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ABSTRACT

The gallol group, which contains three adjacent hydroxyl groups on a benzene, is a new bioins-
pired functional group for adhesives applications. The chemical structure of the gallol group pos-
sesses one more hydroxyl group on a benzene than the well-studied mussel-inspired adhesive
group, catechol. Despite the small difference in chemical structure, gallol containing adhesive pol-
ymers show 7 times higher wet adhesion properties than the catechol containing adhesives under
the identical experimental conditions. On account of the large enhancement of adhesion proper-
ties, the gallol containing adhesive polymers are gaining significant interest, and the related poly-
mer science fields are expected to grow quickly. This review summarizes synthesis methods and
diverse applications of gallol containing adhesive polymers. The goal of this review is to provide
reasonable pathways for selecting and designing gallol containing polymer structures to maximize
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the adhesion properties for functional applications.
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1. Introduction

The most extensively studied bioinspired adhesives are cat-
echol containing polymers. The catechol is found from L-
3,4-dihydroxyphenylalanine (DOPA) which is an integral
part of mussel’s adhesive protein. Because of the DOPA
containing polymer’s excellent adhesion properties on uni-
versal surfaces, research regarding the bioinspired (or mus-
sel-inspired) adhesives has been extensively studied and
reviewed many times.' ! However, gallol, which has one
more hydroxyl group on a benzene ring than catechol
(Figure 1), has not been reviewed yet despite gallol’s much
stronger adhesion properties than catechol group. The pre-
sent review focuses on “adhesive polymers” and discusses
comparison between gallol and catechol in adhesive poly-
mers, synthesis of gallol containing adhesive polymers, and
applications of gallol containing adhesive polymers.

Gallol possesses three adjacent hydroxyl groups on a ben-
zene ring, and it is commonly found in a variety of plants
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such as tea leaves, fruit peels, and oak bark.!®”! The simplest
compound of gallol containing group is pyrogallol, which is
extracted from gallic acid. Tannic acid, known as a bitter
element in red wine,'®® is also a gallol group containing
molecule (Figure 2).1'%!

The unique chemical structure of gallol group has been
applied to multiple areas in polymer science. First, integra-
tion of gallol on polymers can significantly improve adhe-
sion properties on universal surfaces. This is a main theme
of the present review. Among diverse gallol containing adhe-
sives, strong gallol adhesion on proteins, peptides, DNA/
RNA, and polysaccharides gains heightened attention in the
biomedical adhesives field.!'>'?! The gallol groups contain-
ing polymers are an excellent antioxidant.'*) The antioxi-
dant function is enabled by quinone, that is obtained from
oxidation of hydroxyl groups on gallol under physiological
and weak basic conditions. The next application area uses
gallol to form transition metal complex via coordination
bonds. This metal complexation leads strong attraction
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between metal (surface, micro/nano particles, and atomic
metals) and coating polymers in engineering processes.““]

1.2. Gallol group versus catechol group

The main difference of chemical structure between gallol
groups and catechol group is the number of hydroxyl
groups on a benzene ring (3 on gallol vs. 2 on catechol).
Three hydroxyl groups of gallol group are attached to 3, 4,
and 5 position on a phenyl group. On the other hand, cat-
echol possesses two hydroxyl groups on 3 and 4 positions of
a phenyl group (Figure 1). The chemical structure difference
does not seem significant; however, the resulting properties
and the following application difference are significant.
Recently, comparative underwater adhesion property studies
of catechol and gallol are reported in 2017 by Yoshie
et al.!"®! In this report, the synthesized poly(vinylgallol-co-n-
butyl acrylate) showed 1MPa of bonding strength on
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Figure 1. Chemical structure of gallol and catechol group.

aluminum substrate under water after 6days curing. It is
almost 7 times stronger than bonding strength of poly(vinyl-
catechol-co-n-butyl acrylate) which replaces gallol groups in
polymer with catechol under same conditions (Figure 3).!*!
The gallol containing polymer also showed much higher
bonding strength than catechol group containing polymer
under seawater, PBS solution, and the air. The detailed dis-
cussion of Yoshie et al’s paper is shown in “2-1. Covalently
linked pendant gallol” in this review with presenting synthe-
sis methods and property test results.

In 2021, Lee et al.'® reported a comparative study with
catechol modified polyallyamine (PAA-CA) and gallol modi-
fied polyallylamine (PAA-GA) as shown in Figure 4a. In
this report, the gallol group containing materials showed
enhanced mechanical properties than that of the catechol
group containing materials such as storage modulus and
compressive strength. In addition, the adhesion strength on
tissue of gallol modified polymer is almost twice that of cat-
echol. Furthermore, comparative studies of self-healing
properties, antioxidant properties, and adhesive properties
are investigated in this report. PAA-GA showed (1) 116%
enhanced self-healing ability due to more effective reversible
formation of immine bonds by the gallol group, and (2)
150% enhanced antioxidant activities because more hydroxyl
groups from gallol group can scavenge more radicals and
provide more electrons to free radical (Figure 4b-d).l' A
similar trend was also reported by Zhan et al.l’”! In this
report, polyvinyl gallol showed 200% enhanced antioxidant
ability than that of polyvinyl catechol.
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Figure 2. Chemical structures of well-known gallol containing compounds (a) pyrogallol, (b) gallic acid, and (c) tannic acid.
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Figure 3. Comparison of adhesion strength between gallol and catechol under water. Reproduced with permission from ref. [15]. Copyright 2017, American
Chemical Society.
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Figure 4. (a) Chemical structure of PAA, PAA-CA, and PAA-GA. (b) Antioxidant activities of PAA, PAA-CA, and PAA-GA according to time. (c) Storage moduli (G) of
PAA-CA and PAA-GA hydrogels at 1rad/s frequency. (d) Maximum adhesive strengths of the PAA-CA and PAAGA hydrogels on various substrates including the PET
film, iron plate, mica plate, and porcine skin in dry and wet conditions. Reproduced with permission from ref [16]. Copyright 2021, Elsevier.

