
REVIEW

Antimicrobial and antifouling surfaces through polydopamine
bio-inspired coating

Yi-Wen Zhu, Yu-Jie Sun, Ju-Lin Wang* , Bing-Ran Yu*

Received: 27 July 2021 / Revised: 23 August 2021 / Accepted: 31 August 2021 / Published online: 2 November 2021

� Youke Publishing Co., Ltd. 2021

Abstract The increasing antibiotic treatment failure is

attributed to the increasing emergence of drug-resistant

bacteria, and the attachment of these bacteria to the surface

of implantation materials often leads to dangerous bacterial

biofilm formation on the implant surface. Thus, this creates

an urgent need to develop new antibacterial material and

antifouling implants. Polydopamine (PDA), as a mussel-

inspired material, has many advantageous properties, such

as a simple preparation procedure, excellent hydrophilicity

and biocompatibility, strong adhesive performance, easy

functionalization, outstanding photothermal conversion

effect, and strong quenching effect. PDA has increasingly

attracted much interest not only for its adherence to

virtually all types of surfaces but also as it provides a

simple and versatile approach to functionalize material

surfaces to obtain a variety of multifunctional nanomate-

rials. In this review, we mainly focus on the preparation

and polymerization mechanism of PDA systems and then

provide a compilation of several reports on the PDA sur-

face modification of various nanomaterials and material

surfaces, including metals, metal oxides, carbons, and

polymers. Finally, we summarize the advantages and dis-

advantages of polydopamine surface-modified

nanomaterials.

Keywords Polydopamine (PDA); Adhesion;

Modification; Antibacterial; Antifouling

1 Introduction

The development of drug-resistant bacterial strains makes

traditional antibiotics become less efficient [1]. The

increasing emergence of drug-resistant bacteria not only

caused the failure of antibiotic treatment but also aggra-

vated the economic burden of the patients due to the pro-

longed hospitalizations [2]. It is of great urgency to

develop new and potent antibacterial materials. Besides,

the numbers of both joint replacements and dental

implantations are increasing recently; therefore, it is of

great urgence to combat implant-associated infection [3].

In recent years, mussel-inspired materials attract con-

siderable research attention, because they adhere to virtu-

ally all types of surfaces, even if the surface is wet.

Polydopamine (PDA), as a mussel-inspired material, has

many properties, such as a simple preparation procedure,

excellent biocompatibility hydrophilicity and biocompati-

bility [4], strong adhesive property, easy functionalization,
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outstanding photothermal conversion effect, and strong

quenching effect. Various substrates, such as ceramics,

noble metals, metal oxides, semiconductors, silica, mica,

and even some synthetic polymers, have been surface-

functionalized with PDA [5]. PDA has increasingly

attracted considerable interest not only for its adherence to

virtually all types of surfaces but also as it provides a

simple and versatile approach to functionalize material

surfaces to obtain a variety of multifunctional nanomate-

rials. Owing to its excellent biocompatibility, biodegrad-

ability, and photoconversion efficiency, PDA has been

recently used to functionalize nanomaterials for antibac-

terial studies [6].

The attachment of bacteria to the material surface often

poses potential risks, such as leading to dangerous bacterial

biofilm accumulation on the implant surface [7]. PDA can

be used as a surface modification material to obtain PDA-

modified surfaces, onto which antibacterial materials can

be applied. Here, we compile numerous studies on the

surface modification by PDA of various organic and inor-

ganic nanomaterials, including metals, metal oxides, car-

bons, and polymers. The advantages of PDA coatings are:

(1) strong interaction between polymer layers and substrate

with excellent long-term stability in most environments

[8]; (2) simultaneously serving as reductant, introducing a

diversity of metallic nanoparticles (NPs) onto various

substrates via reduction of the metal ions, without the need

for additional reduction [9]; (3) mild reaction conditions

and nondestructive to substrates; and (4) offering numerous

reactive groups, like catechol and amino groups, which can

be used as a robust platform for further functionalization

[10].

Since the pioneering study by Lee et al. [11] in 2007,

many PDA surface-modified materials have been reported.

For instance, several bio-inspired catechol and their

derivatives for surface modification, as well as the design,

synthesis, adsorption mechanism, stability, and applica-

tions of PDA were reviewed by Ye et al. in 2011 [12].

Later, in 2014, Liu et al. [13] discussed the preparation of

PDA and derivatives together with their application pro-

spects in environmental, energy, and biomedical fields.

Also, Lynge et al. [14] summarized biomedical applica-

tions on the basis of surface modification by PDA coating.

In addition, in 2017, Batul et al. [15] reviewed the research

progress on the application of PDA in the biomedical field

and discussed the polymerization mechanisms. Given the

biocompatibility and functionality of PDA, as well as its

morphological versatility, PDA coating plays an irre-

placeable role in biological applications, such as in

antimicrobials for infection prevention. Chen et al. [16]

analyzed and verified that PDA is composed mainly of

almost flat oligomers, stacking through p–p interactions

and forming aggregates similar to graphite. Additionally,

the main components of PDA are small oligomers rather

than large polymers. Mrówczyński et al. [17] found that

PDA may form by means of oligomers (probably mixtures

up to octamers) instead of high molecular weight polymers,

and hydrogen bonds and p-stacking form supramolecular

structure of oligomers. Using a one-step method, Batul

et al. [18] loaded PDA NPs with gentamicin in situ through

a polymerization process, and the resulting NPs had high

drug loading efficiency and retained their antimicrobial

activity. Similarly, Wu et al. [19], Ran et al. [20], Ma et al.

[21], and other researchers independently modified PDA

NPs with various antibiotic compounds, which were

effective in inhibiting or killing bacteria. In the study of

Shang et al. [22], a hollow PDA shell was obtained by

coating it on monodisperse sulfated polystyrene (SPS) and

subsequently removing it with trichloromethane. Wang

et al. [23] creatively used the bio-inspired melanin solid

NPs and hollow NPs as ultraviolet light absorber in order to

enhance the shielding properties of polymers. Meanwhile,

Li et al. [24] designed and prepared hybrid ZnO/PDA/

arginine–glycine–aspartic acid–cysteine (RGDC) nanorod

(NR) arrays to not only enhance the osteoinductivity, but

also effectively kill bacteria simultaneously.

The PDA research on the modification of different

materials has been developing rapidly, and the aim of this

review is to summarize recent significant advancements in

PDA research. First, we describe the preparation and

polymerization mechanism of PDA systems. After that, we

compile many studies on the surface modification of vari-

ous nanomaterials and material surfaces by PDA, including

metals, metal oxides, carbons, and polymers. Finally, we

summarize and explain related biomedical applications

[25].

2 Mechanisms and properties of PDA

2.1 Adhesion capability and mechanism

Mussel is the common name for members of various

bivalve mollusk families, which live on coastal regions, in

the intertidal zone, attached by their strong byssal threads.

