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Abstract: Bioinspired adhesives, polymeric materials derived from renewable natural sources, offer 

sustainable and functional alternatives for bonding surfaces, especially in biomedical applications. 

While their use has fluctuated over the decades, rising environmental regulations and demands for 

biocompatible materials are renewing interest. In this review, we highlight recent advances in 

biomolecular adhesives and the pivotal role of graft copolymerization in enhancing their functional, 

mechanical, and biocompatibility properties. We focused on starch-based modifications, additive 

strategies, and nanofiller integration to address water resistance, viscosity stabilization, and adhesion 

enhancement. Key biomedical applications were examined alongside current engineering challenges 

and proposed solutions. This work provides a comprehensive framework for valorizing bioinspired 

adhesives to meet future clinical and environmental demands. 

Keywords: Bioinspired adhesives; graft copolymerization; nanofillers integration; chemical 

modification; valorization. 
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1. Introduction 

Bioinspired adhesive technologies are gaining increasing prominence due to the well-documented 

drawbacks of many conventional adhesives, including their toxic chemical composition, lack of 

adaptability under variable environmental conditions, and limited control over adhesion strength. For 

example, gecko-inspired adhesives are promising in minimally invasive surgery, offering more secure 

wound closure than traditional sutures and staples [1]. Similarly, surgical adhesives that mimic the 

adhesion strength and biocompatibility of mussel proteins are being explored to replace time-

consuming, tissue-damaging sutures [2]. These polymeric bio-adhesives are also advancing the clinical 

viability of orthopedic and musculoskeletal tissue engineering [2]. 

The shift toward bio-adhesives is further propelled by rising environmental concerns. Using 

biological resources as alternatives to petroleum-derived materials contributes not only to reducing 

human health risks but also promotes biodegradability, leading to broader societal sustainability [3]. 

Thanks to their biocompatibility, abundance, and functional diversity, bio-based materials are now 

widely used in coatings, corrosion inhibitors, and drug delivery systems [4–8]. 

Adhesives, commonly known as glue, cement, or mucilage [9,10], are broadly classified into 

synthetic and natural types. Bio-inspired adhesives, unlike synthetic fossil-based ones, are more 

sustainable due to their biodegradability and eco-friendliness [11,12]. As illustrated in Figure 1, bio-

adhesive innovation represents a potential breakthrough in creating environmentally responsible 

industrial practices. 

From a chemical standpoint, adhesives are typically polymeric materials formed by crosslinking 

of monomers into macromolecules through a curing process. Examples include epoxy and 

cyanoacrylate adhesives formed via polymerization, and thermoplastic rubbers such as styrene-

isoprene-styrene block copolymers [13,14]. 

The global adhesives industry, valued in the multibillion-dollar range, serves applications across 

biomedicine, packaging, electronics, textiles, shipbuilding, automotive, and aerospace [15–22]. 

Advanced adhesives are used for DNA recovery, bone fracture repair, wound sealing, and 

microvascular surgical procedures [23–25]. 

Achieving structural integrity in adhesives demands chemical modification, among which graft 

copolymerization has proven particularly effective. Grafting is a process initiated by radicals to 

introduce functional groups. By grafting synthetic polymers onto bio-based backbones, one can 

significantly improve adhesion strength, flexibility, and performance [26,27]. Nanomaterials such as 

nanocrystals and nanotubes further enhance the mechanical properties and bioactivity of adhesives due 

to their high surface area and nanoscale interactions [28,29]. 

Graft copolymerization enables the tailoring of adhesive behavior for moist biological 

environments. For instance, chitosan grafted with polyethylene glycol (PEG) has demonstrated strong, 

long-lasting tissue adhesion [30,31]. Moreover, these grafted systems can be functionalized with 

antimicrobial or drug-releasing groups [32,33]. 

As the field evolves, bioinspired adhesives are expected to play transformative roles in tissue 

engineering, wound care, and minimally invasive surgeries [34]. Their adaptability also opens 

possibilities for use in internal organ adhesives, drug delivery platforms, and regenerative scaffolds. 
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Figure 1. Visual illustration of the introduction. 

Despite these advancements, literature lacks a focused synthesis on how graft copolymerization 

can systematically enhance bioinspired adhesives for biomedical applications. We address that critical 

gap, consolidating interdisciplinary insights into material design, functionalization, and application-

driven innovations. 
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Figure 2. Transitioning from synthetic to bio-based adhesives for a greener future. 

Figure 2 illustrates the evolving landscape of adhesive technology, highlighting the shift from 

traditional fossil-based synthetic adhesives toward bio-based alternatives. This transition emphasizes 

the potential of bio-adhesives to support environmentally responsible industrial practices. By 

integrating biodegradable materials and renewable resources, bio-adhesive innovation not only 

addresses ecological concerns but also aligns with global sustainability goals, positing as a 

transformative solution across multiple sectors. 

2. Biomolecular adhesives 

Adhesives can generally be grouped under three biomolecules, namely carbohydrates, proteins, 

and glycoproteins. Examples of carbohydrates are starch, cellulose, alginate, fucoidan, propolis, viscin, 

and sundew mucilage (Myo-inositol). In contrast, examples of protein include zein, egg albumen, 

fibrin, sandcastle worm, and different proteins from starfish, frogs, salamanders, glowworms, 

silkworms, velvet-worms, and mussels. Other molecules derived from snails, ivy, spiders, jellyfish, 

and hagfish are classified as glycoproteins [35]. 

Our ancestors deployed immemorial adhesives derived from animals, plants, and microorganisms 

for wound healing and surgical activities. However, the integrity and efficiency of these biomaterials 
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could not be guaranteed due to the inability to retain and sustain their properties when applied in a 

wetting condition. Moreover, toxicity was also a drawback of their applications. Many advances and 

ongoing investigations are targeted at solutions to these limitations. In this section, we discuss some 

selected bio-based adhesive systems. 

Considering their numerous uses, ranging from tissue sealants, hemostatic supplies, and wound 

rehabilitation patches, as well as the development of adhesives, including fibrin binds, cyanoacrylate 

derivatives, and gelatine-based adhesives, has become a growing area of study in biomaterial research. 

Researchers have created a variety of polymeric mimics, including Chitosan-catechol and 

polyethyleneimine-catechol, among other similar catechol polymers, in response to the copious 

catecholamine found in mussel sticky proteins. One sticky polymer that shows promise for use in 

biomedical applications is chitosan-catechol. When catechol is conjugated onto chitosan, its solubility 

in pH 7 aqueous solutions increases significantly from 0 to over 60 mg/mL (6% w/v). The 

catecholamine's capacity to function similarly to mussel-sticky proteins is maximized by its increased 

solubility. Chitosan-catechol is employed extensively in a range of emerging medical scenarios since 

it is biocompatible and has good hemostatic and adhesion properties [34]. 

While these biomolecular systems, from carbohydrates to protein and glycoprotein-based 

adhesives, continue to inspire innovations in biomedical material design, their practical performance 

is often contrasted with conventional synthetic adhesives. A comparative assessment of bio-based and 

fossil-based adhesives is essential to understanding the benefits, limitations, and potential 

modifications required for broader industrial and clinical adoption. Table 1 below provides a 

summarized comparison, highlighting key differences in source materials, biocompatibility, 

mechanical performance, degradability, and application domains, thereby framing the context for 

further exploration of bioinspired adhesive engineering strategies. 
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Table 1. Comparison between bio-based and traditional adhesives. 

Property Bio-based adhesives Traditional (synthetic) adhesives 

Source Derived from renewable resources 

such as starch, chitosan, and proteins 

[10,11] 

Derived from non-renewable fossil 

fuels and petroleum derivatives [10] 

Environmental 

impact 

Biodegradable and eco-friendly; 

reduced ecological footprint [3,12] 

Persistent in the environment; 

contributes to pollution [10] 

Biocompatibility High biocompatibility, suitable for 

medical use [2,5] 

Typically, low biocompatibility; not 

ideal for biological applications 

[8,16] 

Adhesion strength Moderate to high; enhanced via graft 

copolymerization [27,31] 

High adhesion strength; widely used 

in structural applications [17] 

Processability Requires chemical modification (e.g., 

grafting, plasticizers) [29,30] 

Easily processed using established 

industrial techniques [13] 

Mechanical 

properties 

Tuneable through grafting and 

nanofillers [32,33] 

Typically, strong and rigid [14,22] 

Moisture 

resistance 

Low to moderate; improved using 

hydrophobic additives [27] 

Generally high moisture resistance 

[17] 

Degradability Biodegradable in physiological or 

environmental conditions [12] 

Non-degradable; accumulates in 

ecosystems [10] 

Cost and 

scalability 

Currently more expensive but 

improving [6] 

Lower cost due to mature industrial 

processes [16,19] 

Application fields Biomedical, packaging, coatings, and 

drug delivery [2,7] 

Automotive, construction, 

electronics, and textiles 

[20,21,25,36] 
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2.1. Classification and sources of biomolecular adhesives 

Numerous byproducts can be renewable assets to create environmentally friendly materials. 

These byproducts, detailed in Table 2, provide substitute sources of materials without interfering with 

the manufacture and usage of food. Renewable resource adhesives can also be made from a variety of 

bio-based substances or byproducts, including lignocellulosic biomass, proteins, tannins, and 

saccharides. Formaldehyde and bio-scavengers are being replaced with new hardeners and cross-

linking agents as part of continuous efforts to lower formaldehyde releases [37,38]. A thorough 

literature survey is conducted in this current work, as demonstrated in Table 1, to provide an insight 

into the valorization of bioinspired adhesives, indicating the various authors’ major findings, as well 

as the major raw materials and suitable applications. 

