilibrium swelling of the hydrogels were carried out in distilled water and 

buffer solutions of pH 1.2 and 7.4. For this, a fixed amount of dehydrated samples were 

immersed in water or buffer solutions and allowed to swell until an equilibrium swelling 

was reached. The swelling percentage was then calculated by using the formula: 

Swelling % = 
𝑊𝑠−𝑊

𝑑

𝑊𝑑

× 100%  

Ws and Wd are the weights of the swollen and dehydrated samples respectively. 

2.3.8 In vitro Hemocompatibility study 

The hemocompatibility study was carried out according to the method reported 

by Das Purkayastha et al., with slight modifications (Das et.al., 2013) [30]. For this, 

fresh goat blood was collected in a centrifuge tube containing trisodium citrate (3.2%) 

which was then centrifuged at 2500 rpm at 4 °C for 15 min. The supernatant thus 

obtained was discarded and the Red blood corpuscles (or erythrocytes) were collected 
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and washed with phosphate-buffered saline (PBS; pH 7.4) for three times. 10% v/v 

erythrocyte suspension was prepared in PBS and 1.9 ml of the same was taken in a 

centrifuge tube containing 2 mg of the samples. 1% Triton and NaCl were taken on a 

positive and negative control respectively. After the incubation is over, the test tubes 

bearing samples and suspension were again centrifuged at 40 °C for 15 min at 2500 rpm. 

By using a UV-Visible spectrometer, the absorbance of the supernatant was recorded at 

540 nm. 

2.3.9 Mechanical Tests 

The tensile test of the hydrogel (ASTM D638) was determined by using 

Universal Testing Machine (UTM, Zwick, Z010). For the test, the hydrogel samples were 

cut into pieces with a dimension of 14mm × 0.29 mm (width × thickness). The constant 

loading rate was set at 5 mm/min. The tensile tests of different samples were carried out 

by varying the concentration of dopamine. The tensile strength is calculated as: 

 Strength =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑎𝑑

𝑐𝑟𝑜𝑠𝑠−𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎
 

2.3.10 Adhesion test 

The adhesive strengths (ASTM D638) of the synthesized hydrogels were 

measured by performing a lap-shear adhesion test on a Universal Testing Machine 

(UTM, Zwick, Z010) under ambient conditions. For this, hydrogels were applied 

between two surfaces with a specific bonded area. The lap shear adhesion tests were 

conducted after a curing time of 24 hours. The adhesive tests were also performed on 

different substrates such as glass, wood, aluminum sheet, plastic, chicken flesh, and 

chicken skin by simply pressing the two-surface adhered by the hydrogel and by 

monitoring the holding capacity of the two bonded surfaces. Similarly, to evaluate the 

adhesive property under wet conditions, the substrate to be tested were first immersed in 

water and then glued together with the adhesive hydrogel under water. The adhesive 

strength is calculated as: 

 Strength =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑜𝑎𝑑

𝐵𝑜𝑛𝑑𝑒𝑑 𝑎𝑟𝑒𝑎
 

2.3.11 Self-healing experiment 

To evaluate the self-healing property of the hydrogel, the hydrogel sample with a 

dimension of 22mm × 11mm × 0.8mm (Length × Width × Thickness) was cut into two 
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halves and then the two halves were brought into contact immediately. The hydrogel 

shows self-healing behavior within 1 hour. However, the complete healing of the 

hydrogel was measured by stretching the hydrogel to a maximum after 24 hours. No 

external stress was applied here. To minimize water evaporation from the hydrogel 

during the self-healing process, the specimen was kept in a closed vessel. 

2.4 Results and Discussion 

2.4.1 Design strategy for the synthesis of hydrogel 

The synthesis of hydrogel-based adhesive was carried out by following a two-

step polymerization process. In the first step, the autoxidation of DA molecules to their 

reactive quinone form is carried out spontaneously in basic aqueous media by dissolved 

oxygen. During this step, the color of the solution starts turning from a colorless solution 

to a pale, brown-colored solution. In a basic medium, dopamine (DA) oxidizes to 

dopaquinone (DQ) which then undergoes intramolecular cyclization via 1,4-Michael 

addition to form leucodopamine (DL) which oxidizes further to form dopamine chrome 

(DC) which polymerizes resulting in the formation of polydopamine [31-33].  

