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Gnanasekar Sathishkumar,a Kasi Gopinath,a Kai Zhang,a En-Tang Kang, ab

Liqun Xu *ac and Yunlong Yu *de

Medical devices and surgical implants are necessary for tissue engineering and regenerative medicines.

However, the biofouling and microbial colonization on the implant surface continues to be a major

concern, which is difficult to eradicate and typically necessitates either antibiotic therapy or implant

removal. As a result, efficient and eco-friendly bioinspired coating strategies for tethering functional

materials or molecules on different medical substrates are highly desirable, especially for endowing

versatile surface functionalities. Tannic acid (TA), a well-known tea stain polyphenol, has a good

affinity for various substrates and actively inhibits the adhesion and colonization of microbes. Thus,

functionalization of polymers, nanomaterials, metal-phenolic networks (MPNs), and proteins using TA

bestows the end-products with unique binding or anchoring abilities on various implantable surfaces.

This review addresses the recent advancements in the essential biomedical perspective of TA-based

bioinspired universal surface coating technologies by focusing on their intrinsic features and ability to

produce engineered functional composites. Further, the possible contributions of TA-based composites

in antifouling and antibacterial applications on various biomedical substrates are outlined.

1. Introduction

Implant-associated infections (IAI) are severe complications
after implantation surgery and pose a significant risk to human
health worldwide.1,2 In particular, the colonization of plank-
tonic bacteria on implant surfaces leads to three-dimensional
biofilm formation, which remains a major issue in the health-
care sector.3 Also, the adhesion of different micro/macro foul-
ing agents has various implications, including malfunctions of
medical devices and implants.4,5 In the United States, catheter-
associated biofilm formation has caused more than 200 000
intravascular and bloodstream infections each year.6 The most
frequent treatment approach for treating IAI is to replace old
implants with new ones or to provide systemic antibiotics after
surgery. However, there is a risk of recurrent infection in

surgical replacement, leading to the lengthening of healing
time and increasing patient morbidity.7,8 Also, the systematic
administration of antibiotics fights against bacterial infections,
but their indiscriminate misuse resulted in the occurrence and
prevalence of multidrug-resistant (MDR) superbugs.9 To over-
come these issues, few significant efforts were made to fabri-
cate different molecular design-based surface coating strategies
with antibacterial and antifouling properties.

Recently, many coating technologies have been established
using bioactive ingredients such as biomolecules,10 nano-
materials,11 polymers,12 minerals,13 and antibiotics.14,15 Usually,
the coating has been developed by multiple techniques, including
electrophoretic deposition,16–20 magnetron sputtering,21–25 thermal
spray,26 plasma-enhanced chemical vapour deposition,27–29 pulsed
laser deposition,30 ion-beam processing,31 physical grafting,32 and
chemically conjugated coatings.33,34 The limitations of existing
methods such as high energy consumption, form dependency,
repeatability on many substrates, and time consumption must be
addressed for a scaled-up approach.35 Therefore, a simple mussel-
bioinspired universal coating technique can be developed as a
potential alternate for the site-specific and prolonged elimination
of bacterial infections.36 A growing interest has been given to
natural products such as polysaccharides,37 biomolecules,38 and
polyphenols-driven surface modifications39 with unique properties.
In particular, polyphenols have gained significant attention
owing to their inherent broad spectrum of bioactivities. Apart
from medicinal values, the active functional groups such as
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dihydroxyphenyl and trihydroxyphenyl of the polyphenols endow
the engineering of advanced multifunctional materials.40,41

Tannic acid (TA) is a water-soluble natural polyphenol
compound commonly found in grapes, tea extract, red wine
and commercially produced using different plant entities.42

As per the US Food and Drug Administration, TA is proven to
be safe and non-toxic at minimal concentrations.43 The general
structure of TA (C76H52O46) has a central glucose molecule with
two esterified gallic acid (3,4,5-trihydroxybenzoic acid) on its
five hydroxyl moieties.44 Owing to the pyrogallol and catechol
groups, TA possesses remarkable antibacterial,45 antiviral,46

and antioxidant47,48 properties, rendering its overall biomedical
perspective. TA’s excessive phenolic functional groups provide
good coordination sites for bioinspired surface engineering and
post-modification applications.49 Also, these reductive phenolic
hydroxyls and multiple active sites of TA could serve as a natural
reducing/exfoliating agent to fabricate various functional
nanomaterials.50–52

In the past decade (i.e., since 2013), the inherent affinity of
TA and its metal ion (TA/Fe3+) complex has been utilized as
building blocks to construct ultrathin interface coatings on
various substrates. The multiple active sites of TA provide
strong interactions with different implant surfaces, protecting
them from enzymatic degradation and reactive oxygen species
(ROS) attack in the biological milieu.44,49 Various physical and
chemical interactions, including hydrogen bonds, hydrophobic
interactions, electrostatic interactions, Michael addition/Schiff
base reactions, and polyphenol–metal coordination compounds,
contribute to TA-driven surface coatings.53 As a result, diverse
TA-driven surface engineering approaches have been practiced
in contemporary materials science research via exploiting anti-
adhesive films,54,55 antimicrobial agents,56 photoactive
materials,57–59 and cationic coatings.60,61 Furthermore, these
modified surfaces combat infectious bacterial colonization via
releasing antibacterial agents, photothermal/photodynamic
therapy, and contact-killing.

This review emphasis the present state-of-the-art information
on interactions between TA-modified surface and active ingredi-
ents. We have also explicitly discussed the recent advancements
and breakthroughs in developing TA-assisted universal bio-
inspired surface coating technologies to deposit antibiotics,
biomolecules, minerals, polymers, and nanomaterials. Only anti-
biofilm and antifouling active coating formulations/composi-
tions with significant biomedical applications (excluding energy
and environmental prospects) were assessed and discussed rela-
tive to the scope of this review. With specific references to tissue
engineering and regenerative medicine standpoint, all the pro-
vided information will bestow diverse techniques to fabricate
TA-engineered multifaceted biomaterials and medical devices.

2. Tannic acid (TA)-based coatings
2.1. Layer-by-layer (LbL) deposition

LbL deposition is a facile and versatile method to prepare
multifaceted coatings with unique structural and physiochemical

features for the sustained release of active payloads. By modu-
lating the assembly conditions, the LbL technique maintains
uniformity in the film’s content, morphology, thickness, and
mechanical behaviour.62,63 Using this strategy, different natural
or synthetic polymers, nanomaterials, proteins, and polysac-
charides were covalently and non-covalently integrated.64,65 The
LbL modified surfaces eliminate planktonic bacterial pathogens
via contact-killing or releasing various active constituents like
antibiotics, biomolecules, and metal ions.66,67 With different
coating techniques such as dip, spin, and spray coatings, the
LbL assemblies have been used to construct either adhesion
resistant or release killing surfaces. Among them, dip and spin
coating techniques were largely explored in biomedical implant
surface coating modification.68–70

According to reported studies, the pKa range of TA varies
between 2.5 to 8.5 based on the different tannin sources.71,72