Table 2. Summary of the major findings on the valorization of bioinspired adhesives. 

Ref. Raw materials Overview Major findings Applications 

[39] Soy, palm, oilseed 

rape, sunflower, 

starch 

Compares traditional 

petrochemical-based 

adhesives with bio-

based adhesives to 

examine the effects 

of adhesive 

technology on the 

surroundings. 

Industrial bio-based 

adhesives are theoretical and 

depend on newly developed 

goods and technology. The 

nascent industry for bio-

based adhesives highlights 

the need for continuous 

development and research in 

this area. 

Wood-Based 

Composites 

[40] Bioengineered 

proteins such as 

DOPA-rich ELP, 

recombinant 

ELPs, V40K72 

fusion protein, 

recombinant 

spider silk, bovine 

serum albumin 

(BSA), soy 

protein, and fish 

swim bladder 

(FSG). 

Discusses 

advancements in 

bioengineered 

protein-based 

adhesives designed 

for biomedical 

applications. The 

researchers discuss 

various strategies for 

fabricating these 

adhesives, including 

post-translational 

modification, 

chemical 

functionalization, 

and protein fusion 

techniques. 

The adhesive made from 

bovine serum albumin (BSA) 

sticks to glass incredibly 

well; it even outperforms 

recombinant spider silk. 

Wound Closure 

Continued on next page 
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Ref. Raw materials Overview Major findings Applications 

[36] Porcine gelatin 

and human plasma 

(fibrin), 

dopamine-

modified 

hyaluronic acid 

(HA), catechol-

containing mussel 

threads, silk 

fibroin combined 

with tannic acid, 

and algae-mussel 

hydrogels. 

Explains the four 

primary adhesion 

mechanisms and 

different methods for 

enhancing wet 

adhesion, frequently 

using natural adhesive 

systems as models. 

Enhancing wet adhesion, 

which is vital for 

biomedical applications, 

can be achieved using 

biomimetic strategies that 

imitate natural adhesives 

like those of mussels, 

utilizing mechanisms such 

as mechanical interlocking 

and intermolecular bonding 

at the bio-adhesive-tissue 

interface 

Tissue repair 

and 

regeneration, 

biomineralizatio

n processes, 

epidermal 

bioelectronics, 

and hemostasis 

[41] Specifically, plant-

derived tannins 

and animal-

derived gelatin 

(later replaced) or 

ovalbumin, with 

the final version 

utilizing ε-poly-L-

lysine (EPL). 

From combining 

plant-based tannins 

with animal-based 

gelatin or ovalbumin, 

the study advanced to 

concentrating on a 

two-component 

adhesive made of 

tannin and ε-poly-L-

lysine (EPL), which 

demonstrated a high 

bonding strength and 

water resistance. 

Although it lacked 

sufficient water resistance, 

a tannin and gelatin mixture 

showed good storage and 

adhesive strength.  The 

tannin-EPL adhesive that 

was created by substituting 

EPL for gelatin 

significantly increased the 

adhesive's water resistance, 

enabling it to satisfy the 

Euronorm EN 314 class 1 

standard. It is non-toxic, 

eco-friendly, and has the 

potential to be a secure and 

reliable bonding agent. 

Wood, glass, 

and iron 

surfaces. 

[38] Lignocellulosic 

compounds, 

tannins, plant- or 

animal-based 

proteins, 

saccharides, 

starch, lignin, and 

soy. 

Discussed the health 

and environmental 

issues associated with 

traditional 

formaldehyde-based 

adhesives, reviewed 

current developments 

in bio-based and 

formaldehyde-free 

adhesives, and 

illustrated potential 

strategies to enhance 

bio-adhesive qualities. 

Life cycle assessment 

(LCA) studies indicated 

that bio-based adhesives 

from other sources perform 

better environmentally in 

WBCP manufacturing than 

petrochemical-based 

adhesives, signifying that 

methodological variations 

can produce inconsistent 

outcomes. 

Wood-

composite panel 

(WCP) 

industry; 

products such 

as 

particleboard, 

medium-density 

fiberboard, 

oriented strand 

board, and 

plywood. 

Continued on next page 
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Ref. Raw materials Overview Major findings Applications 

[36] Temperature-

sensitive polymers 

like pNIPAM are 

grafted onto 

polyelectrolytes. 

Functional groups, 

such as catechols, are 

incorporated after 

being inspired by the 

natural adhesives 

found in creatures 

like sandcastle 

worms and mussels. 

 

Addresses the use of 

biomimetic concepts in 

the development of 

adhesive hydrogels for 

medical applications, 

emphasizing the intricacy 

of natural adhesion, 

which frequently 

incorporates several 

elements, such as 

coacervation and sticky 

chemical groups. 

By simulating natural 

processes like 

electrostatic forces 

followed by catechol-

mediated covalent cross-

linking, bio-inspired 

hydrogels can achieve 

high underwater 

adhesion. 

Underwater 

tissue 

sealing and 

repair. 

[42] polysaccharides (e.g., 

alginate, starch, 

cellulose derivatives) 

and 

polypeptides/proteins 

(e.g., collagen, 

blood, vegetable 

proteins). 

It classifies plant and 

animal bio-glues based on 

their chemical 

composition, adhesives 

derived from 

carbohydrates, proteins, 

and glycoproteins, as well 

as their potential for 

biomedical applications. 

Despite natural 

compounds having the 

potential for medicinal 

applications, further 

research is often required 

to determine their 

efficacy and 

compatibility with living 

things cum more 

comparison studies of 

various bio-adhesives 

under comparable 

circumstances.  

General 

tissue 

bonding to 

specialized 

uses, such as 

preventing 

leakage and 

attaching 

medical 

sensors. 

[43] Poly (3,4-

dihydroxyphenylalan

ine) (PDA), chitosan 

(CHS), hyaluronic 

acid (HA), collagen, 

alginate, and silk 

fibroin, 

Materials are created to 

resemble biological 

systems for therapeutic 

purposes, including 

bioinspired polymers and 

their uses in biomedical 

and regenerative 

medicine. 

The bioactivity and 

therapeutics of these 

compounds in biological 

contexts were 

emphasized, including 

instances such as HA 

hydrogels with 

antibacterial qualities 

and CHS-PDA@EGF 

improving wound 

healing. 

Tissue 

engineering, 

regenerative 

medicine, or 

wound 

healing 

Continued on next page 
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Ref. Raw materials Overview Major findings Applications 

[44] Draw inspiration 

from mussel 

adhesive proteins, 

particularly 

utilizing catechol 

groups (e.g., 

DOPA). It also 

covers nucleic 

acid-containing 

polymers, 

hydrogels, and 

polypeptide 

sequences. 

The researchers focus on 

summarizing 

supramolecular adhesives 

inspired by nucleic acids 

and proteins, such as 

mussel sticky proteins. 

Using catechol 

chemistry, adhesives 

inspired by mussels 

exhibit strong adherence 

to a variety of surfaces, 

even under damp 

conditions.  Adhesion is 

achieved by precise base 

pairing and other 

chemical interactions 

with adjustable qualities 

in nucleic acid-based 

adhesives. 

Engineering 

tissue, 

biomedical 

devices, 

wearable 

sensors, skin 

regeneration, 

and biomedical 

sensors and 

electrodes. 

[45] Glycerol Sebacate 

Acrylate (PGSA) 

is a linear 

polymer.  The 

molds for the 

nanopatterns are 

silicon templates 

made using 

microfabrication 

processes such as 

reactive ion 

etching and 

photolithography. 

In addition to showcasing 

a production technique 

that avoids harsh 

chemicals and high 

temperatures, the study 

examines the impact of 

gecko-inspired 

nanopattern parameters, 

specifically pillar 

diameter and height, on 

the adhesive capabilities 

of the produced polymer. 

When exposed to shear 

stresses under laboratory 

circumstances, 

nanopatterned PGSA 

nearly doubled the 

strength of a flat, 

unpatterned polymer and 

showed noticeably 

greater adherence to pig 

intestinal mucosa. 

Wound closures 

plus tissue 

repair 

applications. 

[2] proteins such as 

collagen, fibrin, 

albumin, silk 

fibroin, and 

elastin; 

polysaccharides 

such as 

hyaluronic acid, 

alginate, chitosan, 

cellulose, and 

dextran 

crosslinked with 

micro/nano 

inorganic filler or 

tannic acid 

It covers significant 

advancements since 2018 

in genetically engineered 

natural adhesives based 

on proteins and 

polysaccharides, 

including commercially 

available alternatives and 

recently created 

multifunctional systems 

for biomedical 

applications. 

Compared to single-

component adhesives, 

composite adhesives 

composed of various 

natural polymers may 

have superior 

mechanical strength and 

stickiness. Interestingly, 

compared to collagen-

based adhesives, an 

albumin-based adhesive 

made by gently heating 

ascorbic acid showed 

superior adherence to 

wood and aluminum. 