In the second step, the PDA precursor solution was added to gelatin and AAc 

solution where grafting of PDA to gelatin and AAc takes place. The solution was then 

degassed with N2 gas to eliminate the dissolved oxygen. Polymerization was further 

initiated by adding free radical initiator APS. On heating, APS decomposes to form 

sulfate anion radical which then attacks the double bond on the acrylate monomer and 

also abstracts hydrogen from the gelatin side chain to form the corresponding radical. 

Here the addition of AAc minimized the further oxidation of catechol groups and thereby 

preserving the adhesive property of the catechol group [34,35]. Moreover, the cationic    

–NH2 group of gelatin crosslinked covalently with oxidized quinone resulting in 

interfacial binding. The end vinyl group of the crosslinking agent MBA reacts with the 

polymer chain to give the final crosslinked hydrogel. The plausible mechanism of 

hydrogel formation is shown in Scheme 2.1. Hydrogel with different concentrations of 

DA, initiator, and crosslinker was prepared to study their effect on swelling. The 

hydrogel thus formed showed excellent adhesion to various surfaces. The hydrogel 

retains its adhesive property even after multiple adhesions and after many times of 

soaking and rinsing methods. Moreover, the DA molecule, which is responsible for 

endowing the self-healing property of the hydrogels, enables the hydrogel to recover 
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spontaneously from damage. This is mostly due to the presence of catechol –OH group 

which allows the H-bond formation. 

The successful graft of polymerized dopamine on the backbone of the gelatin-co-

poly(acrylic acid), has been established by performing a comparative study of hydrogel 

with and without dopamine. 

 

 

 

Scheme 2.1. Plausible mechanism involved in the formation of hydrogel 

2.4.2 FTIR analysis 

The FTIR spectra of the monomers and the prepared hydrogels are shown in 

Figure 2.2 (a), (b) respectively. For pure gelatin, the characteristic peak at 3435 cm-1 is 

attributed to the NH stretching of the amide group. The CH group of the gelatin is 

identified from the peak at 2923 cm-1. Again, a sharp peak at 1640 cm-1 arises from C=O 
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stretching vibration. The peak at 1238 cm-1 is caused by the C–N stretching vibration of 

N–H amide in-plane bending vibrations. Again, from the spectral data of AAc, the peak 

at 3451 cm-1 and 2921 cm-1 are attributed to the O–H stretching vibration and C–H 

vibrations respectively. The peak which appeared at 1632 cm-1 and 1721 cm-1 are 

assigned to C=C and C=O vibration respectively. The peak at 1409 cm-1 is due to the O-

H bending vibration. Similarly, the spectral data of dopamine hydrochloride shows a 

broad and strong band in the 3000-3400 cm-1 region revealing the intermolecular 

hydrogen oscillations on (aromatic) O–H stretching vibrations. Here the peak between 

2750 cm-1 and 2250 cm-1 emerges due to N–H vibration, showing the NH2 functionality. 

The sharp peaks that appear below 1700 cm-1 are attributed to aromatic C=C and C-H 

bonds. By comparing the FTIR spectra of the synthesized polymer hydrogel with the 

monomers, it was found that a broad and weak peak in the range of 3000-3500 cm-1 is 

due to the overlapping of O–H and N–H stretching vibrations. Here the peak at 2925 cm-

1, which appears due to the vibration of the C–H group in the methylene group becomes 

stronger and sharper. This indicates that the carbon-carbon double bond becomes 

saturated after polymerization. Again, the peak at 1639 cm-1 has become broader which 

is due to the overlapping of stretching vibration of C=C and N–H bending vibration 

indicating the incorporation of catechol moiety within the hydrogel. Moreover, the peak 

at 1164 cm-1 is due to the C–N stretching vibration of the amine group.  

Again the FTIR spectra of (i) dopamine-grafted gelatin-co-poly(acrylic acid) 

hydrogel and (ii) gelatin-co-poly(acrylic acid) hydrogel are shown in Figure 2.2(c). From 

the spectra, the peak around 3000-3500 cm-1 in dopamine-grafted hydrogel is broader 

compared to that in the hydrogel without dopamine which is due to the intermolecular 

hydrogen bonding thereby depicting the incorporation of the catechol group. Again, the 

peak at 1635 cm-1 has become broader in Figure 2(c)(i) which might be due to the 

overlapping of stretching vibration of C=C and N-H bending vibrations. A small peak 

around 1501 cm-1 emerges in Figure 2(c)(i) which might be due to C=C aromatic 

stretching vibration peaks. These small changes in peak intensities and emerging of new 

peaks must depict the successful incorporation of dopamine within the hydrogel matrix.  
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Figure 2.2 FTIR Spectra of (a) monomers, (b) hydrogel; (c) (i) dopamine grafted gelatin-co-

poly(acrylic acid) and (ii) gelatin-co-poly(acrylic acid) 

2.4.3 XRD 

The X-Ray diffraction patterns of gelatin and the prepared hydrogel are compared 

in Figure 2.3. It is seen that the XRD pattern of pure gelatin showed a broad peak at 

around 2θ=20ᵒ which corresponds to the semi-crystalline nature of the gelatin and a 

small peak at 2θ=10ᵒ might be due to the triple helix structure of gelatin [36,37]. 