TA can operate as a weak acid due to its strong ionization rate
of polyphenol groups at pH 7.5. These dynamic functional
characteristics of TA led to its use as a building block in the
LbL method. Ultimately, the TA could react with neutral or
positively charged materials or molecules via a series of inter-
actions, including hydrogen and covalent bondings, hydrophobic,
electrostatic, p–p interactions, as well as metal–polyphenol coor-
dination complexes (Fig. 1).40,43,73 For instance, the formation of
hydrogen bonds between different neutral polymers with TA
results in multilayer anionic polymer/TA film generation at a pH
of 7.5. The switchable pH dissolution behavior of polymer/TA film
can deliver various active materials or molecules in a controlled
manner.74 Zhuk et al. reported an effective LbL deposition for
the direct assembly of TA with antibiotics like tobramycin,
gentamicin (G), and polymyxin B. At physiological pH (7.5),
the positively charged antibiotics can electrostatically bind with
partially ionized TA. The LbL deposition of TA/antibiotic films
was achieved through dip- and spin-assisted coating technology.
Compared with the dip process, the spin-assisted technique
generated surface with controlled morphology, roughness, and
thickness.75 Likewise, a dip-coating method was adopted to
construct TA/G multiple bilayers coated nanoporous titanium
(Ti) surfaces with different topologies (i.e., smooth, 2D-nano-
porous, and 3D-nanopillared). The pore size and thickness
variation denoted the surface modification after the LbL deposi-
tion of TA/G film (9-layers) on three Ti surfaces. The apparent
water contact angle (WCA) of TA/G-coated smooth, 2D-nano-
porous, and 3D-nanopillar TiO2 surfaces were 501, 351, and 01,
respectively, suggesting that the TA/G-coated surfaces were
hydrophilic in nature. Also, it was noted that the TA/G coating
bestowed on-demand delivery of drugs in orthopedic implants.76

It was a well-established fact that TA’s trihydroxyphenyl
moieties involve metal chelation to form tridentate complexes
on stainless steel (SS) substrates, which can be alternatively
deposited with biomolecules (parasin I peptide) in the LbL
method (Fig. 2).77 Recently, it was reported that utilization of
two different buffers (acetate or citrate buffers) in TA and
collagen type I (COL) based LbL film has shown a substantial
impact on their morphology and antibacterial efficiency. The
thickness variation and water absorption were recorded from
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the Quartz Crystal Microbalance with Dissipation (QCM-D)
measurements using the Voigt–Voinova model. Further, the
microscopic images showed more fibrillary structures in acetate
films, whereas granular ones were observed for citrate films. The
results of Isothermal Titration Calorimetry (ITC) proved that the
interaction of TA/COL was mediated by strong (citrate) and weak
(acetate) hydrogen bond formation.78 The LbL based deposition
of TA-functional building blocks combined with antibacterial
agents has been applied mainly in osteogenic implants, stimu-
lating enhanced cellular attachment and proliferation.

2.2. Electro- and UV-assisted deposition

Fabrication of bioactive/nanomaterials coatings on various
implant surfaces was achieved via multiple physical and chemical
techniques. The UV-assisted and electrodeposition (ECD) methods

have recently received much attention due to their cost-
effectiveness, low energy consumption, and rapid deposition
rate on complex-shaped substrates.79–81 ECD is a feasible
approach to produce polymers and nanomaterials coating in
combination with TA. Electrode reactions, depletion forces,
electrolyte flocculation, electrohydrodynamic fluxes, inorganic
particle coagulation, and polymers contribute to the ECD
process through various mechanisms and interactions. In the
case of neutral polyvinylpyrrolidone (PVP) deposition, the active
form of PVP–TA complexes via hydrogen bonding was consi-
dered as a crucial step. Owing to the partial deprotonation of
the phenolic hydroxyl groups of TA, the solution became
negatively charged, and the decreased local pH at anode
triggered the protonation of TA and charge neutralization of
the PVP–TA complexes. Moreover, it was suggested that the

Fig. 2 Schematic of the preparation of multilayer coatings via LbL deposition on the SS surface (reprinted with permission from ref. 77. Copyright r
2016, Royal Society of Chemistry).

Fig. 1 Schematic of the various interactions contributing to TA-based bioinspired surface coatings.
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accumulation of PVP–TA complexes at the electrode surface
and the protonation of the phenolic hydroxyl groups of TA
resulted in the TA bonding to different PVP molecules. The TA
molecules, containing multiple galloyl groups, acted as cross-
linkers and promoted insoluble PVP–TA films formation.82

Colloidal nanoparticles of TA self-suspended poly(isobornyl
acrylate-co-dimethylaminoethyl methacrylate) were deposited
on an Mg alloy substrate using the ECD method. Consequently,
a smooth, thick, non-porous, and consistent polymer coating
could be formed onto Mg substrates with strong adhesion,
resolving some of the concerns with Mg-based implants.83

Meng and co-workers demonstrated that the positively charged
zwitterion polymer and TA mixture migrated toward Ti alloy
(cathode) surface under an applied electric field, encouraging
the formation of a concentration gradient of coating mixture
around the Ti alloy surface. In addition, the increased pH near
Ti alloy due to the electrolytic effect caused a reduction in the
surface charge of polymeric colloidal particles, which resulted
in flocculation of electrolyte and deposition on the surface
(Fig. 3a).84 It is noteworthy that the TA not only promoted
affinity between active payload and substrate but also used to
form anodic films in the ECD method.

Conversely, the UV-assisted techniques enable fast deposi-
tion of different inorganic nanomaterials onto implant surfaces
in liquid-phase media.86,87 As a breakthrough, UV-irradiation
has recently been discovered to enhance the redox reaction
between TA and Ag+, resulting in accelerated nucleation growth
and deposition of AgNPs (Fig. 2b). Compared to pristine PDMS
(Fig. 2c) and without UV (Fig. 2d), the UV-irradiated PDMS
showed the rapid deposition of monodispersed AgNPs (Fig. 2e),
demonstrating the importance of UV-irradiation in attaining
superior antibacterial surfaces.85 Upon the UV-irradiation, the
rate of oxidative polymerization of polyphenol increased rapidly
and resulted in substrate-independent regulated deposition
with unique coating patterns.88

3. TA-Tethered functional materials
3.1. TA-Tethered polymeric systems

Due to their versatility and biocompatibility, polymer-based
surface coatings have got a lot of attention for their potential
to resist IAI and biofouling.89,90 Various functional polymers,
including hydrophilic,91 cationic,92,93 and zwitterion94 coating
materials, have been extensively studied to modify different
biomedical substrates. In particular, the cationic and zwitterion
polymers are well-recognized candidature for developing anti-
fouling/antibacterial coatings due to their excellent water mole-
cule affinity and bacterial cell membrane disrupting properties.
The existing mussel foot proteins (MFPs)-inspired adhesive
agents, including polydopamine, catechol, and 3,4-dihydroxy-
phenylalanine (DOPA), have been successfully used to deposit
functional polymers.95 However, there is a growing demand for
bioinspired compounds in universal coating applications over a
wide range of substrates. For example, TA was considered as an
ideal and sustainable alternative surface anchoring agent to
fabricate polymer-based multifunctional coatings.

