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ABSTRACT: Conventional wound dressing materials containing free antibiotics for bacterial wound infections are presented with
several limitations, that is, lack of controlled and triggered release capabilities, and may often not be adequate to address the complex
bacteria microenvironment of such infections. Additionally, the improper usage of antibiotics may also result in the emergence of
drug resistant strains. While delivery systems (i.e., nanoparticles) that encapsulate antibiotics may potentially overcome some of
these limitations, their therapeutic outcomes are still less than desirable. For example, premature drug release or unintended drug
activation may occur, which would greatly reduce treatment efficacy. To address this, responsive nanoparticle-based antimicrobial
therapies could be a promising strategy. Such nanoparticles can be functionalized to react to a single stimulus or multi stimulus
within the bacteria microenvironment and subsequently elicit a therapeutic response. Such “intelligent” nanoparticles can be
designed to respond to the microenvironment, that is, an acidic pH, the presence of specific enzymes, bacterial toxins, etc. or to an
external stimulus, for example, light, thermal, etc. These responsive nanoparticles can be further incorporated into wound dressings
to better promote wound healing. This review summarizes and highlights the recent progress on such intelligent nanoparticle-based
dressings as potential wound dressings for bacteria-infected wounds, along with the current challenges and prospects for these
technologies to be successfully translated into the clinic.

KEYWORDS: antimicrobial, stimulus-responsive, intelligent nanoparticles, microenvironment, nanoparticle incorporated dressing,
wound dressing, bacterial-infected wounds

1. INTRODUCTION

Wound infection is characterized by the colonization of
bacteria and other microorganisms that can cause a delay in
wound healing or worse, wound deterioration. Most cases of
infected wounds are typically caused by bacteria contamination
that originate from the skin, other parts of the body, or from
the external environment. Intact skin has a three-layer
structure, outer epidermis, dermis, and fatty subcutaneous
layer, which acts as a protective barrier.1 However, once
compromised, the disruption of the outer epidermal barrier,
coupled with the denaturation of proteins and lipids, provides a
fertile environment for bacteria growth.2−4 The result is an
infection that triggers the immune system leading to
inflammation and the retardation of healing. Although most
wound infections usually resolve on their own, severe wounds
that are untreated or inadequately treated may persist and
become life-threatening. The goal in wound management is

therefore to inhibit or eradicate pathogenic bacteria while
promoting wound healing.
Conventionally, wound dressings have been employed as a

passive, physical barrier to protect wounds from external
contamination.5 Gradually, more advanced dressings that
contain antibiotics or other antiseptic compounds were
developed to replace conventional, nondrug-based dressings.
Common antibiotics that are embedded into wound dressings
are the tetracyclines, quinolones, aminoglycosides, and
cephalosporins.6,7 These drugs work by altering protein and
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nucleic acid synthesis of the bacteria, leading to metabolic
imbalances or by compromising bacterial cell wall integrity.
However, improper usage and abuse of antibiotics may result
in the emergence of drug resistant strains. While a long list of
microorganisms has been observed to colonize wounds, the
most abundant species is S. aureus.8−10 In fact, approximately
70% of wound colonizing bacteria, such as S. aureus and
Klebsiella, have presented antibiotic resistance to at least one
commonly prescribed agent, making such infections increas-
ingly difficult to treat.6

To mitigate the emergence of antibiotic resistance strains,
new drug-delivery technologies using nanoparticles have been
explored to target pathogenic bacteria by delivering antimicro-
bial agents, or even codelivering with growth factors. Table 1
summarizes recent nanoenabled dressings (i.e., embedded with
nanoparticles) for antimicrobial wound applications. Although
antimicrobial nanoparticles from the literature have shown
great potential, they do possess some inherent problems. For
instance, premature drug release or unintended drug activation
may occur, which would reduce treatment efficacy. To
circumvent this, an effective strategy is to develop nano-
particle-based antimicrobial therapies that can respond to the
microenvironment. While the literature is flooded with reports
on responsive nanoparticles in targeting cancer,11−18 diabe-
tes,19−23 and infectious diseases,24−32 to the best of our
knowledge, currently there are few reviews relating to
“stimulus-responsive” nanoparticles-based dressings specifically
for skin wound infection.