Several research studies have shown that the byssal thread

is rich in Mytilus edulis foot protein [26], whose essential

components Levodopa (L-DOPA) and lysine amino acids

play crucial roles in the strong adhesion of mussels [27]. As

a derivative of L-DOPA, dopamine (DA), a neurotrans-

mitter commonly used in clinical treatment of Parkinson’s

disease and other diseases, possesses the catechol structure

of L-DOPA and amino functional groups of amino acid,

which combines critical factors necessary for strong

adhesive function. In fact, under oxidation conditions,

catechins and their derivatives can aggregate

1 Rare Met. (2022) 41(2):499–518

500 Y.-W. Zhu et al.



spontaneously and form polymer coating that sticks tightly

to solid material surfaces.

2.2 Polymerization mechanism and properties
of PDA

Under oxygen-containing conditions, dopamine (DA)

monomers self-polymerize in an aqueous solution to form

an oligomer, and high molecular weight polymer can be

obtained through a cross-linking reaction, ultimately pro-

ducing the supramolecular aggregates of PDA under the

effect of the covalent and non-covalent interactions in the

reaction system. Although the polymerization mechanism

and molecular structure of PDA remain unclear, the fol-

lowing speculations about this process have been put for-

ward by some researchers. First, DA quinone is generated

by intramolecular cyclization reaction of DA via 1,4-

Michael addition. Then, oxidation and rearrangement turn

DA quinone into an indole structure, namely 5,6-dihy-

droxyindole, whose further oxidation product, 5,6-indole-

quinone, undergoes a polymerization reaction to form

dimers and other oligomers. These oligomers are further

polymerized to produce PDA through an anti-dispropor-

tionation reaction with catechol and o-quinone [10, 28].

The oxidation route is so complicated that it leads to the

highly versatile structure of PDA and insolubility in most

solvents, except for strong alkaline solutions.

2.3 PDA surface deposition method

In a humid atmosphere, DA shows strong adhesion to both

organic and inorganic surfaces. This is attributed to the

formation of strong but reversible coordinate bonds with

inorganic materials, and covalent bonds with organic sub-

strates [26]. Inspired by mussel bionics, Lee et al. [29]

found that the catecholamine derivative of DA, and its

polymer, PDA, can stick to almost all solid substrates.

When acting on diverse materials, adhesion mechanism is

mediated by various interactions, including hydrogen

bonding, chelation, static electricity, and hydrophobic

interaction [30]. Metal–oxygen coordination bonds can be

formed between catechol and metal/metal oxide/metal

sulfide surfaces, which provide strength as strong as

covalent bonds [31]. Furthermore, the binding between

catechol and metal oxide is pH dependent, that is, hydrogen

bonds are mainly formed in acidic environment, while

metal–oxygen coordination bonds at neutral to basic pH

[31]. Functional PDA coatings are also used on organic

materials. This is due to the formation of connective

covalent bonds between the two components if nucle-

ophilic groups that can react with o-quinone previously

oxidized by catechol groups through Michael-type addition

or Schiff base reaction, such as sulfhydryl, amino, and

imino, are present on solid surfaces [32]. In general,

regarding polar polymer, linking phenolic hydroxyl groups

to surfaces by hydrogen bonds, or even covalent bond,

results in the primary adhesion, while hydrophobic or p–p
interactions have a crucial part when catechol contacts non-

polar polymers. For hydrophobic substrates, the direct

effect of the PDA-based modification is achieving

hydrophilization. Polyethylene (PE), polyvinylidene fluo-

ride (PVDF), and polytetrafluoroethylene (PTFE) were

coated with PDA, and the water contact angle measurement

indicated obvious improvement in hydrophilicity of these

three polyolefin porous membranes [32]. The surface

morphology and sedimentary dynamic of PDA can be

controlled by the concentration, solution pH, and reaction

time. Some recent research found that DA at a low con-

centration (\ 0.5 mg�ml-1) could effectively reduce the

formation of particles by self-polymerization and aggre-

gation between particles which was prone to increase the

coating roughness [33]. Similarly, reducing the immersion

time of the substrate can adjust the coating thickness. In

general, for the purpose of modifying solid substrates, Tris

buffer (pH 8.5) and 5–6-h reaction time are usually used for

research [34].

2.4 Photothermal conversion effect of PDA-coated
substrates

PDA coating can be easily formed on various kinds of

substrates and has an outstanding biocompatibility and

hardly any immune response. In addition, due to its ability

of converting near-infrared radiation to thermal energy,

PDA is expected to be used as a photothermal material in

the treatment of tumors and other diseases, as well as a

bactericidal. In recent years, researchers have taken more

interest in photothermal therapy as a powerful tool against

bacterial infection [33, 34]. Compared with chemotherapy,

photothermal therapy (such as polypyrrole (PPy) and PDA)

has an excellent broad-spectrum bacterial effect by pro-

ducing heat [35]. Although near-infrared (NIR) radiation

itself is almost not toxic to most organisms, immense heat

is produced locally by photothermal agents. For most

pathogens, a partial increase in the temperature will induce

bacterial protein denaturation and ultimately bacterial cell

death. This method takes just a few minutes of irradiation

and has no risk of drug resistance development. Based on

the above-mentioned advantages, numerous functional

materials, such as PDA, have been used as photothermal

agents. PDA, as a promising coating platform for medical

devices, combines multiple useful functions, which have

been applied to fight against bacterial infection by syner-

gistic effects. Undoubtedly, a system that consists of two or

more kinds of antibacterial strategies will have a better

effect compared with single approach.
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PDA, as a mussel-inspired polymer, can be obtained

from DA. It exhibits many desirable properties which

attach the attention of researchers. The excellent perfor-

mances of PDA were utilized adequately in biological

materials, especially in antibacterial field. As shown in

Table 1 [4–6, 10–14, 19–24, 28], we summarize some

reports on PDA in recent years briefly.

3 Nano-/microstructures of PDA

Owing to its robustness properties, PDA can be prepared as

different nanostructures. To date, various types of PDA-

derived nanocomposites have been reported. In this sec-

tion, we mainly focus on the core@shell nanocomposites

based on PDA surface modification.

3.1 Gold nanoparticles (AuNPs) and silver
nanoparticles (AgNPs)

Gold (Au) and silver (Ag) NPs (AuNPs and AgNPs)

exhibit strong antibacterial properties resulting from their

extremely small size that allows them to efficiently pene-

trate bacterial cells in which they can cause serious adverse

effects, predominantly via induction of oxidative stress,

and thus are widely used for antibacterial purposes

[36, 37]. They have attracted the attention of scientists due

to their large surface area, favorable biocompatibility,

surface modification versatility, and multivalent effects

[38]. Additionally, AuNPs have other beneficial properties,

such as non-toxicity, good biocompatibility, effective

bactericidal activity, and high light stability [39], which

have led to the development of AuNPs for biomedical

applications. In addition, AuNPs are widely used in pho-

tothermal therapy applications due to their excellent

localized surface plasmon resonance (LSPR) effect, which

contributes to their unique optical properties. Samanta et al.

