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Polydopamine-Enabled Biomimetic Surface Engineering of
Materials: New Insights and Promising Applications

Mobhit Saraf, Prateek, Rahul Ranjan, Bhuvaneshwari Balasubramaniam,
Vijay Kumar Thakur,* and Raju Kumar Gupta*

Surface modification is an important approach to modify the properties of
materials. Numerous approaches have been adopted to tailor the properties
of such materials, which have been proven successful at many scales and
parameters. However, most of these techniques are often tedious, poorly
adhesive, costly, sometimes hazardous, and surface-specific, hence cannot be
extended on a large scale and all kinds of surfaces. These shortcomings have
led to the emergence of new dopamine (DA) based green surface modification
technique where a thin polydopamine (PDA) layer is deposited on surfaces
through a facile polymerization of DA under alkaline conditions to enable the
surface for various applications. This surface modification strategy has several
advantages over other techniques in deposition processing under mild
conditions, cost-effective and straightforward ingredients, and applicability to
all kinds of surfaces regardless of their sizes, shapes, and types. Moreover, the
PDA layer enhances the surface functionality. Therefore, it can serve as a
versatile platform for various secondary reactions for a wide range of
applications. Herein, the chemistry of DA is summarized and its polymerized
form PDA for the modification of different families of materials’ surfaces with
an emphasis on energy, environmental and biological applications.

1. Introduction

The term biomimetics suggests learning from the nature,!!!
helping the researchers to mimic them to design and fabricate

a variety of materials with advanced
functionalities.?) The emerging fields
based on biomimetics’ principle,
which have gained significant atten-
tion in the scientific community in-
clude, surfaces for energy conversion
and  conservation,>!  harvesting,!®
robotics,’] charge transfer,® superhy-
drophobic surfaces,>1% self-healing!']
and molecular recognition,!'213]  self-
cleaning surfaces,['*1] self-assembly,!12]
super adhesives,!'%7] crack healing,!'®2!
hierarchical?’l and high mechanical
strength materials and fibres,[?223] antire-
flective surfaces,?*®] artificial furs and
textiles,[20-28] and sensory-aid devices,?’!
bio-inspired biomedical devices and
implants,?%3] to name a few[2%

While the materials have been the
backbone of human civilization, the
recent developments in materials sci-
ence have further elaborated their
horizons.[**3*] The functional properties
of materials are usually governed by
the composition and structure of the surface film. Nano-
engineering has enabled us to tune materials’ properties by
varying their size, shape and various other parameters for a
wide range of applications.®3°1 Materials can be modified
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in numerous ways to improve their properties.[*’l In particu-
lar, surface modification of materials has become a common
and potential strategy to improve their properties, thus has re-
cently gained wide attention.*!*2] The properties of materials
such as adhesion, hydrophilicity/hydrophobicity, stability, sec-
ondary functionalization and biocompatibility can be fine-tuned
through the process of surface modification.[! Surface modifi-
cation/manipulation can be realized either by tuning the surface
energy or by introducing covalent or strong non-covalent chemi-
cal bonds between substrates and modifying layers. Among nu-
merous efforts being made, several physical surface manipula-
tion strategies such as spin-coating, spray-coating, and dip coat-
ing have shown great promise. However, an appropriate adhe-
sion between the substrate and modifying layers has been a per-
sistent issue with these techniques. Addressing these issues ,
chemical vapor deposition (CVD) and atomic layer deposition
(ALD) became popular for surface manipulation, however, their
high instrumentation and maintenance cost and tedious synthe-
sis protocols make them unfeasible for their widespread use.[*!]
Similarly, other techniques such as self-assembled monolayers,
layer-by-layer assembly, Langmuir-Blodgett deposition, organosi-
lane chemistry etc. are surface-specific with separate conjugation
mechanism,[**] and cannot be extended on a wider range of
materials’ surfaces. Hence, most of these approaches have often
suffered from time-consuming and complex processes as well
as substrate-specific applicability. Therefore, a simple, unique,
effective, and robust binding agent-based technique and corre-
sponding mechanism was highly desirable for the surface engi-
neering of materials. Moreover, the costs and environmental con-
sequences of such agents/methods must be carefully evaluated
without sacrificing the similar performances by approaches that
use facile, energy-efficient and sustainable methods.[*8]
According to Anastas and Warner (1998), chemical processes
can be regarded as being “greener” over others when they have
minimal adverse environmental consequences. Careful analysis
of important factors such as the absence of harmful solvents
and toxic materials, good energy efficiency and ease of dispos-
ing of waste products is also very crucial in calling a method to
be comparatively greener. Therefore, current research focuses on
designing next-generation sustainable products which are good
for human health and the environment while being profitable
to the community.l***% In this respect, mussel adhesive proteins
(MAPs) can be effective solutions for the modification of sur-
faces, which not only immobilize strongly to almost all kinds
of surfaces (including wet surfaces) but also a high-capacity ad-
hesion can be expected between MAP and surfaces.>'53] Vari-
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ous catecholic amino acids such as DA and its derivatives are a
rich source of MAPs.[**] Among various forms of DA, PDA has
drawn considerable attention thanks to its simple and versatile
approach to functionalize material surfaces. PDA has been re-
ported to functionalize surfaces of different families of materi-
als such as metals, metal oxides, ceramics, semiconductors and
polymers.[>*>°] The surfaces functionalized with PDA coating are
not only more soluble, stable, and multifunctional but also act as
smart platforms for various challenging applications.’*>”] PDA
has mussel like properties with good adhesion, and their func-
tional groups provide additional active sites to bind with various
molecules. The easy preparation of PDA coupled with good ad-
hesion and controlled thickness, allow the formation of desired
structures to be used for desired applications. The biocompati-
bility of PDA finds applications in many biomedical fields such
as biosensing, tissue engineering, drug-delivery etc., and the in-
troduction of PDA is reported to be beneficial for promoting
cell adhesion and proliferation on substrates.5-%2] Besides they
have shown great properties in electrocatalysis, photoresponsive
agents, and superparamagnetism and an increasing number of
reports have been observed on PDA based applications.

In this review, we will be discussing the green modification
of materials’ surfaces to combat various environmental issues.
In particular, we will be highlighting PDA-induced modification
of metallic surfaces, ceramics, polymers and hybrid materials,
which brings out new prospects in the materials functionality as
well as probe new insights into their application potential par-
ticularly in energy, environment and biological fields (Scheme
1).5063] Furthermore, the role of green modification of materi-
als will be discussed concerning green and sustainable chemistry
which is an urgent requirement of not only today’s world but also
of future generations. It should be emphasized that to obtain de-
sired characteristics, both morphological, as well as the chemical
composition of materials surface, should be modified.

2. Dopamine as Innovative Material for Green
Surface Modification

As mentioned earlier, most of the surface modification strategies
suffer from some drawbacks either in form of time-consuming
and intricate processes or surface specificity, which makes them
unsuitable for a wider range of surfaces. Herein, DA being a rel-
atively greener and sustainable agent, can be a promising alter-
native for the surface modification of the materials.

2.1. Background of DA

DA naturally occurs as a neurotransmitter in the brain, which is
an amine or decarboxylated form of L-dopa. By removing a car-
boxyl group of L-dopa, DA can be synthesized in both brain and
kidneys. Furthermore, it can be biosynthesized both directly and
indirectly from the tyrosine and phenylaniline amino acids, re-
spectively.

DA has been investigated as a synthetic mimic of MAPs that
have gained wide attention over the last few years.[>7%] Inspired
by the composition of adhesive proteins in mussels,”!] DA was
used widely to form thin, robust and adhesive polymer films on
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Scheme 1. Dopamine induced modification of different surfaces and their applications.

possibly all kinds of surfaces in alkaline aqueous media.l””l The
polymerization of DA and its derivative have been introduced
as a simple and interesting approach for the surface function-
alization of materials. The catechol and amino groups of DAs al-
low it to self-polymerize on different kinds of surfaces to form
a conformal coating under ambient conditions. Moreover, the
strong interfacial adhesion strength, because of the formation
of metal-ligand complexes or hydrogen bonds or quinhydrone
charge-transfer complexes, makes it a suitable candidate for the
coating of several metals, metal oxides and polymers.[6+6873-77]

2.2. Factors Affecting Polymerization of DA Into PDA

The polymerization of DA into a PDA film can easily be
achieved under an alkaline and oxidizing environment on al-
most any virtual surface for surface modification. The con-
centration of DA plays a key role in regulating the thick-
ness, roughness, morphology and deposition kinetics of the
PDA film on the surface, which was verified by Ball et al.l’8]
and Liu et al.l’”! through their experiments. Furthermore,
buffer, 881 solvent,!®2] pH,#3] temperature!®!] and oxidants[®%%°]
also affect the quality of PDA coatings. Thin-film deposition

Adv. Mater. Interfaces 2023, 2300670 2300670 (3 of 28)

of PDA can be obtained very quickly by simply immersing
the substrate in a dilute aqueous solution of DA in an alka-
line medium. This strategy has been thoroughly used to de-
posit a variety of ad-layers, including self-assembled monolay-
ers (SAMs),l] multilayer films,®”] surface functionalization of
the inorganic materials,[®8-°% drug delivery nanocapsules®" and
bioinert/bioactive surfaces.®”) Moreover, this mussel-inspired
PDA coating has been successfully realized in building multi-
functional surfaces for several challenging applications such as
anti-bacterial and antifouling membranes. However, cellulose,
polyester, resin and other pH-sensitive/alkaline corrosive ma-
terials are not suitable for DA induced modification.”*] PDA
has also shown great potential in post-modification through hy-
drogen bonds, chelation, electrostatic attraction, and covalent
bonds.