2. Design and syntheses reaction, Michael addition, sodium periodate mediated oxi-
dation, hydrogen bonding, ionic interaction and so forth.
The primary principle is to incorporate pyrogallol groups,
including gallic acid (GA), tannic acid (TA), 3,4,5-trihydrox-
yphenylalanine (TOPA) into the polymeric systems. The

In general, the gallol-containing polymeric adhesives can be
synthesized by various covalent bond forming chemical reac-
tions and non-covalent interactions such as Schiff-base
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Figure 5. Three representative synthetic methods of gallol containing polymeric adhesives.

synthetic strategy toward gallol-based polymeric adhesives
can be categorized into three groups: covalently linked pen-
dant gallol, tannic acid blended adhesives, and gallol-rich
hydrogels and gallol-containing supramolecular composites
(Figure 5).

2.1. Covalently linked pendant gallol

Synthesis of gallol-containing vinyl monomers for radical
polymerization is not trivial because of its radical scavenging
behavior. Hence, a rational protection/deprotection strategy
is necessary for high yield polymer synthesis. Initially,
methoxy groups (-OCHj;) have often been used for the pro-
tection of galloL,!"”'® but a harsh deprotection method
requires boron tribromide (BBrs)!'?! that can easily cleave
ether and ester linkages. In this regard, silyl protecting
groups (e.g. tert-butyldimethylsilyl chloride (TBDMS)) have
also been utilized.?**") However, the polymerization of
TBDMS-protected gallol monomers resulted in an oligomer
instead of polymer.

In this context, coworkers of Yoshie and Ejima intro-
duced a new path toward the successful synthesis of homo
and copolymers with pendant gallol moieties using methoxy-
methyl protection, which can be deprotected by simple acid

treatment."**) The monomer (vinylgallol, VGal, in Figure
6a) was synthesized through the protection of 3,4,5-trihy-
droxybenzaldehyde with chloromethyl methyl ether followed
by the Wittig reaction with methyl triphenylphosphonium
bromide (Ph;PCH;Br) (Figure 6a). Homopolymer of VGal,
PVGal, was too brittle to act as an adhesive. Nevertheless,
the copolymer of VGal and n-butyl acrylate (BA), P(VGal-
co-BA) synthesized via free radical polymerization (Figure
6b) exhibited strong adhesive performance under different
environments: PBS (1.35+0.17 MPa), water
(1.01 £0.26 MPa) and seawater (1.34+0.43 MPa). In com-
parison to catechol (P(VCat-co-BA)) and phenolic (P(VPh-
co-BA)) copolymers, these gallol-containing copolymers
showed better adhesive strength (seven times high in water).
This fact has further proved the Bell theory”*!), which
stated that bidentate interactions are more advantageous
than monodentate. Moreover, P(VGal-co-BA) showed higher
adhesive strength than commercially available isocyanate-
based glue, Gorilla glue, in seawater (0.34+0.09 MPa) and
PBS (1.28 £0.10 MPa).

The wet adhesion performance of such gallol copolymers
was further enhanced by incorporating styrene (St) instead
of BA as a comonomer.*”! Because styrene can increase the
cohesive interactions into the polymer via n-m stacking. The
underwater adhesion strength of P(VGal-co-St) on
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Figure 6. (a) Synthetic strategy adopted for the synthesis of vinylgallol (VGal) and (b) its copolymerization with BA. Adapted with permission from ref. [15].

Copyright 2017, American Chemical Society.
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Figure 7. (a) Fabrication of TAPE by mixing TA and PEG. (b) Adhesion strengths analysis of TAPE containing different end functional groups (NH,, OH, SH) of PEG
and fibrin glue. Reproduced with permission from ref. [29]. Copyright 2015, WILEY-VCH.

aluminum substrates, measured with both tensile and lap-
shear tests, exceeded 4 MPa by optimizing the gallol content
(~10%) and molecular weight of the copolymer (M, =
64kDa). Notably, an increment of the gallol content (>10%)
significantly reduces the adhesive strength due to the pres-
ence of fewer free gallol groups for surface interactions.
However, the bonding strength remained unaltered on vary-
ing the molecular weight beyond 64kDa. These aforesaid
findings unequivocally suggest that the existence of a greater
number of -OH groups are crucial for developing effective
underwater adhesive systems. Although it is not related to
an adhesive application, rationally designed gallol-containing
norbornene monomers and their polymers were synthesized
by ring-opening metathesis polymerization forming hydro-
gels’®®! and gel-like solids.*”!

2.2. Tannic acid blended adhesives

Tannic acid (TA), a hydrolyzable derivative of tannin, ubi-
quitously found in plants.”® It has a phenolic structure
consisting of five outer-shell pyrogallol moieties that are
covalently attached to inner -OH groups of five gallols
(Figure 7a). TA has evolved into a popular polyphenol to

fabricate biomedical adhesives owing to its multifunctional
properties, including antibacterial, anticarcinogenic, antimu-
tagenic and antioxidant.®%*" In addition, it possesses a
strong binding affinity with various biomolecules, mainly
proteins: elastin,*?! thrombin,** gelatin,**! and synthetic
polymers,*>**! iz, poly(vinyl pyrrolidone), polyethylene
glycol (PEG), and so on, via multidentate interactions
(H-bonding).

Considering the unique facets of TA, Hong and Lee et.
al. presented the highly scalable medical adhesives (TAPE),
prepared by simple mixing of TA and PEG at a 1:1 (w/w)
concentration in distilled water in 2015 (Figure 7a).1?!
TAPE exhibited much higher adhesiveness than each indi-
vidual component, TA and PEG. Additionally, the adhesion
strength of TAPE is substantially affected by varying the end
groups and number of PEG arms. TAPE containing PEG-
NH, (TAPE-NH,) displayed the highest adhesion strength
(~0.18 MPa) on porcine skin, followed by TAPE-OH and
TAPE-SH (Figure 7b). Most notably, in comparison to fibrin
glue (0.07 MPa), TAPE-NH, showed 250% increase on the
adhesion strength. Such superior adhesion originated from
the interconnected robust molecular network formed by H-
bonding between TA and ethylene glycol (EG) units of PEG.
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Furthermore, indocyanine green (ICG)-labeled TAPE was
employed as an effective pH-sensitive probe for gastroeso-
phageal reflux disease (GERD).

