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Polydopamine-based nanoreactors: synthesis and
applications in bioscience and energy materials

Shilin Mei, 2 Xiaohui Xu,® Rodney D. Priestley & *°< and Yan Lu ® *ad

Polydopamine (PDA)-based nanoreactors have shown exceptional promise as multifunctional materials due
to their nanoscale dimensions and sub-microliter volumes for reactions of different systems.
Biocompatibility, abundance of active sites, and excellent photothermal conversion have facilitated their
extensive use in bioscience and energy storage/conversion. This minireview summarizes recent
advances in PDA-based nanoreactors, as applied to the abovementioned fields. We first highlight the
design and synthesis of functional PDA-based nanoreactors with structural and compositional diversity.
Special emphasis in bioscience has been given to drug/protein delivery, photothermal therapy, and
antibacterial properties, while for energy-related applications, the focus is on electrochemical energy
storage, catalysis, and solar energy harvesting. In addition, perspectives on pressing challenges and
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1. Introduction

As the major pigment of eumelanin which contains both cate-
chol and amino groups, polydopamine (PDA) was first
comprehensively researched by Messersmith et al. in 2007 as
a multi-functional polymer coating atop various surfaces." The
early investigations of PDA primarily focused on surface
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future research opportunities regarding PDA-based nanoreactors are discussed.

modification and biological applications. In recent years, the
unique properties of PDA and PDA-derived nanomaterials have
been widely exploited to develop a range of catalysts and elec-
trode materials for emerging energy-related applications.
Currently, there exist several excellent reviews which summarize
the synthetic routes, surface chemistry, and scope of applica-
tion for PDA.>* However, no review presents, in depth and
breadth, the topic of PDA-based nanoreactors with nanoscale
confining areas and the ability to encapsulate or load guest
molecules, in aspects of their structure-property relationships
and emerging applications. With the rise of nanoscience and
nanotechnology, a variety of PDA-based nanoreactors have been
developed using a range of geometries, such as nanopores,
hollow nanoparticles, porous architectures, and tubular nano-
structures. In addition, replicating structures native to
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biological systems offers a means of creating unique nanoscale
chemical environments partitioned from the surrounding bulk
space. PDA-based nanomaterials have important implications
in many fields ranging from bioscience to energy fields.
Specifically, there has been long-standing interest in con-
structing PDA-based multifunctional nanoreactors, which
would require sophisticated design and complementary inte-
gration to achieve optimal synergistic performance.

In this context, utilizing the synergic effect of its intrinsic
surface chemistry and structural versatility, PDA is of great
significance for the rational design of multifunctional nano-
reactors. PDA-based nanoreactors in different forms have been
produced by a range of procedures, including direct polymeri-
zation, hard- and soft-templating, and self-assembly methods.?
Although there exist PDA nanostructures that have been
designed and explored for different applications, the essential
role of structure or geometry on their properties has not been
sufficiently highlighted.

The widespread application of PDA-based nanoreactors has
rapidly advanced in recent years, as indicated by the large number
of publications from 2007 to today. This trend reveals the global
significance of PDA and the intense interest in scientific research
in the field. In the ongoing research for PDA-based nanoreactors,
bio-science and energy storage have emerged as important appli-
cations. The abundance of active sites, which could enable
chemical reactions, as well as the ease of coating atop surfaces has
spurred the extensive study of PDA in drug/gene delivery and
controlled release, and antibacterial coatings.> Besides, due to its
unique photothermal conversion properties, there are an ever-
growing number of investigations on the use of PDA for
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photothermal therapy. Over time, PDA-based nanoreactors have
found new applications in the field of electrochemical energy
storage. As a high-yield carbon source with a high content of N-
doping, PDA-derived carbon nanomaterials have been widely
applied in rechargeable batteries and supercapacitors.®® Recently,
direct use of PDA in energy systems has gained increasing interest
based on its unique chemical properties, such as efficient redox
reactions of metal-ion batteries, and good affinity to intermediates
of polysulfides of metal/sulfur batteries.* Other attractive fields
involve catalysis and solar energy conversion/harvesting,** where
a lot remains to be explored.

The current review surveys the progress of the above-mentioned
specific fields in a comparative fashion and discusses the state-of-
the-art understanding in each. We first highlight the delicate
design and synthesis of functional PDA nanoreactors with struc-
tural versatility, which is facilitated by the intriguing physico-
chemical properties of PDA. Afterwards, the structure- and
property-dominated applications of PDA nanoreactors with well-
designed components and nanostructures are discussed in detail
in the fields of bioscience and energy materials. We particularly
focus on the function-oriented strategies for addressing the
specific issues in their applications. At the end, we conclude with
perspectives on pressing challenges and future research directions
of PDA-based nanoreactors.

2. Synthesis strategies for PDA
nanoreactors

Despite several proposed structures of PDA,*® the molecular
mechanism of polymerization has been a topic of scientific
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Scheme 1 Proposed formation and chemical structures of PDA.
Intermediates from auto-oxidation: quinone and 5,6-dihydroxyindole;
possible structures from covalent coupling of intermediates: catechol/
amine/quinone/indole heteropolymer or eumelanin-like oligo-
indoles. Reproduced with permission.® Copyright 2018, American
Chemical Society.

debate due to the complex redox process as well as the gener-
ation of a series of intermediates. Scheme 1 illustrates the
current research on the formation and chemical structure of
PDA.° In view of several excellent reviews presenting the surface
chemistry in a comprehensive manner,>*'* we focus on the
synthesis protocols that result in the formation of PDA nano-
reactors in the absence or presence of templating agents (e.g:
block copolymers, polyelectrolytes, surfactants, proteins, and
even some small organic molecules). We will also describe the
use of thin PDA layers to coat already synthesized nanoparticles
or nanotubes to generate PDA-based nanoreactors.