One key risk factor for skin wound infection is diabetes.
Diabetic foot ulcers are among the most severe complications
of diabetes, leading to an increased risk of bacterial infections
that will further impede wound healing.33,34 According to the
latest Global Diabetes Map (ninth edition) released by the
International Diabetes Federation, the number of diabetic
patients worldwide in 2019 has reached 463 million and will
approach to 700 million by 2045.35 The increasing cases and
potential risk of bacterial infections are anticipated to boost the
demand for advanced wound care dressings, thereby propelling
its market growth. Moreover, the increasing cases of burns and
a rapid rise in the geriatric population are both expected to
further contribute to market growth of skin wound care
products.36,37 According to a report from Grand View
Research, the global advanced wound dressing market size is
currently valued at USD 6.85 billion and is expected to register
a compound annual growth rate (CAGR) of 4.3%.38 The
expected growth of advanced wound care products therefore
puts novel nanodrug delivery technologies, specifically for skin
wounds, in a strategic position to improve how wounds are
currently managed.
This review aims to provide a timely overview of recent

research on nanoparticle-based dressings (NDs) that are
designed to react or respond to the microenvironment of a
wound infection. It aims to provide a comprehensive
understanding of how such “intelligent” dressings can trigger
the release of its payload under a specific environmental
stimulus or itself becoming an antimicrobial agent in a
microbial environment. Besides highlighting and summarizing

Figure 1. (A) Schematic of endogenous stimulus-powered antibiotic release from RFP-CaO2@PCM@Lec nanoreactors for bacterial infection
therapy. (B) Endogenous stimulus-triggered release from the nanoreactors including the (a) ratio of H2O2 production to theoretical yield, (b) O2
production, and (c) Rifampin. (d) Growth curve of MRSA incubated with different materials. (C) Photographs of MRSA-infected wounds with
various treatments. Reproduced from Wu et al., 2019.50 Copyright 2019 Springer Nature. (D) pH change, the release efficiency of Zn2+, and the
release of antibiotic after UV light treatment for different periods of time. The optical density at 600 nm of ampicillin-resistant E. coli and MRSA
after treatment with various materials. (E) Photographs of MRSA-infected wound with various treatments of (1) PBS + Light, (2) ZIF-8 + Light,
(3) o-NBA@ZIF-8 + Dark, (4) o-NBA@ZIF-8 + Light, (5) RFP@ZIF-8 + Light, (6) RFP and o-NBA@ZIF-8 + Dark, (7) RFP and o-NBA@ZIF-
8 + Light. (i) 0 d, (ii) 1 d, (iii) 3 d. Reproduced from Song et al., 2018.52 Copyright 2018 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim.
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innovative ideas in designing such wound dressings, this review
will also provide a prospective of how such technologies can
shape future research in technologies relating to wound
dressings.

2. RECENT WORKS OF INTELLIGENT
NANOPARTICLES FOR BACTERIAL WOUND
INFECTION

In recent decades, the advent of nanotechnology through the
exploitation of nanosized particles has shifted the paradigm of
medical therapy, where on-demand delivery of therapeutics can
be achieved using “intelligent” nanoparticles. By employing
different strategies in functionalizing nanoparticles, intelligent
nanoparticles can be designed to respond to a specific
chemical, biochemical, or physical stimulus in a physiological
environment. Unlike tumor-targeting nanoparticles, advances
in antimicrobial nanoparticles’ come from an expanded
knowledge of a wound infection microenvironment. Stimulus
from such an environment is closely related to bacterial
biological cues including bacterial toxins, hydrogen peroxide,
the overexpression of specific enzymes, and an acidified
environment. In response to these cues, nanoparticles can
trigger the release of antimicrobial payloads or themselves
eliciting antimicrobial properties. Examples of these cues could
be as follows.
2.1. Bacterial Virulence Factors. α-Toxin, one of the

major cytotoxic agents secreted by S. aureus, is the first
bacterial exotoxin identified as a pore former to disrupt cellular
membranes.49 On the basis of this, a liposome-based
nanoreactor can be formulated to target multidrug resistant
(MDR) resistant bacterial infection (Figure 1A).50 This
nanoreactor was made through a eutectic mixture, consisting
of calcium peroxide and rifampicin, before coating with lecithin
and DSPE-PEG3400. In a pathogenic environment, these
nanoreactors can be “pierced” by α-toxins secreted by S. aureus
to form pores. Water can then enter these nanoreactors
through these pores that reacts with calcium peroxide to
produce hydrogen peroxide (Figure 1B.a). Hydrogen peroxide
would subsequently decompose into oxygen that drives the
release of rifampicin (Figure 1B.b,c). These nanoreactors not
only showed an enhanced anti-MRSA effect in vitro (Figure
1B.d) but also a significantly higher wound area closure rate
than other control treatments in an in vivo model (Figure 1C).
2.2. pH. The bacterial microenvironment is usually acidic.