Wound 

closures, drug 

delivery 

systems, tissue 

sealing, tissue 

engineering 

scaffolds, and 

orthopedics. 
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The widespread usage of adhesive molecules, with their numerous classification techniques, has 

been developed by variations in the components' origins, application techniques, and used   

chemistry [46]. The most certain classification depends on the strength of the created joints [17]. This 

technique distinguishes three primary types of adhesives: Semi-structural glues (which are further 

subdivided into solvent-driven and holt melt groups that can sustain a small load ranging from 0.3–3 

MPa for an extended period), pressure-sensitive adhesives (which have a limited adhesive strength), 

and functional adhesives, which can bear a significant load greater than 7 MPa for a long time [46,47]. 

However, these adhesive materials are driven by highly variable prices, and petroleum is used to make 

the products. Adhesive manufacturers confront the challenge of being more sustainable due to 

heightened public concerns about the impacts of industrialized society on the environment. Sustainable 

adhesive formation and development include devising and designing adhesive processes and products 

that can minimize or lessen the manufacture of dangerous materials and reduce the energy and 

ecological impact of products [48–50]. Naturally based Sodium silicates, natural gums and resins, 

mammal glues, casein glues, and vegetable glues are examples of adhesives [13]. Plant glues are made 

from starches and dextrin and depend on starch. 

A bonding agent is a substance that can bind solid things jointly via surface adhesion; thus, 

adhesives are substances used to glue or bond two surfaces together. Adhesives usually work by either 

the creation of primary covalent connections to the surface or interacting with the surface through 

physical forces called secondary bonds [51,52]. 

The effects of adhesion contribute to the mechanical durability of an adhesive-based assembly, 

also referred to as an adhesive junction, but the strength of the polymer materials used to synthesize 

or prepare the glue is fundamentally responsible. The mechanical features of the polymers employed 

to formulate adhesives are, therefore, consistent with the degree of strength built into adhesive 

junctions. Adhesives are ordinarily classified by their practical usage: Solvent-based adhesives, 

structural adhesives, Rubber-based adhesives, reactive adhesives, latex adhesives, pressure-sensitive 

bonds, and hot melt glue [53]. 

Generally, adhesive possesses a lower density than mechanical fasteners; hence, it is possible to 

lose pounds. Adhesives built around polymers are distinguished by their nature and can, therefore, 

absorb energy. This energy absorption shows up as a reduction in vibration and an enhancement in the 

joint's fatigue resistance. Additionally, adhesives might be utilized to combine or join materials that 

are electrochemically distinct and offer a junction that resists corrosion. 

It seems that the function of adhesives obtained from renewable sources is hampered and hindered 

by their lack of structural integrity, despite their promising environmentally benign characteristics. 

Before the development of adhesives produced from petrochemicals, including urea-formaldehyde, 

phenol-formaldehyde, etc., researchers have shown interest in biomaterials, and studies are on the way 

to see how synergistic effects can be fabricated for enhanced performance, with one of the potential 

areas being the incorporation of nanofillers. 

It looks like the technologies under review are in the pre-commercial, pilot, or lab stages. The 

implementation of formaldehyde release rules by the California Air Resources Board (CARB) and 

other so-called “Green” construction efforts is the primary driver of the new tech, particularly in North 

America. The decrease of volatile organic compounds (VOCs) seems to be the problem for these 

endeavors [54]. Comparable market factors are expected to grow increasingly significant in African 

markets. The demand for adhesives in most African nations for diverse uses, such as woodwork and 

paper packaging, is enormous. That means several kinds of adhesives may be developed to cater to the 
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demands of final consumers. This path will then curb the ominous greater percentage of the nation's 

adhesive while a small portion of the supplies are produced domestically; most of the nation's adhesive 

demands are now satisfied by imports. Therefore, exploring and harnessing bioresources or utilizing 

local content is a renewable path to tread: A win-win endeavor. 

2.1.1. Animal glue 

An adhesive that is obtained by an extended boiling of animal connective tissues is termed animal 

glue. Apart from its application as an adhesive, it can be used for bio-coating systems, sizing in 

decorative materials, and as a clarifying agent. 

These colloid glues are derived via the hydrolysis of collagen from renewable sources such as 

hides, bones, tendons, skins, and other tissues. Animal glue is a general term used to describe glues 

composed of collagen, the primary amino acid colloid of skin, muscle, and bone. Collagen is a 

dispersed constituent when it is treated with hot water, acids, or alkalis. The low-molecular-weight 

substance produced by a more vigorous conversion process is usually less natural and more intense in 

color and is known as animal glue; in the event that the starting protein is unadulterated, and its 

transformation is slight, the high-molecular-weight item is called gelatine and may be applied for food 

or photographic products. 

Animal glue has long been used for a variety of tasks, including making sandpaper, woodworking, 

bookbinding, and making extensively gummed tapes. Although it possesses the advantage of stickiness, 

these protein adhesives have been completely replaced or altered by synthetic glue owing to their poor 

performance, hence the need for developmental studies. For example, Agbogo et al. [55] did an 

intensive modification of animal glue based on esterification and found that there was an improved 

performance. 

Skin, ligaments, tendons, and bones can be boiled in water to produce gelatin, a protein. 

Depending on the physical and chemical denaturation techniques, this form of collagen is permanently 

hydrolyzed, reducing protein fibrils into smaller peptides. It is sticky when wet and brittle when dry. 

Both starch and gelatin are naturally occurring polymers that can be utilized to make adhesives. In 

tandem with the work conducted by Tang et al. [56], gelatin contains a polypeptide chain that usually 

undergoes a transition state to form a gel, as shown in Figure 3. Apart from hydrogen bonds, 

electrostatic as well as hydrophobic relationships are what provide the triple helix found in the gel. 

 

Figure 3. The Figure shows the gel formation process of gelatin. The transition from sol 

to gel is temperature-dependent, adapted from [56]. Reproduced with the copyright 

permission of the publisher, 2022. 
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2.1.2. Casein glue 

Casein glue is created by dissolving the milk protein casein in an alkaline solution. The type and 

the level of the concentration of alkali have an impact on the behavior of the casein product. When it 

comes to woodwork, casein glues are a good option compared to animal glue owing to their moisture 

resistance characteristic; however, when it comes to bonding involving disassembly, animal glue may 

be preferred, given that they are reversible and easily changed by heat. Casein is employed to increase 

the adhering features of paints and even coatings. 

Casein Gels have advantageous characteristic behaviors such as stability, mechanical strength, 

bio-compatibility, electrical conductivity, adhesion, sensing capacities, and medication delivery, that 

is, the controlled release of pharmaceuticals. These characteristics can be ascribed to their modification 

with various polymers and gelation procedures [57,58]. 

The casein molecules consist of a nanostructure, and the extensive work of Yang et al. [59] 

presents a nanocluster structure model that provides a robust insight into the composition of casein. As 

displayed in Figure 4, based on their reports, The Sub-micelle concept put out by Schmidt is displayed 

in A(i). The micelle model put out by Horne is interpreted in A(ii), whereas Holt's model for the casein 

micelle is represented in B, and C shows the dual binding model proposed by Horne. 

 

Figure 4. Casein micelle concepts adapted from the extensive work in [59]. Reproduced 

with the copyright permission of the producer. Elsevier, 2024. 

2.1.3. Blood albumen glue 

Blood albumen is applied in much the same way as casein adhesives [60]. The protein-based 

products from slaughtered animal blood are precipitated, dried, and obtained as powders, which can 

be cross-linked with water, sodium hydroxide, or hydrated lime, depending on the end use. When blood 

proteins are subjected to a certain heat, coagulation occurs, such that they are hardened utilizing the 

hot-pressing technique via loss of water [60,61]. Usually, introducing alkali to albumen-water mixtures 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/biocompatibility
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can help to improve or reinforce adhesive characteristic properties. Blood glue derivatives are applied 

in plywood production, biomedical engineering, and as a new material for conjunctival graft   

surgery [30,62]. 

2.1.4. Starch and dextrin 

Starch and dextrin are usually the primary types of plant-based adhesives that are water-soluble 

and are derived from plant sources worldwide. They are typically extracted from foods such as corn, 

wheat, potatoes, or rice and serve as wallpaper glue, on corrugated boards, and in packaging. Starch 

has several benefits as a resource, such as being abundant, inexpensive, biodegradable, renewable, and 

stable in price. Starch adhesives are typically re-wettable, have little to no taste or odor, and can be 

applied at room temperature or a somewhat low temperature. A carbohydrate called starch comprises 

many glucose molecules connected by glycosidic linkages. Owing to eco-friendly properties and the 

enormous potential of adhesive properties inherent in starch molecules, starch molecules have been 

the subject of extensive research [63–70]. Moreover, this potential is improved through modification 

techniques, as illustrated below in Figure 5, to meet the demands of certain applications. 

To optimize the inherent adhesive capabilities of starch-based systems, various modification 

strategies, most notably graft copolymerization, have been employed to enhance performance 

characteristics such as water resistance, mechanical strength, and substrate adhesion. Figure 5 

schematically illustrates how polymer chains are grafted into starch molecules, resulting in improved 

adhesive behavior suitable for advanced industrial and biomedical applications. 

 

Figure 5. Schematic representation of graft copolymerization on starch molecules. Native 

starch chains (left) are modified by grafting synthetic polymer chains (right), leading to 

enhanced adhesion properties such as increased bonding strength, water resistance, and 

mechanical durability; these are key attributes for industrial and biomedical adhesive 

applications. 
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2.1.5. Natural gums 

Gums are compounds taken from their natural sources that can be used as sticky substances. Hot 

water removes the aquatic plant colloid agar, which is subsequently frozen to purify it. Seaweed is 

digested in alkali to create algin, which is subsequently separated with calcium salt or alginic acid. 

