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8.1 INTRODUCTION

Tissue adhesives are used to create functional bonding interfaces between 
injured tissue parts and between tissues and implanted biomaterials. 
Wound closure and biointegration of prosthetics or synthetic tissue 
 constructs are the major applications within this context (Annabi et al., 
2014; Lauto et al., 2008; Meddahi‐Pellé  et al., 2014; Sharma et al., 2013). 
Hemostats, which are used to stop bleeding, and sealants, which are used 
to create an interfacial barrier against air or fluid, can also be considered 
along the line of tissue adhesive concept as they essentially require in vivo 
bonding and biointerface formation. Skin adhesives have also become 
an  emerging concept for sensory applications, particularly in real‐time 
 healthcare monitoring (Kwak et al., 2011).

Millions of patients across the developed and developing countries  suffer 
from wounds or surgical incisions that need proper closure followed by 
accelerated healing and tissue regeneration (Annabi et al., 2014; Bre et al., 
2013; Sanders and Nagatomi, 2014). These wounds and incisions mainly 
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include skin and the underlying tissues, such as connective tissues,  muscles, 
and tendons, which have limited regeneration capacity. Currently, there are 
several medically approved options for bonding tissue parts. The global 
share of adhesive market shows that surgical sutures and other mechanical 
bonding methods dominate the market despite their poor efficiencies, 
 particularly in compliant and inaccessible tissues, particularly laparoscopic 
procedures, in addition to their invasive application and considerable tox
icity and hypersensitivity risks (Annabi et al., 2014; Bre et al., 2013). 
Moreover, in some cases, suturing can impair the tissue healing (Bre et al., 
2013). Sutures also fall short to stop the leakage of body fluids. Further, 
application of surgical sutures requires extensive expertise in the level of 
surgeons. Alternative bonding methods relying on mechanical interlocking 
and staples also present risks of damaging the surrounding tissues and the 
vasculature (Yang et al., 2013). On the other hand, ease of application of a 
glue substance, in principle, should significantly broaden the use of such 
types of materials in various types of medical and surgical applications. 
Tissue adhesives can be applied over the wound or incision site, act as 
hemostats or sealants, create an antimicrobial barrier, and can even induce 
proper tissue regeneration. In light of these perspectives, recent studies 
estimate that medical adhesives will increase their portion in the market by 
2017 (Report S190, 2012). Therefore, the efforts in this field have focused 
on the development of new medical adhesives and improving the existing 
ones in accordance with defined design principles. A typical tissue adhesive 
for wound healing should fulfill certain criteria to find wide applicability in 
medical and surgical practices (Bouten et al., 2014; Páez et al., 2004):

1. Biocompatibility and biodegradability, including both the adhesive 
and its degradation products

2. Ease of administration
3. Timely functioning, optimized curing kinetics
4. Sufficient mechanical strength for the desired application, an optimal 

balance of cohesiveness and adhesiveness of the material underwater
5. Low degree of swelling
6. Long shelf life and stability
7. Cost‐effectiveness

Depending on the surgical procedure, the characteristics of the adhesives 
might vary. In bleeding, for example, tissue parts approximated via an 
adhesive interface is also expected to function as a hemostatic agent. On the 
other hand, improvement in one parameter usually comes with a trade‐off. 
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For example, when the adhesion strength is increased, toxicity becomes 
intolerably high (Lauto et al., 2008). Consequently, optimizing individual 
parameters while preserving the overall material performance in a dedicated 
medical or surgical procedure is the gold standard.