Most PDA nanostructures can be produced from oxidative
polymerization of dopamine in the presence of Tris buffer at pH
~ 8.5 by using O, dissolved in water as the oxidant. The
synthesis was further improved with the use of water-ethanol
mixtures by adding ammonia as a catalyst in the dopamine-
containing solution.>® Besides O, dissolved in water, several
other oxidants can be used as well, such as ammonium perox-
odisulfate and sodium periodate,** or UV irradiation to generate
free radical species.’” The type of oxidant has a major impact on
the kinetics of PDA formation. Therefore, consideration should
be given to controlling the precise reaction conditions when
forming PDA into nanostructures for various applications. Note
that other methods including hydrothermal synthesis (under
acidic conditions),*® electropolymerization,' and biosynthesis
based on enzymes™ are also effective strategies to generate PDA.
However, one limitation of these methods is their specified
experimental conditions, which may hinder their application as
a generalized approach for the synthesis of well-defined PDA
nanoreactors, and thus they are not emphasized here.

Without templating agents, PDA itself can form different
structures, including size-tunable spheres, nanofibers, nano-
films, etc.’**° The presence of small molecules such as folic acid
and DNA origamis was found to impact the size and
morphology of PDA assemblies.'®*" For instance, PDA nano-
fibers could be obtained by introducing folic acid into
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dopamine in Tris buffer. In this method, the folic acid facili-
tated the formation of nanobelts and nanosheets through -
stacking with small self-assembled aggregates of oxidized
dopamine.*® Surfactants, such as sodium dodecyl sulfate (SDS)
and hexadecyltrimethylammonium bromide (CTAB), have
enabled accelerated dopamine oxidation, thus resulting in
smaller PDA aggregates.>

With the assistance of templates, PDA can be manufactured
into various desired structures from nano- to macro-size due to
its unique adhesive properties and film-forming ability. These
properties have been utilized to develop a broad range of
architectures for desired applications, such as nano/
microcapsules, nanotubes, hollow structures, and porous
structures.”**” Despite the advantage of precise control over
morphology, there is a major drawback in applying inorganic
hard templates, which mainly arises from the need to remove
the sacrificial hard templates by harsh chemical treatment.
Therefore, these hard templates are usually involved in the final
product either as catalytically active or magnetic cores
(Fig. 1a),®® or as a structure-stabilizing agent (Fig. 1b).* In
contrast, the soft template strategy has been considered as the
main technique to synthesize complex nanostructures of PDA.
This inspired the investigation of PDA in dopamine solutions
containing emulsion droplets, synthetic polymers, poly-
electrolytes, or proteins.>**® For instance, the formation of PDA
mesostructures using single micelle-directed assembly has
been intensively studied due to their highly tunable porous
structures. The process involves three steps: (1) the formation of
micelles from surfactants or block polymers, (2) the interaction
between micelles and oligomers to form micelle-oligomer
composites, and (3) the sequential crosslinking between the
micelle-oligomer composites to form mesoporous materials.
These steps are independent, and differ from the conventional
co-assembly mechanisms. For example, using the emulsion-
directed assembly of Pluronic F127, mesitylene and PDA, mes-
oporous PDA NPs with diameters of ~200 nm and radial mes-
opores of ~11 nm were obtained.”**” By combining two similar
block copolymers (Pluronic P123 and Pluronic F127) with PDA
oligomers and mesitylene, walnut-like mesoporous PDA parti-
cles with diameters of ~270 nm and bicontinuous channels
ranging from ~20 to 95 nm were formed (Fig. 1c).

Although soft templates such as surfactant droplets and
polymer micelles can be removed by extraction, evaporation, or
dissolving with a selective solvent, these soft templates usually
give rise to simple nanostructures such as hollow or porous
particles. Therefore, it is of great importance to understand the
trade-off between applying a soft template and creating complex
nanostructures of PDA. Recently, a PDA-based catalytic nano-
reactor with an interconnected tunnel structure was reported
using porous polystyrene-block-poly(2-vinylpyridine) particles
derived from a selective swelling process to serve as a soft
template (Fig. 1d).** The advantage of using block copolymer
assemblies, which have highly tunable nanostructures and are
easily removed by organic solvents, is that more complex
structures can be obtained. This strategy enables us to
circumvent the aforementioned synthetic challenges by using
block copolymer assemblies as soft templates, which can
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Fig.1 Different synthetic routes of PDA-based nanoreactors. (a) One-
step synthesis of magnetic flower-like PDA particles. The scale bar is
100 nm. Reproduced with permission.® Copyright 2019, American
Chemical Society. (b) Templated synthesis and structure of the gibb-
site-PDA—-Au core—shell nanoplates. The scale bar is 100 nm. Repro-
duced with permission.?® Copyright 2015, American Chemical Society.
(c) Cooperative assembly of P123 and F127, PDA oligomers and tri-
methylbenzene into walnut-shaped macro-/mesoporous PDA parti-
cles. Reproduced with permission.?” Copyright 2018, Wiley-VCH. (d)
Polystyrene-block-poly(2-vinylpyridine) porous particles as a template
for the synthesis of PDA@AuU nanoreactors with an interconnected
tunnel structure. The scale bar is 200 nm. Reproduced with permis-
sion.** CCBY.

produce PDA nanoreactors with complex nanostructures and
preserve the functionality of the PDA for further use.

