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Mussel-inspired chemistry has attracted much research interest in manipulating material properties in
surface engineering over the past decade due to its universality and versatility. To address biofouling
issues, mussel-inspired molecular interaction strategies have provided promising methods for the design
and development of anti-biofouling materials that can either repel proteins and microbes to avoid
attachment or kill them in the surrounding environment. This review provides an overview of recent
advances in mussel-inspired chemistry and its emerging applications in fabricating anti-biofouling
platforms. The molecular interactions and adhesion mechanisms of mussel-inspired chemistry are first
introduced. The applications of mussel-inspired chemistry in different anti-biofouling hydrogels,
membranes and coatings are then discussed. Various bio-inspired material fabrication processes and
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surface functionalization strategies are presented, in which materials based on the mussel-inspired
chemistry play different roles such as surface modifiers, intermediate layers or adhesive moieties to bind
DOI: 10.1039/d1ma00053e other components for functionalizing materials with anti-biofouling performance. Some remaining

challenges are discussed, and future perspectives on mussel-inspired modification of anti-biofouling
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1. Introduction

Biofouling issues are generally initiated by the undesired adsorp-
tion and accumulation of proteins, bacteria, cells and other
microorganisms on the surfaces of materials, which subsequently
induce severe consequences such as infection in biosystems or
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destruction of industrial devices. Biofouling has become a persis-
tent challenge in many areas including biosensors, biomedical
devices, membrane systems, marine industty, etc."™ Therefore, it
is of great importance to develop effective anti-biofouling materials
to eliminate the accumulation of fouling substances, which can
extend their service life with well-maintained functionality.

To overcome the undesired biofouling issues and associated
side effects, biofouling mechanisms and anti-biofouling strategies
have been widely investigated. The surface biofouling issues can be
mitigated through well-designed interfaces using a combination of
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passive (preventing adhesion) and active (detaching or degrading)
strategies.” In early studies, biocides were commonly employed to
prevent bio-foulants from attaching to the surfaces. Researchers
designed a variety of coatings which steadily release biocidal
compounds such as antibiotics, silver particles or nitric oxides into
the surrounding environments to effectively degrade or even kill
the fouling organisms.”® However, due to the damage to the
natural environment and human health, this type of material has
been avoided, and other viable natural alternatives such as
chitosan,’ capsaicin'® and enzymes" are attracting increasing
attention to improve this strategy. Another effective way to restrain
the adsorption and attachment of foulants is modifying the
surfaces with fouling-repellent coatings. For example, anti-
biofouling properties have been achieved through functionalizing
substrate surfaces by hydrophilic polymers such as poly(ethylene
glycol) (PEG)">™** and zwitterionic molecules>™” to resist protein
and bacteria adsorption and reduce biofilm attachment. The key to
their fouling-resistant properties is the steric exclusion effect and
strongly hydrated charge groups on the hydrophilic polymer
surfaces, which increases the energetic penalty of removing the
surface hydration layer during the attachment of proteins and
microorganisms.'®

In recent years, natural creatures have inspired the develop-
ment of numerous anti-biofouling platforms with outstanding
and universal anti-biofouling performances. One novel strategy
is based on the modulation of surface wettability mimicking
the surface structures of biological materials. One of the most
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famous examples is the fabrication of superhydrophobic surfaces
inspired by the self-cleaning lotus leaf, which significantly mini-
mizes the contact between potential contaminants and the sur-
faces, thus inhibiting the adhesion of fouling organisms.'®*°
Similarly, slippery liquid-infused porous surfaces (SLIPs) adopted
by the Nepenthes pitcher plants have also been developed and
shown powerful omniphobic capability to resist fouling liquids or
organisms at smooth liquid-like interfaces.”"**

In addition to the bio-inspired designs of nanostructures,
the multiple functionalities of natural components can also be
mimicked and utilized to functionalize material surfaces.>*™>
Lately, anti-biofouling materials inspired by the adhesive secre-
tions of marine mussels have attracted considerable interest.”*>’
The mussel foot proteins (Mfps) secreted by mussels could form
a strongly adhesive interaction with various substrates in a wet
environment, allowing the mussels to adhere on almost all
types of substrates. It has been reported that 3,4-dihydroxy-
phenylalanine (DOPA), a critical functional component in Mfps,
plays a critical role in the versatile adhesion properties of marine
mussels. Various molecular interactions are detected in DOPA
and its derivatives such as dopamine and polydopamine (PDA),
which are commonly referred to as “DOPA chemistry”’ and have
sprouted the development of many mussel-inspired materials such
as functional coatings and hydrogels with diverse properties.”®?°
Mussel-inspired chemistry has been widely implemented in
surface and interface engineering for multipurpose functionali-
zation to construct superior interfaces, especially in aqueous
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environments.>”°