[37] synthesized AuNP-decorated aragonite microdumb

bells to enhance antibacterial activity. AgNPs have also

been widely used in antibacterial products, which cause

bacterial cell death through reaction with sulfur-containing

proteins or sulfhydryl groups in the bacterial cell mem-

branes. AgNPs have been widely used in the development

of antimicrobial materials [40], due to their broad-spectrum

antibacterial activity against Gram-positive and Gram-

negative bacteria without causing antimicrobial resistance

(Schemes 1 and 2).

Preserving the nanoparticles antibacterial properties

when modifying AuNPs and AgNPs for antimicrobial

applications is a challenge. PDA has received considerable

research interest as a biomimetic polymer. PDA can be

formed by self-polymerization in weak alkaline solutions at

room temperature for the unique adhesion characteristics of

PDA [41]. The catechol group in PDA can reduce noble

metal salts to metal NPs, which can then be immobilized

on a scaffold to prevent their aggregation. PDA is quite

hydrophilic due to its large number of catechol, quinine,

and amine groups, which have made it increasingly popular

as a universal surface modifier [41, 42]. The surface of

PDA-modified membranes and the formed film show

excellent antibacterial properties when they are fixed with

AgNPs [42]. Moreover, since they are not sensitive to

oxygen, AgNPs formed through the reduction of silver ions

by catechol have a longer-lasting antimicrobial effect [43].

Zhang et al. [44] prepared excellent core–shell structure

NPs (Au@PDA NPs) coated with PDA. Also, the nanofiber

film was prepared by doping Au@PDA NPs into polylactic

acid (PLA) for electrospinning and exhibited uniform size

and good hydrophilicity. When the nanofiber membranes

were soaked in a silver nitrate solution, the silver ion could

be directly reduced to AgNPs in situ through the reduction

potential of PDA. Owing to the unique adhesive properties

of PDA, AgNPs can be effectively attached to the surface

of the nanofiber membrane, thereby preventing their

aggregation [43]. Furthermore, since the pores on the sur-

face of the membrane are not blocked by the reductive

AgNPs, the permeability of the membrane is not reduced

and the hydrophilicity of the membrane is improved [41],

thereby enhancing the bacteriostatic effect of the mem-

brane. The procedure for preparing antimicrobial PLA-

Au@PDA@Ag nanofibers is shown in Fig. 1. Briefly, the

Au@PDA NPs were doped into PLA and stirred overnight,

followed by electrospinning to obtain a smooth and uni-

form PLA-Au@PDA nanofiber. Then, the freshly prepared

AgNO3 solution was directly dropped onto the PLA-

Au@PDA nanofibers where the silver ions were therefore

reduced to AgNPs in situ through the reductive ability of

the catechol group in the PDA.

The antibacterial activity of PLA-Au@PDA@Ag

nanofibers against both Escherichia coli and Staphylococ-

cus aureus was evaluated by determining the optical den-

sity absorbance of bacterial cell suspensions at 600 nm

(OD600 nm). Escherichia coli (E. coli) and Staphylococcus

aureus (S. aureus) suspensions were treated with PLA-

Au@PDA@Ag nanofibers, PLA, and PLA-Au@PDA

membrane for 2, 4 and 6 h using PLA and PLA-Au@PDA

membranes as the control groups. It was found that both

PLA-Au@PDA and PLA-Au@PDA@Ag nanofibers have

effective antibacterial activity against both E. coli and S.

aureus cells. Moreover, compared with the PLA-Au@PDA

nanofibers, the PLA-Au@PDA@Ag nanofibers showed

significantly greater antibacterial activity through the

in situ AgNPs on the surface of the PLA-Au@PDA@Ag

nanofibers membrane [41]. Additionally, the bacterial

reduction of PLA-Au@PDA and PLA-Au@PDA@Ag

nanofibers also increased with the extension of time.
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Collectively, PDA is a binder for various interfaces and

effective anchoring groups, plays an important role in

promoting the immobilization of AgNPs on PLA-

Au@PDA nanofibers, and improves the hydrophilicity of

PLA-Au@PDA@Ag nanofibers, which facilitates the

release of Ag ions [43].

3.2 Fe3O4 nanoparticles

In recent years, nanostructured magnetic materials have

been widely studied in the fields of nanotechnology

research mainly due to their superparamagnetic property,

which makes them to be easily collected and re-dispersed

under an external magnetic field. Moreover, nanostructured

magnetic materials have many other advantages, such as

the nature of high magnetic saturation, good dispersibility,

and easily modified surface. However, pure nanostructured

magnetic materials easily agglomerate when directly

exposed to biological systems. Many polymers have been

synthesized and used to prevent the agglomeration and

improve the biocompatibility by coating the polymers onto

the magnetic nanoparticles, such as polyaniline [45],

polypyrrole (PPy) [46], and PDA. DA can adhere to almost

all material surfaces through oxidation and self-polymer-

ization under alkaline conditions, which make it a multi-

purpose intermediate layer to modify diverse substrates or

nanostructures in order to endow or enhance certain

specific functions [47]. In recent years, the development of

PDA polymer decorated with magnetic NPs has rapidly

advanced due to the higher degree of designability and

flexibility in structures of PDA [11].

Besides, PDA has numerous functional groups, such as

quinine, amine, and imine, which are beneficial for bonding

metal ions or metal–ligand complexes, thus producing

polymer–inorganic core/shell structures with

adjustable functions [48]. Fe3O4 is one of the most fre-

quently used metal oxides in PDA surface modification. As

a result of the intrinsic magnetism of Fe3O4, the PDA-

modified Fe3O4 NPs can be easily collected and purified

with an external magnetic field.

Yu et al. [2] grafted three-generation dendritic

polyamidoamine G3 (PAMAM-G3) on the surface of

Fe3O4@PDA to prepare multifunctional Fe3O4@PDA@-

PAMAM@NONOates nanocomposites. They modified

PAMAM-G3 and N-diazeniumdiolates (NONOates) onto

the Fe3O4@PDA core, which was used as a photoconver-

sion agent to obtain the multifunctional Fe3O4@PDA

@PAMAM@NONOates nanocomposites (Fig. 2a). Then,

they studied the nitric oxide (NO) release behavior of the

material under different laser irradiation conditions

(Fig. 2c4), and the synergistic antibacterial activity of the

photothermal and NO antibacterial against both Gram-

negative E. coli and Gram-positive S. aureus (Fig. 2d).

They first synthesized Fe3O4 clusters (Fig. 2b) by reducing

FeCl3�6H2O in ethylene glycol in the presence of sodium

acetate and sodium citrate using a one-pot hydrothermal

reaction at 200 �C. Then, PDA was coated on the surface

of the Fe3O4 clusters using a solution oxidation method.

