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ARTICLE INFO ABSTRACT

Keywords: With the “many-headed” slime mold Physarum polycelphalum having been voted the unicellular organism of the
Bi?glue year 2021 by the German Society of Protozoology, we are reminded that a large part of nature's huge variety of
Slime i life forms is easily overlooked — both by the general public and researchers alike. Indeed, whereas several animals
2:?;;;‘;21_&6 such as mussels or spiders have already inspired many scientists to create novel materials with glue-like prop-
Protein erties, there is much more to discover in the flora and fauna. Here, we provide an overview of naturally occurring
Glycoprotein slimy substances with adhesive properties and categorize them in terms of the main chemical motifs that convey

their stickiness, i.e., carbohydrate-, protein-, and glycoprotein-based biological glues. Furthermore, we highlight
selected recent developments in the area of material design and functionalization that aim at making use of such
biological compounds for novel applications in medicine - either by conjugating adhesive motifs found in nature
to biological or synthetic macromolecules or by synthetically creating (multi-)functional materials, which

combine adhesive properties with additional, problem-specific (and sometimes tunable) features.

1. Introduction

Nature offers an enormous range of materials that mankind has
learned to analyze and use for its own benefit. For instance, the use of
adhesives derived from natural sources can be traced back to the late 4th
millennium BC, when hunter-gatherer tribes employed leftovers of
collagenous meat to fabricate hunting weapons [1]. Since then, natural
compounds with adhesive properties have played an important role in
the development of societies, and typical applications range from home
construction [2] to animal trapping [3].

In today's world, many fields including the cosmetic industry [4,5],
agriculture [6] and the furniture industry [7,8] make use of both, un-
modified and purified bioadhesives; in addition — although being a newer
addition to the spectrum of applications —- modern medicine has started to
employ them as well: for instance, a glue made from autologous [9] or
heterologous [10] human fibrin has been developed in the 20th century,
and this biomaterial typically serves as an additive to (or replacement of)
sutures and staples [11,12]. Moreover, polypeptide mixtures containing

serum albumin [13], collagen [14] or gelatin [15] have been introduced
and are commercially available in the form of adhesive patches or
injectable hydrogels to be used in wound healing [16].

In contrast, unmodified natural glues on their own are often not
suitable as a material for human usage: although they can exhibit ad-
hesive properties when applied to tissue surfaces, their long curing time
and the risk of them being contaminated with allergenic/infectious im-
purities can be problematic [17]. Synthetic alternatives such as cyano-
acrylate glues, on the other hand, offer high mechanical strength [18];
however, their degradation products are often toxic [19]. Hence, an ideal
tissue adhesive that fully satisfies both, medical and mechanical re-
quirements, remains an important yet still unmet demand.

Even though our understanding of the main components in natural
glues, conveying adhesive behavior, is continuously improving, a num-
ber of unsolved questions still holds — especially for the less-studied
variants of such bio-adhesives — including: how do those different ma-
terials interact with different (natural or artificial) surfaces? How is the
life time of the adhesive function determined by the chemical properties
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of the glue/material interface and external influences such as changes in
moisture content, temperature, or ionic milieu? Some species of the
plant/animal kingdom even produce materials that, depending on their
state of hydration, either act as an adhesive or as a lubricant [20], and the
ability to recreate a material with such switchable properties for medical
or technical applications would be highly desirable. In combination with
ongoing advances in materials science, a more detailed understanding of
the mechanisms responsible for the function of biological adhesives has
recently allowed researchers to develop tailored, multifunctional glues
with various properties. It is likely that biomedical applications will soon
benefit from such innovations in the field of bio-derived glues. In this
review, we highlight a range of natural glues/adhesives (we use those
two phrases synonymously here) employed by animals and plants, and
we discuss the biochemical composition of those substances as well as the
chemical mechanisms and motifs conveying stickiness in the context of
biomedical applications. Furthermore, we highlight selected examples of
engineered, bio-derived glues that combine multiple functionalities
useful for biomedical applications. Overall, the selected examples in this
review article belong to one of the following three categories: materials
derived directly from nature (biological adhesives), bio-based adhesives
(conjugates of sticky structural motifs from bioglues with other mole-
cules), and bio-inspired adhesives (fully synthetically produced materials
that follow, at least in part, the principles of a biological template).

2. Naturally occurring ‘sticky’ compounds originating from
animal and plant sources

For millions of years, evolution has allowed life to develop a broad
variety of slime, gooey substances that provide animals and plants with
the ability to survive, adapt, and reproduce. Sometimes, those bio-
compounds serve multiple functions at the same time, ie., they can
provide additional properties beyond stickiness. For instance, the secre-
tion of the glowworm not only helps to capture prey and supports the
housing-making of the larvae to the roof of the rocky cave, but also
conducts light to attract prey [21]. Despite the large variations of those
biological materials in terms of appearance and function, several species
sometimes use such substances for similar reasons (see Fig. 1 and Table 1
for an overview). In the following, we highlight some interesting exam-
ples from the flora and fauna.

Many animals produce sticky substances to secure survival. For
example, ecribellate spiders (such as Araneus diadematus [22]) fabricate a
fine network of silk-like fibers that are coated with protein-based drop-
lets, and this coating is paramount to capture prey [23-25]. Velvet
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worms [26,27] and chameleons [28,29] produce sticky fibers or pads as
weapons to bombard their victims, and sea cucumbers (Holothuria
dofleinii) eject protein-based adhesive fibers (Cuveirian tubules) as an
active defense response to attacks [30]. Similarly, certain hagfishes [31,
32] and salamanders [33] exude a sticky slime to discourage predators.
Of course, slimy secretions are not only used to fight other animals:
Northern spadefoot toad couples secrete a proteinous glue during mating,
and this slime can bind to a wide range of materials including glass,
plastics, and even Polytetrafluoroethylene (PTFE); interestingly, this glue
has good sticky properties that are robust towards alterations of its hy-
dration state or changes in the ambient temperature [34]. In addition to
those survival and reproduction tasks, other biological slime such as
mucus can aid locomotion processes. For instance, although appearing
contradictory at first glance, snail slime combines lubricating and ad-
hesive functions, both of which are needed for snails to move up a wall. A
microscopic analysis of snail slimes reveals how this is possible:
Glycoprotein-based microspheres in the slime act as a lubricant during
forward movement while stiff, viscous and adhesive fibers assembled
from those microspheres allow the snails to move vertically without
sliding back down [35,36].

Importantly, slimy secretions are not limited to the animal kingdom;
plants produce sticky substances as well and use them to adapt to difficult
conditions and to increase their chance of survival. Similar to the loco-
motion strategy used by snails, mucopolysaccharide-based microspheres
can also be found in the bio-glue used by climbing plants such as ivy
(Hedera helix). This adhesive allows the plants to stably grow in the
vertical direction while facing the sunlight as needed for efficient
photosynthesis [37,38]. The carnivorous cape sundew (Drosera capensis)
secretes an adhesive to trap and digest prey. Upon physical contact be-
tween the prey and the hairy leaves located on the plant surface, a
two-step  response  mechanism is  triggered: first,  the
polysaccharide-based secretions located at the tips of those hairs
immobilize the prey, then, the plant closes its leaves and traps the prey to
enhance the upcoming digestion phase [39]. Importantly, digestive en-
zymes are only produced once the aforementioned steps are concluded
[40,41]. This minimizes the metabolic cost of the feeding process
enabling the plant to grow in the relatively harsh environmental condi-
tions of its natural habitat [42]. Furthermore, Aloe vera (Aloe barbadensis
Miller) plants adapted to their environment with the help of slimy
mucilage, producing a gel with very high water-binding capacity to
protect themselves from dehydration during long drought periods [43].
Additionally, some plant species such as the hemiparasite Phtheir-
ospermum japonicum secrete adhesives to attach themselves to a host

Fig. 1. Schematic representation of how slimy substances produced by animals and plants are used for attachment (purple), locomotion (green), defence (yellow),

hunting (pink), home construction (orange), and mating (blue).
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Table 1
Specific functions fulfilled by bio-components of terrestrial (orange) or aquatic (grey) animals and plants, respectively.
common name species family glue function Ref.
barley hordeum vulgare poaceae attachment with hulls [47]
chia salvia hispanica lamiaceae protection of germ [48]
orchid phalaenopsis aphrodite orchidaceae pollen spreading [49]
philodendron syngonium podophyllum araceae attachment [50]
arabidopsis arabidopsis thaliana brassicales germination [51]
tropical milkweed asclepias curassavica apocynaceae pollen spreading [52]
dandelion taraxacum officinale asteraceae pollen spreading [53]
fly bush roridula gorgonias roridulaceae prey capture [54,55]
sundew drosera capensis droseraceae prey capture [42,56,57]
drosera glanduligera drosophyllaceae
drosophyllum lusitanicum
ivy hedera helix araliaceae attachment [37,38]
parthenocissus tricuspidate vitaceae
aloe vera aloe barbadensis Miller asphodelaceae storage, protection from desiccation [43]
bee apis mellifera apidae constructing nests [58]
digger wasp ampulex compressa ampulicidae egg attachment [59]
spider latrodectus bennetti theridiidae prey capture, locomotion [60]
silkworm bombyx mori bombycidae cocoon construction [61-63]
velvet worm euperipatoides rowelli peripatopsidae prey capture, defense [64]
flatworm othelosoma impensum geoplanidae prey capture [65]
salamander plethoden shermani plethodontidae defense [33]
chameleon chamaeleo calyptratus chamaeleonidae prey capture [28]
snail limax maximus limacidae locomotion [35,36,66]
achatina fulica achatinidae defense
helix aspersa helicidae
arion subfuscus arionidae
glowworm arachnocampa luminosa keroplatidae prey capture [67,68]
arachnocampa tasmaniensis
frog notaden bennetti lymnodynastidae defense [69]
caddisfly stenospsyche marmorata stenopsychidae constructing nests, food capture [70]
algae enteromorpha linza ulvaceae attachment [71]
fish sparus aurata sparidae defense [72,73]
scorpaena plumeri scorpaenidae lubrication, osmoregulation, locomotion, recognition of individuals
hagfish eptatretus stoutii myxinidae defense [31,74]
myxine glutinosa
squid sepioloidea lineolata sepiadariidae defense [75,76]
sepiadarium austrinum
octopus octopus vulgaris octopodidae lubrication, attachment [77]
nautilus nautilus pompilius nautilidae prey capture, mating [78]
jellyfish aurelia coerulea ulmaridae defense, prey capture [79]
flatworm minona ileanae monocelididae attachment, locomotion, feeding, defense [80]
barnacles balanus amphitrite balanidae attachment [81,82]
mussel mytilus edulis mytilidae attachment [83,84]
starfish asterias rubens asteriidae attachment [85,86]
asterina gibbosa asterinidae
sea urchin paracentrotus lividus parechinidae attachment, locomotion [87,88]
food capture
sandcastle worm sabellaria alveolata sabellariidae attachment [89-92]
phragmatopoma californica protection

phragmatopoma caudata
phragmatopoma californica

constructing tubular homes/sand reefs

plant, from which they extract water and nutrients [44]. Similarly,
mistletoe (Phoradendron californicum) plants produce seeds that are
coated with the carbohydrate-based adhesive viscin [45], which solid-
ifies on tree branches and thus anchors the mistletoe plant on the host to
ensure nutrient supply [46].