Polymer brushes deposited using the ‘‘grafting-from’’
approach had a better grafting density over the brushes teth-
ered via ‘‘grafting-to’’ technique. Also, the bioinspired TA
integration presents a sustainable surface modification strategy
via surface-initiated graft-polymerization. Pranantyo et al.96

used brominated TA (TABr) as an initiator primer for anchoring
polymer brushes onto various substrates. Initially, the intro-
duction of a-bromoisobutyryl bromide (BiBB) with TA gener-
ated TABr via nucleophilic O-acylation and TA-trihydroxyphenyl
moieties partial esterification (Fig. 4a). The trihydroxyphenyl
containing-TABr possessed affinity towards various metal and
polymer substrates via tridentate metal complexes, hydrogen
bonding, and hydrophobic interactions. After the surface grafting
of polymer brushes via atom transfer radical polymerization
(ATRP) of [2-(methacryloyloxy)ethyl]trimethylammonium chloride

Fig. 3 (a) Schematic of the zwitterionic composite coating prepared by the ECD of polymeric colloidal particles and TA (reprinted with permission from
ref. 84. Copyright r 2018, American Chemical Society). (b) Schematic of UV-assisted reduction and deposition of TA-Ag NPs on the surface. (c–e) SEM
micrographs of the pristine polydimethylsiloxane (PDMS), PDMS-TA-Ag (UV�), and PDMS-TA-Ag (UV+) surface (reprinted with permission from ref. 85.
Copyright r 2021, American Chemical Society).
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(META), 2-methacryloyloxyethyl phosphorylcholine (MPC), and
N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-dimethylammonium
betaine (SBMA) (Fig. 4b), the developed surfaces exhibited low
WCA mainly due to the hydrophilic nature of polymer brushes.
In a similar phenomenon, the TA-functionalized agarose (AgrTA)
was prepared through the Williamson etherification of alkyl
bromo moieties-modified Agr and TA. Direct adsorption and
intermolecular oxidative crosslinking were used to deposit AgrTA
onto Ti, SS, and silicon (Si) surfaces. It was established that the
TA-inspired polymer deposition provided stable coatings that can
endure varying pH (3–10) changes.97

To prepare a TA-anchored natural polymer-based antifouling
surface, Xu et al.44 have synthesized maleimide containing TA
(TAMA) via etherification reaction using N-3-bromopropyl-
maleimide (Fig. 5a). Further, the thiolated carboxymethyl chito-
san (CMCSSH) was grafted onto TAMA-coated substrates through
Michael addition reactions (Fig. 5b). It was disclosed that the
addition of chain transfer agent (CTA) and azide moieties with TA
resulted in the formation of ‘clickable’ macro-CTA (CTA–TA–N3).
Using the reversible addition–fragmentation chaintransfer (RAFT)
polymerization, the zwitterionic poly(MPC) was grafted on CTA–
TA–N3 and CTA–TA. Subsequently, the dibenzocyclooctyne-ended
and carbobenzoxyl groups-protected polylysine (DB-p(CbzLys))
were conjugated with p(MPC)–TA–N3 via copper-free azide–alkyne
‘click’ reaction (Fig. 5c). After deprotection, TA-scaffold polymers
can self-assemble onto different substrates with the aid of tri-
hydroxyphenyl groups in TA. WCA measurements were used to
evaluate the surface wettability of functionalized Si wafers. Inter-
estingly, the WCA of Si–TA–p(MPC) surface was the smallest 211 as
given in Fig. 5d, indicating the substantial hydration layer for-
mation by the zwitterion p(MPC) brushes. A thick hydration layer
acted as a barrier against micro-and macro-organism adhesion.
Moreover, the surface hydrophilicity of Si–TA–p(MPC)/p(Lys)
drops somewhat to a WCA of 231, while Si–TA–p(Lys) had a small
WCA of 291. The coated surfaces showed reduced WCAs, high-
lighting its potential antifouling applications.98 Besides, the azide-
modified TA (TA–N3) was demonstrated for its potentiality to
construct a stimuli-responsive polymer-based coating with

variable surface characteristics. The wettability of p(Lys) and
poly(2-diisopropylaminoethyl methacrylate)-b-p(MPC) (p(DPA)-
b-p(MPC)) mixed polymer brushes-modified Si surfaces (pH 7.4)
was enhanced considerably with a small WCA of 321, whereas
their hydrophilicity was further increased at pH 5.5. After being
treated with bacterial cells, the novel polymer coatings onto the
SS surface showed improved antifouling and self-cleaning
activities at pH 5.5. The fraction of dead bacterial cells was
higher at pH 7.4, indicating the transition behavior of polymer
at varying pH attributed to the switchable antimicrobial and
antifouling functionalities.59,99 Apart from the natural poly-
mers, incorporating biocompatible non-immunogenic poly-
mers like polyethylene glycol (PEG) with TA can be delivered
as an effective antifouling surface. The assemblage of TA and
four-armed PEG (PEG10k-4-OH) onto Ti substrates has been
carried out via a one-step or two-step process.60,100

Moreover, the TA-inspired assembly process has also been
extended towards modifying polymeric substrates. Chen et al.
used TA in conjunction with quaternized polyethylenimine
(PEI-S) polymer to design a natural antifouling surface on
various polymeric substrates. As given in Fig. 6a, the PEI or
PEI-S was cross-linked with the pre-formed TA/Fe3+ complex in
its oxidized state via the Schiff-base reaction or Michael-type
addition. PEI–TA complexes have recently been shown to hold
intrinsic benefits such as antifouling, antibacterial, and adhesive
properties for durable coatings on a wide range of substrates
using a one-step deposition technique.101,102

Likewise, the TA was employed as a cross-linker for engi-
neering an implantable PP hernia mesh anchored with chon-
droitin sulfate and gelatin (CG) filament-anchored hydrogel
layer (FAHL). The hydroxyl functional groups of TA were used to
crosslink with polar groups of CG through various hydrophobic
and hydrogen bonding interactions (Fig. 6b). The CG/TA-PP
killed 99.99% of Staphylococcus aureus (S. aureus) but was least
effective against Gram-negative bacteria. However, the mechanical
characteristics of hydrogels were substantially influenced by
the concentration of TA cross-linker and the treatment period
(dipping time).103 By utilizing TA as the non-covalent cross-linker,

Fig. 4 (a) Synthesis of the TABr initiator primer through bromination of TA. (b) Schematic illustration of surface functionalization process with cationic
and zwitterionic polymer brushes onto SS substrate via ‘‘grafting-from’’ approach (reprinted with permission from ref. 96. Copyright r 2015, American
Chemical Society).
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the resulting PEG–lysozyme (LZM)–TA hydrogel presented super
toughness and high elasticity compared to the pristine PEG–LZM
hydrogel (Fig. 6c). Notably, the increasing TA concentration
densified the polymer network by releasing more than 50 wt%
water from the PEG–LZM–TA hydrogel, eliminating the charac-
teristic moisture and softness of hydrogel. The incorporation of
TA elevated the deformability of hydrogel ten times 653 � 45.4%
(PEG–LZM–TA17) compared with the initial form 60.5 � 7.2%
(PEG–LZM). It was apparent that the TA concentration directly
correlated with the formation of more non-covalent interactions
within hydrogels and promoted the transition from elasticity to
viscoelasticity.104 Surgical sutures were the pivotal medical device
to cure tendon injuries, decoration of porous tape sutures with
chitosan/gelatin–TA (CS/GE–TA) offered anti-inflammatory and
antimicrobial properties. After exposing the CS/GE-coated sutures
in TA, the cross-linkage between CS/GE–TA was formed by hydro-
gen bond, Schiff base, and Michael addition reactions (Fig. 6d).
The decoration of CS/GE–TA improved the hydrophilicity of
sutures, which protected them from protein adsorption. Addition-
ally, the porous tape sutures coated solely with CS/GE showed
minimal antibacterial impact (14.29 � 8.57% and 17.14 � 4.13%)
as compared with CS/GE–TA (95.10 � 0.24% 84.57 � 2.86%)
against S. aureus and Escherichia coli (E. coli) respectively, con-
firming the active function of TA in antibacterial action and

prevention of tendon-related infections.105 Similarly, the mono-
filament suture was functionalized with the CS/GE–TA composite,
followed by the in situ polymerization of polypyrrole (PPy). The
CS–GE/TA/PPy composite-coated suture exhibited stable conduc-
tivity and superior antibacterial properties against E. coli and
S. aureus. The electroactive and antibacterial suture significantly
enhanced tissue regeneration under electrical stimulation.106 The
above-reported literature disclosed that the TA-polymer coating
formulations benefited from improved physical, mechanical, and
bioactivities. All these depictions were highly desired in clinical
translation.