In the anti-biofouling area, much effort has
been dedicated to the preparation of anti-biofouling materials
through DOPA chemistry-mediated cohesion and adhesion
mechanisms.>'* Dopamine has the advantage of deposition
and self-polymerization over various inorganic and organic sub-
strates by forming PDA layers under mild alkaline conditions.”®
The highly hydrophilic PDA layers with intrinsic fouling resistance
properties®*® and intrinsic antimicrobial activity®>*® behave as
protective coatings to mitigate the fouling caused by proteins and
microorganisms. Moreover, the catechol-containing molecules can
react with various functional groups as adhesive agents due to the
versatile adhesion derived from DOPA chemistry, constructing
many inorganic/organic composite materials with excellent anti-
biofouling performance via surface modification or direct
assembly.””*° During the preparation process of diverse anti-
biofouling materials, materials based on mussel-inspired chemistry
could play different roles such as surface modifiers, intermediate
layers or adhesive moieties to bind other components for functio-
nalizing materials with anti-biofouling performance (Fig. 1).
This review first summarizes the various molecular interac-
tions and interaction mechanisms involved in mussel-inspired
chemistry, followed by functionalization mechanisms using
DOPA chemistry to modify different surfaces and polymers.
Then, the recent progress in the design of novel anti-biofouling
materials derived from mussel-inspired chemistry is discussed,
including hydrogels, membranes, and coatings. Meanwhile, the
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roles dopamine/PDA play in the fabrication of anti-biofouling
materials and the associated preparation strategies are pre-
sented. The remaining challenges and future perspectives on
the further development and applications of mussel-inspired
anti-biofouling materials are also discussed.

2. Mussel adhesion mechanisms

Mussels tether themselves to diverse surfaces underwater such
as rocks, metal, wood and even some well-known low-fouling
materials like Teflon by the secreted adhesive foot proteins, via
the formation of mussel byssus consisting of adhesive thread
and plaque.*’** Upon the immobilization of the mussel foot to
the desired attachment location, Mfps can form an adhesive
plaque that securely anchors the mussel to the substrate sur-
face even under waves with high shear forces. It is reported that
the byssus consists of over twenty different known protein
components, in which the six types of important Mfps namely
Mfp 1-6 have been well investigated and considered to have
played critical roles in mussel adhesion. A schematic for the
distribution of Mfp 1-6 confined to the byssal thread and
plaque is shown in Fig. 2a and b.** Mfp-1 is the first identified
phenolic protein with a large molecular weight of ~108 kDa,
which forms protective and stiff cuticles covering the byssal
threads and plaques via oxidation or metal ion-mediated
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Fig. 1 The roles of mussel-inspired chemistry in the fabrication of anti-biofouling materials and the associated preparation strategies.

2218 | Mater. Adv., 2021, 2, 2216-2230

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00053e

View Article Online

Review Materials Advances
(a)
Posterior
Retractor
adductor muscles
Anterior
adductor
Foot
@
§ i
s 0 T
< o Piaa
a
B E '
5 8
Ql: =
g 8 (C) mfp-3 versus mica
§ C'C’ \Al’/o&sl/o‘s ’/O\Sn ’O‘s./o-w
82 \)\(O Ak I AIS
23 Nor MG VY7 OOH}\ “ooH
S E O,M\\.Q;s.\O,SI\O(pSNO/SntQ%l\
8 < ®
g2
S
€ E
g &5
oo
g 2
S8
20
=] ©
o}
il
=}
N
s B
=
B S
7%
S o
£z
3 &
0]
£ &
<
4
(8]
<
§_ o HNNH, >
O 3 \\f” HN \1| Ph()\phn \P/ Glu OO A\n OHG'Y H
Ser &
= LySL_,A’b’ Hh’f s, M " \u, .IL
3 5.3 B O 55y
popaHO: ”() Trp E’ HyPro dtuPm 0 lle Ala
NS
E LQ *:89 2 Q Lt
= hydrog hondlnp,/ CLL] hy(‘irophohic
e === caton-1
®-- -0 —mica .‘0\:'_ —H""O/ lslll(;il ot § & —Nex» Ho—sio SRR =
e -0 — Si0, \3‘1\ ~O-H*"** 0_ ny \:"AT—O- e 9 metal complex
‘ o - O PMMA . -.$.--"'Al—mica
Fig. 2 (a) Schematic of a marine mussel that attaches to a substrate via byssal threads underwater. (b) Schematic of an enlarged byssal plaque (red circle

in (a)) which illustrates the approximate distribution of various mussel foot proteins (Mfps), with the inset showing a marine mussel attached on a mica

sheet. Reproduced with permission.**

Copyright 2010, The American Society for Biochemistry and Molecular Biology. (c) Illustration of interaction

mechanisms between Mfp-3 and four different surfaces (i.e., mica, SiO,, polymethyl methacrylate (PMMA) and polystyrene (PS)). Reproduced with

permission.*! Copyright 2013, The Royal Society.

crosslinking.*>*® Mfp-2 is the most abundant structural and

cohesive component located in the inner part of the plaque,
contributing to 25-40% of the plaque proteins.*”*® Mfp-3 and
Mfp-5 are adhesive proteins with relatively small molecular
mass and different variants located at the interface between the
plaque and substrates, both of which are considered to act as
important interfacial primers for mussel adhesion.**>* Mfp-4

© 2021 The Author(s). Published by the Royal Society of Chemistry

is proposed to serve as a coupling agent at the thread-plaque
junction to connect the pre-polymerized collagens (preCOLs) in
the inner core of the byssal thread and Mfp-2 in the plaque.®*>*
Mfp-6 contains cysteine thiols, which create an environment for
the redox reaction of the adhesive substances in the proteins.>”

Previous studies have shown that the six mussel adhesive
proteins in the byssus possess repetitive decapeptide sequences