This brief overview of selected examples already indicates that ani-
mal and plant-based secretions can serve different purposes and can even
combine multiple functions at the same time. Therefore, it is not sur-
prising that their composition and microstructure can be quite complex.
In the following section, we attempt a categorization of the different
biological adhesives used by animals and plants in terms of the chemical
motifs that convey adhesive properties.

3. Chemistry of biological adhesives and their biomedical
applications

Animal and plant adhesives are ubiquitously composed of few
fundamental components, ie., polypeptides, polysaccharides, poly-
phenols, lipids, and molecular combinations thereof (such as

glycoproteins, phenolic polysaccharides, and proteoglycans). Indeed, the
multi-component nature of those biological adhesives seems to be
responsible for both, their specificity and their ability to interact with a
diverse range of surfaces. Specifically, certain functional groups of amino
acids or sugar motifs and their chemical complementarity to the
addressed surfaces play an important role. Interestingly, although cova-
lent interactions can easily establish strong binding affinity and high
surface-specificity, it is typically a combination of supramolecular non-
covalent interactions, i.e., electrostatic interactions, hydrogen bonds,
hydrophobic interactions, and van der Waals forces, that govern adhesive
mechanisms in nature. In addition, there are other non-covalent in-
teractions such as cation-n complexation, metal coordination, and n-n
interactions, which act synergistically with the covalent and non-
covalent interactions mentioned above. A prominent example for such
a synergistic effect of different interaction types is the wet adhesion
process of mussels [93]. Here, self-polymerization (by means of covalent
interactions) of the catechol-containing amino acid 3,4-dihydroxy
phenylalanine (DOPA) allows for the formation of stiff fibers, and
hydrogen bonds established by the hydroxyl groups of DOPA are
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responsible for the reversible, yet strong underwater adhesion of those
fibers to surfaces. Furthermore, divalent and trivalent ions (such as Zn?t
or Fe3*) from the aqueous environment offer improved cohesion of the
bio-adhesive by creating a coordination metal-chelate complex with the
catechol groups of DOPA [94].

From the microscopic to the nanoscopic scale, biological adhesives
typically exhibit complex hierarchical structures, which are relevant for
the function of the adhesive as well as for its chemical composition.
Specifically, the architecture of bio-glues influences the spatial distri-
bution of adhesive moieties and how they get in contact with a surface;
therefore, having an important impact on the adhesion forces that can be
developed. For instance, by altering the loading angle on fibrillar arrays
on their footpads, Geckos can maximize the interfacial adhesion to ver-
tical surfaces via van der Waals forces, which allows them to easily climb
vertical and inverted surfaces [95]. Another interesting example is the
rock hyrax, a small mammal living in the rocky landscapes of southern
Africa [96]. This animal employs a combination of capillary forces
forming at the footpad/surface interface and a carbohydrate-based glue
secreted from its pads to walk up walls [97]. In general, the mechanisms
of bioadhesion may be classified into four main categories, including
intermolecular bonding (between the chemical structures at the inter-
face), electrostatic forces, chain entanglement, and mechanical inter-
locking [98]. The overall adhesive effect is often the result of more than
one of these mechanisms. Chain entanglement occurs at the interface
between the bioadhesive and the surface, where sticky macromolecules
bind and form an interpenetrated layer of about 1-100 nm. In contrast,
mechanical interlocking arises from an infiltration of the adhesive into
surface defects and orifices.

From a biochemical perspective, proteins and starch (a polymeric
carbohydrate comprising lots of glucose units joined by glycosidic bonds)
are very prominent representatives of natural adhesives - yet there are
numerous other examples as well. On the basis of their chemical struc-
ture, adhesive substances can be categorized into eight major families:
nucleic acids, polyesters, polyisoprenoids, polyoxoesters, polythioesters,
polyphenols, polysaccharides, and polypeptides/proteins [99]. In this
chapter, we will mostly focus on the chemical principles governing the
adhesive properties of carbohydrate-based (e.g, starch, alginate, cellu-
lose derivates, and gums), protein-based (e.g., collagen, blood, and
vegetable proteins), and glycoprotein-based bio-glues. In this context,
selected examples of how these substances have been used to design
materials for medical applications are introduced and discussed
(Table 2).

3.1. Carbohydrate-based natural adhesives

Polysaccharides or polymeric carbohydrates are among the most
common components of natural adhesives. They are composed of long
chains of linear and branched monosaccharide units bound together by
different glycosidic bonds (Fig. 2a and b). Owing to the numerous
structural variants possible, polysaccharides constitute a highly diverse
class of biological macromolecules. Their ability to act as an adhesive
originates from two properties: first, the high density of polar functional
groups on the polysaccharide chain and, second, the high molecular
weight of the biomacromolecules. Indeed, the former is crucial for good
adhesion to substrates with a high surface energy such as wood or metals,
where a well-matching polarity of the adhesive molecule is required. The
latter allows the biopolymer to assume specific secondary structures
(helical, sheet, or spiral conformation) which are stabilized by non-
covalent interactions (Fig. 2¢), and such secondary structures improve
the mechanical strength of carbohydrate-based adhesives by boosting
their cohesive properties.

Accordingly, the adhesion and cohesion behavior of carbohydrates
can be modulated by their architecture, and both properties can be
further enhanced by further chemical modifications that either increase
the density of functional groups (such as hydroxyl groups) or introduce
additional moieties (e.g., carboxylate residues). Importantly, this strategy
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Table 2
Overview of the three classes of biomolecular adhesives discussed in more detail
in this review.

molecular classes examples from adhesives created Ref.
nature via a modification of
biomolecules
carbohydrates starch, alginate, propionylated [100]
cellulose, amylose
fucoidan, tannic boronic acid [101]
acid, acacia conjugated alginate
gum, sundew cellulose- [102]
mucilage (myo- phenylboronic acid
inositol), conjugate
pollenkit alginate crosslinked [103]
(viscin), by organosilane
propolis tannic acid as [104]
crosslinker for
chitosan
cross-linking by [105]
functionalization
with methacrylate
groups
proteins egg albumen, phenols conjugated [106]
zein, fibrin, with zein
various proteins composite of fibrin [107,
from mussel, and hydroxyapatite 108]
sandcastle complex formation [94]
worm, frog, of DOPA with
salamander, cations
silkworm, synthesized [109]
starfish, velvet structure motifs of
worm, sandcastle
glowworm adhesives
Nb-1R proteins [110]

enzymatically cross-

linked (frog)

adhesive composed [111]
of sericin, gelatine

and,

carboxymethyl-

chitosan

adhesive Sfplp [112]
proteins (starfish)
collagen-derived [113]
scaffold with ivy
nanoparticles

snail slime-coated [114]
gold nanoparticles
mucin/keratin [115]
scaffolds (hagfish)
electrospun (glyco-) [116]
protein scaffold of

jellyfish mucin

Glycoproteins from ivy, snail,
spider, hagfish,

jellyfish

can not only enhance non-covalent inter- and intra-chain interactions,
but may also create new target sites for further chemical functionaliza-
tion and cross-linking that, in turn, can improve the adhesive properties
(Fig. 2d). In this section, we discuss a number of carbohydrate-based
adhesives more in detail.

Starch is a polysaccharide produced by plants (e.g., cereals, potatoes,
fruits, and others) and used to store the chemical energy produced during
photosynthesis. Starch is a mix of amylose (a linear a-(1,4)-D-glucan) and
amylopectin (an o-(1,4)-D-glucan that is highly branched via a-(1-6)
linkages [117]). Inter- and intramolecular hydrogen bonds between the
hydroxyl groups of amylose molecules enable the formation of
double-helices (Fig. 2c) and create a stably packed hydrophobic
construct.

A similar double-helix structure can be observed for amylopectin;
however, the branched structure of this polysaccharide entails a less
structured packing of the helices leading to crystalline/amorphous con-
structions [118]. Owing to the multiple possibilities to interact with
water molecules via hydrogen bonds, starch-rich compositions exhibit
gel-like consistency. As a pharmacological excipient, starch is used as a
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Fig. 2. Schematic overview of different molecular structures found in carbohydrate-based adhesives; the drawings visualize how different carbohydrate monomers are
linked into polysaccharides (a, b) and how they can adopt specific (supramolecular) conformations (c). In addition, selected motifs are depicted that allow for a
plethora of covalent and non-covalent interactions (d), which are relevant for the adhesion and cohesion behavior of this type of biological glues.

binder and disintegrant in solid dosage formulations. For instance, tablets
containing starch as a disintegrating agent can release their active in-
gredients (e.g, ibuprofen) once in contact with the stomach fluid [119,
120]. In addition, starch-including films and 3D scaffolds have shown
promising properties for applications in wound healing [121] and bone
tissue engineering [122-124].

Interestingly, corn-derived amylose has been used as a smart carrier
matrix for the delivery of hydrophobic drugs across the blood-brain
barrier [100]. In detail, the amylose macromolecules were propiony-
lated to maintain the typical helical structure, enabling efficient drug
(propofol) loading into amylose nanoclusters (diameter ~55 nm). Once
the propofol-loaded amylose clusters reached the blood-brain barrier,
competitive binding of amino groups of phospholipids located in the
cellular membrane induced unfold of the carrier into a random coil
structure, triggering drug release (Fig. 3a).