Another major application of tissue adhesives is the mechanically stable 
and biocompatible integration of foreign biomaterials, such as metal 
 prosthetics or synthetic soft tissue constructs, into the sites of implantation 
(Gittens et al., 2014; Sharma et al., 2013). In this regard, the biochemical 
nature of the bonding surface of a foreign biomaterial is of utmost signifi
cance for the long‐term effectiveness of the surgical intervention. Once the 
implant is placed, a foreign body reaction is raised by the immune system 
that works to isolate and remove the material from the body. An ideal 
adhesive, therefore, should create an interface that bond the biomaterial to 
the tissue while it is recognized as self in the body and functional tissue will 
grow on it. In order to overcome this challenge, strong underwater adhe
sives should also be able to modulate cellular activities through  biologically 
active signals (Avila et al., 2009; Liu et al., 2006; Richards et al., 2012). 
A  state‐of‐the‐art research in this field concentrates on  developing hybrid 
systems that consist of a base adhesive recapitulating the cellular microen
vironments by mimicking the architecture and biology of the extracellular 
matrix of the tissue of interest (Ceylan et al., 2011, 2014; Kang et al., 2012; 
Sharma et al., 2013).

Adhesion in vivo presents considerable challenges arising mainly from the 
aqueous and dynamic chemistry of the living environment. Highly polar 
water molecules and polyionic species interact both with the surface and the 
adhesive molecules, thereby interfering with the adhesion process. Based on 
the source of the raw material and inspiration of the design,  technologically 
available tissue adhesives can be categorized as natural, synthetic, and bioin
spired. Most of the efforts for designing and  manufacturing of tissue adhe
sives have been on curable functional  polymers and derivatives of natural 
adhesives. Synthetic adhesives have strong mechanical properties, yet low 
degradation rate and cytotoxic by‐products upon degradation restrict their 
clinical application (Agarwal et al., 2007). Although natural adhesives 
including fibrin glues and collagen‐based products are effective in adhesion, 
their availability is limited due to autologous isolation from tissue. Moreover, 
they often have weak tensile and adhesive strength (Kull et al., 2009), which 
is critical for long‐term adhesion. In this regard, nanoenabled materials, such 
as nanoparticles, and bioinspired synthetic designs promise opportunities to 
produce new types of tissue adhesives with superior characteristics. In this 
chapter, we provide a critical review of the conventional tissue adhesive mate
rials and their shortcomings. We then concentrate on the design approaches of 
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emerging tissue adhesive technologies, particularly those using  nanotechnology, 
with a primary focus on their clinical applicability.

8.2 TISSUE ADHESIVES BASED ON SYNTHETIC POLYMERS

Various classes of synthetic polymers have been developed and applied as 
tissue adhesives. Their defined chemistry and tailorable material  properties, 
such as adhesion strength, curing kinetics, and mechanical properties, drove 
the motivation in this approach. The two major classes of synthetic tissue 
adhesives discussed in this chapter are acrylate‐based adhesives and polyure
thanes. Typically, synthetic polymer‐based tissue adhesives are characterized 
by high mechanical properties, fast curing time, poor biocompatibility, and 
moderate tissue adhesion strength.

Traditional and commonly used synthetic adhesives are acrylic  adhesives 
and urethane‐based ones. Acrylic adhesives are based on polymerization of 
acrylate and methacrylate monomers (Fig. 8.1a) by a hardener or free  radical 
initiators to cure with time, heat, or ionizing radiation. The main properties 
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of acrylics, which make them ideal for developing adhesives, are their ability to 
make bond with many substrates, controllable rate of cure, appropriate strength, 
simplicity in use, and low degree of toxicity (Lees, 1979). Cyanoacrylates and 
acrylic polyethylene glycol (PEG) derivatives are  commonly used acrylic 
materials to develop adhesives.

Cyanoacrylate‐based adhesives have been used to assist in wound 
management, and they are also popular in dentistry for bonding  orthodontic 
brackets and repairing dentures. What makes them one of the primary 
choices of synthetic adhesive materials is their adhesive properties including 
strong adhesion, rapid curing time, instantaneous adhesion to tissue, and 
ease of use (Leggat et al., 2004; Trott, 1997).