2.3. Properties of PDA and its Deposition Process
Thanks to its structure and composition, PDA possesses fasci-
nating properties, including high reactivity and adhesion capa-

bility, biocompatibility, photothermal effect and quenching phe-
nomenon, allowing them to be used in a wide range of research
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areas and applications.l’*+° Although the PDA coating process
is straightforward, the slow kinetics of the polymerization pro-
cess restricts their large-scale practical implementation. To ac-
celerate the rate of polymerization, various strategies have been
adopted. Particularly, the introduction of metal ions or strong
chemical oxidizing agents has been demonstrated as an efficient
way.[1% For instance, Zhang et al. developed a CuSO,/H,0, led
PDA deposition method exhibiting a very rapid deposition rate
at room temperature (10 times of the conventional methods).[*!]
Similarly, Ponzio et al.[®®] found a fast route for the homoge-
neous deposition of PDA films by periodate with a never re-
ported thickness. However, the kind of oxidants used in these
methods are hazardous and not environmentally friendly and
often contaminate the surface of the PDA film. Moreover, ef-
fective control over polymerization is not possible, therefore, a
green route for fast and controlled deposition of PDA is highly
recommended.

2.4. Polymerization Process and Mechanism

Generally, PDA is prepared through oxidative self-polymerizat-
ion, besides, some other strategies such as electropolymeriza-
tionl19219]  and environment-friendly enzyme polymeriza-
tion such as eumelanin and pheomelanin have also been
reported.[1%1%5] However, these methods have their advantages
as well as limitations. The polymerization process of DA is quite
simple and facile; however, it involves complex redox reactions
producing a series of intermediates. In one of the models, the
polymerization mechanism of DA was comparable with melanin
in living organisms, known as covalent polymerization. In the
biosynthesis process of melanin under oxidative reaction, DA
is first transformed into 5,6-dihydroxyindole (DHI) followed
by covalent polymerization and under weakly alkaline condi-
tions in presence of dissolved oxygen, it is oxidized into DA
quinone (Figure 1). Subsequently, on deprotonation of amine,
the resultant molecule experiences a Michael addition reaction.
Herein, DA quinone undergoes intramolecular cyclization and
reversible oxidation to form dopaminochrome followed by
intramolecular rearrangement to produce DHI (steps A and
B in Figure 1).[1%1%] [n the final step, cross-linking happens
because of the dismutation reaction between o-quinone and
catechol of DHI, yielding PDA.I%119 Active functional groups
are the abundant source of PDA that can be used for various re-
actions further. Another model of DA polymerization combines
covalent polymerization with noncovalent self-assembly, where
the self-assembly process involves various kinds of interactions
such as charge transfer, quadrupole-quadrupole, ionic, T-shape,
hydrogen-bonding and z-z stacking.'®l] Addressing the
discrepancy of PDA between covalent polymer or non-covalent
aggregate, Delparastan et al.''?] recently analyzed the PDA films
using single-molecule force spectroscopy (SMES) and found
out them to be covalently linked subunits composed of high
molecular-weight polymer chains, with weak and irreversible
intramolecular non-covalent interactions in the PDA chains.
Furthermore, they noticed the PDA films deposition starts
possibly at the solid-liquid interface with the adsorption of
small oligomers followed by the polymerization to form higher
molecular-weight PDA chains.
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2.5. Degradation of PDA

Despite its advantageous nature in many advanced functional
materials and devices, the degradation behavior and its related
mechanism of PDA in the human body are still in debate. Few re-
ports exhibited the degradation behavior and mechanism of PDA
through simulated studies.''*114] The degradation of PDA was
confirmed through color fading of PDA in presence of hydrogen
peroxide,[®] and an in vivo study conducted by Bettinger et al.['!’]
also confirmed the complete degradation of implanted PDA in 8
weeks.

Chen et al. studied the PDA degradation by changing the pH
value, temperature, and alkali strength of the PDA nanoparticles
(PDA NPs) synthesized by oxidation and self-polymerization of
its monomer dopamine.[''®] Tt was found that the degradation
of PDA started at pH 11.0 and complete degradation of PDA oc-
curred at high alkaline condition (pH 13.0), which was confirmed
through the change in morphology of PDA from sphere shape to
nanosheets. It was noted that PDA was completely degraded into
monomers and oligomers after 120 h of degradation, and it also
showed excellent biocompatibility.

3. The Role of PDA: Mechanistic Approach in
Different Applications

PDA, a versatile polymer, is used as one of the bio-Inspired
materials to mimic the mussel adhesion mechanism by adopt-
ing suitable surface modification methods for various biomed-
ical , energy and environmental-related applications.[5>11¢] PDA
is an emerging polymer with the synthetic analogue of the nat-
urally occurring melanins.>®! The melanins are irregular light-
absorbing, polyphenolic compounds obtained from the oxidation
of tyrosine or DOPA, and found ubiquitous in living organisms
that serve a variety of purposes.[''’] Melanin has strong adhe-
sion properties to various surfaces and strong absorption of light,
post-polymerization synthetic modification ability, semiconduc-
tivity (10712 Q7! cm™!), and antioxidant properties.*®) PDA also
possesses unique adhesiveness, excellent biocompatibility, and
mild requirement for synthesis without using an organic sol-
vent. Apart from that, flexibility in controlling essential param-
eters such as pH, concentration, temperature, oxidants and reac-
tion time, specific and nonspecific interaction to chemical moi-
eties, bonding parameters, surface modification, film thickness
control etc. played a greater role in advancing the use of PDA
in many emerging applications. In addition, the confluence of
nanotechnology and biomimetics approaches have enhanced the
PDA in advanced biomedical fields such as drug delivery, wound
healing, and tissue engineering. Herein, some pioneering work
on DA and PDA have been discussed.

Lee et al.l%] have done pioneering work in developing mussel
inspired adhesive using DA. Mussels are promiscuous fouling
organisms, which even get easily attached to adhesion-resistant
materials such as poly(tetrafluoroethylene) (PTFE), as shown in
Figure 2A. In their approach, they have mimicked the proper-
ties of adhesive proteins secreted in mussels as it has the po-
tential to bind to nearly all kinds of materials surfaces such
as metals, ceramics, and polymers. The adhesive property of
mussels mainly arisen from the lysine amino acids and 3,4-
dihydroxy-L-phenylalanine (DOPA) present in the amino acid
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Figure 1. Polydopamine synthesis pathways: a) covalent bond-forming oxidative polymerization, and b) physical self-assembly of dopamine and DHI.!

Reproduced with permission.['%8] Copyright 2012, John Wiley and Sons.

proteins (Mefp-5) which are found plaque-substrate interface as
shown in Figure 2B—H. During the bulk solidification reaction of
the adhesive, strong covalent and noncovalent interactions take
place between DOPA and substrates. DOPA and similar catechol
compounds show greater binding affinity while coating on inor-
ganic surfaces. The authors have performed a simple dip-coating
method for various surfaces by immersing them into a dilute
aqueous solution of DOPA with a simulated marine environ-
ment (pH 8.5), which always resulted in the spontaneous depo-

Adv. Mater. Interfaces 2023, 2300670 2300670 (5 of 28)

sition of thin adherent polymer film on the substrates. The exact
mechanism behind the surface adherence of DOPA was not ex-
plained, however, it was mentioned that the oxidation of catechol
to quinone, with subsequent polymerization, would have been
the main reason for the surface coating through covalent and
non-covalent binding of DOPA. Hence the polymerized prod-
uct PDA showed greater and more efficient binding on various
substrates. The PDA coating was done on various material sur-
faces such as noble metals, metals with native oxide surfaces,
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Figure 2. A) Photo exhibiting attachment of a mussel to PTFE. B,C) Interfacial location of Mefp-5 and a simplified molecular representation of charac-
teristic amine and catechol groups. D) The amino acid sequence of Mefp-5. E) Dopamine structure. F) Schematic illustration of thin film deposition of
PDA by dip-coating an object in an alkaline DA solution. G) Thickness evolution of PDA coating on Si as measured by AFM of patterned surfaces. H) XPS
characterization of 25 different PDA-coated surfaces. The bar graph represents the intensity of characteristic substrate signal before (hatched) and after
(solid) coating by PDA. The intensity of the unmodified substrate signal is in each case normalized to 100%. Substrates with characteristic XPS signals
indistinguishable from the PDA signal are marked by “N.A.” The blue circles represent the N/C after PDA coating. Reproduced with permission.[%8]

Copyright 2007, The American Association for the Advancement of Science.

ceramics, and synthetic polymers {polystyrene (PS), polycarbon-
ate (PC), PTFE, polyethene (PE), polydimethylsiloxane (PDMS),
polyetheretherketone (PEEK), polyethylene terephthalate (PET),
and polyurethanes. They have introduced a novel surface mod-
ification on DA which leads to the self-polymerization of DA
into PDA, which promotes the surface adhesion on various sub-
strates.