Acacia trees artificially injured to release their gum are used to make Arabic gum. Water-remoistenable 

materials are the primary use for most gums. Microorganisms, plants, aquatic organisms, and other 

animals are some of the many sources of natural gums [71]. Although different gum exudates have 

different extraction and purification techniques; however, Hamdani et al., [72] has presented a general 

flow chart for these processes as shown in Figure 6. 

 

Figure 6. Flow diagram showing the major procedures for processing and purifying 

exudate gums [72]. Reproduced with the permission of the publisher, 2023. 
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3. Chemistry of biobased adhesives 

Adhesives derived from plants and animals are composed of a few significant components. The 

multi-component structure accounts for their uniqueness and surface-interaction capabilities, given 

their certain functionality and chemical complementarity. Interestingly, even though covalent 

interactions can establish high surface specificity and strong binding affinity, the workings of adhesives 

that occur naturally are controlled by supramolecular non-covalent reactions such as hydrogen bonds, 

van der Waals forces, and hydrophobic and electrostatic forces. Other noncovalent reactions like cation 

π complexation, π-π interactions, and metal coordination work in concert with the covalent and 

noncovalent relationships [13]. 

The amino, primary, and secondary hydroxyl active groups present in adhesives also enable 

chemical modification in polysaccharides, e.g., chitosan. Quaternization, graft modification, acylation, 

carboxylation, alkylation, Schiff base modification, and crosslinking are a few of the chemical changes 

that can take place, as sharply demonstrated in Figure 7. 

 

Figure 7. Chitosan's structure and molecular changes caused by amino groups and primary 

and secondary hydroxyl groups at locations C-3 and C-6 [38]. Reproduced with the 

copyright permission of the publisher, Elsevier, 2024. 

In another instance, in Figure 8, Adekunle [54] reported that methacrylic acid, acetyl, and 

methacrylic anhydride are used to functionalize the triglycerides of epoxidized soy oil to create 

sustainable thermoset resins. Spectroscopic techniques were used to evaluate the produced resins to 
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verify their functionalization and the degree of epoxy transformation. Utilizing the methacrylate 

soybean oil resins as a matrix in composite applications, their thicknesses were examined. Ultraviolet 

& thermally induced curing studies and DSC data concerning the degree of crosslinking were used to 

evaluate the cross-linking capabilities. According to 1H-NMR, a mere 2.2% of the epoxy chains 

remained unreacted after up to 97% of the epoxy groups were converted, indicating that the 

modifications were satisfactory. The 13C-NMR confirms the 1:1 acetate-to-methacrylate methyl group 

ratio. The viscosities of methacrylic anhydride-modified soybean oil (MMSO) and methacrylate soy 

oil (MSO) were 0.48 and 0.2 Pas, respectively. Correspondingly, suggesting that they are suitable for 

use in the resin transfer molding process. 

 

Figure 8. Methacrylic acid and epoxidized soybean oil (ESO) combine to produce 

methacrylate soybean oil (MSO) [54]. Reproduced with permission. 

Diverse UV-curable bio-adhesives have been prepared from the co-polymers of N-vinyl-

pyrrolidone and four varied co-monomers, namely vinyl succinimide, 2-acrylamide methyl-1-propane 

sulfonic acid, glycidyl-acrylate, and 2-isocyanate ethyl-methacrylate by Kao et al. [73]. The 

formulated biobased adhesives showed a UV-induced setting within 3 minutes. The bond between the 

bio-adhesive and the applied porcine intestine was measured utilizing the peel test. Based on their 

findings, these adhesive materials could provide values up to 4.6 N/m of an angle of about 180° peel 

force compared to the five bio adhesives from 0.52 to 3.04 N/m. More so, the UV-curable bio-

adhesives (fully hydrated) demonstrated a water uptake between 25 and 350 wt.%, while equilibrium 

aqueous content ranged from 20 to 100 wt.%. N-vinyl-pyrrolidone is a monomeric unit, and as such, 

these resultant copolymers display a characteristic biocompatibility, indicating that the developed 

bioadhesives possess a great potential for several clinical applications, such as tissue adhesives and 

single-layered-hydrogel bandages for wounds [73]. 

The qualities needed in the resin are influenced by the adhesive's intended usage and the 

application technique. The following variables need to be managed: Solid content, viscosity, stability, 

slip, tack, substrate absorption, drying rate, flexibility, microbial resistance, and production cost. Many 

of these are determined by modification, whereas others need the addition or incorporation of an 
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additive to the desired properties [74]. For instance, sodium tetra borate with little sodium hydroxide 

is probably the most applied additive to adhesives based on starch. It is often employed as a stickiness 

stabilizer and to improve the flow rate of dextrin adhesives and a tackifier. To further stabilize starch-

based adhesive systems and enhance their tackiness and flow behavior, sodium tetraborate (borax) is 

commonly employed in basic media alongside small amounts of sodium hydroxide. These additives 

form coordination complexes with hydroxyl groups in starch molecules, improving viscosity control, 

adhesive consistency, and thermal resistance. Figure 9 illustrates the molecular interaction between 

borax and starch in alkaline conditions, showing how borate ions form crosslinked networks with 

hydroxyl-rich starch chains. 

 

Figure 9. Borax complexes molecules of starch in a basic medium. 

Because starch is so firmly bonded in granules, it is almost incapable of acting as an adhesive 

when floating in cold water alone. Direct chain molecules and straight segments of branched 

compounds are arranged in crystalline areas that constitute the granules. More amorphous zones, 

wherein the molecules are not coordinated, connect the crystallite sections. The molecules and 

crystallites are grouped in concentric layers radially within the starch granule (Figure 10). To achieve 

glue-like bonding, these tiny balls need to be opened. Figure 9 is an illustration of the molecular 

structure of starch with crosslinking or branching points. 
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Figure 10. α-D-glucose molecules and those of amylose and amylopectin, the two major 

components of starch [75]. Adapted from the work of [75]. 

4. Developmental process in bio-adhesive applications 

The eco-adhesives from sustainable sources have activated significant interest in the adhesives 

field. Among the diverse renewable resources, vegetable protein is a material for adhesive manufacture. 

The foundation of a sustainable economy is the shift from non-renewable sources to sustainable 

sources [76,77]. For instance, a soy protein-based adhesive based on [78], when chemically reinforced, 

is believed to possess similar adhesive features as those of formaldehyde and petroleum-based ones 

for interior applications [78]. The shear rheological research investigation conducted by Agbogo     

et al. [27] revealed that incorporating a modifier that is environmentally friendly into a vegetable and 

beef-bone polymer to modify it could regulate the fluidity, improve the surface properties, and reduce 

cost for engineering applications [27]. 

Most of the adhesive's production before a century ago came from biomaterials such as hides, 

skins, bones, milk, fish, and plants. Although synthetic-based adhesive polymers have existed since 

1900, synthetic sealants and adhesives have many real-world industrial uses today. Given their capacity 

to provide a smooth exterior, distribute the weight, and make it simple to join thin or dissimilar 

materials, it is impossible to envisage a product used in homes, businesses, transportation, or any other 

setting that does not require adhesives or sealants in some way [79,80]. 

In engineering operations, adhesively bonded joints are increasingly replacing mechanical joints 

because they offer numerous benefits over traditional mechanical rivets. Additionally, they save weight 

and cost by distributing stress more uniformly along the bonded area, which increases stiffness and 

load transfer. Because adhesive bonding offers qualities, including a large strength-to-weight ratio, 

damage tolerance, dynamic design, fatigue resilience, and more, it has been used more and more in 

various sectors in recent years. In contrast to traditional joining techniques. Adhesive coupling has 

been proven to have useful applications in several industries, including the automotive, aerospace, 

electronics, sports, marine, oil, and construction sectors. In all industries, the use of adhesively attached 

joints in composite recovery of damaged structures has increased [81,82]. 

Given the polymeric composition of the glue, joint adhesives give superior damping qualities, 
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which also promote high strength. Since adhesives are flexible enough to enable differences in 

coefficients of expansion caused by heat, they can be used to join disparate materials. The main use 

for structural glues is the effective bonding of thin plates. The strength of adhesives is far less than that 

of metals, yet it is enough for structural purposes when applied to join thin plates with an extensive 

bearing area. Because it is simple to set up an automated procedure, the application of adhesive can be 

highly effective. Since the joint design is adaptable, novel ideas and materials may be used. Sandwich 

constructions, which have a composite skin and a honeycomb core, are an appealing illustration. These 

could enhance surface finishes; therefore, do not utilize welding markings, rivets, or bolt holes. Close 

interactions between the bonded sites will result from these, which is advantageous for a barrier to 

corrosion and structural integrity. Figure 11 is a template showing a form of molecular bridging 

between two contact bodies culminating in adhesion or adhesive force. 

 

Figure 11. Molecular bridging between two surface contacts [83]. 