The wide range of structure- or morphology-oriented appli-
cations of PDA-based nanoreactors also derive from their
unique chemical properties. Robust nanostructures are
required in most applications including bioscience and energy
materials. Fortunately, PDA is stable between pH 2 and 11 and
within a wide temperature range.>'° In addition, unlike many
polymers, PDA is insoluble in most of the commonly used
organic solvents, including tetrahydrofuran (THF), acetone,
N,N-dimethylformamide (DMF) and so on. However, PDA is
degradable under strong alkaline conditions (e.g. 1 M NaOH
solution) or in the presence of oxidizing agents such as H,0,
and free radicals in the human body. Such degradation can
actually be a merit rather than a drawback when applied in

12272 | Chem. Sci., 2020, N, 12269-12281
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biomedical applications. Other unique properties such as
biocompatibility, adhesive capability, reducing ability, and
photothermal conversion properties of PDA have triggered the
fast development of its applications in bioscience and energy
fields.

3. Applications in bioscience

As a natural melanin-like biopolymer produced by auto-
oxidation of dopamine, PDA possesses excellent biocompati-
bility and low cytotoxicity, making it a promising candidate for
biomaterials. Thus, there has been a rapid growth in the design
of PDA nanostructures in biomedical fields such as drug/
protein delivery, photothermal therapy, and antibacterial
materials. In the following sections, the recent developments of
PDA-based nanoreactors for bioscience applications in the past
several years are discussed.

3.1 Drug/protein delivery applications

In cancer therapy, constructing a nanocarrier delivering anti-
tumor drugs is an appealing and potential way to realize
improved bioavailability, reduced toxicity, sustained activity,
simplified dosing regimens, improved patient adherence, and
enhanced overall efficacy.>® As a novel nanocarrier, PDA is rich
in aromatic rings, and amino and hydroxyl groups, providing
plentiful active sites for binding various drugs and chemical
molecules via w-7 stacking and/or hydrogen bonding.**?** To
date, a wide range of antitumor drugs such as doxorubicin
(DOX),* 7-ethyl-10-hydroxycamptothecin (SN38),* bortezo-
mib,** terbinafine (TBF),** docetaxel (DTX), and dihy-
droartemisinin (DHA),* and recombinant proteins such as
green fluorescent protein (GFP), ribonuclease A protein
(RNase),** and antigen-ovalbumin (OVA)*® have been delivered
to targeted tumor sites by PDA nanostructures. Moreover, PDA
can be easily synthesized into various nanostructures, which
strongly influences their drug loading performance and release
function owing to their controllable surface area and tunable
surface properties. Based on such properties, we classify them
into four categories for the following discussion, namely PDA
nanospheres, core-shell nanocomposites, hollow PDA nano-
capsules and mesoporous PDA nanostructures.

Particularly, PDA colloidal nanospheres 70 to 400 nm in size
can be obtained simply by oxidative self-polymerization of
dopamine in a mixed solvent of water and ethanol at room
temperature. As a catecholamine polymer, the resultant PDA
NPs could be covalently bound to the free amino and thiol
groups of the tumor model antigen-ovalbumin (OVA).*® Thus,
PDA NPs with a strong antigen loading capacity have great
potential as a subcutaneous antigen delivery vehicle in anti-
tumor therapy. Another type of interaction between PDA and
chemical drugs relies on m-7 stacking and/or hydrogen
bonding, which endows PDA with superior drug loading capa-
bility and pH-responsive release properties. By simply incu-
bating PDA with anticancer drugs in aqueous solution, PDA-
polyethylene glycol (PEG) microspheres could easily load DOX
and 7-ethyl-10-hydroxycamptothecin, and trigger their release

This journal is © The Royal Society of Chemistry 2020
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under acidic conditions (pH = 5.0).* The acid triggered drug
release behavior is observed because at low pH, the -7 inter-
actions between PDA and drugs are partially destroyed due to
the protonation of amino groups on the PDA scaffolds and/or
on the DOX molecules. This stimulus release strategy could
facilitate the release of anticancer drugs at the tumor site and
significantly enhance drug utilization and improve the thera-
peutic efficacy.

PDA coatings are another intensively used class of nano-
reactors in drug delivery applications. Owing to the simple yet
versatile method of fabrication and its surface adherence
properties, PDA has been most widely used for the functional-
ization and/or coating of various other nanostructures to
manipulate their drug delivery behavior.****” As popular
magnetic substrates, Fe;0, NPs were coated with a PDA shell
layer and then applied as a carrier for the anticancer drug
bortezomib to control the drug release behavior*' (Fig. 2a and
b). PDA can also deposit tightly on poly(lactic-co-glycolic acid)
NP surfaces via covalent and noncovalent interactions, forming
a durable layer that serves as an intermediate for ligand incor-
poration.** The PDA shell layer can bind amine-terminated
functional ligands such as a small molecule (e.g., folate),
a peptide, and a polymer [poly(carboxybetaine methacrylate)]
via Michael addition and/or Schiff base reactions, resulting in
a long half-life and high cellular uptake.

The other two widely reported types of PDA nanoreactors are
hollow PDA nanocapsules and mesoporous PDA with higher
surface area and more inner void space that are beneficial for
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drug molecule loading. The frequently employed method to
prepare PDA nanocapsules is to deposit a PDA shell layer atop
the surface of soft or solid spherical templates, followed by
removal of the inner template.>*** As an example, monodisperse
hollow PDA nanocapsules with sizes of 400 nm to 2.4 um were
obtained using an emulsion of dimethyldiethoxysilane droplets
as soft templates.”” The PDA capsules can immobilize the
thiolated poly(methacrylic acid)-doxorubicin conjugate via
robust thiol-catechol reactions (Fig. 2c and d). Notably, the
hollow PDA nanoreactors displayed excellent loading efficiency
and the loading capacity was calculated to be 557.8 mg g,
which is 5.7 times more than that of PDA nanoparticles.
Recently, core-shell Au@PDA mesoporous nanoparticles with
plasmonic cores and mesoporous polydopamine shell layers
were developed for tailored loading and release of recombinant
proteins, green fluorescent protein (GFP), and ribonuclease A
protein, in vitro and inside a solid tumor (Fig. 2e and f).** Taken
together, these results imply that PDA-based functional nano-
reactors are a promising candidate for further cancer therapy.