Lynge et al.l'!%] reviewed the various biomedical applications
in the use of synthetic melanin-like polymer, PDA, as a sur-
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face coating material. The review includes the design synthe-
sis and characterization of PDA, interfacial mechanisms in coat-
ing processes, bonding information related to heterogeneous
surfaces, polymerization chemistry, self-assembly, functionaliza-
tion, reproducibility, and different applications in bio-medical
technology such as biosensing, coatings, drug delivery and tis-
sue engineering applications. In addition, sensors, or photoac-
tive/protective materials-based applications of PDA were also dis-
cussed. This review was concluded with the present gap in PDA
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Figure 3. Tyrosinase-catalyzed oxidation and polymerization of tyrosine, according to the Raper—Mason process (top), and a possible polymerization

mechanism of dopamine under oxidizing conditions (bottom). Reproduced with permission.[°®] Copyright 2013, Royal Society of Chemistry.

based applications and the future needs to tackle them, thereby
fascinating properties of PDA will be realized in the potential
technological platforms.

Dreyer and co-workers!>®! presented a short review about the
PDA and its extraordinary utility in a range of applications such
as biotechnology and biomedicine, surface coatings, and mem-
branes in water purification. The unique characteristics of the
PDA film deposition onto a wide range of surfaces plus its
inertness to harsh chemical environments made them one of
the potential and futuristic polymeric materials. The perspec-
tive on PDA, its history, emerging applications, chemical rela-
tionship to melanins, were discussed. According to Raper and
Mason, the biological melanins are primarily composed of cat-
echolamine monomers, namely tyrosine.!!8-120] The synthetic
route of melanin from tyrosine is shown in Figure 3. The syn-
thesis route of PDA from DA is also presented. From the syn-
thetic methods of melanin and PDA, it is understood that DA pos-
sesses a readily accessible synthetic analogue of the broader class
of catecholamine monomers, which would be converted into

melanins easily. Hence, PDA is often described as a model syn-
thetic melanin, as it mimics the melanin physical and chemical
properties and is thus subjected to many potential applications.
However, at a fundamental level, the structure of PDA remains
elusive despite the use of well-defined precursor monomers. So,
understanding the fundamental aspects of PDA polymer is the
need-of-the hour for inducing enhanced properties with detailed
structure-function relationships.

The two main strategies, i.e., solid or solution state analysis
of the polymer product or intermediates, respectively and degra-
dation products, describe the structural parameters of PDA. In
conclusion, the coupling reactions between the cyclized interme-
diates induce the construction of covalent bonding between the
monomers in PDA. Few models suggested the mixture of cova-
lent and supramolecular bonding interactions in PDA. The pro-
posed structures of PDA based on three different kinds of inter-
actions are shown in Figure 4.[56111:121.122]

Han et al.'?’] have synthesized an adhesive with the com-
bination of PDA-clay-polyacrylamide (PDA-clay-PAM) hydrogel,

P . 2
4 pe » X o N b %,y
@ 34¥. o LYY i
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< s) “ ~) b ¥ ; \t -
74 Py S g e
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Figure 4. Proposed structures of polydopamine, including a) based on covalent bonding interactions, b) a mixture of supramolecular and covalent
bonding interactions, and c) predominately supramolecular bonding interactions. Reproduced with permission.[5¢ Copyright 2013, Royal Society of

Chemistry.
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Figure 5. Preparation of PDA-clay-PAM hydrogel. a) The layered structure of clay nanosheets. b) DA molecule intercalated into the nano space between
the nanoclay layers. c) Clay-induced DA oxidization to PDA in its nano space, and the interlayer of clay nanosheets mimicked the confined nano space of
mussel’s plague. d) AM monomers, cross-linkers (BIS), and initiator (APS) were added into the PDA-intercalated clay suspensions to form gel precursors.
e) The PDA-clay-PAM hydrogel was formed by in situ polymerization. Reproduced with permission.['23] Copyright 2017, American Chemical Society.

to mimic the mussel-inspired adhesion mechanism and the
nanocomposite concept while preparing strong adhesive to be
used for surgical applications. The design strategy for the
preparation of PDA-clay-PAM hydrogel is shown in Figure
5a-e. A two-step process was adopted for the preparation of
mussel-inspired mechanically strong PDA-clay-PAM hydrogel
for tissue repair applications. Initially, DA was intercalated
into the layers of clay nanosheets and converted into PDA-
intercalated clay nanosheets with free catechol groups. Dur-
ing this step, the oxidation of DA was limited due to the
confined nano space of clay layers, thereby intercalation oc-
curs. The nano space of clay layers was restricted by van der
Waals attraction which resulted in an insufficient amount of
oxygen, which controls the PDA oxidation, further, the dis-

Adv. Mater. Interfaces 2023, 2300670 2300670 (8 of 28)

solved ions present in the clay layers provided a sea water
environment due to increased alkalinity, which helps the in-
situ oxidation of DA molecules. In the second step, monomers
of acrylamide (AM) were added and then the in situ free-
radical polymerizations took place in the presence of cross-
linker and initiator molecules. A free-standing and adhesive hy-
drogel PDA-clay-PAM was obtained after polymerization reac-
tion and the catechol group of PDA present in the nano space
of clay layers provides excellent adhesiveness on various sur-
faces as resulted from the studies conducted. Since PDA was a
supramolecular aggregate, noncovalent interactions are promi-
nent to hold together the molecules, which restricts the long-
chain formation, and PDA chains are denoted as dotted lines in
Figure 5c.
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Figure 6. Mussel-inspired strategies for fabricating superhydrophobic materials. Reproduced with permission.[*4] Copyright 2019, Elsevier.

Wang et al.[**l have reviewed the surface chemistry, synthetic
methods, physical properties, superhydrophobization, mecha-
nisms, and various applications of PDA such as oil/water sep-
aration, bio-medical, photocatalysis, coatings and water reme-
diation. Authors have correlated the mussel-inspired chemistry
with PDA polymer as it is an advanced technique for tailor-
ing the surface properties of materials. An excellent group up
on mussel-Inspired strategies adopted for fabricating superhy-
drophobic materials are summarized in Figure 6. The review
discussed the various synthetic schemes adopted for PDA from
DA and its purity, polymerization mechanism and its complexity,
functionality, photothermal ability, adhesion mechanism, long-
term stability, and safety protocols when used for practical appli-

Adv. Mater. Interfaces 2023, 2300670 2300670 (9 of 28)

cations. It was concluded that significant attention needs to be
devoted to the scale-up manufacturing of cost-effective, and envi-
ronmentally friendly synthesis process of PDA, experimental and
theoretical correlations of PDA polymerization, and adhesion
mechanisms. It was also stated in the conclusion that mussel-
inspired chemistry has immense potential for next-generation
technologies such as 3D printing for designing functional ma-
terials with high-performance properties. However, proper at-
tention is required to control over both structural and inter-
facial properties, which may bring up new prospects in this
field.

PDA coatings on various polymeric fiber surfaces such
as nylon capillary-channeled polymer fibers,?*l carbon fiber

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. a) Schematic diagram of PDA coating on a CF surface and acting as sizing. b) Interfacial stress for CF and PDA-CF by single fiber pull-out
testing and images of a single fiber b) before and c) after pull-out. c) Schematic diagrams and micro-morphologies of interface failure in a) CFRP and
b) PDA-CFRP laminates. Reproduced with permission.l'2°] Copyright 2018, Elsevier.

