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A B S T R A C T

Antibiotic resistance is one of the major causes of morbidity and mortality, triggered by the adhesion of microbes
and to some extent the formation of biofilms. This condition has been quite challenging in the health and in-
dustrial sector. Conditions and processes required to foil these infectious and resistance are of much concern. The
synthesis of PDA material, inspired by theMytilus edulis foot protein (MEFP)5 possesses unique characteristics that
allow for, adhesion, photothermal therapy, synergistic effects with other materials, biocompatibility process, etc.
Therefore, their usage holds great potential for dealing with both the infectious nature and the antibiotic resis-
tance processes. Hence, this review provides an overview of the mechanism involved in accomplishing and
eradicating bacteria, the recently harnessed antibacterial effect of the PDA through other properties they possess,
a way forward in tapping the benefit embedded in the PDA, and the future perspective.
1. Introduction

Bacterial infections and antibiotic resistance remain a condition the
health sector still battles globally. This poses a serious threat to re-
searchers, food processing, the marine industry, and the health sector,
one strategy employed by these bacteria to elude conditions set to
eradicate them is by the formation of biofilms. This biofilm can adhere to
surfaces, forming a complex form of community that enables them to
withstand several forms of harsh conditions. They are capable of being
formed on medical implants, catheters, etc. together with other related
medical devices [1,2]. Intriguingly, studies reveal that biomedical
device-associated infections happen to be a major cause of clinical
implant failure, and the idea of dealing with such conditions with a high
amount of antibiotics, which seems to be the remedy is even devastating
to the human body. Consequently, coating implants with antibiotic
eluting materials seems to be one of the best options to prevent the
infection and formation of biofilms [3–6]. One mechanism devised to
overcome this challenge is the painting of surfaces of devices which can
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be said to be a traditional means [7–9]. However, this methodmay not be
safe and reliable since any minimal scratch can still provide a surface for
the bacteria to thrive. These surfaces a very crucial for usage since some
medical devices or implants turned out to lose their functionality
immediately after their surfaces are compromised. And so, the material
that makes up the surface of the device becomes very crucial for the
function and duration of the device since it is the surface that makes
contact with the environment. This calls for a means to deal with such
conditions, because, improvement of the surface is not to improve its
duration alone but to enhance the functionalities [10,11]. Additionally,
in the textile industry, the growth of bacteria is known to result in
product deterioration and other health-related conditions such as body
odor, dermal infections, and other related allergies. Although other
agents that are fungicidal and bactericidal are normally employed, these
agents exist in chemical forms which are normally toxic and
non-biodegradable, they include urea, inorganic salts, onium salts,
organometallic, phenols, thiophenols, etc [12–15]. However, advances in
nanotechnology have chosen to help adjust the function of these
edical Engineering, Wenzhou Medical University, Wenzhou, Zhejiang, 325035,

2022

ticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

mailto:shenjl@wiucas.ac.cn
mailto:jyoon@ewha.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2022.100329&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2022.100329
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2022.100329


Fig. 1. Overview of the antibacterial mechanism of PDA and fabrication of PDA
nanocomposites.
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materials and devices with a zero rate of bacteria adherence through the
surface coating of these devices with materials of controllable thickness.
Dopamine (4-(2-aminoethyl) benzene-1,2-diol), a catecholamine deriv-
ative that mimics the adhesive protein inspired by the Mytilus edulis foot
Fig. 2. (a) Diagrammatic representation of the preparation process for FTCS-PDA/B
Images of FTCS-PDA/BNC membrane following exposure to 1 kW m�2 and 9 kW m
without water on top. (e) Measurement of the photothermal disinfection activity. W
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protein (MEFP)5, which allows its strong adhesion to solid surfaces [16].
Studies show that melanin possesses some optical and electronic prop-
erties [17], and the catalytic process of their generation involves the
catalysation of tyrosine hydroxylation to yield 3,4-dihydrox-
y-L-phenylalanine by the enzyme tyrosinase [18], and dopamine is
capable of forming structures that are equivalent to the natural melanin,
this brings us to the polydopamine (PDA) inspired by the MEFP5 whose
amino acid sequence also reveals the presence of 3,4-dihydrox-
y-L-phenylalanine (molar fraction of 40%) [19–21]. Nanotechnology
development allows the coating of devices and other surfaces with this
PDA, materials that possess these catechol groups to mimic the MEFP5 of
the mussel, allowing adhesion on both inorganic and organic surfaces
through mild conditions, studies show that these dopamine poses hy-
droxyl groups on their ortho positions which allows them to reduce
metals to metal ions [22–24]. Here we outlined the overview of the na-
ture of depositions of the PDA, the mechanism involved in accomplishing
and eradicating bacteria, the recently harnessed antibacterial effect, and
the future perspective of this material, Fig. 1.

2. Mechanism of action

It's worth noting that, small molecules of catechol and proteins of
amine in the presence of alkaline condition (aqueous) and oxygen, allow
dopamine to undergo polymerization to form a polydopamine film that is
thin and adherent, this can then be formed in the varying forms of sur-
faces. PDA which forms on surfaces goes on to prevent the attachment
and growth of bacteria through the seizure of the bacteria nutrient sup-
ply, blocking the process of growth by acting as a barrier between bac-
teria and those surfaces [20,21,25–29]. Intriguingly, this antimicrobial
activity in most cases has been attributed to the benzene ring of
NC membrane. (b) SEM images of BNC and FTCS-PDA/BNC membrane. (c) IR
�2. (d) Changes in temperature for BNC and FTCS-PDA/BNC membrane with/
ith permission, reprinted from Ref. [84]. Copyright 2021 Elsevier.



Fig. 3. (a) Diagrammatic illustration of the fabrication process for PDA/CS/Ag NPs for catheter coating and SEM images of uncoated and PDA/CS/Ag NPs-coated
catheter (b) Fluorescent images of adhered bacteria on uncoated, PDA/CS coated and PDA/CS/Ag NPs coated Ti surfaces following incubation in S. aureus. (c)
S. aureus inhibition halo test (d) SEM images of adhered bacteria on the surfaces of uncoated and PDA/CS/Ag NPs-coated catheters. With permission, reprinted from
Ref. [44]. Copyright 2020 Elsevier.
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dopamine and the formation of local toxic effects by some active groups
formed on the outer membrane of the bacteria cell [30,31]. Which is in
keeping with the fact that the negative impact of the active groups on the
bacterial outer membrane subsequently affects the permeability of the
cell membrane by obstructing components required for the bacteria to
survive. Hence a contributing factor to the intrinsic antimicrobial activity
of dopamine is its ability to effectually eradicate bacteria, microbes,
plankton, or biofilm [30,32,33].

3. Properties

PDA is equipped with several properties, such as hydrophilicity,
biodegradability, photothermal conversion capacity, toughness, high
stability, surface morphology and roughness, and conditions set for ROS
generation, biocompatibility, etc, responsible for their various potentials.
3.1. Hydrophilicity (wettability)

Hydrophilicity will have to do with the sustainability of the liquid-
solid surface contact by a liquid through the balance of intermolecular
force of interaction. Several studies reveal that after PDA coating, the
surface angle of the material reduces indicating a high level of hydro-
philicity. Forte et al. reveal a variation in the contact angle after PDA
deposition but attributed it to the less homogeneity of the composite
sample surface [34,35]. However, the values fall within 50� to 55� when
PDA is normally deposited on a hydrophilic substrate [27,36,37]. Next,
Ti6A14V coated with PDA and some peptides reveals a low contact angle
due to the presence of the PDA [38]. Also, the water contact angle of Ti
coated with PDA decreased significantly from 64 � 2� to 37� 3� [39],
similarly, PDA showed a drastic decline in its water contact angle (less
than 15�) and was associated with the ability of water droplets to
immerse via the gaps between the aggregates of the PDA particles [40,
3

41]. In addition, an uncoated polypropylene (PP) sheet exhibited a water
contact angle of 98.3� but decreased to 62� upon coating with PDA
similar to PDA coating which resulted in a water contact angle ranging
between 50�-70�. The water surface angle does not indicate the hydro-
philicity alone but the surface energy of a substrate and could help to
ensure the effectual evaluation of a surface modification [41–43].