Cyanoacrylate monomers including methyl cyanoacrylate, ethyl 
 cyanoacrylate, n‐butyl cyanoacrylate, and 2‐octyl cyanoacrylate form 
 polycyanoacrylates by polymerization reaction (Singer et al., 2008). 
Double bond in the acrylate is important for the polymerization of this 
glue. In  principle, susceptibility of electron‐withdrawing nitrile group to 
 nucleophilic attack by weak bases causes rapid polymerization upon 
contact with water or blood (Fig. 8.1b). After initiation by water, the mono
mers polymerize via anionic polymerization (Bouten et al., 2014; Seewald 
et al., 2002), and adhesion of tissue is accomplished via formation of 
covalent bonds between the cyanoacrylate and functional groups in the 
tissue proteins, such as primary amines of the lysine side chains (Bouten 
et al., 2014). However, these polymers can degrade and result in accumulation 
of the degradation products in tissue, which causes histotoxic hypoxia. 
Therefore, the use of the short side chain and methyl and ethyl  cyanoacrylates 
is mostly abandoned due to such side effects (Trott, 1997).

Chemical adhesives, including cyanoacrylate, adhere strongly to tissues 
by a reactive exothermic covalent cross‐linking reaction. These adhesives 
may suffer from desired time for adhesion event and may release toxic 
chemicals such as formaldehyde, which can cause an inflammatory 
response (Vote and Elder, 2000) within ca. 8 weeks of degradation period. 
Despite these drawbacks, due to fast polymerization and strong adhesion, 
cyanoacrylate tissue adhesives have been approved in Canada and Europe, 
and several products are commercially available, such as Dermabond, 
Histoacryl, IFAbond, and Omnex (Bhatia, 2010) since the 1980s.

These cyanoacrylate adhesives have been used in various clinical 
 applications including gastric variceal bleeding, esophageal variceal 
bleeding, peptic ulcer bleeding, and closure of fistula (Maluf et al., 2001; 
Ryan et al., 2004; Ryou and Thompson, 2006). Also closure of smooth 
and fresh skin wounds and endoscopic incisions are another indicated 
applications.
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PEG polymers and its acrylic derivatives are also used for tissue  adhesion. 
PEG‐based tissue adhesives consist of chemically functionalized linear or 
branched PEG molecules, which can be cross‐linked either by chemical 
cross‐linking or photo‐cross‐linking, depending on available chemical groups. 
To be cross‐linked through irradiation and form an adhesive hydrogel, PEGs 
should be modified with photoreactive elements such as acrylate groups 
(Mehdizadeh and Yang, 2013). Due to this  modifiable chemistry of PEGs, the 
adhesion mechanism in PEG‐based systems presents high  variability; there
fore, it is dependent on the formulation (Shazly et al., 2008). FocalSeal‐L 
(Genzyme Biosurgery, Inc., Cambridge, Massachusetts) is the FDA‐approved 
product in this category, which is a photopolymerizable adhesive based on 
self‐assembly principle. Basically, as a primary solution, PEG–PLA polymer 
is used due to its low viscosity and applied to tissue, after which PTMC–PEG 
polymer (Fig. 8.1c), the sealant solution, is added and polymerized using irra
diation in the presence of a photoinitiator (Bouten et al., 2014; Reece et al., 
2001). Cross‐links between the acrylate groups of the polymers result in the 
formation of hydrogel. However,  application of the compound is difficult and 
nearly impossible in  hemorrhage situations due to photoactivation require
ment. In order to get rid of same activation sources, similar products are being 
developed. One such PEG polymer, CoSeal (Cohesion Technologies, Inc., 
Palo Alto, CA), consists of two PEG polymers that rapidly cross‐link with 
proteins in tissue and mechanically adhere to synthetic graft materials. CoSeal 
is being used in Europe and it provides both cardiac adhesion prevention and 
anastomotic sealing. It is also indicated for reinforcement of suture and staple 
lines that can effectively cover and adhere to areas, which could be the source 
of an air leak around a lung resection (Napoleone et al., 2009). The main dis
advantages of this system are its high degree of swelling after application and 
its weak adhesion to the surrounding tissue (Bhatia, 2010).

