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1.1  Introduction

Understanding the systems and functions existing in nature and mimicking them 
led researchers to discover novel materials and systems useful in all disciplines of 
science, whether it is chemistry, biology, electronics, or materials science [1, 2]. 
Numerous biopolymers (carbohydrates and proteins) such as cellulose, starch, 
collagen, casein, and so on, are naturally occurring polymers and have vast appli-
cation in the biomedical research field. In recent years, PDA, a bioinspired poly-
mer having a molecular structure similar to that of 3,4‐dihydroxy‐l‐phenylalanine 
(DOPA), which is a naturally occurring chemical in mussels responsible for their 
strong adhesion to various substrates, has been regarded as a promising polymer, 
with applications in energy, electronics, and biomedical fields, due to its chemi-
cal, optical, electrical, and magnetic properties [3, 4]. For example, PDA can be 
easily deposited or coated with any substrate type of one’s choice, including 
superhydrophobic surfaces, making it a highly beneficial material for coating and 
strong adhesive applications [3]. PDA also has various functional groups such as 
amine, imine, and catechol in its structure, which opens up the possibility for it 
to be integrated covalently with different molecules and various transition metal 
ions, thus making it a prerequisite in many bio‐related applications.

Herein, this chapter describes the general synthetic route, polymerization 
mechanism, key properties, and biomedical applications of PDA. PDA can be 
synthesized by oxidation and self‐polymerization of dopamine under ambient 
conditions; however, it can also be synthesized by enzymatic oxidation and elec-
tropolymerization processes, which are discussed in detail. Furthermore, this 
chapter also gives a brief idea about the characteristic properties of PDA such as 
optical, electrical, adhesive, and so on, followed by an extensive discussion of its 
applications in drug delivery, bioimaging, tissue engineering, cell adhesion and 
proliferation, and so on, with a special focus on its conductivity.
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1.2  Synthesis of Polydopamine

1.2.1 Polymerization of Polydopamine

In the general synthesis of PDA, the dopamine monomer undergoes oxidation 
and self‐polymerization in an alkaline medium (pH > 7.5) with air as an oxygen 
source for oxidation. This self‐polymerization of the oxidative product of dopa-
mine reaction is extremely facile and does not require any complicated steps. 
Although the polymerization of dopamine looks simple, the synthesis mechanism 
has not yet been investigated comprehensively [3, 5]. As shown in Figure 1.1, it is 
believed that in an alkaline solution dopamine is first oxidized by oxygen to dopa-
mine quinone, followed by intramolecular cyclization to leucodopaminechrome 
through Michael addition. The formed intermediate leucodopaminechrome 
undergoes further oxidation and rearrangement to form 5,6‐dihydroxyindole, 
which may yield 5,6‐indolequinone by further oxidation [6]. Both these indole 
derivatives can undergo branching reactions at a different position (2, 3, 4, and 7), 
which can yield various isomers of dimers and finally higher oligomers. These 
oligomers can self‐assemble by dismutation reaction between catechol and o‐qui-
none to form a cross‐linked polymer [3, 6]. Furthermore, there have been various 
other reports in which the authors have tried to investigate the exact mechanism 
of PDA formation, but this aspect is still unclear [7–10].

Along with the oxidation and self‐polymerization of dopamine in an alkali 
solution, PDA can also be synthesized by enzymatic oxidation and electropolym-
erization processes [11–13]. Enzymatic polymerization has attracted considera-
ble interest owing to its environment‐friendly characteristics. Inspired by the 
formation of melanin in a living organism, dopamine has been enzymatically 
polymerized using laccase enzyme into PDA at pH 6 (Figure 1.2) [1]. In laccase‐ 
catalyzed polymerization, laccase gets entrapped into the PDA matrix, which 
offers great advantages in biosensing and biofuel cell applications. In contrast to 
the enzymatic process, dopamine can also be electropolymerized and deposited 
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Figure 1.1 Formation mechanism of PDA in an alkali solution. (Reprinted with permission 
from Refs [5] and [3] Copyright 2011 and 2014 American Chemical Society.)
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on the substrate at a given potential in a deoxygenated solution. However, the 
electropolymerization process requires highly conductive materials, which is 
one of the main disadvantages of this process of dopamine polymerization.