3.2. TA-Nanocomposite coatings

Generally, TA was used as a reducing/exfoliating agent, stabi-
lizer, and fixation agent for the preparation and deposition of
various inorganic nanomaterials, including metal,107 metal
oxides,108 2D nanomaterials,109 carbon nanomaterials,110 and
their composites.111 The TA-functionalized nanomaterials have
gained specific interest simply because of their unique physio-
chemical features, stability, durability, and biocompatibility for
clinical applications. Metal nanoparticles (MNPs) were formed
by the redox reaction between TA and metal precursors (e.g.,
Ag+ and Au3+).50,112 Due to the general surface binding affinity,
the TA acted as a capping/stabilizing agent. At the same time,

Fig. 5 (a) Synthesis of TAMA and CMCSSH. (b) Schematic of the TAMA preparation and anchoring on SS surface via bioinspired approach and
subsequent functionalization with thiol-containing compounds via Michael addition (reprinted with permission from ref. 44. Copyright r 2016, American
Chemical Society). (c) Schematic illustration of ‘‘One-Step’’ SS surface modification using TA-scaffolded polymer brush. (d) WCA photographs and AFM
topography with cross-sectional height profiles of the Si–TA–p(Lys), Si–TA–p(MPC), and Si–TA–p(MPC)/p(Lys) surfaces (reprinted with permission from
ref. 98. Copyright r 2019, American Chemical Society).
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the end hydroxyl groups in TA could attach onto various
substrates via a hydrogen bond, hydrophobic, metal coordination,
and dynamic covalence formation.85,113 The interaction and dis-
persion were related to multiple factors: (i) pH, (ii) content, and
(iii) surface charge density.114 The TA-nanocomposite coatings
exhibited enhanced wettability and improved mechanical proper-
ties, offering antibacterial and antifouling activities with minimal
toxic side effects.

The TA-functionalized MNPs and metal ions were coated
by various methods such as drop-coating,115 UV-assisted
deposition,85 self-assembly deposition113 electrochemical
coating,116 and spray-coating.117 Because of its outstanding
and well-known antibacterial/antibiofilm characteristics, Ag
has attracted much attention among the various MNPs.
However, Ag’s regenerative medicine uses are limited due to
its excessive release from implants and dose-dependent cyto-
toxicity. The AgNPs coating with TA and biocompatible hydro-
xyapatite (HA) was proven to reduce harmful effects while
preserving antibacterial activity (Fig. 7a). Immersion of tita-
nium oxide nanotubes (TiO2 NTs)-layered Ti substrates in the
AgNO3 (0.05, 0.1, and 0.2 M) and TA (10 g L�1) solution
mixtures resulted in the surface deposition of AgNPs. Remark-
ably, 0.1 M AgNO3 showed homogeneous distribution along
the surface with an average size of 50.73 � 20.42 nm (Fig. 7b–j).
The Ag–HA/TA composite coating exhibited potential antibacterial
activity against E. coli and S. aureus after additional treatments

with TA–CaCl2 and Na3PO4 solutions to trigger the growth of
bioactive needle-like HA (Fig. 7k–o).116

In the class of 2D nanomaterials, graphene oxide (GO)
possesses unique physical, chemical, mechanical, and electrical
properties.118,119 The GO and its composite formulations have
received immense attention in biomedical fields, including bio-
sensor, imaging, drug/gene delivery, tissue engineering, regenera-
tive medicine, and cancer theranostics due to their better
biocompatibility.120 Besides, utilizing GO as a potential bioactive
material in regenerative and tissue engineering applications have
recently surged in popularity, particularly for osteogenic differ-
entiation. Furthermore, the sharp nano edge of graphene holds
the ability to physically break bacterial integrity via penetrating
and disrupting the cell membrane like a nano knife.121,122

Li et al.123 reported the fabrication of multilayer coating
(TA–GO/LZM)n via the LbL technique for antibacterial and
enhanced osteogenesis. UV-absorbance intensities confirmed
the linear-dependent growth of LZM and TA–GO in the growth
direction of (TA–GO/LZM)n coating. The multilayer growth was
primarily mediated by TA–LZM interaction, which further
functionalized onto GO-surface via p–p staking and hydrogen
bonding. Physical properties of the coating morphology showed
irregular island-shaped domains and outer layer-dependent
stiffness. The (TA–GO/LZM)n coating effectively killed patho-
genic bacteria and enhanced the osteogenic differentiation of
human dental pulp stem cells (hDPSCs) due to the synergic effect.

Fig. 6 (a) Schematic of antifouling polyethersulfone (PES) surface preparation via TA-inspired approach (reprinted with permission from ref. 102.
Copyright r 2018, Elsevier). (b) The fabrication strategy of polypropylene (PP) hernia mesh with chondroitin sulfate and gelatin (CG) filament-anchored
hydrogel layer (FAHL) and TA cross-linkers (reprinted with permission from ref. 103. Copyright r 2021, Elsevier). (c) Schematic of TA coupled
PEG-lysozyme (LZM) hydrogel with features of suturability, anti-inflammation and antibacterial properties (reprinted with permission from ref. 104.
Copyright r 2020, Royal Society of Chemistry) (d) Schematic of chitosan/gelatin-tannic acid (CS/GE-TA) decorated multifunctional suture fabrication
process. (reprinted with permission from ref. 105. Copyright r 2021, Elsevier).
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Coating with the outermost layer of TA–GO was more significant
than that with the outer deposited LZM. These films demonstrated
the potential applicability on dental implant coatings by utilizing
their potent antibacterial and osteogenic differentiation properties.

3.3. Metal ion–TA network coatings

Metal–phenolic networks (MPNs) are known for their versatility
to fabricate surface coatings with better adhesive and mechan-
ical properties. MPNs hold several benefits over other coatings,
including the flexibility to modify surface thickness, chemical
composition, and stability.124 The abundant hydroxyl and gallol
groups make TA a potential polydentate ligand or inorganic
cross-linker for metal ions’ chelation and coordination. For
instance, Ejima et al.49 established TA–Fe3+ complexes-based
films at ambient temperature. Many research works have been
undertaken to demonstrate the potential usage of TA–Fe3+

complexes in diverse applications, including surface modification,
drug delivery, and imaging. Li et al. examined a universal process
for depositing TA–Fe3+ complexes on polycaprolactone (PCL)
nanofibers scaffolds for pre-vascularization applications.125 The
TA–Fe3+/AgNPs-decorated Ti surfaces were formed by immersing
the Ti substrates in the TA–Fe3+ solution mixture and ammoniacal
silver solution successively (Fig. 8a).126 The adhesive TA–Fe3+

complexes were co-deposited along with poly(N-isopropylacryl-
amide-co-SBMA) (p(NIPAM-co-SBMA)) microgels on Si substrate.
As given in Fig. 8b, the dihydroxyphenyl group of TA enforced

the micro gel assembly. The triple functionalities of thermo-
responsive MPN-microgel coating have been validated with its
excellent contact-killing of bacteria, antifouling, and self-
cleaning properties.127