(CF) reinforced polymer (CFRP) laminate,!'?] peptide hybrid
nanofibers,?°l poly—e—Caprolactone fibers!!?’l and polypheny-
lene sulfide (PPS) fiber!!?®] have been successfully carried out
for multiple applications such as mass spectrometric phospho-
peptide analysis, high mechanical strength epoxy laminated
composites, neuronal growth stimulation and adhesion, bio-
electroconductive interfaces fabrication and increased photosta-
bility, respectively.

Han et al.'’ carried out PDA coating on CF fabrics to increase
the mechanical properties of CFRP laminates (Figure 7A). It was
found that PDA coating on CF escalated the mechanical charac-
teristics of the CFRP laminates with a 20%-25% increment re-
ceived for Mode I interlaminar fracture toughness over pristine
CFRP. Further, interlaminar shear strength, impact strength,
and interfacial stress of PDA coated CFRP, were also enhanced
similarly. The single fiber pulls out test results were shown in
Figure 7B, indicates that the interfacial stress for CF/epoxy and
PDA-CF/epoxy was found to be 12.36 and 15.44 MPa, respec-
tively. It shows that a 25% increment in interfacial stress for the
PDA/CF epoxy was witnessed. Improved crack propagation was

Adv. Mater. Interfaces 2023, 2300670 2300670 (10 of 28)

evidenced as the Mode I interlaminar fracture toughness showed
relatively smooth curves for the PDA coated CFRP. PDA coating
increased the interfacial bonding between the epoxy resin and
CF, hence load transfer was improved between the polymer ma-
trix and CFs. The interfacial failure in CFRP and PDA-CFRP lam-
inates is shown through a pictorial representation (Figure 7C).

4. Dopamine Induced Modification of Materials for
Energy, Biological and Environment Applications

The thin layer of PDA coating can be deposited onto various
inorganic and organic materials, including metals, oxides, and
ceramics through self-polymerization of DA. The thickness of
PDA film can be controlled by adjusting deposition time and
conditions. Furthermore, this deposition rate can be increased by
various techniques.'?-131 PDA shows promising contributions
in enhancing the functionalities of these materials and enable
them for a large number of energy, environment and biological
applications,[132-23¢] which are discussed below.
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Figure 8. A) Structure of the bilayer membrane electrolyte. B) Possible synthetic mechanism of LLTO@PDA particles. C) a) Arrhenius plots, b) cy-
cling performances, c) discharge capacity of Li/NCM622 cells with different membrane electrolytes. d) XPS analysis. Reproduced with permission.['36]

Copyright 2020, American Chemical Society.

4.1. Energy Applications
4.1.1. Energy Storage

PDA possesses high stability and great adhesion on materi-
als because of which it has been incorporated as modified lay-
ers in lithium-based batteries for better cycling stability.[132-135]
Jia et al.l1*] synthesized PDA coated perovskite-structured
Liy33Lay55,Ti0; (LLTO) particles (LLTO@PDA) and dispersed
them into poly(vinylidene fluoride) (PVDF) matrix having high
ionic conductivity as well as high voltage tolerance and mechan-
ical robustness. One of the major roles of PDA is to provide
LLTO stability against Li metal by forming a composite electrolyte
with PVDF. Inspired by the reductive ability of PDA, the bi-
layer membranes were designed in such a way that PVDF: LLTO
membranes contact cathodes, while PVDF: LLTO@PDA mem-
branes link with Li anodes for maintaining the high-voltage tol-
erance and stable anode/electrolyte interface, respectively (Figure
8A). The catechol and imino groups in PDA membrane elec-
trolytes drive an effective interfacial contact leading to a great
interfacial bonding between the LLTO filler and the PVDF ma-
trix (Figure 8B). As per experimental investigations couple with
XPS analysis, the Li/Ni, ;Mn,,Co,,0, (Li/NCM62) cells demon-
strate a good specific capacity of 158.2 mAh g~ excellent cycling
with 83% capacity retention after 100 cycles at 0.1 C and rate
capacity, having 35 pum thickness of membrane electrolytes and
total areal specific resistance below 15 Qcm?. Furthermore, the
prepared cells exhibit superior flexibility and stretchability hav-
ing the ability to power a lamp even under bending, twisting and
stretching of several extreme conditions (Figure 8C). This study
highlights the important role of PDA to improve the stability of
LLTO Against Li in a simple, cost-effective and environmentally
friendly manner.['*®] Similarly, PDA coating has been used for
other energy storage devices such as supercapacitors etc.[137-142]

Adv. Mater. Interfaces 2023, 2300670 2300670 (11 of 28)

The researchers have used PDA as an electrode mate-
rial for other advanced electrochemical applications.[?2-23%] Liu
et al.[2% have harvested in situ DA polymerization in devel-
oping redox-active organic cathodes for Na- and Li-ion bat-
teries or hybrid capacitors. They used hydrothermal reaction
(180 °C/6 h) in which graphene oxide worked as an ox-
idant and a template, thereby assisting in the polymeriza-
tion and conformal growth of PDA. It has been found that
graphene oxide self-assembly varied with the GO content (2,
0.05, and 0 mg mL™!) while keeping the DA concentration
fixed to 2 mg mL~!. Figure 9a shows that at a higher GO
concentration of 2 mg mL™!, GO sheets convert into reduced
graphene followed by self-assembled graphene hydrogels and
oxidative polymerization of DAto form PDA functionalized
graphene (PDG) electrodes. The ultra-low concentration of GO
(0.05 mg mL™') restricted the self-assembly of graphene and
promoted a thin and conformal PDA coating of thickness 10—
15 nm (Figure 9b,d). In the absence of GO, the DA colorless
solution was converted into PDA nanoparticles of ~100 nm
(Figure 9c,e). Thus, the GO substrate controls the heterogeneous
polymerization reaction of PDA. Thus, the PDA coating pre-
vented active materials through dissolution and retained excel-
lent cycling stability (~95% efficiency over 1000 cycles). Further-
more, the Na and Li-cells exhibited excellent capacities of ~211
and ~230 mAh g~}

In another study, Chen et al.?*!l have designed multifunc-
tional interfaces through in situ DA polymerization on the cellu-
lose textile substrate. The transition from PDA to nitrogen-doped
interface is simultaneously used as a binder, conductive addi-
tive, and active material. The strong binding between them even
after pyrolysis was ascribed to the functional groups on GO (hy-
droxyl, carboxyl, and epoxide) and PDA (catechol and amino).
This interface resulted in an enhanced specific areal capacitance
of 3100 mF cm 2.
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4.1.2. Flexible and Wearable Devices

PDA also plays a vital role in developing flexible biosens-
ing materials for their medical devices and wearable detectors
applications.[?*?] For example, Xie et al.[?33] have demonstrated
a flexible bioelectrode comprising conductive bacterial cellulose
(BC)/PDA biocomposite for electrophysiological signal detec-
tion. They proposed that PDA formed by non-covalent interac-
tion between the hydroxyl groups on BC and catechol and amino
functional groups on DA via hydrogen bonding. The in situ self-
polymerization happened in multiple stages, as shown in Figure
10a. Initially, the reaction started from the surface of the BC.
Since the PDA particle is a smaller size than BC, it infiltrated
into the 3D network of BC. The PDA particles finally cover the
whole BC with an increase in concentration to 20%. The PDA
addition increased the conductivity of 10~ S cm™! which was
speculated to be the 7—bond interaction among stacked layers of
DA molecules (Figure 10b). The tensile strength also increased to
0.87 MPa which was double that of pure BC. Apart from increased
electrical and mechanical properties, the BC/PDA composite also
exhibited excellent antibacterial properties having the inhibition
zones and inhibitory rates of >20 mm and >98%, respectively
for Gram-positive bacteria (S. aureus) and Gram-negative bacteria
(E. coli).