The obtained Fe3O4@PDA nanocomposites displayed a

well-defined core–shell structure (Fig. 2b). They also

investigated the photothermal effects of the Fe3O4 cluster,

PDA NPs, Fe3O4@PDA, and Fe3O4@PDA@PAMAM-G3

in a phosphate-buffered saline (PBS) solution under irra-

diation with an 808-nm laser at a power of 0.5 W�cm-2,

using the PBS solution as a negative control. Noteworthy,

since the PDA coating greatly enhances the photothermal

effect of Fe3O4 clusters (Fig. 2c1), the temperature of

Fe3O4@PDA was increased from 25 to 61.3 �C during

5-min irradiation. They also evaluated the synergistic

antibacterial effect of the photothermal and NO effects

against Gram-negative E. coli and Gram-positive S. aureus

and found that the laser treatment greatly enhanced the

antibacterial activity of Fe3O4@PDA@PAMAM-G3 through

the photothermal effect of Fe3O4@PDA@PAMAM-G3,

Table 1 Summary of polymerization, advantages, and applications of PDA

Refs.

Polymerization Under oxygen-containing conditions, dopamine monomers self-polymerize in an aqueous solution to form
an oligomer, and high molecular weight PDA can be obtained through a cross-linking reaction

[10, 28]

Advantages Simple preparation procedure

Hydrophilicity

Excellent biocompatibility

Abundant active groups for easy functionalization

Strong adhesion to both organic and inorganic surfaces

Outstanding photothermal conversion effect

[4–6]

Applications Construct of nano-/microcomposites

Surface modification to obtain PDA-modified surfaces

[11–14]

[19–24]
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which could rapidly increase the system temperature. The

results in Fig. 2d show that for S. aureus bacteria, the

viability was lower than 40% after laser irradiation.

3.3 SiO2 nanoparticles

Silicon-based bioactive biomaterials, such as bioactive

glass (BG, typical composition: SiO2–CaO–P2O5), have

Scheme 1 Oxidative polymerization of PDA. Reproduced with permission from Ref. [15]. Copyright 2015, Elsevier

Scheme 2 Modified surface with PDA

Fig. 1 Schematic diagram illustrating preparation of PLA-Au@PDA@Ag nanofibers and their antibacterial capacity. Reproduced with
permission from Ref. [73]. Copyright 2019, Elsevier
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been extensively used for bone tissue repair due to their

good biocompatibility, biodegradation, and tissue regen-

eration ability [49]. Monodispersed bioactive glass

nanoparticles (BGNs) have been widely used for

bioimaging, osteogenic differentiation of stem cells, drugs,

and gene delivery for its enhanced biological performance

[50]. Furthermore, nanoscale BG was found to be able to

promote the healing of chronic wounds by enhancing

angiogenesis [50]. Thus, various biodegradable nanocom-

posites based on BG NPs have been fabricated to meet the

increased requirement of tissue repair and regeneration.

Inspired by mussels, PDA has been easily deposited on

the surface of NPs, and the PDA functionalized NPs can be

conjugated with other biopolymers through amidation or

Schiff base reaction. As a result, we can prepare uniform

multifunctional nanocomposites by PDA-based chemical

modification [51].

Zhou et al. [52] developed a multifunctional bioactive

nanocomposite hydrogel (FCB hydrogel, F: F127-e-poly-
L-lysine (FEPL); C: F127-Phe-CHO; B: BGN@PDA)

through the click chemical cross-linking of FEPL, F127-

Phe-CHO, and BGN@PDA. The hydrogel exhibited

excellent self-healing and antibacterial properties against

multidrug-resistant bacteria of skin tumor and wound

healing. The synthesis process and application of the FCB

hydrogel in tumor therapy and wound healing are shown in

Fig. 3. In their strategy, BGN@PDA was designed to

promote skin repair though the photothermal effect of

PDA. Since the high antibacterial activity of EPL had

already been reported, they used FEPL as a bactericide as

well as to form a hydrogel network with F127-Phe-CHO

and BGN@PDA through the Schiff base reaction [53]. The

synthesis, physicochemical properties, and biomedical

applications of the FCB hydrogel were subsequently

investigated. As shown in Fig. 3a, the aldehyde group of

F127-Phe-CHO and BGN@PDA was synthesized by F127-

OTs, 4-hydroxybenzaldehyde, and self-polymerization of

DA on the surface of BGN [54], respectively; the amino

group of FEPL was synthesized by EPL. The FCB

hydrogel was prepared through a Schiff base reaction

between F127-Phe-CHO, BGN@PDA, and FEPL. Addi-

tionally, the in vivo antibacterial activity, NIR-induced

photothermal tumor therapy, and wound healing property

of the FCB hydrogel were also evaluated (Fig. 3a3).

The presence of BGN@PDA endowed the FCB hydro-

gel with an excellent photothermal performance; as a

result, compared with the FCE hydrogel and H2O, the

temperature changes (DT) of the FCB hydrogel were

increased by about 40 �C during 9 min under the same

conditions (Fig. 3b1, b2). The results in Fig. 3b3–b5

demonstrate the excellent anticancer activity of the FCB

hydrogel in vitro through the good photothermal thera-

peutic effect of FCB hydrogel due to the introduction of

BGN@PDA. Additionally, the excellent photothermal

response of the FCB hydrogel was also beneficial to the

antibacterial activity toward E. coli, S. aureus, and

methicillin-resistant S. aureus (MRSA) in vitro and in vivo

(Fig. 3c). The presence of BGNs in the FCB hydrogel

enhanced the wound healing process by stimulating the

formation of collagen and angiogenesis. In summary, the

polypeptide-based nanocomposite hydrogel developed in

this work could effectively promote skin repair and had

excellent photothermal effect against bacterial infection

and skin cancer. Additionally, the FCB hydrogel was

demonstrated to be a promising candidate for anti-infection

and wound healing.

3.4 ZnO nanoparticles

Although ZnO has good antibacterial activity, it is toxic to

cell growth and tissue formation at large concentration, as

high levels of Zn2? induce reactive oxygen species (ROS),

leading to oxidative stress and eventually cell death [55].

The proper amount of zinc, which can stimulate initial cell

adhesion, spreading, proliferation, osteogenic differentia-

tion, bone formation, and mineralization in vitro and

in vivo, was needed on the biomaterial surface [56].

Therefore, it is critical to balance antibacterial activity and

cytotoxicity by controlling the release of Zn2? and gener-

ation of ROS by nanostructured ZnO. PDA has been

widely used in the fabrication of multifunctional organic–

inorganic materials for its excellent biocompatibility,

biodegradation, and hydrophilicity [11, 13, 57]. In addition,

PDA can scavenge ROS and is effective in promoting

adhesion of many types of cells onto different substrates

and can engage and activate integrin adhesion receptors on

cells.

To balance the antibacterial activity and cytotoxicity

ZnO nanorods (NRs), Li et al. [24] designed a hybrid of

ZnO/PDA/RGDC NRs. The balancing mechanism of the

bacteria–osteoblast race on ZnO/PDA/RGDC hybrid NR

array-modified Ti in vivo is schematically illustrated in

Fig. 4a. The ZnO NR arrays were modified by self-poly-

merization of DA and covalent immobilization of the

RGDC peptide, as shown in Fig. 4b1, in which PDA was

used to scavenge ROS generated by ZnO, as well as in

combination with Zn2? to reduce the concentration of

released Zn2? to improve the biocompatibility.