3.2. Toughness and high stability

PDA-coated material can exhibit stability for a long period, and a PDA
composite material exhibited long-lasting stability for more than 30 days.
Non shaken PDA deposition resulted in poor stability and conformity as
those shaken reveal homogeneously thicken PDA film [43,44]. Based on
the thickness and the ability of the coating prepared, a great amount of
H2O2 can be generated. As a way of generation of good orthopedic im-
plants, stability turns out to be one of the key properties required
[45–48]. Furthermore, the stability condition could be determined by the
rate of polymerization which is also dependent on the pH, dopamine
concentration, and oxygen concentration [49–51]. Nonetheless, if the
stability of PDA is somewhat dependent on the pH, then the examination
of this stability can be accomplished, using the surface plasmon reso-
nance, a study revealed that coating stability which was pH-dependent
i.e. based on the pH of the aqueous solution, resulted in a ratio of
detachment up to 66% and 80% under pH of 1.0 and 14.0 respectively.
Therefore, under strongly acidic or strongly alkaline conditions the
aqueous solutions' ionic strength could be increased to check the rate of
PDA detachment [46,52]. Also, a PDA attained a film thickness of about
62.8 nm (thickness plateau) in 72 h and this was associated with the
decrease in oxygen after the formation of the first layer since oxidation
will occur while oxygen is present, and polymerization will also occur so
far as dopamine is not completely consumed [27,36,49,53–55].



Fig. 4. (a) SEM images of the surfaces of TS, TS-M, and TS-M/P/V scaffolds (b) SEM images of TS, TS-M, and TS-M/P/V scaffolds with adhered S. aureus ( � 8000
magnification). (c) Live/dead fluorescent images of S. aureus ( � 200 magnification and 500 μm scale bar) (d) Representation of the biomass of bacteria and biofilm
component of TS, TS-M, and TS-M/P/V. With permission, reprinted from Ref. [48]. Copyright 2018 Science China Materials.
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3.3. Surface morphology and roughness

Normally the surface of PDA becomes rough after deposition (where
dopamine acts as the building block) and this has been associated with
the deposition of an enormous amount of PDA or the film [52,56]. Also,
this condition becomes intense when other nanoparticles are used
together with the PDA. A metal nanoparticle (NPs)/PDA modified sub-
strate will exhibit a great amount of surface roughness and this process
allows for a long-time release of nanoparticles. The relative roughness of
Ti-PDA increased by 427% as compared to the pristine Ti and this con-
dition in most cases correlates with water contact angle [57,58]. Sec-
ondly, PDA/CS/Ag NPs coating was said to have a smooth or improved
surface due to the presence of chitosan (CS) [44]. Lastly, inductively
coupled plasma mass spectroscopy results, revealed a continuous silver
release for Ag coupled with polydopamine. However, the addition of PEG
reduces the rate at which the Ag NPs were released consequently
affecting the morphology of the surface as well [59,60].

4. Dissipation of antibacterial/antimicrobial effect

PDAs themselves can alter several conditions to suit their purpose,
including pH, temperature, dopamine concentration, reaction time, and
more. This just endows them, or the nanoparticles they coat with
biocompatibility, hydrophilicity, biodegradability, photothermal con-
version capabilities, and the ability to generate reactive oxygen species
(ROS), targeting and imaging, chemical processing, light conditions set
by dynamic properties (PDT), anti-inflammatory and regenerative
properties [61–67]. These outlined conditions allow the PDA to accom-
plish an antibacterial effect through the employment of (i) Photothermal
4

property (PTT) for antibacterial effect (ii) synergistical/surface modifi-
cation antibacterial effect (iii) Antibacterial effect from ROS generations.
It's worth noting that, these conditions operate hand in hand to ensure
great efficiency with minimal side effects.
4.1. PDA

Although over time the Au NPs, silver nanoparticles, carbon nanodot,
etc have proven the use of their photothermal property for antibacterial
inhibition, however, the PDA has also emerged as a material endowed
with such capabilities, high photothermal efficiency with facile func-
tionalization, under local hyperthermia to counter antibiotic resistance
bacteria [68–72].

PTT. PDA exhibit some appreciable percentage of photothermal con-
version efficiency with an enormous range of absorption to visible light
and NIR, the photothermal property is an efficient broad-spectrum anti-
microbial approach that can substitute other approaches that trigger
antibiotic resistance [73,74]. Hence, this approach has been widely used
to replace sterilization methods and other antibacterial methods. Accu-
mulating evidence shows that proteins and enzymes are denatured in the
process of killing bacteria at a temperature of 50 �C or higher, also their
metabolism is known to be disordered at this point but at a temperature
below 50 �C, there is a chance of it being repaired but when temperatures
move a bit higher, there is a high possibility of tissues damaged or
inflammation [75–79]. Wu et al. engineered a photothermal membrane
that was made up of PDA and bacterial nanocellulose (BNC) Fig. 2a.
However due to the porous nature of BNC (98%), though possess a high
mechanical strength good biocompatibility and non-toxicity [80–82],
permitted the employment of the PDA, in addition, owing to the light



Fig. 5. (a) Schematic representation of the coating preparation for dual antifouling and antimicrobial activity. (b) Live/dead fluorescent images of adhered E. coli on
unmodified and modified TiO2 (c) Quantitative representation of the number of adsorbed and dead E. coli on the unmodified and modified TiO2 substrate. (d) Plate-
counting assay of S. epidermidis from catheters unmodified and those modified with r-pDA-40 and r-pDA-40-SBAA. With permission, reprinted from Ref. [91].
Copyright 2018 American Chemical Society.
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absorption and photothermal conversion efficiency, biocompatibility,
biodegradability and also the low toxicity they exhibit [83]. With the two
materials together representing a bi-layer exposed to tridecafluoro-1,1,2,
2-tetrahydrooctyl)-trichlorosilane (FTCS) vapor to give FTCS-PDA/BNC
Fig. 2b. Wu et al. proved that the membrane possessed a bactericidal ef-
fect following solar illumination, thus a means for anti-bacterial fouling
and solar disinfection. Infrared camera images (IR) depicted the rapid
increased of the surface temperature of FTCS-PDA/BNC membrane from
~24 �C to ~78 �C and ~256 �C following 10 s and 40 s of exposure to
simulated solar light 1 kW m�2 (~1 sun) and 9 kW m�2 (~9 suns)
respectively Fig. 2c and d. Solar photothermal disinfection examination
exhibited the killing of bacteria in water contaminated with E. coli.
Analysis of FTCS-PDA/BNCmembrane at the unset depicted no inhibition,
until the exposure to light irradiation (1 kW m�2). Also, removal of water
and continuous exposure to irradiation for 10 min revealed the complete
killing of all the bacteria, results were implicated in the SEM images and
fluorescence live/dead staining assay with a membrane containing live
bacteria as green and the dead as red Fig. 2e [84]. Consequently, the gain
of much attention by the PTT of the PDA can be attributed to the low
invasiveness, deep tissue penetration, high selectivity, and promising
antibacterial strategy in the field of nanomedicine [85].