As such, Hassan et al. formulated pH-responsive lipid-polymer
hybrid nanovesicles, loaded with vancomycin (VM-OLA-
LPHVs1) for treating bacterial infections.51 A novel oleyl-
amine-based zwitterionic lipid was first synthesized before
formulating it into chitosan-based pH-responsive nanovesicles.
With its surface-charge switching from negative (at neutral
pH) to positive (at acidic pH), VM-OLA-LPHVs1 presented a
more rapid release of vancomycin with a 97% release after 72
h, leading to a lower minimum inhibitory concentration
(MIC). They observed a 52.9-fold increase in antibacterial
activity against methicillin-resistant Staphylococcus aureus
(MRSA) and a significantly higher percentage of biofilm
eradication. In subsequent in vivo studies, the pH-responsive
VM-OLA-LPHVs1 revealed a 95-fold lower MRSA burden
compared to the free vancomycin group in a mouse-infected
skin model, suggesting its potential for bacterial wound
infection treatment.
2.3. Light. Song et al. developed a new strategy to combine

the antibiotic delivery and light-responsive metal−organic

frameworks (MOFs).52 In their work, the zeolitic imidazolate
framework (ZIF) was formed and modified with a pH-jump
reagent (2-nitrobenzaldehyde, NBA). Under the stimulation of
light at a specific wavelength (365 nm), the decomposition of
the NBA was triggered to produce hydrogen ions that causes a
pH change inside the ZIF (Figure 1D.a). This further
promoted the decomposition of ZIF that releases rifampicin
(Figure 1D.b,c). Here, the porous nanoparticulate ZIF acts as a
gatekeeper, enabling light-triggered nanoparticles to inhibit
bacterial infection, through a switchable and synergistic
antibacterial effect (Figure 1D.d,e). With synergistic treatments
of MOFs and light, it is shown that the area of wound
decreased approximately 80% quicker than other treatments
(Figure 1E).

2.4. Bacterial Enzymes. Many kinds of Gram-positive
pathogens secrete hyaluronidase.53 RuNP-based antibacterial
nanosystems (AA@Ru@HA-MoS2) for combined chemo-
photothermal therapy against MDR bacteria were thus
developed.54 These mesoporous RuNPs were first encapsu-
lated with ascorbic acid (AA) and covered with hyaluronic acid
(HA). Nanoparticles were subsequently coated with molybde-
num disulfide (MoS2), which was modified with bacteria-
targeting ciprofloxacin. At the infection site, HA was
decomposed by hyaluronidase secreted by bacteria, resulting
in AA release, which could be directly catalyzed by MoS2 to
generate hydroxyl radicals. By taking advantage of the excellent
photothermal therapy performance of RuNPs, the nanosystem
in a skin-infected model exhibits potent antibacterial activity,
which inhibits the bacteria and prevents the formation of
biofilms.
The studies above show how responsive nanoparticles can

effectively and selectively be delivered on-demand to the
bacterial infection site, under the stimulation of a specific cue.
These strategies can improve the therapeutic effect of
antibiotics, minimize its dosage and frequency of admin-
istration while minimizing the side effects of the drugs.55−58

However, nanoparticle delivery of antibiotics for the treatment
of bacterial infected wounds has limitations. For example, how
can biofilm formation be overcome and prevent the emergence
of multidrug resistant bacteria? By introducing intelligent
antimicrobial nanoparticles into wound dressings, more
effective treatments can be realized that meets current clinical
demands.

3. INTELLIGENT NANOPARTICLE-BASED DRESSINGS
FOR BACTERIAL WOUND INFECTION

Overcoming the above-mentioned limitations therefore
requires the development of intelligent antimicrobial nano-
particles. Depending to the complexity of the response process,
intelligent nanoparticle-based dressings can be classified as
single-stimulus or multiple-stimulus responsive nanoparticle-
based dressings.