4.1.3. Electric and Ferroelectric Properties

PDA has found application in improving the electric and ferro-
electric properties of various functional surfaces to create highly
efficient flexible capacitors for the modernization of power sys-
tems. In a recent study, Yin et al used a facile and nature-

in-situ polymerization

Densification

www.advmatinterfaces.de

friendly strategy to prepare flexible cellulose-based dielectric
films of regenerated cellulose (RC) and 1D BaTiO; nanofiber
(BTNF) based composite (Figure 11A), in which they further
modified BINF surface by DA to yield PDA modified BTNF
(PDA@BTNF) for improving the distributional homogeneity and
compatibility of the matrix.l'*¥}] Compared to RC and RC/BTNF,
the RC/PDA@BTNF composite films exhibit lower dielectric
loss and higher dielectric constant and breakdown strength be-
cause of introducing PDA (Figure 11B). Particularly, a thin film
consisting of 2vol% PDA@BTNF labelled as RC-2PDA@BTNF
exhibited a high discharged energy density of 17.1 | cm™
at 520 MV m!, exceedingly over 40% than RC-2BTNF at
460 MV m~! with good efficiency of 91% after constantly working
for more than 10 000 times at 200 and 300 MV m~!, respectively
(Figure 11C). Furthermore, it shows good retention of dielectric
properties after storing the thin films in a vacuum for a longer
period. Therefore, PDA based surface modification strategy has
become important for the development of high-performing di-
electric capacitors. This work highlights a novel and efficient
strategy of introducing biomass materials for improved dielec-
tric energy storage systems. Similarly, numerous other materials
and compositions were designed to improve the electrical energy
density77:144-150)

In another study, Mayeen et al.’>*l incorporated electrospin-
ning technique for the preparation of ceramics polymer-based
flexible ferroelectric nanofibers, where DA functionalized bar-
ium titanate (DBTO), zirconium titanate (DBZTO) and barium
zirconate (DBZO) act as fillers and PVDF as the polymer ma-
trix (Figure 12A,B). The concentration of DA functionalized
nanoparticles was fixed at 10 wt%, which was added to the poly-
meric solution (15 wt%). The results highlight an important

Figure 9. Schematic preparation of a) PDA-functionalized graphene film, b) PDA-coated graphene flake, and c) pristine PDA particles through hydrother-
mal polymerization of DA. d) AFM image of the PDA-coated graphene flake. ) SEM image of the pristine PDA particles. Reproduced with permission
under the terms of the Creative Commons CC BY license.[23%] Copyright 2017, the Authors. Published by Royal Society of Chemistry.
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Figure 10. a) Schematic diagram of the polymerization process of DA and PDA aggregation on the surface of BC and b) diagram of the interaction
between PDA molecules by the p—p interaction. Reproduced with permission.[233] Copyright 2018, American Chemical Society.

role of DA, where an improved ferroelectric f-crystalline phase
of PVDF was observed on the addition of fillers (Figure 12C).
Moreover, systematic analysis reveals improved electric, fer-
roelectric and mechanical properties of electrospun fibres on
the addition of DA functionalized nanoparticles, which can
be extended for many potential applications in electronics as
storage media and in ferroelectric random access memories
(FeRAM) etc.

Similarly, various other attempts were made to improve
the electrical and ferroelectric properties of various materials
through surface modifications by DA or its polymerized form
PDA. For eg., Xie et al.'*¥l fabricated a stretchable nanocom-
posite by cross-linking PVDF filled with PDA encapsulated

Adv. Mater. Interfaces 2023, 2300670 2300670 (13 of 28)

BaTiO, for high energy density and low-loss dielectric capac-
itor. Liu et al.™ constructed a ceramic-polymer nanocom-
posite of high aspect ratio electrospunned DA functionalized
BaTiO; nanofibers with PVDF matrix for high energy-storage
density.

4.2. Biological Applications
Apart from energy applications, the strategy of PDA deposi-
tion has been applied for creating functionalized surfaces for

various biological applications!®:>116.170-173] and environment
applications.[174-183]
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Figure 11. A) Schematic of preparation of BTNF, PDA@BTNF and RC-PDA@BTNF. B) Frequency dependence of the a) dielectric constant and b)
dielectric loss for the RC, RC-2BTNF and RC-PDA@BTNF composite films with different loadings, respectively. C) a) Discharged energy density and
charge-discharge efficiency cycle performance at b) 200 MV m~", and c) 300 MV m~". Reproduced with permission.['**] Copyright 2020, Elsevier.
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Figure 13. A) Schematic representation of Dual Antifouling and Antimicrobial Coatings Preparation Process, B) Snapshot of silicone-based urinary
catheters before and after surface modification a). Plate-counting assays for S. epidermidis released from catheters before modification b) and after
modification of r-pDA-40 c) and r-pDA-40-SBAA d). (r-pDA-40 denoted as the coating prepared from the CuSO,/H,O,-triggered rapid deposition with
40 min deposition time).[®*] Reproduced with permission.['] Copyright 2019, American Chemical Society.

4.2.1. Antimicrobial Coatings, Tissue Engineering and Bone Scaffolds

PDA is also envisioned as one of the prime chemicals in drug
delivery, photothermal therapy, bone tissue engineering, cell
adhesion and pattering, and antimicrobial / antifouling-based
applications.[>>38-0L18+187] 'yy;.Then Fan et al.l'®! developed the
dual functionality enabling PDA based bioinspired antimicro-
bial and antifouling coatings to tackle the important issues of
biomaterials-associated infections (BAls). The famous chemical
reaction namely aza-Michael addition reaction was adopted to
synthesize the bioinspired coatings. In the synthesis process,
rapid deposition of functional PDA and copper ions with an-
timicrobial properties was conducted followed by conjugation of
zwitterionic sulfobetaine (SB) moieties with antifouling charac-
teristics. Zwitterionic acrylamide-based molecules (SBAA) were
used to create the formation of f-amino carbonyl linkage. The
synthesis scheme was shown in Figure 13A. E. coli and S. epi-
dermidis were employed to understand the antimicrobial proper-
ties of the TiO, substrates. Surface modifications were employed
for improving the antimicrobial properties of the coatings. Trials
were made to scrutinize the release of bactericidal copper ions
toward killing the residual number of adsorbed bacteria on the
substrate. The findings based on viability tests for fibroblast cells
represent the superior biocompatibility of the medical coatings
developed. To display the real-world applications, the antifoul-
ing and antimicrobial coatings were applied on silicone-based
commercially available urinary catheters Figure 13B. The bacte-
ria’s existence was evaluated through plate-counting assay, and
the results indicated the undetectable level of living bacteria. So,
the conclusion states that the prepared bioinspired PDA based
dual functional medical coating provides a promising approach
to counter the BAIs for practical applications.

Recent reviews highlighted the importance and futuristic ap-
plications of PDA in tissue engineering applications.['*1%] Due
to its biocompatibility, superior surface functional properties on
transferring the bioinert surface to bioactive surface, and flexibil-
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ity in immobilizing biomolecules, PDA was extensively used in
bone scaffold making process.1"1%*] Mussel-inspired PDA coat-
ing was famous in implants design based bioengineering appli-
cations, which serves the platform to understand the process of
Osteogenic differentiation and Osseointegration of the implants
designed.

Wang et al." studied the effects of PDA coating on differ-
ent representative substrates of biopolymer, biometal, and bio-
ceramic based materials such as polyetheretherketone (PEEK),
Ti6Al4 V (Ti) and hydroxyapatite (HA) respectively, to analyze
the cell responsive behaviors (in vitro) and the capacity of bond
formation (in vivo). Results proved the increased hydrophilicity
properties of surfaces after PDA coating, improved cell adhesion,
and proliferation . The authors chose FAK and p38 signaling
pathways to estimate the osteogenic differentiation of bone mar-
row derived mesenchymal stromal cells (BMSCs) (Figure 14).
The study concluded that the PDA coatings enhanced the os-
seointegration performance resulting in new bone formations ac-
cording to the evidence arrived from in vivo study.

Feng et al.l'! investigated the bone scaffolds made up
of PDA modified polycaprolactone toward its biomineraliza-
tion capacity. Based on the results, it was concluded that the
PDA modifications improved the hydrophilicity, cell adhesion
and biomineralization capacity of the bone scaffolds. Li et
al."%l conducted the studies to improve the bioactivity of chi-
tosan (CS) anchored porous poly(e-caprolactone) (PCL)/ bioac-
tive glass (BG) composite polymeric scaffold using PDA coat-
ing as a bridging layer. In vivo results demonstrated that cra-
nial bone regeneration was highly promoted due to the co-
valent immobilization of CS onto the polymeric scaffold sur-
face. Hence, the fabricated artificial bioactive scaffolds were an
excellent potential source for bone tissue engineering appli-
cation. Farnaz Ghorbani et al'¥’] fabricated the PDA coated
electrospun polyurethane/graphene oxide nanofibers as scaf-
folds for bone tissue engineering applications. Results find that
the excellent improvement on wettability, both cell attachment
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Figure 14. Schematic diagram of PDA coating on osteogenic differentiation and osseointegration. Reproduced with permission.l*l Copyright 2019,

American Chemical Society.

and proliferation and water absorption characteristics of the
electrospun scaffolds comparatively and significant improve-
ment in the osteogenic differentiation property was noticed
than the scaffold without PDA coating. Deng et al.'% fabri-
cated osteopromotive electrospun polymeric scaffolds through
co-electrospinning of polycaprolactone (PCL) with PDA nanopar-
ticles (PDA NPs). The fiber size, chemical composition and
mechanical properties of PCL/PDA fibrous membranes signifi-
cantly improved because of the inclusion of PDA NPs. Results
from the cell experiment assessed that the polymeric fibrous
membranes would facilitate the reproduction, spreading, and in
vitro osteogenic commitment of hMSCs. The in vivo preclin-
ical study quantitatively demonstrates the newly formed bone
with 2% PDA/PCL fibrous membranes compared to its pure PCL
counterpart.