Mater. Adv, 2021, 2, 2216-2230 | 2219
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with a high DOPA content, demonstrated to mediate their high
adhesion strength.>®>” In particular, Mfp-3 and Mfp-5 found at
the adhesive interface contain the highest content of DOPA
residues (25-30 mol%) than other Mfps, indicating that DOPA
plays a key role in achieving remarkable adhesion of mussel to
diverse surfaces.*®>> Various fundamental studies using nano-
mechanical techniques such as a surface force apparatus (SFA)
and an atomic force microscope (AFM) were conducted to
investigate the interaction mechanisms of Mfps as well as
single DOPA moieties to various substrates. For example, Lu
et al. investigated and compared the molecular interaction
forces between different Mfps (Mfp-1, Mfp-3, and Mfp-5) and
various surface chemistries by SFA, as shown in Fig. 2c.*" All
Mifps showed adhesive versatility to both hydrophilic and
hydrophobic substrates. It was reported that for hydrophilic
surfaces like mica, the protein-surface adhesion mainly
resulted from hydrogen bonding interactions between the
phenolic hydroxyl group and hydrogen-bonding acceptors, as
well as the formation of covalent bonds. However, hydrophobic
or n-n interactions played a crucial role when catechol con-
tacted non-polar polymers such as polystyrene (PS). The wet
adhesion strength of Mfps to substrates depended on various
factors such as the interplay of different amino acids, protein
molecular weights and protein chain flexibility. Among them,
the interactions of DOPA are one of the most essential contri-
butors to Mfps adhesion to different surfaces. The interaction
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forces of a single DOPA moiety with substrates such as Ti were
characterized by single molecule force spectroscopy experi-
ments using AFM, improving the fundamental understanding
of adhesion between DOPA units and substrates in water.>®
Various interactions including hydrogen bonding, metal-catechol
coordination, electrostatic, cation-n, anion-n and n-m aromatic
interactions have been demonstrated to contribute to the
versatile DOPA-mediated underwater adhesion to different
substrates.**>%7%

To date, attributed to the strong and universal adhesion
ability of catechol structure, DOPA chemistry, occurred in
DOPA as well as its derivatives such as dopamine and PDA,
has been employed for wide applications such as surface
modification and preparation of medical adhesives and bio-
materials. In synthetic materials, the catechol structure of DOPA
is often used for both adhesion (binding to substrates) and
cohesion (crosslinking of the adhesive material) (Fig. 3).°>%”
Several strategies have been used for oxidizing or crosslinking
DOPA to form covalently grafted functional layers, including
reacting DOPA with various functional groups (e.g., thiols,
amines) via the Michael addition or Schiff base reaction.”®®®
Besides, the redox transition between catechol and quinone
under mild conditions enables facile grafting and anchoring of
polymer chains onto the catechol-modified surfaces through
surface-initiated atom transfer radical polymerization (SI-ATRP)
and reversible addition fragmentation transfer polymerization
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Fig. 3 DOPA-mediated reaction chemistry for adhesion and cohesion interactions. Reproduced with permission.>* Copyright 2016, Elsevier.
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(RAFT).°>”° Furthermore, the catechol and amino groups could
also serve as nucleation sites to chelate metal ions, which usually
act as the crosslinking points in the metal ion-bridged polymers
and hydrogels.”"”> For example, DOPA can form various com-
plexes with Fe*", including bis- and tris-complexes of DOPA-Fe**
coordination under an alkaline environment, leading to strong
cohesion of polymers, which indicates that catechols can
interact with Fe** to form pH-dependent reversible crosslinking
of materials.”>”*

Moreover, the catechol structure can form crosslinking net-
works via autoxidation and self-polymerization in alkali solu-
tions, forming a PDA thin film attached to the substrates.’®”>
To date, there have been no final conclusions on the adhesion
mechanisms and structures of the PDA yet. Several studies
suggested that PDA is a supramolecular aggregate consisting of
5,6-dihydroxyindoline and its derivatives formed by charge
transfer, n-n stacking and hydrogen bonding.”®”” Similar to
DOPA, PDA contains active groups including catechol and
amine groups and can also trigger interfacial interactions with
other functional groups. The DOPA-mediated adhesion and
cohesion mechanisms have cultivated feasible and simple
strategies for biomaterial synthesis and functionalization. The
various physical and chemical interactions offered by DOPA
chemistry have motivated the development of many functional
materials.

3. Mussel-inspired anti-biofouling
materials

3.1. Mussel-inspired anti-biofouling hydrogels

The mussel-inspired molecular interaction strategy also provides
a promising route to enable the introduction of functional
components and incorporation of anti-biofouling functionality
into hydrogel materials. The catechol group is considered to
possess inherent antibacterial properties when introduced into
hydrogel networks. It is reported that during the occurrence of
the catechol oxidation process in catechol-modified hydrogels or
microgels, reactive oxygen species (ROS) such as superoxide and
H,0, are often generated as secondary products, which could
completely prevent colony formation of bacteria such as E. coli
and effectively inactivate the infectivity of diverse types of
78789 1n addition, amine groups could be protonated at
physiological pH (~7.4), which would adsorb the negatively
charged bacteria through electrostatic interactions, leading to
the resistance to bacterial growth. Previous studies showed that
the excellent antibacterial properties of biomaterials with a high
PDA content could be attributed to the rich amino content in the
PDA molecules, which were positively charged under neutral pH
conditions and could interact with negatively charged compo-
nents on the bacterial cells, causing disruption and lysis of the
cells.®%