Additionally, adhesion has certain drawbacks that enable further technological innovation 

developments: Peeling and separation stress must be reduced since the weak strength of joints results 

from their concentration of stress in a limited region; the adhesive's polymeric nature restricts its 

resistance to extremes in temperature and humidity; bonding is usually not instantaneous, requiring an 

assortment of devices to hold the substrates in place; many adhesives necessitate temperature for 

hardening, which is a significant cost disadvantage; and careful surface cleanups, like mechanical 

scratches, solvent cleaning, or chemical procedures is required to have a useful interfacial resilience 

and a long-lasting join. Since an adhesive bond cannot be broken down, controlling quality proves 

more challenging than mechanical fasteners; however, several non-destructive methods are now 

accessible. Joint layout is often complex, with no clear regulations like with rivets, bolts, or welding, 

and architects distrust this method of assembly. Adhesive bonding activities are diverse and can be 

found in almost every industry. One of the pioneers of this techno-innovation is the aerospace sector. 

New disciplines, including biology and medicine, employ evolving cell adhesion-based procedures 

and protein adhesion on surfaces, posing crucial concerns in areas like surgical glues, artificial organs, 

and prosthetic components' biocompatibility. 

While much of the focus remains on the classification and functionality of biomolecular adhesives, 

emerging interdisciplinary studies are redefining how these materials are synthesized and applied. The 
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following section highlights recent advances from adjacent fields that offer promising directions for 

the evolution of grafted bio-adhesive systems 

4.1. Emerging cross-disciplinary insights into bioinspired adhesive design 

Recent breakthroughs in material science have further reinforced the relevance of bioinspired 

adhesives within broader sustainable and biomedical domains. The incorporation of functional 

polymers and green synthesis routes has reshaped how adhesives are engineered for precision and 

environmental performance [84,85]. These studies demonstrate that sustainability-driven molecular 

design can achieve performance metrics comparable to synthetic analogues while reducing ecological 

impact. 

In parallel, advances in amino acid-based triboelectric materials and bio-nanogenerator interfaces 

highlight the potential of integrating adhesion science with energy harvesting and smart interface 

technologies [84,86]. These materials, rooted in biocompatible substrates, offer multifunctional 

adhesion, enabling biomedical adhesives to perform secondary roles such as biosensing, drug 

monitoring, or micro-energy generation. 

Furthermore, applications in wind and blue energy systems [3,84] underscore the mechanical 

resilience and environmental integrity required of adhesives in harsh operational environments. The 

convergence of energy systems with adhesive interface design is particularly relevant for developing 

hydrophobic, corrosion-resistant, and high-strength bonding layers. 

Last, cutting-edge insights into sustainable tribo-materials and bio-interface engineering [59] 

suggest new directions for the valorization of grafted bio-adhesives, particularly in terms of long-term 

biostability, regenerative interface integration, and mechanical adaptability in wet and dynamic 

biological environments. Together, these new fields support the increasing need for graft-copolymer-

enhanced bio-adhesives that are not only robust and biocompatible but also in line with the concepts 

of the circular bioeconomy and next-generation smart material systems. 

5. Advances in starch-based adhesives, including graft copolymerization 

Remarkably, starch acts as a binding agent in an array of items, including pastes, glues, binders, 

and shaping materials. The adhesives of living systems were developed and formulated, like gums and 

glues, but these adhesives are not very durable in harsh environments. Starch is a sustainable material 

obtained from commodity crops made in surplus, and its adaptability and affordable cost for chemical 

manipulation make it a popular choice for implementation as a replacement for synthetics. Starch is 

subjected to modification on application. The various techniques for splitting the granules include 

heating, oxidation, alkali, and acid treatment. To overcome the inherent limitations of native starch 

adhesives, such as poor water resistance and limited mechanical strength, graft copolymerization has 

emerged as a pivotal modification strategy. By chemically attaching synthetic monomers to the starch 

backbone, this process significantly enhances the functional properties of the adhesive. Figure 12 

provides a schematic representation of this grafting mechanism, illustrating how monomers are 

integrated into the polymer matrix to create improved bio-based adhesive systems suitable for 

advanced applications. 
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Figure 12. Schematic diagram of the graft copolymerization process. Monomers (blue) are 

chemically grafted onto a polymer backbone (gray), forming side chains that enhance the 

structural and functional properties of the resulting bio-adhesive. This modification 

improves mechanical strength, adhesion, flexibility, and moisture resistance, key 

performance criteria for starch-based biomedical adhesives. 

Under slightly acidic conditions, Imam et al. [87] conducted research on the trans etherification 

reaction existing between methoxy functional groups obtained from hexa-methoxy-methyl-melamine 

and OH-groups in wood, wood, and PV-OH to produce ether-linkages in hexa-methoxy-methyl-

melamine; PVOH–hexa-methoxy-methyl-melamine or wood–hexa-methoxy-methyl-melamine as 

illustrated in Figure 13. Given this reaction, methanol is produced, which exits the reaction and enters 

the solution due to having six methoxymethyl groups. hexa-methoxy-methyl-melamine proved to be a 

powerful crosslinking agent, giving the adhesive good bonding qualities by concurrently forming an 

effective network of crosslinks with the hydroxyl groups in PVOH, wood, and starch [87]. 
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Figure 13. The schematic diagram demonstrates the trans-etherification reaction, which 

happens when hydroxyl groups in wood, starch, and PV-OH combine with methoxy 

functional groups derived from hexa-methoxy-methyl-melamine to form ether bonds 

connecting the starch and hexa-methoxy-methyl-melamine in PV-OH or wood and hexa-

methoxy-methyl-melamine [87]. Reuse with the copyright permission of the publisher. 

To better illustrate the diversity of chemical strategies employed in modifying starch-based 

adhesives, Table 3 summarizes selected studies that utilize graft copolymerization and other 

modification techniques, highlighting their targeted enhancements, application contexts, and notable 

outcomes. 
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Table 3. Summary of modification techniques applied to starch-based adhesives 

Ref. Modification type Material/ 

polymer 

Target property 

enhanced 

Application 

focus 

Notable findings 

[27] Graft 

Copolymerization 

Starch + 

synthetic 

monomers 

Mechanical 

strength, water 

resistance 

Biomedical 

adhesives 

Demonstrated significant 

improvement in 

bioadhesive bonding 

strength. 

[30] Graft 

Copolymerization 

Chitosan + 

PEG 

Adhesion in moist 

conditions 

Tissue 

engineering 

Grafting hydrophilic 

groups improved wet 

adhesion in biological 

tissues. 

[31] Graft 

Copolymerization 

Chitosan + 

bioactive 

polymers 

Biocompatibility, 

biodegradability 

Medical 

(surgical 

sealants) 

Enabled adhesion to 

mucous membranes with 

controlled degradation. 

[32] Graft 

Copolymerization 

Biopolymer

s + 

functional 

monomers 

Functional 

tunability, 

antibacterial 

Biomedical 

coatings 

Introduced antimicrobial 

properties and better 

implantation 

compatibility. 

[33] Graft 

Copolymerization 

Various 

bio-based 

substrates 

Mechanical 

strength, 

flexibility 

Medical 

adhesives 

Reinforced copolymer 

performance using 

nanofillers. 

[68] Cross-linking 

(non-graft) 

Starch-

based 

Thermal stability, 

viscosity 

Packaging Improved bonding 

temperature range and 

formulation control. 

[64] Plasticization 

(non-graft) 

Cassava 

starch 

Flexibility, drying 

behaviour 

Paper and 

label adhesives 

Improved film-forming 

and anti-cracking 

properties. 

Continued on next page 
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Ref. Modification 

type 

Material/polymer Target property 

enhanced 

Application 

focus 

Notable findings 

[69] Esterification 

(non-graft) 

Modified starch Water 

repellency, film 

durability 

Industrial 

coating 

adhesives 

Enhanced surface 

hydrophobicity through 

ester-based linkage. 

[63] Blending with 

additives 

Starch with bio-

fillers 

Rheology, set 

time 

Packaging, 

general-

purpose 

glue 

Achieved better 

performance through 

additive synergy. 

[70] Enzymatic 

treatment (non-

graft) 

Starch Processability, 

biodegradability 

Environmen

tally 

friendly 

glues 

Boosted enzymatic 

activity and reduced 

harmful byproducts. 

[66] Heat treatment 

(non-graft) 

Starch Viscosity 

control 

Corrugated 

board 

adhesives 

Modified adhesive 

behavior for high-speed 

industrial processes. 

[67] Various 

(including 

grafting) 

Bio-phenolic 

resins 

Bonding 

strength, eco-

safety 

Structural 

adhesives 

Surveyed a broad range 

of bio-based adhesives 

with scalable strategies. 

An efficient method was developed by Zhang et al. [88] to create outstanding 

performance in starch-based glues with wood surfaces, employing an olefin as a co-monomer, 

an oxidant, and a silane coupling agent, as well as H2O2. The strength of starch-based wood 

adhesives reached 7.88 MPa in the dry state and 4.09 MPa in the wet state, according to 

research on the impact of different parameters on the shear strength done in both dry/wet 

conditions. In other words, graft copolymerization enhanced heat stability, which in turn 

intensified bonding strength and water resistance, whereas oxidation may reduce the degree 

of hydroxyl conversion to aldehyde and carboxyl radicals. In these reports, the new bio-based 

adhesive and the breaks in the bonded joints were examined using scientific methods like 

scanning electron microscopy (SEM), thermo-gravimetric analysis (TGA), and Fourier 

transform infrared spectroscopy (FTIR). It was found that the reinforced microstructure of 

the graft co-polymerized adhesive was linked to enhanced adhesive qualities [88]. 

