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A B S T R A C T   

Currently, the soft-tissue adhesives used in clinical practice are glue-type organic adhesives. However, there is a 
demand for new types of adhesives, because the current organic adhesives present challenges in terms of their 
biocompatibility and adhesion strength. This review summarizes the discovery and development of inorganic and 
metallic adhesives designed for soft biological tissues while focusing on immobilization of medical divices on soft 
tissues. These new types of adhesives are in a solid state and adhere directly and immediately to soft tissues. 
Therefore, they are called “solid-state adhesives” to distinguish them from the currently used glue-type adhe-
sives. In previous studies on inorganic solid-state adhesives, oxides and calcium phosphates were used as raw 
materials in the form of nanoparticles, nanoparticle-coated films, or nanoparticle-assembled porous plates. In 
previous studies on metallic solid-state adhesives, only Ti and its alloys were used as raw materials. This review 
also discusses the future perspectives in this active research area.   

1. Introduction 

In modern craniomaxillofacial surgery, medical devices that inter-
face with non-keratinized soft tissues (e.g., facial contouring and pros-
thetic temporomandibular joint surgery, subperiosteal oral 
rehabilitation, and reconstructive cranial plating) are being increasingly 
utilized. Close attachment of non-keratinized soft tissues to the device 
surface is an optimal condition for preventing complications such as 
infections [1]. Moreover, the global increase in the aging population has 
led to increased demand for medical devices implanted in soft tissues, 
such as artificial heart pacemakers [2], deep brain stimulation devices 
[3], and spinal cord stimulation devices [4]. These devices should be 
tightly immobilized on target tissues for long durations, because com-
mon hardware-related complications, including the migration of elec-
trode leads [2–5] and pulse generators [6–8], can occur. Although 
suturing techniques are used to immobilize these devices, the suturing 
process is time consuming and highly dependent on the physician’s skill. 
Moreover, this process often results in secondary tissue damage, surgical 
site infection, and fluid leakage [9]. 

Soft tissue adhesives are promising alternatives to sutures for 
achieving a close attachment and tight immobilization of devices on 
target tissues within the body, and they have been used as alternatives to 
sutures for wound closure since 1960 [10]. Currently, three main 
glue-type adhesives are clinically used: cyanoacrylate [11], 

gelatin–resorcinol–formaldehyde/glutaraldehyde (GRFG) [12], and 
fibrin [13]. However, these tissue adhesives present challenges in terms 
of biocompatibility (for cyanoacrylate and GRFG adhesives) and adhe-
sion strength (for fibrin adhesives) [10]. Notably, the lap shear adhesion 
strengths of commercially available fibrin glues are 2.2 kPa for Tissu-
col® on porcine skin and 18 kPa for Beriplast® on mouse dermis [14]. 
The adhesion strength of the GRFG glue (170 kPa), which involves the 
crosslinking of the tissue around the glue under dry conditions, is 
comparable to that of the cyanoacrylate glue. However, its adhesion 
strength decreases to 48 kPa under wet conditions [15]. Recently, 
unique adhesives with better adhesion strengths were developed using 
organic compounds, including hydrophobically modified gelatin [16], 
dissipative hydrogels coupled with bridging polymers [17], and 
mussel-inspired adhesives containing dihydroxyphenyl groups [15]. 
Readers interested in organic-based soft-tissue adhesives are advised to 
refer to recent reviews [18,19]. However, organic adhesives have limi-
tations related to mechanical weakness, time-intensive or 
heat-generating setting reactions, and toxicity owing to the presence of 
monomers, crosslinkers, or degradation products [18,19]. Therefore, a 
new type of adhesive is required for soft biological tissues. 

Soft-tissue adhesives can be classified into three types: (1) glue-type, 
(2) pressure-sensitive, and (3) solid-state adhesives, as shown in Fig. 1. 
Among them, glue-type and pressure-sensitive adhesives require 
setting/hardening abilities and viscoelastic properties, respectively; 
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hence, their raw materials are limited to organic compounds. On the 
other hand, solid-state adhesives (such as gecko-inspired adhesives 
[20]) utilize intermolecular interactions at the interface between the 
adhesive and adherend; hence, various raw materials, including inor-
ganic compounds and metals, can be used in solid-state adhesives. 
However, inorganic and metallic solid-state adhesives for soft tissues 
were not reported until 2014. These new adhesives have attracted 
attention of late, because they can overcome the drawbacks of the 
organic adhesives. 