3.1. Single-Stimulus Responsive Nanoparticle-Based
Dressings. 3.1.1. pH-Responsive. pH-responsive nanopar-
ticles are one of the most widely studied and reported
responsive systems. On the basis of the microscopic
perspective of the well-established pH in different cellular
compartments, the acidification of endosomes (pH 5.5−6.5)
and subsequent fusion with lysosomes (pH 4.5−4.7), during
nanoparticle uptake, provides an acidic environmental gradient
for drug release.59−61 From a macroscopic perspective, other
types of pH gradients in physiological environments, such as
acidification of pathogenic infectious wounds, can also be
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exploited by pH-responsive nanoparticle-based dressings.62,63

The hypoxic environment in infection sites causes anaerobic
glycolysis, which results in ion channel turbulence and acid
production. Lactic acid as a byproduct of the host immune
response will further lower the local pH of the pathogenic site.
In addition, the pH of the microenvironment is different
whether it is acute wounds, chronic wounds, or different stages
of the wound healing process. For example, the pH of acute
and chronic wounds is acidic during the healing process, while
the pH of chronic wounds is alkaline.109,110 On the basis of
this, various pH-responsive nanoparticle-based dressings have
been developed.
Cellulose has been extensively explored as some of the most

promising biomaterial and is considered a suitable template for
the encapsulation of metal nanoparticles through its three-
dimensional, porous structure with specific nanopore size
distribution. Bacterial cellulose (BC)-Ag nanocomposites can
be prepared by inducing silver nanoparticles into bacterial
cellulose microfibrils.64 The authors pointed out that the BC-
Ag nanocomposites presented pH-responsive controlled
release behaviors that resulted in a significantly higher and
faster release of Ag ions in an acidic environment.
Furthermore, the excellent biocompatibility and excellent
antimicrobial effects on E. coli, S. aureus, B. subtilis, and C.
albicans suggested this nanocomposite to have a strong
potential as wound dressings.
More recently, MOFs are novel porous materials, con-

structed from inorganic metal ions and connected by organic
linkers. Their intrinsic advantages, such as biodegradability,
biocompatibility, pH-responsive behavior, possesses a wide
range of pore size and high porosity, and high surface area,
make them promising materials for clinical applications.65

Mazloom-Jalali et al. developed a chitosan-polyethylene glycol
nanocomposite film containing ZIF-8 nanoparticles and the
antibiotic cephalexin.66 The nanocomposite films showed a
pH-responsive release of cephalexin in an acidic solution.
Notably, the release of cephalexin abruptly increased to over
65% within approximately 3 h due to the rapid swelling of the
film and fast degradation of MOFs in acidic condition
compared to a neutral (release over 50% in 8 h) and an

alkaline (10 h) media. Moreover, the film presented
remarkable antibacterial performances against B. cereus, S.
aureus, and E. coli. In addition to the presence of the antibiotic,
the presence of the cationic Zn2+ metal ions from the degraded
MOFs also plays a role. Zn2+ was internalized into the bacterial
cells through their damaged cell membranes and reacted with
the DNA and enzymes, leading to the dysfunction of the cells.
In addition, these nanocomposite films are shown to preserve
cell viabilities, indicating their biocompatibility.
For a chronic wound microenvironment, such as a diabetic

wound, it has a more alkaline pH as compared to that of
healthy tissues. To prevent bacterial infection, or to eradicate
pathogens, Ca-alginate hydrogel loaded with protamine NPs
(cationic antimicrobial peptide) were prepared.67 The hydro-
gel presents pH-responsive behaviors providing a much more
rapid and complete drug release in a mimicked diabetic wound
microenvironment with a pH value of 8.0. Such an environ-
ment facilitated a faster release of protamine NPs to enhance
their antibacterial activity.

3.1.2. Bacterial Enzymes-Responsive. Pathogenic bacteria,
such as S. aureus and P. aeruginosa, secrete various virulence
factors, such as toxins and enzymes (such as lipase,
phosphatase, phospholipase, and hyaluronidase), which enable
them to thrive in their environment.68,69 Among these
virulence factors, enzymes play a vital role due to their high
specificity and catalytic ability in cellular metabolisms.
Pathogen-induced enzyme abnormalities can also become a
target of intelligent nanoparticle-based dressings. For example,
the ester bond in materials can target phosphatase, intracellular
acid hydrolase, and several other esterases. By taking advantage
of these overly expressed enzymes at most bacterial infection
sites, nanoparticle-based dressings that respond to these cues
could be developed.
Mir et al. formulated a poly(ε-caprolactone) nanoparticles

loaded with carvacrol, which was effective against MRSA.70 By
encapsulating into nanoparticles and incorporating them into a
hydrogel matrix, the anti-MRSA activity of carvacrol was
increased 2-fold higher than its free form. In the presence of
bacterial lipase, the nanoparticle-embedded hydrogel exhibited
a significantly higher release of carvacrol, highlighting its