A wood adhesive was prepared by Imam et al. [87] made from a naturally occurring, 

sustainable resource that has the qualities and optimizations of a cross-linked adhesive system 

that utilizes starch and polyvinyl alcohol that is appropriate for interior wood-to-wood bonding. 
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According to their findings, the crosslinker, hexa-methoxymethyl melamine, is effective in 

crosslinking because of a trans-etherification within the OH groups in wood, vinyl alcohol, and 

starch molecules and the methoxy groups in hexa-methoxymethyl melamine. Given this reaction, 

the hydroxyl molecules formed ether linkages with the crosslinker by replacing the methoxy sites. 

Their studies state that the glue's ideal viscosity was reached at a solid content of 27 percent and 

that the addition of latex to the formulation increased the glue's moisture susceptibility. Additional 

findings by Imam et al., include the following: Wood samples modified at 93 percent relative 

humidity for two months showed exceeding 95% collapse in wood but low in joints; following 

two months at 97% relative humidity and a year at 50% relative humidity, electron microscope 

images showed no discernible growth of fungi or microbes on the glue [87]. 

The grafting process is a crucial method for altering polymers' physical and chemical features. 

One of the best techniques for enhancing starch's adhesive capabilities is the incorporation of 

artificial polymers into its backbone. For instance, Wang et al., [89] created a novel renewable, 

non-toxic starch-based adhesive that can be applied at ambient temperature by grafting vinyl 

acetate monomer onto the backbone of waxy maize starch. Infused adhesive water resistance rose 

by 61.1% , and its shear strength increased by 59.4% in the dry state and 321% in its wet form in 

contrast to the conventional PVAc/gelatinized starch mix. The compatibility between polyvinyl 

acetate and starch, based on the characterization results obtained from FTIR, NMR, 

thermogravimetry, and scanning electron microscopy analyses, strengthened the product, 

leading to improved performance of the manufactured starch adhesive by graft. The research 

studies conducted by Wang and Co., [89] further showed that the most economical monomer 

feeding ratio was assessed utilizing bond properties and grafting factors, with a 

starch/monomer ratio of 1:1.2 (w/w) being deemed the optimal proportion in economic terms. 

Zia-ud-Din et al. [90] are reported to have developed a simple method for adding sucrose 

esters to high amylose starch-based adhesive to enhance its quality. From their findings, 6% 

additional (w/w, dry starch basis) sucrose fatty acid esters enhanced strength when humid and 

when hydrated, while impacting the adhesive's storage and portability. Due to the use of 

thermal imaging studies, the growth of complexes was identified, which showed that the 

addition of sucrose ester to the enhanced amylase starch-based wood glue promoted the 

thermal integrity of starch systems and prevented latex particle agglomeration. This means 

that the esterification culminated in a suppression of starch retrogradation based on the 

analysis spanning from radiation pulses along with a sweep, thus providing important 

information for high-performance bio-adhesives. In the work of Qiao et al. [91], a starch-based 

adhesive was formulated utilizing corn starch, sodium borate, and polyvinyl alcohol. To build its 

resistance to moisture, a particular formulation of poly-methylene polyphenylene isocyanate pre-

polymer was utilized as a cross-linking agent when water-soluble carboxymethyl cellulose was added 

during the manufacturing process. A dynamic testing machine assessed the adhesion and water 

resistance of the three-layer plywood that was created by hot pressing. The adhesives' cure was 

assessed using SEM, TGA, and DSC. According to the reports, there was a considerable improvement 

in the initial viscosity, particle content, durability of bonding, and interface compliance between the 

pre-polymer and starch adhesive components. From the findings, the curing was reduced, and the 

optimization of carbon methyl cellulose was 0.375%, as it was in [91]. Moreover, Qiao et al., [92] 

developed a temperature-cured starch adhesive system by dry technique esterification cum poly-

isocyanate pre-polymer crosslinking to investigate the uses of crosslinking and esterification on the 
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properties of the corn starch-based adhesive system. The results obtained via the various 

characterization techniques of the maleic anhydride esterified starch using dry method esterification 

revealed that the starch's crystal form remained unchanged, but its crystallinity dropped; additionally, 

the adhesive's delivery at its bonding point was confirmed following esterification, while the 

prepolymer enhanced the adhesive's thermal stability; therefore, 10 percent prepolymer was the ideal 

amount to add [92]. 

6. Biomedical applications and challenges of bioinspired adhesives. 

6.1. Medical advances of bio-adhesive systems 

Traditional medical applications of bio-adhesive systems include homeostasis, wound healing, 

and tissue sealing. However, it is quite interesting that many areas of smart applications are emerging, 

which include drug delivery, biosensors, and tissue modulation. With their simplicity of use and low 

risk of injury, bio-adhesives have become revolutionary and adaptable instruments in the medical field. 

These materials offer a wide range of possibilities that have captured the attention of scientists and 

clinicians. These include tissue restoration and the integration of biomedical devices. However, 

achieving their full potential necessitates a variety of design approaches, including effective signal 

interaction, appropriate biological interactions, and maximum adhesion [93]. Smart bioadhesives 

possess enormous merits, such as sustained release, the spatial transfer of biomolecules with lowered 

effects, as well as ease of access. Other areas that have benefited from smart bio-adhesive systems are 

tissue engineering, regenerative biomedicine, cancer therapy, and many more. The usefulness of smart 

bio-adhesives has been developed lately through a variety of disciplinary activities, which have 

resulted in discoveries and creative compositions. However, as far as we are aware, not enough studies 

have been conducted on the creation of multipurpose bio-adhesives for a range of medical    

purposes [94]. 

Cyanoacrylate-based adhesive, also referred to as super glue, is a strong and multifunctional 

adhesive. This liquid-state monomer is in demand, perhaps due to its rapidity in polymerization and 

quick curing time. However, it is affected by nucleophile species, such as the hydroxyl group. This 

agrees with the work of Mehdizadeh and Yang [95] based on the equations shown in Figure 14. 

Cyanoacrylate is a liquid-state monomer family that usually polymerizes at room temperature based 

on exothermic anionic polymerization in the presence of OH ions and water [95]. Mechanistically, 

molecular interactions are a key factor in crosslinking among polymeric morphology, culminating in 

the main framework of modulated structures. The mechanical characteristics of the adhesive, such as 

its rigidity, resilience, hydrophobicity, and flexibility, can be altered by these cross-linked domains. 

Characteristic properties of interest, such as regenerative, adhesive, antioxidant, and antibacterial 

properties, can be introduced into the crosslinking domain for enhanced performance. However, it is 

crucial to be able to adjust the crosslinking density while maintaining the required chemistry which is 

a major challenge met by scientists in designing biobased adhesive systems. 
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Figure 14. Effect of nucleophile species on cyanoacrylate-based adhesives. Adapted from 

the work in [95]. Reproduced with the copyright permission, Elsevier 2012. 

6.2. Challenges and strategic solutions in biomedical adhesive engineering 

6.2.1. Recent challenges in adhesive formulations 

The trade-offs between toughness cum material stiffness while maintaining adhesion to wet 

surfaces make it difficult to design and formulate adhesive hydrogels with the best properties for 

treating wounded tissues. Biobased adhesives with reinforced mechanical strength may not have the 

right amount of elasticity, thus making it difficult to use them to seal soft, elastic, and active tissues. 

Hence, bio-adhesive specialists can begin to research more by tuning molecular interactions to a single-

hydrogel system with multifunctionality capable of curtailing current challenges in tissue repair and 

sealing. This technique can be employed in other areas of application. 

Given the hydrophilicity of many adhesives, degradation on contact with a hydrolyzed 

environment in a bid to proffer a solution to this limitation by incorporating a hydrophobic tail of 

polyvinyl acetate into the hydrophilic base polymers (starch and gelatine) and reported that there was 

an improvement in their engineering performances. 

Tissue adhesives stop bleeding and play a significant role in wound closures; however, most 

adhesives are either expensive, cytotoxic, or have poor tissue adhesion. The impermeable adherence 



342 

AIMS Bioengineering  Volume 12, Issue 3, 314-356. 

of plant-based tannins excited Guo et al., [96], who created a new class of bio-adhesives by Michael, 

adding tannic acid and gelatine in a single phase while it was oxidized and crosslinked with silver 

nitrate [96]. According to their investigations, tannic acid's polyphenol groups provide moist tissue 

adhesion using chemistry like catecholamines, but silver nanoparticles derived from silver nitrate and 

tannic acid both provide antibacterial supplies that are inherent to the polymeric network. Significant 

damp tissue adhesion strengths (up to 3.7 times that of fibrin glue), by changing the gelatine's origin 

(fish, bovine, or porcine), was possible to achieve outstanding cytocompatibility, low prices, scalable 

readiness, and regulated deterioration (up to 100% degradation within a month), as well as the ratios 

that supplied tannic acid. Such adhesives also eliminate the risk of potential neurological effects that 

may be brought about by mussel-inspired strategies because of dopamine, as well as antibacterial and 

antifungal properties. The innate properties of tannic acid as a natural phenolic crosslinker, molecular 

glue, and antimicrobial agent resulted in a unique and significant approach to bio-adhesive design [96]. 

Zheng and Co. [97] created a ready-to-use hemostatic bio-adhesive that had excellent mechanical 

elements and endurance to fatigue, elasticity to allow for physiological function and mobility, the 

ability to effectively halt bleeding, and adherence to moist tissues after a couple of seconds of pushing. 

