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After more than four billion years’ evolution, nature creates a large number of fascinating living organisms, which showed many peculiar
structure and wonderful properties. Nature could provid plentiful inspiration source for scientists to create various materials and devices
with special function and utilization. Since Messersmith proposed the fabrication of multifunctional coating through mussel inspired
chemistry, it has attrated considerable attention in recent years for their promising and exiciting applications. Polydopamine (PDA), an
emerged soft matter, has demonstrated to be a crucial component in mussel inspired chemistry. In this review, the recent development of
PDA for mussel inspired surface modification was summarized and discussed. The biomedical applications of PDA based materials were
also highlighted. We trust this review can provide important and timely information for mussel inspired chemistry and will be of great
interest for scientists’ from chemistry, materials, biology, medicine and interdisciplinary.
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1. Introduction s mussel towards various substances.'®?° After uncovering the

molecular mechanism of mussel adhesion, a number of factors
Nature should be the treasury for scientists, that provides us that may influence the adhesion properties of dopa have also
plentiful inspiration source to advance our research and investigated by Waite et al in detail.? 2 Results suggested
improve the quality of our daily life. After four and half {4t the amino compounds, metal ions etc will effect the
billion years evolution, nature has reached its optimality. A adhesion strength.2>® The mussel inspired chemistry has not
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large number of fascinating living organisms with special received great attention until Messersmith et al reported the
» structure,  extraordinary  properties and  outstanding fabrication of multifunctional coating using mussel inspired
performances have been created.® Learning from nature and chemistry.36 In their work, dopamine was used to mimic the
understanding the underline mechanism of these creatives, we composition of adhesive proteins, that can be self-
could construct various artificial advanced materials and polymerized in water to form adherent polydopamine (PDA)
devices with wonderful properties for different applications. thin films. More importantly, the PDA films can provide an
2 The terminology of biomimetics originates from the Greek  jmportant platform for secondary reactions, which can be used
“bios” and “mimesis” and was proposed in the 1960s. Many o create various ad-layers, including self-assembly
excellent biomimic examples were intensively investigated monolayers, metal films, grafting of macromolecules through
and great advances have been achieved.?* For example, Jiang o Michael  addition reaction and  controlled living
et al have explored many biomimic systems inspired by lotus polymerization.®% After this pioneer work, the mussel
30 leaves, rice leaves, butterfly wings, mosquito eyes, moth eyes, inspired chemistry has attracted considerable research
red rose petals, cicada wings, gecko feet, desert beetle, spider attention for surface modification and the potential
silks, and fish scales.”® Many functional materials and applications of these multifunctional materials from mussel
devices with adjustable surface wettability have been designed inspired chemistry for diverse fields has been explored.?*%
and fabricated, which can be utilized for diverse applications Some excellent reviews focused on the PDA based materials
ss ranging from self-cleaning, antifogging, water harvesting, have also been published in very recent years.**® For
antireflection, and water/oil seperation.**** example, Stadler et al have summarized the biomedical
Marine mussel Mytilus edulis is another important example  appjications of PDA based materials for interfacing with cells,

in the biomimetic fields because of its strong adhesion 0 drug delivery and biosensing in 2011.5 More recently, the
towards various substrates in the presence of water."** Ithas  ecent advance of PDA and its derivative materials for energy,
40 demonstrated that the strong and universal adhesion of marine environmental and biomedical applications has been reviewed
mussel was attributed to the adhesive proteins, which by Lu et al.®® However, a comprehensive review with focus on
contained large amounts of lysine, dopa and 3- and 4- the surface modification strategies and biomedical

hydroxyproline.” The catechol funcitonal groups of dopa has

° | 75 applications of PDA based materials is still lacking.
regarded as the essential component for the adhesion of
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The review article will summarize the recent progress and
development of surface modification strategies based on PDA
and biomedical applications of PDA based materials (Scheme
1). The types of PDA based materials and emerged surface

s modification strategies based on PDA were summarized in the
first part of this review. The biomedical applications of PDA
based materials for biosensing, bioimaging, drug delivery,
antibacterial, and tissue engineering are subsequently
discussed and prospected. Especially, the design and

10 fabrication of luminescent PDA nanoparticles and
photothermal conversion of PDA nanoparticles for cancer
treatment were highlighted. We hope this revierw article will
significantly advance the surface modification and biomedical
applications of PDA based materials. It should be of great

s interest for scientists from chemistry, materials, biology,
medicine and interdisciplinary.
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Scheme 1 Schematic showing the surface modification strategies based
on mussel inspired chemistry and the biomedical application of
20 polydopamine based materials.

2. Mussel inspired surface modification

Surface modification of materials play a crucial role to
adjust their properties, extend their applications and improve
their performance. Great effort has been devoted to the

25 surface modification of materials through the layer by layer
assembly, self-assembly monolayer formation, hydrolysis of
functional silanes, Langmuir-Blodgett deposition and plasma
surface modification etc.®>"* However, many of these existing
strategies have their limitations, including the chemical

0 specificity, the size and shape of substrates, requirement of
complex instruments and multistep procedures. Mussel
inspired surface modification is a novel and useful surface
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modification method, which was first reported by Lee and
Messersmith in 2007.% Inspired by the adhesion capability of
marine mussel, Lee et al demonstrated that dopamine, a small
molecule containing both of amine and catechol groups, that
could be self-polymerized into PDA thin films in aqueous
solution under weak alkaline aqueous environment (Fig. 1).
These PDA thin films can strongly attach to almost any
inorganic and organic material surfaces (noble metals, oxides,
semiconductors, ceramics and polymers) regardless of their
shape and size. More importantly, the formed PDA thin films
can further react with many other compounds through
secondary reaction. Thus different functional components
such as biomacromolecules, long-chain molecules, metal films
etc can be introduced onto these PDA films to form functional
ad-layers. It is therefore multifunctional coatings can be
facilely introduced on various material surfaces taken
advantage of the universal adhesion capability and high
reactivity of PDA films. After the pioneering work by Lee and
Messersmith, the utilization of mussel inspired chemistry to
fabricate multifunctional materials have attracted great
research attention.

mefp-S

'nl‘Qam 7z \
S Wy
rea .

D Mefps
SSEEYKGGYYPGNAYHYHSGG
SYHGSGYHGGYKGKYYGKAKK
YYYKYKNSGKYKYLKKARKYHR
KGYKYYGGSS

Dopamine: bioinspired bullding
block for surface coatings

¥: DOPA
K: Lysine

2 .
30
uncoated \ / polydopamine- g .

object coated object (2 20| e

dopami 0 s 10 185
Time (hr)

20 25

Substrate signal (%)
N/C ratio

PRI «%g&oﬁ‘%“;” 0":";” & q"&;é:;f FSF

55 Fig. 1 (A) Photograph of a mussel attached to commercial PTFE. (B and

C) Schematic illustrations of the interfacial location of Mefp-5 and a
simplified molecular representation of characteristic amine and catechol
groups. (D) The amino acid sequence of Mefp-5. (E) Dopamine contains
both amine and catechol functional groups found in Mefp-5 was used as a

60 molecular building block for polymer coatings. (F) A schematic

illustration of thin film deposition of PDA by dip-coating an object in an
alkaline dopamine 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
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intensity of characteristic substrate signal before (hatched) and after
(solid) coating by PDA. (reprinted with permission from Ref. *).