Synergistic effect/Surface Modification. What's more, the act of
combining different antibacterial agents that have antibiotics inclusive
though has been proven to reduce implant-associated infection, still
presents concerns of triggering multidrug resistance, an unsustainable
form of antibacterial activity, and even toxicity [86–89]. PDA-coupled
with chitosan (CS) and silver nanoparticles (Ag NPs) (PDA/CS/Ag NPs)
improved catheters and their antibacterial efficiency, with the successful
coating with the PDA, the coated surface exhibited a somewhat smooth
nature due to the PDA, Fig. 3a. Also, live/dead fluorescent images
implicated the fact that PDA/CS/Ag NPs stepped-up the efficiency for
bacterial or biofilm inhibition Fig. 3b, respectively. PDA/CS/Ag NPs
catheters prove long-lasting stability with superb antibacterial activity
against S. aureus, for more than 30 days in a PBS solution. Additionally,
only a few bacteria were able to adhere to the surface made up of PDA
5

coupled with Cs and Ag NPs. SEM images proved an anti-adhesion effi-
cacy compared to Ti substrate that was uncoated Fig. 3c and d [44]. Next,
SEM images (8000 � ) of Ti6Al4V scaffold (TS), TS with micro-arc oxi-
dization (MAO) (TS-M), and TS, MOA, PDA, and Vancomycin (V)
(TS-M/P/V) Fig. 4a, showed the killing of most numbers of adherent
bacterial by TS-M/P/V Fig. 4b, live/dead assay after co-culturing of
scaffolds for 24 h with S. aureus (1 � 108 CFU mL�1) showed TS-M/P/V
scaffold significantly inhibited bacteria with enormous dead adherent
bacteria compared to TS and TS-M, which revealed the presence of many
bacteria emphasizing the minimal alteration in the adhering process of
the bacteria respectively Fig. 4c. In addition, TS-M/P/V showed a high
percentage, 95.66% of antibacterial efficiency, similarly exhibiting a
remarkable percentage for a reduction in the mature biofilm biomass
(52% & 63%) as compared to the other scaffolds Fig. 4d [48]. Intrigu-
ingly studies have revealed that a high percentage (95%) of subcutaneous
in vivo implants stand the chance of being infected with S. aureus [90].
And so, the formation of a PDA functional basal layer through deposition
triggered by CuSO4/H2O2 with further grafting of zwitterionic sulfobe-
taine acrylamide (SBAA) (r-pDA-SBAA), proved to be antibacterial
effective against E. coli and Staphylococcus epidermis (S. epidermis)
contributing to the reduction in the adsorption rate of bacteria Fig. 5a.
Following a 3hr incubation of a silicone-based urinary catheter to be
tested with a bacterial solution of E. coli, made up of an optical value of
OD670 (0.1), live/dead fluorescent images showed the decline in the
adsorbed bacteria (E. coli) associated with the time of deposition of PDA
Fig. 5b. On the other hand, quantitative data for E. coli and S. epidermis
revealed a drastic decrease in the fraction of adherent and dead bacteria
in groups treated with r-pDA-SBAA over time Fig. 5c. Hence bacteria
adsorption resistance percentage of about 96%, upon examinations of S.
epidermidis colonies from urinary catheters modified with or without the
PDA and SBAA, indicated the extent to which the PDA can disallow the
thriving of bacteria, with r-pDA-40-SBAA suppressing the viability of
bacteria. Fig. 5d [91]. Interestingly, reports suggest that PDA possession
of antibacterial effect does not make it hazardous, until they are activated
via hydration in an aqueous solution to release H2O2, thereby making it



Fig. 6. (a) Diagrammatic illustration of the process involved in eliminating from Ti-M/I/RGD implant, already-established S. aureus's biofilm. (b) Acid etched Ti, Ti-M
SEM images. (c) Images of S. aureus colonies following different treatment Ti, Ti-M, Ti-M/RGD, and Ti-M/I/RGD with the anti-biofilm efficiency. (d) SEM images of the
morphology of bacteria treated with Ti, Ti þ NIR, Ti-M þ NIR (50 �C), Ti-M/RGD þ NIR (50 �C), Ti-M/I/RGD þ NIR (37 �C), and Ti-M/I/RGD þ NIR (50 �C), and (e)
the images of the live/dead staining assay for the S. aureus. With permission, reprinted from Ref. [104]. Copyright 2019 Elsevier.

Table 1
Antibacterial applications of polydopamine.

Material Application Bacterial Strain Mechanism Efficiency (%) Ref

PDA Antibacterial E. coli ROS 100.0% [43]
Antibacterial S. epidermidis ROS 98.90% [43]

PDA Antibacterial E. coli Polymerization Effective [26]
PDA Antibacterial E. coli Contact-killing Effective [41]

Antibacterial P. aeruginosa Contact-killing Effective [41]
Antibacterial S. aureus Contact-killing Effective [41]

PDA Antibacterial E. coli PTT Effective [84]
PDA Antibacterial/Antifouling E. coli Synergism Effective [91]

Antibacterial/Antifouling S. epidermidis Synergism Effective [91]
PDA Antibacterial S. aureus ROS Effective [104]
PDA Antibacterial MRSA Contact-killing Effective [105]

Antibacterial P. aeruginosa Contact-killing Effective [105]
Antibacterial S. aureus Contact-killing Effective [105]
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easier for transport and even storage [43,92].
ROS Generation (see Table 1-4). One of the key mechanisms of

combating bacterial infection is via ROS generation of O2
�─, H2O2, nitric

oxide (NO�), etc. which damages biomolecules of bacterial cells and
eventually leads to cell death. Also, the reaction of H2O2 with some redox
reactive metals through a Fenton/Haber-Weiss reaction could yield hy-
droxyl radicals (�OH) that are more reactive and potentially toxic
[93–99]. Yuan and co-workers developed a coating on a Ti surface
through the immobilization of MPDA Fig. 6a with further conjugation
6

and loading of osteogenic peptides (RGD) and indocyanine green (ICG) to
generate, Ti-M/I/RGD. Characterization of the MPDA revealed a
concentration-dependent temperature change, further irradiation (808
nm laser) for 600 s exhibited an increase in temperature from 28.0 �C to
61.0 �C Fig. 6b. A clear indication of the PDA photothermal conversion
ability. However, evaluation of antibacterial activity in vitro showed a
reduction in the number of bacteria treated MPDA samples following
exposure to NIR with Ti-M/I/RGD (50 �C) inhibition reaching 99.7%
Fig. 5c. Examination of the biofilm efficiency further revealed that the



Table 2
Antibacterial applications of polydopamine/nanoparticles.

Material Application Bacterial
Strain

Mechanism Efficiency
(%)

Ref

PDA/Cu(II) Antibacterial S. aureus Synergism Effective [114]
Antibacterial E. coli Synergism Effective [114]

PDA/Si
NPs

Antibacterial E. coli Contact-
killing

Effective [124]

Ti-Nd-
PDA-Fc

Antibacterial E. coli PTT/ROS >92.00% [134]
Antibacterial MRSA PTT/ROS >95.00% [134]

PDA/Cu
NPs

Antibacterial S. aureus Cu2þ

release
99.90% [142]

PDA/Ag
NPs

Antibacterial S. aureus Agþ release 91.30% [143]

PDA/Ag
NPs

Antibacterial E. coli Agþ release Effective [144]
Antibacterial S. mutans Agþ release Effective [144]

PDA/Ag
NPs

Antibacterial S. mutans Agþ release 99.80% [145]
Antibacterial E. coli Agþ release 97.90% [145]

PDA/Ag
NPs

Antibacterial S. mutans Synergism Effective [146]
Antibacterial E. coli Synergism Effective [146]

Ti/PDA/Ag
NPs

Antibacterial S. mutans Synergism Effective [147]
Antibacterial P.

gingivalis
Synergism Effective [147]

Fe3O4/
PDA/Ag
NPs

Antibacterial S. mutans Synergism Effective [148]
Antibacterial E. coli Synergism Effective [148]

Table 4
Antibacterial applications of polydopamine/other materials.