Another FDA‐approved PEG sealant is Duraseal, which consists of PEG 
ester and trilysine amine solutions. Mixing of these two components results in 
the formation of a nontoxic hydrogel with 3D network due to cross‐linking of 
PEG molecules by trilysine. It is used for closure of cerebrospinal fluid (CSF) 
leakage following neurosurgery (Spotnitz and Burks, 2008). PEG polymers are 
also used in combination with a  chondroitin sulfate and resulting biodegradable 
CS‐PEG hydrogels provide covalent adhesion to tissue (Strehin et al., 2010). 
For PEG‐based systems, biodegradation takes 4–12 weeks (Lauto et al., 2008).

Another type of synthetic tissue adhesive material is urethane. Urethane‐
based adhesives have also been considered for use as soft tissue adhesives or 
sealants, because of their thermal stability at physiological temperature and 
absence of hemolytic behavior (Ferreira et al., 2007). Possible  biocompatibility 
and biodegradability as well as the ability to form urea linkages through reaction 
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with the amino groups present in the biological molecules are the main prop
erties of the urethane‐based adhesives that make them appealing candidates.

In order to synthesize urethane‐based tissue adhesives, aromatic and ali
phatic polyisocyanates with different polyether/polyester diols have been 
used in recent decades. Isocyanate groups have affinity to nucleophilic attack 
by hydroxyl or amine groups. As such, reaction of isocyanate‐terminated pre
polymer with amine groups in tissue proteins and formation of urea bond 
result in tissue adhesion, while cross‐linking occurs through reacting with 
water in the tissue, summarized in Figure 8.2a (Mehdizadeh and Yang, 2013). 
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Polyurethanes are formed through polyaddition reaction between  diisocyanates 
and diol groups. By virtue of their adhesion  mechanism, urethane‐based seal
ants were tested in renal surgery,  endocrinology, and pancreatic occlusion and 
no toxic effects were observed (Bre et al., 2013). They are also being used for 
bone fixation, hemostasis, and sealing of vascular grafts in several surgical 
procedures (Heiss et al., 2006).

TissuGlu® surgical adhesive is one of the commercially available 
 urethane‐based products used for abdominal tissue bonding. It consists of 
a hyperbranched polymer with isocyanate end groups containing about 
50 wt% of lysine (Gilbert et al., 2008). In the presence of moisture in the 
tissue, cross‐linking occurs with itself and with the tissue surface, which 
forms a strong bond between layers. This adhesive can be degraded 
through hydrolysis and enzymatic reactions in the lysine linkages. The 
degradation products are usually polyols (e.g., glycerol), lysine, ethanol, 
and carbon dioxide, which are water soluble and easily cleared from the 
body (Gilbert et al., 2008).

8.3 NATURALLY DERIVED TISSUE ADHESIVES

Although many biological organisms produce their own adhesive  materials 
that hold the above criteria, synthetic materials that have been developed so 
far do not fulfill all the requirements. Tissue adhesives developed based on 
naturally available sources benefit from inherent biocompatibility. In addition, 
structural and biochemical signals mimicking the native  extracellular matrix 
could accelerate tissue regeneration (Annabi et al., 2014). On the other hand, 
high production cost, limited material availability, and potential immunoge
nicity are the major factors that hinder their wide range of use in medical and 
surgical operations.

Fibrin‐based glues are most widely used natural tissue adhesives in 
clinical applications, and their use as local hemostatic agents was first 
reported in as early as 1910s (Leggat et al., 2004). Fibrin glues act similar 
to the last stage of blood clotting, where fibrinogen is converted to fibrin 
clot through a complex coagulation cascade. It creates a deliverable clot 
for use as both a hemostatic and a sealant. The fibrin sealants consist of 
two components: thrombin in combination with calcium chloride solution 
and fibrinogen (together with factor XIII and some other blood plasma 
proteins) (Brennan, 1991). Thrombin converts fibrinogen to fibrin mono
mers and activates factor XIII to factor XIIIa in the presence of calcium 
chloride. Then factor XIIIa cross‐links fibrin molecules by the formation 
of amide bonds and stabilizes the polymeric network.
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In a broad range of clinical applications, fibrin glues have been utilized 
for mainly control of bleeding and leaking after surgeries (Wheat 
and Wolf, 2009). TISSEEL is an approved fibrin family sealant produced 
to be used in patients undergoing surgery when conventional surgical 
methods are impractical for hemostasis. In some case studies, it was 
reported to be used for closure of esophageal perforations (Mutignani 
et al., 2006) and gastrocutaneous fistulae after gastrostomy tube removal 
(Rabago et al., 2002). Fibrin glue is also used to fix skin grafts in plastic 
and reconstructive surgery. Crosseal™ is the human protein, bovine com
ponent‐free fibrin sealant, which reduces ecchymoses and hematoma 
formation in rhytidectomy patients efficiently (Lee et al., 2009b). Other 
commercial fibrin glues include Beriplast, Biocol, and Tissucol, which 
are intended to be used for hemorrhage, wound healing, and tissue gluing 
(Currie et al., 2001). Biodegradation of fibrin glues currently used in 
clinical procedures takes 2 weeks.