The second example we discuss here is alginate (or alginic acid), a
polysaccharide found in marine brown algae (phaeophyceae) and soil
bacteria [125]. This polysaccharide is composed of a-L-guluronic and
f-p-mannuronic acid monomers that are covalently linked via 1,
4'-glycosidic bonds (Fig. 2b) [126]. Two properties are responsible for
the rigid structure of alginates: the six-membered sugar rings and the

limited ability to rotate around the glycosidic bonds [127]. Due to
electrostatic repulsion acting between the individual monosaccharides,
the polysaccharide chain is linear in shape. There are different variants of
alginates in which the links between the two sugar subunits differ — and
they can also comprise blocks of multiple repetitions of guluronic and
mannuronic acid. Alginates are known for their high water-binding ca-
pacity (which can be up to ~300 times of their molecular weight [126])
and their ability to form gel-like structures in the presence of divalent
cations (such as Ca®") establishing coordination bonds with flexible
guluronic acid units [127]. In the latter case, two alginate strands can
dimerize by forming a so-called egg-box geometry through coordination
of four carboxyl groups [127,128]. Instead, alginate sequence segments
with highly conserved mannuronic acid regions predominantly interact
via hydrogen bonds [128]. Due to their biocompatibility and ease of
processing, alginates are widely used to fabricate biomaterials with
different functionalities including adhesive materials [129]. For instance,
Hong et al. [101] developed a boronic acid conjugated alginate hydrogel
(alginate-BA) (Fig. 3b) with high stretchability and self-healing as well as
adhesive properties. Here, owing to the presence of alginate cis-diol and
boronic acid hydroxyl groups, intra- and interpolymeric interactions
could be established leading to the formation of a viscoelastic hydrogel.
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Fig. 3. Selected examples of modified carbohydrates used for drug storage and release (a, d) as well as hydrogel formation (b, c, e). The underlying molecular forces
are based on a combination of covalent and non-covalent interactions between the carbohydrates, which occur either directly between the polysaccharides or are
mediated via linker motifs that are grafted to the biomacromolecules. Adapted from Ref. [100] (a) [101,102], (b) [103], (c) [104], (d).

Importantly, such alginate-BA hydrogels showed better mucosal adhe-
sion performance in vivo compared to an unmodified alginate solution.
At variance with alginate, the other main macromolecular component
of brown algae, cellulose, is composed of p-glucose units only, whereby
the monosaccharides are connected by 1,4'--glycosidic bonds (Fig. 2b)
to form long, linear polysaccharide chains of up to ~1000 monomers
[130]. The functional hydroxyl groups of the glucose molecules establish
inter- and intramolecular hydrogen bonds which allow individual cel-
lulose strands to self-assemble: first, into fibrils, then into microfibrils
and finally into parallel-packed crystal structures. The most common
crystal structures found in algae are Ia (one-chain triclinic structure) and
IB (two-chain monoclinic structure), respectively [131]. To be applicable
in medical applications, cellulose has to be chemically modified —
otherwise, the charge profile and orientation of the cellulose fibrils limits
their biocompatibility [132]. For example, carboxylated cellulose nano-
fibers in combination with the antibacterial macromolecule chitosan
were shown to be suitable for wound tissue applications in vivo [133].
Moreover, cellulose has been used as a nanofiller in adhesive material
formulations to enhance their mechanical properties [134]; however, it
rarely serves as a base material in adhesive hydrogels. Recently, An et al.
[102] developed such a cellulose-based adhesive hydrogel with
self-healing properties. To this aim, a cellulose-phenylboronic acid

conjugate was synthesized through a condensation reaction and fabri-
cated hydrogels via dynamic boronic ester cross-linking (Fig. 3b). In
detail, the hydrogel was formed by mixing phenylboronic
acid-derivatized cellulose and polyvinyl alcohol (PVA) at room temper-
ature. In addition to showing a good adhesion behavior to skin tissue,
these hydrogels were biocompatible, and could release a loaded drug in a
sustained manner. Interestingly, since large amount of carboxyl groups
were ionized at neutral pH, the resulting ionic hydrogel also showed
electrical conductivity, which could be beneficial for different
applications.

In addition to producing carbohydrate-based natural compounds
(such as alginate and cellulose), multicellular algae also use sticky
(fucose-based) polysaccharides in their cell walls [135]. These so-called
fucoidans are based on linearly linked a-L-fucans, featuring sulfate
moieties on the C2 or C4 position (Fig. 2b) [136] and form randomly
structured motifs in nature [137]. However, with certain modifications
(e.g., functionalized with methacrylic anhydride residues), the fucoidans
can bind to each other through covalent interactions leading to the for-
mation of stable particles with excellent biocompatibility [138] as well as
other advantages including antiviral [139,140] and antibacterial [141,
142] effects. These properties were suggested to originate from molec-
ular interactions of fucoidans with viral enzymes (such as
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neuraminidase), an inhibition of the viral replication process, or with
bacterial membrane proteins [139-142].

When fucoidan-containing hydrogels are desired, combinations with
other carbohydrates such as alginate are typically reported in the liter-
ature [143]. However, fucoidans were also proposed to be useable in
their unmodified form as a single-component network [144]. Ferreira
et al. [103] described a fucoidan gel that makes use of an organosilane
precursor: first, the silane linker covalently binds to the hydroxyl groups
of the carbohydrates and, in a second step, the hydrolyzed groups on the
silanol moiety act as a cross-linker boosting the cohesive properties of the
gel (Fig. 3c). Importantly, with this type of chemical modification, the
negatively charged sulfate groups on the fucoidans are still accessible and
allow for the biosorption or sensing of cations such as Cu?* or Zn?*
[103].

Carbohydrates represent the majority of metabolic products produced
by plants, also phytochemicals such as carotenoids and polyphenols are
created as primary and secondary metabolites. Selected polyphenols play
an important role in the function of carbohydrate-based glue as they can
act as mediators responsible for surface anchoring and/or allow carbo-
hydrates to interact with each other to form dense macromolecular
complexes. Among these mediators, tannic acid (TA) is an important
example. This high molecular weight polyphenolic substance contains a
central carbohydrate core that is esterified by phenolic acids (Fig. 2c)
[145]. In nature, tannins are abundantly found in fruits and seeds of
vascular plants. Due to their high antioxidant activity and ability to
interact with other biological macromolecules, tannins have been widely
used as cross-linkers in biomaterial applications. Owing to the numerous
phenolic hydroxyl groups acting as hydrogen-bond donors, TA can
readily connect macromolecular chains in polymer matrices — especially
in those containing carboxyl groups that can serve as hydrogen-bond
acceptors. In addition, its polyphenolic structure renders TA prone to
hydrophobic interactions with other aromatic rings through z-x stacking
(Fig. 2¢). Finally, TA can also act as a multidentate ligand to coordinate
metal ions (e.g., Fe>") to form pentagonal ring chelates [146]. Owing to
their broad range of attractive properties, polyphenols are very inter-
esting building blocks for the development of biomaterials: they are
abundant in nature, biocompatible, biodegradable, can self-assemble
into polymeric constructs and cross-link other (macro)molecules.
Indeed, in recent years, a variety of TA-based biomaterials with different
physical/chemical properties were produced, including hydrogels [146,
147]. For instance, cross-linking of carboxymethylated chitosan with TA
enabled the fabrication of gel-like particles into which hyaluronic acid
molecules, promoting wound-healing processes, were integrated
(Fig. 3d) [104]. Through synergistic effect of these biomaterials, the
process of wound healing could be precisely regulated. When applied to a
tissue, the obtained microparticles interact with the tissue surface via
their hydroxyl groups, providing a 3D network structure for the prolif-
eration and migration of the cells. Over time, due to water adsorption, the
microparticles disintegrate releasing their components and forming a
protective macromolecular barrier towards the external environment.
For example, the incorporated TA interacts with blood components and
improves the blood clotting process [104]. Relying on a similar strategy
using TA as a ‘molecular glue’ to promote hydrogel formation, Deng et al.
[148] developed an agarose-TA hydrogel for the treatment of skin
wounds. Here, the TA-cross-linked agarose network was further stabi-
lized by the coordination with Fe3* jons between the hydroxyl groups of
the TA molecules. The resulting gel showed excellent biocompatibility,
outstanding photothermal effect, as well as anti-bacterial and wound
healing properties in vivo [148].

Some plants secrete complex mixtures of polysaccharides and glyco-
proteins (so-called gums) as a defensive protection mechanism against
insects and molds. One well-known example from this class of bioglues is
the acacia gum (gum Arabic; carbohydrates: 90 wt%, glycoproteins: 10
wt%) [149]; whereby, the carbohydrate monomers (i.e., galactose,
arabinose, rhamnose, and glucuronic acid) form branched poly-
saccharides. The main core of the construct is established by
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galactopyranosyl units connected via f-1,3-linkages, and 1,6-linkages
add more galactopyranosyl units as well as a-L-arabinofuranosyl,
a-i-thamnopyranosyl,  f-p-glucuronopyranosyl and  4-O-methyl--
p-p-glucuropyranosyl groups (Fig. 2b) to the macromolecule. These
carbohydrate-based constructs exhibit p-sheets and p-turns generated via
hydrogen bonds between the functional groups on the sugar residues and
tend to form disk-shaped particles with diameters of 20 nm and thick-
nesses up to 2 nm [150]. Gums have already been widely applied in
medicine — mostly as films [151] or as a hydrogel matrix to deliver en-
zymes or active pharmaceutical ingredients [105,152,153]. However, in
their unmodified form, gum-based gels are water-soluble. Therefore,
gums are typically either functionalized (e.g., with methacrylate groups
[105]; Fig. 3e) and/or cross-linked (e.g., chemically or via UV radiation
[154]) to create stable networks.

As an example of aggressively used bioglues, secretions of carnivo-
rous plants (such as Drosera spp.), typically exhibiting a chemical
composition rich in carbohydrates or resins, are worth mentioning.
Among those plants, Cape sundew (Drosera capensis) and its viscoelastic
mucilaginous secretions have been investigated in detail. A chemical
analysis showed that this mucilage mainly contains large molecular
weight polysaccharides (around 65%), digestive enzymes, mineral salts,
and secondary metabolites (that exhibit antimicrobial activity). The
polysaccharide mixture is mainly composed of r-arabinose, p-xylose, p-
galactose, p-mannose, and p-glucuronic acid [155]. In addition, the car-
bohydrate myo-inositol (Fig. 2c), which carries multiple hydroxyl groups,
is present in the adhesive in high amounts (at a myo-inositol:carbohy-
drate monomer ratio of 1:2) and acts as a cross-linker likely by estab-
lishing hydrogen bonds that enable the formation of a gel-like network
[42].