2.1 PDA based materials

To date, several types of PDA based nanocomposites have
been reported.*® ™ 7® For example, Zhou et al have
demonstrated that PDA nanocapsules can be fabricated via
mussel inspired chemistry. In their work, the PDA thin films
were first coated on silica nanoparticles, which were served as
the templates. After removal of silica nanoparticles, the PDA
based nanocapsules were obtained. These nanocapsules can be
used as the containers for carrying some molecules.”® Based
on this work, the stimuli responsive PDA based nanocapsules
can also be fabricated via the combination of self-
polymerization of dopamine to form PDA and subsequently
surface polymerization with thermo and pH responsive
polymers. These responsive PDA nanocapsules can be used
for controlled release of pesticide.”” The luminescent PDA
based nanoparticles were first reported by Wei group in
2012.7 In the work, the luminescent PDA nanoparticles were
prepared via self-polymerization of dopamine in Tris buffer
solution after oxidation with concentrated H,0,. Results
demonstrated that the emission wavelength of these
luminescent PDA nanoparticles is dependent on the excitation
wavelength. The excitation wavelength dependent optical
behavior of these PDA nanoparticles is possibly ascribed to
the wide size distribution. These luminescent PDA
nanoparticles possess excellent water dispersibility, high
fluorescent quantum vyield, and excellent biocompatibility.
These properties make these luminescent PDA nanoparticles
promising probes for bioimaging and biosensing applications.
The preapration of luminescent PDA based nanocapsules was
also demonstrated by Caruso et al.”® In their work, the PDA
based nanocapsules were fabricated via self-polymerization of
dopamine using silica particles and polystyrene particles as
the templates and then removal of these templates to leave the
PDA shells. To endow luminescence from these PDA
nanocapsules, the H,0, was utilized to oxidize PDA
nanocapsules. As compared with Wei’s report, the size and
morphology of PDA based nanocapsules can be well
controlled because templates were used.”® Furthermore, the
uniform PDA based nanospheres with well controlled size and
morphology were first prepared by Lu et al in the absence of
templates. In this work, the PDA based carbon nanospheres
can be formed by self-polymerization of dopamine in a
mixture solution containing water, ethanol and ammonia at
room temperature.*® The size of these PDA based carbon
nanospheres could be easily controlled ranging from 120 to
780 nm by tuning the ratios of ammonia and dopamine (Fig.
2). After carbonization, the resultant N-doped carbon
nanospheres still  maintained their morphology, and
showed higher electroconductivity, higher oxygen reduction
catalytic activity. These results implied that the obtained N-
doped carbon nanospheres are promising for energy storage
and conversion application. Furthermore, these uniform PDA
based nanospheres also exhibited excellent photothermal
conversion effect, which makes these PDA based nanospheres
promising candidates for cancer photothermal treatment and
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fabrication of multifunctional theranostic systems.*°

60 Fig. 2 a) Schematic illustration of the synthesis of PDA SMSs. b) Typical

TEM image of PDA SMSs with an average diameter of 380 nm. c-h)
SEM images of PDA SMSs with different diameter prepared at different
ratios of ammonia and dopamine. (reprinted with permission from Ref.“?).

2.2 Mussel inspired surface modification strategies

Surface modification of material surfaces is an important
research topic and can be utilized to adjust the
physicochemical properties of materials and fabrication of
composites with combined properties. In this section, several
surface modification strategies based on mussel inspired
chemistry were summarized and discussed. These surface
modification strategies were focused on the polymer
modification relied on the PDA thin films, which mainly
included addtion reactions, surface-initiated atom transfer
radical polymerization (SI-ATRP), single-electron transfer
living radical polymerization (SET-LRP), reversible addition-
fragmentation chain transfer (RAFT) polymerization and light
irradiation initiated surface polymerization.®*-¢3

2.2.1 Addition reactions

It has been demonstrated that PDA films can further react
with the amino and thiol containing compounds such as
biomacromolecules, commercial available small molecules
and polymers and amino containing synthetic polymers. For
example, the immobilization of biomolecules such as peptides,
proteins and enzymes can be achieved through combination of
mussel inspired chemistry and Michael addition reaction.*’
These functionalized materials and surfaces can be used for
enzyme immobilization, tissue engineering and biosensing
etc.”” 8 The commercial available small molecules and
polymers that contained amino and thiol groups were also
immobilized onto nanomaterials and surfaces. For example,
combination of mussel inspired chemsitry and Michael
addition reaction, we fabricated the water and organic
dispersed carbon nanotubes using the N-dodecyl mercaptan
and 3-mercapto-1-propanesulfonic acid sodium salt and

This journal is © The Royal Society of Chemistry [year]
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polyethyleneimine as the modification agents.®® Furthermore,
the alkyl chain contained thoil groups can also be facilely
immobilized on the PDA coated stainless steel mesh films
through Michael addition reaction.®® The resultant films
displayed superhydrophobic properties and could be used for
oil/water separation (Fig. 3). Finally, the Michael addition
reaction can also be adopted for immobilization of synthetic
polymers on the surface of different nanomaterials such as
graphene oxides, carbon nanotubes, molybdenum disulfide
1 nanosheets and silica nanoparticles.®*® For example, amino-
and thiol-terminated polymers such as PPEGMA, PMAA and
PNIPAM et al can be prepared via chain transfer living radical
polymerization, RAFT polymerization and free radical living
polymerization, that could subsequently conjugate with the
15 PDA modified nanomaterials through Michael addition
reaction.®>% These polymer nanocomposites could not only
show improved dispersibility and biocompatibility, but also
exhibit pH and thermo responsiveness. Furthermore, some
reports have demonstrated that a chemical bond and
2 electrostatic interactions could contribute to the mussel

3

inspired surface modfication strategy.*
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Fig. 3 a) Chemical structure of dopamine; b) photograph of a mussel; c)
schematic description of the preparation of polydopamine coated stainless
steel mesh film and N-dodecyl mercaptan modified surface through
Michael addition reaction. (reprinted with permission from Ref.%).
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2.2.2 SI-ATRP