3.2 Photothermal therapy

Photothermal therapy (PTT), which employs photoabsorbers to
convert light energy into thermal energy to “heat” tumor cells, is
emerging as a powerful technique for cancer treatment because
of its high selectivity and minimal invasiveness. Compared with
traditional techniques, the therapeutic effects of photothermal
therapy occur only at the tumor sites, effectively avoiding the
risks of killing normal cells and destroying the immune system.
In the mechanism of PTT, photothermal agents and a near-
infrared (NIR) laser are primary components. Photothermal
agents can absorb near-infrared light and generate efficient
hyperthermia to augment tumor vascular permeability, and
thereby promote the delivery of medication toward tumor sites
to improve therapeutic efficiency and reduce side-effects.>*-

PDA exhibits broad absorption ranging from ultraviolet (UV)
to NIR wavelengths and shows a photothermal conversion
efficiency of 40%, much higher than that of conventionally and
widely used gold nanorods (22%).** When applied in in vivo
cancer photothermal therapy, PDA NPs could efficiently kill
cancer cells and suppress tumor growth without damaging
healthy tissues. Notably, a high power density (808 nm, >2 W
cm %) was usually necessary for unmodified PDA NPs for effi-
cient cancer PTT treatment. This strong irradiation can damage
normal tissue and induce serious side effects.”**® An efficient
way to improve PTT treatment with low laser energy density for
cancer theranostics is integrating indocyanine green with PDA-
Fe*" NPs.** In contrast to pure PDA NPs, the NIR optical
absorption of indocyanine green-loaded PDA-Fe** NPs
increased nearly 6 times and the temperature readily reached
55.4 °C upon laser irradiation with low energy density (808 nm,
1.0 W em ™2, 10 min). The enhanced photothermal effect upon
integration of indocyanine green with PDA was also demon-
strated by other researchers.”>*® PDA-coated magnetic
composite particles also exhibited an increased NIR absorption
and intense local hyperthermia (>50 °C) to destroy the tumor
tissues efficiently.>”

Chem. Sci., 2020, 1, 12269-12281 | 12273
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Fig. 3 (a) Synthetic route to PDA-coated nucleic acid nanogel with
a PEGylated surface (PEG-PDA-Nanogel) and the mechanism of
siRNA-mediated low-temperature photothermal therapy. (b) In vivo
fluorescence images of HelLa tumor-bearing mice after intravenously
injecting PP-NG-siRNAs. (c) Changes of the tumor temperature with
time. Reproduced with permission.*® Copyright 2020, Elsevier. (d)
Schematic illustrations of MnCO@MPDA particles for CO/PTT
combination therapy of tumors. Temperature elevation (e) and CO
release (f) of MNCO@MPDA particles. Reproduced with permission.®*
Copyright 2019, Wiley-VCH.

The high local temperature at the tumor site will increase the
temperature of the surrounding normal tissue via thermal
diffusion, which potentially induces local inflammation and
tumor metastasis. To avoid these side effects, a PDA-coated
nucleic acid nanogel was designed as a therapeutic complex
for siRNA-mediated low-temperature PTT (Fig. 3a and b).*® To
verify siRNA-mediated low-temperature PTT in vitro, HeLa cells
were incubated with nanogel-PDA and then irradiated with
808 nm laser (0.5 W cm ™2, 20 min). The results show that the
anti-Hsp70 siRNA bearing nanogel-PDA can induce efficient
target gene knockdown and apoptosis based photothermal cell
killing rather than cell necrosis under mild conditions.

During the past few years, PTT combined with other thera-
peutic means such as chemotherapy, immunotherapy and
carbon monoxide (CO) therapy to treat tumors has attracted
increasing attention. Combination therapy can -efficiently
enhance anticancer efficacy and reduce side effects.”** To
realize the combination of PTT and chemotherapy, photo-
thermal PDA NPs functionalized with glucose were loaded with
the anticancer drug bortezomib through the acid-sensitive
borate ester bond.* The combined chemo-photothermal
therapy could promote photothermal heating and burst drug
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release, and further induce the tumor growth inhibition by
~104.7% with minimal side effects.

Apart from conventional anticancer drugs, CO-generating
molecules were recently found to have antitumor effects by
releasing the CO toxin into tumor cells. The generated CO can
kill cancer cells by detracting the oxygen binding of hemoglobin
and inhibiting cellular protein synthesis and decrease cell
viability, proliferation and survival. To achieve a synergistic
anticancer effect of PTT and CO therapy, the H'/H,0,-respon-
sive manganese carbonyl (MnCO) was encapsulated in the pores
of mesoporous PDA (MPDA) NPs through hydrophobic inter-
actions (Fig. 3c-e).** When the as-prepared MnCO@MPDA NPs
were delivered to the tumor, MnCO reacted with H,O, at tumor
sites to produce toxic CO via a Fenton-like reaction, and
induced reactive oxygen species-driven cancer cell apoptosis
without affecting normal cells. Simultaneously, MnCO@MPDA
NPs can effectively convert the locally applied NIR light to heat
for tumor thermal treatment.

3.3 Antibacterial effect

Infections caused by various pathogenic bacteria and
multidrug-resistant bacterial strains have resulted in numerous
cases of morbidity and mortality clinically, posing a serious
threat to public health. Therefore, there is an urgent need to
design new and effective antibacterial materials for preventing
the increasing prevalence of bacterial infections. To date, there
has been growing interest in incorporation of antibacterial
metals such as Cu, Ag, Au, and Zn, and antimicrobial enzymes
such as lipase and lysostaphin as well as amino acids into PDA
substances to enhance their stability and antibacterial
activity.*”® In addition to the aforementioned conventional
antibacterial agents, nitric oxide (NO), an endogenously
produced molecule, exhibits more efficient antibacterial effects
against both Gram-positive and Gram-negative bacterial species
by inducing oxidative stress or nitrosative stress. Hollow PDA
nanoparticles,” PDA-coated iron oxide nanoparticles,”” and
poly(ethylene glycol) grafted PDA coating layers’™ were func-
tionalized with NO precursors/donors (N-diazeniumdiolate) to
enhance antibacterial properties. Hence, using PDA as a NO
carrier has opened up new opportunities in effective NO delivery
and biofilm treatment.