In the same year, Lee and coworkers"*” developed a bio-
degradable and water-resistant TA/DNA hybrid hydrogel
(TNA) that is prepared by exploiting the hydrogen bonding
interactions between the polyphenol of TA and phospho-
diester backbone of DNA. Gelation of TNA was attained by
mixing TA (pH 1.6) and DNA (pH 7.0) solutions at a stoi-
chiometric ratio of [DNA base pairs]/[TA] =1.3. However,
no gelation was observed upon doubling the stoichiometric
value. The tissue adhesiveness of TNA hybrid gel
(10.5+0.2kPa) appeared to be much higher compared with
that of native DNA (1.0 + 1.0kPa). Critically, the biodegrad-
ability and release of encapsulated DNA can be realized
from the hydrogels in the physiological medium (pH 7.4)
due to the hydrolysis of ester groups of TA. TNA hydrogel
showed complete hemostasis within 53 seconds in a bleeding
mouse liver, which makes it a useful biomedical hemo-
static agent.

After establishing good tissue adhesiveness and hemo-
static capabilities, the same group demonstrated the excellent
in vivo mucoadhesive properties of TAPE, synthesized by a
physical blending of PEG-OH and TA.*”) Meanwhile, the
adhesive force of TAPE was investigated by changing the
molar ratio of pyrogallol (TA) to OH groups of PEG that

were found to be significantly enhanced with increasing
[TA]/[PEG-OH] ratios (10:1 =1.7 £ 0.8 kPa;
20:1=3.1+0.7kPa; 30:1=25.9+1.5kPa). After oral feeding
the mice, fluorescence imaging tracked the ICG-labeled
TAPE. The tape remained on the esophageal mucus layer
for several hours before moving to the stomach. Notably,
the synthesized TAPE binds strongly to the mucin layer in
neutral conditions, whereas it adheres weakly under an
acidic milieu.

A major challenge in adhesive research is the reusability
of underwater adhesives. The use of well-known cyanoacryl-
ate or epoxy-based adhesives for wet adhesion holds several
limitations such as rapid solidification, short working time,
lack of reusability, and biological toxicity.****! Therefore,
the fabrication of nontoxic reusable adhesives is highly
desired. Poly(vinyl alcohol) (PVA) and TA-based H-bonded
network (VATA), a reusable underwater adhesive was con-
structed by mixing PVA and TA solutions of equal weights
in distilled water, yielded as viscous yellow precipitate
(Figure 82).1" VATA can rapidly (within a few seconds) act
as a molecular glue to attach two objects of various materi-
als (glass, iron, polystyrene, aluminum, and stainless steel)
in underwater conditions (Figure 8b). Tensile and shear tests
showed that the underwater adhesion strength of VATA is
around 70kPa, which remained unaltered even after 10
times attachment-detachment cycles (Figure 8c). However,
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Figure 9. (a) Synthesis of CS-GA conjugates via NHS/EDC coupling reaction. (b) Schematic representation of mussel and tunicate-inspired polyallylamine hydrogels.
Figure 9a reproduced with permission from ref. [42]. Copyright 2019, Elsevier. Figure 9b reproduced with permission from ref. [16]. Copyright 2021, Elsevier.

cyanoacrylate adhesive exhibits much lower initial tensile
adhesion strength (34kPa) in water, and it immediately loses
its adhesiveness after the 2nd cycle. Furthermore, the tox-
icity of VATA was evaluated using a vertebrate goldfish and
an invertebrate nematode (Caenorhabditis elegans), suggest-
ing no toxicity for ~168 h.

In another work!*!, the coexistence of strong adhesion
and cohesion was achieved by preparing poly(dimethyl dia-
llyl ammonium chloride) (PDDA)/TA hydrogel (PTFe)
using FeCl; as a metal crosslinker. The highest adhesive
strength of the hydrogel for polymethyl methacrylate
(PMMA), porcine skin and stainless steel are 75.6+4.0,
44.8+4.0, and 82.1 +4.7kPa, respectively. PTFe also showed
high mechanical strength (cohesion; ~0.15MPa), rapid self-
healing ability and good ionic conductivity (~4.3S m™").

2.3. Gallol-rich hydrogels and gallol-containing
supramolecular composites

Inspired by non-covalent interactions with proteins, pyrogal-
lols are often modified with polysaccharides (e.g. chitosan
and hyaluronic acid (HA)) to achieve gallol-rich hydrogels
and/or supramolecular composites with splendid adhesion
performance. For example, Hwang and coworkers have
developed GA-functionalized chitosan (CS)-based hydrogels
using NHS/EDC chemistry (Figure 9a).**) The GA was first
activated with NHS-ester, followed by coupling with the
amino groups of CS, resulting in CS-GA hydrogels. The
hydrogels were further crosslinked separately via NalO4 and
Fe’*-promoted crosslinking. As an in vitro wet adhesion
test suggests, CS-GA hydrogels exhibit a much higher
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adhesion force on porcine skin (~47kPa) than commercially
available surgical glue, fibrin glue (~22.59kPa). This is due
to the presence of excess hydroxyl and amine groups in the
hydrogels that can participate in electrostatic interactions
and H-bonding with the biological interfaces. In addition,
the hydrogel showed better hemostatic ability compared to
gauze and the nascent CS film.