SI-ATRP is one of the most commonly adopted strategies to
render the materials and surfaces with different properties.
However, the SI-ATRP initiators should be first immobilized
on the materials or surfaces through conjugation reaction.
These initiators can be further utilized for growth of polymers
on materials and surfaces through ATRP. It is well known that
the dopamine molecule contains both amino and catechol
groups. After the dopamine was self-polymerized into PDA,
the amino and hydroxyl groups can be simultaneously
introduced on the materials. These functional groups can be
further utilized to immobilize initiators for ATRP 8% 1015 For
example, the combination of mussel inspired chemistry and
SI-ATRP for preparation of thermoresponsive coated multi-
element compound fertilizer was first reported by Zhou et al.
They demonstrated that the fertilizer core coated by
polydopamine-graft-poly(N-isopropylacrylamide) bilayer can
show controlled release behavior over a long term.'% As
shown in Fig. 4, it can be seen that the release speed of Cu
from MCFs and PMCFs at 37 °C was greater than that of at
25 °C. This was mainly ascribed to that the average molecular
speed and diffusion was faster at high temperature. On the
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contrary, the nutrients release speed was much slower at high

s0 temperature after the surface of PDA thin films were further
coated with thermoresponsive polymers poly(N-
isopropylacrylamide. All of these above results implied that
stimuli-sensitive controlled release systems can be facilely
and effectively fabricated via combination of PDA coating

ss and SI-ATRP. Because of the universality of mussel inspired
chemistry and monomer adaptability of ATRP, this strategy
can be also prepared for various polymer coating with
different stimuli, that should be promising for fabrication of
many other controlled delivery systems. Furthermore, the

e PDA thin films can also link with ATRP initiators, which can
be used for surface modfication of materials through SI-ATRP
relied on the adhesion capability of PDA.X"11!
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Fig. 4 (a) Schematic illustration of the ATRP Grafted with PNIPAm from

65 Pdop-Coated Fertilizers. (b) Stimuli-responsive release behavior of Cu
from fertilizers at different temperatures. (reprinted with permission from
Ref. 1%).

2.23 SET-LRP

SET-LRP is a recently emerged controlled/living radical

70 polymerization similar to ATRP, that has been first proposed
by Percec in 2006.*'? Compared with ATRP, SET-LRP can be
used for synthesizing polymers with controlled polymer
properties under more mild conditions such as in aqueous
solution, air atmosphere, room temperature. More importantly,
75 the polymerization speed of SET-LRP is rather fast because of

4 | Journal Name, [year], [vol], 00-00
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the outer-sphere SET mechanism with a low activation
energy.**%! The Cu(0) atomtic species have demonstrated to
be the catalyst for the SET-LRP. Although there are still some
dispute between SET-LRP and ATRP, SET-LRP at least has
provide a more convenient route for synthesis of polymers
with designable polymer properties. Therefore, great research
attention has been devoted to the emerged living radical
polymerization method. A series of solvents such as H,O,
alcohols, dipolar aprotic solvents, ethylene, propylene
carbonate, ionic liquids, their mixture and even the beverages,
different monomers included acrylates, methacrylates, vinyl
chloride,  poly(ethylene  glycol)  monomethyl  ether
methacylate (PEGMA), N-isopropylacrylamide (NIPAM),
styrene sulfonate have been adopted for SET-LRP.1%%126 The
SET-LRP has also recently utilized for surface modification
of different materials such as graphene oxide, carbon
nanotubes, silica nanoparticles and wheat straw etc,!® 127131
These modified materials were utilized for improving their
dispersibility and enhancing environmental polluntant
adsorption capability. For example, Zhang et al have
demonstrated that multiwalled carbon nanotubes can be first
coated by PDA via self-polymerization of dopamine to
introduce the amino and hydroxyl groups on their surfaces.?’
These functional groups can be further utilized for
immobilization of initiator, which can control growth of
PPEGMA polymer brushes (Fig. 5). The successful formation
of CNT-PDA-PPEGMA nanocomposites was confirmed by a
series of characterization techniques. Apart from PPEGMA,
other polymers can be also grafted on the PDA coating due to

w0 the good monomer adaptability of SET-LRP.1%8 122
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Fig. 5 Schematic representation for the synthesis of CNT-PDA-PPEGMA
by the combination of mussel inspired chemistry and SET-LRP strategy.
PDA films were first coated on the surface of pristine CNTs via mussel
inspired chemistry to obtain CNT-PDA, which contained a number of
amino and hydroxyl groups. After that, the initiator (2-bromo-2-
methylpropionyl bromide) was further conjugated on CNT-PDA to obtain
CNT-PDA-Br. Finally, the monomer (PEGMA) was further introduced
on the surface of CNT-PDA-Brvia SET-LRP. Representative TEM
images of (A) pristine CNTs, (B) CNT-PDA, (C) CNT-PDA-Br and (D)
CNT-PDA-PPEGMA. Scale bar = 200 nm. The PDA and polymer films
coated on the surface of CNTSs could be clearly observed via TEM images
(B-D). TEM characterization gave direct evidence that the CNTs were
successfully functionalized by PDA and polymers by the combination of
mussel inspired chemistry and the SET-LRP method. (reprinted with
permission from Ref.*").

2.2.4 RAFT polymerization

Zhang et al. recently developed a novel strategy that
combination of the mussel inspired chemistry and RAFT
polymerization to fabricate thermo-responsive graphene oxide
based polymer nanocomposites in aqueous solution.®® In this
work, the graphene oxide was first coated with PDA films
under weak alkaline aqueous solution. Then the thermo-
responsive polymers (PNIPAM) synthesized from RAFT
polymerization were immobilized onto GO-PDA through
Michael addition reaction. As shown in Fig. 6, the thickness
of graphene oxide sheets was obviously increased after they
were coated with PDA and subsequently linked with PNIPAM
through  Michael addition reaction.  After surface

This journal is © The Royal Society of Chemistry [year]
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functionalized with PNIPAM, the resultant GO-PDA-
PNIPAM composites showed thermo-responsive properties.
Of cause, the method described in the work is also useful for
fabrication of many other polymer nanocomposites with
different properties and functions because of the universal
adhesion of PDA towards almost any material surfaces and
the well applicability of RAFT polymerization. As compared
with other controlled radical polymerization methods such as
ATRP and SET-LRP etc, the method combines mussel
inspired chemistry and RAFT polymerization can occur under
aqueous solution, room temperature, air atmosphere and
without using any metal catalysts. Therefore, this method
could provide a facile, green and universal route for
fabrication of various polymer nanocomposites with
promising application potential. Apart from controlled radical
polymerization  methods, some other free radical
polymerization strategies could also be utilized for surface
modification of materials and surfaces with the combination
of mussel inspired chemistry. The excellent and interest ones
will be described in the following sections, that contained free
radical polymerization and light irradiation initiated surface
polymerization.

dopamine

Tris solution (pH=8.5)

Graphene oxide
Glummers

5 )\‘

0
s
NC
’/LL .

Graphite

Fig. 6 Schematic representation for the preparation of GO-PDA-
PNIPAM. Step 1: graphite was first oxidized and exfoliated into a single
layer of slices through a modified Hummers’ method. Step 2: GO was
coated with PDA in Tris solution through mussel adhesion. Step 3: the
intermediate, GO-PDA, was grafted with poly(N-isopropylacrylamide)
(PNIPAM) through a Michael addition reaction. (A) A TEM image of GO
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observed at low magnification; (B) a TEM image of GO-PDA, revealing
the PDA wrapped on the GO surface; (C) a TEM image of GO-PDA-
PNIPAM; (D) diffraction pattern of GO-PDA-PNIPAM in the region
shown in (C). (reprinted with permission from Ref.™).