1.2.2 Synthesis of Polydopamine Nanostructures

A great deal of attention has been paid of late toward the synthesis of monodis-
perse PDA nanoparticles and PDAs with different morphologies, which can be 
used for other applications such as chemical sensors, energy storage, and so on. 
The size of the PDA particles can be tuned using a different ratio of solvents and 
base [14, 15]. Usually, after the self‐polymerization reaction, PDA tends to form 
uniform spherical particles after prolonged reaction up to 30 h. Ai et al. have 
demonstrated that the size of PDA spheres can be controlled by varying the ratio 
of ammonia to dopamine and thereby synthesize various sizes of PDA nanopar-
ticles (Figure 1.3a–e) [14]. In another study, Jiang et al. reported that varying the 
amount of ethanol and ammonia can also tune the size of PDA particles 
(Figure 1.3f ) [15].

Recently, PDA with some unique morphology, for example, PDA nanotubes, 
have also been reported using a template‐based method. Yan et al. coated a PDA 
layer on ZnO nanorods as a template by self‐polymerization reaction of dopa-
mine; and later the ZnO nanorod template was etched by ammonium chloride 
solution, leaving behind hollow PDA nanotubes (Figure 1.4a) [16]. Xue et al. 
reported the scalable synthesis of PDA nanotubes using curcumin crystal as a 
template [17], as shown in Figure 1.4b. These PDA nanotubes are several tens of 
micrometers long with 40‐nm wall thickness and 200‐ to 400‐nm tube diameter, 
which can be tuned by stirring rate and curcumin crystal size. Further to nano-
tubes, freestanding films of PDA and hybrid PDA films have also been prepared 
for their use in structural color, by layer‐by‐layer assembly [18–20]. In one of the 
reports, Yang et al. have reported composite freestanding films of PDA with pol-
yethyleneimine (PEI), which was grown on air/water interface [20]. The prepared 
film was a freestanding transparent film, more than 1 cm in diameter, 80 nm in 
thickness, and without any visual defects on the film surface as proved by field 
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Figure 1.2 Graphical representation of the formation of PDA–laccase–MWCNT 
nanocomposite film on GCE for hydroquinone biosensing. (Reprinted with permission from 
Ref. [1] Copyright 2010 American Chemical Society.)
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emission scanning electron microscopy (FESEM). The film size can be tuned by 
the container which holds the dopamine and PEI solution.

Although there has been excellent progress in preparing different shapes and 
sizes of PDA nanoparticles, producing monodisperse nanoparticles is still a chal-
lenge, which is an essential parameter in biological science to ensure consistency 
in experiments. In the near future we can expect that this field will make further 
progress in producing highly monodisperse nanoparticles.
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Figure 1.3 (a–e) Schematic representation of sub-micron size PDA particles and their 
morphological study. (Redrawn and reprinted with permission from Ref. [14] Copyright 2013 
Wiley-VCH.) (f ) Study of EtOH and ammonia concentration on PDA morphology. (Redrawn and 
reprinted with permission from Ref. [15] Copyright 2014 Nature Publishing Group.)
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1.3  Properties of Polydopamine

1.3.1 General Properties of Polydopamine

PDA is an analog of eumelanin (a type of natural melanin) due to the similarity 
in chemical structure/component, which leads to the resemblance in physical 
properties [3, 21, 22]. Therefore, PDA has been regarded as a natural biopolymer, 
which has been utilized as a coating material in various applications. PDA is 
most commonly known for its inherent adhesive property; but functionalities of 
PDA have not been limited to adhesion as it possesses various properties, which 
are listed and discussed here.

1) Optical properties: PDA shows broadband absorption ranging from ultravio-
let (UV) to visible region, which increases exponentially toward the UV spec-
trum as in the case of the naturally occurring analog eumelanin. The absorption 
in the UV region originates from oxidation of dopamine to dopachrome and 
dopaindole; however, the absorption in the visible and near‐infrared (NIR) 
region is due to the subsequent self‐polymerization process [23, 24].
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Figure 1.4 (a) Graphical representation of PDA nanotube synthesis and its high-resolution 
TEM images. (Reprinted with permission from Ref. [16] Copyright 2016 Royal Society of 
Chemistry.) (b) PDA nanotube synthesis by curcumin crystals and its morphology. (Reprinted 
with permission from Ref. [17] Copyright 2016 American Chemical Society.)
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2) Electrical conductivity: In 1974, McGinness et al. observed the electrical 
switching properties of eumelanin, and since then it was assumed that 
eumelanin has organic semiconductive properties [25, 26]. It was suggested 
that highest occupied molecular orbital (HOMO) and lowest occupied 
molecular orbital (LUMO) levels of eumelanin act as valence and conduction 
bands as in the case of the semiconductor. Eumelanin is an aromatic com-
pound that results in HOMO and LUMO levels composed of π‐system and 
the charges move through this π‐system, leading to the electrical conductivity 
of eumelanin. See the electrical properties (Section  1.3.2) for a detailed 
description.