Adv. Mater. Interfaces 2023, 2300670 2300670 (16 of 28)

4.2.2. Photothermal Applications, Separation of lons and MRI
Activities

PDA can easily functionalize various ranges of surfaces includ-
ing metal and metal oxides thus enhancing their solubility and
increasing their stability. The most common metal used is Fe; O,
for the modification of the surface with PDA. Since Fe,O, has
magnetic properties, they are simply purified and collected us-
ing an external magnetic field and thus these nanoparticles can
be applied in nanomedicine.

Wu et al.l'] prepared Fe,O, @ PDA nanoparticles in the range
of 50-60 nm, which were embedded with natural killer cells
and in vivo experiments were conducted. Thus, by using an
external magnetic field, they can increase the accumulation
of Fe;O,@PDA labelled NK in the tumor region and inhibits
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Figure 15. Schematic illustration of TME-Based Fe(Il)~PDA—GOD nanosystems for efficient cancer therapy by combining glucose degradation, the
Fenton reaction, and photothermal therapy. Reproduced with permission.[297] Copyright 2019, American Chemical Society.

tumor growth. PDA was also used for the modification of Fe;O,
nanoparticle clusters, and a core-shell system was synthesized
keeping Fe,O, nanoparticle clusters as the core and PDA as
the shell (SPION cluster@PDA) having 4 nm of PDA layer,
thus constituting a whole nanocomposite diameter of 50 nm.
Thus, the crystallized iron oxide and PDA layer showed enhanced
photothermal properties when used in killing cancer cells.?%!
Zheng et al.1?!] further investigated in a similar direction by syn-
thesizing PDA-coated Fe;O, clusters and compared them with
single Fe;O, and PDA nanoparticles. They concluded that the
enhanced photothermal effect due to PDA-coated Fe;O, clus-
ters is due to enhanced NIR absorption. Li et al.2%2! fabricated
Fe,0, @Au@PDA nanocomposites. Fe;O, nanoparticles were
first covered with Au to form Fe; O, @Au, then these clusters were
coated with a PDA layer. Thus, they were used for analysis and
separation of Cu?*.

Ge et al.2%] synthesized PDA-capped Fe;O, (Fe;O,@PDA)
superparticles using preassembled Fe,;O, nanoparticles (NPs)
at its cores thus enhancing both the superparamagnetism and
photothermal performance. They made nanodevices based on
these Fe;O,@PDA superparticles and showed enhanced mag-
netic resonance imaging (MRI)-guided photothermal efficiency.
Also, various attempts have been made to improve the sensitiv-
ity of MRI scans. Particularly, several MR contrast agents have
emerged to change the longitudinal (T1) or transverse (T2) relax-
ation times of surrounding water protons and increase the con-
trast of the target from the background. Also, the progress in de-
veloping new T1/T2 dual-mode contrast agents (DMCAs) is also
ata swift speed. PDAs having good coordination capability can act
as anchoring sites for iron ions. When Fe-chelated PDAs face or-
ganic bridging ligands benzene-1,3,5-tricarboxylic acid (H3btc),
the biodegradable coordination polymer (CP) forms on the sur-
face of PDAs. Herein, the Fe-chelated PDAs act as T1 contrast

Adv. Mater. Interfaces 2023, 2300670 2300670 (17 of 28)

agents while pure CP synthesized from Fe and H3btc acts as a
T2 contrast agent. Thus, PDAs@CP3 showed combined proper-
ties and serves as a T1/T2 dual-mode contrast agent for MRI.[204]

4.2.3. Photodynamic Therapy, Theranostics, and Related Biomedical
Applications

Dong et al.?%! prepared biodegradable as well as biocompati-
ble hollow CaCO,-PDA NPs and incorporated them as a multi-
functional molecular-loading platform for image-guided cancer
photodynamic therapy. They utilized the DA-mediated biomin-
eralization method to develop CaCO,;-PDA hollow nanoparticles.
Further, these nanoparticles can be attached with different metal
ions (e.g., Fe**, Zn**, Mn**, and Co**), thus these nanocompos-
ites can be utilized with multimodal imaging functionality. Thus,
after PEGylation, it can be used to utilize imaging of ions (e.g.,
Mn**) as well as therapeutic molecules (e.g., Ce6) upon simple
mixing.

Zhu et al.?%”! synthesized a PDA-based tumor microenviron-
ment (TME) responsive nanosystem, which utilizes the Fen-
ton reaction (glucose degradation), and photothermal therapy
(PTT) used in cancer therapy (Figure 15). Natural glucose oxidase
(GOD) grafted on Fe(II)~PDA—GOD can catalyze a high amount
of glucose in TME into gluconic acid and H,O,. Thus, the con-
comitant generation of H,O, will increase the efficiency of the se-
quential Fenton reaction and abundant hydroxyl radicals (¢OH)
will be produced for cancer therapy. Hence, Fe(II)~PDA-GOD
showed a favorable synergistic activity of glucose degradation, the
Fenton reaction, and PTT against tumor growth.

Ge et al.[?%] gynthesized theranostics nanodevices using Cu?*-
loaded PDA NPs (CuPDA NPs). When Cu?* ions were loaded
on PDA, the molar extinction coefficient of PDA NPs was
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Figure 16. A) Structures of composite hydrogel networks. B) Complexation of PDA and Cu ions (PDA/Cu complexing). C) Composite hydrogel with “hot
ions effect”. Reproduced with permission.[2%°] Copyright 2020, American Chemical Society.

enhanced by 4 times, thus increasing its efficiency toward PTT.
These NPs was used in MRI-guided thermochemotherapy (TCT).
Though Cu?* ions being toxic, it gets a release in an acidic envi-
ronment (pH = 6.5-6.8), and during chemotherapy, it effectively
avoids the systematic toxicity. Recently, a composite hydrogel con-
sisting of PDA and Cu-doped calcium silicate ceramic (Cu-CS)
(PDA/Cu-CS) was prepared by Xu et al.,?®! which was shown to
improve the photothermal performance and antibacterial activity.
Due to the heating of Cu ions through the photothermal effect
thanks to the “hot ions effect”, the hydrogel exhibited better ef-
ficiency and long-term inhibition of methicillin-resistant Staphy-
lococcus aureus and Escherichia coli. Further results showed dis-
appeared infection in the wound area and promoted angiogene-
sis and collagen deposition during wound healing because of the
“hot ions effect” of PDA/Cu-CS hydrogel (Figure 16A-C).

Dai et all?!0l gsynthesized a three-layer core-shell-shell
nanocomposite (NaYF,:Nd** @NaLuF,@PDA). For photolu-
minescence emission and CT imaging, the NaLuF, layer was
used, and an outer layer of PDA for photothermal therapy
was optimized and showed that 20 nm of PDA shell showed
enhanced photothermal efficiency. Thus, this core-shell-shell ex-
hibited NIR-II/CT spatial- and temporal-specific tumor imaging,
an outstanding photothermal conversion capability and biocom-
patibility. As it is a known fact that PDA is used as a universal
coating material for many materials and biomolecules. Using
it with biocompatible DNA can be used in various applications
such as sensing, material fabrication and intracellular delivery.
Zandieh et al. used different transition metals (Mn?*, Co?*, Zn?*
and Ni%**) to bridge between DNA and PDA and compared its
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efficiency with Ca?* for promoting DNA adsorption. DNA phos-
phate played an important role in adsorption for all these metals.
These transition metals showed greater binding compared to
Ca?* and Ni?* showed the tightest DNA adsorption. The ability
of PDA to adsorb DNA decayed gradually upon ageing and Zn**
or Ni** could considerably relieve the ageing effect and at low
temperature has slowed down ageing.?!!l In 25%-30% of clinical
MRI procedures, Magnevist (Gd-DTPA), a Gadolinium (Gd)-
chelator complexes are used as MR contrast agents. However,
there is always the risk of releasing Gd ions that are toxic , also
it has low relaxivity. Keeping this in mind, Wang et al.?!?] used a
radionuclide-Cu labelled doxorubicin-loaded PDA-gadolinium-
metallofullerene core-satellite nano theranostics agent (denoted
as CDPGM) for MR/photoacoustic (PA)/positron emission
tomography (PET) multimodal imaging-guided combination
cancer therapy. This system showed strong NIR absorption, the
low release of Gd ions, high relaxivity (r1 = 14.06 mM™! s71)
and good biocompatibility. In vivo, MR/PA/PET multimodal
imaging was done which showed implicit tumor accumulation
of the CDPGM NPs. The further tumor was eliminated when
NIR laser therapy was used.