However, in the XRD pattern of the hydrogel, this small peak almost disappeared and the 

characteristic peak of gelatin at 20ᵒ shows some shifts in its position and intensity. This 

indicates the occurrence of covalent crosslinking among gelatin and other monomer 

units, thereby destroying the close packing for the formation of regular crystallites. 
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Figure 2.3 XRD Spectra of gelatin and hydrogel 

2.4.4 Thermal Degradation Study 

The thermogravimetric analysis (TGA) of the synthesized hydrogel was 

performed to determine its thermal stability. As shown in Figure 2.4, the initial weight 

loss within the temperature range 100-150 °C with mass loss of 5% is due to the 

moisture content in the hydrogel matrix. Again, the decomposition of the hydrogel in the 

range 200-550 °C with a mass loss of 65% is attributed to the thermal degradation of the 

polymeric chain. However, on increasing the temperature above 500 °C, there occurs no 

significant mass loss which is due to the presence of crosslinked structure in the 

hydrogel. 

Figure 2.4 TGA spectra of hydrogel 
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2.4.5 SEM 

The morphology of the synthesized hydrogels was studied by using a scanning 

electron microscope and the images were shown in Figure 2.5. From the given SEM 

micrograph of the dopa-g-AAc/gelatin (DAG) hydrogel, it has been found that the 

hydrogel showed a smooth surface. Moreover, the SEM image of the cross-sectional area 

of the swelled hydrogel i.e. dopa g-AAc/gelatin hydrogel, showed a lamellar structure 

depicting the incorporation of water molecules within the hydrogel.   

The swollen hydrogel as shown in Figure 2.5(a) and (b), refers to the SEM 

micrograph of air-dried swollen hydrogel, and during air dry, we got a compact structure. 

Hence, the surface of the hydrogel possesses no visible pores. Instead, some lamellar 

structures were observed. However, the porous structure can be easily seen when the 

swollen hydrogel is freeze-dried. The optical microscopic images of the swollen freeze-

dried hydrogel are shown in Figure 2.5(c, d).  

2.4.6 XPS study 

The synthesized hydrogel was further elucidated by XPS analysis. The 

information for the chemical composition of each element in the hydrogel is shown in 

Table 2.2. The XPS survey spectra of the hydrogel is shown in Figure 2.6(a), and the 

high-resolution spectra of C1s, O1s, and N1s were also analyzed as shown in Figure 

(a) (b) 

(d) 

Figure 2.5 SEM morphology of air dried (a) surface of dried hydrogel, (b) cross-sectional area of 

swelled hydrogel, (c,d) Optical microscopic image of the hydrogel showing porous structure 

(c) 



Chapter 2 

 

~ 2.14 ~ 
 

Development of mussel mimetic gelatin based adhesive hydrogel for wet 

surfaces with self-healing and reversible properties 

2.6(b), (c), and (d). The C1s peak is deconvoluted into 4 peaks with binding energies at 

around 284 eV attributed to C-H and C-C and 285.88 eV and 288.66 eV corresponding to 

C-O-C and COŌ respectively. Again, the spectra for O1s are deconvoluted into 3 peaks 

with binding energy 530.55 eV, 531.90 eV, and 532.74 eV, attributed to COO ̄, C–O–C, 

and C=O respectively. For the N1s spectrum, the peak at 400eV is due to C-NH2. Thus, 

the XPS study confirms the presence of C–C, COO ̄, C–O–C, C=O, and C–NH2 which 

further confirms the chemical structure of the hydrogel.  