Material Application Bacterial
Strain

Mechanism Efficiency
(%)

Ref

PDA/Au-Hap Antibacterial E. coli PTT/ROS 96.80% [112]
Antibacterial S. aureus PTT/ROS 95.25% [112]

PNAGA/Au/
PDA

Antibacterial E. coli PTT 98.40% [184]
Antibacterial S. aureus PTT 97.60% [184]

COS/PDA/PU Antibacterial S. aureus Synergism Effective [167]
PDA/
Dextran/
Chitosan

Antibacterial S. aureus Contact-
killing

Effective [187]

PU/PDA-
Hep/CMCS

Antibacterial S. aureus Synergism Effective [199]
Antibacterial E. coli Synergism Effective [199]

CS/PDA Antibacterial S. aureus Synergism Effective [200]
Antibacterial E. coli Synergism Effective [200]

PU/PDA/Cu/
PSBMA

Antibacterial S. aureus Synergism >90.0% [190]
Antibacterial E. coli Synergism >90.0% [190]

Cot/PDA/
SiO2Nþ/
HDTMS

Antibacterial S. aureus Synergism 99.70% [201]
Antibacterial E. coli Synergism 99.90% [201]

Polystyrene/
PDA/Ag
NPs

Antibacterial S. aureus Synergism Effective [202]
Antibacterial E. coli Synergism Effective [202]

PET/PDA/
nHA/Ag

Antibacterial S. aureus Agþ release Effective [203]

N3P3/PDA/
Ag NPs

Antibacterial S. aureus Agþ release 99.99% [204]
Antibacterial E. coli Agþ release 99.99% [204]

Lys/
C4H9NO2/
PDA

Antibacterial B. subtilis Synergism Effective [205]
Antibacterial E. coli Synergism Effective [205]

Colistin/
PDA/Ag
NPs

Antibacterial E. coli Synergism Effective [206]

HA-Cu/PDA Antibacterial E. coli Synergism Effective [207]
Antibacterial S. aureus Synergism Effective [207]

PDA/HAP/
Nisin

Antibacterial S. aureus Synergism Effective [208]
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ROS was required with PTT to effectively eradicate the S. aureus biofilm
and this was confirmed by the in vivo anti-biofilm data Fig. 6c. Conse-
quently, the morphology of the bacteria in Ti-M/I/RGD (50 �C) depicted
the destruction of the structure and cellular integrity Fig. 6d, thereby
staining them with red fluorescence under the live/dead staining assay
Fig. 6e. This approach of ROS generation for antibacterial activity hap-
pens to ensure great efficiency with minimal side effects, and they are
capable of impacting an enormous range of pathogens including multi-
drug resistance bacteria [100–104]..

4.2. PDA/nanoparticle

Nanoparticles such as Ag NPs, Au NPs, Cu NPs, Zn NPs, etc. are much
considered nano-antibacterial agents, However, under some conditions,
these NPs may have their antimicrobial activities reduced, an example is
when Ag nanoparticles aggregate in colloidal solution, also other NPs can
leach off or fall in the process of filtration, or presented with toxicity and
so under these conditions, the NPs are faced with challenges that can
affect their effectual actions [106,107]. However, a condition such as the
employment of nanocarriers or encapsulation with porous templates
presents the nanoparticles with many advantages improving and even
presenting them with improved effectiveness, reduced toxicity, and an
electrostatic attraction to other surfaces and membranes. Intriguingly,
the PDA can present a mesoporous effect and a firm adherence on varying
surfaces through strong intermolecular interactions [108–110].
Table 3
Antibacterial applications of polydopamine/hydrogel.

Material Application Bacterial Strain

Hydrogel/PDA Antibacterial S. aureus
Antibacterial E. coli

CHX/Curdlan/PDA Antibacterial S. aureus
Antibacterial E. coli

PDA/Alg/Fe3O4 Antibacterial S. aureus
Antibacterial E. coli
Antibacterial L. monocytogenes
Antibacterial S. typhi

PEG-PDA Antibacterial MRSA
Antibacterial S. aureus

Hydrogel/PDA Antibacterial S. aureus
Antibacterial E. coli

GT-DA/CS/CNT Antibacterial S. aureus
Antibacterial E. coli

7

PTT. Dopamine is shown to be a catecholamine of low molecular
weight taking the form of an adhesive protein that is capable of under-
going self-polymerization, acting as a binding agent and reductant, PDA
coupled with AgNO3 reduced the Ag þ to Ag0, which was used to combat
bacteria that rapidly grew on a textile surface [111]. Furthermore, Xu
et al. showed that PDA exhibits excellent biocompatibility with latent
photothermal effect Fig. 7a, after coating hydroxyapatite (HAp) and gold
(Au) (Au-HAp) with PDA, (PDA@Au-HAp) through the catalysis of H2O2
Fig. 7b. This proved a great antibacterial efficiency after NIR (808 nm
laser) exposure, with a photothermal temperature increase and a con-
version efficiency of 13.28% Fig. 7c. PDA@Au-HAp þ H2O2 þ NIR
exhibited inhibition of about 96.8% and 95.2% against Escherichia coli
and Staphylococcus aureus respectively Fig. 7d. This also placed some
emphasis on the synergy property of photothermal and catalytic effects
possessed by the PDA@Au-HAp þ H2O2. On the other hand,
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Fig. 7. (a) Schematic representation of the combined activity of photothermal therapy and catalysis for antibacterial effect. (b) Diagrammatic representation of the
synthesis of HAp, Au-HAp & PDA@Au-HAp with their respective SEM for characterization. (c) Changes in temperature with the infrared thermography for HAp, Au-
HAp & PDA@Au-HAp under 808 nm laser irradiation (d) Images of bacteria colonies and antibacterial rates of E. coli and S. aureus following treatment with H2O2,

HAp, Au-HAp, PDA@Au-HAp & PDA@Au-HAp þ H2O2. (e) Examination of the S. aureus infected wound healing after exposure to HAp, Au-HAp, PDA@Au-HAp þ NIR
& PDA@Au-HAp þ H2O2 þ NIR. With permission, reprinted from Ref. [112]. Copyright 2018 Elsevier.
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PDA@Au-HAp showed a percentage of about 46.3% and 23.2% anti-
bacterial effect with Au-HAp exhibiting a weak photothermal effect
Fig. 7d. Assessment of a wound infected with S. aureus depicted that,
wounds recovered following treatment with PDA@Au-HAp þ NIR and
PDA@Au-HAp þ H2O2 þ NIR compared to the other groups, after 10
days Fig. 7e. Nanoparticles with PDA exhibit a remarkable photothermal
conversion efficiency by taking advantage of that to be used against
Gram-positive and Gram-negative bacteria [112].

Synergistic effect/Surface Modification. It's worth noting that, as
wound healing therapy is to impede the bleeding and infection process so
is rapid hemostasis required to step up the closure of wounds and the
generation of tissues [113]. However, some inorganic materials used as
hemostatic materials induce inflammation and thermal damage due to
their highly exothermic nature [114]. Also, clotting of blood that forms in
the wound bed can easily be colonized by bacteria and can become quite
impermeable as well as rendering the use of antibiotics very ineffective.
This calls for materials that are capable of combining antimicrobial
properties with wound healing [115–117]. Lin and colleagues developed
and studied four nanomaterials; melanin, PDA, Cu(II) loaded melanin,
and Cu(II) loaded PDA Fig. 8a and b. Although, soluble copper ion is
8

capable of ROS generation, respiration inhibition, and DNA damage for
the killing of bacteria, the great toxicity that they possess calls for a
chelating agent to neutralize the toxic effect [118–120]. Using the
melanin and PDA to chelate copper ions under acidic conditions, evalu-
ation of the antibacterial efficiency of the various materials reveals the
excellent bactericidal effect for the Cu(II) loaded PDA NPs compared to
the other NPs with Ampicillin as control, having a minimum bactericidal
concentration (MBC) which was as low as 16 μg mL�1, Cu(II) loaded PDA
depicted an excellent bactericidal effect Fig. 8c. However, further
investigation showed that, although Cu(II) ion had its constituent con-
centration of Cu(II) loaded PDA (16 μg mL�1) to be 0.072 μg mL�1, the
MBC for the Cu(II) ion alone was noticed to be 0.144 μg mL�1, which was
more than the Cu(II) ion constituent in the composite structure of Cu(II)
loaded PDA, indicating the synergistic bactericidal effect. Accordingly,
Cu(II) loaded PDA exhibited a greater bacterial effect in S. aureus
compared to E. coliwhich was attributed to the cell structure. Also, Cu(II)
loaded PDA depicted strong red fluorescence indicating an effective
antibacterial property although the PDA and Cu(II) loaded melanin also
showed some sort of red fluorescence Fig. 8d. Next, SEM images depicted
the presence of ruptured membranes in the PDA, Cu(II) loaded melanin