It is important to stress that PDA is not only used as a carrier
but can also serve as a heating center for photothermal treat-
ment of microbes with the assistance of NIR light.””””® The NIR-
induced burst NO release and hyperthermia could achieve
synergistic bacterial inactivation, which is different from
current NO-releasing platforms. Instead of directly immobiliz-
ing NO precursors atop PDA, a third-generation dendritic pol-
y(amidoamine) (PAMAM) was introduced atop the surface
Fe;0,@PDA particles and subsequently loaded with NO via the
secondary amino groups of PAMAM (Fig. 4a).*® The dendrimer
modification significantly enhanced the NO payload capacity by
3 times, and the obtained platform exhibited a photocontrol-
lable NO release (Fig. 4b and c). As visualized in Fig. 4d and e,
the blue color of biofilm became significantly pale and very little
biofilm biomass was detected after treatment. Taken together,
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these results indicate that the integration of NO and PDA could
effectively eliminate bacteria more than the corresponding
individual therapies.

In short, the various forms of PDA nanoreactors such as PDA
NPs, hollow capsules and other PDA-coated nanocomposites
have become highly versatile and powerful platforms for tar-
geted drug delivery, photothermal cancer treatment, and anti-
microbial applications. In addition to its rich surface
properties, the discovery of its photothermal effect greatly
boosts the further application of PDA in bioscience fields.
Although exciting results have been achieved so far for the PDA-
based nanoreactors, several problems remain unresolved and
need to be investigated further. For instance, it is hard to
evaluate/directly compare photothermal therapy among all the
reported results, because the photothermal effect of PDA NPs or
PDA-coated nanostructures differs in terms of particle diam-
eter, coating thickness, cavity or porosity and material
concentration. Furthermore, photothermal therapy experi-
ments are often performed under different irradiation times
and laser power densities, which makes it hard to compare their
photothermal killing efficiency. In addition, detailed informa-
tion regarding the pharmacokinetics behavior and long-term
toxicity data of PDA-based materials are still lacking, which is
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a crucial aspect to ensure the success of PDA for biomedical
applications.

4. Applications in energy

PDA has shown many potentially exciting applications in the
exploration of new energy resources. Most work in this direction
has concentrated on the utilization of the unique properties of
PDA including the high carbonization yield, and robust wetting
and adhesion capabilities, as well as its functions as a reducing
agent and hydrogen bonding site. Although PDA-derived carbon
materials have a large range of applications in electrochemical
energy storage, such applications have been summarized in
existing reviews,>* and therefore will not be fully discussed here.
This section specifically presents the applications of PDA in the
generation of new energy sources based on its chemical prop-
erties in three fields including electrochemical energy storage,
catalysis, and solar energy harvesting.

4.1 Electrochemical energy storage

4.1.1 Li-ion batteries. High capacity lithium ion batteries
are in high demand because of recent advances in electric
vehicles and mobile electronics. Significant improvements in
their performance including energy and power density, cycle
life, and safety reliability are highly desirable, particularly for
future emerging markets.** Beyond its intensive use as a N-
doped carbon source for advanced anodes,® PDA has also
been employed in separators,®*** current collectors,® and
lithium protecting layers® due to its versatility and wet-resistant
adhesion ability. Recently, PDA-based nanoreactors encapsu-
lated with active particles as anode materials have been
employed to pursue excellent capacity and retention by effective
stress relaxation and surface passivation.***® In a recent study,
graphene-wrapped PDA was directly coated atop silicon NPs as
a buffer layer for lithium ion batteries (Fig. 5a).*” The expansion
cavities for silicon NPs during the charging and discharging
process were provided by the graphene-wrapped PDA buffer
layers. As a soft and elastic polymer, PDA can intrinsically allow
for a relatively large volume change arising from the contraction
and expansion of active materials through adjusting its own
elastic deformation, thereby releasing the partial pressure of
active materials during the charge/discharge process.*® A
second advantage involves prevention of direct contact between
the active material and the electrolyte, thus eliminating the
occurrence of side reactions at the electrode-electrolyte inter-
face. The third benefit is that the construction of two stable
interfaces between the active material and the buffer layer, as
well as interactions between the buffer layer and the binder
through coordination and a cross-link reaction, is helpful to
improve the stability of the entire electrode system and thus
prolong the electrode’s cycle life.

In addition to electrode materials, there has been long-
standing interest in PDA modified multifunctional separators
due to their success in increasing the uptake amount of elec-
trolyte, mechanically stabilizing the whole framework of the
separators, and efficiently restraining the Li dendrite growth on
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Si@aPDA@graphene particles as an electrode material for Li-ion
batteries. Reprinted with permission.®” Copyright 2019, Wiley-VCH. (b)
PDA as a coating layer to suppress the polysulfide shuttling in Li-S
batteries. Reprinted with permission.®* Copyright 2019, Wiley-VCH. (c)
A PDA@CNT binder-free electrode for Zn-ion batteries. Reprinted with
permission.®® Copyright 2019, Royal Society of Chemistry.

the surface of Li metal.*® In these studies, PDA is mainly used
for the surface modification of separators or interlayers. PDA-
based nanoreactors have not been fully employed in research
of this type.