3) Adhesive property: PDA displays a strong adhesive property to all kinds of 
surfaces and it is believed that this property arises due to the presence of the 
catechol group. However, it is not well understood yet how PDA diffuses to a 
different kind of surface, but based on literature it can be stated that PDA 
interacts with the substrate by a covalent or noncovalent binding mechanism 
[27, 28].

4) Biocompatibility and biodegradation property: Biocompatibility and biodeg-
radation are the key parameters for any material to have an application in the 
biomedical field. PDA, a major component of melanin, shows exceptional 
biocompatibility even at high doses when its cytotoxicity was studied with 
mouse 4T1 breast cancer cells and human cervical cancer cells (HeLa cells) 
[29]. However, melanin can be degraded in vitro in the presence of oxidizing 
agents such as hydrogen peroxide, which is also the case for PDA [30]. The 
color fading was observed in PDA when incubated with hydrogen peroxide, 
which suggests its degradation [29]. Bettinger et al. in an in vivo study also 
suggests complete degradation of implanted PDA in 8 weeks [31].

1.3.2 Electrical Properties of Polydopamine

Organic semiconductors possess structural similarity to biological compounds, 
which opens up the possibility of their use in biomedical science [32]. A few 
of  the most used organic semiconductors in biomedical science are poly(3,4‐
ethylenedioxythiophene):poly(4‐styrenesulphonate) (PEDOT:PSS) and poly(3‐
hexylthiophene) (P3HT) due their excellent ion and electron mobility, and higher 
tissue integration ability [33, 34]. PEDOT:PSS is one of the first and widely used 
active channels in biomedical devices such as organic electrochemical transistors 
(OECTs) [33]. The performance of these devices can be improved by making a 
thinner film of the active channel below 100 nm [35, 36]. However, past litera-
tures for such devices are mainly based on four transducing materials: P3HT, 
polypyrrole, PEDOT:PSS, and polyaniline [37]. This opens up the possibility of 
searching for alternative materials to be used in bioelectronic devices, in 
 particular for edible electronics.

Interest in melanin, both natural and synthetic, has bloomed since the seminal 
study by McGinness et al. [25]. In recent years, PDA, also called synthetic mela-
nin similar to natural melanin, has emerged as an additional candidate to be used 
in bioelectronics for transduction purposes. Since major research work in the 
context of the conductivity studies has been done on natural melanin, from 
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hereon we use the word melanin as PDA’s properties are essentially similar to 
those of melanin. Melanin has some very interesting properties for biomedical 
application, such as broad monotonic optical absorption [38, 39], free radical 
population state [24, 40], and the possibility of making thin films less than 
100 nm, thus offering device integration with neurons [4, 24, 41], hydration‐
dependent electrical and photoconductivity ranging from 10−8 to 10−4 S cm−1, 
depending on the hydrated state [39, 42], and the ability to link electronic and 
protonic/ionic signals in a common mechanism through comproportionation 
reaction (CRR) [43].

To describe each point is beyond the scope of this chapter, so we  have mainly 
focused on its charge transport/electrical properties based on two different 
charge transport models available in the literature. Of the two models available 
to explain melanin charge transport properties, the first is based on an amor-
phous semiconductor model (ASM) and the other is hydration‐dependent muon 
spin resonance (μSR) described by a CRR.

1.3.2.1 Amorphous Semiconductor Model (ASM) of Melanin Conductivity
This model is based on the four observations and considers melanin to be an 
amorphous semiconductor because it shows the following:

 ● Semiconductor‐type Arrhenius temperature dependence on its conductivity 
[42, 44]

 ● Bistable switching behavior [25, 45]
 ● Broadband optical absorbance [39]
 ● Stable free radical: unpaired electrons at the Fermi energy level [46].

However, there are a few shortcomings in this model, the first one being its 
broad absorbance (Figure 1.5a), which can also be described by the oligomer 
structure, that is, the spectrum is made up of multiple individual chemical 
chromophores [39, 49]. It cannot describe the delocalized electronic state for 
which large 2D sheet‐type structures are required; this is not true for oligomers, 
which are fairly small. The second is that only wet melanin samples display 
hydration‐dependent switching behavior.

To observe the conductivity of hydration‐dependent melanin, Mostert et al. 
measured the water–melanin adsorption isotherm on melanin pallet samples 
and the result is shown in Figure 1.5b, which exhibits the significant presence of 
water in melanin [47]. Mostert et al. also measured the hydration‐dependent 
conductivity using two different contact geometries, that is, sandwich and van 
der Pauw, and the results are shown in Figure 1.5c,d [48].