To enhance the anti-biofouling or antibacterial properties,
hydrogels are also loaded with biocides such as antibiotics,
bactericidal agents and antibacterial polymers besides catechol-
containing moieties. Gao et al. prepared an injectable hydrogel

viruses.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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by mixing ciprofloxacin (Cip, a potent antibiotic)-loaded PDA
nanoparticles (NPs) and glycol chitosan (GC), exhibiting anti-
bacterial effects for both Gram-negative and Gram-positive bacteria
(Fig. 4a).%* The commonly used antibiotic Cip was encapsulated in
PDA NPs through n—r stacking and hydrogen bonding to form PDA
NP-Cip complexes, which then acted as building blocks to crosslink
amine-rich GC through the Schiff base reaction and Michael
addition, yielding an injectable hydrogel with outstanding anti-
bacterial activity. Besides, noble metal NPs with strong inhibitory
and bactericidal effects can also be introduced in hydrogel net-
works for preparing anti-biofouling hydrogels. The metal ions are
often sequestered into the hydrogel network through catechol-
metal chelation interactions, which can interfere with func-
tions of bacterial cells via a competitive protein complexation
mechanism.?*# Messersmith and coworkers developed a
silver-releasing antibacterial hydrogel through a spontaneous
redox reaction between branched catechol-derived PEG and
Ag”.%® Ag" was employed to induce the crosslinking of the
hydrogel and reduced to Ag NPs via catechol oxidation, endow-
ing the formed Ag NPs-filled hydrogel with antibacterial activity.
Combining the antifouling properties of PEG, the hydrogels
were found to inhibit bacterial growth and resist bacterial and
mammalian cell attachment.

Another strategy to endow the hydrogels with anti-biofouling
and antimicrobial effect is incorporating weak organic acids
(e.g., citric acid) with a high content of carboxyl moieties into
the hydrogel structures. The abundant free carboxyl groups in
citrate-based polymers can lower the local pH, suppress the
nicotinamide adenine dinucleotide (NADH) oxidation in cell
metabolism, and chelate the metal ions in the cell wall, which
affects the cell permeability for nutrient uptakes, causing
damage and death of bacterial cells.*® Guo et al. prepared an
undecylenate citric acid-containing catechol-citrate-PEG hydro-
gel by introducing the anti-fungal agent 10-undecylenic acid (UA)
into the citrate-based mussel-inspired adhesives.®* The combi-
nation of UA and citrate-based polymers led to dual-functional
anti-bacterial and anti-fungal performances of the hydrogel,
which showed resistance against human-derived mesenchymal
stem cells and fungal as well as bacterial inhibition against
C. albicans (fungi), S. aureus (Gram-positive bacteria) and E. coli
(Gram-negative bacteria).

Introducing hydrophilic macromolecules into the hydrogel
network to construct a hydrophilic layer on the surface is
another widely employed strategy for anti-biofouling hydrogel
preparation. The grafted hydrophilic polymers such as acid
betaine (PSBMA), hyaluronic acid (HA) and PEG in the hydrogel
structures can strongly couple water molecules, acting as a natural
barrier to the adhesion of proteins and microorganisms. Our group
fabricated an injectable hydrogel based on the self-assembly of
an ABA triblock copolymer poly[(N-isopropylacrylamide)-co-(N-3,4-
dihydroxyphenethyl acrylamide)]-b-poly(ethylene oxide)-b-poly[(N-
isopropylacrylamide)-co-(N-3,4-dihydroxyphenethyl acrylamide)]
(DNODN), which contained catechol-functionalized poly(N-
isopropylacrylamide) (PNIPAM) as the thermo-sensitive terminal
block and poly(ethylene oxide) (PEO) as the hydrophilic mid-block
of the copolymer (Fig. 4b).%” The polymer was synthesized through

Mater. Adv., 2021, 2, 2216-2230 | 2221
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bonding structures of the tannin-inspired antimicrobial bioadhesives crosslinked by silver nitrate (SN). Reproduced with permission.8> Copyright 2018,

Elsevier.

the aggregation of PNIPAM as well as the mussel-inspired non-
covalent interactions including hydrogen bonding and aromatic
interactions between catechol moieties. The DNODN hydrogel
exhibited an excellent anti-biofouling performance by effectively
preventing the attachment of human colorectal cancer (Caco-2)
cells, which was attributed to the anti-biofouling properties of the
hydrophilic PEO (Fig. 4c). Similarly, an injectable hydrogel with

2222 | Mater. Adv., 2021, 2, 2216-2230

both anti-biofouling and antibacterial properties was designed by
synthesizing an ABA triblock copolymer comprising a catechol-
functionalized PEG-based A block and a quaternized B block
(poly([2-(methacryloyloxy)-ethyl]trimethyl ammonium iodide)),
PMETA).*® The PEG-PMETA hydrogel showed inhibition to the
adhesion of Caco-2 cells and exhibited lethality to E. coli. The B
block was permanently hydrophilic, so the hydrogel molecules

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were highly hydrated, resulting in the resistance to the attachment
of nonspecific proteins. Besides, the cationic trimethylammonium
side chains in the hydrogel structure killed bacteria through the
disruption of the negatively charged cell membrane. Compared
with the anti-biofouling hydrogels containing metal NPs and metal
ions through mussel-inspired catechol-metal coordination, incor-
porating hydrophilic polymers to the hydrogel networks via
catechol-mediated hydrogen bonding and n-n interactions exhi-
bits great superiority in bioengineering applications, due to the
reduced cytotoxicity and enhanced transparency in the metal-free
environment of the hydrogels.