Huang et al. [156] revealed that carboxyl groups of glucuronic acid
molecules can be electrostatically cross-linked with divalent cations — a
mechanism, which is similar to the chelate formation of alginate. The
resulting particles form gel-like nano-networks with high water binding
capacity and are thought to confer adhesiveness to the polysaccharide
network [156]. Initial experiments proved the mucilage of sundew to be
biocompatible, and successfully support the adhesion and differentiation
of neural cells in vitro [157].

Another area from biology where stickiness is highly important is the
pollination process of plants. Here, the adhesive coating ‘pollenkit’ al-
lows pollen grains to bind to the stigma of flowers via capillary bridges
and van der Waals forces [158]. In addition (as required for successful
cross-pollination), the pollens also stick to hydrophobic locations of the
insect body which enables their transportation between plants. The coat
of those pollen grains contains viscin, a glue substance that comprises
triterpenes, fatty acids, and carbohydrates. Viscin fibers connect distinct
grains to each other and facilitate their adhesion to the insect body.
Moreover, viscin plays an important role in the survival of semi-parasitic
plants as it facilitates their attachment to host plants [159]. In 2019,
Horbelt et al. reported that a hydrogel-like viscin-based substance
secreted by the European mistletoe Viscum album contains
self-assembled, stiff cellulosic fibers which are generated in response to
mechanical load; here, viscin forms reversible cross-links during the
drying process of the crystalline cellulose fibers (which can be rehydrated
again by humidity) [160]. It was shown that viscin mainly contains
neutral sugars (such as xylose and arabinose) as well as substantial
amounts of uronic acid and proteins [45,161]. However, the main
component responsible for the adhesive properties of viscin has not been
identified yet, and medical applications of this biological adhesive have
not been developed either.

To conclude the section on carbohydrate-based adhesive, we discuss a
second example from the world of insects, namely propolis. This multi-
component glue produced by bees contains a range of different plant
secretions including mucilage, gums, and resins and is mixed with sali-
vary and enzymatic secretions of the bee. Propolis comprises more than
300 different components including flavonoids, phenolic acids, terpe-
noids, esters, phenolic aldehydes, and ketones, and its particular
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composition depends on the collection time and region [162,163]. This
variable composition of propolis makes it very difficult to identify the key
molecular components conveying stickiness and to elucidate the distinct
physicochemical interactions between the different molecules. Owing to
the presence of aromatic compounds (mainly aromatic acids such as
cinnamic acid) and flavonoids, propolis exhibits anti-inflammatory [164]
and strong anti-bacterial activity against both, gram-positive and
gram-negative bacteria [165]. The latter property makes propolis an
interesting component for applications in medicine. For instance, it has
been used as a film to heal recurrent oral aphthous ulcers [166], as a
coating on dentin to prevent caries [167], and as an active anti-bacterial
component in wound healing scaffolds [168,169]. Moreover, its
polyphenol-rich composition provides propolis with antioxidant, anti-
fungal, and antiseptic properties [170]. Interestingly, other molecular
components extracted from propolis (such as combinations of biochanin
A, formononetin, and liquiritigenin [171]) or isolated prenylated com-
ponents, which are further modified to obtain specific molecules (e.g.,
artepillin C and baccharin modified with amino acids) have shown
anti-proliferative effects against breast cancer cells in vitro [172]. Finally,
propolis components/extracts were suggested to be beneficial in
combating other diseases such as diabetes [173] and obesity [174,175].

3.2. Protein-based natural adhesives

The second main class of biological adhesives belongs to the group of
proteins, whereby amino acid side chains patterned with different
functional groups are responsible for establishing various intrinsic
properties of the adhesive material and enable specific interactions with
different surfaces. For instance, carboxylic acids, amines, and thiol
groups can create both strong electrostatic interactions and disulfide
bridges, thus, generating electrostatic and covalent linkages, respec-
tively. Moreover, most polypeptides make use of secondary or tertiary
structures, and the corresponding spatial arrangements of the amino acid
chains can also be relevant for the adhesive properties of a protein-based
glue to different substrates.

A good example for this dual concept of combined chemical and
structural contributions to stickiness is found in egg albumen. The latter
has a protein content of approximately 10% (ovalbumin, conalbumin,
ovomucoid, and globulins). It should be noted that, while egg albumin
sticky properties are not part of the natural function of this substance,
they can serve as a biocompatible and mechanically strong alternative to
synthetic medical adhesives. For example, its main component, egg al-
bumin, was shown to be a promising component for materials in soft
tissue regeneration [176] and wound closure processes [177]. In terms of
mechanistic principles contributing to the adhesive properties of albu-
min, Xu et al. [178] demonstrated that egg albumin can aggregate via
hydrogen bonds during air-drying [178]. When the secondary structures
of such dried albumins were analyzed, it was found that the fraction of
B-sheets and p-turns increased dramatically during the drying process,
which confirmed the high degree of inter-/intramolecular hydrogen
bonds present in this material (Fig. 4a). Indeed, such a modulation of the
cohesive/adhesive properties driven by conformational changes of
polypeptide chains may very well be a more general trend for
protein-based adhesives. Furthermore, there are also disulfide bonds in
egg albumin that — once activated with reducing agents — can react with
free thiol groups of binding partners. Importantly, due to its advantages
such as ease in processing, biocompatibility, and low cost, egg albumin
can be considered as a very promising material for future medical glue
formulations.

Similar to egg albumin, also the adhesive properties of the maize
protein zein are driven by structural rearrangements. Zein is the major
storage protein of maize and accounts for 50-70% of the total seed
protein content [181]. The protein sequence of zein is dominated by
nonpolar, neutral amino acids including proline, leucine, alanine, and
glutamine; this particular chemical composition indicates that binding of
zein to other objects strongly relies — at least in part — on hydrophobic
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interactions. This feature makes zein a very interesting compound for
eco-friendly, water-resistant adhesive formulations. However, when
denaturizing molecules carrying negative charges (e.g., sodium dodecyl
sulfate) are added to a zein solution, they trigger a conformational
change in the zein structure; as a consequence, polar groups become
accessible and can engage in hydrogen bonds — a mechanism that boosts
the adhesion behavior of zein (Fig. 4b) [179]. Up to now, studies
leveraging the sticky properties of zein-based formulations were mostly
limited to industrial applications such as glass and wood binding [182,
183]. For example, when zein solutions (dissolved in organic solvents)
were applied to wood surfaces, they could strongly bind woodblocks
during the tested time interval, i.e., for 24 h [184]. Although their po-
tential use in drug delivery [185] and tissue engineering [186] has been
tested recently, employing zein-based formulations as an inexpensive,
antibacterial, and biocompatible medical adhesive is an underexplored
area. Yet, recent studies make use of phenolic components [106],
chelating ions [179], and nanocomposite formulations [187] to improve
the bonding strength of zein-based materials. A zein modification con-
ducted by Schmidt et al. [106] could open up new fields of application:
by conjugating different plant phenolics to zein proteins, a material with
improved underwater adhesion capacity was obtained, and this might
pave the way for the development of novel wet-adhesive materials [106].

One of the most established biological adhesives used in healthcare is
the fibrin sealant, a material which is often derived from animals [10] or
humans [188]. Physiologically, the sticky properties of this polypeptide
are required during the last part of the coagulation cascade: as soon as the
enzyme thrombin cleaves selected subunits of the (inactive) precursor
protein fibrinogen, active fibrin monomers are generated. These mono-
mers assemble laterally and/or longitudinally via specific sequences and
form protofibrils by weak knob-hole interactions (acting between
Gly-Pro-Arg sequences and Trp-Trp, Trp-Asn and Phe-Tyr combinations)
[180]. This first self-assembly step creates a “soft fibrin clot”, which is
modified during an additional cross-linking step conducted by a trans-
glutaminase (factor XIII). This enzyme catalyzes the covalent
cross-linking of lysine and glutamate side chains and thus, stabilizes the
fibrin network (Fig. 4c) [189]. For most medical applications, a hybrid
material is used where the fibrin sealant and the converting enzyme stem
from different organisms. A prominent example of such a hybrid sealant
combines buffalo-based (Bubalus bubalis) fibrinogen with a serine pro-
tease purified from snake venom (Crotalus durissus terrificus); the latter
taking over the role of thrombin [10]. Such heterologous fibrin adhesives
are used for sealing damaged tissues [190,191] as well as for peripheral
nerve repair [192]. Furthermore, in combination with hydroxyapatite,
they can be employed as bone scaffolds to support fracture healing pro-
cesses [107,108].

Another famous example of a biological, peptide-based adhesive can
be found at the tips of threads mussels use to stick to stones, wood, or
ships: here, three ‘foot proteins’ named Mfp-3 (up to 7 kDa), Mfp-5 (8.9
kDa) [94] and Mfp-6 (~11.6 kDa) [193] are located, and the key amino
acid present in those proteins is L-3,4-dihydroxyphenylalanine (1.-DOPA;
Fig. 4d), obtained by post-translational hydroxylation of tyrosine [94].
L-DOPA can engage in a variety of interactions with other molecules and
surfaces, and those include covalent and non-covalent bonds. It has been
postulated that the hydroxyl groups of DOPA can chemisorb to polar
surfaces via hydrogen bonds. Under oxidizing or alkaline conditions,
DOPA promotes a cross-linking reaction of the adhesive mussel proteins
through the oxidation of catechol hydroxyl groups to ortho-quinone, and
this is important for the cohesive and bulk elastic properties of the ad-
hesive. DOPA is also able to form coordination bonds with metal ions
from the marine environment, and it can establish cation-t complexation
and n-n-electron stacking interactions, as well as covalent bonds with the
nucleophilic amino acid side chains of, e.g., cysteine, lysine, or tyrosine
[94]. The strong adhesion of the mussel proteins to a broad range of
surfaces (even under wet conditions) has inspired many researchers to
mimic this unique strategy. Owing to the high versatility, good
biocompatibility, and broad adhesion behavior DOPA-functionalization
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of polymers has become the gold standard for improving their adhesion
properties. Indeed, numerous studies on .-DOPA-modified polymers (and
smaller molecules) are available in the literature [194-197]. In most
cases, this DOPA-modification conveys adhesive properties to the con-
jugate without interfering with other molecular characteristics of the
target molecule. Applications of such 1-DOPA-conjugated polymers can
be found in a wide range of medical scenarios such as wound healing
[198,199], drug delivery for cancer therapy [200-202], bone regenera-
tion [203], and coatings on stents for cardiovascular-related diseases
[204,205]. Additionally, many DOPA-based adhesives take advantage of
the self-polymerization propensity of DOPA [206] and its ability to form
complexes with divalent and trivalent cations — both of which enhances
the mechanical properties of the adhesive [94].