4.1.2 Li-S batteries. Li-S batteries have been considered as
alternatives to lithium ion batteries due to their high theoretical
capacity, but unfortunately suffer from the high electrical
resistance of insulating sulfur, a large volumetric expansion
(~80%), and a shuttle effect triggered by the dissolution of
lithium polysulfide intermediates.*® Encapsulating sulfur into
PDA-derived carbon nanoreactors has become a popular
strategy to address the above issues through suppressing the
polysulfide diffusion and building a conductive framework for
electron/ion transport.®** Compared to PDA-derived carbon
materials which provide mainly physical confinement for pol-
ysulfides, direct use of PDA has been found to be more efficient
in adsorption of polysulfides via chemical confinement. The
nitrogen and oxygen atoms with lone electron pairs in PDA can
provide polar surfaces to trap polysulfide species; the strong
chemical interactions between the nitrogen/oxygen atoms and
lithium polysulfides can efficiently decrease their dissolution,
thereby increasing sulfur utilization and improving the cycling
stability. Similar to the function in Li-ion batteries, PDA-based
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sulfur cathodes also benefit from strong adhesion capability
and flexibility, improved compatibility with electrolytes, and
good lithium ion conductivity. Apart from the advantages dis-
cussed above, sulfur-containing nanoreactors with core/shell or
porous structures exploit the mechanical flexibility of PDA for
accommodating the volume changes of sulfur species during
discharging and charging. A typical work demonstrating its
multifunctional role was reported by Zhang et al.®* PDA-coated
N-doped hierarchical porous carbon spheres (NPC@PDA) with
a core-shell structure were applied as a cathode material
(Fig. 5b). The porous structure of PDA and N-doping of the
carbon sphere core dramatically enhanced the chemical
adsorption ability towards lithium polysulfides and the elec-
trochemical reaction kinetics of sulfur, respectively. Similar
studies have also been performed by Tu et al.®> and Chen et al.*®
using S/C@PDA and S@PDA nanoreactors as cathode materials,
respectively. These results demonstrate that sulfur-
encapsulated PDA nanoreactors have great potential as a low-
cost cathode in high-energy Li-S batteries.

Consistent with the improved electrochemical perfor-
mances, the favorable interactions between Li,S, (1 = x = 8)
species and PDA have been revealed by theoretical calcula-
tions.” Density functional theory (DFT) calculations indicated
that the lone electron pairs on the electronegative N and O
atoms in PDA were capable of binding with the Li of Li,S, (1 = x
= 8), forming coordination-like interactions (N-Li, O-Li and N-
Li-0). One lithium ion on one end point of a polysulfide bonds
with N and O atoms in the PDA. Chen et al. summarized the
calculated binding energies (Ey,) of the polysulfides (Li,Sg, Li>Se
and Li,S,) and of Li,S bonded to PDA.?® All of the Ej, values were
positive, indicating that PDA could act as an effective Li,S,
reservoir for a highly reversible Li-S cathode. In addition, the
calculation results for the interaction of Li,Sg and PDA
demonstrated that the Li ions of Li,Sg could also bind with
oxygen.

Despite solid study on the interactions of lithium poly-
sulfides with PDA, the poor conductivity has always been the
main drawback of PDA for electrochemical energy storage,
hindering fast kinetics for the redox reactions of sulfur species.
A trade-off between high capacity and long cycle life may remain
a long-standing challenge when using PDA nanoreactors with
sulfur host materials.

4.1.3 Other batteries. Apart from being employed in Li-ion
and Li-S batteries, PDA has also been explored as an efficient
electrode material for zinc-air batteries and sodium ion
batteries.**** For example, Wan et al. reported a N-doped carbon
shell encapsulating metallic Co,Fe; NPs in a small uniform size
of 15 + 5 nm and high density (metal loading up to 54.0 wt%)
for zinc-air batteries using PDA as a protecting shell and
heteroatom-doped carbon source.®* A record power density of
423.7 mW cm™~ > was achieved, for which they speculated that
the complete graphitic carbon shells effectively prevented the
corrosion and oxidation of metallic cores. Another inspiring
study proposed that the controllable partial oxidation of PDA
played a key role in balancing the proportion of redox-active
carbonyl groups and the structural stability and conductivity
of the electrode when used for sodium ion batteries.”

This journal is © The Royal Society of Chemistry 2020
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Unexpectedly, the optimized PDA derivative endows sodium-ion
batteries with superior electrochemical performances,
including high capacities (500 mA h g ') and good stable
cyclability (100% capacity retention).

Zinc based aqueous batteries are being extensively investi-
gated due to potential advantages in cost, safety, abundancy,
and environmental friendliness.?**” With a very negative electric
potential of ~0.76 V vs. standard hydrogen electrode (SHE), zinc
based batteries also offer highly competitive energy densities.
Very recently, an attempt has been made to develop PDA-based
electrodes for Zn-based aqueous batteries. It has been demon-
strated that quinone exhibits ion storage capability by coordi-
nation with its oxygen atoms when the carbonyl groups are
reduced at low potentials. Both high capacity and cycling
stability have been achieved with calix[4]quinone (C4Q) when
used in a zinc ion battery.”® Moreover, PDA is expected to have
minimal dissolution in the electrolyte and long cycle life due to
the stable, covalently connected structure. For instance, Liu
et al. demonstrated a flexible, free-standing, binder-free PDA
cathode fabricated with CNTs as a support for high-
performance aqueous Zn-ion batteries (Fig. 5c). The PDA
delivers a low-rate specific capacity of 126.2 mA h g~ . After an
initial stabilization period, outstanding long-term stability was
observed: after 500 cycles, the PDA electrode still retained 96%
of the stabilized capacity. CV studies indicated that the elec-
trode reaction was a surface process, similar to that in electro-
chemical capacitors. FT-IR and XPS studies have established the
reaction mechanism to be a redox reaction between catechol
and ortho-quinone accompanied by zinc ion adsorption and
desorption. Therefore, the non-toxic, flexible PDA has great
potential to broaden the application spectrum of aqueous zinc
ion batteries.