This review summarizes the recent progress in the use of inorganic 
and metallic adhesives for adhering medical devices to soft biological 
tissues. Medical devices immobilized on soft tissues are composed of 
biocompatible inorganic and metallic materials. Therefore, it is ideal to 
fabricate a solid-state adhesive using the biocompatible inorganic or 
metallic materials for developing a new type of self-adhesive device 
(Fig. 2) [21] that can be easily and securely fixed directly on the soft 
tissue. 

2. Inorganic solid-state adhesives 

2.1. Oxides 

In 2014 [22], Leibler and coworkers made the first demonstration of 
rapid adhesion between two synthetic poly(dimethylacrylamide) 
(PDMA) hydrogel specimens by spreading a silica (SiO2) nanoparticle 
suspension between them. They also demonstrated ex vivo adhesion of 
biological tissues by spreading a suspension of SiO2 nanoparticles be-
tween two pieces of a calf liver. In another study, Leibler and coworkers 
accomplished in vivo wound closure using SiO2 and Fe2O3 nano-
particulate adhesives [23]. The authors suggested that the adhesiveness 
of SiO2 nanoparticles depends on their ability to adsorb to polymer gels 
and thus act as connectors between the polymer chains and also on the 
ability of the polymer chains to reorganize and dissipate energy under 
stress when adsorbed to nanoparticles [22]. Notably, the ex vivo lap 
shear adhesion strength (300 mN/18 × 20 mm2 = 0.8 kPa) of SiO2 
nanoparticles used to adhere two liver pieces was similar to that 
observed using fibrin glue, which is recognized to have insufficient 
adhesion strength, as described in the Introduction. In 2017 [24], Liu et 

al. re-evaluated these results and concluded that SiO2 nanoparticles 
were not essential for tissue adhesion; instead, the inorganic base (NaOH 
or KOH) added to stabilize the SiO2 nanoparticle dispersion played a 
crucial role in adhesion. 

In 2017 [25], another research group compared the ex vivo lap shear 
adhesion strengths of SiO2, TiO2, and ZnO nanoparticle adhesives on 
liver tissues and reported that ZnO (adhesion strength of 1 kPa) provides 
a higher adhesion strength than SiO2 or TiO2 (adhesion strength of ~0.2 
kPa). Additionally, they realized in vivo wound closure using these 
nanoparticulate adhesives and claimed that ZnO nanoparticles facili-
tated successful wound closure and aesthetic wound healing, suggesting 
their potential as effective antimicrobial tissue adhesives. TaOx cor-
e/SiO2 shell nanoparticles [26] and silver- [27] and ceria-decorated 
[28] mesoporous SiO2 nanoparticles were also examined for in vivo 
wound closure, and the adhesion strength of these nanoparticulate ad-
hesives was comparable to that of the fibrin glue. 

In 2018 [29], Molinari and Angioletti-Uberti used coarse-grained 
modeling and molecular dynamics simulations to report that the prop-
erties of nanoparticles (such as the nanoparticle size and interaction 
force between the nanoparticles and hydrogel) and nanoparticle 
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Fig. 1. General concept and classification of soft-tissue adhesives for immobilizing devices.  

Fig. 2. Example of a self-adhesive device for soft biological tissues. A soft-tissue 
adhesive Ti sheet was attached to the bottom of a near-field communication 
(NFC) device, and the device was immobilized on the fascia at the back of a 
mouse. ©2021 Elsevier B.V. All rights reserved [21]. 
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organization at the interface affect the adhesion strength. Based on their 
simulation results, Baik et al. claimed in 2022 [30] that when two 
hydrogels are adhered using a high-concentration nanoparticulate ad-
hesive, resulting in the accumulation of a thick multilayer of nano-
particles between them, they can be easily separated via the propagation 
of a crack formed in the nanoparticle layer (i.e., owing to cohesive 
failure of the adhesive) because of weak interparticle forces. Conse-
quently, the adhesion strength should be enhanced by increasing 
interparticle interactions in the coating material. Baik et al. achieved this 
by fabricating micron-sized spherical aggregates of nanoparticles, which 
led to an approximately 200 % increase in the adhesion energy 
compared with that of non-aggregated nanoparticles [30]. Another way 
to improve the adhesion strength (i.e., to avoid the cohesive failure of 
the adhesive layer) is to use monolayered nanoparticle coatings. Michel 
et al. reported hydrogel–nanoparticle–tissue adhesion by attaching a 
SiO2-nanoparticle-coated poly(ethylene glycol) hydrogel to porcine 
liver in 2020 [31]. Therefore, it is expected that a self-adhesive device 
can be fabricated by developing a monolayered nanoparticle coating on 
the targeted device. 