2.2.5 Free radical polymerization

In a recent report, Zhang et al. demonstrated that the
monomers itaconic anhydride (IA) and PEGMA can be
polymerized using Azobisisobutyronitrile as the radical
initiator to active these monomers and form poly(PEGMA-co-
1A).2*® The resultant polymers contained the active pendant 1A
groups can be easily reacted with the amino group of
dopamine in anhydrous organic solvents to obtain dopamine
pendant  polymers (DA-poly(PEGMA-co-1A)).  Taking
advantage of the adhesion of dopamine towards material
surfaces, these dopamine pendant polymers are expected to
attach to any material surfaces. As shown in Fig. 7, the GO
sheets can be facilely functionalized by DA-poly(PEGMA-co-
IA) through a one-step route in aqueous solution, air
atmosphere, at room temperature and without using any metal
catalysts. During the ring-opening reaction between the 1A
and dopamine, a large number of carboxyl groups were
generated on DA-poly(PEGMA-co-1A). These carboxyl
groups can coordinate with the anticancer agent cisplatin,
which can be controlled release from the GO-DA-
poly(PEGMA-co-1A) at different pH values. Combined with
the excellent biocompatibility of GO-DA-poly(PEGMA-co-1A)
and the controlled drug release behavior, the obtained GO
based polymer nanocomposites should be one of the
promising candidates for drug delivery applications. On the
other hand, the dopamine containing copolymers could also
obtain from copolymerization of dopamine-methacrylamide
derivatives and other monomers through free radical
polymerization.'%® ¥ 1% More importantly, the universal
adhesion of dopamine also provided the potential for surface
modification of many other materials and surfaces. Therefore,
the strategy described in this section, that combined the
mussel inspired chemistry and free radical polymerization
should be a rather simple and universal method for fabrication
of various polymer nanocomposites with prospective
applications.

6 | Journal Name, [year], [vol], 00-00
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Fig. 7 Schematic illustration of the preparation of DA-poly(PEGMA-co-
I1A) modified GO via mussel inspired chemistry. Step 1 shows the
synthesis of poly(PEGMA-co-1A) by free radical living polymerization,
which was subsequently reacted with DA to get DA-poly(PEGMA-co-
IA). Step 2 illustrates the attachment of DA-poly(PEGMA-co-IA) onto
GO via mussel inspired chemistry. (reprinted with permission from
Ref.%%),

3

2.2.6 Light initiated surface polymerization

1 Light is a very useful tool for initiating polymerization
through generation of radical during the light irradiation,3-1%
As compared with other polymerization methods, the light
initiated/controlled polymerization has its specific advantages,
which included mild reaction conditions, fast polymerization

s rate, low toxicity and biocompatibility and capability for
lithographic patterning of substrates. A number of
photosensitizers  or  photoinitiators such as AIBN,
benzophenone, tertiary amines, and peroxides etc have been
utilized for surface grafting or polymerization. However,

20 these initiators are expensive and toxic. It is therefore highly

desirable to develop novel photoinitiators for generating

radical species under rather mild conditions. In a recent report
by Zhou et al., the PDA thin films were found to be utilized as
novel radical generation agents, which can initiate
polymerization just using light irradiation (Fig. 8).** In their
work, PDA thin films simultaneously acted as adhesive layers
and the photoactive species, which can be further used for
surface initiated photopolymerization under simulated
sunlight irradiation. In a more recently reported by Jia et al,

30 the surface modification of PDA based nanocapsules through
this photopolymerization was also demonstrated. In this work,
the silica nanoparticles were used as the templates for
preparation of PDA based hollow spheres. Then the thermo-
responsive polymer thin film poly(2-(dimethylamino)ethyl

35 methacrylate) (PDMAEMA) was grafted onto these PDA
microcapsules through surface initiated photopolymerization

N
a

strategy. The obtained PDA based microcapsules were utilized
for thermo-controlled release of pesticide.””

photomask
sunlight

a dopamine
+

Tris HCl, pH=8.5

sunlight
—

40 Fig. 8 (a) Outlined procedures for preparing patterned polymers. (b)
Fluorescence image of methyl orange-stained PMETAC, (c) Rhodamine
6G-stained PSPMA, (d) binary pattern of acridine-stained
PSPMA/PNIPAm, and the corresponding chemical structures (e). The
bright green area is PMETAC, the red area is PSPMA, the yellow area is

45 PNIPAm. (reprinted with permission from Ref.’*).

3. Biomedical applications of PDA based materials

The PDA based materials have attracted great research
attention for various application fields since the first report of
fabrication of multifucntional coating by Messersmith et al.*

so In the following sections, PDA based materials for the
biomedical applications such as biosensing, bioimaging,
drug/gene delivery, tissue engineering, antibactrials,
theranostics are introduced.

3.1 PDA based materials for biosensing

ss  Detection of cancers at eary stage plays a pivotal role for
cancer treatment and prognosis. The development of novel
detection methods with high sensitivity and selectivity is
therefore of great interest. Among them, electrochemical
sensing is a very simple and high sensitive method for
e detection of cancer biomarkers. Matrix metalloproteinases
(MMPs) are a family of secreted zinc-dependent
endopeptidases, which are crucial for regulating the
degradation and process of extracellular matrices, and are up-
regulated in almost every type of human cancers. Highly
es Sensitive and selective dection of these MMPs therefore play a
very important role in monitoring the cancer and disease state.
In a recent work, Zhu et al fabricated an electrochemical

7
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immunosensing device by taking advantage of the features of
Au nanoparticles and graphene oxide.’*® To fabricate these
sensor devices, Au nanoparticles were immobilized on N-
doped graphene sheets, which were used for conjugating the

s Abl and then attached on the electrodes. On the other hand,
the HRP-Ab2 was immobilized on the graphene oxide sheets
through the combination of mussel inspired chemistry and
Michael addition reaction (Fig. 9). In the presence of MMP-2,
the HPR-ADb2 modified on the graphene oxide sheets can be

w linked on the eletrodes through formation of Abl/MMP-
2/HPR-Ab2 sandwich structure, which can significantly
amplify the signal output. Therefore, ultrasensitive
electrochemical immunosensor for detection of cancer
markers with good precision, stability and reproducibility can

15 be fabricated. More importantly, the formation of PDA can be
used for immobilization of a number of antibodies, and
different immunosensing devices could be fabricated via
mussel inspired chemistry. 44

nltrogen plasma v HAuCly
sodium citrate
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e

-4

o» MMP-2

XN l
. %
e
HRP-Ab: /PD-GO

J AuNPs

Y Abi  )~© HRP-Ab2

20 Fig. 9 Schematic illustration of the preparation and detection procedure of
MMP-2 immunosensing. (reprinted with permission from Ref.**?).