Fig. 8. (a) Schematic illustration of the fabrication of PDA, melanin, Cu(II) loaded PDA, and Cu(II) loaded melanin nanoparticles for antibacterial activity. (b) SEM and
TEM images of melanin, PDA, Cu(II) loaded melanin, and Cu(II) loaded PDA nanoparticles. (c) The E. coli and S. aureus inhibition efficiency of ampicillin, PDA, Cu(II)
loaded PDA NPs, melanin, Cu(II) loaded melanin NPs and CuCl2, and (d) the corresponding live/dead fluorescent images. (e) Wound healing assessment for S. aureus
infected wound, with PDA, Cu(II) loaded PDA nanoparticles within 14 days. With permission, reprinted from Ref. [114]. Copyright 2021 The Royal Society
of Chemistry.
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and, Cu(II) loaded PDA. Intriguingly, the PDA antibacterial effect is said
to be dependent on amine or the hydroxyl groups on their surface, the
PDA positive charged amine is capable of causing bacterial lysis upon
contacting bacterial cell walls, proving that the nucleophilic hydroxyl
groups are capable of destroying bacterial membrane [41,121,122]. On
wound healing, Cu(II) loaded PDA exerted much antibacterial effect.
After 7 days the reduction in the infected wound size was equivalent to
that of an uninfected wound indicating how PDA aided in infection
prevention and also wound healing Fig. 8e [114]. Hence PDA
9

improvement of the antimicrobial performance of Cu through a syner-
gistic effect as well as the reduction of the toxicity. The catechol of PDA is
capable of being adsorbed during bleeding to cause a sealing effect and
capable of activating the coagulation system, preventing bleeding, in-
fections and allowing effective wound healing [123,124]. Next, PDA
nanoparticle and Ag nanoparticles coatings were fabricated, endowed
with stability and long-term super hydrophilicity effect, exhibiting a
great antibacterial effect against S. aureus and P. aeruginosa Fig. 9a and b.
Zone of inhibition of PDA/Ag showed a circular bacteria-free zone of



Fig. 9. (a) Schematic illustration of the fabrication of the super hydrophilic coating of PDA with Agþ, with the antithrombotic and anti-infection. (b) Image of the PVC
been coated with the PDA before and after with the coating morphology's SEM images. (c) Zone of inhibition for S. aureus and P. aeruginosa. (d) Live/Dead staining of
adherent bacteria. (e) Adherent bacteria count for S. aureus and P. aeruginosa. With permission, reprinted from Ref. [125]. Copyright 2020 Elsevier.

Fig. 10. (a) Schematic representation of the fabrication process of Ti-Nd-PDA-Fc. (b) SEM images of Ti–Nd, Ti-Nd-PDA, and Ti-Nd-PDA-Fc (c) Graphical representation
of H2O2 generations for a specific time under a pH 7.4. (d) Images and quantification of MRSA and E. coli colonies treated with Ti–Nd, Ti-Nd-PDA, Ti-Nd-PDA-Fc, and
Ti-Nd-PDA-Fc þ NIR under an acid and neutral environment (e) SEM images of the MRSA and E. colimorphology on substrates of Ti, Ti–Nd, Ti-Nd-PDA, Ti-Nd-PDA-Fc,
and Ti-Nd-PDA-Fc þ NIR. (f) In vivo antibacterial test of MRSA infected wound, quantification and colonies of MRSA after treatment with Ti, Ti–Nd, Ti-Nd-PDA, Ti-Nd-
PDA þ NIR, Ti-Nd-PDA-Fc, and Ti-Nd-PDA-Fc þ NIR. With permission, reprinted from Ref. [134]. Copyright 2020 American Chemical Society.

X. He et al. Materials Today Bio 15 (2022) 100329

10



Fig. 11. (a) Schematic representation of the synthesis of CP hydrogel and the synergistic antibacterial effect for periodontal therapy (b) SEM images of CP0, CP1, CP2,
and CP3. (c) Photothermal changes, temperature based on NIR densities, and infrared thermography (d) Antibacterial assessment with CP3 alone with laser and CP3,
CHX and CHX@CP3 with/without NIR irradiation against S. aureus. (e) Fluorescent staining and SEM images of live and dead S. aureus. With permission, reprinted
from Ref. [161]. Copyright 2020 Elsevier.
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diameter (5.15 cm and 4.24 cm) in the S. aureus and P. aeruginosa
respectively Fig. 9c, also the live/dead staining images depicted a sig-
nificant reduction in the adherent bacteria compared to the other sur-
faces that indicated high susceptibility to the S. aureus and P. aeruginosa
Fig. 9d and e [125]. Studies reveal that super-hydrophilic coating can
effectively prevent protein adhesion, maintaining adhesion proteins'
native conformation thus their good biocompatibility and the
low/non-fouling properties [126,127].

ROS Generation. Oxidation of catechols by air ends up yielding H2O2
and O2

�─. This condition enables the PDA to scavenge some radicals'
species together with reducing inflammation induced by ROS [128–131].
Also, because the PDA nanoparticles can be redox-active the catechol
moieties are capable of donating electrons to O2

�─ for H2O2 generation
[43,132–134]. Studies reveal that the increment in H2O2 generation was
somewhat dependent on the concentration of dopamine after samples
with double coated PDA revealed significantly higher forms of H2O2
compared with those with single depositions of dopamine [41,43,131,
135,136]. Song and co-workers generated TiO2 nanorod (Ti–Nd) for a
nanostructured surface via a hydrothermal approach followed by the
coating with PDA, and functionalization with iron (Fe) containing
ferrocene (Fc) (Ti-Nd-PDA-Fc), hence polydopamineferrocene
(PDA-Fc)-functionalized TiO2 nanorods (Ti-Nd-PDA-Fc) Fig. 10a–b. H2O2
11
generated from the composite Ti-Nd-PDA measured via an enzymatic
colorimetric assay with a dye (Amplex Red) indicated the highest amount
of H2O2 concentration which was in keeping with the composite struc-
ture's higher donateable electron to oxygen thus their ability to generate
more H2O2 Fig. 10c. Substrates contaminated with E. coli and
methicillin-resistance Staphylococcus aureus (MRSA) incubated for 8 h
showed that substrates treated with Ti-Nd-PDA-Fc resulted in almost a
complete eradication of bacteria under mildly acidic conditions. Upon
treating the substrates with Ti-Nd-PDA-Fc þ NIR, the plate did not show
much difference and this was evident in both the E. coli and MRSA
Fig. 10d. SEM images implicated the results from the plate after treat-
ment of bacteria with Ti, Ti–Nd, Ti-Nd-PDA, Ti-Nd-PDA-Fc, and
Ti-Nd-PDA-FcþNIR which revealed that treatments with inhibition have
bacteria surface damaged compared to those in other groups like the Ti
with smooth bacteria surfaces Fig. 10e. Also, biofilms were formed on the
substrate following contamination except for Ti-Nd-PDA-Fc þ NIR sub-
strates. In vivo antimicrobial assessment indicated the presence of an
antimicrobial effect for Ti-Nd-PDA-Fc but, enhanced after irradiation
(Ti-Nd-PDA-Fc þ NIR) Fig. 10f. In effect, PDA is capable of generating
ROS which can be converted to a more reactive radical, its photothermal
property allows for temperature increase and rapid generation of �OH
[134]. ROS which includes H2O2, NO�, and O2