2.2. Calcium phosphate 

Hydroxyapatite (HAp) is a type of calcium orthophosphate. Synthetic 
HAp ceramics prepared in dense, porous, and granular forms have been 
used in the dental and medical fields for alveolar ridge reconstruction 
and augmentation, as fillers for bone defects, and in middle ear implants 
[32]. This is because HAp is bioactive (i.e., osteoconductive) in hard 
tissues and has the ability to encourage bone growth along its surface 
when placed in the vicinity of viable bone or differentiated 
bone-forming cells [33]. 

Inspired by a previous study [22] that used SiO2 nanoparticles, in 
2017 [34], Okada et al. evaluated the use of HAp nanoparticles as 
soft-tissue adhesives and found that the adhesion strength of the HAp 
nanoparticulate adhesive was comparable to that of the SiO2 nano-
particulate adhesive but weaker than that of fibrin glue (Fig. 3A). The 
observation of the fractured interface of the HAp nanoparticle/hydrogel 
after lap shear adhesion tests revealed that the cohesive failure of the 
adhesive (i.e., the fracture of the deposited nanoparticle layer formed by 
water absorption from the aqueous nanoparticle suspension into the 
hydrogel adherends) was the primary cause of the weak adhesion 
strength. To prevent the cohesive failure of the adhesive, a plate-shaped 
specimen with interconnected pores was fabricated by assembling the 
HAp nanoparticles (Fig. 3B) and partially sintering the nanoparticle 
aggregates [35,36]. The adhesion strength (approximately 44 kPa) of 
the HAp-nanoparticle-assembled plate was significantly higher than that 
of the nanoparticle suspension and more than twice that of the fibrin 
glue (Fig. 3A). The HAp nanoparticle-assembled plates, with continuous 
8–30 nm pores and ~50 vol% porosity, adhered immediately (i.e., 
within several seconds) to certain soft tissues when contacted (Fig. 3D). 
The instantaneous adhesion of solid-state adhesives is an excellent 
feature that is not observed with conventional glue-type adhesives, 
which are mainly cured via chemical reactions. 

Notably, complete sintering of the HAp nanoparticle aggregates to 
eliminate pores resulted in their inability to adhere to soft tissues. 
Therefore, capillary action (i.e., water migration from tissues into 
porous HAp) was suggested to be a key factor in the immediate adhesion 
of solid-state porous adhesives. First, capillary action enhanced the close 
macroscale contact between the tissue and solid-state adhesive owing to 
the suction of the tissues. Second, the number of molecular-scale in-
teractions between the solid-state adhesive and the matrix organic 
molecules (such as collagen) of the tissue adherend increased with 
increasing concentration (i.e., condensation) of the matrix organics 
(Fig. 3C). As for molecular-scale interactions with HAp, the triple helix 
of collagen exposes the carbonyl groups on the surface, which can 
interact electrostatically with the calcium ions on the HAp surface [37]. 
Third, dehydration changes the viscosity, which is recognized as a 

critical factor in the tack (i.e., immediate adhesion) and shear/peel 
resistance of general pressure-sensitive adhesives [38], of the tissues. Of 
note, low viscosity is suitable for the tack, whereas high viscosity is 
necessary for large shear/peel resistance. Tissue dehydration can also 
cause salting-out-induced collagen aggregation [39] or the disruption of 
the triple helices (depending on the amino acid sequence [40]) of the 
collagen fibrils. Because the exposed hydrophobic moieties contribute to 
hydrophobic interactions with HAp adsorbed with lipids [41], the 
adhesion strength can be further enhanced by the surface modification 
of HAp with amphiphilic molecules [42] or low-energy electron irradi-
ation [43]. 

In addition to HAp, a porous octacalcium phosphate (OCP) disk was 
developed by the dissolution–precipitation reaction of calcium 
hydrogen phosphate in a Na2HPO4 solution [44]. OCP is also biocom-
patible and can be used as a bone filler for replacing natural bone via 
metabolic processes [45]. The porous OCP disks also adhere immedi-
ately to certain soft tissues, and antibacterial agents can be incorporated 
in the pores of the OCP blocks. 