A tunicate-inspired hydrogel was constructed by Liu et.
al. using a straightforward yet simple method.*! The
hydrogel (GelTHB-Fe) was prepared by mixing gelatin-FeCls
with  2,3,4-trihydroxybenzaldehyde (THB). Gelatin was

conjugated with THB via Schiff base reaction, and then the
precursor turned into a gel in addition of Fe>™ owing to the
formation of hexavalent iron complexes. The resulting
hydrogel not only exhibited good adhesive strength but also
displayed rapid self-healing, caused by dynamic imine
bonds. The average adhesive strengths of GelTHB-Fe to por-
cine skin, steel, ceramic, and PMMA are 56.5, 147.3, 153.7,
and 136.7kPa, respectively. Additionally, it was shown to
simultaneously reduce infection and facilitate wound healing
in a diabetic rat model. Similarly, two different polyallyl-
amine-based hydrogels were prepared by integrating
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catechol (PAA-CA) and gallol (PAA-GA) functionalities
using Schiff base reaction (pH 7.0) to mimic the wet adhe-
sion properties of mussels and tunicates (Figure 9b). Self-
cross linkable PAA-CA and PAA-GA hydrogels showed bet-
ter adhesiveness in wet environments rather than dry envi-
ronments, due to the synergistic effect of gallol, catechol and
amino groups of PAA. In comparison to PAA-CA, PAA-GA
hydrogels have shown better adhesion strength, self-healing
ability and antibacterial properties.!'® Supremacy of such
GA-based hydrogels has also been proved by Oommen and
coworkers**! where they have evaluated the relative tissue
adhesive behavior of HA-GA and HA-DA (dopamine) scaf-
folds through a rheometric track-adhesion test. The hydro-
gels were synthesized by carbodiimide coupling between HA
and CA/GA using NHS/EDC chemistry. In another report,
the adhesive properties of HA-CA conjugates were further
improved by the addition of TA (10 pyrogallol per TA) dur-
ing the fabrication of the gel (HA-Cat/TA).**! This fact
attributed to the emergence of additional H-bonding
between HA—TA, chemical crosslinking between Cat—TA
and Cat—Cat (Figure 10a). The HA-Cat/TA hydrogels were
prepared by the co-addition of TA and NalO, as an oxida-
tive crosslinker into an aqueous solution of HA. These
hydrogels furnished excellent adhesion on various surfaces,
including rubber, glass, aluminum, steel, etc. Notably, the
adhesion strength can be altered by varying molar ratios of
TA and crosslinker NalO, and the highest value (~10kPa;
on porcine skin) was obtained with a ratio of Cat: NalO4:
TA = 1:2:1.

Wang’s research group meticulously developed an all-in-
one TA-containing multifunctional hydrogel (PEGDA/TA)
adhesives with strong and instant underwater adhesion, high
toughness, notch sensitivity, on-demand detachment, low
swelling index, self-healability, and tailorable topography.!*®!
The synthetic strategy involves the utilization of polymeriza-
tion-lyophilization-conjugation method, in which pyrogallol
TA moieties was introduced into the high molecular weight
polyethylene glycol diacrylate (PEGDA) covalent network
(Figure 10b). Briefly, PEGDA hydrogels were lyophilized to
get a porous scaffold, followed by incubation in TA aqueous
solutions of different concentrations (10-50 w/v%), leading
to a web-like H-bonding network (Figure 10c). PEGDA/TA
hydrogels showed strong underwater adhesiveness to porcine
skin with a tensile pull-off strength of 87.9+9.5kPa and
128.6 £12.4kPa for gels consisting of 10% and 50% TA,
respectively. These values are way higher than those of com-
mercial adhesives fibrin glue (7.4+0.9kPa) and cyanoacryl-
ate (17.6 +2.1kPa).

Most recently, a new strategy to prepare pyrogallol-based
hydrogels by introducing soybean protein isolate (SPI) into
the gel network has been developed. SPI, a plant-derived
protein, has attracted much attention owing to its wide-
spread distribution, abundant active functions, and good
environmental protection.[47] It contains numerous -OH,
-NH, and -COOH, which act as an active site for H-bonds,
and concurrently enable the interaction with various sub-
strate surfaces.l*>*! SPI-tethered polyacrylamide-pyrogallol/
borax hydrogels were prepared by mixing pyrogallol and
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Table 1. Adhesion properties and applications of gallol containing adhesives polymers.

Polymers Adhesion strength Test conditions Materials for adhesion tests Applications References
PEG-TA HMSG 6.2 MPa Humidified Glass Hot melt super glue 1521
PEG-PPG-PEG, F68 1.1 MPa In water Porcine skin tissue Biomedical adhesive 159
TAPVA 200 kPa In water Fe-al alloy substrates Underwater coating adhesive (531
TAPE 180 kPa Dry Porcine skin tissue Biomedical adhesive 1291
PTFe 104.6 kPa Dry Porcine skin tissue Adhesive hydrogel (321
VATA 70 kPa In water Glass cylinders Underwater adhesive o1
CS-GA 53kPa Dry Porcine skin tissue Tissue adhesive 2]

borax in water, followed by the subsequent addition of
acrylamide and ammonium persulphate (APS) as polymeriz-
able monomer and initiator. These hydrogels comprised a
sufficient number of free pyrogallol groups into the H-
bonded as the unwanted autooxidation of gallol was sup-
pressed through borax-promoted chelation. Therefore, poly-
acrylamide-pyrogallol/borax provided good adhesiveness in
both hydrophobic and hydrophilic surfaces with an average
adhesion force of 29.0+2.0, 42.7+252, 68.0+3.0,
343+2.51kPa on glass, steel, wood, and porcine skin,
respectively. The highest adhesion strength on wood surface
is most likely due to the synergistic effect of H-bonding,
n-n stacking, and hydrophobic interactions between the
hydrogels and diverse functional groups: COOH, OH, NH,
on the wood surface. Moreover, polyacrylamide-pyrogallol/
borax showed good antibacterial activity against Escherichia
coli and Staphylococcus aureus as they are made of antibac-
terial pyrogallol and borax.” Li and Shi et. al.®" also syn-
thesized antibacterial SPI-based adhesives by co-deposition
of catechol and gallol-functionalized polyamines onto the
surface of aramid fiber. As disclosed by wet shear strength
measurement, the adhesion strength of the hydrogel
(1.68 MPa) boosted up to 133.3% to that of the pure SPI
adhesives (0.72MPa). It was believed that the enhanced
adhesive behavior of the hydrogel arose from the synergistic
interfacial interaction wvia both covalent and hydro-
gen bonding.