�─ for some time now has



Fig. 12. (a) Schematic illustration of the preparation and application of XKP nanocomposite hydrogels. (b) SEM images of XK and XKP with high magnification image
of XKP. (c) Photothermal effect and temperature change curves with photothermal images for XK containing varying concentrations of PDA. (d) Images of E. coli and
S. aureus colonies following treatment with XK and XKP with the corresponding fluorescent images of the live/dead assay. (e) Representation of bacteria-infected skin
wound with the size and area after treatment with PBS, XK, and XKP. With permission, reprinted from Ref. [160]. Copyright 2021 Elsevier.
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drawn attention when it comes to the fight against bacteria since reports
indicate that some ROS has high potential with minimal toxicity [103].
Accordingly, some of these ROS can be controlled one way or the other
through activation by varying stimuli such as temperature, pH, etc
[137–141].
4.3. PDA/hydrogel

Hydrogels are interconnected polymer chains that form a 3D porous
material, with high water content some features which are crucial for
their antibacterial activity are their porosity and hydrophilicity charac-
teristics [149–151], however, studies indicate that the careful selection
of the monomers and crosslinkers can help make this characteristic
desirable. Also, reports indicate that their stability, biocompatibility,
biodegradability, mechanical strength, and degree of porosity are all
tunable. Although some possess inherent antibacterial property, a syn-
ergistic hydrogel can be produced, coupling its characteristics with that
of the PDA which equally exhibit effective antimicrobial activity
[152–156].

PTT. Althoughwound dressing serves as a means of promoting wound
healing the current state of drug resistance and wide infection doesn't
present it as direct means of wound healing. And so, the use of bandages,
gauze, cotton, etc may have provided and contributed a lot in terms of
wound healing [157–159], over time the rate of bacteria evolution does
not allow these materials to be fully relied on as the main material for
wound healing. Also, with how they become tightly attached to the
surface on which they are used, due to their lack of elasticity, some easily
fall off after a short time [160]. This calls for the development of mate-
rials that will employ elasticity and dissipate antibacterial resistance
conditions. Tong and co-workers synthesized curdlan hydrogel with
about 4 mg/mL PDA (CP3) with further additions of acetate CHX
(CHX@CP3) Fig. 11a–b, based on the fact that PDA would play a crucial
role in photothermal ability, morphology, and physiochemical charac-
teristics improvement. Pure curdlan exhibited no thermal effect, how-
ever, the composite hydrogels with PDA displayed heat, recording a
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highestΔt zenith of more than 40 �C for NIR density (2W cm�2) Fig. 11c.
Also, on the rate of bacterial killing, CHX@CP3þ NIR presented average
bacterial cell viability of 0.47%, although CHX@CP3 groups without
laser exhibited some inhibition but not as compared to CHX@CP3
laser-treated Fig. 11d. The role of NIR irradiation emphasized the exer-
tion of the bactericidal effect of the CHX@CP3. Fluorescent staining
showed an increase in the red fluorescence for the CHX@CP3 as
compared to the other treatments which were green. This result was in
keeping with the SEM results for the examination of the bacterial
S. aureus morphology Fig. 11e [161]. Consequently, all these correspond
to the fact that the PDA influenced the composite to some extent in the
aspect of stabilized photothermal effect for the improved bactericidal
outcome. Also, Zeng and colleagues fabricated a nanocomposite hydrogel
(xanthan gum and konjac glucomannan) doped with PDA (XKP) Fig. 12a.
Since PDA has an excellent photothermal conversion efficiency and light
absorption capacity, good compatibility with easy fabrication. SEM and
TEM images showed the relative uniformity of PDA, the smoothed sur-
faced XK, and the dotted representation of PDA in XKP Fig. 12b [112,162,
163]. Fabricated XKP0.5, XKP1& XKP2 exhibited effective photothermal
properties following 10 min exposure to 808 nm NIR laser which
revealed an increase in temperature to the concentration of PDA present
(0.5, 1, and 2 mg/L) Fig. 12c. The temperature difference based on the
concentration of PDA allowed for the selection of XKP since its temper-
ature was 59.9 �C which exceeded the 50 �C consequently proving a
chance of bacteria inhibition. Reports indicate that above 50 �C bacteria
happen to be killed through protein and enzyme denaturing [164,165].
In vitro antibacterial evaluation of XKP showed inhibition of 98.12% and
96.64% for E. coli and S. aureus respectively following 10 min of NIR
irradiation. Examination of bacteria with SYTO 9 and propidium iodide
(PI) revealed a red fluorescence for XKP as a result of the presence of dead
bacteria, this was implicated by results from SEM which showed
disruption and damages in the morphology, hence the ability and pos-
sibility of preventing bacterial infections through the photothermal
therapy Fig. 12d. Also, results from in vivo were in keeping with what
was evident in the in vitro, where a bacteria-infected wound, revealed



Fig. 13. (a) Schematic illustration of the fabrication of PDA/Alg/Fe3O4 (K3) beads. (b) HR-TEM, lattice fringes, and SAED images of PDA/Alg/Fe3O4 and (c) images of
the prepared K1, K2, and K3 beads. (d) Bacteria inhibition efficiency based on the concentration of prepared K1, K2, and K3 beads after 12 h. (e) Variation in
fluorescent of P⋅I for varying bacteria and a control. With permission, reprinted from Ref. [170]. Copyright 2019 The Royal Society of Chemistry.
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XKP ability to significantly treat the infected wound without inflamma-
tion Fig. 12e [160]. Hence, the PDA effect can easily allow for the
dissipation of antimicrobial activity through photothermal NIR
irradiations.

Synergistic effect/Surface Modification. Matai employed a magnetic
hydrogel bead which was PDA functionalized through the immersion of
the magnetic hydrogel beads in DA (mild alkaline solution) thus the
functionalization with PDA Fig. 13a. In comparing PDA/Alg/Fe3O4 beads
(K3) to alginate hydrogel (Alg) beads (K1) and Alg/Fe3O4 beads (K2) for
their antibacterial activity Fig. 13b–c, K3 tremendously decreased E. coli,
S. typhi, S. aureus, and Listeria monocytogenes (L. monocytogenes)
growth which was concentration-dependent compared to K1 and K2,
with K1 rather allowing for the growth of E. coli as the K2 did not render
any change in the bacteria. Consequently, the effectiveness of the K3 was
attributed to the PDA, studies indicate that PDA granules are capable of
up-surging surface irregularities for attachment, build up, and killing of
bacteria [41,166,167]. Information from the bacteria growth kinetics
further implicated the action of the K3 beads in the effective killing of
13
bacteria which was time-dependent Fig. 13d. Also, further works reveal
the death of bacteria was due to the loss of their membrane integrity after
the membrane integrity assay displayed the fluorescent intensity of PI
dye following their penetrations into the membrane of damaged and
slightly damaged bacteria Fig. 13e. PI is capable of penetrating such
membranes other than those unaffected or intact membranes [168–170].
Thus, exposure to K3 resulted in the loss of membrane integrity and
subsequently bacterial cell death. PDA can be modified to improve its
antioxidant property, although an increased dose of it is capable of
inducing toxicity, there can be ways and means to make these conditions
and processes possible [171–173].