Similar to mussels, also sandcastle worms (e.g. Sabellaria alveolata)
make use of an adhesive that contains .-DOPA [207]. However, the
sandcastle worm is a marine species, which forms its shell by gluing
together silica-based sand grains in an environment saturated with cal-
cium [91]. In addition to the intrinsically sticky molecule .-DOPA, a
chromatographic analysis of this glue revealed the presence of another
class of important biomolecules, namely phosphoserines (Fig. 4d) [208].
In detail, the proteins identified to be responsible for adhesion are Sa-1,
Sa-2, Sa-3A, Sa-3B (each <22 kDa), and those polypeptides differ in
terms of their amino acid composition. The first two proteins are cationic

at pH 8.2, and the most abundant amino acids are Gly, Ala, Tyr (func-
tionalized via a hydroxylation) and Lys; in contrast, the other two pro-
teins exhibit an anionic character and comprise mostly (~75%) serines
(functionalized via phosphorylation) [207]. Moreover, enzymes such as
tyrosinase and peroxidase are detected in the glue of sandcastle worms
and are thought to link several 1-DOPA containing proteins with each
other to increase the cohesive and adhesive properties of the glue [91]. In
addition to this enzyme-dependent process, phosphoserine side chains
are also able to bind to each other through electrostatic interactions
mediated by divalent cations such as Ca** and Mg2+ [207]. To under-
stand the molecular interactions of the different components of ‘sand-
castle glue’ in more detail and to explore its potential as a medical
adhesive for bone fractures, Shao et al. [109] synthesized polyacrylate
glue protein analogs of the natural glue featuring phosphate (to mimic
phosphoserine), primary amine, and catechol (to resemble the .-DOPA
structure) sidechains with molar ratios similar to the native proteins.
Importantly, this sandcastle worm-inspired adhesive system formed
liquid polymer coacervates [209] and responded to changes in pH [109].
Specifically, at acidic pH, the generated molecular complexes were found
to be condensed, whereas, at pH values around 8, the negatively charged
molecules were subjected to repulsive forces which entailed more
extended structures. In this state, binding of divalent cations (such as
Ca®") could facilitate the formation of adhesive structures. Based on
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these results, the authors suggested that the two-component adhesive
could be very promising for applications in bone regeneration, where
calcium ions are physiologically present at sufficiently high
concentrations.

Different from the adhesion mechanism employed by mussels and
sandcastle worms, the stickiness of frog secretions cannot be rationalized
by specific (modified) amino acids. For instance, the secretion of Notaden
bennetti frogs is best described as a cocktail of proteins, and the two best
studied and most abundant proteins in this secretion are Nb-1R
(350-500 kDa) and Nb-3 (up to 250 kDa). The most frequent amino
acids in this protein mix are Gly (15.8 mol%), Pro (8.8 mol%), Glu/GIn
(14.1 mol%) and, Hyp (4.6 mol%); however, its carbohydrate content is
negligibly small (<1%). Based on current understanding, the self-
assembly process of this frog slime is mainly governed by hydrophobic
protein-protein interactions. In addition, Nb-1R contains cysteines that
allow these molecules to oligomerize via the formation of covalent di-
sulfide bonds, and electrostatic interactions are thought to occur in the
protein mixture as well. Interestingly, in-depth investigations performed
with purified frog adhesives revealed that those frog slime proteins
contain 36% p-sheets and 64% random coils (Fig. 4e) [210]. Moreover,
the same study revealed that the naturally occurring frog glue features a
mixture of nanoparticles (diameters: 12.5-25 nm), microspheres (di-
ameters: 150-200 nm), and bundled filaments. The different structures
are all likely to contribute to the mechanical properties of the adhesive by
providing a tensile strength of ~78 kPa and a mean adhesion force of 1.9
nN. In an ex vivo study, the frog adhesive was applied to a
tendon-bone-suture interface to facilitate rotator cuff repair [211]. The
obtained results showed that, in contrast to conventional sutures, the
application of the frog glue to this tissue interface improved the stability
of the latter towards fracture [211]. Also purified frog slime components,
i.e., Nb-1R proteins, can be converted into an adhesive material — yet this
requires a suitable chemical modification, e.g, via enzymatic
cross-linking by horseradish peroxidase. Afterward, a soft hydrogel with
satisfactory biocompatibility in vivo is obtained [110].

Two other examples of sticky protein cocktails found in nature are the
slime of salamanders (Plethodon shermani) and the glue-coated cocoons of
Bombyx mori. In the first mixture, proteins (with molecular weights of up
to 170 kDa) comprise 77% of the total dry weight, and the carbohydrate
content was reported to be 0.4% only [33]. As polar and non-polar amino
acids are present in very similar amounts, this secretion has an amphi-
philic character. Chromatographic analyses showed that positively
charged amino acids are almost twice as frequent than anionic ones,
which is why this salamander secretion is overall positively charged.
Intriguingly, 1-DOPA is present in this mixture as well; however, it only
accounts for 0.1% of the total protein content [33]. From a structural
point of view, the salamander bioglue is almost completely constituted by
a-helices, p-sheets, and p-turns (Fig. 4e), which seem to be relevant to the
self-assembly process of this protein mixture into hydrogels (by
providing intra- and intermolecular hydrogen bonds). Glue cohesion as
well as adhesion to hydrophobic surfaces (such as fat tissue) is thought to
be facilitated via hydrophobic interactions between certain amino acids
from the slime and the tissue constituents. However, other interactions
such as cation-t interactions with the amino acid benzene rings (of
tyrosine and phenylalanine) and the substrate scaffold are likely to
contribute as well. In a medical setting, salamander slime demonstrated
excellent biocompatibility and could promote wound closure as well as
re-epithelization [212].

The second protein mixture we discuss here is found in the cocoons of
Bombyx mori and is composed of the fiber protein fibroin and the glue-
like protein sericin. Fibroin is a hydrophobic, high molecular weight
glycoprotein comprising a heavy chain (~390 kDa), light chains (~26
kDa), and fibrohexamers [213]. Sericin, on the other hand, is a globular
protein that is soluble in hot water, contains several polypeptides that
self-assemble into p-sheets (Fig. 4e) and holds the fibroin fibers together
[214]. Owing to its cytocompatibility, anti-inflammatory, antibacterial
and antioxidant activity, sericin has found its way into the field of skin
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and neural tissue engineering [215,216]. However, to meet the me-
chanical demands of those applications, sericin has to be combined with
other macromolecules. For instance, Liang et al. proposed an adhesive
comprising a mixture of gelatin, sericin, and carboxymethyl chitosan for
medical applications: and indeed, this bio-derived adhesive showed a
slightly higher bond strength (2.5 N) compared to commercially used
alpha-cyanoacrylate glues (2.3 N) [111].

Starfish use a similar strategy for attachment as other echinoderms
such as sea urchins [217], i.e., a set of two secretions, where the first one
helps the podia glue to the substrate whereas the second one is used to
detach the podia by denaturing the glue. Here, the glue is protein-based
(20.6%) with a moderate content of lipids (5.6%) and carbohydrates
(8%) [218]. Here, the most abundant amino acids are Asp/Asn, Glu/Gln,
and Gly, and there are also low amounts of cysteines [218]. In the starfish
exudate, Hennebert et al. [219] detected a total of 34 proteins with ad-
hesive characteristics. Among those 34 proteins, the best-characterized
one with sticky properties is Sfpl (MW: 426 kDa) [219]. This protein
possesses four subunits («, p, y and 8) and certain binding sites for in-
teractions with other proteins (e.g, a trypsin inhibitor-like, cysteine rich
domain), carbohydrates (e.g., a galactose-binding, lectin domain), and
metals (e.g., via a calcium-binding, EGF-like domain) [220]. Lefevre et al.
[220] generated recombinantly the §-subunit and sections of the f-sub-
unit to investigate the assembly process of the starfish proteins. The re-
sults showed that the p-subunit predominantly forms -sheets and builds
spherical nanostructures in the presence of Na' ions (which are abun-
dantly present in sea water). In contrast, the §-subunit mainly comprises
a-helices, and interacts predominantly with Ca®" ions to form globular
structures (Fig. 4f). Here, ionic interactions are not only responsible for
the formation of particles with sizes up to 250 nm, but also promote
adhesion to different surfaces such as glass and polystyrene. One com-
mon feature both subunits share is their ability to oligomerize, and this
process is partially supported by disulfide bridges [220]. Moreover,
Hennebert et al. [221] observed that proteoglycans and a very small
amount of glycoproteins (carrying oligosaccharides assembled from, e.g.,
N-acetylgalactosamine, fucose, sialic acid and mannose), such as Sfp-290
and Sfp-210 contribute to the adhesion to surfaces as well, ie., via
hydrogen bonds and electrostatic interactions [221]. Due to their strong
adhesion behavior and favorable mechanical properties, starfish proteins
were already considered as adhesives for (medical) applications. Lefevre
et al. [112] investigated the adhesion properties of recombinant Sfp1 &-
and B-subunits to glass surfaces in the presence of different salt concen-
trations. For the p-subunit, an adhesion strength ranging from ~90 pN
(without salt) to ~200 pN (with 450 mM NaCl) was reported with the
corresponding elastic moduli of ~300 MPa and ~500 MPa, respectively.
Interestingly, mixing both subunits gave rise to a material with both
lower adhesion strength and weaker elastic moduli (~70 pN and ~10
MPa, respectively) [112].

Lastly, we present here two additional bioglue examples that,
although showing promising properties, have not yet been tested in a
medical setting. The first system, the slime secreted by velvet worms
(Euperipatoides rowelli), contains globular particles consisting of lipid
droplets and folded proteins. During mechanical loading, these small
particles (<100 nm) self-assemble into fibrils — a process that is facili-
tated by electrostatic and hydrophobic interactions (Fig. 4g). On a mo-
lecular level, those binding events are mostly brought about by amino
acids; the slime proteins comprise high amounts of charged amino acids
(aspartate, histidine and glutamic acid) and prolines. Moreover, post-
translational modifications (phosphorylations) of amino acids and diva-
lent cations (e g., ca’t, Mg2+) boost the cohesion of the fibrils. However,
as those stabilizing forces are non-covalent, the fibers degrade easily, and
new fibers or particles can be produced from old, disintegrated ones.
Once dehydrated, the fibers form a material with a stiffness of 4-5 GPa
that interacts strongly with anionic surfaces (e.g., glass); in contrast,
positively charged polymer surfaces prevent binding interactions, and
neutral surfaces allow for moderate attractive forces only [26,64].