Likewise, a synergistic zipped-up TA–Fe3+coating has been
established with precise antioxidant and antifouling properties.
The cyclic assembly of TA–Fe3+ (layer 1) consisting of noncovalent
bonds retains the tendency to adsorb catechol side groups of
dopamine-conjugated poly((MPC)-co-(acrylic acid)) (PMAD, layer 2),
resulting in polyzwitterionic brushes formation on the PP surface
via coordination and noncovalent bonds.128 Other metal ions like
Mg2+ were also selected to form the TA–Mg2+ complexes-based
coating onto orthopedic implants. Increased loading mounts of
Mg2+ were noticed in the multi-step process compared with one-
pot assembly.129 Recently, a facile method was demonstrated to
deposit TA–Cu2+ (TA/Cu) complex and PEG chains hybrid film on
medical substrates. For the hybrid film preparation, the TA/Cu
complex layer (86.6� 1.0 nm) was first deposited on a gold surface
(Au–TA/Cu) and subsequently immobilized with PEG outer layer
(15.4 � 3.0 nm). The inherent multifaceted features of the TA/Cu
complex, such as immobilizer and photothermal conversion,
offered significant antifouling and antibiofilm properties.58

3.4. Other TA-functional coatings

The long-term success of implanted materials mainly depends
on their improved tissue integration and regeneration capabilities

Fig. 7 (a) Schematic diagram of Ag–HA/TA composite coating formation based on the TiO2 NTs arrays-layered Ti substrates. (b, e and h) SEM images,
EDS spectra, and Ag nanoparticle diameter distributions of the samples after soaking in different concentrations of AgNO3 solution and 10 g L�1

TA solution: 0.05 M AgNO3, (c, f and i) 0.1 M AgNO3, (d, g and j) 0.2 M AgNO3. (k) SEM image with EDS spectrum and mapping elemental analysis: Ag (m),
Ca (n) and P (o) of Ag–HA/TA-coated samples; A high magnification SEM image of Ag–HA/TA-coated samples (l) (reprinted with permission from ref. 116.
Copyright r 2020, Elsevier).
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with minimal risk of bacterial colonization. It has been demon-
strated that incorporating active molecules such as HA, growth
factors, peptides, minerals, and drugs into the implants can help
ensure improved tissue regeneration.130 HA is well known bio-
compatible osteoconductive apatite commonly used in bone
implant coatings to improve the integration between implants
and bone tissue. However, the pristine HA could not mimic
natural bone due to several limitations like fracture toughness
and abrasion resistance. To resolve these limitations, Ylmaz and
co-workers designed and prepared a new implant coating com-
prising GO, COL, HA, and TA. The TA was found to have a pivotal
role in promoting the deposition of HA–GO–COL coatings onto
the TiO2 NTs-layered Ti16Nb surfaces. TA was connected to GO via
p–p interaction (GO–TA), resulting in HA modification for nuclea-
tion. Subsequently, the COL was attached to the aforementioned
TA–HA–GO surface through hydrogen bond formation (biomi-
metic method).131 A step further, versatile bioinspired coating
with triple functions was achieved by integrating TA/LZM film,
which gave a protective interface against deleterious impacts by
ROS or bacteria and accelerated the healing process. Furthermore,
the as-prepared TA/LZM showed a robust scavenging effect
against overproduced ROS by its antioxidant ingredient TA. LZM
improved the bacterial killing effect against S. aureus, Micrococcus
lysodeikticus (M. lysodeikticus), and E. coli via damaging the cell
membrane integrity.132

Most of the reported TA-based functional coatings are hydro-
philic, which may not be suitable for the hydrophobic surfaces of
several medical devices as it forms non-uniform structures. Under
basic pH, the TA could be partially ionized and electrostatically
assembled with cationic benzalkonium chloride (BAC) to form
strongly hydrophobic (TBA) coatings on medical catheters. Com-
pared with TA–Fe3+ complexes-based coating, the increased WCA of
TBA depicted its hydrophobicity and stability of the prepared
surface independent coatings. The TBA-coated thermoplastic

polyurethane (TPU) surface exhibited an excellent bactericidal effect
against catheter-associated infectious pathogens.53 Similarly, Wang
et al. devised a quaternary TA (QTA) for TPU catheter surface
modification by combining dimethyl dodecyl 6-bromohexyl ammo-
nium bromide (C12) and TA (Fig. 9a). Both E. coli and S. aureus
showed that the concentration of QTA directly links with the
percentage of antibacterial capabilities. At 0.10 mg cm�2 QTA,
more than 90% of S. aureus died, and 0.20 mg cm�2 was needed to
kill 80% of E. coli cells. In contrast to C12-embedded TPU, TPU–
QTA contributed to very low QTA dissolution and leachability
(0.345%).133

Our research team has disclosed that the amine moieties-
integrated TA (TAA) can be used as a universal colorless coating
platform to functionalize hydrophilic PEG brushes, biotin probes,
and antibacterial AgNPs. As illustrated in Fig. 9b, the primary amine
group was introduced onto the TA’s galloyl moieties. Subsequently,
the adhesion nature of TAA was exploited to deposit active compo-
nents onto a variety of substrates, including PDMS, polystyrene (PS),
Ti, SS, glass, and Si, using a simple immersion method under basic
conditions. The TAA coating facilitated the grafting of PEG brushes
onto the Au surface, resulting in increased protein repellency
against bovine serum albumin (BSA) and fibrinogen (FBG) from
human plasma. The TAA coating reduced Ag+ ions, forming Ag NPs
on the Ti surface. The resistance of Ti–TAA–AgNPs against E. coli
and S. aureus was evidenced by the decreased cell numbers depict-
ing its antibacterial and anti-adhesion properties.134

4. Biomedical perspective of TA
coatings
4.1. Antibacterial/antibiofilm properties

Natural compounds such as plant polyphenols are being inves-
tigated as an alternative antibacterial agent to combat the

Fig. 8 (a) Schematic of the formation of TA–Fe3+/AgNPs nanofilm on Ti implant via self-assembly and in situ reduction method (reproduced with
permission from ref. 126. Copyright r 2017, American Chemical Society). (b) Schematic of the synthesis procedure of p(NIPAM-co-SBMA) microgel and
one-step fabrication of the ‘‘antifouling-killing-releasing’’ multifunctional antibacterial coatings by TA–Fe3+ complexes and functional microgels.
(reprinted with permission from ref. 127. Copyright r 2021, Elsevier).
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prevalence and emergence of MDR in bacteria.135 Also, the
differences in the cell wall structure of Gram-positive and
Gram-negative bacteria demand a bioinspired universal anti-
bacterial coating formulation that could trigger their cell mem-
branes to collapse upon contact. Especially, the TA-engineered
surfaces are being developed to combat IAI in tissue engineer-
ing and regenerative medicine. Therefore, understanding the
basic information about bacterial killing or inhibitory actions
of TA-engineered surfaces is crucial for designing and building
viable surface coating strategies.136