They prepared a uniform and narrow ZnO seed layer

(ZnOs), with an average size of 20 nm prepared by atomic

layer deposition (ALD) (Fig. 4b2). As revealed in Fig. 4b3,

most of the ZnO NRs exhibit hexagonal rods with an

average diameter of 100 nm (indicated by a red circle in

the inset image in Fig. 4b3) growing along the near-per-

pendicular direction to the Ti substrate. The deposition of

PDA covers the ZnO NRs, resulting in the disappearance of
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hexagonal NRs and a relatively rough surface morphology

(Fig. 4b4). ZnO/PDA/RGDC NRs have an average length

of * 2 lm (Fig. 4b5) after covalent immobilization of the

RGDC peptide (Fig. 4b6) whose distribution on the surface

was confirmed by the distribution of sulfur in the elemental

mapping image of Ti-ZnO/PDA/RGDC (Fig. 4b7).

The evaluation of the in vitro and in vivo antibacterial

activity of the hybrid NR arrays against adherent S. aureus

and E. coli by the live/dead (green/red) staining assay

(Fig. 4c1) revealed the antibacterial activity of hybrid NR

arrays. Compared to pure Ti, there are fewer red bacterial

cells on the modified samples, indicating an antifouling and

antibacterial activity of hybrid NRs against S. aureus and

E. coli. As a supplement, the morphology of the adherent S.

aureus and E. coli after incubation for 12 h on the modified

samples became more irregular or distorted compared with

bacteria on Ti, as revealed by the field emission scanning

electron microscopy (FESEM) images in Fig. 4c2. More-

over, the antibacterial activity of Ti-ZnO/PDA and Ti-ZnO/

PDA/RGDC decreased slightly compared to that of the

uncoated ZnO NRs, which is most likely due to that PDA

can bind Zn2? to reduce its toxicity.

They examined the cell morphology, cell adhesion, and

cell spreading activity by staining F-actin fibers and nuclei

with fluorescein isothiocyanate (FITC) and 4’,6-diamidino-

2-phenylindole (DAPI), respectively. As shown in Fig. 4d,

after culturing for 1 day, compared with the poorly spread

cells on Ti-ZnOs and Ti-ZnO, Ti-ZnO/PDA promoted cell

extension and Ti-ZnO/PDA/RGDC showed improved cell

spreading, growth. Additionally, filopodia and lamellipodia

Fig. 2 a1 Synthetic route of Fe3O4@PDA@PAMAM@NONOate; a2 Fe3O4@PDA@PAMAM@NONOate for magnetic separation,
synergistic photothermal, and NO killing of bacteria; b transmission electron microscopy (TEM) image of b1 Fe3O4 clusters, b2 core–
shell Fe3O4@PDA nanocomposites, b3 Fe3O4@PDA@PAMAM-G3, and b4 Fe3O4@PDA@PAMAM@NONOates (scale bars:
200 nm); c1 photothermal effects of different nanomaterials under irradiation of 808-nm laser with a power density of 0.5 W�cm-2; c2
concentration-dependent photothermal effect of Fe3O4@PDA@PAMAM-G3 under irradiation of 808-nm laser with a power density of
0.5 W�cm-2; c3 photothermal stability evaluation of Fe3O4@PDA@PAMAM-G3 with five times laser switch-on and switch-off
treatment; c4 NO release profile of Fe3O4@PDA@PAMAM@NONOate under different laser irradiation conditions; d bacterial viability
of E. coli and S. aureus treated with Fe3O4@PDA@PAMAM-G3 and Fe3O4@PDA@PAMAM@NONOate under different laser
irradiation conditions. Reproduced with permission from Ref. [3]. Copyright 2018, Wiley Online Library
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can be observed in the cells on Ti-ZnO/PDA/RGDC, which

indicates that Ti-ZnO/PDA/RGDC can promote bone cell

adhesion and growth without apparent cytotoxicity.

Xiang et al. [58] developed an injectable hydrogel with

dual-light irradiation with 808-nm NIR light (carbon

quantum dots (CQDs) and PDA shown excellent pho-

tothermal performance with 808-nm NIR light) and

660-nm red light (CQD-decorated ZnO (C/ZnO)-generated

ROS with 660-nm red light). As shown in Fig. 5a, the

hydrogel, named DFT-hydrogel, was formed by the com-

bination of Zn2?with folic acid (FA) and PDA. The DFT-

C/ZnO-hydrogel has a strong photothermal effect and good

photostability (Fig. 5b). Figure 5c reveals that DFT-C/

ZnO-hydrogel possesses highly efficient antibacterial

ability, due to the outstanding photodynamic and

photothermal properties under 660- and 808-nm dual-light

irradiation for the existence of PDA and CQDs.

Biomaterials with proper zinc can stimulate initial cell

adhesion, spreading, proliferation, osteogenic differentia-

tion, bone formation, and mineralization in vitro and

in vivo. Although it has been reported that nanostructured

ZnO has good antibacterial activity, there is obvious

cytotoxicity when a large concentration of Zn2? produces

adverse effects on cell growth and tissue. It is a wise choice

to chelate Zn2? with PDA to form metal–ligand coordi-

nation to control the release of Zn2? and enhance the

biocompatibility.

As mentioned above, PDA has attracted heightened

research interest in various antibacterial nano-/microma-

terials because of its excellent performance. For example,

Fig. 3 a Scheme showing preparation and application of FCB hydrogel in tumor therapy and wound healing. Synthesis route of a1
F127-OTs, FEPL and a2 BGN@PDA, and a3 schematic illustration for the formation of FCB hydrogel and bioapplication.
b Photothermal performance and in vitro anticancer efficiency: b1, b2 real-time infrared thermal images and photothermal heating
curves of FCB hydrogel and controls with NIR irradiation (808 nm, 1.41 W�cm-2); b3 in vitro anticancer efficiency of FCB hydrogel and
controls with or without NIR treatment (808 nm, 1.41 W�cm-2, 10 min); b4 FCB hydrogel under different irradiation durations (808 nm,
1.41 W�cm-2); b5 cytotoxicity of FCB hydrogel and each composite in A375 and C2C12 cells. c Antibacterial activity in vitro and
in vivo: c1 pictures of agar plates and c2 corresponding statistical data of colonies densities of E. coli, S. aureus, and MRSA treated
with different samples; c3 images of MRSA colonies growing on agar plates come from homogenized infected tissues after PBS buffer
(control), ampicillin, BGN@PDA, and FCE and FCB treatments; c4 quantitative bacterial colonies densities; c5 optical images of H&E-
stained tissue sections after treated with PBS buffer (control), ampicillin, BGN@PDA, FCE, and FCB, respectively. Reproduced with
permission from Ref. [112]. Copyright 2019, Wiley Online Library.
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PDA endows nanoparticles with photothermal effect and

prevents the aggregation of nanoparticles to keep original

properties. More than anything, the addition of PDA will

not increase biotoxicity of the composite. Therefore, PDA

provides a novel approach for the construct of nanocom-

posites. The effects of PDA in antibacterial nano/mi-

crostructures are summed up in Table 2

[2, 24, 41, 43–45, 50, 51, 57].