It can be seen from Figure 1.5c that the conductivity increases by orders of 
magnitude in a sub‐exponential manner. However, the specimen was found to be 
at nonequilibrium in sandwich geometry due to low exposure of the surface area 
by the presence of the contacts. Therefore, an open‐contact arrangement, van 
der Pauw geometry (Figure 1.5d inset), has been used where ~71% of surface area 
can be exposed than to ~37% in sandwich geometry; and the result is shown in 
Figure 1.5d [48]. Interestingly, these data were found not to be in agreement with 
previous literature and also could not be explained by the existing ASM theory 
[42, 50].
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This argument was also supported with controlled photoconductivity experi-
ments, which are shown in Figure 1.6a–d and have a simple explanation: as heat-
ing increases, water desorption takes place and produces a negative conductivity, 
whereas as per ASM it is due to the trap states in the photo bandgap of melanin 
[48]. This study also shows strong evidence that water plays a crucial role in the 
basic charge transport mechanism and ASM cannot be applied to melanin.

1.3.2.2 Spin Muon Resonance Model (SMRM) of Melanin Conductivity
To further elucidate the charge transport mechanism of melanin, an alternative 
technique – magnetic resonance (μSR) – has been used because it can discount 
electrical effects, probe the material’s local environment and mobility behavior 
of protons in the specimen [51], and estimate the number density of the free radi-
cals [52, 53]. μSR demonstrates that in melanin, charge transport is determined 
by an equilibrium reaction. The controlled, water‐dependent μSR carried out as 
a function of hydration is shown in Figure 1.7. It can be seen from Figure 1.7a 
that muon hopping rate ν does not change throughout the hydration range of 
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melanin, meaning that proton mobility remains the same. However, muon relax-
ation ∆ and spin–lattice relaxation rate λ show qualitative changes and exhibit a 
response similar to the conductivity data in Figure 1.5d because λ is directly 
related to free‐radical density in a sample; thus, the unpaired electrons present in 
melanin increase with hydration, along with the conductivity. Mostert et al. sug-
gested that a CRR, which is essentially an equilibrium reaction, can only explain 
the conductivity and μSR results [55].

9.9

6.6

3.3

P
ho

to
co

nd
uc

tiv
ity

 (
%

)

0.0

0 39

Light on Light off

Light on Light off Light on Light off

Light on Light off

0.446 nS cm–1 2.07 nS cm–1

19.1 nS cm–1
157 nS cm–1

Hydration 8.6%

Hydration 13.4%

Hydration 10.2%

Hydration 16.2%

(a)

(c)

(b)

(d)

78 117

9.9

6.6

3.3

0.0

0 39 78 117

9.9

6.6

3.3

P
ho

to
co

nd
uc

tiv
ity

 (
%

)

0.0

0 39 78

Time (s)

117

9.9

6.6

3.3

0.0

0 39 78 117

Time (s)

Figure 1.6 Melanin photoconductivity versus time for four different hydration levels: (a) 8.6%, 
(b) 10.2%, (c) 13.4%, and (d) 16.2%, under dark, illuminated, and dark sequence each for 50 s. 
(Reprinted with permission from Ref. [48] Copyright 2012, AIP Publishing LLC.)

3.00
0.240

0.225

0.210

0.195

0 5 10 15 20

6

4

2

0

2.25

1.50

R
el

ax
at

io
n 

ra
te

 (
μs

–1
)

R
el

ax
at

io
n 

ra
te

 (
μs

–1
) λ

Δ
ν

E
P

R
 in

te
ns

ity
 (

%
)

0.75

0.00
0 5 10

Weight percent gained (%)

Weight percent gained (%)

pH

15 20 0 2 4 6 8 10 12

(a) (b)

Figure 1.7 (a) The μSR relaxation data obtained on hydrated melanin pellets. 
(b) A pH-dependent titration EPR study for colloidal suspensions of melanin. (Reprinted 
with permission from Ref. [54] Copyright 2012, PNAS.)

c01.indd   9 12/11/2017   12:11:39 PM



1 Bioinspired Polydopamine and Composites for Biomedical Applications10

In CRR, two different oxidative state chemical units of melanin form semiqui-
nones, which are hydronium and free radicals on the introduction of water 
(Eq. (1.1)) [54]. With the increase of hydration, an imbalance occurs between the 
reactant and product; and to counterbalance this, the unevenness reaction starts 
producing more products in accordance with Le Chatelier’s principle [54, 55]. In 
addition, it was also explained by electron paramagnetic resonance (EPR) meas-
urement, as shown in Figure 1.6b, that when the base is added (the same effect as 
adding water), the titration curve displays a response similar to both the μSR and 
conductivity [54]. Therefore, it was proposed that the conductivity increase in 
charge carrier density, both protonic as well as electronic, is due to the link 
between two charge entities and which makes melanin a potential transducing 
material for biomedical devices.
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1.4  Applications of Polydopamine