Figure 2. Schematic of preparing carvacrol-loaded poly(ε-caprolactone) nanoparticles. Reproduced from Mir et al., 2019.70 Copyright 1996−2020
MDPI.
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potential as a triggered delivery system. Furthermore, the ex
vivo study revealed that this formulation exhibited productive
antimicrobial activity against MRSA induced skin infections
(Figure 2). Hyaluronidase, also widely found in MRSA
secretions, breaks down hyaluronic acid and helps spread the
bacterial cells.71,72 On the basis of this, a nanocarrier-based
chitin hydrogel containing hyaluronan, AgNPs, and gentamicin
was also prepared (Figure 3).73 With bacterial hyaluronidase,
this hydrogel can be triggered to provide a controlled release of
gentamicin and AgNPs, thereby bringing about synergistic in
vitro and in vivo bactericidal activity.
In addition to infection therapy, the instant detection of

wound bacterial infection can also be explored as a potential
benefit of the intelligent nanoparticle-based dressings. Typical
microbial quantification methods for the detection of bacteria
have a detection limit of theoretically one organism per
analyzed portion of the sample. However, using intelligent
nanoparticles, the detection accuracy could be further
improved. To achieve this, lipid vesicles containing self-
quenching fluorescent dyes and antimicrobial agents embed-
ded in a methacrylated gelatin were developed.74 In the

presence of bacterial lipase, the gelatin would be triggered to
release fluorescein to show a color change as well as to release
antibiotics as an on-demand antibacterial action to an infected
wound caused by S. aureus and P. aeruginosa (Figure 4A). This
intelligent dressing offered a method to provide early warnings
of wound infections by “sensing” the wound (Figure 4B).

3.1.3. Photo- and Photothermal-Responsive. Light of
different wavelengths, such as ultraviolet (UV), visible, and
near-infrared (NIR), have been widely used as a trigger to
design responsive nanoparticles. Although numerous research
articles have applied this approach for cancer,75−78 the
penetration of visible and UV light may limit their in vivo
applications. This is due to the strong scattering characteristics
of ultraviolet/visible light by soft tissues. On the contrary,
there is no such problem for topical skin management,
especially in treating skin wound infections.
In this regard, a photosensitive nanogel containing AgNPs

immobilized on the surface of poly(ε-caprolactone) nanofibers
mats was developed.79 It can undergo structural changes under
UV light stimulation. Upon irradiation (405 nm), the nanogel
collapsed, and AgNPs were released from the nanogel but

Figure 3. Schematic of preparing HB/Ag/g nanocarrier and designed synergetic antibacterial hydrogel for wound disinfection. Reproduced from
Yu et al., 2020.73 Copyright 2019 Elsevier B.V.

Figure 4. (A) Kinetics of the interaction of bacteria with phospholipid or TCDA vesicles. Toxins secreted by P. aeruginosa (green) and S. aureus
(blue) induced vesicles permeabilization as revealed by the increased fluorescence; E. coli (red) as control did not permeabilize vesicles. (B)
Representative imaging of colorimetric sensing property of the prototype wound dressing in Balb/c model. Reproduced from Zhou et al., 2018.74

Copyright 2018 Elsevier Ltd.
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dispersed into the nanofiber mats. Simultaneously, the
plasmonic band of the AgNPs was excited, effectively
controlling the propagation of silver ions, leading to excellent
antibacterial effects against both S. aureus and E. coli.
In addition to directly trigger the payload release,

antimicrobial photodynamic therapies (APDTs) and anti-
microbial photothermal therapies (APTTs) based on nano-
particles with photosensitizers were developed as noninvasive
strategies for treating bacterial wound infections.80−82

Incorporated with photosensitizers, nanoparticle-based dress-
ings can either produce reactive oxygen species (ROS)
(photodynamic effects) or convert light photons into heat
under NIR irradiation (photothermal effects) to destroy
microorganisms.
3.1.3.1. APDT. A hybrid hydrogel containing Ag/Ag@AgCl/

ZnO nanostructures had also been prepared as a potential
strategy for wound management.83 In this hydrogel, the Ag/
Ag@AgCl nanostructures were assembled through UV light
chemical reduction followed by the incorporation of ZnO
nanostructures. It is reported that upon exposure to visible
light, the Ag/Ag@AgCl nanostructures enhanced the photo-
catalytic of ZnO, resulting in the deposition of Ag/Ag@AgCl,
which generated enhanced production of ROS such as singlet
oxygen and hydroxyl radical (Figure 5A). Because of the
synergistic effect of ROS by photoexcitation of ZnO and the
antimicrobial ions (Ag+ and Zn3+) released from the
nanocomposite, the bacteria exposed to the hydrogels showed
significant decrease of microbial (killing 95.95% of E. coli and
98.49% of S. aureus) after exposure to stimulated sunlight

(Figure 5B). Furthermore, the in vivo assessments showed that
after 14-day treatment, the wounds treated with Ag/Ag@
AgCl/ZnO nanostructures revealed complete closure but not
the other controls. This suggests that this nanocomposite
hydrogel can accelerate wound healing (Figure 5C).