4 Surface modification of PDA

Implant infections and failure of medical devices due to

bacterial adhesion and growth on their surfaces pose seri-

ous public health threats. Therefore, it is of significant

importance to develop antibacterial surfaces that can pre-

vent bacterial attachment and biofilm formation, particu-

larly for biomedical applications. As a result, PDA has

increasingly attracted considerable attention due to its

ability to adhere to various surfaces.

4.1 Stainless steel (SS)

The most common material in orthodontic appliances is

stainless steel (SS), whose surface modification against

bacterial colonization is mainly achieved through passive

resistance and active attack. Passive resistance approaches

include the use of hydrophilic surface against bacterial

colonization by inhibiting bacterial adhesion [59], while

active attack approaches mainly refer to the use of bacte-

ricides aimed at killing bacteria. Currently, PDA-coated

materials are widely prepared by grafting various mole-

cules and polymers on them to obtain materials with

stable and durable surface modification for use in diverse

applications [3].

Lee et al. [60] used PDA as the adhesion layer to pro-

mote the adhesion of the polymer poly(3,4-ethylene-

dioxythiophene) (PEDOT) onto the SS surface. As shown

in Fig. 6a, a zwitterionic poly(EDOT-phosphorylcholine

(PC)) coating with AgNPs was developed to achieve both

antifouling and antibacterial effects, in which AgNPs were

Fig. 4 a Schematic illustration of balancing bacteria–osteoblast competition on titanium modified with ZnO/PDA/RGDC hybrid NR
arrays in vivo. b1 Schematic illustration of fabrication process of the hybrid ZnO/PDA/RGDC NR arrays on Ti; field emission scanning
electron microscope (FESEM) images of b2 Ti-ZnOs, b3 Ti-ZnO, b4 Ti-ZnO/PDA, and b6 Ti-ZnO/PDA/RGDC; b5 cross-sectional
image; b7 elemental mapping of Ti-ZnO/PDA/RGDC (scale bar: 100 nm; inset scale bar: 1 lm). c1 Fluorescent images of stained
bacteria after treatment on various surfaces for S. aureus and E. coli (scale bars: 50 lm); c2 FESEM morphology of S. aureus and
E. coli seeded on various surfaces (scale bars: 100 nm); d fluorescent images of MC3T3-El cells cultured on different samples for 24 h
with F-actin stained with fluorescein isothiocyanate (FITC, green) and nuclei stained with 4’,6-diamidino-2-phenylindole (DAPI, blue)
(scale bars: 50 lm). Reproduced with permission from Ref. [29]. Copyright 2017, American Chemical Society

1 Rare Met. (2022) 41(2):499–518

508 Y.-W. Zhu et al.



reduced from Ag? by PEDOT [61]. They chose PDA as the

first layer due to its strong adhesion capability on the metal

substrate, followed by poly(EDOT-OH) to assist the

adhesion and grafting of the poly(EDOT-PC) layer.

To evaluate the antifouling and antibacterial activity of

the modified SS surface, the bacteria washed from the

surface were cultured on tryptic soy agar (TSA) plates and

the surfaces were stained using the LIVE/DEAD BacLight

Bacterial Viability Kit (Thermo Fisher Scientific Inc.,

Waltham, MA, USA) to observe the bacterium by confocal

laser scanning microscopy (CLSM). Compared with the

other five groups, a significantly larger amount of E. coli

were washed off the SS-DO-OH-PC plate, indicating that

the pathogens were easily washed off from the SS-DO-OH-

PC as a result of the antifouling activity of poly(EDOT-PC)

(Fig. 6b). Meanwhile, both SS-DO-OH-Ag and SS-DO-

OH-PC-Ag were effective against E. coli after incubation

for 3 h, due to the antibacterial activity of Ag? and AgNPs

(Fig. 6c). The CLSM images revealed similar results

(Fig. 6d, e). This study demonstrated the feasibility of a

method developed to form a durable antifouling and

antibacterial nanocomposite coating for SS in orthodontic

appliances through the layer-by-layer deposition of PDA,

poly(EDOT-OH), poly(EDOT-PC), and AgNPs.

Zhang et al. [62] coated PDA on the SS substrate to

improve the adhesion, hydrophilicity, and reactivity of the

substrate, followed by the co-deposited of TiO2–PTFE onto

the PDA sublayer (Fig. 6f). Figure 6g, h indicates that the

TiO2–PTFE-1-coated surface exhibited the lowest bacterial

adherence compared with the uncoated 316L SS surface.

As a result, the combination of sol–gel coating technique

and PDA surface functionalization can improve the

antibacterial and anti-adhesion properties of 316L SS.

SS implants have been designed to provide internal

support to biological tissues and used extensively in dental,

endovascular, and orthopedic surgery. However, the prob-

lem of bacterial attachment and long-term presence of

metal devices in the body is associated with an increased

risk of corrosion and contamination, leading to an increase

in inflammatory responses. Introducing antibacterial agents

using PDA on the surfaces of SS implants is simple and

effective in fighting bacterial infections.

4.2 Titanium implants

Currently, implantable medical devices have been fre-

quently used in the treatment of bone and periodontal

diseases [63]. Titanium implants, due to their benefits,

including corrosion resistance, mechanical strength, and

excellent biocompatibility, account for a large portion of

the market of orthopedic and dentistry implant prostheses.

Unfortunately, patients are increasingly threatened by

implant-associated infection. For instance, after implanted

and exposed to body fluids, titanium materials tend to

absorb proteins and lead to undesirable infection [64]. Even

worse, fouling on the surface of implants may cause the

formation of biofilms, which mainly contribute to the

failure of antibiotics [65]. Consequently, it is of urgent

necessity to decrease bacterial fouling and prevent biofilm

formation [66].

As mentioned above, titanium implants need to be

endowed with antibacterial and antifouling properties. It is

Fig. 5 a Schematic illustration of molecular structure of the hydrogels; b real-time infrared thermal images of different hydrogels under
660- and 808-nm mixed light irradiation; c antibacterial ratio of different hydrogels against S. aureus and E. coli. Reproduced with
permission from Ref. [139]. Copyright 2019, Wiley Online Library
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well known that the traditional antibiotic gentamicin is

indeed effective in fighting against both E. coli and S.

aureus, and polyethylene glycol (PEG) is often used for

antifouling [65, 67]. Accordingly, Zeng et al. [67] designed

and synthesized several branched polymeric agents, indi-

vidually designated as EPEG, GPEG, and GEG (Fig. 7a),

using a one-pot ring-opening reaction of gentamicin with

PEG species in order to simultaneously prevent bacteria

growth and fouling. They obtained GEG from gentamicin

with amino groups and the ethylene glycol diglycidyl ether

(EGDE) with the di-epoxide groups and acquired GPEG

from gentamicin and another di-epoxide compound,

namely polyethylene glycol diglycidyl ether (PEGDGE).