Based on the intrinsic H-bonding feature of GA mole-
cules, the research group of Cui created a new class of
supramolecular network between TA and PEG, referred to
as hot melt super glue. Various substrate surfaces, namely
glass, steel, PMMA, wood can be glued using hot melt super
glue. The adhesion strength of hot melt super glue can be
tuned from kPa level to 8.8 MPa by varying the repeating
units of PEG and TA content. Interestingly, almost no vari-
ation in the adhesive strength was found after 8 repetitive
attach-detach cycles via the heating-cooling process, due to
the presence of flexible PEG chains. The advantages of solv-
ent-free hot melt super glue lie in excellent, rapid and
repeatable adhesion as well as scalability of synthesis and
strong adhesion at low temperature (-196°C).!**!

3. Applications
3.1. Tissue adhesives

Tissue adhesives are a subclass of polymers that have gained
great attention in the healthcare field due to the ability of
tissue adhesives to replace sutures or staples as an alternative
method of closing wounds. However, tissue adhesives are

difficult to manufacture, as they need to be able to maintain
adhesion in aqueous environments due to the presence of
bodily fluids such as sweat and blood, however, most bonds
that comprise modern adhesives are very vulnerable to
external factors present such as salt and moisture.*>>*
While some modern biomedical adhesives exist currently,
such as those based on cyanoacrylates, these are not very
safe to human cells, and as such can only be used externally
on the skin.” Other biomedical adhesives exist currently
such as fibrin glues, however, these fibrin glues have been
found to be quite weak in underwater environments, par-
ticularly over long periods of time.® To overcome these
disadvantages, gallol-based polymers are able to adhere well
to the skin through four different methods shown in Figure
11 attributing to their high tissue adhesion, or the ability to
adhere to two surfaces, one of which being biological in
nature.!”” The basic gallol’s adhesion mechanism resembles
catechol containing adhesives’ which are reviewed else-
where.”®! An overview of the adhesion strengths of poly-
mers discussed throughout this review can be found in
Table 1.

The first type of gallol containing tissue adhesive was
reported by Kim et al. This tissue adhesive is a blending of
tannic acid and PEG as shown in Figure 12a.1**) The mix-
ture was dissolved in water to create a highly viscous adhe-
sive. This tissue adhesive requires no covalent forming
synthetic procedures, allowing large production in a simple
procedure. The resulting adhesive, referred to as TAPE, was
tested with several differing end groups; however, the high-
est adhesion strength was from the PEG-amine. The result-
ing adhesion strength was approximately 0.18 MPa, which is
over twice the strength of the commonly used alternatives,
such as fibrin glue (0.07MPa). Kim et al also utilized this
new biomedical adhesive in a unique method, taking advan-
tage of the large number of ester bonds in tannic acid, as
well as the adhesiveness of the new TAPE adhesive. TAPE-
OH was utilized as a method for detecting GERD (gastroe-
sophageal reflux disease), by applying the TAPE to the
esophagus of a mouse through oral injection. This allows it
to then adhere to the tissue along the esophageal tract.
GERD is characterized by the high pH in the esophagus.
Due to the abundant ester bonds in the tannic acid, if
GERD was present in the mouse, the adhesive would
degrade by cleaving these ester bonds, which could be
detected using fluorescence.

A different approach was utilized by Lee et al in which
hyaluronic acid was used with gallol moieties as demon-
strated in Figure 12b.1°°) A commercial hyaluronic acid was
conjugated with a gallol moiety to the backbone of the com-
mercial hyaluronic acid. This tissue adhesive was employed
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Figure 13. Comparison of underwater adhesion strength of pure chitosan, chi-
tosan-gallol gel with and without the addition of iron chloride (FeCls) or sodium
periodate (NalO,4), and fibrin glue from Sanandiya et al. Polymer chemical struc-
ture of CS-GA is shown in Figure 12. CS is chitosan. Reproduced with permission
from ref. [42]. Copyright 2018, Elsevier.

as a method of volume augmentation, to correct any sort of
volumetric deformity of the skin such as wrinkles. In this
report, gallol was utilized primarily for two separate reasons:
(1) the ability to self-crosslink, allowing the hyaluronic acid
to self-crosslink, and (2) the non-crosslinked gallol groups
allowing for greatly improved tissue adhesion in comparison
to lone hyaluronic acid. The increased adhesion by the add-
ition of gallol is due to the ability of gallol to react with
other gallol groups when it is oxidized. When gallol is oxi-
dized, it will then react with itself, and produce H,O,, which
will increase the amount of crosslinking that occurs. This
allows the hydrogel to highly crosslink on its own without
any additional crosslinkers or catalysts needed. The oxida-
tion is biocompatible, allowing it to be done within the
injection site to allow very easy delivery, followed by cross-
linking of the hydrogel.

Cell viability in this study was tested both following one
day of introduction to human dermal fibroblasts, as well as
a week following to prove the cell viability of this reaction
was completely biocompatible, and the cells remained above

95% viability following a week. This meant that if there is
any impact of excel hydrogen peroxide from this reaction in
the skin, it does not have a major impact on safety. In add-
ition, the adhesion strength of the self crosslinkable hyalur-
onic acid was compared to that of chemically crosslinked
hyaluronic acid, in which the shear strength was greater
than five times when it was self-crosslinked with gallol
groups. This can be attributed to the hydrogen bonding of
the available hydroxyl groups located throughout the cross-
linked gallols, and the metal and ion binding that gallol
groups are capable of participating in.

Sanandiya et al. also developed a gallol containing adhe-
sive to function as a sealant and hemostatic hydrogel.!** To
accomplish this, gallic acid based on sea animal tunicates
were utilized in conjunction with chitosan to create an adhe-
sive hydrogel shown in Figure 12c with the adhesion from
the gallol groups, as well as the biocompatibility and hemo-
static capabilities of chitosan. Chitosan has poor solubility at
physiological pH values; however, the addition of gallol
groups greatly improves the solubility within this pH range.
In addition, gallic acid also provides many other properties
such as antimicrobial and anti-inflammatory properties. The
adhesion of the chitosan-gallol hydrogel (CS-GA) was found
to be 47kPa in 0.1 M PBS, nearly double that of fibrin glue
in comparison with around 22.59kPa. The three hydroxyl
groups in gallol, as well as the additional amine groups pre-
sent in chitosan all contributed to additional adhesion, and
the gallol group allowed the adhesion to remain while in
aqueous environments. In addition, if the tissue adhesive
were to be cured using FeCl; and NalO, CS-GA had
increased adhesion strengths of 51 and 53 kPa respectively,
as shown in Figure 13. While the hemostatic capability of
chitosan has been reported previously due to the interac-
tions between amines positive charge interacting with the
negative charges of platelets, Sanandiya et al. quantitatively
proved the hemostatic ability utilizing the in vitro blood-
clotting index (BCI), in which higher numbers are related to
better hemostatic capabilities. Gauze and chitosan have BCIs
of 92.56% and 95.27%, respectively, while CS-GA has a BCI
of 82.19% = 1.19, suggesting that gallol had an impact on
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Figure 14. Visualization of the process of TAPE degrading within the stomach from the esophageal tract into biocompatible monomers, losing adhesion and releas-
ing the ICG in the process. Reproduced with permission from ref. [37]. Copyright 2016, American Chemical Society.