3.1.3.2. APTT. Gao et al. developed a NIR light-triggered
hydrogel-based drug reservoir by mixing ciprofloxacin-loaded
polydopamine nanoparticles with glycol chitosan to form a
hydrogel (Figure 5D).84 This hydrogel-based drug reservoir
was able to be controlled to release antibiotics upon NIR
irradiation. Meanwhile, NIR irradiation activated the photo-
thermal polydopamine nanoparticles and generated local
hyperthermia to inactivate the bacteria in a synergistic manner
(Figure 5E). In vivo healing ability of the synergistic strategy
was assessed on S. aureus-infected mice revealed that the
wound, after treatment with Gel-Cip plus NIR irradiation,
almost recovered on the fourth day; that is, only 6.4% of
wound area remaining, compared to the various controls
(Figure 5F). Similarly, gold nanorods and an antimicrobial
peptide (IK8) were coencapsulated in liposomes, and then
incorporated into PEG hydrogel, which was able to release IK8
against P. aeruginosa and S. aureus upon laser irradiation at 860
nm.85 By increasing the laser intensity, a thermal enhancement
of the antimicrobial peptide bactericidal activity could also be
achieved. The photothermal triggered release and enhance-
ment of photothermal efficacy indicated that the therapeutic
gel has the potential to treat pathogenic bacteria. Recently,
scholars focused on NIR-responsive materials with antimicro-
bial photothermal properties. Such as gallic acid functional

Figure 5. (A) Schematic of the visible light triggered photodynamic therapy for Ag/Ag@Cl/ZnO hydrogel for bacterial inactivation. (B) Ability of
the hydrogels in killing E. coli and S. aureus under simulated sunlight. (C) In vivo study on the effects of treatment of S. aureus-induced wound
infections by hydrogels and the corresponding wound photographs of the rats at days 0, 8, and 14. (H1, control hydrogel; H2, Ag/Ag@AgCl
hydrogel; H3, H4, and H5: Ag/Ag@AgCl/ZnO hydrogels; H6, ZnO hydrogel). Reproduced from Mao et al., 2017.83 Copyright 2017 American
Chemical Society. (D) Schematics of the synthetic route of Gel-Cip and NIR light irradiation-triggered Cip release from Gel-Cip for bacterial
inactivation. (E) NIR light-triggered Cip release from Gel-Cip. The corresponding statistical diagram of S. aureus colonies with various treatments.
(F) Photographs of S. aureus-infected wound of mice after treated with Gel-Cip and NIR light irradiation. Reproduced from Gao et al., 2019.84

Copyright 2018 Elsevier Ltd. (G) Schematic of the synthesis of UTG-PVDF nanocomposite membrane and the bactericidal activities of UTG-
PVDF membrane upon NIR Light Illumination. (H) Photographs of S. aureus and E. coli colonies on the UTG-PVDF membrane upon NIR
irradiation. Histogram showing the relative bacterial survival. (I) Photographs of wounds on the mice during the therapeutic process. Reproduced
from Sun et al., 2019.88 Copyright 2019 American Chemical Society.
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silver nanoparticles embedded polysaccharide hydrogels and
Prussian blue nanoparticles embedded chitosan hydrogels.86,87

The silver nanoparticles and MOFs in the hydrogels were both
capable of effectively and controllably converting 808 nm NIR
light into heat. The gradual temperature increase damages the
bacterial membrane and subsequently denatures the protein,
resulting in a bacteria-killing effect.
3.1.3.3. Combination of Both Therapies. Recently,

significant research has been focused on the combination of
APDT and APTT in a single nanoparticle-based dressing. For
example, Sun et al. hierarchically structured the up-conversion
nanoparticles (UCNPs) as the core and followed by coating
them with TiO2 nanoparticles as the shell.