Recently, phenols and polyphenols have attracted growing
attention due to their similar structure to dopamine. For
example, tannic acid (TA), as the most studied polyphenol,
was proven to participate in diverse bonding functionalities
and oxidation-induced polymerization through multiple non-
covalent interactions similar to catechol, which enables it to
functionalize materials as an adhesive agent with additional
antibacterial properties. The possible antibacterial mechanism
of the phytochemical tannic acid has been proposed, which
could interact with the proteins in the bacterial cell walls and
act as an alternative target that results in cell membrane
disruption and bacteria lysis. Guo et al. developed tannin-inspired
anti-biofouling adhesives by one-step Michael addition of tannic
acid and gelatin under oxidizing conditions, which showed bacterial
inhibition ratios of nearly 100% against both S. aureus and E. coli
and effectively killed fungal C. albicans (Fig. 4d).*®

3.2. Mussel-inspired anti-biofouling surfaces

3.2.1. Mussel-inspired anti-biofouling membranes. The sur-
face engineering of membranes has attracted much attention
since a new generation of polymer membranes is required to
meet the needs of both high permeation performance and multi-
functional properties. The water permeation performance and
biofouling resistance properties are usually determined by the
membrane surface properties including wettability, charge, sur-
face chemistry, roughness, etc.

In general, compared with hydrophobic surfaces, hydrophilic
surfaces show better wettability and biofouling resistance, which
increases water permeation flux and limits foulant adsorption on
the surface and pores of the membrane. However, as many
commercial polymer membranes are made of hydrophobic
materials, surface biofouling becomes one of the most crucial
problems during the filtration process. To improve the perfor-
mance of membranes, membrane hydrophilization strategies
have been motivated and exploited to construct anti-biofouling
surfaces. Dopamine has been proven as an ideal candidate to
minimize membrane biofouling, which deposits and forms a
self-polymerized PDA coating on the membrane surfaces under
basic conditions. PDA strongly attaches to various substrates and
displays high hydrophilicity because of the presence of many
hydrophilic functional groups such as carboxy, amino, imine
and phenol groups. Dopamine deposition is generally a stable
and controllable process, which can be adjusted by changing pH,
dopamine concentration, deposition time and atmosphere. Zhu
and coworkers reported dopamine as hydrophilic modifiers for
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hydrophobic polymer membranes.” Dopamine was oxidized
and self-polymerized, which generated hydrophilic PDA coating
on the membrane surface, leading to a 20-30% decrease in the
water contact angles of hydrophobic membranes including
polytetrafluoroethylene (PTFE), polyethylene (PE), polyvinylidene
fluoride (PVDF). According to the reports, the water contact
angles of membranes after PDA deposition generally reduce to
the range of 37-90°, depending on the inherent wettability of
original membranes.®” In addition, some DOPA-derivatives such
as PDA and poly(3-(3,4-dihydroxyphenyl)-L-alanine (L-DOPA))
molecules are proven to exhibit zwitterionic properties due to
the presence of diverse functional groups containing both
positively charged (amino group) and negatively charged (phenolic
hydroxyl and carboxylic acid) groups.”®°* For example, the iso-
electric point of PDA is determined to be around pH 4. At high
pH, it exhibits a net negative charge because of the deprotona-
tion of the phenolic groups, whereas at pH values below the
isoelectric point, the amino groups will be protonated, leading to
a positively charged PDA layer on the membrane surface.”® In
this case, the membrane surfaces could be modified by the
deposition of PDA or poly(.-DOPA) films with zwitterionic pro-
perties to enhance the anti-biofouling performance. Zou and
coworkers applied a self-polymerized 1-DOPA film to form a
zwitterionic coating on reverse osmosis (RO) membranes to alter
their surface properties for biofouling-resistant purposes, where
the coated membranes showed an increase of water permeability
and improved fouling resistance to the proteins and organic
foulants.”*%°

However, for the pure PDA-coated membranes, the presence
of aromatic rings would limit the hydrophilicity in the PDA
coating, and the pores of membranes could also be easily
blocked by PDA aggregates, which limit the permeation and
anti-biofouling performance of modified membranes. To address
these problems, a one-step co-deposition approach has been
developed to introduce other hydrophilic species into PDA layers
to further improve the hydrophilicity and anti-biofouling properties
of membranes. Chen et al. constructed a composite layer by
co-deposition of dopamine and non-ionic polymers such as poly-
vinyl alcohol (PVA) and PEG onto PVDF membranes (Fig. 5a)."”
The results suggested that the hydrophilicity and surface free
energy of all modified membranes were significantly enhanced,
which improved the hydration capability, oil/water separability
and protein fouling resistance. In addition, dopamine was also
reported to co-deposit with polyethyleneimine (PEI) to functio-
nalize membranes.”® Dopamine could react with PEI via the
Schiff base or Michael addition reaction, which effectively inhi-
bits the non-covalent interactions among dopamine molecules,
thus reducing the PDA aggregation. As an amino-rich polymer,
the interposition of PEI also provides hydrophilic groups for
further hydrophilization. The addition of PEI significantly
decreased the surface roughness of PDA coatings, thus improving
water flux and reducing membrane fouling. Likewise, Zhang et al.
modified polyacrylonitrile (PAN) membranes by the co-deposition
of PDA, PDA/PEIL, PDA/Co*", and PDA/PEI/Co?", which resulted in
water contact angles of 55° 41°, 27°, and 18°, respectively.”® As
shown in Fig. 5b, during the coating process, dopamine
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monomers can react with PEI and Co*" in the ternary coating
system through covalent bonds (PDA/PEI) or coordination bonds
(PDA/Co™") to limit the formation of PDA aggregates, constructing
a much thinner and smoother coating layer without blocking the
membrane pores, as compared to the conventional PDA deposi-
tion methods. The covalent bond (CB)/coordination bond (COB)
competitive reactions in the ternary coating system affected the
hydrophilicity, thickness and roughness of the membrane sur-
face, facilitating the fabrication of membranes with ultra-high
permeance and excellent anti-biofouling ability.

