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Application of adhesive materials in biomedicine: progress
and prospects

Dongmin Xun™?", Xiaoyu Jiang", Lingxi Kong"?, Zonghao Li*? and Chao Zhong®

1 Materials and Physical Biology Division, School of Physical Science and Technology, Shanghai Tech University, Shanghai 201210, China
2 School of Life Science and Technology, Shanghai Tech University, Shanghai 201210, China

Abstract: As an important auxiliary material, adhesive materials have many important applications in various fields
including but not limited to industrial packaging, marine engineering, and biomedicine. Naturally occurring adhesives such as
mussel foot proteins are usually biocompatible and biodegradable, but their limited sources and poor mechanical properties in
physiological conditions have limited their widespread uses in biomedical field. Inspired by the underwater adhesion
phenomenon of natural organisms, a series of biomimetic adhesive materials have been developed through chemical or
bioengineering approaches. Notably, some of those synthetic adhesives have exhibited great promise for medical applications
in terms of their biocompatibility, biodegradability, strong tissue adhesion and many other attractive functional properties. As
natural adhesive materials possess distinctive “living” attributes such as environmental responsiveness, self-regeneration and
autonomous repairs, the development of various biologically inspired and biomimetic adhesive materials using natural
adhesives as blueprints will thus be of keen and continuous interest in the future. The emerging field of synthetic biology will
likely provide new opportunities to design living glues that recapitulate the dynamic features of those naturally occurring
adhesives.

Keywords: adhesive materials, bio-adhesives, synthetic biology, biomimetic adhesives, living cellular glues
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Table1 Common commercial adhesives

Products Materials Adhesiveness Reference

Skin graft™”  Skin 5-40 JJm?>  [23]
ALGICELL® Alginate 3 J/m? [24]

AAD Alginate-PNIPAM 200 Jm?  [25]
TA Alginate-PAAmM 1200J/m?  [24]
Tegaderm®  Acrylate 20-40 J/m?  [24,26]
COSEAL®  PEG ~30J/m?  [27]
AdvaSeal® [27]
DuraSeal® [27]
TISSEEL®  Fibrin 60 J/m? [28]
Hemaseel® [28]
Dermabond®  Cyanoacrylate 300 J/m? [29]
GRF® Hybrid adhesives 10*-10°Pa  [30]
BioGlue® [30]
TissuGIu® [31]

HAR U AV 2 O HESh Y - IR vt
Wing UK PSR 1 (Mussel adhesive protein, MAP)
(B 1), XeeE HHA RO A AT REARE LA K A
WA AR, B 2 S BN N 2 B TR A SR A
&, P HAER R R Bl ARSI AR
YIITERS A A3 AR 27 48 28 PR A b R
(Fibrin sealant, FS) & —# T E L E RS M

Uk Cross-link

1 ETF MAP W7k BRI kT EEM
Fig. 1
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SERMEZ—FE WL Z SR A R, B AR
R AR P 7e 3R 200 B S AR A 31 L X Rk
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. HrEEhRe, SAER I mEoR Tz N TR IR,
HemCon™ wli J:—Fh B 55 [E FDA v b1 f9 1k i
0, TR A ORI, UEM &
P 38 2 2 R A e BE A 7 A A2y IR0 S 0, & #A

1) Fe**-mediated gelation

Schematic representation of the MAP-based gelation process via Fe*-DOPA coordination-mediated

noncovalent cross-linking or DOPA quinone-mediated covalent cross-linking. (Reproduced from Kim et al®4).
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Table 2 Summary of adhesion energy or adhesive strength
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Adhesives Adhesion energy or adhesive strength Reference
CsgA underwater adhesive 20.9 mJ/m? [41]
LLPS underwater adhesive 48.1 my/m? [42]
Tissue adhesive 200-1 000 mJ/m? [63]
Wound-healing adhesive 175 mJ/m? [25]
Wet adhesive 15-450 kPa [43]
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B2 #RERFEHNESELETMHEEIKTHEME (A Zhong et al®™)