Despite of having many advantages, autologous isolation from tissue 
limits the availability of fibrin and makes fibrin glues relatively expensive. 
There are also some safety concerns regarding the use of thrombin from 
bovine sources, including allergic reactions and transmission of infection. 
Also, while clinically utilized fibrin glue can effectively bond to wet tissue 
without a significant inflammatory response, it exhibits low strength of 
adhesion due to poor cohesive properties and can be challenging to apply 
as the polymerization time is difficult to control during placement (Lauto 
et al., 2008).

Another choice of natural tissue glues is collagen‐based adhesives, 
which represent a relatively new class. Mechanism of adhesion mainly 
relies on ability of collagen to adsorb coagulation products in blood and 
trap them in its fibers and interstices. This results in adhesion to the wound 
by inducing platelet adhesion and activating coagulation factors (Farndale 
et al., 2004).

Two agents have been approved for use in the United States: FloSeal 
(Sulzer Spine‐tech, Anaheim, CA) and Proceed (Fusion Medical 
Technologies, Mountain View, CA), which includes combination of bovine 
thrombin and bovine collagen (Ryou and Thompson, 2006). FloSeal 
is  produced for hemostasis in vascular surgery, whereas Proceed is for 
 prevention and treatment of CSF leaks.

Another novel collagen product is CoStasis (Cohesion Technologies, 
Inc., Palo Alto, CA), which uses a combination of autologous human plasma 
obtained from patients’ blood and a mixture of bovine collagen and thrombin. 
It is used as a spray for surgical hemostasis and also for  endoscopic control 
of gastrointestinal bleeding in which it provides significant improvement 
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(Milkes et al., 2002). However, similar to all natural adhesives, due to 
bovine and porcine origin, there is a risk of allergic reaction and transmis
sion of infection. Another drawback is the swelling with tissue similar to 
PEG hydrogel systems.

Another family of commercially available natural adhesives and  sealants 
for clinical use is gelatin–glutaraldehyde systems, which undergo cross‐
linking reaction upon exposure to proper cross‐linking agents. Gelatin is a 
biocompatible and bioabsorbable material and forms gels and films, which 
are flexible, strong, and transparent. However, in order to be used within 
physiological systems and due to their low stability in aqueous environ
ment, gelatin networks need to be cross‐linked. It was shown that high 
adhesive and tensile strength are achieved when gelatin is photochemically 
cross‐linked (Elvin et al., 2010).

One of the adhesives of this type is gelatin–resorcin–formaldehyde/glu
taraldehyde (GRF or GRFG). Through polycondensation reaction, aldehyde 
cross‐links gelatin chains and forms bonds with amine groups of proteins. 
Currently, there is one such compound approved in the United States called 
BioGlue (CryoLife, Inc., Kennesaw, GA), which is a combination of bovine 
albumin and glutaraldehyde glue, used in nephron sparing surgery and 
aortic dissection (Hidas et al., 2006; Küçükaksu et al., 2000).