Besides the direct deposition method, dopamine or PDA could
also serve as a versatile intermediate layer for post-modification
to introduce other functional materials to further modify the

2224 | Mater. Adv,, 2021, 2, 2216-2230

PDA-coated membranes. The membranes are pre-modified with
PDA layers, which act as an adherent platform to immobilize
both organic and inorganic components such as polymers,
oligomers and nanoparticles on the membrane surfaces.
Functional polymers are usually grafted onto the surfaces of
PDA-coated membranes through surface-initiated polymeri-
zation methods.””'**'*" For example, the hydrophilic polymer
brushes could be covalently anchored onto a PDA-coated
membrane by SI-ATRP for constructing functional polymer
membranes (Fig. 5¢). Jiang et al. grafted poly(sulfobetaine meth-
acrylate) (PSBMA), a commonly used zwitterionic polymer, onto
PVDF membranes by PDA-mediated ATRP, which successfully
improved the anti-biofouling and antibacterial properties.'*>

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Similarly, Meng et al. covalently anchored zwitterionic random
copolymers consisting of methacryloyloxyethyl phosphorylcho-
line (MPC) and nitrophenoxycarbonyloxyethyl methacrylate
(NPCEMA) monomers on the PVDF micro-filtration membrane
through a PDA mediation layer, which exhibited superhydro-
philicity as well as excellent anti-fouling performance against
oil, bacteria and Bovine Serum Albumin (BSA) protein.'®® PDA
also provides a versatile intermediate layer for depositing
inorganic materials for functionalizing membranes due to the
excellent metal-ion coordination ability of catechol through
bidentate chelation. For instance, nanoparticle-
decorated membranes were prepared by immobilizing silver
particles on a PDA-coated membrane via a facile redox reaction
owing to the metal-binding ability of phenolic hydroxyl groups
in PDA."**% The Ag/PDA-coated membranes exhibited ultra-
high antibacterial activity, which completely eliminated the
attachment of Escherichia coli (E. coli) with a high rejection rate.
In addition, graphene oxide (GO) nanosheets were also applied to
fabricate nanofiltration (NF) membranes with anti-fouling proper-
ties via a PDA intermediate layer. Wang et al. prepared the GO/PDA
membrane by pre-modifying a PDA layer on the NF membrane
surface, which acted as a strong adhesive agent to bind a layer of
GO nanosheets on the surface.'”® The epoxy and carboxyl groups
in GO were able to react with the amine group of PDA, enabling
the prepared composite membrane to be chemically and mechani-
cally stable. It was shown that the deposition of PDA and the GO
layer enhanced the hydrophilicity and smoothness of the
membrane surface, which could significantly mitigate the adsorp-
tion of foulants and increase the fouling resistance to BSA.
Furthermore, with the assistance of the mussel-inspired versatile
platform, the layer-by-layer (LBL) assembly strategy could also be
utilized for preparing membranes with excellent anti-biofouling
performance and long-term stability."*>"*° For example, Guo et al.
applied polyphenol tannic acid (with abundant catechol groups)
and hydrophilic Jeffamine (containing amino groups) in a LBL
process to fabricate composite NF membranes, which exhibited
excellent resistance against BSA adsorption due to the hydro-
philic membrane surface.'™

3.2.2. Mussel-inspired anti-biofouling coatings. Catechol
is able to deposit on both organic and inorganic substrates
through diverse chemical interactions, which makes DOPA
chemistry (especially PDA) a versatile surface modification
strategy to functionalize different surfaces with anti-biofouling
properties. On one hand, the hydrophilic PDA coatings can
attract water molecules to form a hydration layer that resists
foulant adhesion to the substrates.’'> It was demonstrated that
the friction forces of diverse surfaces such as glass, poly-
dimethylsiloxane (PDMS), and epoxy in water were significantly
decreased after coated with the PDA layer due to the presence of
the hydration layer; thus, the PDA film was expected to serve as a
water-based lubrication coating.'"® Moreover, the surface energy
of both hydrophilic and hydrophobic substrates could also be
drastically altered after being coated with PDA. For example, the
polar component of the surface energy of hydrophobic r-poly-
(lactic-acid) (PLLA) increased from 9.6 mJ m™~? to 47.2 mJ m™>
after treatment with dopamine for 14 h in Tris buffer solution