improving the hemostatic capability of chitosan to be signifi-
cantly better than that of commercially available gauze.

3.2. Drug delivery

One of the major difficulties with efficient drug delivery sys-
tems (DDS) is the short residence time at the site of absorp-
tion.'®” Due to this, biomedical adhesive DDS have been
under heavy investigation as a method of delivering drugs to
a targeted location for long periods of time through con-
trolled release mechanisms such as diffusion and release
through degradation of polymers encapsulating drugs. The
previously discussed TAPE biomedical adhesive utilizing tan-
nic acid and PEG was found to also be very valuable as a
DDS for esophageal drug delivery for GERD."*”! TAPE tissue
adhesive was loaded with indocyanine green (ICG), a fluores-
cent dye that was used as a method of tracking drug delivery
in vivo. Ideally, any sort of drug that would be used would
have a similar diffusion as that of ICG, allowing the research-
ers to use this tracking method reliably to track DDS speed
and delivery path using the method shown in Figure 14.
Here, the tannic acid/PEG mixture was loaded with ICG par-
ticles and were placed into the esophageal tract. As the poly-
mer degrades in the presence of the high pH present in
GERD patients, the degraded products would end up in the
stomach where they would be dissolved. The adhesive was
first tested in vitro to see the degradation, and at a pH of 1.2
(normal for that of individuals with GERD), and a biological
pH of 7 as a control, it was found that the rate of degradation
was about twice the speed at the higher pH. In the in vivo
studies, TAPE was compared to both PEG and TA alone, as
well as glycerin. The results indicate that the mucoadhesion
after 8h is much more favorable in the TAPE, having nearly

no movement from the application site, while the others
moved greatly throughout the esophageal tract. These results
suggest that if TAPE were to be applied to a targeted location
loaded with some drug, it would then be released at a con-
trollable rate from the degradation and remain on the site of
implantation after long periods of time due to the strong
adhesion from the gallol groups.

A different approach to drug delivery was utilized by
Cho et al. utilizing the covalent bonding of pyrogallol (PG)
with hyaluronic acid (HA) for tissue sealant and drug deliv-
ery such as growth factor, VEGE.®) Gallol groups were
under great interest for this functional group largely due to
the underwater adhesion, as well as the ability to self-repair
through self-crosslinking. This new adhesive named HA-PG
was used on various organ tissues such as heart, kidney, and
liver from mice to test the ability to not only adhere to skin
tissue, but to deliver drugs to the wound site to help with
tissue repair. Due to the importance of preventing the
wound from opening, any tears within the adhesive can pos-
sibly lead to a reopening of the organ wound, which could
be extremely detrimental to the intended patient’s health. To
prevent this, Cho et al. use gallol group’s ability to crosslink
to themselves, to increase the strength over time in the pres-
ence of things such as pH changes or oxidation. In addition,
the new polymer HA-PG showed no cell cytotoxicity in the
presence of human adipose-derived stem cells both in vitro
as well as in vivo, both from the crosslinking of pH changes
(using NaOH), or oxidation changes (using NalO,). Testing
was also done on mice following the use of the HA-PG
loaded with VEGF following hindlimb ischemia. As shown
in Figure 15, the hindlimb did not heal well in nearly all
cases, particularly with no treatment (PBS). However, while
there is some healing from the addition of either the
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Figure 15. Effect of tissue adhesive and growth factor on mice hindleg ischemia done by Cho et al. indicating that while the addition of vascular endothelial
growth factor (VEGF) heals the wound tremendously, utilizing the covalently bonded hyaluronic acid/pyrogallol (HA-PG) tissue adhesive with VEGF has a greater
healing effect than each part individually. Reproduced with permission from ref. [62]. Copyright 2017, Advanced Functional Materials.

Adaptive Stage

Time

Figure 16. The adaptive binder demonstrates structural changes over time changing from hydrogen bonding (dashed red lines) to chemical crosslinking (solid red
lines) due to oxidation, leading to the increase of the binder’s strength, therefore increasing the number of cycles possible for the lithium-ion batteries. The thick

solid black lines can be hyaluronic acid, alginate, or carboxy methyl cellulose.®*,

adhesive or the growth factor, combining the two at the
mice wound site led to a nearly full recovery in 28 days,
confirmed through H&E staining.

3.3. Battery and electronics applications

Gallol groups have also gained attention as a method of
improving modern electronics, both as binders for lithium-

ion batteries (LIBs) as well as ion conductive gels for biomo-
nitoring. Lee et al. report the concept of using gallol groups
to facilitate the creation of an “adaptive binder” as a method
to overcome difficulties associated with using silicon as an
anode material in lithium-ion batteries.> While silicon as
an anode material for lithium-ion batteries has a very high
theoretical specific capacity (4200 mAh g~ at 45°C), it suf-
fers from a large amount of expansion and shrinkage as the
battery is charged and discharged over the battery’s lifespan.
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Figure 17. Structure of BACT hydrogel utilizing acrylic acid, choline acrylate, butyl acrylate, and tannic acid. While the gel is initially an organogel in DMSO, when
the gel is submerged in water, the exchange of solvents results in hydrophobic interaction resulting in the change to a hydrogel. This gel has strong adhesion as

well as biocompatibility and ion conductivity. Reproduced with permission from ref. [55]. Copyright 2022, Elsevier.