As mentioned, PDA has a range of intriguing properties and is a potential candi-
date in a variety of important applications, from biomedical science to energy, 
as  shown in Figure 1.8. For example, in energy and environment applications, 
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Figure 1.8 Application of polydopamine in various emerging research fields.
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heterogeneous photocatalysis, which is known as a cost‐effective approach for 
dye degradation and solar water splitting under light irradiation [56–60], PDA 
can be coupled with photocatalytic materials which help the photocatalytic 
materials improve their performance synergistically by π–π* electronic transi-
tion [61]. Feng et al. synthesized core–shell AgNPs@PDA and used it for photo-
catalytic degradation of neutral red dye. They reported that the AgNPs@PDA 
catalyst showed improved performance than bare Ag NPs and PDA under UV 
irradiation. PDA can produce holes under UV illumination, which extends the 
duration of the recombination rate of photogenerated charge carrier and results 
in enhancement in the lifetime of electron pairs due to the existence of π–π* 
electronic transition. In addition, it also offers extra surface for dye adsorption. 
Recently, Mao et al. synthesized TiO2@PDA photocatalyst and used it for the 
degradation of rhodamine B (RhB) under visible light illumination [62]. TiO2 is a 
well‐known UV‐light‐driven photocatalyst; however, PDA shows strong absorp-
tion in the visible region, and coupling of these two can form a catalyst which can 
have visible light activity, as investigated by Mao et al. The authors have coated 
different thickness PDA on TiO2 nanoparticles and found that 1 nm coated PDA 
on TiO2 showed highly improved performance for RhB degradation. The reason 
for such an enhancement is still not clear, but it was proposed theoretically by 
Persson and coworkers that there is a one‐step charge transfer from dopamine to 
the conduction band of TiO2, which can improve the catalytic performance of 
the composite material. Besides, PDA can be utilized for various energy‐related 
applications such as batteries, supercapacitors, and dye‐sensitized solar cells 
[63–65]. However, as per the demand of the chapter, we mainly focus on its bio-
medical applications.

1.4.1 Biomedical Applications of Polydopamine

PDA, a major component of naturally occurring melanin, has vast biomedical 
application due to its exceptional biocompatibility, hydrophilicity, and thermal 
and adhesive properties. It can also undergo further reaction with various mol-
ecules/materials and produce hybrid materials with applications in diverse 
research fields. This section deals with the various biomedical applications of 
PDA and PDA‐derived materials.

1.4.1.1 Drug Delivery
PDA capsules have been considered fascinating material for drug delivery owing 
to their high water solubility, exceptional biocompatibility, and biodegradation 
ability. The interest in the synthesis of PDA capsules with well‐defined structures 
has increased tremendously for drug delivery because drugs can easily be encap-
sulated in the capsule’s cavities. Various soft and hard template‐based methods 
have been used to synthesize PDA capsules. However, the hard template method 
is least favored due to its requirement of harsh conditions for removal, which can 
hinder its application in the biomedical field [66–69]. The drug loading behavior 
of PDA capsules depends on the size of the capsules, as bigger capsule size 
increases the interior volume which leads to higher drug loading. Furthermore, 
the pH of the solution and the charge state of the loading molecules also greatly 
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affect the drug loading behavior [66, 70]. PDA have different functional groups 
and therefore display zwitterionic property. At low pH (pH ~ 3), the PDA capsule 
walls were positively charged; however, if the loading molecule is methyl orange 
(MO), which is in a neutral state at this pH, the presence of the sulfonate group 
gives it an anionic character. Thus, there exists strong ionic interaction between 
the positively charged PDA capsule and the negatively charged MO dye, which 
leads to higher loading of a dye molecule in PDA capsules. However, if the load-
ing molecule is rhodamine 6G, then there is almost negligible loading of the dye 
molecule to PDA capsules because of strong electrostatic repulsion between the 
positively charged PDA and the positively charged rhodamine 6G at this pH [66]. 
Regardless of the high loading of the desired drug, these systems suffer from 
poor drug delivery in aqueous media which needs to be overcome [3].