Development of simple, rapid, sensitive and cost-effective
method for detection of specific DNA sequences is very
important for identification of the genetic disease, disease

s related pathogens and other biological activities. The
introduction of fluorescence labeled nucleic acids has been
generally considered as the most effective and simple strategy
to detect the nucleic acid sequences. It has been demonstrated
that the adsorption behavior of single and double chain

% nucleic acids is significantly different. For example, the single
chain nucleic acids are readily adsorbed onto many
nanomaterials, which can quench the fluorescence of nucleic
acids. However, when the matched nucleic acids were added,
double chain nucleic acids were formed that were detached

s from these nanomaterials. Therefore the fluorescence was
turned on and could be used for detection of the specific
nucleic acids effectively. To date, a large number of
nanomaterials such as carbon nanotubes, graphene related
materials, carbon dots, and MoS, etc were used for the

w0 fluorescence quenchers.**®'%° For example, Sun et al have
demonstrated that the PDA nanospheres with uniform size and

morphology can be obtained via a rather facile method in a
mixture of alkaline water and ethanol mixture (Fig. 10).1%°
Results demonstrated that the PDA nanospheres can be used

s as effective quenchers for detection of oligonucleotide
sequence associated with human immunodeficiency virus
(HIV). As compared with other nanomaterial quenchers, the
PDA nanospheres can be prepared in rather mild experimental
conditions with good biocompatibility and water dispersibility.

so Therefore, they should be promising candidates for the nucleic
acid detection.
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Fig. 10 A schematic diagram (not to scale) illustrating the Pdop-NSs-
based fluorescent nucleic acid detection. (A) Low and (B) high
s5 magnification SEM images of Pdop-NSs. Effect of incubation time on the
(a) fluorescence quenching of PHIV in the presence of Pdop-NSs, (b)
fluorescence recovery of PHIV-Pdop-NSs by T1, and (c) fluorescence
quenching of PHIV-T1 complex in the presence of Pdop-NSs. In each
sample the volume of Pdop-NSs is 1.5 puL. Fluorescence intensity
60 histogram of PHIV + Pdop-NSs and PHIV + Pdop-NSs + T1 with
different volume of Pdop-NSs. (reprinted with permission from Ref. ).

Protein phosphorylation is one of the most important and
ubiquitous post translational modifications, that is related to
many biological events of eukaryotic cells such as cell

es division, growth, differentiation, migration and intercellular
communication. However, when determination
of phosphorylation profiles of proteins in phosphoproteome
research, the existence of nonphosphopeptides will suppress
the mass spectrometry (MS) signal intensity for detection of
70 phosphopeptides. Therefore seperation of phosphoproteins or
phosphopeptides  from  protein  mixtures with  high
effectiveness is  very improtant for MS  based
phosphoproteomics. In a recent work by Deng et al, the
Fe;O,@PDA microspheres were prepared and used for
75 immobilization of Ti** through the coordinated interaction

8
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between Ti* and catechol group of PDA.’®' The final
nanocomposites (Fe;0,@PD-Ti*" microspheres) were further
utilized for selective enhancement of phosphopeptides
because Ti** ions can fish the phosphorylated peptides from
the biological samples with high percentage of non-
phosphorylated peptides (Fig. 11). The authors demonstrated
that the obtained Fe304@PD—Ti4+ microspheres show a high
sensitivity for detection of phosphopeptides from a solution
with ultra-low concentration. On the other hand, the PDA
functionalized magnetic nanoparticles can also be used for
molecularly imprinted polymer coating for protein recognition,
ribonuclease A and enantioseparation etc.5215* Therefore, the
PDA based materials and PDA functionalized are hold great
application prospect in the analytic fields.
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Fig. 11 (a) Synthetic route to Fe304@PD7Ti4+ microspheres; (b)
workflow of phgsphopeptides enrichment from a biological sample using
Fes04@PD-Ti" microspheres. (reprinted with permission from Ref. *%).

3.2 Luminescent PDA based materials for bioimaging

Fluorescent imaging has demonstrated to be one of the most
popular tools in disease diagnosis, imaging guided therapeutic
and theranostics. As compared with other imaging models
such as radioactive imaging, magnetic resonance imaging,
Raman imaging and ultrasound imaging, the fluorescent
imaging showed some outstanding features including high
sensitivity, well adjustment of fluorescent properties, cost-
effective and facile for detection.”® %5184 To date, a large
number of luminescent nanomaterials have been developed,
that can be mainly divided into fluorescent inorganic
nanoparticles (e.g. semiconductor quantum dots, metal
nanoclusters, rare earth ions doped nanomaterials, carbon
quantum dots and silica quantum dots etc) and fluorescent
organic nanomaterials based on conventional organic dyes,
conjugated polymers and aggregation-induced emission dyes
and other types of organic dyes.®*® As compared with the
fluorescent inorganic nanoparticles, the fluorescent organic
nanomaterials have arouse great attention recently due to their
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good designability of fluorescent properties, biodegradability
and good biocompatibility.!%81% However, the procedure for
the synthesis of organic dyes is often rather complex and less
effective. On the other hand, the organic dyes are hydrophobic
in nature and should be further conjugated with hydrophilic
components to render them water dispersible. Moreover, the
fluorescent intensity will largely decrease when they were
encapsulated in organic fluorescent nanomaterials because of
their aggregation caused quenching effect.?®”"** Therefore,
the preparation of novel fluorescent organic nanomaterials
that could overcome some of these shortcomings is of great
interest. In a recent work by Zhang et al, they demonstrated
for the first time that PDA based fluorescent organic
nanoparticles with tunable fluorescent properties can be
facilely fabricated via the combination of self-polymerization
of dopamine in the presence of Tris buffer and subsequent
oxidation.”® The obtained fluorescent organic nanoparticles
showed desirable biocompatibility, low toxicity and tunable
fluorescent emission, that can be used for cell imaging
applications (Fig. 12). The PDA based fluorescent organic
nanoparticles can be fabricated under room temperature, air
atmosphere, without metal catalysts in short term and only
using dopamine as the precursor. As compared with the
conventional methods for fabrication of fluorescent organic
nanoparticles, this method can avoid the complex organic
synthesis procedure, expensive chemical agents and post
modification. Therefore, they can act as a novel type of
fluorescent organic nanoparticles, which are deserved for
further investigation. Following our work, some other PDA
based fluorescent organic nanoparticles have also been
prepared through a similar route. For example, the fabrication
of PDA based fluorescent organic nanocapsules using silica
nanoparticles and polystyrene micronanoparticles as templates
were reported by Caruso and colleagues.”® ”® Compared to our
previous work, the size and morphology of these PDA based
luminescent nanocapsules can be well controlled because the
templates were used to direct the self-polymerization of

75 dopamine.

This journal is © The Royal Society of Chemistry [year]
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Fig. 12 Schematic showing the of PDA-FONs

preparation
by oxidation of polydopamine (PDA) and the subsequent utilization of the
PDA-FONs for cell imaging (the above picture). The below pictures
s showed the Cellular toxicity and cellular imaging of PDA-FONs. (A)
Effect of PDA-FONs on NIH-3T; cells. (B), (C) and (D) are CLSM
images of cells imaged under bright field 405 nm and 458 nm excitations,

respectively. (reprinted with permission from Ref. 7®).