The second slime system yet to be exploited in medical applications is



T.M. Lutz et al.

the adhesive used by glowworms. Most species of the genus Arach-
nocampa secrete slimy substances that contain urea, ethanol and high
amounts of the modified amino acid 1-methylhistidine [21]. However,
although the composition of glowworm slime has been deciphered, it is
poorly understood how the adhesion and cohesion characteristics of the
adhesive are established by the different components. Byern et al. [222]
proposed that urea could be relevant for the adhesive properties of the
secretion. In fact, the silk-like filaments found in the glowworm secretion
are composed of p-sheets, which are covered with ellipsoidal droplets. An
X-ray Photoelectron Spectroscopy (XPS) analysis showed that these
droplets contain urea, which might cohesively coordinate peptides into
an adhesive material [222]. Moreover, those droplets interact with hy-
drophobic substrates, and upon drying they rearrange into parallel fibers
and crystals. In addition, Wolff et al. [21] suggested that the interactions
between glowworm adhesive and various substrates are regulated by the
amino acid composition of the peptides and rely on van der Waals in-
teractions, hydrogen bonds and, putatively, also covalent interactions
[21]. Probably, more detailed research is required to clarify the mode of
action by which the glowworm adhesive sticks to different objects.
Nevertheless, this example nicely illustrates that there are even more
biological examples of sticky protein secretions to discover in the flora
and fauna.

3.3. Glycoprotein-based natural adhesives

As a third class of bioglues, adhesives comprising glycoproteins are
discussed in this section. As already indicated by the name, those mac-
romolecules combine chemical structural motifs of carbohydrates and
proteins, which leads to even more complex molecular interactions.

Plants such as the English ivy (Hedera helix) make use of glycoproteins
for attachment purposes. The yellowish ivy mucilage contains spherical
nanoparticles, which are mainly composed of pectic polysaccharides and
arabinogalactan proteins, i.e., a superfamily of hydroxyproline-rich gly-
coproteins localized in the extracellular matrix. In a study by Huang et al.
[38], the adhesion of ivy roots to surfaces was rationalized by
calcium-aided electrostatic interactions between carboxyl groups of
uronic acid residues on the pectic substances within the proteinaceous
matrix, which favors hardening of the adhesive and the formation of a
film. Furthermore, the submicron size of the mucilage particles facilitates
attachment to irregular surfaces (Fig. 5a) [38]. Recent studies showed
that collagen-derived scaffolds enriched with ivy nanoparticles support
the regeneration of smooth muscle cells in vitro [113]. Moreover, the
negatively charged ivy nanoparticles themselves were proposed as car-
riers to deliver cationic drugs [113]. Indeed, electrostatic and hydro-
phobic interactions between the carrier matrix and the active
pharmaceutical ingredient (i.e., doxorubicin hydrochloride) facilitated
drug loading and enhanced the intracellular delivery efficiency
compared to freely administered drugs.

Another interesting example from this class of bioglues is given by the
glycoprotein-based microspheres secreted by snails, which combine hy-
drophobic and hydrophilic domains. In the presence of calcium carbon-
ate, glycan motifs stabilize the structure of the microspheres via
electrostatic interactions: upon binding of calcium carbonate to the mi-
crospheres, the sticky network forms elastic fibers with a-helix structural
motifs at their termini. Amazingly, these fibrous structures allow snails to
stick and move simultaneously; here, rapidly formed, small microspheres
help during horizontal crawling (Fig. 5b) [36].

From a physical point of view, this mechanism is based on the com-
plex viscoelastic behavior of the snail slime, which acts as a viscoelastic
liquid at high shear stresses (occuring during locomotion), but returns
into a viscoelastic solid/adhesive once the shear stress level is reduced
[224]. Owing to its sticky, gel-like properties, it is not surprising that
snail slime (in combination with gelatine) can be well manufactured into
adhesive patches (for potential skin applications) that allow for embed-
ding drugs with, e.g., antifungal properties [225]. Similarly, improved
closure capabilities of damaged cell layers and anti-inflammatory effects
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of gold nanoparticles coated with snail slime were observed in vitro and
indicate the high potential of snail slime for tissue regeneration [114].

As the first species of insects makings use of the family of bioglues, we
highlight spiders (especially the family Araneidae), which produce seven
different silk fibers [226], whose main components are spidroin proteins
with molecular weights of up to 350 kDa [227]. The most important type
of adhesive silk is the flagelliform, which is coated with glue droplets
after the spinning process. The termini of the silk fiber protein contains
up to ~130 amino acids with anionic (C-terminus) and cationic (N-ter-
minus) properties [226]; the core domain (up to 200 amino acids) ex-
hibits Gly-rich and/or Ala-rich sections [227]. The structure of those
terminal motifs changes from a-helical (at acidic pH) to p-sheets (at
alkaline pH); in contrast, the core domain forms p-sheets, p-turns and
helical structures independent of pH. By means of electrostatic in-
teractions with each other, the termini stabilize the fiber structure, and
silk fibers show high toughness (up to 280 MJ m~>) and strength (up to
1.3 GPa) [226]. The adhesive droplets covering the flagelliform silk fi-
bers contain two key molecules: the glycoproteins ASG1 and ASG2. The
elastic ASG2 protein provides linkages between the silk fiber and the
adhesive protein ASG1l. ASG1, in turn, exhibits specific binding motifs
such as a chitin-binding domain, and thus, enables efficient insect
attachment [25]. The binding domain of ASG1 consists of a p-sheet
structure stabilized by cysteines, and aromatic amino acids such as Phe
and Trp provide additional interactions with the insect bodies. Moreover,
polar amino acids such as Ser, Gln, Glu, Thr and Pro are frequently found
as well and form a mucin-like domain. The presence of prolines is
responsible for the B-turns in the structure and ensures accessibility of
Thr and Ser for glycosylation. ASG2 contains glycosylated domains as
well and forms p-sheets, p-turns, and random coils. The most common
amino acids in ASG2 are Ser, Gly and Val; in addition, Cys is highly
conserved and enables these molecules to oligomerize via disulfide
bridges (Fig. 5¢) [228]. Opell et al. [229] investigated the mechanical
properties of the spider glue droplets and determined toughness values of
1-5 MJ m 3 and Young's moduli of 0.02-2 MPa [229]. For medical ap-
plications, recombinant silk fibers have shown to be better suitable than
glue droplets and were used to form biocompatible membranes for tissue
engineering, e.g., for the treatment of epidermal wound defects [230].

The last set of glycoprotein-based glues we discuss here is taken from
the world of marine animals. The adhesion strategy used by hagfishes
(Myxine glutinosa) is based on cross-linked networks made from mucin-
like glycoproteins and protein filaments. Mucins are large glycopro-
teins that are ubiquitous in the animal kingdom, where they are involved
in a broad range of functions such as providing anti-bacterial/anti-viral
barriers, lubricity and tissue hydration [231,232]. The chemical struc-
ture of the mucin glycoproteins can be simply described as the protein
core domain where serine and threonine residues are connected to
branched oligosaccharides through O-glycoside bonds [233]. Hagfish
mucins are composed of 80% protein and 20% carbohydrates; they can
oligomerize via the formation of disulfide bridges, and sulfonated
structures in the mucin carbohydrates convey an overall negative charge
to this glycoprotein [234]. In the concentrated exudate of the hagfish,
disc-shaped vesicles with sizes of a few microns are present (Fig. 5d)
[234]. Here, the protein keratin can be found in small quantities, forming
filaments with lengths of up to 30 cm and which, after secretion, un-
dergoes a structural transformation from a-helical into B-sheet-like
structures [32,235]. The latter motifs form interconnected networks,
which are stabilized by divalent calcium ions and attract large amounts of
water — eventually leading to hydrogel formation [223]. On a molecular
scale, it was observed that specific Leu-Asp-Val-sequences in the keratin
threads can interact with cellular integrins to promote cell adhesion and
proliferation, whereas the carbohydrate motifs of the mucin glycopro-
teins can support cell attachment by interacting with cell adhesion
molecules such as selectins and lectins [115]. Indeed, mucin/keratin
scaffolds promote the attachment, growth and formation of organoids
and tissues in vitro [115]. Thus, the hagfish exudate was put forward as a
potential substance for tissue engineering.
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Our final example of a natural adhesive from the animal world is the
jellyfish sticky-material. Jellyfish species such as Rhopilema esculentum
contain two adhesive components: the protein collagen (predominantly
collagen I) and a mucilaginous slime containing the glycoprotein gniu-
mucin. The structure of jellyfish collagen is best described as helical fi-
bres composed of three elongated a-chains. Here, the most abundant
amino acids are glycine and (4-hydroxy)prolin, and the individual
collagen chains are stabilized into a triple-helix via hydrogen bonds
[236]. There are many examples of how jellyfish collagens can be used in
medical applications - either in their pristine form (e.g., as a scaffolding
material) or in combination with other molecules such as agarose or
alginate (to promote the regeneration of bone [237,238] or cartilage
[239] tissue). Furthermore, jellyfish collagens were used as a sensor for
thrombin detection [240] and to create microparticles to transport
therapeutics [241]. The second highly conserved macromolecule of jel-
lyfish secretions is the glycoprotein gniumucin, whose function is still
poorly understood. The protein structure includes monomers (with mo-
lecular weights up to 150 kDa) to which a range of carbohydrates (mostly
N-acetyl-p-galactosamines, arabinose and galactose [242]) are attached;
overall, glycans contribute a third of the molecular weight of gniumucin.

a) ivy arabinogalactan proteins (AGPs)

AGPs
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Owing to repulsive forces originating from the long glycan chains,
gniumucins assume a stretched, linear configuration [233]. The indi-
vidual qniumucins can then oligomerize and form a network. Differently
from mammalian mucins, where oligomerization is established via cys-
teines [231], the content of cysteines in qniumucin is comparably low
[242]. Based on NMR investigations, Uzawa et al. [233] suggested that,
in gniumucins, oligomerization might occur as a result of N-acetyl-p-g-
alactosamines interacting with threonine residues (Fig. 5e) [233]. Owing
to the difficulty of artificially reproducing mucins by biotechnological
methods or chemical synthesis, so far, only mucins extracted from natural
sources are available for commercial purposes [243]. Typically, mucins
are known for their structural heterogeneity; however, qniumucins are
more homogeneous, and the level of purity achieved during their isola-
tion is high. Thus, this marine-based molecule could help in the pro-
duction of customized mucins for biomedical applications. In recent
years, the jellyfish adhesive compounds (both gniumucin and collagen)
started to set foot in the field of healthcare applications as they were
tested as components of materials for wound healing. In vivo experiments
have demonstrated that electrospun (glyco-)protein scaffolds made from
jellyfish mucins promote cardiac cell proliferation without causing any

b) snail fibers

electrostatic interaction with CaCO,

c) coated spider silk fibers
ASG1 (B-sheets)

cross-linked via
Cys

d) hagfish slime filaments

oligomerization occurs via covalent linkage
(N-acetyl-D-galactosamines interacting with threonine residues)

Fig. 5. Selected examples of glycoprotein-based adhesives are those produced by ivy (a), snails (b), spiders (c), hagfish (d), and jellyfish (e). Owing to the biochemical
complexity of this class of bioglues, a broad variety of different structures and a range of physicochemical interactions between the glue components and target objects

are possible. Adapted from Ref. [38] (a) [36], (b) [223], (d).
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cytotoxic effects [116].