1.4.1.2 Tissue Engineering
Tissue engineering has been considered an effective technique to replace dam-
aged or diseased body parts with man‐made artificial tissues or organs without 
any transmission disease. The research, in tissue engineering, is mainly focused 
on the development of effective scaffolds for cells and tissue growth [71]. 
Typically, in extracellular matrix cell attachment, proliferation and differentia-
tion take place for natural tissues; and, therefore, it would be a prerequisite for 
effective tissue engineering that artificial scaffolds should be chemically and 
physically analogous to the extracellular matrix. Mesoporous SiO2 has been used 
as scaffolds for tissue engineering because the big pores are beneficial to cell 
growth, while the mesoporous structure can also help transport drugs that stim-
ulate bone‐forming cells. However, mesoporous SiO2 suffers from poor cyto-
compatibility and mineralization rate [72]. Wu et al. took advantage of the 
adhesive and hydrophilic properties of PDA and used it as a surface modifier for 
mesoporous SiO2 to study the mineralization and cytocompatibility for drug 
delivery and bone tissue engineering [72]. Investigation into the in vitro miner-
alization and proliferation of bone marrow stem cells (BMSCs) revealed that the 
PDA‐modified SiO2 scaffold displayed noteworthy apatite mineralization and 
also that attachment of BMSCs on PDA‐modified SiO2 had been increased 
(Figure 1.9a,b). It would be worthwhile to mention here that despite these efforts, 
the SiO2‐based scaffold suffers from in vivo degradation.

Ku and Park utilized nanofibers of biodegradable polymer polycaprolactone 
and deposited a thin layer of PDA on top to improve the cell affinity with 
polymeric nanofibers [73]. It was observed that the cell can attach, spread, and 
survive effectively on PDA‐modified fibers. 3‐(4,5‐Dimethylthiazol‐2‐yl)‐2,5‐ 
diphenyltetrazolium bromide (MTT) assay suggests that human umbilical vein 
endothelial cells (HUVECs) displayed fivefold enhancement in viability on PDA‐
modified nanofibers (Figure 1.9c–f). These investigations suggest that PDA can 
play a vital role in the design of artificial scaffolds in future in the tissue engineer-
ing area.

1.4.1.3 Antimicrobial Applications
The robust adhesion of PDA on various substrates makes it viable for fabrication 
of antimicrobial surfaces [74–76]. Xu et al. fabricated antibacterial cotton by 
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Figure 1.9 (a) Digital image of SiO2 scaffold before and after 6- and 24-h modification with 
PDA; (b) the proliferation of BMSCs on mesoporous silica (MS), PDA-modified silica (MSD), and 
dexamethasone (DEX)-loaded MSD (MSD-DEX) scaffolds. MSD shows improved proliferation 
of BMSCs. (Reprinted with permission from Ref. [72], Copyright 2011 Royal Society of 
Chemistry.) (c) Cell adhesion graphics on PDA-coated polycaprolactone nanofibers (PCL NFs); 
(d) SEM image of fibers; (e) hydrophilicity measurement by contact angle analysis. 
(f ) A number of live cells, and fold-increase of cell viability for HUVECs grown on unmodified, 
gelatin-coated, and PDA-coated PCL NFs. ((c–f ) Reprinted with permission from Ref. [73], 
Copyright 2010 Elsevier Ltd.)
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coating a PDA layer on top of cotton fabrics, followed by in situ deposition of 
silver nanoparticles (Figure 1.10a) [74]. The prepared antibacterial cotton com-
pletely killed the bacteria. Even after 30 washes, the cotton fabrics were able to 
reduce 99.99% Escherichia coli, suggesting reusability and durability of cotton 
fabrics after coating with PDA (Figure 1.10b). Later, Sileika et al. utilized the 
adhesive property of PDA to make an antimicrobial surface by coating PDA on a 
polycarbonate substrate, followed by silver nanoparticle deposition as an anti-
bacterial agent and in situ implanting of poly(ethylene glycol) (PEG) as an anti-
fouling agent, as shown in Figure 1.10c [75]. The resulting substrate killed both 
gram‐negative and gram‐positive bacteria strains and resisted their attachment 
on the substrate. These outstanding studies reveal that PDA can provide a new 
avenue to fabricate an antibacterial substrate for use in practical applications.