4.2 Catalysis

4.2.1 Supporting materials for metal NPs. Metal NPs are
widely used as efficient catalysts for small molecule reactions.
To avoid the aggregation of metal NPs in solution, catalysts are
usually stabilized by various types of supporting materials,
ranging from inorganic to organic frameworks and coating
layers. As discussed in Section 2, PDA shows great potential as
a novel supporting material for metal nanocrystals due to its
ability to reduce numerous types of metal ions.'**'** Generally,
PDA prevents the catalysts from aggregating and gathers
reagents efficiently due to its high physical adsorption ability. In
addition, the effect of PDA surface chemistry on inorganic
nanocrystals has been investigated for advanced -catalytic
systems based on its tunable charge and conjugated structure.

A typical application of such PDA supported metallic catalyst
is the catalytic degradation of organic pollutants such as
nitroarenes and dye contaminants. The reduction of 4-nitro-
phenol by NaBH, was chosen as a model reaction for proving
the concept. Noble metals of Au, Pt, Pd, Ag and their bimetallic
nanoparticles stabilized by PDA have been used to reduce 4-
nitrophenol in the presence of NaBH,.'”> Besides removal of
pollutants from water, PDA supported metal catalysts have been
demonstrated to promote many kinds of heterogeneous
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catalytic transformations, including Suzuki couplings, catalytic
transfer hydrogenation (CTH) reactions, Heck reactions, and
other reactions with high efficiency.*****

The synergistic effect of PDA and inorganic crystals on
catalytic reactions has become an emerging research theme due
to their great potential in developing highly efficient catalysts or
catalysts with high selectivity to substrates. For example, the
conjugated structure of PDA has a synergistic effect with most
semiconductor catalysts. The tunable surface charge can lead to
a pronounced charge-dependent catalytic activity.'*>'*® Besides,
the combination of the unique properties of the photo-thermal
responsive PDA with catalytically active metal NPs becomes an
attractive goal to achieve responsive nanoreactors. Very
recently, the unique photothermal conversion properties have
been demonstrated to promote an advanced, controllable
catalytic reaction for the reduction of 4-nitrophenol (Fig. 6a-
c).** A catalytically active PDA@Au nanoreactor with a multi-
compartment structure using porous PS-b-P2VP nanospheres
as a soft template was synthesized. When applied for the
reduction of 4-nitrophenol by NaBH,, a remarkable acceleration
of the reaction upon near-infrared irradiation was demon-
strated. The authors speculated that the local surface temper-
ature of the Au NPs under NIR irradiation was higher than that
of the water bath environment. The preservation of the local
heat on the surface of Au NPs by the PDA layers may be crucial to
continuously generate a higher temperature in the nanoreactor
than in the bulk solution. Given that the PDA complex structure
plays a pivotal part in enhancing the catalytic activity under NIR
irradiation, determining the relationship between the structural
features and the photothermal properties, such as the photo-
thermal conversion efficiency and the heat preservation effect,
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has become of great importance, and calls for systematic
experimental and theoretical studies.

4.2.2 PDA as a direct catalyst. The presence of both acidic
(phenolic OH) and basic (primary and secondary amines)
functional groups enables the catalytic versatility of PDA, which
can act in a cooperative fashion in the activation of reagents.
The synergistic activation of both the electrophile and the
nucleophile is considered to be a key factor in the PDA catalyzed
aldol reaction between aromatic aldehydes and cyclohexa-
none.'”” Similar to the aldol reaction, the proximity of the acidic
and basic functional groups of PDA is beneficial in the trans-
formation of epoxides and CO, into cyclic carbonates.'®® Reac-
tion under aqueous conditions has also been demonstrated,
such as the synthesis of disulfides by aqueous thiol coupling.'*
Recently, the catalytic activity of PDA as an amine oxidase
mimic has been reported for the synthesis of benzimidazoles,
quinoxalines, and quinazolinones and oxidation of secondary
amines.'*® Different from the supporting material for a metallic
catalyst, PDA cannot be considered as an inert component or
coating as it can generate reactivity. Generally, PDA itself as
a catalyst has been less explored compared to PDA supported
metallic catalysts especially in the form of nanoreactors. As
a matter of fact, spatial confinement at the nanoscale created by
PDA-based nanoreactors might have an additional effect on the
kinetics and mechanisms of certain reactions, which can be
a new topic of interest that has not been fully studied up to now.

4.3 Solar energy harvesting and utilization

The efficient harvesting and conversion of sunlight is crucial to
maximize the utilization of solar energy. In general, solar energy
can be harnessed and converted into various kinds of energy,
including electricity, fuels and thermal energy, through photo-
voltaic, photochemical and photothermal processes, respec-
tively.""* Dye-sensitized solar cells (DSSCs) hold great promise in
future photovoltaic applications due to their high energy
conversion efficiencies and low production cost.'”> DSSCs are
based on the light adsorption behavior of photosensitizing dyes
coated atop a wide bandgap semiconductor (such as TiO,).
Taking advantage of the wide band absorption nature of PDA,
nanoreactors creating good contact of PDA with the conducting
metal oxide surface enable strong enhancement of solar energy
harvesting. For example, PDA@TiO, core-shell nanostructures
were reported to exhibit efficient dye-to-TiO, charge transfer."**
Different from conventional DSSCs in which the electron
injection typically takes place from the LUMO level of the dye to
the conduction band (CB) of TiO, through a two-step process
under photoexcitation, the efficient electron injection for PDA-
based DSSCs followed a one-step direct charge transfer
process. In other words, the photon injected through the
transparent conducting oxide layer was transferred from the
HOMO energy level of PDA to the CB of TiO, NPs upon
photoexcitation.