Inspired by the above results, an alternative strategy has

10 recently been developed by Zhang and colleagues to fabricate
PDA based fluorescent organic nanoparticles. In this study,
fluorescent organic nanoparticles with green fluorescence can
be facilely prepared via just mixing of dopamine and an amino
compound such as polyethyleneimine (PEI) or polyethylene
15 polyamine in water at room temperature for 2 h without inert
gas protection and metal catalysts.’® These PDA-PEI
fluorescent organic nanoparticles exhibited well water
dispersibility, good biocompatibility and can be potentially
utilized for cell imaging applications (Fig. 13). Different from
20 the fluorescent properties as described in the above report, the
emission wavelength of PDA-PEI fluorescent organic
nanoparticles was fixed at about 526 nm, that is independent
on the excitation wavelengths. Moreover, the pH values could
influence the fluorescent intensity of PDA-PEI fluorescent
25 organic nanoparticles but will not affect their emission
wavelengths. Although the detailed mechanism for the

formation of PDA-PEI fluorescent organic nanoparticles was
not clear yet, the successful preparation of these PDA based
fluorescent organic nanoparticles through self-polymerization

3 of dopamine and amino compounds could provide a simple
and novel route for fabrication of polymeric luminescent
nanoparticles. However, in case of PDA fluorescent organic
nanoparticles and PDA-PEI fluorescent organic nanoparticles,
it is difficult to control their morphology and fluorescent

s properties. Therefore the future research direction should
focus on design novel PDA based fluorescent organic
nanoparticles to adjust their size, morphology and fluorescent
properties.?’! Following this route, Zhang et al have recently
developed many multifunctional PDA based fluorescent

w0 organic nanoparticles through the combination of mussel
inspired chemsitry and controlled living polymerization. The
size and morphology can be controlled in some extent, and
these exciting results will be published in near future.

HO,
D\/\ oA Ho. R
PEL HO NH, ': PEI-PDA FONs

bW

45 Fig. 13 Schematic showing the preparation of PEI-PDA FONs through
self-polymerization using polyetheniemine (PEI) and dopamine (DA) as
the precursors and cell imaging applications of PEI-PDAFONs. CLSM
images of A549 cells when they were incubated with 10 ug mL™ of PEI-
PDA FONs for 3 h. (A) Bright field, (B) excited with 405 nm laser, (C)

s0 merged image of A and B. Scale bar = 20 pm. (reprinted with permission
from Ref. Self-polymerization of dopamine and polyethyleneimine: novel
fluorescent organic nanoprobes for biological imaging applications).

3.3 Drug/gene delivery applications

The delivery of drugs/genes using polymers have arouse

ss great research interest recently due to the designability and
properties of polymers. Taking advantage of the universal
adhesion of PDA towards various materials and surfaces, the
utilization of PDA based coatings could not only improve the
solution stability of polymeric nanocarriers, but also provide
60 active platforms for secondary reactions to immobilize other
functional components such as PEG molecules, therapeutic
agents and targeting agents.?°>?** For example, Yeo et al have
demonstrated that poly(lactic-co-glycolic acid) PLGA
nanoparticles based drug delivery systems can be fabricated
es through  mussel inspired chemistry and subsequent
immobilization of PEG and TAT peptides.?%® The intracellular
delivery of an anticancer drug (PTX) was also investigated.
The results demonstrated that the PLGA NPs showed relative

10 | Journal Name, [year], [vol], 00-00
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high cell uptake ratio in MMP-2 pretreatment group as
compared to the control group. The PTX showed desirable
cell killing capability after loading onto PDA modified
biodegradable PLGA nanoparticles, suggesting the potential
use of PDA coated PLGA nanoparticles for drug delivery
applications. In previous reports, Zhang et al also
demonstrated that PDA modified graphene oxide sheets,
carbon nanotubes and silica nanoparticles can be used for
immobilization of functional polymers and loading drugs such
as DOX and cisplatin for pH controlled drug delivery
applications.'?® 133 20 More importantly, the PDA based
nanomaterials have demonstrated to possess excellent
photothermal conversion effect, thus these PDA based drug
delivery systems can potentially be used as photothermal
treatment agents.*® Considering of the universal adhesion
capability, high reactivity for secondary reaction and excellent
photothermal conversion effect of PDA based nanomaterials,
mussel inspired chemistry should be a novel, general and

promising strategy for fabrication of multifunctional
theranostic systems.?%7-21?
a b

Non-treated

3 . MMP-2 treated

% Probe sonicator
Water with an emulsifier
1

i
|
= PLGA (+PTX) In DCM
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PLGA-PEG NPs
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Fig. 14 (a) Schematic diagram of preparation of NPs used in this study. (b)
Cellular uptake of *PANPs and *PLGA-PEG NPs with or without MMP-
2 pre-treatment. Scale bar=20 pm. (reprinted with permission from Ref.
205

).

As compared with the nanoparticles, nanocapsules hold
greater spaces for loading guest molecules such as drugs,
therefore the PDA based nanocapsules for drug delivery are of
specific interest.?*®?*'  For example, the PDA based

30 nanocapsules with different size were fabricated by using

emulsion droplets as templates.”® These PDA capsules were
used for conjugating the thiol containing polymers, which
were synthesized by thiol-maleimide chemistry using thiolated
poly(methacrylic acid) (PMASH) and a maleimide hydrazone

35 derivative of doxorubicin. Because the hydrazone bond is an

acid-labile group, the drugs loaded on these PDA capsules can
release from drug carriers under acidic environment such as
endosomes and lysosomes but are stable in the physiological
solution. Therefore, the DOX release can be easily controlled

20 by the pH values and utilized for controlled drug delivery in

biological systems (Fig. 15). The controlled release behavior
of DOX from these PDA capsules were confirmed by the

55 We

deconvolution of microscope images. As shown in Fig. 15, it
can be seen that the AF488-labeled PDA capsules can be

45 readily internalized by HelLa cells and are mainly distributed

in the cytoplasms (Fig. 15c). However, some of DOX
internalized by cells can detach from the PDA capsules and
enter into cell nuclei (Fig. 15b). After DOX was released
from the PDA capsules, the DOX could exhibit comparable

so and even greater cell killing effects as compared with free

DOX. It is therefore, these PDA capsules are promising
candidates for pH controlled drug delivery applications, that
could greatly decrease the adverse effect of DOX and
enhanced its anticancer effects. In another report by our group,
have fabricated graphene oxide based polymer
nanocomposites taking advantage of the strong and universal
adhesion of dopamine towards graphene oxide.**® In this work,
the copolymers with pendant dopamine and PEGMA
molecules were first synthesized via free radical

0 polymerization using PEGMA and itaconic anhydride as the

monomers. To attach dopamine to these copolymers, the ring-
opening reaction between the amino group of dopamine and
the anhydride groups was adopted. The PEGylated graphene
oxide based polymer nanocomposites can therefore be facilely

es Obtained via mixing of dopamine-contained copolymers and

graphene oxide in aqueous solution. The graphene oxide
based polymer nanocomposites can be used for high efficient
loading cisplatin and controlled release of the drug in acidic
solution. On the other hand, the graphene oxide based

70 polymer nanocomposites displayed excellent biocompatibility,

making them potential for drug delivery applications.
Moreover, the dopamine could also attach onto stainless steel
by taking advantage of the adhesion of dopamine. The
dopamine and PDA modified stainless steel can be used for

7 binding and sustaining release of SiRNA %2

11
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Fig. 15 Immobilization and pH-Responsive Release of Dox from PDA
Capsules. Representative deconvolution microscope images of HelLa cells
treated with Dox-loaded capsules. (a) Nuclei were stained blue with

5 Hoechst 33342. (b) Red fluorescence arises from Dox. (a) Green
fluorescence represents internalized AF488-labeled PDA capsules. (d)
Merged image of AF488, Hoechst and Dox signals. All scale bars are 10
um. (reprinted with permission from Ref. 7°.)