The human skeleton and teeth are made of hydroxyap-
atite (HAP) which can be utilized as a suitable carrier. Cao
et al.?] synthesized hybrid microcapsules of hollow hydroxya-
patite/polydopamine/gold nanorods (H-HAP/PDA/AuNRs) for
multi-responsive drug delivery. PDA/AuNRs hybrid shell was
used to prevent initial burst during drug release and showed en-
hanced photothermal conversion capacity, photothermal stability
and excellent absorption in the NIR region. Further mesoporous
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H-HAP along with PDA, Au NPs showed good loading capability
which can be utilized as novel smart drug carriers for remotely
controllable drug delivery.

4.2.4. Antibacterial Properties

Silver (Ag) NPs exhibit great characteristics in terms of antibac-
terial property by destroying bacteria cell walls. These Ag NPs
agglomerates which eclipse their inherent antimicrobial prop-
erty. These should be stabilized with polymers and surfants,
thus complicating the process. Templates of polystyrene-PDA
nanospheres were used to synthesize Ag NPs using the electro-
less metallization process. Besides acting as templates for growth
of these particles, PDA gives way for the development of antibac-
terial and antifouling coating strategies.[?1*]

To prevent Ag leaching and to enhance the antibacterial prop-
erty of Ag, Jatoi et al.l>!*l used TiO, @ PDA-Ag in nanofibers made
of cellulose acetate thus enhancing the antibacterial property
also. It was seen that this CA/TiO, /Ag nanofiber inhibits the bac-
terial growth till 72 h. The antibacterial property of Ag was fur-
ther studied with different structure such as nanosilver embed-
ded in SiO, @PDA nanoparticles, rodlike Silica containing Ag-
incorporated PDA.[?] On the same line, Chen et al.[?'”] prepared
lysozyme-imprinted Fe;O, @SiO, @PDA NPs. Due to photother-
mal activity PDA, it can release the lysozyme when activated by
NIR. These lysozymes due to their antimicrobial properties de-
stroy the E. Coli cell walls. Meeker et al.?!®] used Au nanoparti-
cle coated with PDA and loaded it with antibiotic thus achieved
the photoactivable nanodrugs to target methicillin-resistant S.
aureus. Au@Ag nanorods were used by Black et al. to destroys
bacteria cells walls. PDA on the Au NRs surface triggered the lo-
calize Ag releasing when Irradiated and due to plasmonic heating
cells walls get ruptured.[?*°]

The inorganic and organic materials used separately often
have a lack of characteristics for specific functions. So, the re-
searchers have adopted hybrid materials that comprise the prop-
erties of both inorganic and organic compounds. An Interna-
tional Union of Pure and Applied Chemistry (IUPAC) defined
hybrid materials as “A hybrid material is composed of an inti-
mate mixture of inorganic components, organic components, or
both types of components. Note: The components usually inter-
penetrate on a scale of less than 1 um”.[220] The present section
will cover the PDA modified surface chemistry of hybrid nano-
materials and their applications in various fields.

4.2.5. Bioelectronics and Related Bio Applications

The PDA has also been used in hydrogels formulation for bio-
electronics applications. The researchers have harvested the PDA
functionalized, demonstrated self-adhesive glycerol-hydrogel (G-
hydrogel)!?**] and hybrid patches(?®! for antifreeze and skin
wound healing applications, respectively. In another study, Han
et al.[2%®] have reported conductive hydrogels via in situ PDA
formation in doped polypyrrole (PPy) nanofibrils interwoven in
a polyacrylamide (PAM) network. The PDA exhibited a high
affinity for monomers (hydrophilic) and PPy (hydrophobic) and
formed hydrophilic and conductive PDA—PPy NPs. The re-
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sulting hydrogel exhibited high conductivity (12 S m™!), trans-
mittance (70%), UV-shielding ability, flexibility, and stretchabil-
ity (>2000%). More importantly, the self-adhesiveness property
helped adhere to the human body and detect biosignals. Thus, in
situ PDA polymerization is extensively utilized in hybrid materi-
als for various applications, including membranes, electrochro-
matography, electrochemical, biosensing, bioelectronics, etc.

4.3. Environment and Other Important Applications
4.3.1. Antifouling, Filtration and Dye Separation Properties

Li et al. generated in situ PDA microspheres via cluster
phenolic hydroxyl effect on PVDF membranes for achiev-
ing super-hydrophilicity, antifouling, and hemocompatibility
membranes.[?2!] They suggested that “The effect enhancement
over and beyond what would be expected from the presence of
amounts of hydroxyl groups on a large number of PDA micro-
spheres surface.” The presence of PDA microspheres through-
out the membrane (top, bottom, a cross-section along with pore
walls) leads to the formation of phenolic hydroxyl groups, as seen
in Figure 17, and causes improved hydrophilicity. The contact an-
gle was tailored from 103.1 and 105.3° to 9.7 and 13.5° for the up-
per and lower surfaces, respectively suggesting that PDA strongly
impacted the membrane properties.

Also, Figure 17-iB shows the driving force during filtration.
Here, the forces F1 and F2 are the adhesive and repulsive forces
between solid walls and water flow, while F3 surface tension
of the liquid water flows making an angle 6 with the grav-
ity force G. The resultant force from F1 and F3 causes a net
flow with the increased velocity in the downward direction (F2
is neglected because the PDA solid microspheres have high
hydrophilicity).??2223] Thus, the pristine PVDF membrane exhib-
ited the lowest permeate flux (8.4 L m~2 h™?!) and increased with
the PDA addition to 8.4 L m~2 h~!. Further, these PDA/PVDF
films also have applications in biomedical fields. Their non-
hemolytic nature and resistance to the non-specific adsorption
of proteins proved them to be an ideal biomaterial.

Tu and co-workers!??*! have constructed PDA modified UiO-66
NPs/GO hybrid membranes for dye separation, enhanced water
permeability, and antifouling property. They harvested the PDA
potential to partially reduce the GO and stabilize the composites.
The reason for improved properties is that both GO and PDA
have enormous polar hydroxyl and carboxyl groups that form a
hydrogen bond with water molecules and promote their pene-
tration. The dye removal is ascribed to the adsorption, electro-
static interaction, and physical sieving during the penetration.
The more hydrophilicity of PDA/RGO/UiO-66 leads to a highly
pure water flux of 167.14 L/(m?-h), 256.91% higher than that of
the PDA/RGO along with a high dye separation performance of
99.54% and 87.36% for MB and CR, respectively. The higher val-
ues for MB are attributed to the negatively charged membrane
causing the Donnan effect.

Recently, Fu and co-workers!??’! have explored PDA’s role
as a stationary phase in the open-tubular capillary elec-
trochromatography (OT-CEC). The CEC utilizes highly effi-
cient capillary electrophoresis (CE) and highly selective high-
performance liquid chromatography (HPLC).[1*+226] Figure 18i
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Figure 17. i) Scheme of the distributions of PDA microspheres on the surface and cross-section of the membrane A) and the partial enlarged image C),
and the schematic diagram of driving forces on the cross-section of the membrane during the self-driven filtration B). i) Morphologies and structures of
enlarged SEM images of the upper surface, iii) lower surface, iv) cross-section, and v) membrane pore structure of the lower surface. Reproduced with

permission.[2211 Copyright 2018, Elsevier.

shows PDA/octadecylamine (ODA) co-deposition steps of cap-
illary columns using Michael addition reaction and in a situ
one-pot synthesis. ODA simultaneously triggers the DA poly-
merization and covalently immobilized via organic amine
onto PDA coated substrate. This property of ODA makes the
self-polymerization and in-situ hybrid coating of ODA-DA feasi-
ble on the capillary inner wall. It has been found that the con-
tact angle significantly increased with increasing the number
of layers and follows the order as quartz plate (32.3 + 0.2°) <
PDA coated (60.1 + 0.2°) < PDA/ODA coated (139.3 + 0.5°)
< three-layer coated (152.2 + 0.7°). The increase in contact an-
gle is attributed to the hydrophilic silanol groups’ masking and
long chains of hydrophobic ODA attached to DA. The columns
exhibited good separation efficiencies with alkylbenzenes and
steroids and followed the reversed-phase chromatographic
retention mechanism. However, the work’s drawback is the mul-
tiple preparation steps and time-consuming coating process and
thereby reduces the practicality of the process.
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The same group!?”’! developed an effective approach using
a one-step in situ solvothermal-assisted rapid coating strategy.
The high temperature and pressure of the solvothermal process
speed up the PDA/ODA polymerization and coating processes
(Figure 18ii). Here, the water contact angles also vary in a similar
manner with different time intervals up to 60 min and decreased
after 90 min of co-deposition: (31.6 + 0.2°) < 30 min (103.8 +
0.3°) < 60 min (143.9 + 0.4°) < 90 min (121.9 + 0.8°). The de-
creased value after 90 min was ascribed to the fact that the car-
bonized PDA partially detached and lead to deteriorated stability
at longer times of coating. So, the PDA finds application in chro-
matographic separation techniques.