1.4.1.4 Bioimaging
Fluorescence‐based bioimaging of samples or cells has attracted tremendous 
attention in the past few decades with advances in nanotechnology and become 
the most widespread method in biomedical science due to its key properties, 
including high sensitivity, cost‐effectiveness, and facile detection. Various kinds 

(a)

(c)

AgNO3/
TEMED

3 5.0 kV × 50.0 k 4 5.0 kV × 50.0 K 1.00 μm1.00 μm

AgNO3

Dopamine-HCl
pH 8.5
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mPEG-SH

mPEG-SH

mPEG-SH
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DDS DDS+pDA DDS+pDA+PEG

pDA Ag
Ag+PEG
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(b)

Figure 1.10 FESEM images of the dopa-cotton/AgNPs fabrics (a) unwashed and (b) after 30 
washes. (Reprinted with permission from Ref. [74], Copyright 2011 Elsevier Ltd.) (c) Synthesis 
protocol of silver deposited (directly deposited silver (DDS)) and PDA-mediated antimicrobial 
coatings on a polycarbonate substrate. (Reprinted with permission from Ref. [75], Copyright 
2011 American Chemical Society.)
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of nanoparticles have been developed and are widely used as fluorescent probes 
for bioimaging of cells and tissues. An excellent review by Wolfbeis covers differ-
ent nanoparticles widely used in probes for bioimaging such as doped silica, 
hydrogels, noble metal nanoparticles, quantum dots, carbon dots, upconversion 
nanoparticles, and so on [77, 78]. However, their cytotoxicity is still a debatable 
issue, as discussed by Zhang et al. [79]. As a recent addition to nanoparticle‐
based bioimaging, PDA has emerged as a new class of biocompatible organic 
fluorescent material. In a study, Wei and coworkers synthesized polydopamine 
fluorescent organic nanoparticles (PDA‐FONs) and reported excitation‐wave-
length‐dependent emission reaching maximum at 440 nm excitation with excel-
lent photostability [80]. These PDA‐FONs offer a simple fabrication method in 
contrast to the conventional method of complex organic synthesis of FONs 
(Figure 1.11). In addition, PDA has also been used as a coating material to 
enhance optical signals of fluorescent materials such as graphene quantum dots, 
and so on [81, 82]. Despite excellent biocompatibility, the fluorescence intensity 
is a rather weak point to overcome. Therefore, the future work will be on the 
design of novel PDA‐based multifunctional fluorescent nanoparticles with 
tunable size, morphology, and fluorescent properties.

1.4.1.5 Cell Adhesion and Proliferation
Currently, interest in immobilization of cells by new synthetic materials is crucial 
to promote cell adhesion. PDA has emerged as a simple, versatile, and biocom-
patible material for such applications, which show excellent cellular response 
and strong affinity of cells to PDA coatings. PDA shows potential to enhance cell 
immobilization on various kinds of substrates. In a study, Yang et al. have shown 
that using PDA coating on living yeast cell can control and preserve cell division 
(Figure 1.12) [83]. Lee et al. observed PDA coating cytocompatibility is cell 
dependent and reported fibroblast and megakaryocytes cell adhesion to PDA‐
coated surfaces [4]. Park and coworkers reported excellent adhesion in vitro 
cytocompatibility of HUVECs on PDA‐coated polycaprolactone nanofibers [73]. 
PDA coating also offers a key method to make bioactive surfaces including non‐
wetting and 3D porous scaffolds [84–86].

In addition to the excellent binding abilities, PDA‐treated surfaces overcome 
the challenges of adhesive proteins for cellular patterning and can be deposited 
using different deposition methods such as microfluidic, micro‐contact printing, 
and lithography (Figure 1.13 shows cell pattering using PDA ink) [4, 83, 87, 88]. 
In addition, combined studies on submicron topography and surface chemistry 
effect on cells have shown synergic enhancement in cell adhesion and prolifera-
tion [89, 90]. The possible mechanism of cell adhesion is also reported and is 
likely due to higher immobilization and/or adsorption of adhesive proteins 
[84, 85]. Recent studies suggest a new mechanism that the quinone group of PDA 
induced a larger amount of protein adsorption, and thus promoted endothelial 
attachment and proliferation [91–93].