As mentioned previously, another way to improve the adhesion 
strength (i.e., to avoid the cohesive failure of the adhesive layer) of 
particulate adhesives is by forming a monolayered particle coating. In 
2022 [46], Palierse et al. conducted a study in which nanostructured 
HAp–bioactive glass (BG) microparticles were coated onto a synthetic 
hydrogel crosslinked with poly(beta-thioester). Through ex vivo peeling 
experiments on porcine liver specimens, they demonstrated that 
HAp–BG coatings exhibit a two-fold increase in adhesion energy 
compared with that of the uncoated hydrogel. They also reported that 

Fig. 3. (A) Lap shear adhesion strengths of mouse dermis attached with (a) 
commercially available fibrin glue, (b) HAp nanoparticle dispersion, and (c) 
HAp-nanoparticle-assembled plates. (B) Appearance and structure of HAp- 
nanoparticle-assembled plates: (d) digital photograph; (e) SEM image; (f) 
pore-size distribution; and (g) adhesion of two pieces of mouse dermis. (C) 
Histological sections of two pieces of mouse dermis attached with an HAp- 
nanoparticle-assembled plate. A condensed layer of tissue could be observed 
on the surface of plate. (D) HAp-nanoparticle-assembled plate could adhere to 
two pieces of certain mouse organs. ©2017 Elsevier B.V. All rights 
reserved [34]. 
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HAp–BG coatings gradually degraded in physiological fluids, with 
nearly complete dissolution of the particles occurring within 21 d. 
Okada et al. fabricated an HAp nanoparticle-coated poly-L-lactide 
(PLLA) film (Fig. 4) [47]. The adhesion strength of the PLLA film on the 
synthetic hydrogels was improved by nanoparticle coating and further 
improved using the low-temperature crystal growth technique of HAp 
[48] owing to the enlarged surface area.Fig. 5. 

3. Metallic solid-state adhesives 

Titanium (Ti), a metallic biomaterial, has better mechanical prop-
erties than polymer or ceramic biomaterials and greater biocompati-
bility than other metals [49]. Owing to these characteristics, Ti has been 
used as a substitute for hard tissues in orthopedics and dentistry. 
Furthermore, the outer casings of electrical stimulation therapy devices 
(e.g., artificial pacemakers, deep brain stimulation devices, and spinal 
cord stimulation devices) implanted in soft tissues are usually made of 
Ti. The common hardware-related complications of these devices 
include their migration, as mentioned in the Introduction. 

Several Ti surface modification methods [50,51] have been devel-
oped to promote osseointegration (i.e., bonding to hard tissues by 
increasing the interlocking capacity of the surface [52,53]) of 
bone-anchored implants. Acid treatment is one such surface modifica-
tion method for roughening the Ti implant surface, and it has been 
demonstrated to be an effective way to promote osseointegration [54]. 
Notably, osseointegration occurs over a long duration (i.e., a few 
months) because of complex processes, including protein adsorption, 
cell adhesion, cell differentiation, and mineral precipitation on the Ti 
implant surface. The application of Ti as a hard-tissue-anchored implant 
has been explored extensively; however, its application as a soft-tissue 
adhesive remains unexplored. In fact, unmodified Ti shows no imme-
diate adhesion to biological soft tissues (Fig. 4). 

In 2020 [55], Okada et al. reported that grade 1 commercially pure Ti 
(CpTi) films prepared by acid treatment with HCl/H2SO4 at 70 ◦C fol-
lowed by air drying showed remarkable soft-tissue adhesiveness (i.e., 54 
kPa on mouse dermis) and immediate attachment (i.e., within a few 
seconds) to some soft tissues. They also claimed that a simple auto-
claving process at 121 ◦C, which usually denatures most organic poly-
mer biomaterials, could be used to sterilize the CpTi films with no effect 
on the adhesion properties. This was demonstrated through ex vivo 
adhesion tests using mouse dermal tissues and in vivo implantation tests 
using mouse subcutaneous tissues. Acid treatment resulted in a 
submicron-scale roughness of the CpTi surface, and the dried surface 
exhibited hydrophobic characteristics. Further, sandblast pretreatment 
before acid treatment was effective in increasing the surface roughness, 
leading to immediate soft-tissue adhesion strength [21]. Notably, the 
maximum adhesion strength (102 kPa) of sandblast/acid-treated CpTi 
was significantly higher than that of the commercially available fibrin 

glue (e.g., 18 kPa [34]) or GRFG glue (e.g., 48 kPa under wet conditions 
[15]), as shown in Fig. 4A and 4B. After adhesion tests, fibrous tissues, 
such as collagen fiber bundles and split collagen fibers, remained 
attached to the CpTi film surface, indicating the failure of the adhered 
dermal tissues (Fig. 4C and 4D). The acid treatment of the CpTi film led 
to the formation of Ti hydrides, δ-TiHx, on the surface via a reaction 
between Ti and H2 generated during acid etching (Ti + x H+ → Tix+