4.3.2. Adhesive Agents and Flame Retardant Properties

DA and its derivatives have been applied as interfacial adhesive
agents. Despite some fascinating mechanical properties, chem-
ical/thermal stability and applicative potential in various fields,
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Figure 18. Schematic of the preparation of PDAJODA i) co-deposited. Reproduced with permission.[?2] Copyright 2020, Elsevier. ii) Solvothermal-
assisted hybrid coating columns. Reproduced with permission.[227] Copyright 2020, Elsevier.
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Table 1. Different classes of materials and their implications with PDA for the most promising applications.

Class of Materials

Nanomaterials with PDA

Applications

Metal/Metal oxide

Hybrid Materials

Polymer

Fe,0,@PDA
Fe;O0, @Au@PDA
CaCO;-PDA
Fe(ll)~PDA-GOD
(Cu-CS) (PDA/Cu-CS)

TiO, @PDA-Ag
Lysozyme-imprinted Fe;O,@SiO, @PDA
Au@PDA
PDA modified UiO-66 NPs/GO hybrid membranes

PDA/octadecylamine (ODA)

PDA functionalized graphene (PDG) electrodes
PDA on the cellulose textile substrate
conductive bacterial cellulose (BC)/PDA biocomposite
PDA in doped polypyrrole (PPy) nanofibrils
PDA coating on carbon fibre fabrics

Photothermal therapy
Analysis of Cu?*
Imaging
Chemical treatment
Photothermal, antimicrobial
Antimicrobial
Photothermal therapy
Photothermal, antimicrobial
Dye separation, enhanced water permeability, and antifouling
property
Capillary electrophoresis (CE) and highly selective
high-performance liquid chromatography (HPLC)

Na- and Li-ion batteries
Binder
Electrophysiological signal detection
UV-shielding

Improved mechanical strength

Ceramics PVDF: LLTO@PDA

Improving anode flexibility in batteries

perovskite-structured Lig 33Lag 55, TiO;3 (LLTO)

PDA@BTNF

BaTiO; nanofiber (BTNF)

PVDF filled with PDA encapsulated BaTiO,
PDA functionalized BaTiO; nanofibers with PVDF matrix
Meta-aramid (MPIA) fibers with PDA films

Improving ferroelectric properties

High energy density and low-loss dielectric capacitor
High energy-storage density
Adhesive property

the applicability of traditionally used aramid fibers has been
greatly restricted due to its smooth and chemically inert sur-
face allowing a very poor adhesion.['2153] Addressing this is-
sue, numerous strategies were developed to enhance the interfa-
cial adhesion such as chemical etching, grafting,[1>*1>7] plasma
treatment,!**8] ultrasonic treatment,!*>) y-ray irradiation!***) and
ultraviolet radiation, /'8!l which primarily focuses on attaching ac-
tive functional groups like amino, hydroxyl and carbonyl through
reduction or nitrification or chlorosulfonation. However, these
techniques are often costly, tedious, time-consuming, dangerous
and require sophisticated instrument approaches. Therefore, to
mimic the mussel’s adhesion, DA has been applied as an adhe-
sive agent to modify the surfaces of various materials. For an in-
stance, Sa et al.l'%2] developed a novel biomimetic surface mod-
ification method of meta-aramid (MPIA) fibers with PDA films
and observed improved adhesion. In this process, they simply
immersed MPIA fibers in a DA solution under ambient condi-
tions, followed by an epoxy functionalized silane (KH560) graft-
ing, to introduce an epoxy group, on the PDA coated MPIA sur-
face. This can be processed either through a “one-step” or “two-
step” method (Figure 19A). The adhesion strength of MPIA fibers
with the rubber matrix was examined through a single-fiber pull-
out test, which suggests 62.5% increase in adhesion strength of
silane treated PDA coated fibers compared with the untreated
one. The possible self-polymerization of DA can be expressed as
shown in Figure 19B, where catechol oxidized into benzoquinone

Adv. Mater. Interfaces 2023, 2300670 2300670 (21 of 28)

as per the standard reaction of melanin formation. This allows
the formation of covalent bonds on the matrix leading to PDA
deposition. Similarly, some other attempts have been made to
improve the adhesion properties of various functional surfaces
through PDA deposition chemistry.[163-16]

The development of non-toxic and highly efficient flame re-
tardants for polymer composites is one of the challenging fields
so that fire-related accidents can be retarded. The char forma-
tion and free-radical scavenging actions of PDA coatings de-
crease the heat release rate. The Fe(IIl)-chelated PDA coatings
with high free-radical scavenging and catalytic carbonization abil-
ities act as an efficient flame retardant in gaseous as well as
condensed phase. Zhang et al. prepared iron-loaded PDA (Fe-
PDA) nanospheres through a one-pot reaction and employed
them as flame retardant for epoxy resin (EP). They found that
the free radical scavenging action contributes to flame extin-
guishment in the gas phase.[?”] Table 1 shows a summary of
applications where PDA has been used with different families
of materials which have been discussed in detail in the above
sections.

5. Conclusions and Perspectives

The above discussion highlights the potential applicability of
PDA in the surface modification of various materials not just to
create abundant functionality but reactivity also. This enhances
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Figure 19. A) Illustration of procedures for preparing a) MPIA-PDA-KH560 fibers and b) MPIA-(PDA+KH560) fibers. B) Possible polymerization mech-
anism of DA. Reproduced with permission.!16?] Copyrlght 2020, American Chemical Society.

the applicability of modified surfaces, making them suitable
for a wide range of practical applications such as electrochem-
ical energy storage, conversion, conversion, photothermal ther-
apy, bioengineering, adhesives, separation, purification, sensors,
environment protection.?”-2#1 Moreover, the DA polymeriza-
tion technique of PDA deposition is quite straightforward, cost-
effective, has a material-independent coating ability and does
not require high-maintenance sophisticated instruments, unlike
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many other thin film deposition techniques.[?” A good adhe-
sion can also be observed between the substrate and thin film in
the DA assisted modification technique. The thickness of PDA
coating and subsequently its properties can be adjusted easily by
varying deposition parameters including DA concentration, pH,
solvent, coating time and introducing metal ions. Despite these
advantages, the high cost of DA may be a possible restriction
for its wide practical utility on a larger scale. Furthermore, the

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOLULLIOD @A 18810 3ceoldde ayy Aq peusencb a.e sajoiLe VO ‘8sn JO se|ni Joj Akl 78Ul U0 A8]IAA U (SUORIPUOD-PUR-SLURIALI0O" A3 IM"Aeq U UO//SANY) SUORIPUOD pue SWie | 8L 88S * [7202/T0/£0] U0 AkeidiTauluo A8|Im ‘80130 [enued ybinquipd ‘SaN Aq 0/900€Z02 ILUPe/Z00T 0T/I0p/W0D" A8 1M ARe.d 1 jeul juo//:sdny wo.y pepeoiumod ‘0 ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

Polydopamine (PDA)
N
Issues Challenges
* High cost * Structure determination

* Low mechanical rigidity * Mechanics of deposition

I |
2

Solutions

* Search for PDA alternatives
* In-depth of mechanistic study of PDA
* Improve adhesion and stability using new compounds

Applications
I
2 J N
Energy Environment Biological

Scheme 2. Issues, challenges, and possible solutions of PDA induced
modification of surfaces to make them useful in different applications.

determination of the chemical structure of PDA, mechanis-
tic aspects of the deposition process, improving mechanical
rigidity and extension of this process to chemically diverse
species in plants have been some of the challenging issues
(Scheme 2). Therefore, a paradigm shift has been observed re-
cently in incorporating facile, cost-effective, green, and envi-
ronmentally friendly methods to develop mussel-inspired func-
tional materials. In this respect, nitrogen-free catechol, gal-
lol and polyphenols compounds such as tannic acid, epi-
catechin gallate, epigallocatechin gallate and epigallocatechin
can be alternative coating materials and suitable substitutes
of DA. However, the surface specificity, stability and versa-
tility of such coating materials should be thoroughly investi-
gated. Another important outlook is to develop effective strate-
gies of DA polymerization on the materials’ surface only to
avoid the waste as a large amount of DA self-polymerizes
in the solution onlyl® It is anticipated that with advance-
ments in this area, some fascinating candidates consisting of
properties like PDA will emerge, which will find multifunctional
applicability in a diverse range of applications including energy,
environment, biomedical, sensor and agricultural sectors.
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