ROS Generation. Pathogens can have their physiological process
hampered by ROS, through the exertion of oxidative stress against the
cell membrane, consequently yielding to the damage of nucleic acids,
protein, or cellular components [174]. For the convenience of the open
wound treatment, sprayable hydrogels with some features such as mixing
efficiency and adequate atomized droplet to tissue contact etc were
examined by Sun, however, another concern was the equipping of the



Fig. 14. (a) Schematic representation of the preparation and uses of the PEG-PDA (b) SEM images of PEG-PDA. (c) Images of the E. coli and MRSA colonies following
18 h of incubation with the SEM images representing the bacterial morphology. (d) Images of the E. coli and MRSA colonies following treatment PEG-PDA þ catalase
and PEG-PDA with/without NIR (808 nm, 6 min) incubated for 1 h with the SEM images of bacterial morphology. (e) In vivo wound treatment with PEG and PEG-PDA,
plating of fluid from the wound and the MRSA bacterial colonies count and histogram. With permission, reprinted from Ref. [177]. Copyright 2020 The Royal Society
of Chemistry.
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sprayable hydrogel with an inherent antibacterial feature due to
inflammation and infection. Eventually, Sun and co-workers fabricated a
sprayable antibacterial hydrogel endowed with PDA (PEG-PDA)
Fig. 14a–b. As previously mentioned, the PDA is capable of donating an
electron to O2 for H2O2 generation, and with their equipped amino acid
groups, they easily combine with varying materials exhibiting their
biocompatibility and providing an antibacterial effect [175,176]. Char-
acterization of the ROS generated showed that autoxidation of the PDA
NPs in an oxygenated environment will subsequently result in the con-
version of catechol to quinone, further allowing the transfer of electrons
in the polyphenol to the oxygen for H2O2 generation, hence the release of
the ROS (H2O2). Also, based on the reduced-PDA (rPDA) in the PEG-PDA
hydrogel content, ROS was generated continuously in an increasingly
(100, 130, 175) μM manner according to the increasing re-PDA con-
centration for 18 h compared to those with oxidized PDA, exposure to
NIR (808 nm, 1.5 W cm�2) for 10 min indicated a further rise from 8 to
14
70 μM of H2O2. PEG-PDA (re) hydrogel groups once again, were marked
with antibacterial inhibition efficiency of 98.9% and 97.9% against the
MRSA and E. coli respectively after 18 h, this action was impeded upon
the addition of an H2O2 quenching agent. Hence, outcomes could be
attributed to the ROS generations. SEM results depicted the damaged
morphology of bacteria which were in keeping with the aforementioned
results Fig. 14c. Also, exposure to NIR revealed a moderate killing of
bacteria in PEG-PDA (re) groups which was further implicated by the
SEM images Fig. 14d. In vivo antibacterial assessment showed a rapid
wound healing through rapid gelation and tissue adhesion with a great
antibacterial effect for PEG-PDA (re) and much strong for PEG-PDA (re)
þNIR following the dilution and plating of fluid from the wound Fig. 14e.
Although the level of H2O2 generation ceases to increase after NIR
exposure at the varying stages this was attributed to the fact that phenolic
hydroxyl groups of the PDA were completely consumed [177].



Fig. 15. (a) Diagrammatic illustration of the synthesis of MM-PNAGAAu@ PDA for antibacterial activity. (b) Temperature changes for SMM-PNAGA and SMM-
PNAGA þ varying concentration of Au@PDA under 808 nm (2 W cm�2) laser irradiation, a test with different laser powers, and the infrared thermography. (c) SEM
images of E. coli and S. aureus following exposure to E/SMM-PNAGA þ NIR, and E/SMM-PNAGA-Au@PDA þ NIR. (d) In vivo wound healing activity assessment for
S. aureus infected wound. With permission, reprinted from Ref. [184]. Copyright 2020 Elsevier.
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4.4. PDA/other materials

The PDA via varying covalent and other non-covalent interactions can
be coated or conjugated with organic or inorganic materials which
include graphene oxide, magnetic nanoparticles, glass beads, etc. Also,
the PDA particles can solely be used in the removal of organic pollutants
and heavy metals [180–183].

PTT. Furthermore, Li et al. revealed that hardly was there a temper-
ature rise among some hydrogels mounted and therefore attributed that
to lack of Au coupled with PDA (Au@PDA), following the synthesis of N-
acryloyl glycinamide (NAGA) mixed with Au@PDA (PNAGA-Au@PDA)
which has E. coli and S. aureus pre-treated-macrophage membranes
coating (E/SMM-PNAGA-Au@PDA) Fig. 15a. The exposure of SMM-
PNAGA-Au@PDA-30 to NIR (808 nm, 2 W cm�2) displayed remarkable
color change, indicating the presence of excellent photothermal perfor-
mance Fig. 15b, subsequently, NIR laser irradiation of hydrogel (EMM-
PNAGA-Au@PDA & SMM-PNAGA-Au@PDA) resulted in an effectual
bacterial killing at a percentage of 98.4% against E. coli and 97.6%
against S. aureus respectively Fig. 15c. Meanwhile, their counterpart
lacking the Au@PDA couldn't exhibit such an effective antibacterial yield
of a near-total bacterial kill. And this phenomenon was equally observed
in live/dead staining images of bacteria treated by the various hydrogel
containing the Au@PDA. Also, examination of the S. aureus infected
wound healing revealed a healing ratio of about 84.7% for SMM-PNAGA-
Au@PDA þ NIR after 12 days, results after the 3 days showed no serious
infections unlike the other groups Fig. 15d [184]. Thus Au@PDA func-
tionally equipped the various hydrogels with a photothermal effect.

Synergistic effect/Surface Modification. Reports indicate that
phenolic quinone regulation with stronger reductants can enhance the
antioxidant property of the PDA. Also, the supply of the poly-catechol
group with electrons from a stronger reducing agent can be later trans-
ferred to the oxidant, in a sense of reduction of the catechol (QH2) for
improved antioxidant properties and enhanced wound healing aside
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from the antibacterial activity [132,185]. Fu and co-workers synthesized
a reduced PDA (rPDA) with oxidized dextran/chitosan hybrid hydrogels
Fig. 16a. The antibacterial activity revealed an obvious indication of
bacterial inhibition exhibited by rPDA incorporated polysaccharides
hydrogels depending on the concentration of rPDA present, with
GelNP-05 which had the highest concentration of PDA depicting a
greater area of bacteria inhibition Fig. 16b. Application of the GelNP-05
on the surface of infected pig skin reduced the S. aureus presence to a
small amount compared to the infected skin treated with saline solution
Fig. 16c. Also, cells incubated with 50 μM H2O2 and after being treated
with PDA containing hydrogel samples showed improved cell viability
due to the PDA, since an enormous amount of H2O2 could have resulted
in oxidative stress and further destruction of cells Fig. 16d. Next, moni-
toring of the healing of the infected wound for 15 days showed complete
healing with a small scar following the treatment with GelNP-05 with
control groups still indicating the presence of a wound. GelNP-05 was
able to aid in the accumulation and modification of the collagen fibers
together with many vessels around the wound Fig. 16e. Hence, GelNP-05
was said to enable the inhibition of bacterial infection together with the
protection of cells at the wound site from oxidative stress damage.
Intriguingly, as reports suggest that PDA's antibacterial activity might
result from the phenolic hydroxyl group, under this condition ascorbic
acid can also, reduce quinone structure to phenolic hydroxyl, subse-
quently contributing to an excellent antibacterial effect [186,187].
Lastly, the antifouling and antibacterial property of polyurethane (PU)
was improved after PDA and poly-(sulfobetaine methacrylate) (PSBMA)
co-deposition to give PU/PDA (Cu)/PSBMA Fig. 17a. Antibacterial ex-
amination against E. coli and S. aureus showed decreased colonies for
PU/PDA (Cu) and PU/PDA (Cu)/PSBMA, unlike other PU materials.
Results from the examination of live/dead assay were in keeping with the
results evident from the colonies of E. coli and S. aureus, an effective
display of anti-fouling and antibacterial activity Fig. 17b. Also, SEM
images revealed the dead bacteria in the PU/PDA (Cu) and PU/PDA



Fig. 16. (a) Optical and SEM images of GelNP-0, GelNP-025, GelNP-01 & GelNP-05. (b) Antibacterial assessment of GelNP-01 & GelNP-05 with the SEM images of
adhered S. aureus. (c) Invitro skin disinfection test, with S. aureus infected skin, treated separately with saline solution and GelNP-05. (d) Cell viability and live/dead
staining assay after incubation with 50 μMH2O2 (e) Wound healing assessment for S. aureus infected wound, diameter, and the wound area statistics. With permission,
reprinted from Ref. [187]. Copyright 2021 Elsevier.
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(Cu)/PSBMA treated groups Fig. 17c. Though PU/PDA (Cu)/PSBMA
displayed more antibacterial activity against E. coli compared to the
S. aureus which was attributed to the fact that Gram-positive and
Gram-negative bacteria wall compositions happen to be different from
each other. Results from S. aureus infected wound implicate earlier re-
sults from the PU/PDA (Cu) and PU/PDA (Cu)/PSBMA Fig. 17d
[188–190]. PDA though able to elicit H2O2 upon activation can equally
be combined with other antibacterial agents to kill bacteria on surfaces,
considering their durability and biocompatibility, hence providing the
active site for another antibacterial agent to function.