4.1.1 Contact/Release killing surfaces. The colorless TA-
modified polycarbonate surfaces displayed strong contact-
based antibacterial effects against Pseudomonas aeruginosa
(P. aeruginosa), and S. aureus after treatment for 3 h.42 For-
mation of the hydrophilic coatings with specific stiffness tuned
by pH and ionic strength inhibited bacterial adherence. At the
same time, the contact-killing LbL films were constructed
with positively charged moieties to attract negatively charged
bacterial membranes via electrostatic attraction.137 According
to Meng’s group, zwitterion moieties inhibited E. coli and S.
aureus adhesion via forming a hydration layer and giving
electrostatic shielding resistance.84 Several release-killing LbL
coatings have been developed to continuously release anti-
bacterial compounds or metal ions by enzymatic degradation.
However, the continuous discharge of antibacterial agents
results in adverse side effects and the emergence of MDR bacteria.
Therefore, it was necessary to develop stimuli-responsive coatings
for the on-demand release of therapeutic agents to mitigate
adverse side effects and premature depletion of the drug supply/
reservoir. Many research works have recently been undertaken to
formulate stimuli-responsive (ionic strength, temperature, and/or
pH) LbL films that can discharge the payloads after applying
external stimuli. Especially, the pH-responsive systems are largely
formed by the self-assembly of neutral polymers and weak
polyacids.76 Most LbL assemblies are not sensitive to a critical
pH window and decompose quickly, even at elevated pH. Also, the
lower pH conditions of assembly may adversely affect the ability to
integrate various sensitive therapeutics. TA-based LbL films were
customized to obtain antifouling, anti-biofilm, and self-healing

properties. Among these, the antibacterial properties of TA-based
LbL films were achieved by incorporating antibacterial compo-
nents. Kumorek et al. prepared a pH-responsive LbL film
composed of CS or N-(2-hydroxypropyl)-3-trimethylammonium
chitosan chloride (CMCH) in combination with TA to prevent
bacterial infection. Turbid metric and surface plasmon resonance
(SPR) analyses showed that the LbL films were formed at pH 5 and
7.4 through electrostatic interactions accompanied by hydrogen
bonding.138

Another approach was established using a polymeric system-
based localized drug discharge to overcome MDR and the toxic
effects of antibiotics. For instance, integrating CS–PCL nano-
fibers on Ti–PDA (Ti–PDA/NF) surface by electrospinning
bestowed a larger surface area and high cationic active sites.
Further, the TA–antibiotic (Gentamicin sulphate, GS) multi-
layer was coated onto the Ti–NF surface (Ti–PDA/NF/LbL) using
a standard LbL technique (dipping method) as given in
Fig. 10a. The results also found that Ti–PDA/NF/LbL substrates
released a higher GS than Ti/LbL substrates (Fig. 10b).
Increased GS loading content of nanofiber than native Ti
substrate was mainly because of its large surface area to volume
ratio. Also, the Ti–PDA/NF/LbL surface improved antibacterial
efficacy dramatically through increasing GS release at physio-
logical pH (Fig. 10c and d).139

Further, the release of metal ions is well known for their
broad spectrum of antibacterial properties, with no resistance
reported so far. In a recent investigation, the nanocomposite
coatings consisting of TA, graphene nanoplatelets (GNP), and Ag
have displayed remarkable antibacterial/antibiofilm activities. The
as-prepared GNP–TA–Ag@epoxy coating showed a synergistic anti-
bacterial and antibiofilm activity with protecting the surface from
bacterial adherence. Compared with the GNP–TA composite
(256 mg mL�1), the GNP–TA–Ag (64 mg mL�1) exhibited improved
inhibitory action against E. coli (50%) and S. aureus (80%), accred-
iting the active role of Ag in bacterial-killing. Furthermore, the TA
and Ag were crucial in eliminating the bacteria upon contact with
the surface, considering the bacterial-killing mechanism.140

After the immobilization on the PDMS surface, the Ag+

release rate was found slow and exhibited long-term antibacterial

Fig. 9 (a) Schematic of TPU–QTA preparation and assessment of their biological properties (reprinted with permission from ref. 133. Copyright r 2021,
Royal Society of Chemistry). (b) Schematic of TAA synthesis and deposition on the substrate surface for multiple functionalities (reprinted with permission
from ref. 134. Copyright r 2020, Royal Society of Chemistry).
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Fig. 11 (a) Schematic of antibacterial action of the PDMS–TA–Ag surface. (b) TSB–agar plates of E. coli and S. aureus detached from the pristine PDMS
and PDMS–TA–Ag surfaces in the same dilution series. (c) Viability of bacteria on the pristine PDMS and PDMS–TA–Ag surfaces. The pristine PDMS and
PDMS–TA–Ag surfaces were incubated with E. coli and S. aureus suspensions in 24-well plates for 4 h. (d) CLSM (scale bar = 100 mm) and (e) SEM (scale
bar = 10 mm) images of adhered E. coli and S. aureus on the pristine PDMS and PDMS–TA–Ag surfaces. The pristine PDMS and PDMS–TA–Ag surfaces
were cultured with E. coli and S. aureus suspensions with TSB for 24 h. (f) Illustration of the subcutaneous infection model; (g) photos of stitched and
cut-off skins in contact with the pristine PDMS and PDMS–TA–Ag surfaces. (h) TSB–agar plates of S. aureus detached from the implanted PDMS and
PDMS–TA–Ag surfaces at the same dilution series. (i) relative bacterial viability on the implanted PDMS and PDMS–TA–Ag surfaces (j) photo of spleens of
the healthy rat and rats implanted with PDMS–TA–Ag and PDMS substrates. (k) H&E staining of the skins from the healthy rat and the pristine PDMS- and
PDMS–TA–Ag implanted rats (scale bar = 100 mm) (reprinted with permission from ref. 85. Copyright r 2021, American Chemical Society).

Fig. 10 (a) Schematic of Ti surface modification by CS-PCL electrospun nanofiber followed by multilayers of TA/GS through LbL methods. (b) Cumulative GS
release profiles of Ti/LbL vs. Ti-PDA/NF/LbL on different pH. (c and d) In vitro quantitative antibacterial evaluation of different Ti surfaces against E. coli (c) and
S. aureus (d) after 6, 24, and 72 h treatment (reprinted with permission from ref. 139. Copyright r 2018, Royal Society of Chemistry).
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action on a contact-killing basis (Fig. 11a). Due to the solid
antibacterial property of Ag+, the PDMS–TA–Ag surface showed
improved bacterial inhibition, whereas the pristine PDMS surface
did not show any activity against tested bacterial strains (Fig. 11b
and c). As shown in Fig. 11d and e, the PDMS–TA–Ag surface
inhibited bacterial adhesion and colonization. This functional
coating strongly eradicated the adhered bacteria and prevented
the biofilm formation of the drug-resistance pathogen. After
the implantation, the PDMS–TA–Ag surface had a significantly
lower bacterial infection and spleen inflammation level than the
pristine PDMS surface (Fig. 11f–k).85 It was also reported that the
TA could destroy the integrity of peptidoglycan of the cell wall.
On the other hand, the disassociation metal ions (Ag+) leaching
out from the surface holds the ability to target sulfur-containing
biomolecules via cell membrane penetration.141

4.1.2 Photothermal killing. The adherence and coloniza-
tion of planktonic bacterial pathogens on the inert surface of
the implant were inevitable and caused severe issues in clinical
applications. Although the diverse contact or release killing-
based surface coating strategies were adequate, the continuous
release of antibacterial components may promote the emergence
of MDR strains and adverse side effects.142–144 Hence, anti-
bacterial photothermal therapy (aPTT)-based biofilm eradication

routes have attracted much attention due to their minimally
invasive, long-distance ablation, non-surgical, deep tissue pene-
tration, and avoidance of MDR bacteria.145 Diverse photo-
absorbing inorganic nanomaterials such as metal,146 carbon-based
materials,147 2D nanomaterials,148 and some photon-responsive
polymeric systems149 were developed to eliminate bacterial patho-
gens. Environmentally benign bioinspired universal coating tech-
nology is mandatory for the uniform deposition of photoactive
materials onto various surfaces, including implants, hydrogels,
scaffolds, and nanofibers.