88 These core−shell
UCNPs@TiO2 nanoparticles were doped with a photothermal
agent, graphene oxide, to obtain a mixture called UTG.
Thereafter, the mixture in poly(vinylidene) fluoride (PVDF)
was electrospun to generate the nanoparticle-incorporated

membrane (UTG-PVDF) (Figure 5G). Upon NIR irradiation,
the UTG-PVDF membrane could generate ROS, and a rise in
temperature simultaneously occurred. This triggered syner-
gistic antibacterial effects against Gram-positive and Gram-
negative bacteria (Figure 5H). The APDT/APTT synergistic
therapeutics of this nanoparticle-bound membrane on open
infected wounds were also investigated, in which the UTG-
PVDF membrane after NIR irradiation could efficiently
prevent wound infection and promote wound healing (Figure
5I). Similarly, in Cui and colleagues’ work, a conjugated
polymer PDPP with high photothermal conversion efficiency
was fabricated into nanoparticles, which were further grafted
with a cell-penetrating peptide on the surface, achieving one of
the composites, CPNs-TAT.89 By physically mixing poly-
isocyanides hydrogel, polythiophene, and CPNs-TAT, an
intelligent nanoparticle-based dressing with APDT and
APTT properties was obtained. The hydrogel can regulate

Figure 6. (A) Schematic of the CEC/PF/CNT hydrogel. (B) Diagrams of ΔT-NIR irradiation time. Drug release behavior. Bacterial survival ratios
of S. aureus and E. coli. (C) Representative photographs of a wound infection model with various treatments and the schematic diagram of wound
closure on the 3rd, 7th, and 14th day. Reproduced from He et al., 2020.91 Copyright 2020 Elsevier B.V. (D) Schematics of preparation routes of
CP- and pH-responsive transformation between contracted state and swollen state of chitosan. Schematic Illustration of PBA (“0”, green) for
sensing bacterial infection (“1”, yellow) and drug resistance (“2”, red), and the implementing antibiotic-based chemotherapy and PCN-224-based
PDT, respectively. (E) Schematic diagram of PBA for sensing bacterial infection and drug resistance. Viability of DS E. coli and DR E. coli incubated
on PBA or PBAno ampicillin with or without light irradiation. (F) Photographs of wounds on the mice. Inset images in the first row revealed the color
on PBA. Reproduced from Sun et al., 2020.92 Copyright 2019 American Chemical Society. (G) Schematic of development of an intelligent wound
dressing and the mode of action following infection. (H) Vesicle photodynamic against P. aeruginosa. Wound dressing against P. aeruginosa. SEM
images of P. aeruginosa after treatments with vesicles containing photosensitizer (Left: P. aeruginosa; Middle: P. aeruginosa with vesicles, in the dark;
Right: P. aeruginosa with irradiated vesicles). (I) Photographs of the wound healing model. Reproduced from Zhou et al., 2020.93 Copyright 2020
Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim.
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the dispersity of polythiophene and improve ROS production.
Meanwhile, the CPNs-TAT can be uniformly scattered in the
hydrogel, thereby achieving a consistent temperature increase
to enhance the therapeutic effect of PTT. When exposed to
white and NIR light sequentially, synergistic PDT and PTT
presented more substantial antimicrobial effects than PDT or
PTT alone.
3.2. Multiple-Stimuli Responsive Nanoparticle-Based

Dressings. In reality, a single nanoparticle system that
responses to a single stimulus may not be sufficient to
efficiently deliver therapeutic agents or elicit antibacterial
effects at the site of the infected wound. For multistimulus
nanoparticle-based dressings, such dressings could react to a
range of cues in the targeted microenvironment to elicit a
response, that is, therapeutic or diagnostic.
Qiao et al. developed a smart nanoparticle-based wound

dressing, which was capable of monitoring bacterial infection
and offering an on-demand treatment.90 This intelligent
hydrogel consisted of four parts: physically cross-linked of
poly(vinyl alcohol), a UV-cleavable poly prodrug (GS-Linker-
MPEG), Cyanine3- and Cyanine5-modified silica nanoparticles
(SNP-Cy3/Cy5), and up-conversion nanoparticles (UCNPs).
Within a bacterial microenvironment, a pH-responsive
fluorescence resonance energy transfer (FRET) transition
between Cy3 and Cy5 was activated. Thereby, the SNP-Cy3/
Cy5, acting as a pH-responsive fluorescent probe, was able to
detect bacterial infection. Moreover, upon the irradiation with
NIR, UCNPs were able to cleave the linker and release GS
from the poly prodrug. This intelligent nanoparticle-
composited hydrogel also presented great water absorptivity,
outstanding mechanical properties, and excellent biocompat-
ibility.
He et al. developed a series of conductive self-healing and