4. Bio-inspired and smart, multifunctional adhesives

Owing to their good biocompatibility, biodegradability and (possibly)
bioabsorption properties, bio-derived materials are very interesting
candidates for medical purposes. However, to obtain an ideal medical
adhesive (Fig. 6), numerous additional requirements such as good me-
chanical stability, proper adhesion, and a sufficiently short curing time
must be met simultaneously without adversely affecting other material's
physicochemical or biological functions. In addition, the final material
needs to undergo a sterilization process, whose harsh conditions are not
tolerated by most biological macromolecules [244,245]. Finally, even
when all those criteria are fulfilled, the material must be able to deal with
the challenges of the in vivo environment, including shear forces, liquid
flux, pH and temperature changes, as well as enzymatic attack. Of course,
the detailed conditions the adhesive material must withstand vary with
both the medical condition and the place of material application. In a
nutshell, it is unlikely that a given biological material can provide all of
those properties at the same time, which is why synthetic alternatives
using naturally occurring molecular motifs can be a better solution for
this multifaceted optimization problem.

Thanks to recent advances in the field of material science, it is now
possible to exert an advanced level of control over the structure and
composition of a bio-hybrid material; this control allows scientists not
only to tune and adjust selected material characteristics and functional-
ities, but also to trigger desired “on-demand” actions/properties that the
material only activates when pre-defined scenarios occur. In this final
section of the review article, we discuss selected examples of both, (semi-
)synthetic as well as smart/multifunctional, ‘3rd generation adhesives’,
the latter of which can have a broad range of properties in addition to
being sticky (Table 3).

4.1. Adhesives using recombinant molecules

Compared to purely synthetic adhesives, recombinantly produced
adhesion motifs represent an intermediate stage in the development of
novel, bio-inspired glues [263]. In such an approach, the relevant amino
acid sequences (e.g., sticky peptide segments or sequence fragments
involved in the formation of a specific structure important for the func-
tion of an adhesive) are partially recreated. This strategy comes with the
advantage of reducing biological variability while preserving the
important natural characteristics of the bio-adhesive. The examples we
discuss in the following subsection contain such recombinantly produced
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molecules and hold the potential to be used in a medical application.
However, as these studies are very novel, the behavior of the developed
materials has not been tested in a physiological setting yet.

Li et al. [264] developed spider glue-like droplets made from re-
combinant AgSp1 spidroins. In detail, three different proteins (1RP: 11.5
kDa; 1RC: 24.7 kDa; 3RP: 30.2 kDa) were generated from the amino acid
sequence of AgSpl and were characterized. Both RP variants showed
random coil structures that, during a spinning process with polar hexa-
fluoroisopropanol (HFIP), could be transformed into helical structures;
conversely, the RC variant assumed an a-helix configuration by itself. All
three protein variants could be assembled into fibers with different me-
chanical properties: 3RP-HFIP-methanol fibers showed tensile strength
values up to 38 MPa (and toughness values around 0.8 MJ rn’3), whereas
1RC-water-ethanol fibers were slightly less stable (tensile strength: 21
MPa; toughness 0.5 MJ m~>). However, the breaking strains for all three
fibers were rather low (4.5-6.0%). Thus, before creating an adhesive
material, the mechanical properties of the fibers need to be improved;
moreover, their biocompatibility needs to be assessed to evaluate their
suitability for biomedical purposes. In similar studies, the recombinant
expression of mussel-glue proteins responding to a pH-based cohesion
trigger [265], elastin peptides assembling into hydrogels with
self-healing properties [266], and silkworm egg glue proteins creating
hydrogels with promising adhesive properties [267] was successfully
demonstrated. However, also in those cases, more detailed character-
ization of the developed materials is required before they can be
considered for medical applications.

Ma et al. [268] were inspired by elastin, a protein of the extracellular
matrix found in most vertebrates. Recombinant protein was produced
with tandem repeats comprising sequence units with Val-Pro-Gly-Lys-Gly
motifs, and polypeptides with lengths of up to 144 repeats (K18, K36,
K72, K108 and K144) were generated. Those cationic molecules could
interact with negatively charged sodium dodecylbenzene sulfonate
(SDBS) micelles, and the resulting complexes were shown to strongly
adhere to dry surfaces such as glass and metals [268]. Here, the fracture
strengths determined from lap shear tests were on the order of 14 MPa. In
addition, also wet adhesion to those materials (glass: fracture strength of
490 kPa; steel: fracture strength of 330 kPa) was found to be promising.
One possible explanation for this good adhesion behavior could be the
presence of lysine residues in the construct, which can engage in elec-
trostatic interactions and cation-n interactions (e.g., with the phenyl rings
of SDBS thus, boosting the cohesive properties of the adhesive). Ex vivo
studies with muscle, liver, and skin tissues confirmed the promising
adhesion properties (interfacial toughness up to 80 J m~?) of this ma-
terial. Moreover, this bio-inspired glue showed anti-inflammatory
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Fig. 6. Overview of the different requirements an ideal adhesive for medical applications should meet. In addition to the general material properties of such an
adhesive, also physiological challenges imposed by the human physiology need to be considered. In addition, further properties can be integrated into synthetic
adhesives to achieve multifunctional behavior tailored to specific areas of application.
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Table 3
Examples of microscopic mechanisms that give rise to multifunctional properties in bio-derived and bio-inspired adhesive materials.
property material responsible Ref.
mechanism
controlled attachment/ - poly(6-(4-(p- tolyldiazenyl)phenoxy)hexyl acrylate) photo-activation [246-248]
detachment - arylazoisox-azoles
- nematic liquid crystal elastomers
- chitosan-grafted-dihydrocaffeic acid (CS-DA) and oxidized pullulan (OP) pH [249,250]
- dopamine methacrylamide (DMA) and 3-acrylamido phenylboronic acid control
- poly(N-isopropylacrylamide; ¢6-co-n-butyl acrylateg)-poly(ethylene glycol)-poly(N- thermal [251-253]
isopropylacrylamide; ¢-co-n-butyl acrylatey) copolymer activation
- poly(dopamine methacrylamide-co-methoxyethyl-acrylate-co-N-isopropyl acrylamide) copolymer
- recombinant protein V40K72
PVA/PAA cleavage of crosslinks [254]
on-demand adhesiveness - alginate and Poly(glycerol sebacate)-acrylate electrostatic [255,256]
- salmine sulfate and sodium inositol hexaphosphate interactions
poly(glycerol sebacate acrylate) photo-activation [257]
self-healing furan-end functionalized POSS and bismaleimide Diels-Alder reaction [258]
oligo(ethylene glycol) methacrylate and methacrylic acid reversible bonding (hydrogen [259]
bonds)
tannic-acid coated cellulose nanocrystals in poly(vinyl alcohol)-borax network reversible bonding (borate- [260]
diol bonds
and hydrogen bonds)
catechol-conjugated chitosan and aldehyde-modified cellulose nanocrystals dynamic Schiff-base linkages [261]
Polyethylene-glycol-based hydrogel and organogel reversible bonding [262]
(acylhydrazone
bonds)

properties, hemostatic effects, and accelerated wound healing in vivo,
which renders this recombinant adhesive a highly interesting candidate
for surgical use [268]. There are also promising examples of recombinant
materials reproducing segments of adhesive mussel proteins, and those
have shown good biocompatibility in vivo as well [269].

4.2. Multifunctional materials

So far, we have focused on (semi-)synthetic materials where the ad-
hesive behavior was the main focus during the material development
process. However, for certain applications, further properties are desired
in addition to stickiness. As a first example of a multifunctional glue
material we highlight the dry adhesive developed by Yuk et al. for wound
closure applications [270]. This material quickly adheres to wet tissues,
connects two tissue surfaces with each other, exhibits high mechanical
stability and flexibility, and can be stored for two weeks without loss of
functionality. To attain those properties, a dry double-sided tape (DST)
was designed consisting of a combination of a biopolymer (gelatin or
chitosan) and cross-linked poly(acrylic acid) (PAA) grafted with
N-hydroxysuccinimide ester. This combination is endowed with sticky
properties via an ensemble of hydrogen bonds, electrostatic, and covalent
interactions. Methacrylated gelatin molecules embedded into the
PAA-material serve as cross-linkers and strengthen the polymeric
network such that an interfacial toughness of ~1 kJ m~2 is obtained.
Once placed in vivo, however, the material can be degraded within two to
four weeks, and this is made possible by the integrated gelatine and
chitosan molecules (which also provide good biocompatibility), respec-
tively [270]. This multi-component material was used as a wound patch
to cover tissue ruptures (Fig. 7a) and - at least ex vivo — could prevent
leakage of fluids (such as gastric juice). Moreover, this adhesive was
employed to attach a sensor to the heart, which allowed for investigating
the cardiac function ex vivo [24]. On the basis of their findings, authors
claim that the DST offers several advantages over existing tissue adhe-
sives and sealants, including fast adhesion formation, robust adhesion
performance, flexibility, as well as ease of storage and application. In
addition, the material could be enriched with drug depots to release
pharmaceuticals to accelerate the wound healing process.