While sealing the wound, controlling bleeding from impaired internal organs is crucial for patient 

survival. Many bio-adhesives exhibit low mechanical features, blood incompatibility, and complicated 

deployment procedures. The researchers claim that by adjusting several chemical reactions and 

crosslinking processes involving N-hydroxy succinimide (NHS) conjugated alginate (Alg-NHS), poly 

(ethylene glycol) diacrylate (PEGDA), tannic acid (TA), and Fe3+ ions, the created hydrogel showed 

high elasticity greater than 900%, toughness greater than 4600 kJ/m3, and a wound closure test greater 

than 400 kPa. Wet tissue adherence was synergistically improved by dual adhesive moieties, such as 

NHS and pyrogallol/catechol inspired by mussels. TA/Fe3+'s strong affinity for blood improved 

hemostasis even further. All things considered, the design approach outlined here could be used to get 

over current barriers preventing the clinical application of tailored hemostatic bio-adhesives [97]. 

Commercially based adhesives of different sorts are available everywhere. Bio-based adhesives 

such as fibrin glues are biocompatible; however, they demonstrate low mechanical properties as well 

as finite adhesion to wet surfaces. Moreover, synthetic bio-adhesives like cyanoacrylate and poly 

(ethylene glycol)-based adhesives possess comparatively high mechanical characteristic properties and 

could cause an inflammatory reaction(s), which is boosted by the discharge of their degradation 

products. To sum up this section, here are the recent challenges facing adhesives development: 

• Limited Functionality: Many bio-adhesives on the market are primarily focused on adhesion 

and do not have supplementary therapeutic effects, such as antibacterial qualities or the capacity to 

stimulate tissue regeneration in the absence of outside influences. Commercial bio-adhesives that are 

widely accessible frequently don't have antibacterial qualities, which makes extra antibiotics necessary 

and adds to the issue of multidrug resistance. 

• Unsatisfactory Mechanical Advantage: Most bio-adhesives on the market today have 

insufficient bulk mechanical strength. Additionally, they might have poor interface connections with 

biological tissues, particularly in high-pressure and blood-filled settings like arteries and cardiac 

chambers. For instance, tissue mobility is restricted by the cyanoacrylates' stiffness and lack of 

flexibility despite their high adherence. Adhesives based on polyethylene glycol have a high swelling 

and low adhesion energy [38]. Glue's weak substrate toughness and adhesion strength result in inferior 

tissue-bonding qualities. 
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• Wet attachment Difficulties: Quick, solid, and durable attachment is hampered by the 

physiological environment's blood and tissue fluids. Because slippery tissue surfaces are more 

challenging to adhere to, wet adhesive strength needs to be increased [98]. 

• Sustainability Issues: Certain adhesives on the market are cytotoxic or have the potential to 

trigger allergic reactions. Cyanoacrylates, for example, are cytotoxic. Because fibrin glue is made from 

human plasma, there is a chance that it could cause blood-borne infections. Bio-adhesives made from 

gelatine have the potential to trigger anaphylactic responses [36–38]. 

• Cost and Scalability: Natural-based bio-adhesives can be costly and challenging to store. 

During development, consideration must be given to the goal of achieving cost-effectiveness for 

commercialization. 

• Comprehending Natural Adhesives: Gathering natural adhesives for characterization and 

creating theoretical models to forecast adhesion based on the geometry of natural adhesive structures 

are two difficulties with bio-inspired adhesives. It is also challenging to distinguish the functions of 

distinct molecular constituents in intricate natural bio-adhesives. 

• Interdisciplinary Nature of Research: Research on bio-adhesives involves good 

interdisciplinary cooperation because it requires expertise from several scientific areas, which might 

be difficult for individual researchers. 

6.2.2. Implications in the engineering of adhesives 

The existing drawbacks prevent adhesives from being widely used as replacements for tissue-

incompatible traditional wound closure techniques such as stitches and staples. Leakage and delayed 

healing can culminate in improper wound closure. The likelihood of infections following surgery may 

rise if adhesives lack antibacterial qualities, as is common with available adhesive products in the 

market. Bonding failure under physiological stressors may result from poor mechanical integrity. 

Moreover, problems with cytotoxicity and biocompatibility may hinder the efficacy of adhesive 

substances, resulting in unfavorable tissue interactions. Additionally, industrialization and regulatory 

approval may also be slowed by the disconnect between research laboratory progress and real clinical 

needs. 

6.2.3. Potential solutions in adhesive developments 

There is a lot of potential for creating a new breed of bio-adhesives that are safer, better 

performing, and capable of handling a greater variety of clinical issues if studies and developments in 

these fields continue. Some of the potential solutions are discussed below: 

• Incorporating Additional Biofunctions into Bio-adhesives: Designing bio-adhesives that are 

also antimicrobial, self-healing, drug-delivering, and intrinsically hemostatic is a potential solution to 

challenges in adhesives’ development. 

• Improved Mechanical Strength and Increased Toughness: The use of highly symmetric 

macromolecules to form homogeneous gel networks with the ability to distribute uniform stress is 

necessary for enhanced mechanical performance. Developing a non-linear, elastic response for 

reversible post-deformation recovery by introducing reversible cross-linkages as energy dissipation 

mechanisms to avoid crack propagation and tough bulk cohesive strength combined with strong 

interfacial bonds. 
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• Enhancing Wet Adhesion: Using compounds like Dopa, lysine, and amino to improve wet 

adhesion while taking inspiration from mussel adhesion processes, investigating chemical bonding in 

conjunction with physical adhesion mechanisms such as mechanical interlocking, interdiffusion, and 

electrostatic interactions, and changing the surface of materials to improve their contact with moist 

tissues are critical factors in dealing with wetness [36]. 

• Employing ecologically friendly and Renewable Materials: Altering these biopolymers to 

improve their mechanical and adhesive qualities requires concentrating on materials from nature that 

typically show superior biological compatibility and biodegradability, such as polypeptides, proteins 

(such as fibrin, gelatine, albumin, and silk), and polysaccharides (such as chitosan, alginate, hyaluronic 

acid, starch, and CMC). 

• Creating self-healing adhesives: Integrating dynamic and reversible covalent connections 

(such as Diels-Alder and Schiff-base processes) or reversible noncovalent interactions (such as 

electrostatic, hydrophobic, and hydrogen bonds) into the binding network could transform a 

hydrophilic adhesive substance into hydrophobic molecules [27,36]. To regulate adhesion or 

medication release, stimuli-responsive adhesives are made that can react to environmental cues such 

as pH, temperature, or the presence of enzymes. 

• Bio-inspired Design: Creating new synthetic adhesives with better qualities by taking 

inspiration from the adhesive techniques of different species (such as mussels, geckos, snails, and 

spiders) could be a premise for remediating recent challenges in the engineering of adhesives [99]. 

• Applications of Nanotechnology: Using nanoparticles in bio-adhesives to improve their 

mechanical properties and adherence [100,101]. 

• Standardization and Cooperation: Promoting better cooperation between scientists and 

medical professionals to pinpoint unmet clinical requirements and set design goals for creating 

adhesives tailored to certain applications requires adhering to standardized requirements (such as  

ISO-10933) to expedite regulatory approval and guarantee biocompatibility [102]. 

7. Ethical considerations in biomedical adhesive applications 

As bioinspired adhesives gain traction in medical and surgical applications, including tissue 

sealing, wound closure, implant fixation, and drug delivery, the need to address ethical considerations 

becomes increasingly important. While much attention has been devoted to the chemical safety, 

efficacy, and biodegradability of these materials, ethical dimensions such as patient safety, informed 

consent, clinical transparency, and regulatory compliance must also be critically examined. 

A primary concern is the biocompatibility and long-term safety of novel graft-copolymerized 

adhesives when introduced into human tissues. Researchers and developers must ensure that new 

formulations do not elicit unforeseen immune responses, toxicity, or interference with physiological 

processes. Rigorous preclinical testing, followed by ethically conducted clinical trials, is essential to 

uphold standards of patient care and scientific integrity. 

Informed consent plays a vital role in the application of emerging adhesives in experimental or 

novel clinical settings. Patients must be adequately informed about the nature of the biomaterials being 

used, their potential benefits, and any associated risks, especially when such adhesives are part of pilot 

studies or early-stage technologies. Moreover, equitable access to these innovative materials should 

be a guiding principle. As high-performance bio-adhesives enter clinical markets, disparities in access 

due to cost, geographic limitations, or healthcare infrastructure must be proactively addressed to avoid 

ethical inequities in care delivery. 
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Finally, environmental ethics intersect with biomedical ethics in the context of bio-based 

materials. The use of biodegradable, sustainable adhesives derived from renewable sources aligns with 

broader principles of responsible innovation and planetary health, further reinforcing the value of 

bioinspired design from an ethical standpoint. As research continues, collaboration between scientists, 

clinicians, regulatory bodies, and ethicists will be essential to ensure that bio-adhesive technologies 

are developed and deployed responsibly, balancing innovation with safety, equity, and environmental 

stewardship. 