silver
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(pH 8.5), suggesting that the surface became much more polar
and hydrophilic after PDA deposition."** On the other hand, PDA
has been found to possess intrinsic antimicrobial activity. Avis
and co-workers reported that dopamine self-polymerized onto
E. coli cells and encapsulated the bacteria in the PDA shells,
creating a barrier between E. coli and the surroundings. The
presence of PDA reduced the permeability of nutrition compo-
nents for E. coli survival and hindered the release of toxic
metabolic waste, which prevented further cell multiplication.*®
Many studies reported that the PDA coating reduced the bacteria
proliferation and enhanced antibacterial activity on different
types of substrates such as metal,"*>'*® zirconia,""” cotton and
glass.’'® However, compared to other antibacterial materials
such as metals or polymers, the antibacterial performance of
polydopamine was relatively weak. Therefore, researchers com-
bined the PDA with other antibacterial materials to improve the
antimicrobial efficacy of coatings. Nanoparticles of various inor-
ganic compounds such as metals, metal oxides and silica have
been successfully coated with PDA films on substrates for anti-
biofouling purposes. For example, Ag NPs were preferentially
selected for deposition with PDA to modify the surfaces of diverse
materials including graphene,"*® Si wafer,"° silk fibers,"*" titanium
alloys,'*” etc. The reducing capability of PDA toward metal ions
could ease the oxidization and aggregation of Ag NPs, which
enhanced the stability and antibacterial functions against
E. coli and Staphylococcus aureus. Magnetite nanoparticles
(e.g., Fe30,">**%) were also incorporated into the PDA polymer
matrix to yield a magnetic Fe;0,/PDA nanocomposite that was
applied for the removal of multiple pollutants (Fig. 6a). The as-
prepared nanocomposites loaded on different surfaces exhibited
excellent biomedical properties, including antiviral, antibacterial
and antitumor activities, and could be collected and recovered by
using an external magnetic field.

Besides coupling with inorganic materials, the abundant
catechol and amine/imine groups in dopamine/PDA molecules
could serve as active sites to react with various functional
groups of polymers.>>'*® The synthesis of mussel-inspired
functional coatings is generally achieved either by the “grafting
from” method by the utilization of mussel-mimetic surface
initiators, or the ‘“grafting to” method by employing adhesive
anchors based on DOPA chemistry.>®*2°

For the “grafting from” strategy, the substrates are generally
functionalized with a PDA layer by an immersion coating
process first, where the PDA layer acts as an initiator for the
grafting of other antifouling polymers such as PEG or zwitter-
ionic molecules, through diverse interactions related to catechol/
quinone groups. For example, Li et al. used self-polymerized
dopamine to form a thin and surface-adherent PDA layer onto
the poly(ethylene terephthalate) (PET) sheet, followed by cova-
lent grafting of zwitterionic cysteine that was conjugated with
the as-prepared surface via the thiol group through Michael
addition."® The results showed that the cysteine immobilized
PET surface possessed high resistance to nonspecific protein
adsorption and platelet adhesion. Likewise, Ma et al. covalently
grafted poly(MPC) brushes onto a PDA-coated titanium (Ti)
substrate. The abundant reactive groups (-NH, and -OH groups)
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(b) Chemical structure of the triblock copolymer PDN-PEG—-PDN and the diblock copolymer PDN-PEG and schematics of the preparation of surfaces
bearing polymer brushes and polymer loops using the drop coating method. The anti-biofouling performance is shown in (c). The top image shows the
changes in frequency and dissipation associated with the adsorption of protein BSA on a bare silica sensor, silica sensors coated with PDN-PEG brushes
and PDN—PEG—-PDN loops using a QCM-D. The bottom image shows protein adsorption on the three substrate surfaces (ng cm~2) before and after
rinsing with PBS buffer. Reproduced with permission.'2® Copyright 2015, The Royal Society of Chemistry. (d) Schematic illustration of the experimental
setup for measuring the interactions between amine-modified catechol ligand A and mica and unmodified catechol B and mica at a single-molecule
level, and the correlated force distribution histograms of A-mica and B-mica interactions at the same loading rate (360 nN s™%). Reproduced with
permission.?” Copyright 2018, American Chemical Society.

of PDA could form an initiator layer to bridge poly (MPC) via
SI-ATRP. The mussel-inspired poly (MPC) coating was proved to
improve the hemocompatibility of biomaterials and anti-
biofouling properties.*' Likewise, Li et al. covalently grafted
zwitterionic poly(MPC) polymer brushes on a variety of PDA-
coated materials by surface-initiated activators regenerated by

2226 | Mater. Adv, 2021, 2, 2216-2230

electron transfer atom-transfer radical polymerization (PDA-SI-
ARGET-ATRP). The prepared zwitterionic polymer coatings were
demonstrated to have ultralow biofouling performance, which
effectively suppressed the adhesion of proteins and platelets.'*?
Due to a high grafting ratio and grafting density, the “grafting
from” method allows close control of the architecture of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coated polymers, which is capable of producing dense polymer
layers. However, this approach usually involves multi-step
treatments, leading to increased operation processes and pro-
duction costs.