ProGel® pleural air leak sealant is another type of adhesive that 
 circumvents the use of glutaraldehyde, as it contains human albumin that 
is cross‐linked with NHS end group‐functionalized PEG. This sealant is 
approved to seal air leaks on lung tissue after surgery (Kobayashi et al., 
2001). However, as for GRFG glues, similar safety concerns about using 
aldehyde‐containing products have limited their wide utilization (Spotnitz 
and Burks, 2008). Macrophage phagocytosis degrades the adhesives, 
which starts 56 days after sealing air leaks in lung surgery, yet the degra
dation is slow, and only 20% of the glue is degraded after 6 months (Nomori 
et al., 1999). Another disadvantage is the requirement of preheating to 
45°C before the application (Albes et al., 1993).

8.4 BIOINSPIRED STRATEgIES

Biological organisms produce highly sophisticated dry and underwater 
adhesives in remarkable diversity. Driven by the stringent natural selec
tion process, physical or chemical demands occurring in a particular 
 environment are met by elegant designs that are assembled from various 
components in a hierarchical organization across nano‐ to centimeter 
length scales. Furthermore, biological adhesives are usually noninvasive 
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and highly  economical in amount. These properties of biological  adhesives 
inspire novel synthetic technologies and more efficient engineering 
 principles, as the performance of them outperforms their man‐made coun
terparts. In this regard, engineering new types of adhesives has been 
shaped around hybridization of natural design principles with advances in 
the synthetic technologies. This approach is principally advantageous for 
developing flexible and chemically well‐defined adhesives with optimized 
material performance based on the demand in the medical and surgical 
applications. Besides, the use of a synthetic backbone with well‐defined 
chemistry offers minimum batch‐to‐batch variation compared to natural 
adhesive extracts.

Underwater adhesion of mussels has become a valuable source of 
 inspiration for developing new types of adhesive materials (Lee et al., 
2011; Waite et al., 2005). Mussels are nonmotile organisms that cling 
themselves onto underwater rocks, wood, and ship hulls, even in the 
highly challenging intertidal zones of the seashores (Bre et al., 2013). 
The  adhesion capacity of mussels comprehends virtually all types of 
low‐ and high‐energy organic and inorganic surfaces, including superhy
drophobic surfaces (Crisp et al., 1985; Kang et al., 2010). Currently, 
there is no synthetic glue that can bond to such a broad variety of surface 
types. In order to achieve this, mussels produce a special polyphenolic 
adhesive containing hierarchically organized proteins with varying 
content of 3,4‐dihydroxy‐l‐phenylalanine (Dopa) residues (Cha et al., 
2008; Papov et al., 1995; Zhao and Waite, 2006). Spatiotemporal evolution 
of this residue within the wet adhesive precursor plays a predominant 
role in mussel adhesion (Wilker, 2010). Catechol side chain of Dopa can 
form strong coordination complexes with metals and metal oxides, which 
drives the adhesion on such surfaces (Lee et al., 2007a). Hydroxyl groups 
on  catechol can mediate hydrogen bonds with polar organic surfaces. 
Hydrophobic interaction is also a major contributor to the bonding to 
 different surfaces. Furthermore, Dopa residues can undergo reversible 
and irreversible covalent couplings within the adhesive bulk, which sig
nificantly  contribute to the cohesive and self‐healing characters of the 
mussel glue (Ceylan et al., 2013b; Harrington et al., 2010; Monahan and 
Wilker, 2004; Xu et al., 2012). For an in‐depth discussion of mussel 
adhesion, interested readers are directed to several excellent 
reviews (Ceylan et al., 2013a; Lee et al., 2011). In summary, versatility 
of the  substrates enabled by Dopa‐mediated adhesion chemistry and 
its  bio compatible and  water‐resistant properties have motivated many 
researchers for  developing mussel‐inspired synthetic adhesives for bio
medical applications. In  addition, Dopa has a very simple  chemical 
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structure that can be easily grafted onto synthetic systems (Ceylan et al., 
2011; Xu et al., 2012). Consequently, recapitulation of  various function
alities in a Dopa‐functionalized base adhesive can enable  multifunctional 
complex designs with superior material performance. For  example, 
Dopa‐mediated adhesion was successfully exploited for  functionalization 
of cardiovascular stent and bone implant surfaces with extracellular 
matrix‐mimetic microenvironment actively interacting with the cells and 
directing their behavior (Ceylan et al., 2011, 2012, 2014). Another 
mussel‐inspired, Dopa‐mimetic unit molecule, dopamine, undergoes 
self‐assembly and autopolymerization reaction in water that results in 
 polydopamine (Hong et al., 2012). Any type of surface can be coated 
with polydopamine by simply dipping it into dopamine solution at pH 
approximately 8.5 (Kang et al., 2012; Lee et al., 2007a). Polydopamine 
coating also allows for secondary  modifications through coupling 
to  nucleophiles (Lee et al., 2009a). Dopa‐mediated coating can mediate 
bone‐like hydroxyapatite crystallization under  physiologically simulated 
ionic conditions, thereby increasing the biocompatibility and osseo
integration of bone implants (Ceylan et al., 2014; Ryu et al., 2010). Catechol‐
functionalized chitosan/pluronic  thermoresponsive and injectable hydrogels 
were utilized as hemostatic agents (Ryu et al., 2011). Dopa‐grafted four‐
armed PEG hydrogel was applied to transplant pancreatic islets in a 
murine model where no suture was necessary for the placement of the 
islets (Brubaker et al., 2010).