As mentioned in the earlier sections, a plethora of contact or
release-killing antibacterial surfaces has been reported. The
main obstacle is most of the dead bacterial cells remain on the
surface, which triggers undesirable immune and inflammatory
responses. Chen’s group developed innovative ‘‘biocide-free’’
bactericidal surfaces reinforced with photothermal agents for
‘‘kill-and-release’’ mechanism-based bacterial eradication to
combat bacterial adherence and photo-killing (Fig. 12a and b).
First, the TA–Fe3+ complexes were deposited onto the bare Au
surface (Au–TA/Fe), followed by the surface grafting of PNIPAM
chains (Au–TA/Fe–PNIPAM) via Schiff base reaction or Michael
addition. The Au–TA/Fe and Au–TA/Fe–PNIPAM surfaces
had good photothermal conversion efficiency (Fig. 12c and d).

Fig. 12 (a) Schematic of photo-induced bacterial-killing and releasing functions (b) Schematic of the Au–TA/Fe–PNIPAM surface preparation.
(c) Temperature variation of surfaces in PBS under NIR irradiation (2.2 W cm�2). Corresponding thermal images are shown on the right. (d) on/off
NIR irradiation (2.2 W cm�2)-triggered temperature change in Au–TA/Fe–PNIPAM surface over five cycles (e) Fluorescence images of live (green) and
dead (red) bacterial pathogens (f) Corresponding killing efficiencies of the surfaces against E. coli and Methicillin-resistant S. aureus (MRSA). Data are
mean � SD (n = 3). (g) Representative agar-plate photographs of bacterial (E. coli or MRSA) colonies formed after being disassociated from various
surfaces and (h) SEM images of attached bacteria (E. coli or MRSA) on different surfaces with/without NIR irradiation (2.2 W cm�2, 5 min) (reprinted with
permission from ref. 150. Copyright r 2020, American Chemical Society).
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More than 99% of bacterial cells attached to the Au–TA/Fe and
Au–TA/Fe–PNIPAM surfaces emitted red fluorescence, assign-
ing the bacterial cell death via NIR-induced hyperthermia
(Fig. 12e and f). SEM micrographs of attached bacteria without
NIR irradiation showed intact cell membrane structure,
whereas 5 min NIR irradiation triggered shrinkage and bacter-
ial membrane depletion on Au–TA/Fe and Au–TA/Fe–PNIPAM
surfaces (Fig. 12h). Moreover, due to the thermoresponsive
properties of the grafted PNIPAM, all of the dead bacterial
debris on the surface was cleansed by regulating the tempera-
ture (Fig. 12g).150

Adopting a similar phenomenon, our group has designed
and developed a passive eco-friendly coating strategy for solid
surfaces. The TA-functionalized Au NPs were deposited along
with PEG onto the PDMS substrate via one-step assembly. Upon
808 nm laser irradiation, the increasing temperature of PDMS–
TA–PEG–Au surface (B90 1C) compared to pristine PDMS
(B45 1C) and PDMS–TA–Au (B53 1C) signified its improved
and stable photo-killing effect for repeated cycles. Subcuta-
neous implantation of the prepared substrate with S. aureus
inoculation and NIR irradiation eliminated the bacterial
adhesion and bestowed suitable conditions for aPTT.113

Recently, the solid antifouling property of PEG was shown to
resist the adherence and colonization of planktonic bacteria on

TA/Cu complex coated Au surface. Upon short NIR irradiation,
the TA/Cu complex efficiently killed S. aureus and prevented Au
surface from biofilm formation for a prolonged period (15 days).
In the extended in vivo studies, pristine polyurethane (PU) and
PU-TA/Cu-PEG surfaces were incubated with S. aureus before
implanting on rat incision models (Fig. 13a). After the implan-
tation and NIR irradiation (1 W cm�2, 5 min), the PU-TA/
Cu-PEG surface exhibited 1.2, 3.4, and 2.0 log reduction of
bacterial colonies at 1, 4, and 11 days comparatively with
unmodified PU surface (Fig. 13b). On the other hand, the
negligible inflammatory response of PU–TA/Cu–PEG (Fig. 13c)
validated its potential in combating IAI of biomaterials and
devices.58

4.1.3 Photodynamic therapy. Antibacterial photodynamic
therapy (aPDT) is a non-systemic therapeutic venture that uses
laser irradiation and molecular oxygen to kill germs.9 In general,
three essential prerequisites for APDT are PS’s, light sources, and
molecular oxygen. Combining these three elements in optimized
proportions turns on cascades of reactions and gives improved
bacterial killing effect, especially against MDR bacteria.151,152 The
APDT can be used even after surgery, chemotherapy, and radio-
therapy without inducing any immunosuppressive or myelo-
suppressive effects. The sustained release of metal ions from
active nanocoatings on implant surface reduces IAI and other

Fig. 13 (a) Schematic of in vivo rat model used for testing antibacterial property of bacteria-contaminated surfaces. (b) Bacterial colonies of PU and
PU–TA/Cu–PEG surfaces after implantation for 1, 4, and 11 days. Data are mean � SD (n = 3). (c) After implantation, histological sections of surrounding
tissues for 1, 4, and 11 days (Blue arrows represent neutrophils) (reprinted with permission from ref. 58. Copyright r 2021, American Chemical Society).
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infectious risk factors, including bacteria, fungi, and other
microbes, with minimal toxicity. It has also been discovered that
plasmonic excitation of metallic nanostructures (e.g., Au, Ag, and
Pt) produces singlet oxygen (1O2), which is significant in microbe
death.153 Under light irradiation, Ag NPs can kill bacteria by
producing 1O2, a process known as photodynamic inactivation
(PDI) (Fig. 14a). Only a few research works have been reported so
far on the polyphenol-based coatings for aPDT, most likely
because of hindrance in 1O2 or ROS generation by the active
polyphenols. Xu et al. have proven that the Ag NPs-anchored
TA–Fe3+ complexes coatings released Ag+ ions for the long term
(5–30 days). The efficiency of TA–Fe3+ complexes/AgNPs-5 (pre-
pared from 5 mM ammoniacal silver solution) against E. coli and
S. aureus was about 83 and 60%, respectively, but the comparable
efficiency of TA–Fe3+ complexes/AgNPs-10 (prepared from 10 mM

ammoniacal silver solution) improved to 100 and 90%. Interest-
ingly, the high PDI action could be attributed to the increased
Ag+ release and oxidative stress-mediated bacterial cell death
(Fig. 14b–f).126

4.2. Antifouling applications

Antifouling surfaces coating strategies are becoming promi-
nent in the healthcare industry to protect biomedical devices
from micro-and macro-fouling agents.154 More specifically, the
protein adsorption on the implant surface minimizes their
sensitivity and leads to failure and other adverse side effects.
TA has been used as a building block to fabricate bioinspired
hydrophilic surfaces via incorporating various functional
materials.44,96–100,102 The anti-biofouling ability of the super-
hydrophilic surface can be explained using water layer theory.