In the example discussed above, multi-functionality was achieved by
combining different (macro)molecular components, and each component
had its specific tasks. However, such an approach is not necessarily
straightforward as one (or several) of the components may interfere with
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the function of others. To illustrate this problem, we mention an example
from the literature where the goal was to obtain a strong network by
combining chelate-based and UV-based cross-linking strategies into the
same material [271]. Here, an acrylated epoxidized soybean oil (AESO)
was employed, which combines UV-activatable residues and DOPA
groups. The first modification allows the polymer to be covalently
cross-linked via UV light whereas the DOPA-functionalization can cova-
lently autoxidize, or form chelate complexes with added Fe3' ijons.
However, when making use of both cross-linking strategies at the same
time, the authors obtained a lower bonding strength of 1.1 MPa than
when they used one of those cross-linking strategies only. Probably, the
different active groups inhibit each other and thus prevent optimal
cross-linking.

To circumvent such issues, two-component adhesives can be created.
In the example herewith highlight, one component was a four-armed
polyethylene glycol-poly (lactic-co-glycolic acid)-N-hydroxysuccinimide
(PEG4-PLGA-NHS) molecule and the second one was a four-armed
polyethylene glycol-NHy (PEG4-NH3) construct. When mixed with each
other at room temperature, these two polymers started to interact with
each other and with a tissue sample they were placed onto, and the
initially viscosity-dominated solution was converted into an elasticity-
dominated adhesive (with an elastic modulus of up to 15 kPa) within
2 min. Here, the PEG4-PLGA-NHS interacts via NHS ester groups with
amine groups from the tissue surface (providing adhesion) and with
PEG4-NH; (providing cohesion), and the PLGA motifs render the sealant
degradable by presenting hydrolysable esters. Importantly, even when
exposed to high blood pressures (which can be as high as 120 mm Hg_l),
sealants created from 9:1 mixtures of PEG4-PLGA-NHS/PEG4-NH,
showed acceptable stability and good biocompatibility in vitro and in vivo
[272].

Another example of a successfully engineered multi-component glue
draws inspiration from plants. Here, an adhesive hydrogel was developed
by Gan et al. [273] using Ag-lignin core-shell nanoparticles to trigger a
dynamic catechol-based redox system in poly(acrylic acid)/pectin
hydrogels (Fig. 7b). This strategy made use of two effects: first, a
continuous formation of free radicals and, second, maintaining the
quinone-catechol redox balance in the network. As a consequence, a
continuous reductive/oxidative environment was created that not only
enabled self-gelation of the polymeric system at ambient conditions, but
endows the hydrogel with long-term and repeatable adhesiveness. The
adhesion mechanism of the hydrogel is attributable to the hydrogen
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Fig. 7. Schematic representation of ex vivo
experiments with porcine lung, stomach, and
heart tissue, where a prevention of air-/fluid
leakage was achieved by applying a multi-
functional (drug-loaded) adhesive (DST; a).
Moreover, the same adhesive system could
be used to attach a sensor to the heart mus-
cle. Dry double-sided tape (DST) is a com-
bination of a biopolymer (gelatin or
chitosan) and cross-linked poly(acrylic acid)
(PAA) grafted with N-hydroxysuccinimide
ester. Figure adapted from Ref. [270].
Multi-component adhesion system
comprising pectin and polyacrylic acid mac-
romolecules combined with plant-inspired,
DOPA-modified Ag-lignin nanoparticles
(NPs; b). These particles trigger the gelation
process of the mixture based on the redox
reaction of chinones. Adapted from

perforated DST Ref. [273].
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bonding or hydrophobic interaction between the material and different
surfaces. The successful formation of an adhesive substance was verified
by adhesion and striping tests on skin tissue. Intriguingly, the hydrogel
showed high antibacterial activity due to the catechol groups and
bactericidal ability of Ag-Lignin NPs [273].

In certain cases, some specific functions of an adhesive materials are
only needed at selected time points. For instance, Chen et al. [254]
presented a wet-adhesive material that can be detached on demand by
adding a biocompatible trigger solution. Inspired by mussels employing
the amino acid .-DOPA, also this material sticks to a wet tissue surface via
physical and covalent bonds; however, different from how mussels ach-
ieve this combination of attractive interactions, here, a combination of
highly abundant carboxylic groups present on poly(acrylic acid) (PAA)
and cleavable N-hydroxysuccinimide (NHS) ester groups grafted onto
PAA, respectively, provides this combination of covalent and
non-covalent interactions. Once applied to its target, the material forms a
highly stretchable and tough hydrogel with a fracture toughness over 1
kJ m~2. Upon contact with the trigger solution, the physical and covalent
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bonds to the surface are cleaved by two trigger molecules: sodium car-
bonate (which weakens hydrogen bonds) and i-glutathione (which re-
duces cysteine bonds). Furthermore, this material as well as the trigger
solution enabling its controlled detachment process were found to be
biocompatible in vivo, which enables its use for temporary organ sealing,
or for attaching medical devices such as drains and drug depots to a
tissue. Related strategies that convey ‘switchable’ attachment/detach-
ment properties to adhesive materials make use of polymers with
photo-responsive [246-248], pH responsive [249,250,274], and tem-
perature responsive properties [251,275].

The ability to precisely trigger adhesive properties on-demand is
highly desirable in the context of minimally invasive surgeries; here, very
narrow tubes are used to deposit a tissue adhesive at the point of need. To
overcome problems arising from tube clogging, a biomimetic system
using the granule-mediated adhesive strategy of sandcastle worms was
introduced [255]. In this material, glue droplets made from hydrophobic
poly(glycerol sebacate)-acrylate were stabilized with negatively charged
alginate biopolymers to reduce the viscosity of the material and thus to
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optimize its injectability. After injection, contact with a positively
charged trigger polymer (ie., protamine, which is applied after the
polymeric mixture has reached its target site) converted the nanoparticle
dispersion into a viscoelastic adhesive. With this trick, it was easily
possible to control the dose and timing of the glue application with high
precision. Similarly, other bioinspired materials with on-demand adhe-
sion properties were successfully employed for medical purposes such as
bone fracture healing [276], endovascular embolization [256], and he-
mostatic sealing [257].

Of course, applications of bio-inspired glues do not have to be limited
to the medical sector. Especially when combined with another highly
desired material property — autonomous damage management (also
known as ‘self-healing’) — adhesives with an increased lifetime and
constant mechanical characteristics can be created which are very
interesting for many fields of materials science. Indeed, self-healing
materials were developed on the basis of different mechanistic princi-
ples, and examples include the application of an external stimulus (such
as pH change, UV irradiation, or temperature change) [258,277],
non-covalent interactions [259,278,279], or dynamic covalent bonds
[280-282]. In this context, owing to their dynamic behavior and the
simplicity of the required chemical reactions, synergistic interactions
between borate-diol bonds have been put forward as a promising strategy
for the formulations of bioadhesives [283]. For instance, Ge et al. [284]
developed poly(vinyl alcohol)/borax hybrid hydrogels containing func-
tional cellulose nanofibrils and tannic acid molecules. Here, the forma-
tion of dynamic ester complexes between borate groups and cis-diols of
PVA, cellulose, and tannic acid introduced (and maintained) chemical
cross-links into the hydrogel, whereas the dispersed cellulose nanofibrils
reinforced the material. As evidenced by cutting/healing and rheological
recovery tests, the high reversibility of borate-ester bonds allowed this
material to successfully restore its properties within 10 s after mechanical
damage was applied. Initial tests with ex vivo skin samples verified the
adhesive behavior of this formulation, which indicates that several
medical applications will benefit from it. Other areas where recent ad-
vances in the design and modification of bio-based glues opened new
avenues for their application include the development of wood adhesives
[285,286] and general sealants [287]. This demonstrates the broad
versatility of such bio-based and bio-inspired materials.

5. Conclusion and outlook

As the examples we discuss here nicely illustrate, nature has devel-
oped a broad range of glues that often serve additional purposes other
than ‘just’ being adhesive. Of course, we humans are often interested in
applying such biological or bio-based adhesives in a different context,
e.g., in contact with human tissue. Whether protein-based, carbohydrate-
based or glycoprotein-based adhesives are most suitable in a particular
biomedical setting is a priori not clear, though. Here, studies that sys-
tematically conduct a direct comparison of different bio-based adhesives
on the same tissue substrate (using the same methodology and testing
conditions) would be useful but are — to date — scarce. Of course, there is
already a large body of literature available where different experiments
with bio-based and bio-derived adhesives are described. In this context, a
machine learning-assisted analysis of the existing data might help pin-
pointing selection criteria that enable material scientists to rapidly
identify a bio-driven solution for a particular medical scenario.

For the development of biomedical adhesives, it is equally important
to meet various biological demands and to achieve the required me-
chanical properties. Thus, considering the biological limitations of sen-
sitive tissues, hazardous chemicals and very robust, non-degradable
formulations are rarely suitable for medical applications. Instead, bio-
inspired adhesives combining biological motifs with (semi-)synthetic
polymer backbones may provide the best of both worlds, i.e., tunable
material properties and biological compatibility/degradability. Having
revealed a range of smart adhesives with controllable behavior, re-
searchers now have access to a large toolbox of molecular motifs they can

Materials Today Bio 13 (2022) 100203

use to develop multi-functional adhesives. With those next-generation
bio-adhesives, it should be possible to address complicated patholog-
ical scenarios in the future where currently established adhesives are
insufficient. Examples of such difficult scenarios requiring next-
generation adhesives are the closure of fetal membranes or the treat-
ment of diabetic wounds. Here, rationally designed materials with
tailored adhesion/detachment (or degradation) properties in combina-
tion with controlled drug release abilities would constitute an important
milestone.

Further deepening our understanding of biological adhesion mecha-
nisms and reproducing the relevant biochemical motifs in semi-synthetic
constructs will therefore, not only advance our control over medical
problems such as wound healing. Progress in this area is also likely to
trigger the development of novel materials for other medical purposes
such as drug monitoring or bioelectronics as well as other fields where
adhesives with well-controlled and tunable properties are required.
Whether purified bio-compounds or bio-inspired, (semi-)synthetic ma-
terials are better suited for this purpose will not only depend on the level
of desired multi-functionality, the durability/life time, and the amount of
adhesive required for a particular application, but also on the purity of
the used components and the ensuing biocompatibility of the created
adhesive. Regarding the latter two aspects, biomedical applications
certainly come with the most complex demands.
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