Sandcastle worm (Phragmatopoma californica) is another inspirational 
organism for developing underwater adhesives. It is a polychaete worm that 
secretes cement to build tube reef by gluing sand particles to each other. The 
glue is composed of a mixture of polyacidic and polybasic  proteins and Mg2+ 
and Ca2+ ions (Zhao et al., 2005). Foamy structure and waterborne  underwater 
adhesive capability of the cement is explained by complex coacervation of 
oppositely charged proteins and divalent cations, which exhibit electrostatic 
interactions at physiological pH (Stewart et al., 2004). Sandcastle worm glue 
analogs have been synthesized by different approaches, one of which is 
 synthesis by incorporating similar molar  ratios of phosphate, primary amine, 
and catechol side chains to native proteins, PC1 and PC3. Mixing of these 
protein analogs results in complex  coacervation, which is able to bond wet 
cortical bone specimens (Shao et al., 2009). In another example, Mann et al. 
used coacervate adhesive to seal fetal membrane patches in in vitro model 
of fetoscopic defect (Mann et al., 2012). In this study, nontoxic, complex 
 coacervate was formed by mixing poly(acrylamide‐co‐aminopropyl 
 methacrylamide)‐PEG‐dA with poly(MOEP‐co‐DMA)‐PEG‐dA, which 
contains a certain ratio of Ca2+ to phosphate side chains in conjunction with 
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1 wt% nanosilica fillers that increased the efficacy. This system effectively 
sealed the defect in an aqueous environment. Sealing ability and nontoxic 
nature of the developed adhesives inspired from complex coacervation seem 
to make it a possible strategy promising for clinical applications, yet further 
studies in animal models are required to evaluate the efficacy and durability 
of bioinspired adhesives. Unique underwater adaptations of other aquatic 
organisms also offer potential opportunities and novel inspirations for 
the purpose of developing advanced adhesives for biomedical and surgical 
applications.

Gecko‐inspired adhesives represent the most important class of 
 bioinspired dry adhesives. Gecko’s foot has a complex and hierarchical 
organization of keratinous hairs, called setae, and its projections, which 
make up the adhesive arrays and provide adhesive properties to vertical 
surfaces with varying roughness (Ruibal and Ernst, 1965). Climbing up 
on vertical surfaces requiring strong attachment and rapid detachment is 
provided by adhesion/friction forces between surface and gecko’s foot. 
Van der Waals forces also play a driving role in the adhesion, which is 
not strongly affected by the actual surface chemistry (Autumn et al., 
2000, 2002). On the other hand, gecko adhesion is reduced dramatically 
underwater (Sun et al., 2005).