Fig. 14 (a) Schematic of the APDT mechanism of TA–Fe3+ complexes/AgNPs. (b) Plate photographs showing E. coli and S. aureus colonies after
incubation with different samples under the illumination of 660 nm visible light for 20 min or in the dark. (c) Antibacterial ratio of different samples
quantified based on the number of colonies visible in the plate samples **P o 0.01 vs. the Ti group as the control. (d) ESR signals of 1O2 were obtained
upon irradiation of different samples for 20 min in the presence of ROS trap. (e) Morphological features of E. coli and S. aureus treated on the Ti and
Ti–TA–Fe3+ complexes/AgNPs surfaces under the illumination of 660 nm visible light for 20 min. (f) Plates showing S. aureus colonies collected from the
subcutaneous infection model and corresponding H&E stained histological sections of tissues adherent to different samples (reprinted with permission
from ref. 126. Copyright r 2017, American Chemical Society).
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A dense coating of water molecules on super-hydrophilic sur-
faces inhibits bacteria or protein adhesion by weakening the
interface between substrate and fouler. For example, the CMCS
modified-SS surface exhibited better anti-nonspecific protein
adsorption performance in our earlier study, whereas the SS
and SS–TAMA surface readily adsorbed BSA.44 In addition,
zwitterion compounds with a positive and negative electrical

charge in close proximity can coat material surfaces to limit
non-specific protein adsorption and biofilm formation. Yang
et al. constructed a super-hydrophilic surface to resist protein
adsorption by preparing the DDDEEKC peptide-modified TA
(SAP3-TA). The hydrophilic surface can prevent the absorption
of BSA and further inhibit the adhesion of Streptococcus mutans
(S. mutans).130 We have recently utilized the hydrophilic silk

Fig. 15 (a) Schematic illustration for the fabrication of antifouling coating on the Ti surface using natural TA and biocompatible SSn (reprinted with
permission from ref. 155. Copyright r 2020, Elsevier) (b) Schematic of TA–Fe3+ LbL assembly process and subsequent fouling on non-functionalized
(pristine) and P(EtOx)-Gal functionalized films for antifouling applications (reprinted with permission from ref. 156. Copyright r 2019, American
Chemical Society).
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sericin (SSn)-conjugated TA as a value-added product to protect
the implant from fouling effects. The BSA and FBG adsorbed on
the bare Au chips were quantified to be 3.39 � 0.37 and 7.67 �
0.13 ng mm�2, respectively. After TA functionalization, the
adsorbing rate of BSA and FBG on the sensing surfaces
decreased slightly (2.83 � 0.33 and 6.10 � 0.46 ng mm�2) due
to hydrogen bonding interactions between TA and proteins
(Fig. 15a).155 Similarly, the TA–PEG assembly on the Ti surface
also exhibited remarkable antiadhesive and antifouling properties.
The better protein repellency of TA–PEG coating was mainly
because of the robust inhibitory ability of PEG towards non-
specific protein adsorption.100

Interestingly, the grafting of galloyl-modified poly(2-ethyl-2-
oxazoline) (P(EtOx)–Gal) to the TA–Fe3+ films via coordination
bonds deliver effective surface modification strategies to mini-
mize biofouling effects (Fig. 15b). Furthermore, the quantitative
measurements demonstrated that the P(EtOx)-Gal-functionalized
TA–Fe3+ films showed maximum reduction (B2.5 mg m�2) of
BSA, immunoglobulin G (IgG), and FBG adhesion compared to
pristine TA–Fe3+ film.156 An earlier study suggested that the
TA-functionalized surfaces with excessive galloyl could adsorb
FBG via bonding, electrostatic and hydrophobic interactions.
Later, the strong interaction between the galloyl groups and
FBG triggered the inactivation of a and g chains of the adsorbed
FBG, which ultimately bestowed remarkable antiplatelet adhe-
sion surfaces. Collectively, the TA-based surface coating strategies
can be successfully applied to construct new-generation blood-
contacting bioactive materials.157 Overall, the TA-based surface
engineering strategies possess many biomedical advantages, as
given below
� The incorporation of bioactive polyphenol TA bestows

augmented the antibacterial and antibiofilm efficiency against
MDR pathogens.
� The increased adhesiveness of TA-modified implant sub-

strates provides an effective platform for cellular attachment,
tissue integration, and regeneration.
� Improved hydrophilicity may reduce the adherence of

fouling agents and protect medical devices from blood–protein
absorption.
� The inherent biocompatibility of TA-modified biomedical

implants represents a broad spectrum of tissue engineering
and regenerative medicine applications.

5. Conclusions and future prospects

In this review, we focused on the various standard and recent
bioinspired surface coating techniques that have been used
to deposit TA in combination with active payloads. Also, the
involvement of different physiochemical interactions like
hydrogen bonds, hydrophobic interactions, electrostatic inter-
actions, polyphenol–metal coordination compounds, and Michael
addition/Schiff base reactions and their role in TA coating onto
substrate were given elaborately. However, a better understanding
of the TA or TA/Fe3+ interactions with different substrates is
mandatory due to TA’s complex chemical structure, resulting in

more than one bonding formation. Therefore, more theoretical
calculations can be adopted to elucidate the specific intera-
ctions between TA and substrates to attain universal substrate-
independent coating technology with a scaled-up process.

Considering all the distinct surface modification strategies,
the deposition process is determined by the materials or active
molecules used and the substrate type. In the LbL method, the
film’s composition, architecture, thickness, and mechanical
characteristics can be controlled via changing the assembly
conditions. The LbL assembly technique has been adopted to
tether and release various antibiotics, polymers, biomolecules,
and nanomaterials. As recent progress, the electrophoretic and
UV-assisted deposition methods have also been explored to
develop TA-based surface modifications. Compared with the
LbL-based techniques, these advanced deposition routes offer
rapid and uniform coating of polymers and nanomaterials with
improved properties. In particular, the UV-assisted method
actively improves the redox reaction of TA with metal ions
and the simultaneous deposition of monodispersed nano-
particles onto the substrate. Also, different parameters such
as optimizing the light dosage, irradiation time, and other
reaction kinetics deliver an effective protocol for the fabrication
of nanocoating with different structures and functionalities.

Several natural and synthetic polymeric materials have been
investigated as a framework for developing a contact or release
killing surface with hydrophilic nature to prevent fouling and
biofilm formation. Especially, the coatings reinforced with
natural polymer provide excellent compatibility for clinical
applications. In addition, TA considerably boosted the coating’s
stability because of its involvement in noncovalent interactions
and hydrogen bonding. The stimuli-responsive or controlled
release polymeric coating formulations serve as delivery systems
to deliver antibiotics or metal ions on bacterial contamination in
a controlled release manner. Likewise, the nanomaterials and
other active components were also exploited in TA-based coating
technology for rapid tissue integration and other medical pur-
poses. Each coating formulations have a specific function to
protect the biomaterials from fouling agents and bacterial patho-
gens. As a result, nanomaterials modified implants, scaffolds,
and hydrogels offering advanced phototherapeutic ventures for
remote eradication of bacterial pathogens with less operational
risks. Incorporation of other essential ingredients like minerals,
proteins, and biomolecules can also be used for surface modi-
fication of various biomedical implants.

Last but not least, because of its inherent antibacterial and
adhesive quality, TA is a good building block for the bio-
inspired universal coating of various implantable substrates
and medical devices. Antibacterial, antibiofilm, antifouling,
and self-cleaning capabilities of TA-tethered with polymer,
nanomaterials, and other active compounds were reported to
be promising. The use of TA opens up new possibilities for
bacterial treatments in all terms of approach, including contact
killing, drug release, and PTT/PDT representing a viable oppor-
tunity to minimize the risks of MDR bacterial emergence. Based
on the rapid advancements in bioinspired surface coating
technology, more research will inevitably be devoted toward
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identifying innovative functional materials-based coatings
with more diversified and tailored architectures. In most of
the reported TA-based coatings, the TA bestowed strong bio-
compatibility and showed only negligible or no sign of toxicity
compared with TA-free coatings. However, all-inclusive pre-
clinical trials are required to validate engineered materials’
efficacy and toxicity implications for biomedical purposes.
This review provides insight into recent research focused on
TA-based functional coatings to treat IAI. We believe that a
facile, cost-effective, and eco-friendly bioinspired universal
coating technology will soon be available to treat bacterial
infections in the medical field with extensive future research
investigations.
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