ROS Generation. PDA's O-quinone and O-hydroquinone groups serve
as the elementary point for PDA to be either semi-oxidized or reduced,
thus allowing the PDA the ability to scavenge for ROS in its environment
[50,191,192]. Although ROS itself can be considered as the by-product of
metabolism and also crucial for physiological processes which include
intracellular signal transduction etc., an excessive amount is capable of
inducing lipids, protein, and cellular damages [193–195]. Xiang and
co-workers fabricated an injectable folic-acid conjugated PDA hydrogel
with carbon quantum dots/ZnO(C/ZnO) to give DFT-C/ZnO hydrogel
Fig. 18a., as the CQDs and PDA exhibit their photothermal and ROS
generations properties for rapid bacterial eradication Fig. 18b. Conse-
quently, the photothermal effect and reactive ROS generation assay
showed an increase in temperature and even the good temperature sta-
bility of DFT and DFT-C/ZnO–hydrogels under 808 nm, 15 min after
assessing the cycles Fig. 18c. Although earlier exposure to the red light
(606 nm) yielded no effect. Furthermore, an examination of the ROS
16
with, 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA), a ROS fluo-
rescent probe under mixed light irradiation showed
DFT-C/ZnO–hydrogels generation of an enormous amount of ROS. Also,
in vitro antibacterial test indicated that DFT-C/ZnO–hydrogels under
mixed-light, 15 min displayed a near-complete (99.9996% and
99.9998%) eradication of the S. aureus and the E. coli respectively
revealing how the composite material was endowed by their photo-
thermal property and ROS generations ability for the bacterial inhibition
as this was evident in bacterial morphology from the SEM images
Fig. 18d [196]. A clear indication of the fact that NIR irradiation is
capable of motivating ROS generation for subsequent destruction of the
bacteria membrane integrity and death [104,197,198].

5. Impact of coating and shaking on the PDA antibacterial effect

PDA can be prepared by shaking and this has proven to result in
nanoscale surface roughness thus providing the surface area for oxi-
dization and release of H2O2 further enabling the atmospheric exchange
of oxygen [36,41]. Also, shaken PDA samples have been shown to possess
higher content of (Nitrogen) N, hence a lower N/C ratio compared to
their unshaken counterpart with equivalent PDA composition [27,43].
Conversely, coating with PDA can be done either in one step which in-
volves a single layer, or a two-stepwhich results in a double layer. Studies
indicate that the initial step enables the stabilization of the base layer
while the second or last step enables the adhesion of dopamine to pre-
vious PDA which can further enable the effective generation of H2O2 [41,



Fig. 17. (a) Diagrammatic representation of PU/PDA (Cu)/PSBMA antibacterial and antifouling effect. (b) Antibacterial activity against E. coli and S. aureus and the
fluorescent images of the live/dead assay following treatment with PU, PU/PDA, PU/PDA/PSBMA, PU/PDA (Cu), and PU/PDA (Cu)/PSBMA (c) SEM images of
different magnification showing the anti-adhesive effect of PU, PU/PDA, PU/PDA/PSBMA, PU/PDA (Cu) and PU/PDA (Cu)/PSBMA (d) images S. aureus infected
wound treated with PU, PU/PDA, PU/PDA/PSBMA, PU/PDA (Cu) and PU/PDA (Cu)/PSBMA (arrow indicates the pus), with LB plate containing S. aureus present in
the pus after treatment with PU, PU/PDA, PU/PDA/PSBMA, PU/PDA (Cu) and PU/PDA (Cu)/PSBMA. With permission, reprinted from Ref. [190]. Copyright
2021 Elsevier.
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43,209]. The antibacterial effect is greatly influenced by the combined
effect of shaking and double layer coating. Forooshani reported that
shaken two-step coated (20-2S) exhibited a high log reduction value
(LRV) completely eradicating E. coli after 24 h. This phenomenon of
20–2S was evident against other forms of bacteria compared to the other
forms of PDA formulations. Hence double coating and shaking conditions
pose to be more effective in the killing of the bacteria [41,43]. Though
studies reveal H2O2 didn't impact the gram-positive bacteria that much
yet, enough time for H2O2 release was capable of completely killing such
bacteria. Shaking in itself allows the oxidation of catechol which further
allows for many depositions to create a much thicker film. Batul et al.
further emphasized that the rough nature of a PDA ensured maximum
contact with a great bactericidal activity which can be attributed to the
vigorous shaking process [131,135,136]. Also, one-step coating resulted
in a PDA thickness of about 34 nm and that of the two steps yielded a PDA
of a thickness of 72 nm. Which explains the fact that the base layer of the
17
two-step coating allows PDA deposition in the second step [27,210,211].
Finally, two-step coating can yield a large amount of H2O2 compared to
those that are single coated though the coating alone does not guarantee
enough increment in H2O2 provided other conditions meant for the
purpose are set in place [212].

6. Cytotoxicity and biocompatibility

For a feasible biomedical application of any material, nanoparticle, or
drug, the evaluation of the toxicity and biocompatibility is very key and
of much concern. Although studies show the PDA is capable of generating
semiquinone radicals in solutions and under aerobic conditions produces
O2
�─ which can later lead to the formation of �OH through the Haber

Weiss and Fenton reaction [213–215]. PDAs have been proven to possess
negligible toxicity when compared to metals, and also good biocompat-
ibility which is confirmed by their nature, that can be likened to melanin



Fig. 18. (a) Diagrammatic illustration of antibacterial effect of DFT-C/ZnO-hydrogel. (b) Images and SEM images of DFT-hydrogel, TEM images of C/ZnO. (c)Pho-
tothermal curve with the temperature cooling profile and thermographic images of the various hydrogels. (d) Representation of the antibacterial activity of DFT-
hydrogel, DFT-C/ZnO-hydrogel against S. aureus and E. coli, with/without 15 min of mixed light irradiation and SEM images of the bacteria. With permission,
reprinted from Ref. [196]. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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[50,216]. HA-Cu/PDA exhibited good biocompatibility enabling
collagen deposition and granulation formation for wound healing [207].
Also, colistin-loaded PDA with silver displayed good biocompatibility
and negligible toxicity. Proving that, apart from PDA's easy modification,
excellent quenching effect, high photothermal conversion efficiency, etc.
they are biocompatible, and for this reason, they are employed in
numerous composite materials [206,217,218].

7. Future perspective and conclusion

This article gives an overview of the nature, properties, and mecha-
nisms of polydopamine for antibacterial inhibition, the recent ap-
proaches or modes of inhibiting bacteria, and their infections. PDAs are
known for their adhesion property but apart from this well-known abil-
ity, the PDA has been utilized and employed in several ways together
with their combined utilization with other materials such as the nano-
particle, through the employment of some conditions such as photo-
thermal therapy with other microbial applications, etc. Consequently,
portraying great potential wielded by this material and a promising
outcome for the future as far as antibiotic resistance bacteria and or-
ganisms are concerned. Much investigation and research into this ma-
terial will facilitate and provide an understanding of their nature,
together with all the conditions that surround their synthesis process.
Further research will also bring into light the complete harnessing of all
the potentials held within this material, together with the toxicologically
related issues concerning its application and usage in humans. These will
18
allow for maximum usage and the ensuring of a cost-effective approach
for the complete eradication of antibiotic-resistant organisms.
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