1.4.1.6 Cancer Therapy
Photothermal therapy (PTT) is a minimally invasive treatment in which NIR 
light radiation is used for the treatment of many medical conditions such as 
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Figure 1.12 (a) Schematic of the PDA and its encapsulation and surface functionalization on 
yeast cells. Confocal micrographs of (b) native yeasts and (c) yeast@PDA. (d–g) TEM 
micrographs of PDA-encapsulated yeast cells. (h) Growth curve of native and PDA-coated 
yeast cells. (i) Survival of native and coated yeast cells in the presence of lyticase. (Reprinted 
with permission from Ref. [83] Copyright 2011 American Chemical Society.)
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Figure 1.13 (a) Schematic representation of cell patterning with PDA as ink via micro-contact 
printing; (b) optical microscopic image of an imprinted PDA pattern on a gold substrate; 
(c) SEM images of PDA patterns on silicon; (d) SEM image of the cell-patterned substrate; 
(e) fluorescent microscopy image of the cell-patterned substrate after immobilization of 
fluorescein isothiocyanate conjugate – bovine serum albumin (FITC-BSA). (Reprinted with 
permission from Ref. [87] Copyright 2012 American Chemical Society.)
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photon energy conversion into heat for cancer treatment [94–97]. In recent 
years, there has been a great deal of interest in new nanoparticles or therapeutic 
agents for cancer therapy. The PTT method has advantages in that it is highly 
specific and selective and can be used as a stimuli‐responsive system, killing only 
those cells which are irradiated with NIR light and not affecting other normal 
cells [95]. However, the long term impact of these agents is still debatable which 
impedes clinical trials [98, 99]. Contrary to the commonly used nanoparticles, 
PDA has attracted great interest since PDA‐coated Au nanorods have been 
reported as a good photothermal agent [100]. The strong absorption in the NIR 
region with the biocompatibility of PDA makes it an attractive material for PTT. 
Liu et al. reported the very first study on PDA colloidal particles for in vivo can-
cer therapy and it shows high photothermal conversion efficiency (Figure 1.14) 
[29]. PDA nanoparticles also display almost negligible toxicity for 4T1 cells even 
at high concentration, ~1.2 mg mL−1 (Figure 1.14). Coupled with exciting photo-
thermal and excellent surface modification properties, PDA‐based therapeutic 
agents should be a key material for PTT [101, 102].

Theranostics refers to the single approach of combined diagnostic and thera-
peutic capabilities. Recently, Lu and coworkers reported a PDA‐nanocomposite‐
based theranostics system for dual‐mode magnetic resonance imaging (MRI) 

(a) (b)Laser Heat

24
0 100 200 300

Time (s) Time (s)
400 500 0 200 400 600 800 1000 1200

28
32
36
40
44

T
em

pe
ra

tu
re

 (
°C

)

48
52
56
60
64 35

30

25

20

ΔT 15

10

5

0

(c)

(d) (e) (f)

Figure 1.14 (a) Illustration of photothermal treatment (b) Time-dependent temperature 
change at different concentrations of PDA nanoparticle (NP) suspension. (c) The photothermal 
response of PDA NP suspension (200 µg mL−1) for 500 s with an NIR laser (808 nm, 2 W cm−2). 
(d–f ) Digital photographs of the biocompatibility of PDA NPs with a tumor-bearing mouse for 
photothermal therapy. (g) A digital photograph of a 4T1 cell culture dish after incubation with 
PDA NPs and red circle shows the laser spot. (h–k) Confocal images of calcein acetoxymethyl 
(calcein AM) (green, live cells) and propidium iodide (red, dead cells) co-stained 4T1 cells after 
laser irradiation. (i) Cell viability of 4T1 cells after incubation with increasing concentrations of 
PDA NPs. (l) Cell viability of 4T1 cells treated with different concentrations of PDA NPs with 
laser irradiation (808 nm, 2 W cm−2, 5 min). (Reprinted with permission from Ref. [29] Copyright 
2013 Wiley-VCH.)
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and shows the potential application in MRI‐guided chemothermal treatment 
(Figure 1.15) [103]. Zhong et al. show PDA as a multifunctional nanocarrier 
for  radioisotope therapy and cancer chemotherapy [104]. Thus, PDA has 
emerged as a potential material of choice for cancer therapy and diagnostic 
applications.

1.5  Conclusion and Future Prospectives

PDA, although only a few years old, has already attracted a great deal of attention 
and is becoming a potential candidate in the rapidly growing field of biomedical 
science. This chapter gives an overview of the synthesis protocols, characteristic 
properties, and the current state of the art of PDA material for biomedical appli-
cations. This exciting material has already shown a variety of interesting applica-
tions in very diverse fields such as biocompatible coatings, surface modification, 
cell adhesion, drug delivery, PTT, tissue engineering, and so on. Although con-
siderable progress has been made, there are still some concerns about the PDA 
structure–property relationship; for instance, a definitive structural model, 
polymerization mechanism, is still not well established and continues to be 
debated. A combined experimental–computational strategy could be a method 
to solve this longstanding puzzle, which will be of great importance to both fun-
damental and biomedical applications. Resolving these issues will help take com-
plete advantage of PDA in the biomedical field. Nevertheless, we believe that 
PDA will prove an emerging potential bioinspired material for biomedical 
science.
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