The major benefit of using gallols as a binder for silicon
nanoparticle anodes is due to the ability for gallols to cross-
link as they become oxidized over time. During the early
stages of a battery’s lifetime, the binder must be adaptable
due to the large amount of expansion and reduction of the
silicon particles in the anode (Figure 16). However, as men-
tioned by Lee et al. hydrogen bonds, while adaptable and
well suited for these early stages, are very weak and can lead
to charge leakage over a large number of charge/dis-
charge cycles.

To overcome this, the gallol group’s ability to oxidize and
form covalent bonds to replace the flexible hydrogen bonds
makes them interesting candidates for a LIB binder as
shown in Figure 16. In the early stages of the battery’s life
cycle, when the battery requires a more flexible binder for
the expansion and compression of the silicon particles in the
anode, gallol is able to utilize weaker hydrogen bonding to
allow for these size changes. However, over time, the silicon
nanoparticles no longer compress or decompress to the
extent at the beginning of the batter’s lifespan, in which the
gallol groups will begin to crosslink or form gallolquinones
through oxidation. These covalently crosslinked gallols and
galloquinones are a much stronger binder, allowing less
charge to be lost and increasing the number of cycles pos-
sible by the LIB. Comparing a hyaluronic acid (HA) binder
to another hyaluronic acid binder with gallol addition (HA-
GA), it was found that after 100 cycles, the pure HA binder
retained only 37.9% of the initial capacity, while HA-GA
binder still retained 69.2% of its initial charge with a loading
of 1 mg cm 2.

Another major concern for electronics is the ability to
use bioelectronics in an aqueous environment, such as

551

underwater due to the poor water resistance and underwater
adhesion. To bypass these obstacles, Sun et al. developed a
new ionic liquid utilizing gallol groups from tannic acid as
well as choline-based bioionic liquid.*®! This newly devel-
oped gel had strong adhesion properties from the tannic
acid, as well as biocompatibility and ion conductivity. This
ionic gel utilizing butyl acrylate, acrylic acid, choline acryl-
ate, and tannic acid (BACT) (named BACT and shown in
Figure 17) was employed with electrocardiography (ECG)
and electromyography (EMG) as a method of tracking bio-
signals while in an underwater environment such as a diver.
Following multiple wet peel adhesion tests of this new
BACT gel, it was found that in a large number of solutions
ranging from water of pH 5-9, seawater, and PBS, the adhe-
sion does not change in any major way over a period of
time. In addition, the adhesion of the BACT gels is applic-
able to a large number of materials such as swimsuits, skin,
and PVC, among others. While similar gel electrodes fail
after only a single day, the BACT gel maintains strong
underwater adhesion even after 15 days, while still maintain-
ing functionality as an ionic gel. Not only was the ionic gel
capable of accurate underwater of monitoring EMG, but
also can be compared to other commercial gel electrodes for
monitoring electroencephalogram (EEG) in vivo, in which
the signal-to-noise ratio is significantly smaller, about a third
of the noise (20 uV compared to 65 uV).

3.4. Applications in coating

Due to the external environmental contact to the surface of
a material for any application, surface modification is a very
important and widely used method to improve the
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Figure 18. Optical images of aluminum substrates with peeled-off coatings before (a) and after (b) 100-day immersion tests, as well as images of aluminum sub-
strates covered with the epoxy coatings (c) after 100-day immersion tests. Arrows point to the pits in the aluminum substrates (b) or the corrosion products under
the epoxy coatings (c). Reproduced with permission from ref. [67]. Copyright 2018, American Chemical Society.

functionality of a material.'**! One convenient technique of
surface modifications is coating. Coating is a method
wherein the coating material(s) form a thin layer that non-
covalently/covalently adheres to the substrate.'”! Gallol con-
taining polymers show strong and effective binding to
metallic surface via noncovalent coordination and organic
surface with covalent.!® These excellent adhesion properties
are applied for surface coating particularly for metal-
lic surface.

Poly(gallol methacrylamide-co-hexyl methacrylamide) was
used to protect aluminum alloy surface.*”) Aluminum and
its alloy has a resistance against oxidation because of the
aluminum oxide layer on the surface. However, chloride

ions can still damage the aluminum surface because chloride
ions penetrate the aluminum oxide layer followed by corro-
sion of the aluminum. To prevent such an oxidation, poly(-
gallol methacrylamide-co-hexyl methacrylamide), which
demonstrated excellent antioxidant activity and adhesion on
a monolayer on the metal substrate, was developed and
comparatively tested with classic coating polymers on alumi-
num. As shown in Figure 4, aluminum alloy were coated
with epoxy polymer (Ep), epoxy polymer + poly(hexyl meth-
acrylamide) (EpPHex), epoxy polymer + poly(catechol meth-
acrylamide-co-hexyl methacrylamide) (EpP2Hex), and epoxy
polymer + poly(gallol methacrylamide-co-hexyl methacryla-
mide) (EpP3Hex). According to the test result with gallol
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Figure 19. Coating layer thickness of gallol containing polymer and other polymers on gold surface.

and catechol containing polymers (EpP2Hex and EpP3Hex),
the coating materials did not lose coating after 60 days
because of their hydrophobicity and strong bonding to alu-
minum surface via gallol surface moiety. Furthermore, there
was no corrosion observed on the aluminum surface with
gallol and catechol containing polymer coating even after
100 days. However, classic epoxy coating and EpPHex
showed serious carrion on the aluminum surface after
100 days (Figure 18).[°7)

In 2018, poly(gallol methacrylamide) was reported by
Hlushko et al.!®®! for gold surface coating. In this report,
four polymers, poly (gallol methacrylamide), poly (catechol
methacrylamide), poly (bromo catechol methacrylamide),
and poly(hexyl methacrylamide), were studied with various
coating thickness. Gallol containing polymer, poly (gallol
methacrylamide), formed the thickest monolayer of
~3.3+ 1.0 nm, catechol containing polymer showed an inter-
mediate thickness of 2.0+0.7nm, and the bromocatechol
containing polymer formed the thinnest layer with
1.3+0.4nm thickness (Figure 19)18). This trend can be
explained by differences from intramolecular hydrogen
bonding strength between the polyphenolic units and gold
surface. The gallol containing polymer formed the strongest
hydrogen bonds due to the most hydroxyl groups in poly-
mer chains. The catechol containing polymers form weaker
hydrogen bonding than gallol group containing polymers
due to a smaller number of hydroxyl groups on a single
benzene ring (2 vs. 3). Therefore, gallol polymers yields
thicker adsorbed layers than catechol’s. Poly(hexyl methacry-
lamide), that does not contain phenol/catechol/gallol groups
formed the thinnest coating layer with 0.6 £0.3 nm thickness
due to lack of hydrogen bonding as shown in Figure 19.