Fig. 2 Modular genetic design for self-assembling amyloid underwater adhesives (Adapted from Zhong et al®). (A)
Schematic of two independent natural adhesive proteins (curli from E. coli and mussel foot proteins (Mfps) from mussels.
Curli are adhesive amyloid fibres composed of the major functional subunit CsgA. CsgA contains five stacked
strand-loop-strand motifs mediated by conserved residues and can self-assemble into nanofibres via a rate-limiting nucleation
step followed by fibril extension. Mfp3 and Mfp5, major mussel adhesive foot proteins, have unstructured coil structures in
solution and are critical to the underwater interfacial adhesion of mussels. (B) The modular design of artificial adhesive
materials is enabled by rationally fusing genes encoding the two natural adhesive elements shown in A. (C) Schematic of
predicted cross-f-strand structures for CsgA-Mfp3 and Mfp5-CsgA in solution. (D) Because of the amyloidogenic domains,
CsgA-Mfp3 and Mfp5-CsgA monomers can self-assemble into large bundles of fibrils or hierarchical networks of filaments.
In vitro copolymerization of the CsgA-Mfp3 and Mfp5-CsgA monomers can lead to hierarchically co-assembled structures
with two different adhesive domains displayed on amyloid scaffolds, potentially recapitulating intermolecular interactions
between Mfp3 and Mfp5 molecules in natural mussel adhesion systems.
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Fig. 3 Tissue adhesives (TAs) applied for repairing pig heart and mouse liver (Adapted from Li et al™). (A) TAs were used
as tissue adhesives. A TA adhered to the liver and sustained 14 times its initial length (1) before debonding. Scale bars, 20 mm.
(B) TAs served as heart sealants. The TA sealant prevented liquid (red) leakage as the porcine heart was inflated. AP, change in
pressure. Scale bars, 10 mm. (C) Burst pressures of the TA sealant were measured without (TA) and with plastic backing
(TA-B). (D) Use of a TA as a hemostatic dressing. A deep wound was created on rat liver and then sealed with a TA to stop the
blood flow (labeled with red arrows). (E) Blood loss with the treatment of TA, SURGIFLO hemostat, and control (without
treatment). Error bars indicate SD; n=4. P values were determined by a Student’s t test; ***P <0.001; ns, not significant.
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Fig. 4 Bioinspired design of AAD for promoting wound contraction (Adapted from Blacklow et al'®). (A) Skin
wounds of chicken embryo. An actin cable (green) is formed in the cells at the wound edges and contacts the wound. (B)
Active wound contraction enabled by AAD that adheres to and contracts the wound edges at the skin temperature. Red
dashed arrows indicate the contraction.
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Fig. 5 Schematic representation of QCSP/PEGS-FA hydrogel synthesis (Adapted from Zhao et al®). (A) Synthesis of
QCSP copolymer. (B) Synthesis of PEGS-FA copolymer. (C) Preparation of QCSP/PEGS-FA hydrogel. (D) Photographs
of PEGS-FA solution, QCSP solution and hydrogel QCSP3/PEGS-FAL.5. (E) The bending and pressing shapes of soft
and flexible hydrogel QCSP3/PEGS-FAL.5. Scar bar =5 mm.
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Fig. 6 Natural underwater adhesion systems inspire biofilm-based functional cellular glues (Adapted from Zhang et al®).
(A) Hlustration of natural marine adhesive systems that employ distinct adhesion principles. Left, barnacles using cement
proteins containing amyloid-like structures. Middle, mussels using adhesive foot proteins possessing Dopa, tyrosine, and
lysine residues that contribute to interfacial adhesion, cation-r mediated self-coacervation and cohesion. Right, sandcastle
worms using oppositely charged polyelectrolyte-induced complex coacervates. (B) Rational design for functional cellular
glues based on engineered B. subtilis biofilms containing adhesive components inspired by three natural marine systems. Top,
Conceptual illustration of an integrated biofilm-based functional cellular glue on a substrate, showing bacterial cells
embedded inside a functionalized extracellular matrix that is rich in engineered amyloid structural proteins fused with a
mussel foot protein (TasA-Mefp5), engineered biofilm surface proteins fused with an engineered mussel-derived peptide
(BslA-Mfp3Sp), exopolysaccharides (EPS), and metal ions.
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