Photothermal conversion is a direct conversion process of
solar irradiation into heat that has attained the highest
achievable conversion efficiency among the abovementioned
energy conversion types. Therefore, solar steam generation,
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which desalinates/distills water using sunlight-powered evapo-
ration with minimum environmental impact, has been widely
investigated."™'* The combination of a well-designed nano-
structure and the intrinsic photothermal conversion capability
of the employed materials is a practical route to develop their
performance in solar steam generation. Therefore, PDA-based
photothermal conversion nanoreactors with the following
advantages stand out as promising candidates: broadband and
efficient light absorption (99% of incident photon energy over
a broad solar spectrum (210-800 nm)),"** heat localization or
thermal insulation (low thermal conductivity to suppress
thermal conduction away from the hot internal region),
hydrophilicity, and interconnected pores. However, in the near
infrared region (>800 nm), PDA itself has solar irradiation
absorption of ~60%, which may not be sufficient for the utili-
zation of light in the entire solar irradiation spectrum. There-
fore, regarding solar-driven interfacial evaporation
applications, it is necessary to increase the irradiation absorp-
tion capability of PDA in a wide wavelength range by intro-
ducing additional photothermal conversion agents. A recent
study has demonstrated a broadened, large photothermal light
absorption (~96%) via application of well-defined core-shell
PDA@MXene microspheres and a piece of PVDF filter
membrane as a wide spectrum light absorber for highly efficient
solar driven interfacial evaporation.”® The introduction of
MXene significantly broadened the light absorption range of
melanin-like PDA, while the unique wrapping structure
provided ample water transportation channels via the gaps
between the microspheres. The work not only provided a novel
strategy to construct MXene/polymer multifunctional
composite architectures, but also showed great promise in the
field of solar-to-vapor generation for solving the water scarcity
problem.

5. Perspectives

Although an impressively large number of studies have been
carried out and the applications related to PDA nanoreactors are
highly expected to reach the market, there are still obstacles
blocking the transfer from fundamental study to practical
applications due to a few key issues that must be primarily
resolved. The challenges highlighted below may serve as guid-
ance to future research over the next decades.

The first not-fully addressed issue under study is the poly-
merization mechanisms for different synthetic routes. Despite
decades of increasing investigations, there is still a lack of final
verdict with regard to the polymerization process, the precise
structure, and the components of PDA. Moreover, the structure
of PDA varies largely with reaction conditions, and significantly
affects the properties and functions of PDA.

The second is that alternative synthetic strategies beyond the
conventional solution oxidation method are in urgent need of
development to increase the library of PDA products. For
instance, as an environmentally benign procedure, the enzyme-
catalyzed method based on an enzymatic oxidation process has
aroused growing interest. The synthesized PDA usually entraps
the oxidase residual with preserved enzymatic activity, making
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it appealing for bio-applications. Apart from biological routes,
a direct copolymerization strategy has been developed very
recently to tune the light absorption properties via formation of
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-doped 5,6-dihy-
droxyindole (DHI)/indole-5,6-quinone (IQ) oligomers."*® These
novel synthetic strategies imply that rational design of both
monomer and polymer structures could pave the way to tune
the intrinsic properties of PDA.

The third is how to break through the long-standing bottle-
neck in the synthesis of advanced nanoreactors with well-
designed complex structures. Although their versatile adhe-
sion to diverse substrates facilitates the use of hard templates
for complex nanostructures, the harsh conditions required for
the removal of most hard templates hinder the real application
of various templates. Therefore, continual efforts dedicated to
exploring more simple and effective methods for complex
nanoreactors are highly desired.

Biomedical applications of PDA also require a detailed
understanding of its interactions with biological systems. How
it reacts with living cells, hormones, proteins, or immune
systems is fundamental to the long-term clinical and commer-
cial viability. Another important point is how PDA is bio-
degraded and eliminated from the body, specifically whether its
byproducts are subject to accumulation within cells or organs.

In addition, PDA-based catalytic nanoreactors have not been
fully exploited in organic synthesis. There are different func-
tional groups in the polymer structure which could be further
modified to build in additional functional groups or hybrid
complexes. Most importantly, PDA could also be applied in
photothermal conversion systems where the kinetics triggered
by the photothermally converted heat could exhibit unexpected
effects beyond current state-of-the-art applications. However,
this potential has been less exploited so far. The underlying
challenges may exist in at least, but not limited to, the deter-
mination of the structure-property relationship of PDA nano-
reactors with regard to photothermal conversion efficiency and
temperature preserving effect. Other challenges would be the
determination of local temperature at the catalyst surface at the
nanoscale, as well as that of the resulting heterogeneous
thermal environment. Further development of smart nano-
reactors with tunable catalytic activities that directly respond to
light stimuli would be of special interest and a new trend for
future nanoreactors based on a combination of PDA with pho-
tothermal conversion properties and thermal-responsive
polymers.

In the case of electrochemical energy storage, the extended
application of PDA in multifunctional composite materials
creates many opportunities in advanced energy fields. For
example, conducting polymers such as polyaniline and poly-
pyrrole are widely used in lithium batteries. When incorporated
with PDA, the composite polymers possess synergistic effects
including adhesion, enhanced conductivity and charge storage
capacity. Additionally, PDA is a versatile platform that can
integrate with various MOFs, doping agents, and poly-
oxometalates, all of which can easily yield high-performance
metallic or multi-metallic compounds for electrocatalysis and
energy storage.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

In conclusion, we anticipate that this review will not only
provide readers with a panoramic view of PDA-based materials
and systems for biomedicine, energy and catalysis applications,
but also inspire researchers to develop more strategies for the
design and synthesis of PDA nanoreactors with diverse prop-
erties and functions, further expanding their application scope
in bioscience, energy, and other fields.
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