Various nanoparticle coatings with gallol groups were
reported in 2013 by Ejima et al. Tannic acid was used as a
source of gallol groups. Multiple tannic acids were linked by
coordination bonding through Fe(IIl) in a similar way to
polymerization of tannic acids. To make a coating layer,

[68]

tannin acid solution and FeCl;-3H,O solution sequentially
added to the water, then vigorously mixed for a few seconds.
As shown in Figure 20, the pH of this solution was grad-
ually raised by adding 1N NaOH solution to pH 8 to lead
to more coordination bonding between gallol and Fe(III).
The coordination between Fe(IIl) and tannic acid is pH-
dependent. It leads to a color change of Fe(IlI)-tannic acid
complex suspension. At low pH (below 2), most of hydroxyl
groups are protonated, which lead to the formation of
mono-complex (colorless suspension) and rapid destabiliza-
tion of crosslinks. At 3 <pH < 6, the complex suspension is
blue, indicating bis-complex. The disassemble rate of
Fe(III)-tannic acid complex at pH 4.0 is much slower than
the complex at pH 3.0. Above pH 7.0, most of hydroxyl
groups are deprotonated, and therefore, tris-complex is
formed with red color. In pH 7.4, 90% of Fe(III)-tannic acid
complex still remained intact after 10days of incubation.
The synthesized complexes are coated on various particles
such as CaCOs, glasses, golds, polydimethysiloxane (PDMS),
and E. coli using a relatively simple method, vigorous mix-
ing for a few seconds under controlled pH (Figure 20)./"*!

3.5 3D Inks for printing

The 3D bioprinting is an important technique in biomedical
science and engineering because of its capability of fabricat-
ing very sophisticated, tailor-made, cell-laden structures for
tissue repair and disease modeling.!*>”°! Various bioinks
which are materials used in 3D bioprinting have been
reported for establishing a cell-friendly environment (Figure
21). The basic requirements of a cell suitable bioink are (1)
low viscosity for convenient extrusion, and (2) fast curing
rate after printing.

Gallol groups containing compounds are suitable for 3D
bioprinting because of rapid gelation via hydrogen bonding
and oxidative crosslinking. A 3D bioink, mixture of gallol
modified hyaluronic acid (HA-Ga) and gallol-gelatin (GEL-
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Ga), was reported in 2018 by Burdick et al.”Y This bioink
showed shear-thinning properties during extrusion and fast
gelation after extrusion. Also, the bioink allowed covalent
crosslinking between each quinone form which is an oxida-
tion form of gallol group over time resulting enhancement
on mechanical properties. After the 3D printing process,
95% of loaded cells were still alive. Both cell proliferation

and cell spreading activities were observed at the printed
structures. The bioink was directly printable onto live tissues
such as lung and heart because of their excellent adhesion
properties on soft tissues (Figure 21e and f).

In 2021, self-assembled tannic acid-eutectic gallium-indium
alloy particles (TA/EGaln) are reported for an application in a
ball point pen ink (Figure 22).1”?) Generally, surface patterning
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of liquid metal has several limits including excessively high
surface tension and fluidity which cause a unwanted phase
separation.””?! Another problem is the formation of oxidized
layer on the ink during the extrusion. This oxidized layer
blocks the patterning nozzle.”*”>! To solve these listed issues,
tannic acid is used as an effective dispersant of liquid metal,
eutectic gallium-indium alloy. Gallol functional group of tan-
nic acid successfully interacted with Ga’* ion similarly to
Fe’" ion to make a self-assembled tannic acid shell on eutec-
tic gallium-indium alloy particles with coordination complex.
The self-assembled tannic acid shell (see Figure 22) allowed
enhanced dispersion of eutectic gallium-indium alloy particles.
The gallol group in tannic acid provides adhesion properties
to self-assembled tannic acid-eutectic gallium-indium alloy
particles, so that the ink can be written on universal sub-
strates. (Figure 22).17?!

4. Conclusions and outlook

In this review, we summarized various synthesis methods
and applications of gallol containing adhesive polymers. The

gallol is highly comparative to catechol, which has been
studied extensively for various polymer designs and applica-
tions. The similarity of chemical structure between gallol
and catechol will enable gradual replacement of catechol
containing polymers to gallol containing polymers in future
research. However, the adhesion mechanism explanations of
gallol containing polymers are still relying on the mechan-
ism of catechol groups without comprehensive experimental
studies. The oxidation, which impacts adhesion and further
reactions, of gallol would behaves different from that of cat-
echol. The oxidation reactions, related mechanisms, and fol-
lowing reactions of gallol have not been thoroughly studied.
Covalent bond forming reactions from the gallol moiety
cannot be the same as catechol due to the distinctive electro-
static natures on the aromatic ring of gallol. Likewise, the
understanding of the formation of gallol’s covalent bond
reaction on polymer will prevent unwanted reactions for
adhesive applications as well as creating new applications
other than adhesives. The most outstanding deficiency of
the present gallol containing adhesive polymers research is a
lack of sophisticatedly designed multifunctional polymers.
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The multifunctionality of an adhesive is essential for
advanced applications such as biomedical adhesives. Unlike
lab experiments, actual adhesive application occurs in com-
plex environments such as diverse humidity, temperature,
pH, darkness, surface types, and life spans. In this context,
there is large room to develop precisely synthesized multi-
functional gallol containing adhesive polymers.
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