+ x/2 H2). Importantly, the amount of Ti hydride formed was directly 
proportional to the ex vivo adhesion strength of CpTi on mouse dermal 
tissues. Commercial Ti dental implants treated with a mixed H2SO4/HCl 

Fig. 4. (A) Digital photographs and SEM profiles of PLLA films before and after HAp nanoparticle coating followed by the crystal growth of HAp. (B) Lap shear 
adhesion strengths of synthetic hydrogels attached with PLLA films [47]. 

Fig. 5. (A) SEM images and (B) lap shear adhesion test results obtained using 
mouse dermis [54]. (C) Optical micrograph during 180◦ peeling of mouse 
dermis attached to acid-treated CpTi, and (D) SEM images of CpTi after the 
adhesion test [21]. Collagen fibers retained on the submicron-sized irregular-
ities formed on the CpTi surface after the acid treatment, indicating the 
adherend failure of dermal tissues. Lowercase alphabets indicate the adhesives: 
(a) commercially available fibrin glue, (b) non-treated CpTi, (c) acid-treated 
CpTi, and (d) acid-treated CpTi after sandblast pretreatment. ©2020 M. 
Okada et al. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
[55]. ©2021 Elsevier B.V. All rights reserved [21]. 
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solution also contain Ti hydrides on their surfaces [56] and have been 
reported to exhibit excellent biocompatibility with hard tissue [57,58]. 
For example, acid-treated CpTi (grade 2) implants were better encap-
sulated in thinner connective tissues than polished CpTi implants during 
both early (1–5 weeks) and late (6–11 weeks) stages of subcutaneous 
implantation in rats [59]. Therefore, after immediate adhesion to soft 
tissues, acid-treated Ti surfaces are expected to be encapsulated and 
fixed to connective tissues over the long term. 

To establish the relationship between Ti hydride formation and the 
immediate soft-tissue adhesiveness of Ti, Okada et al. subjected a Ti-6Al- 
4V alloy to the same conditions as CpTi. Pure Ti has a hexagonal close- 
packed (hcp) structure, referred to as α phase, at room temperature. The 
phase transformation from the hcp structure to a body-centered cubic 
(bcc) one, referred to as the β phase, occurs at 883 ◦C [57]. Previous 
investigations have revealed that the phase transformation temperature 
of Ti is strongly influenced by alloying elements [57]. CpTi is an α-type 
Ti, consisting of only α phase, with 0.20–0.50 wt% of Fe and 
0.18–0.40 wt% of O [60], and Ti-6Al-4V is the most widely used 
(α + β)-type Ti alloy, accounting for 50 % of the total Ti production 
[61], and has higher strength than the α-type Ti. Because the 
(α + β)-type Ti alloy has a much higher hydrogen solubility [62] and 
diffusivity [62,63] than α-type Ti, the effect of acid treatment on the 
immediate adhesiveness of the Ti-6Al-4V alloy differs from that of CpTi. 
It was revealed that the acid treatment of (α + β)-type Ti-6Al-4V alloys 
could also result in the formation of Ti hydrides and promote immediate 
soft-tissue adhesion [64]. However, the adhesion strength of 
acid-treated Ti-6Al-4V (i.e., ~20 kPa after 20 min treatment) was 
significantly lower than that of CpTi (i.e., ~54 kPa for 20 min treat-
ment). The main cause of the decreased soft-tissue adhesiveness of the 
acid-treated Ti-6Al-4V is related to the decrease in both the amount of Ti 
hydrides formed and the hydrogen content of the Ti hydride. In general, 
the surface of Ti exposed to air is spontaneously oxidized to a oxide layer 
[65]. However, Ti hydride is impervious to oxygen [66], and the 
thickness of the oxidized layer decreases with increasing hydrogen 
content during air exposure [67]. Oxidized metal surfaces are generally 
hydrophilic, whereas hydride surfaces are hydrophobic. The water 
contact angles (73–85◦) of acid-treated Ti-6Al-4V were lower than those 
of more hydrophobic acid-treated CpTi (91–100◦). These results indicate 
that the immediate adhesion of acid-treated CpTi can be attributed to its 
greater hydrophobic interaction with the hydrophobic components of 
the extracellular matrix (ECM). Notably, compared with hydrophilic 
surfaces, hydrophobic surfaces generally adsorb greater amounts of 
proteins and have a faster protein adsorption rate [68]. Furthermore, 
proteins adhere more strongly to hydrophobic surfaces than to hydro-
philic surfaces [69]. A previous in silico study on silicone (Si) revealed 
that the hydrophobic side chain groups of collagen XIV exhibited more 
stable interactions on H-terminated Si surfaces than on oxidized Si 
surfaces [70]. 