For comparison purpose, EPEG was reacted from

ethylenediamine and PEGDGE, which rendered only

antifouling effect. Then, the polymers were coated on

titanium disks pretreated with PDA.

CLSM and scanning electron microscope (SEM) images

showed the antibacterial and antifouling activity of the

polymer coatings on the surface of titanium disks (Fig. 7b).

Specifically, in the control groups, when S. aureus and

E. coli were incubated with Ti disks or Ti-EPEG, only the

green fluorescence staining can be observed, which

demonstrates that Ti disks alone are totally incapable of

killing bacteria and the gentamicin provides the antibac-

terial activity. In contrast, nearly all the bacteria stained

red, indicating that Ti-GEG and Ti-GPEG have excellent

antibacterial activity. As the live/dead fluorescence stain-

ing images, the SEM images provided the same evidence.

Regular morphology and smooth surface are visible in the

groups of Ti disks and Ti-EPEG, but the antibacterial effect

of Ti-GEG and Ti-GPEG made the membrane collapse and

the shape change in the images of both S. aureus and

E. coli. Moreover, there are fewer bacteria on the surface of

Ti disks containing PEG (Ti-EPEG, Ti-GEG, and Ti-

GPEG). These experimental results compellingly con-

firmed the antifouling activity of the synthesized materials.

To sum up, new capabilities against not only bacterial but

also fouling can be endowed on Ti disks by decorating

functional polymers.

Lee et al. [68] succeeded to connect antibiotics with Ti

surfaces. Based on the carboxyl groups on antibiotics, PDA

existing on the surfaces of Ti tends to offer abundant amino

groups to graft antibiotics. For instance, as shown in

Fig. 8a, at room temperature, ceftazidime (CFT) was fixed

on Ti substrates coated by PDA/polyethyleneimine (PEI)

using chemical reaction. While at 37 �C, because of the

hydrolyzation of the amido bonds, CFT could be released

quickly under acidic condition to realize antibacterial

effect against both Gram-positive and Gram-negative

bacteria. After exposure to bacterial suspension for 24 h,

the antibacterial activities of Ti, Ti-DP, and Ti-DPC were

evaluated by SEM photographs and disk assay. In Fig. 8b,

remarkable inhibiting effect can be observed. This was

mainly attributed to adhesive resistant coating added to the

surfaces, such as PDA and cationic polymer PEI. They are

able to hinder the bacterial colonization and restrain the

formation of biofilm. Owing to the positive charge on PEI,

Ti modified by PEI exhibited slight inhibition, while the

effect of Ti-DPC was the most obvious against whether

Pseudomonas aeruginosa (P. aeruginosa) or S. aureus. In

Fig. 8c, d, compared to the control groups, two kinds of

microorganism were apparently eliminated under the effect

of modified Ti surfaces after 12 h. And the difference

Table 2 Effects of PDA in antibacterial nano-/micromaterials

Kinds of nano-/
micromaterials

Effects of PDA Refs.

AuNPs/AgNPs Inducing chemical reduction of silver and gold ions

Improving hydrophilicity of nanomaterial

Preventing aggregation and suppressing leaching out of nanoparticles to maintain
antibacterial ability

[41, 43]

Fe3O4 Endowing nanoparticles with photothermal antibacterial effect

Preventing agglomeration when directly exposed to biological systems and improving the
biocompatibility

Serving as a versatile platform for Fe3O4 to deposit on surfaces by in situ nucleation

[2, 44, 45]

SiO2 Increasing toughness to use for requirement of tissue repair

Offering photothermal antibacterial effect

[50, 51]

ZnO Controlling release of Zn2? via chelation between PDA and Zn2?, further enhancing
biocompatibility

Reducing amount of ROS produced by ZnO through radical scavenging of PDA

Chelating Zn2? to form metal–ligand coordination and prepare hydrogels to increase
retention on wounds

[24, 57]
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became more evident after 24 h. These data indicated that

CFT was well grafted on Ti hybrids and effectively pro-

hibited bacterial colony growth.

Ti implants, as a kind of the most common instruments,

play an irreplaceable role in modern medical treatment.

However, more and more concerns have been shown to the

discussion of the contamination of Ti implants. Researches

on how to realize antibacterial and antifouling effects and

maintain intrinsic properties really make sense.

4.3 Biomedical catheters

Catheter-related infections (CRIs) are a kind of nosocomial

infections that cannot be neglected due to their high mor-

tality. Patients develop CRIs possibly through the intro-

duction of pathogens in the urinary tract, blood, and lung

tissue. In the clinical treatment, CRIs occur frequently,

which is attributed to the increasingly extensive use of

biomedical catheters (BCs). BCs are irreplaceable in many

medical applications, such as fluid discharging, blood

indwelling, and mechanical ventilation. Connecting the

body with an external complex environment, BCs are prone

to be contaminated by pathogenic microorganisms and

even biofilms [69, 70], which undoubtedly impedes the

utilization of BCs and poses a serious threat to the patient’s

health.

In this exciting research field, Yu et al. [71] developed a

facile and effective strategy for antibacterial and antifoul-

ing coating. Sulfamethoxazole (SMZ) and trimethoprim

(TMP) are two commercial antibiotics, showing powerful

antibacterial effect against both Gram-positive and Gram-

negative bacteria. However, their tendency to sponta-

neously form large particles in aqueous solution limits the

application of SMZ and TMP. Inspired by microcrystalline

drugs, as previously reported [72], these authors trans-

formed SMZ and TMP into crystalline powder in order to

increase their absorption rates. After depositing SMZ and

TMP on the surface of BCs in a form of microcrystal, the

antifouling agent PEG was then added into the system via

Schiff base reaction with PDA, and this created a hydro-

philic environment that is unfavorable for the adhesion of

microorganisms (Fig. 9a) [1, 73]. This preparation method

is simple and efficient, and in this way, the coating on BCs

simultaneously integrated bactericidal activity with

antifouling property. Surprisingly, the combined use of

SMZ and TMP may be expected to decrease bacterial drug

resistance.

SEM and dynamic light scattering (DLS) data revealed

the necessity of preparing microcrystalline SMZ and TMP.