Table 2.2 Chemical compositions of C, N, and O 

Atom Atomic fraction 

(%) 

C 75.84 

O 21.18 

N 2.98 

Figure 2.6 (a) XPS survey spectra of the hydrogel, (b) C1s, (c) O1s, (d) N1s spectra 

(a) (b) 

(c) 

(d) 
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2.4.7 Tensile Test 

To study the mechanical properties of the adhesive hydrogel, tensile tests have 

been performed. The hydrogels are found to be highly stretchable, resilient, and have 

tough properties. The synthesized hydrogel could be stretched up to 6 times its initial 

length without any breakage as shown in Figure 2.7(c). After stretching the hydrogel to 

its maximum, the load is released, and it recovers to its original length spontaneously. On 

increasing the content of dopamine, there is a sharp increase in the tensile strength of the 

hydrogel. The tensile strength of a sample containing 1% dopamine is 1.67 MPa and the 

strength increases from 1.87 MPa to 4.6 MPa on increasing dopamine content from 2 to 

3%. Similarly, the elongation at the break of the hydrogel also increases from 66% to 

77% and reaches a maximum of 106% with 3% dopamine content. This stress-strain 

curve is shown in Figure 2.7(a). This elongation at break can be comparable to human 

skin (60%-75%). This implies that the synthesized hydrogel can be easily applied to the 

skin to accommodate human movement without tearing. Dopamine increases 

crosslinking through H-bonding thereby increasing its strength. In stretching this H-

bonding disrupts reversibly to accommodate for higher elongation. The Young’s modulus 

is shown in Figure 2.7(b). 

2.4.8  Adhesion study  

In our study, we have found that synthesized hydrogel shows excellent adhesion 

to almost all surfaces including both hydrophobic and hydrophilic areas. The adhesive 

Figure 2.7 (a) Stress-strain curve and (b) Young’s modulus of the hydrogel at a dopamine 

concentration of 3wt%, 2wt%, and 1wt%; (c) Digital photograph of the hydrogel showing 

unstretched and stretched hydrogel 

(a) 

(c) 

(b) 



Chapter 2 

 

~ 2.16 ~ 
 

Development of mussel mimetic gelatin based adhesive hydrogel for wet 

surfaces with self-healing and reversible properties 

tests were performed on surfaces like human skin, glass slides, aluminum sheets, PTFE, 

plastic, chicken skin, chicken flesh, etc. (Figure 2.8(a)). The adhesive hydrogel, when 

applied to glass surfaces, joints with a cross-sectional area of 176.71 mm2 can hold a 

weight of 550 g under dry conditions as shown in Figure 2.8(b). The adhesive strength of 

the hydrogel on various surfaces is evaluated by a lap-shear method. The adhesion 

strengths for different substrates such as glass, aluminum sheets, and chicken under dry 

conditions were found to be 112.65 kPa, 26.24 kPa, and 13.2 kPa, respectively, and under 

submerged conditions, the adhesive strengths were found to be 22.4 kPa, 16.76 kPa, 6.42 

kPa, respectively. The hydrogel shows adhesion to surfaces under aqueous conditions. 

However, the adhesive strength of the hydrogel under aqueous conditions is less 

compared to their dry adhesion, but it possesses enough strength to hold the two surfaces 

together. The adhesion under both dry and wet conditions is illustrated in Figure 2.8(d).  

 

Figure 2.8 Digital photograph of the hydrogel showing (a) adhesion to different materials under 

both dry (upper) and submerged conditions (lower), (b) hydrogel holding weight of 550 g when 

adhered to two glass surfaces joints (c) hydrogel lifting a weight of 400g when attached to human 

skin (d) Adhesive strength of the hydrogel on different materials under both dry and wet 

conditions (e) repeatable peel-off test on human skin 
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The adhesive strength of the hydrogel to human tissue is also appreciable. The 

hydrogel can be adhered easily to human skin without causing any irritation or 

inflammation to the skin, and can be easily peeled off, thereby leaving no pain or damage 

to the adhered area. Moreover, a piece of hydrogel with a dimension (13mm × 6mm) 

when attached to human skin could lift a weight of 400 g as shown in Figure 2.8(c).  The 

hydrogel remains attached to the skin after multiple stretching and bending. The 

reversible nature of the adhesion can be determined by performing a peel-off test on 

human skin over 10 cycles as shown in Figure 2.8(e). This cycle ensures the superior and 

repeatable adhesiveness of the hydrogel even after 10 cycles. Again, the most striking 

feature of the hydrogel is its ability to retain the adhesive behavior after its swelling to a 

maximum. It was found that the hydrogel retains adhesion to different surfaces even after 

swelling to 400% of its original weight. A comparison of the tissue adhesive strength of 

the synthesized hydrogel to that of the reported adhesive hydrogel is shown in Table 2.3. 

Table 2.3 Comparison of the adhesive strength of the synthesized hydrogel-based adhesive under 

wet condition with previously synthesized hydrogel reported in literature. 

Sl. 