Gecko foot nanostructure is an inspiration source for development 
of dry adhesives for skin patch applications and wound dressings. 
Design and fabrication of such adhesives that stick to skin with 
enhanced durability and repeatable use over long periods of time by 
taking different properties of wounded and aged skin into consideration 
are vital for skin adhesive applications. It is therefore ideal for skin and 
wound patches to maintain moisture, provide antimicrobial effect, help 
healing process, and   not cause any trauma upon removal (Rippon 
et al., 2007; Kwak et al., 2011). Despite the remarkable success of Gecko‐
inspired adhesives for dry conditions, it needs further modifications for 
wet adhesions. A  prominent strategy  introduced a hybrid system 
inspired from both mussel and gecko adhesions. Using poly(dopamine 
methacrylamide‐comethoxyethyl acrylate), a reversible dry/wet adhesive 
platform was developed through combining mussel‐mimetic Dopa 
adhesion with gecko‐mimetic  polydimethylsiloxane pillars (Lee et al., 
2007b). Polymer nanopillars were produced and coated with a thin 
layer of a synthetic polymer that provides wet adhesion by mimicking 
proteins found in mussel holdfasts (Mahdavi et al., 2008). Due to having 
nanostructure and mussel‐mimetic polymer, it showed  reversible and 
 effective adhesion in both wet and dry conditions. For  developing 
effective tissue adhesives inspired from gecko footpad, further studies 
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are necessary to provide wet adhesion, which is one of the most important 
requirements for strong tissue adhesion. Developing nanostructured 
 surfaces combined with thin film coatings for underwater adhesion is 
a promising strategy for further studies and  translation into biomedical 
applications.

8.5 NANOENABLED ADHESIVES

Adhesion of hydrogels through nanoparticle‐embedded interfaces has 
emerged as a recent concept (Fig. 8.3) (Meddahi‐Pellé  et al., 2014; Rose 
et al., 2014). Network chains are adsorbed on nanoparticles at the 
 interface of the bonding gels, or tissue parts, such as liver and heart by 
gently pressing onto one another. Therefore, nanoparticles act as con
nectors between the pieces and assure adhesion. Under mechanical 
stress, polymer chains reorganize and dissipate energy that withstands 
the rupture. Application of the adhesive is also quite straightforward: 
An arbitrary drop of nanoparticle dispersion is simply casted onto one 
substrate (either hydrogel or tissue part) and then the other substrate 
is pressed against the adsorbed substrate for less than a minute. Animal 
experiments suggest no wound leakage, infection, or inflammatory 
reactions with nanoparticle‐mediated wound closure, which is comparable 
with suturing. On the other hand, the wound edges fail to  bond correctly. 
Liver, heart, and skin bonding was demonstrated within this context 
(Meddahi‐Pellé  et al., 2014). Self‐assembled mussel‐mimetic nanofi
brous networks that emulate the extracellular matrix via conjugated 
ligands represent another state‐of‐the‐art class of  nanoenabled adhesives 
that have been mostly applied as regenerative implant  coatings, such as 
cardiovascular stents and bone implants (Ceylan et al., 2011, 2012, 
2013a, 2014).

8.6 CONCLUSION AND FUTURE PROSPECTS

There are only few tissue adhesives that exhibit multiple  functionalities 
in addition to bonding. In particular, guiding proper tissue regenera
tion at the wound/incision site would greatly aid in accelerated patient 
recovery as well as lesser scar tissue formation. Another significant 
improvement will be antibacterial adhesives, as the infection is 
becoming a major concern in surgical intervention (Li et al., 2011). 
Biomimetic materials are expected to continue to be a central theme by 
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converging disciplines to reconstitute adaptive characteristics of 
biological systems in synthetic adhesives with nanoscale adaptations. 
Although natural adhesives exhibit exceptional performance under 
highly abrasive conditions, the high cost of obtaining adhesives 
from  their original natural sources and high batch‐to‐batch variation 
 encourages alternative biomimetic solutions in synthetic constructs 
(Table 8.1).
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with suturing. On the other hand, the wound edges fail to bond correctly. 
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