3.4 PDA based materials for antimicrobials

10 The outbreak of infectious diseases and development of
antibiotic resistance, the search for novel antimicrobial agents
has arouse great research attention. Due to their small size,
high specific surface areas and unique chemical and physical
properties, a large number of nanomaterials such as carbon

15 nanotubes, graphene oxide, copper nanoparticles, Ag
nanoparticles and polymeric nanoparticles have been
examined as antimicrobial agents.*> 22323 |n a recent report
from Tang et al. it was demonstrated that the Ag nanoparticles
can be in situ deposited on the graphene oxide sheets taken

20 advantage of the adhesion of dopamine and reductivity of
PDA thin films.2® To fabricate such nanocomposites for
antimicrobial applications, the graphene oxide sheets were
first coated by PDA thin films through self-polymerization of
dopamine under aqueous solution. Then Ag nanoparticles

s were formed via just mixing PDA functionalized graphene
oxide sheets and AgNO;. The antimicrobial activity of the

3 materials could be facilely fabricated and showed strong
antimicrobial activity to both Gram-negative and Gram-
positive bacteria. These results suggested that mussel inspired
chemistry is a facile and useful method for fabrication of Ag
nanoparticles based antimcrobial nanocomposites for the

35 universal adhesion of PDA thin films and their capability for
in situ formation of Ag nanoparticles. In another report by
Messersmith, the Au@Ag-NRs were facilely fabricated via
surface coating of Au NRs with PDA thin films in rather mild
conditions, followed by spontaneous electroless silver

a0 metallization. The results demonstrated that the release of
silver can be well controlled by light irradiation, which can be
related to the antimicrobial activity.%®

AghO:

Dopamine ;

Dopamine

PDA-GNS

Ag—PDA-GNS

Fig. 16 The up image shows the illustration of the procedure for preparing
45 Ag-PDA-GNS. The bottom images are the antibacterial activities of Ag-
PDA-GNs. LB liquid medium turbidity assays (a and c) and LB-agar
plate tests (b and d) were employed to evaluate antibacterial activities
toward Gram-negative bacteria E. coli cells (a and b) and Gram-positive
bacteria B. subtilis (c and d). (reprinted with permission from Ref. %)

so 3.5 Tissue engineering

Biodegradable electrospun fibers have demonstrated to be
promising scaffolds for supporting the growth of cells for
fabrication of artificial tissues.”®’2** To fabricate suitable
scaffolds for cell growth, adjustment of the surface properties

ss of scaffolds is generally required. Due to the universal
adhesion of dopamine towards a variety of materials and
surfaces, the mussel inspired chemistry should be of great
potential for surface property adjustment.®® 241252 pFor
example, Park and colleagues have demonstrated that the
60 biodegradable electrospun polycaprolactone (PCL) nanofibers
can be modified by gelatin and PDA thin films.?* These PCL
electrospun nanofibers were used as the scaffolds for human
endothelial cell growth. They demonstrated that the PDA
modified PCL electrospun nanofibers displayed highly
es enhanced adhesion and viability, positive expression of
endothelial cell markers and increased stress fiber formation

12

This journal is © The Royal Society of Chemistry
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as compared with the unmodified and gelatin modified
nanofibers. All of these results implied that the PDA coating

plays a crucial role for enhancement of cell

growth.

Furthermore, some biocompatible hydrogels based on PDA
s have also prepared and showed promising properties for tissue

255

engineering applications. And the mussel

inspired

modification strategy should be a facile and useful route for
surface modification of different scaffolds, which should be of

great interest for tissue engineering applications.
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Fig. 17 (A) Schematic illustration of cell adhesion on PDA-coated
polycaprolactone nanofibers (PCL NFs). (B) SEM images, (C) Raman
spectra, and (D) water contact angle measurement of unmodified, gelatin-
coated, and PDA-coated PCL NFs. The increase of fiber diameter, new
15 Raman peaks at 1350/1600 cm™, and a decrease in the water contact angle
indicate the formation of a PDA ad-layer on electrospun PCL NFs.

(reprinted with permission from Ref. )

3.6 Enhancement of biocompatibility

Biocompatibility is
2 materials for specific biomedical applications.?®

related to the host responses of

Surface

modification of materials and surfaces to enhance their
biocompatibility is crucial for biomaterials include the drug
delivery carriers, scaffolds and other implants. Previous
reports have demonstrated that PDA not only possesses
25 universal adhesion towards almost any materials and surfaces,
but also could provide the active platforms for secondary
modification reactions.?>’2®° More importantly, the surface
modification of nanomaterials with PDA coatings could
reduce the toxicity of different nanomaterials such as

3 semiconductor quantum dots, carbon nanotubes, graphene
oxides, metal nanoparticles, and magnetic nanoparticles.?>"2%
For example, Zhao et al have demonstrated that graphene
oxide sheets can be facilely modified by the proteins such as
BSA and Hep via combination mussel inspired chemistry and

s Michael addition reaction (Fig. 18). Results showed that the
surface modfication of graphene oxide sheets with these
biopolymers could not only improve the dispersibility of
graphene oxide sheets, but also could affect the toxicity of
graphene oxide sheets towards human cell lines and red blood

w cells.®* These results implied that PDA modification is of
great attention for surface modification of many different
scaffolds and implant devices due to the biocompatibility
enhancement and facile for secondary immobilization of
biological active molecules through mild experimental

45 conditions. In anther report, Ji et al have demonstrated the

fabrication of PDA coated Au nanocomposites via mussel

inspired chemistry. The cell uptake behavior, biodistribution
and biodegradability of GNP@PDA was also inverstigated.2®°

They demosntrated that PDA coated Au nanoparticles did not

display toxicity to a number of tissues such as liver, spleen

and kidneys after a single injection of GNP@PDA for 1 and

42 days.?® These results suggested that surface modification

of materials with PDA thin films is a useful route for

fabrication of biocompatibile PDA coated nanocomposites,
which are of great importance for biomedical applications.
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Fig. 18 Approach for constructing the aqueous stable and biocompatible
RGO by a biomimetic method, and the possible PDA chemical structure
as well as the suggested reaction mechanism. Note: the PDA coating layer

o could immobilize the biopolymer which contained thiols, imino, and
amines groups, such as heparin or protein. (reprinted with permission
from Ref. )