No 

Hydrogel Adhesive strength on 

tissue (kPa) 

Reference 

1. PDA/PAM/XL-MSN 7 [19] 

2. Polyampholyte (PA) hydrogel 5 [38] 

 

3. poly(d,l-lactide)-poly(ethylene 

glycol)-poly(d,l-lactide) (PLEL) 

5 [39] 

4. PEG-D hydrogel 7.8 [31] 

5. PAM-PEI hydrogel 7 [40] 

6. HA-DA/rGO 6 [41] 

7. PDA@GelMA 2.75 [42] 

8. Dopa-g-Gel/Acc hydrogel 6.5 Present work 
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2.4.9 Self-healing property 

The synthesized hydrogel shows good self-healing property as shown in Figure 

2.9(a), and the tensile strength of the self-healed hydrogel is shown in Figure 2.9(b). The 

self-healing ability of the hydrogel is better understood from the mechanistic point of 

view as shown in Figure 2.9(c). Since mussel-inspired hydrogel often shows self-healing 

ability because of the presence of diverse functional groups such as catechol and amine 

group in the polymeric chain which form multiple non-covalent interactions like H-

bonding, cation-π, or π-π interactions with amine or thiol group present in various 

surfaces. These reversible interactions impart the hydrogel with self-healing ability 

thereby allowing a rapid and effective reconstruction of the broken hydrogel network.  

Figure 2.9 (a) Digital photograph of the hydrogel showing self-healing behavior, (b) Stress-strain 

curve of the self-healed hydrogel, (c) Schematic representation of the adhesive mechanism of the 

hydrogel to tissue surface 

(a) (b) 

(c) 
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2.4.10 Swelling 

The swelling ratio of a hydrogel has a significant impact on hydrogel application, 

particularly when applied in biomedical fields. To investigate the swelling behavior of 

synthesized hydrogel, the hydrogels were swelled under distilled water and phosphate 

buffer solution of pH 7.4. The swelling behavior of the hydrogel is shown in Figure 2.10. 

It was found that the swelling behavior of the hydrogel at pH 7.4 is higher compared to 

their swelling at distilled water. This is due to the ionization of the carboxylic group 

present mostly in acrylic acid. This ionized negatively charged group undergoes 

repulsion, thereby enhancing the swelling of the hydrogel. Moreover, the swelling ratio 

of the hydrogel under the same condition is generally related to their cross-linking 

density. However, no appreciable change in swelling behavior is found by varying the 

concentration of dopamine. Here the swelling ratio we obtained was relatively low 

compared to other hydrogels and hence is ideal for its application in the biomedical field, 

as excessive swelling can cause the surrounding nerves and blood vessels to compress 

and results in diminishing the adhesive property. 

2.4.11 Blood Compatibility Study 

To evaluate the in vitro biocompatibility of synthesized hydrogel, the hemolysis 

test has been carried out. This test is a widely accepted method for determining the 

hemocompatibility of hydrogel. As shown in Figure 2.11, the hydrogel shows very little 

hemolysis of 4.79%. This value is within the permissible limit of 5%. Thus, this 

established the biocompatible nature of the hydrogel and hence is suitable for its 

application as biomaterials. 

Figure 2.10 Swelling behavior of the hydrogel by varying the composition of Dopamine 
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2.5 Conclusion 

Here, in this Chapter, inspired by nature, we have successfully developed an 

efficient way to synthesize biocompatible hydrogel-based adhesive. This hydrogel shows 

excellent adhesion to diverse surfaces under both dry and wet conditions. The simple 

design strategy applied here allows us to eliminate the use of metal ions and other toxic 

additives and oxidizing agents. Here, the well-balanced combination of both covalent 

and non-covalent bonds provides the hydrogel with superior mechanical properties and 

reversible and, self-healing attributes. Unlike, other previously synthesized single-use 

hydrogels, this adhesive hydrogel can be repeatedly used on various surfaces and can be 

easily peeled off without leaving any residue. Moreover, by monitoring the swelling 

behavior of the hydrogel, it was found that contrary to the traditional hydrogel, the 

synthesized gel swells only to a limited percentage which proves to be highly 

advantageous for its application in biomedical fields. Again, the hemolysis test shows 

that the hydrogel is biocompatible. In summary, we can say that the synthesized hydrogel 

being adhered to different inorganic and organic surfaces under both dry and wet 

conditions emerges to be a potential bioadhesive for diverse medical applications such as 

wound dressing, tissue adhesive, actuators, biosensors, and drug delivery. 
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