8. Functional additives for adhesive enhancement 

Plasticizing agents are incorporated in the manufacturing process of the adhesive to manage the 

adhesive weakness of the glue line and to control drying speed. Common plasticizers often work in 

one of three ways: They lubricate the layers inside the dry adhesive systems, they manage the moisture 

content of the adhesive's film, or they form a solid solution with the dried adhesive system. The 

viscosity of the adhesive preparation is often reduced by plasticizing agents that produce a solid 

mixture, such as formaldehyde, urea, sodium nitrate, and salicylic acid. Overall, urea appears to be the 

most frequently employed of these additions, and depending on dry starch, it usually works well     

at 1–10%. Hygroscopic plasticizers, namely glycerol and ethylene glycol, under normal conditions, 

are applied to lower the film's rate of drying and make sure they do not crisp. Given the fact that they 

are not affected or influenced by variations in humidity to impart flexibility to the glue, lubricating 

adhesives such as polyglycols and soaps, are used in very small amounts [13,36,58]. 

8.1. Water resistance modifiers 

Hydrophobic qualities are necessary for starch adhesives to be utilized in any situation where water 

resistance is required, i.e., additives that are capable of repelling water molecules. For instance, reagents 

such as polyvinyl acetate, polyvinyl alcohol, melamine–formaldehyde polylactic acid, urea-formaldehyde, 

and resorcinol–formaldehyde pre-condensates have been utilized. While polyethylene glycol and 

polyvinyl acetate have been demonstrated to be appropriate for use in adhesives that are effective against 

cold water, formaldehyde-based pre-condensates are used to provide high water resistivity [103–105]. 

8.2. Rheology stabilizers and fillers 

As mentioned, one major challenge that is likely to occur in starch-based adhesives is that of 

retrogradation. To curtail this drawback, colloid stabilizers like sodium chloride and soaps are 

commonly used to inhibit this tendency. Moreover, meta borates, hydrogen peroxide, sodium perborate, 

sodium peroxide, sodium hydroxide, and many plasticizers could demonstrate this same role in 

adhesive development and manufacture. Moreover, fillers are typically employed to control the 

adhesive's rheological behavior, or its ability to penetrate or move through the substrate, as well as to 

establish the glue sets. Clay and bentonite are two typical types of fillers. Preservatives that prevent 

the growth of microorganisms. Bleach is another additive that can be applied to starch-based adhesives 

to eliminate colored contaminants and stop discoloration over time, even defoamers to control foaming 

during processing, and organic solvents to enhance or support adhesion to waxed surfaces. The use 

and kind of adhesives determine the defoaming agents and solvents that should be used in starch 

adhesive systems, paying particular attention to component toxicity and suitability. 
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9. Nanofiller integration for enhanced bio-adhesive performance 

Kotiyan and Vavia, 2002 intended to create a copolymer of 2-ethylhexyl acrylate and acrylic acid 

that can be used as a pressure-sensitive adhesive matrix in applications, including transdermal 

medication delivery. For the polymer synthesis in these studies, the free radical initiator for free radical 

solution polymerization was 2, 2′-azobisisobutyronitrile. For polymer integration, the scientists' 

approach includes optimizing the reaction conditions. Peel strength about the release liner and human 

skin and skin irritation potential were investigated to determine its appropriateness in the creation of 

transdermal systems. To understand the adherence and adhesive transfer, the wear performance test 

was also investigated. The glue material exhibits significant peel strength, suggestive of great adhesive 

transfer on separation. It was deemed adequate for application in transdermal and could be 

subsequently developed either as an adhesive matrix or as an ingredient surrounding transdermal drug 

delivery [106]. 

Du et al. [107] used the prepolymer mixing approach to create a range of aqueous polyurethane 

adhesives containing diphenyl-methane-4,4′-diisocyanate, 1,6-hexamethylene diisocyanate, poly (1,4-

butanediol adipate) diol, 1,4-butanediol, and internal-emulsifying chemicals. The thickness, thermal, 

mechanical, and adhesion properties were ascertained. The authors primarily concentrated on 

structure-property relationships. The findings indicated that the molar ratio formulations influence the 

resultant properties, coupled with excellent T-peel and mechanical strength [107]. That is to say that a 

higher molar ratio culminates in higher thermal stability. 

Popular fillers that can be employed in the creation of the adhesive from natural sources, like 

wood flour, talc, and calcium carbonate fibers, frequently call for measurable amounts of fillers in the 

formulation. Nonetheless, at lower concentrations, nanofillers are known to enhance a polymer's 

distinctive qualities. Nanoparticles, nanotubes, nanofibers, and nano-clay are examples of nanosized 

fillers that have been used as fillers for epoxy and protein adhesives in recent years to create high-

performance matrices with improved qualities [108]. Because of their remarkable physical and 

chemical characteristics, carbon nanotubes have also demonstrated a great deal of activity in most 

scientific and engineering fields since their discovery in 1991. Nanotubes are useful for a variety of 

applications because no material exhibits the combinatorial characteristic features of mechanical, 

electrical, and thermal capabilities assigned to them [109]. These enhancing nanomaterials frequently 

draw the interest of most researchers because of their distinct architectures, superior electrical qualities 

(more than copper 1000 times), increased heat conductivity (double that of diamond), better strength 

(about 100 times more robust than steel), as well as modulus (around 1 TPa), and heat tolerance 

(2800°C in vacuum) [110]. Carbon nanotubes are a perfect fit for use as fillers in material composites 

because of their special multipurpose qualities [110–114]. Electrical and thermal conductivities have 

frequently been improved by adding carbon nanotubes to polymer systems. When comparing the heat 

transfer properties of epoxy compounds and multiwalled carbon nanotubes when bisphenol F and 

bisphenol A diglycidyl ether are utilized as resins made of epoxy, the researchers in [115] found that 

the composite's thermal conductivity was greater than the epoxy resin's pure value. The presence of 

carbon nanotubes was believed to be the reason behind the rise in thermal conductivity. Additionally, 

if the carbon nanotubes are evenly distributed throughout the epoxy, the composite material's heat 

conductivity may be improved. The creation of carbon nanotube/polymer composites for both 

functional and structural uses has been the subject of numerous studies; these techniques can be 

deployed for the valorization of bio-adhesives. 

The prospect of using carbon-based nanotubes as fillers is limited due to current technological 
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issues with the dispersion of entangled carbon nanotubes during processing and inadequate interfacial 

contact. To improve the dispersion of polymer matrices, several dispersion techniques have been 

studied, including mechanical dispersion, chemical functionalization, and optimal physical blending. 

To achieve homogenous dispersion, Sandler et al. [116] dissolved carbon nanotubes in epoxy while 

stirring at a high speed of roughly 2000 rpm for an hour. They found that vigorous stirring was a 

successful and efficient method. Sulay et al. [117] produced reinforced epoxy-based composites using 

the sonication technique. Because of the effective dispersion condition and load transfer mechanism, 

the authors disclosed that even a slight change in the nanotubes' chemical treatment has demonstrated 

a notable impact on the mechanical and morphological properties of the nanocomposites. To create 

adhesives with uniformly distributed carbon nanotubes in the epoxy matrix, Yu et al. [118] used 

mechanical stirring combined with ultrasonication as a straightforward and practical method. The 

findings showed that adding carbon nanotubes increased electrical conductivity and thermal stability, 

and that the adhesive's thermal degradation temperature increased by roughly 14 °C when 1% weight 

of CNT was added. In the study by Sadare et al. [119], modified carbon nanotubes were added by 

employing sonication and shear mixing methods, soy protein isolate adhesive to create a homogenous 

sample of carbon-nanotubes/soy protein nanocomposite adhesive. Functionalization is another way to 

improve dispersion in a polymer matrix. 

Li et al. [120] noted that a major challenge in wearable electronics, personalized healthcare 

surveillance, and electronic skins is the pursuit of flexible hydrogel sensors with high sensitivity and 

rapid response. They also noted that an emerging method of incorporating ionic and electronic 

conductive pathways into hydrogel sensors can prevent sensing performance that is limited by a single 

conductive pathway. Multi-walled carbon nanotubes, which can exhibit exceptional qualities, 

including high sensitivity (GF = 12.46), quick responsiveness (273 ms), and a broad strain range    

(1–1000%), are initially added to casein gels in this manner [37]. Thus, adding these adaptable qualities 

to pliable Casein Gel sensors or any other adhesive system may lead to a wide range of potential uses. 

10. Conclusion 

The valorization of bioinspired adhesives through graft copolymerization represents a promising 

frontier in sustainable materials engineering, especially for biomedical applications where 

biocompatibility, performance, and environmental impact must be carefully balanced. In this review, 

we highligh the evolution of biomolecular adhesive systems, identified critical challenges in adhesion 

efficiency and moisture resistance, and examined how graft copolymerization and nanofiller 

integration offer robust solutions to these limitations. Starch-based and protein-derived adhesives 

demonstrate significant potential when chemically modified to enhance their mechanical, thermal, and 

biological properties. The incorporation of nanomaterials and functional additives further broadens the 

utility of these materials across medical, industrial, and environmental applications. Looking forward, 

several strategic directions are essential to realize the full impact of these innovations. Scaling up 

production processes for bio-adhesives without compromising performance or environmental integrity 

remains a primary challenge. Clinical translation will require rigorous biocompatibility studies, 

regulatory alignment, and patient-centered deployment strategies. Moreover, interdisciplinary 

collaboration, uniting chemists, material scientists, biomedical engineers, clinicians, and ethicists, will 

be vital for ensuring that adhesive technologies are not only technically sound but also ethically and 

socially responsible. 

As the field matures, bioinspired adhesives enhanced via graft copolymerization have the 
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potential to transform not only material science but also the future of medicine and sustainable 

manufacturing. 
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