As shown in Fig. 9b1, large blocks can be clearly seen. In

comparison, processed SMZ and TMP particles are not

merely smaller than the original ones but also have more

Fig. 6 a Design of antibacterial and antifouling SS: deposition of polydopamine and poly(EDOT-OH) for adhesion enhancement,
deposition of zwitterionic poly(EDOT-PC) for antifouling of surface, and deposition of silver nanoparticles (AgNPs) for antibacterial
coating; b amounts of E. coli (in colony-forming unit, CFU�ml-1) obtained after washing with PBS and culturing on TSA; c amounts of
E. coli (in CFU�ml-1) in culture medium after incubation for 3 h; d CLSM images after 2-h E. coli adhesion, where prominent green
fluorescence was found in SS and SS-DO-OH groups; e CLSM images after 24-h E. coli adhesion, where only SS-DO-OH-Ag and SS-
DO-OH-PC-Ag groups exhibited scarce green fluorescence. Reproduced with permission from Ref. [142]. Copyright 2019, American
Chemical Society. f Coating process of the TiO2-PTFE on PDA-modified 316L SS; adhesion of g E. coli and h S. aureus to different
samples at different time. Reproduced with permission from Ref. [144]. Copyright 2019, Elsevier
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regular shapes (Fig. 9b2). The ratio of microcrystalline

SMZ and TMP is set at 5:1, which is the optimum ratio in

clinical application. Inhibition efficiencies against two

kinds of pathogens, namely S. aureus and E. coli, are

shown in Fig. 9b3. The minimum inhibitory concentration

(MIC) value of either the microcrystalline drug or the

pristine drug is 512 and 4096 ng�ml-1, respectively,

against S. aureus and E. coli, demonstrating that the

microcrystallization has negligible effect on the antibac-

terial effect. Similarly, the results of the live/dead fluo-

rescence staining assay also indicate the antibacterial

activity of drugs by the higher number of red fluorescence-

stained cells (representing the dead bacterial cells) than the

control group (Fig. 9c). Regarding the other aspect, we

noticed that there was no clear distinction in the number

of bacteria on the surfaces of BC drugs and pristine BC,

while fewer fluorescence bacterial cells on the BC–PEG

drugs surface confirm the effectiveness of PEG. In a

word, the obtained system that connects BCs with PEG

drugs by PDA has excellent antibacterial and antifouling

properties.

4.4 Fabric

With the progress of modern medicine, traditional pure

cotton products have been substituted by medical

Fig. 7 a Schematic illustration of synthetic route of antibacterial and antifouling polymeric agents and their application for surface
functionalization of medical implants; b CLSM and SEM images of S. aureus b1 and E. coli b2 on modified Ti disks. Reproduced with
permission from Ref. [155]. Copyright 2018, American Chemical Society
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nonwoven fabrics due to their advantages, including short

production process, sterilization convenience, outstanding

application versatility, and easy to combine with other

materials [74]. Although the nonwoven fabrics are steril-

ized before use, there is still a risk of serious infection due

to their direct exposure to wounds. Photodynamic therapy

(PDT) is an emerging treatment modality, where a photo-

sensitizer and oxygen generate one or several kinds of ROS

under irradiation. Compared to traumatogenic therapy,

PDT causes minimal traumas, or even noninvasive, which

makes it receive much attention and be applied in clinical

practice. On the basis of the above findings, a coating

sensitizer on medical nonwoven fabrics offers a novel

strategy to prevent and treat microbial infections.

Zhu et al. [75] combined the commercial sensitizer eosin

Y (EY) with quaternary ammonium (QA) to prepare

several innovative cationic polymers (EY-QEGED-R,

R = –C6H13 or –CH3) based on the ring-opening reaction

(Fig. 10a). Then, these compounds were coated on non-

woven fabrics with the aid of PDA to obtain multifunc-

tional systems that achieve synergetic antibacterial and

antifouling effects under light irradiation. As shown in

Fig. 10b, both Gram-negative (E. coli) and Gram-positive

(S. aureus) bacteria can be distinctly destroyed according

to the red fluorescence. The fact that the EY-EGED group

under irradiation shows some dead bacteria confirms the

powerful antibacterial property of PDT, while the EY-

QEGED-CH3 and the EY-QEGED-C6H13 groups without

light irradiation represent the bactericidal activity of QA.

Unsurprisingly, the combined application of PDT and QA

would generate more satisfactory antibacterial data. Simi-

larly, SEM images revealed the bacterial morphological

difference between the variously treated groups. It is sur-

prising though that the nonwoven fabrics coated with PDA

Fig. 8 a Schematic illustration of modification of titanium surface; b SEM images of two kinds of bacterial binding on specimens;
c antibacterial activities by disk assay of Ti, Ti-DP, and Ti-DPC after 24 h; d photographs of viable bacteria after incubation for different
times. Reproduced with permission from Ref. [156]. Copyright 2019, Elsevier
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alone retained more bacteria than the ones coated with

polymers, confirming that the EY-based polymers are stain

resistant to a certain extent.

Inspired by the promising antibacterial results of the

polymer coatings, the authors then developed and used an

experimental model of infected wounds on the dorsal side

skin to determine the availability of materials in vivo

(Fig. 10c). After treatment with S. aureus, some wounds

were covered with modified nonwoven fabrics. Compared

with the treatment groups, the infection group without any

other operation showed larger wound area and more bac-

terial colonies after 14 days. Therefore, this rational design

of wound dressing provides an effective method to inhibit

infection and accelerate healing.

5 Summary and outlook

PDA can be easily produced by the self-polymerization of

DA. Its size, shape, and morphology can be readily

adjusted by controlling the reaction conditions. PDA-based

materials have interesting properties, including good metal

coordination capacity, excellent biocompatibility and

biodegradability, strong quenching effect, and outstanding

photothermal conversion ability. The understanding of

these interesting properties has been used to design more

coating strategies and led to various applications of PDA

in nanomedicine, including antibacterial treatment.

Although in the past few years, an impressive amount of

studies have accumulated on this topic, transferring the

applications of PDA from the research laboratory into real-

world applications seems somewhat unrealistic at this

moment, due to the existence of some major issues that

should be primarily addressed. Moreover, establishing how

to precisely control the PDA deposition on the substrates

will have a profound effect on the construction of func-

tional materials with optimal properties. Additionally,

some crucial issues, such as long-term stability and toxi-

city during the retention of PDA in the organism, should be

taken into account when dealing with its applications in

biology, biotechnology, and medicine. Especially in bio-

medicine-related fields, biomedical applications of PDA

require a detailed understanding of its interactions with

biological system.

Fig. 9 a Schematic illustration of modification route of biomedical catheters and resultant antibacterial characteristics; b1 SEM images
of pristine SMZ and pristine TMP in water; b2 SEM images and size distributions of microcrystalline SMZ and microcrystalline TMP; b3
inhibition efficiencies of antibacterial microcrystalline SMZ-TMP against S. aureus and E. coli, respectively; antibacterial activities of c1
S. aureus and c2 E. coli after 8-h incubation; fluorescence images of live/dead fluorescence staining assay for bacteria cells c1, c2 on
surface and c3, c4 in solution (scale bars: 25 lm). Reproduced with permission from Ref. [160]. Copyright 2019, American Chemical
Society
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In conclusion, the research of PDA has a very bright

future in antibacterial applications due to its ease of use

combined with fascinating properties. Once the afore-

mentioned issues can be successfully addressed in the near

future, we believe that PDA will provide scientists new

tools to overcome long-standing practical scientific

challenges.
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