3.7 Cancer photothermal treatment

Cancer photothermal treatment is a recently emerged cancer
therapy method. The photothermal treatment is based on the
conversion of light energy into thermal and thus can kill the
abnormal cells in situ. For a number of materials such as
carbon nanotubes, graphene oxides, gold nanorods and
conjugated polymeric nanomaterials, MoS, sheets and PDA
70 nanospheres it has been demonstrated that they possess

desirable photothermal conversion effects.*® 2626 However,

fabrication of nanomaterials with good photothermal
conversion capability, desirable biocompatibility and

6!
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biodegradability, high water dispersibility, easy for surface
functionalization and low cost is still challenging. For
example, many carbon nanomaterials based photothermal
conversion agents such as carbon nanotubes and graphene
oxide sheets are difficult to be degradable in vivo, which will
cause subsequently toxicity to the living organisms.?®? Some
other inorganic photothermal conversion agents such as MoS,
sheets and Au nanorods etc have suffered the issues about the
toxicity as well as high cost.?* The previously utilized
polymeric  photothermal conversion agents such as
polypyrrole nanoparticles are difficult to be dispersed in the
aqueous solution and to resist degradation in vivo.2®’
Therefore, development of novel photothermal conversion
agents that could overcome the above problems is of great
interest. Lu et al have recently demonstrated that PDA
nanospheres can be prepared via self-polymerization of
dopamine under the alkaline water and ethanol mixture at
room temperature.*® The size of these PDA nanospheres can
be easily adjusted through changing the reaction conditions.
More importantly, these PDA nanospheres showed desirable
biocompatibility and very excellent photothermal conversion
efficiency, which is much greater than that of gold nanorods.
The photothermal treatment of cancer using these PDA
nanospheres was confirmed through cell and animal models.
For example, these PDA nanospheres showed almost no
toxicity towards 4T1 cells even the concentration of PDA
nanospheres is as high as 1.2 mg mL™, However, all cells
were almost death when they were incubated with 50 pg mL™*
of PDA nanospheres and irradiated by near-infrared laser
irradiation for 5 min (Fig. 19). Furthermore, the PDA
nanospheres can effectively eliminate the tumors after they
were irradiated using near-infrared laser irradiation. As
compared with other types of methods, the photothermal
treatment could focus on the tumor sites, thus can avoid the
adverse effects to other tissues. Given the excellent
photothermal conversion effects of PDA based nanomaterials
and facile for surface modification, the PDA based
nanocomposites should be an promising candidates for cancer
photothermal treatment. 288 269
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Fig. 19 The up images show the preparation of PDA nanospheres and
their cancer photothermal treatment. The bolow images are the
biocompatibility and photothermal treatment of PDA nanospheres. a) A
digital photo of the 4T1 cell culture dish after incubation with Dpa-
melanin CNSs. The red circle shows the laser spot. b—d) Confocal images
of calcein AM (green, live cells) and propidium iodide (red, dead cells)
co-stained 4T1 cells after laser irradiation. e) Cell viability of 4T1 cells
after incubation with increased concentrations of Dpa-melanin CNSs. f)
Cell viability of 4T1 cells treated with different concentrations of Dpa-
melanin CNSs and laser irradiation (808 nm, 2 W cm™2, 5 min). (reprinted
with permission from Ref. %)

3.7 Multifunctional theranostics

Theranostic is a novel cancer treatment concept that was
intergated the therapeutic and diagnosis components into one
entity. Over the past few decades, great progress has been
made in the design and fabrication of theranostic agents
through combination of different imaging and therapeutic
models.?’®%2  However, facile fabrication of promising
therapeutic agents is still not easy due to the limitations such
as low efficiency and toxicity. Based on the excellent
photothermal conversion effect of PDA nanospheres, Lu et al
have demonstrated a novel multifunctional nanotheranostic
systems based on the PDA nanocomposites.?®® To fabricate
these theranostic systems, the PDA nanospheres were coated
with coordinating polymers, which were formed by the
coordination of benzene-1,3,5-tricarboxylic acid with iron ion.
The biomedical applications of the resultant PDA based
multifunctional nanocomposites for MRI imaging, DOX
delivery and photothermal cancer treatment were evaluated.
Results demonstrated that PDA based nanocomposites can be
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used for T1/T2 dual mode MRI imaging. More importantly,
these PDA nanospheres can be used to encapsulate DOX,
which can be controlled release from drug carriers by NIR
laser. It is therefore, the PDA based nanocomplexes can be

s used for MRI guided chemo-thermal synergistic treatment. In
another report by Liu et al, the PEGylated PDA nanospheres
were examined as chemo-radiotherapy. The PEGylated PDA
nanospheres were first labeled with radionuclides such as **I
and *™Tc, which were utilized for radiotherapy. The

w anticancer agent (DOX) can be further loaded onto
radionuclide labeled PDA nanospheres. The results suggested
that these PDA nanospheres could exhibit strong antitumor
effect and excellent biocompatibility to animals.?* All of
these results implied that PDA based nanocomposites are

15 promising candidates for fabrication of multifunctional
nanotheranostic systems.
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Fig. 20 Schematic illustration of the synthesis and application of
PDAs@CP3-DOX. Invivo T; (a) and T, (c) MR images of mice after

20 intravenous injection of PDAs@CP; at different time intervals (0 h means
pre-injection), and corresponding data analysis of T, (b) and T,-weighted
d) I\Z/A3RI measurements, respectively. (reprinted with permission from
Ref. =)

4. Conclusion

s This reivew summarized the recent advanced surface
modification and their biomedical applications of PDA based
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materials in recent years. A number of surface modification
strategies that relied on the mussel inspired chemistry have
been discussed including the Michael addition reation of
amino- and thiol-contained compounds, combination of
mussel inspired chemistry and chain transfer free radical
polymerization, surface-initiated ATRP, surface-initiated
SET-LRP, combination of RAFT polymerization and Michael
addition reaction, and light irradiation initiated surface
polymerization etc. Recently, the biomedical applications of
these PDA based nanocomposites have extensively explored
and many exciting results were achieved. The topic
biomedical applications are mainly included PDA materials
based biosensing, luminescent PDA nanoprobes for biological
imaging, PDA based nanocomposites for antimacrobial
applications, controlled drug delivery, siRNA delivery,
improvement of biocompatibility, tissue engineering,
photothermal cancer treatment and PDA based multifunctional
nanotheranostics. Although great progress has been made in
the surface modification and biomedical applications of PDA
based materials, there still has many spaces for the
development of PDA based materials for practical biomedical
applications. For example, some reports have demonstrated
that dopamine can be used for fabrication of polymeric
luminescent nanoparticles or nanocapsules, however, the
mechanism for generation of fluorescence is still not clear. On
the other hand, no rational design principle for fabrication and
regulating the luminescent properties, morphology and
functional groups of these PDA based luminescent materials.
Furthermore, the detailed information about pharmacokinetics
behavior and long-term toxicity data of these PDA based
materials is still lacking.
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