The mussel-inspired “grafting to” strategy was pioneered by
Messersmith’s group in 2003, where the monomethoxy-
terminated PEG polymer conjugated with a mussel-inspired
adhesive catechol ligand was first prepared, and then directly
and covalently anchored on gold and titanium surfaces through
the adsorption process.*” Following this idea, much effort has
been dedicated to the preparation of antifouling polymers end-
tethered mussel-inspired adhesive anchors such as single
DOPA residues, which facilitated the polymers to stably bound
to the target surfaces. Our group developed an antifouling
coating bearing polymer loops using a mussel-inspired ABA
triblock copolymer, which showed excellent protein-reduction
performance as indicated by the adsorption tests using a quartz
crystal microbalance with dissipation (QCM-D) and direct force
measurements using SFA."*® As shown in Fig. 6b, mussel-
inspired catechol-functionalized poly(N,N-dimethylacrylamide)
and PEG were selected as the adhesive A block and antifouling
B block, respectively. This copolymer was synthesized by rever-
sible additional fragment transfer (RAFT) polymerization and
drop-coated on the mica substrate to form a layer consisting of
polymer loops with the assistance of the mussel-mimetic
adhesive anchors on both ends. The stable anchoring points
provided by the catechol groups facilitated the grafting of PEG
chains, which achieved a large excluded volume to reduce the
protein penetration and exhibited great potential in antifouling
applications (Fig. 6¢). We also reported a robust and substrate-
independent anchoring strategy based on a modified catechol
unit with an adjacent cationic amine. The cationic amine-
modified catechol ligand showed universal anchoring capability
and superior binding stability for tethering anti-biofouling
molecules on various substrates.'”” The interaction mechanisms
between the hydrophilic mica surface and catechol with/without
cationic amine modification were quantified at the molecular
level using single-molecule force spectroscopy based on atomic
force microscopy (SM-AFM). As shown in Fig. 6d, the results
indicated the enhanced stability of the hydrogen binding
between cation amine-modified catechol and mica, suggesting
that the synergistic effect of the amine cation and catechol
disrupted the hydration layer on mica and facilitated the anchoring
of the mussel-inspired ligand on the hydrophilic substrate under
water. Due to the ease of operation, the “grafting to” method
carries great convenience and feasibility for modifying surfaces
with antifouling polymers which were conjugated with stable
and applicable surface anchors.

4. Summary and perspectives

This work summarizes the catechol-mediated adhesion and cohe-
sion mechanisms for biomaterial synthesis and provides an
overview of the recent progress in the design and development
of anti-biofouling materials involving hydrogels, membranes, and
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coatings based on mussel-inspired chemistry. Various bio-
inspired material fabrication processes and surface functionali-
zation strategies are presented, where materials based on the
mussel-inspired chemistry serve as surface modifiers, intermedi-
ate layers or adhesive moieties to bind other components for
functionalizing materials with anti-biofouling performance.
DOPA and its derivatives such as dopamine and PDA have been
widely employed in anti-biofouling material fabrication through
diverse strategies. Because of the intrinsic hydrophilic and anti-
bacterial properties of catechol and amine groups in DOPA/
dopamine, the catecholamines could be directly deposited as
surface modifiers to endow materials with fouling resistance
properties. Due to the universality and versatility, materials
based on DOPA chemistry could act as adhesive agents to
introduce diverse organic/inorganic components, or serve as
polymerization initiators/surface anchors to bind functional
polymers onto different material surfaces through different
DOPA-mediated interactions, constructing mussel-inspired
materials with enhanced resistance and inhibition against cells,
bacteria and fungi.

Although mussel-inspired strategies hold great promise in
the design of anti-biofouling and antibacterial materials for a
wide range of applications, there are some challenges remaining
in this area. First, the underlying mechanisms of mussel-inspired
adhesion chemistry are still not fully understood, which include,
but are not limited to, the polymerization mechanism of dopa-
mine, the structure of PDA and the adhesion mechanism of PDA,
limiting the capability to replicate and apply the intriguing
mussel-inspired chemistry into biomaterial development. Second,
the slow deposition kinetics of the PDA film has become an
obstacle for surface modification, causing dopamine molecules to
polymerize in bulk solution instead of depositing on target
surfaces, which may lead to low utilization efficiency of dopamine.
The polymerization rate of dopamine could be speeded up by
improving the reaction conditions such as using high tempera-
ture and vigorous stirring, or adding oxidants such as Cu®*" and
H,0,.*>"** Co-depositing dopamine with polyamines such as PEI
can also accelerate the deposition rate of PDA."** Furthermore,
the high cost of dopamine still remains a challenge for its
widespread practical application. Therefore, facile preparation
methods and low-cost alternative chemistries with faster kinetics
are highly desired to fabricate mussel-inspired functional
materials (e.g., antifouling materials and surfaces). Plant poly-
phenols with a similar structure to dopamine such as tannic
acid, epigallocatechin gallate and epigallocatechin may become
promising substitutes of dopamine, while the universality and
versatility of the polyphenols need further investigation. Third,
PDA molecules mainly exist as oligomers, and the attached PDA
layer may not be very stable under certain application condi-
tions, especially in a polar organic solvent, and strong acidic
and alkali solutions.'**'*>'3¢ The stability of PDA layers is
closely related to the long-term applications of the immobilized
hydrophilic polymer coatings. This review offers an overview of
the anti-biofouling materials based on mussel-inspired chemistry,
stimulating the development of new strategies and technologies
to overcome the long-standing biofouling challenges. Future work
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may focus on further improving the fundamental understanding
of the mussel adhesive chemistry and mussel-inspired functiona-
lization strategies. For example, in addition to DOPA chemistry
aforementioned, other interactions contributing to mussel adhe-
sion such as metal-catechol coordination, and cation-t and
anion-r interactions also provide alternative strategies for fabri-
cating bio-inspired materials with anti-biofouling applications in
various fields.
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