4. Summary and future perspectives 

This article summarized the progress made in developing inorganic 
and metallic solid-state adhesives that adhere immediately to soft bio-
logical tissues upon contact. 

Certain oxide and calcium phosphate nanoparticles were reported as 
raw materials for inorganic adhesives. However, the adhesion strengths 
of nanoparticulate adhesives were insufficient. Therefore, particle- 
coated films and plates assembled from nanoparticles were developed 
to prevent cohesive failure owing to weak interactions between the 
nanoparticles in nanoparticulate adhesives. The adhesion strength of 
these adhesives can be improved by optimizing the physicochemical 
characteristics of the inorganic materials, such as their surface func-
tional groups and roughness. In the case of glue-type organic adhesives, 
high adhesion strength can be achieved by infiltrating the adherent 
tissues with organic precursor molecules, followed by hardening or 
crosslinking of the precursor molecules with the tissue matrix [19]. 

Similarly, the adhesive strength of inorganic solid-state adhesives can be 
improved further by releasing ions or molecules that strengthen the 
tissue matrix. 

In the case of metallic solid-state adhesives, only titanium and its 
alloys have been used as raw materials. As the immediate adhesion of 
acid-treated Ti-based adhesives to soft biological tissues occurs owing to 
hydrophobic interactions attributable to Ti hydrates formed on their 
surfaces, self-adhering implantable devices made of other materials can 
be developed using Ti hydrate coatings [71]. With the recent advance-
ment in the Internet of Things (IoT), nonmedical implantable devices 
such as biochips and biosensors have received significant attention 
[72–74]. For example, injectable radio frequency identification (RFID) 
tags [74] are widely used as biochips to manage livestock [75], 
domesticated or laboratory animals, and food supply chain products. 
Biosensors have been developed to monitor biorhythms [73] and as 
drug-release systems for treating cancers and endocrine diseases [74], 
including diabetes [76]. Implantable devices are expected to become 
prominent tools for electronic identification, internal body monitoring, 
and disease prevention and treatment in the near future. Nevertheless, 
after decades of market experience with animals, the intrabody migra-
tion of the current injectable RFID tags has been identified as a key issue 
[77,78]. Intrabody migration of other implantable devices is also a 
major problem that hinders their further application. The development 
of self-adhering implantable devices incorporated with solid-state ad-
hesives could solve intrabody migration problems. 

To consider the possibility of the research-to-clinical translation of 
solid-state adhesives and self-adhering devices, it is necessary to esti-
mate the actual force or stress at the interface between the target tissue 
and adhesives or devices. For example, when sandblasting and acid 
treatment were applied to the pulse generator of an artificial pacemaker, 
whose outer casing is typically made of Ti and has an approximate size of 
5 cmϕ, the shear load capacity was calculated to be 41 kgf based on the 
ex vivo shear adhesion strength (102 kPa); the shear load capacity 
should be sufficiently larger than the actual force at the interface be-
tween the target tissue and adhesives or devices. Furthermore, because 
of the significant influence of the hardness and micro-nanostructure of 
materials on the fate of cells [79], long-term in vivo evaluation is 
necessary before clinical translation. 

The next-generation tissue adhesives are expected to exhibit better 
adhesive properties in various tissue settings and incorporate a multi-
tude of functionalities that enable them to serve as versatile therapeutic 
agents [19]. On-demand degradation or detachment from the tissues is 
another favorable function. Current strategies for degrading organic 
adhesives rely mostly on the incorporation of degradable polymers into 
adhesives [19], and the same strategy can be used for inorganic 
solid-state adhesives by incorporating inorganic components with high 
solubility. By changing the hydration structure, the hydrophobic inter-
action can be weakened (e.g., by lowering the salt concentration or 
adding chaotropic ions [80,81]), enabling the development of 
on-demand detachable solid-state adhesives by controlling the hydra-
tion structures of the adhesive surfaces and matrix proteins. 
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