adhesive nanocomposite hydrogels based on N-carboxyethyl
chitosan (CEC) and benzaldehyde-terminated Pluronic F127/
carbon nanotubes (PF127/CNT) (Figure 6A).91 Because of
photosensitive composites in the hydrogel, such as CNTs,
polyaniline, and polypyrrole, the hydrogel exhibited photo-
thermal behavior upon the exposure to NIR (Figure 6B.a).
More than 80% of the S. aureus and E. coli were killed under
the NIR irradiation within 5 min, which was further improved
to 100% eradication if exposure is prolonged to 10 min (Figure
6B.c,d). Moreover, after loading the antibiotic moxifloxacin,
the hydrogel showed a faster release in acidic conditions (pH =
6.0) than under a typical physiological environment (pH =
7.4), revealing pH-sensitive release characteristics (Figure
6B.b). The moxifloxacin-loaded nanocomposites hydrogel
promoted healing even on a full-thickness skin infected
model, indicating that this hydrogel with multistimulus
responsive ability has excellent potential as a drug carrier for
treating bacteria-infected wounds (Figure 6C).
Sun et al. developed a multistimulus responsive, multi-

therapeutic delivery, and multifunctionalized paper-based
band-aid (PBA) for sensing and treating drug-resistant bacteria
(Figure 6D).92 In this PBA, bromothymol blue (BTB) and
nitrocefin were used as bacterial indicators and chitosan-coated
ampicillin-loaded porphyrin-based MOFs (denoted as CP) as
the therapeutic agent. BTB responded to an acid micro-
environment at infectious sites, which was accompanied by a
green to yellow color change. Meanwhile, the acid pH
triggered the release of ampicillin, thereby killing drug-sensitive
(DS) bacteria. For a drug-resistant (DR) bacterium, nitrocefin
changed from yellow to red because of the β-lactamase,

secreted by many drug-resistant bacteria (Figure 6E.a). For the
DS E. coli, the survival rates decreased with the increase in the
amount of CP (Figure 6E.b). For the DR E. coli, upon light
irradiation, ROS produced by MOFs caused significant damage
to bacteria and weakened their resistance. There was a
considerable synergistic effect between APDT (45.3%) and
chemotherapy (72.4%) in eliminating the DR bacteria (Figure
6E.c). Under a combination of light and PBA, the wound
infected with DR E. coli healed better and a nascent epidermal
layer was observed on the wound surface (Figure 6F). This
dressing has both diagnosis and treatment functionalities,
which can be used to detect the existence of drug-sensitive or
drug-resistant bacteria according to the color change, and
treating them on-demand.
In another work reported by Zhou et al., tryptophan-

modified trithiophene aldehyde (3TT) as a new photo-
sensitizer was loaded into vesicles and incorporated into a
gel scaffold to obtain a wound dressing with detection and
antibacterial functionalities.93 The vesicles could be lysed by
cytotoxins produced by pathogenic bacteria, thereby releasing
the photosensitive antibacterial agent. This achieved a
simultaneous intelligent detection and treatment of pathogenic
bacteria (Figure 6G). The 3TT vesicles in the light-irradiated
group presented nearly complete bactericidal effect on low
density of P. aeruginosa (Figure 6H.a). Meanwhile, the
photodynamic bactericidal effect of the wound dressing on P.
aeruginosa showed that released of 3TT could inactivate P.
aeruginosa after light irradiation (Figure 6H.b). As shown in
Figure 6H.c, damage to the bacterial cell-wall was observed,
which was attributed by the ROS generated by the photo-
sensitive antibacterial agents. Similarly, the wounds treated
with the 3TT vesicles incorporated dressing with light healed
much faster than the other groups (Figure 6I).
Multiple-stimuli responsive nanoparticle-based dressings

show great promise. One of the major advantages is the
controlled release of antimicrobials from carriers at an infected
wound, which can be achieved by photo, photothermal,
bacterial, and pH stimulus. Moreover, this approach seems
better than existing approaches due to multiple-functionaliza-
tion that can provide a point-of-care monitoring at the infected
site.

4. CHALLENGES AND PERSPECTIVES

The extensive literature on stimulus-responsive nanoparticle-
based dressings indicates that these systems hold great promise
for this purpose. However, there are still challenges involved
that impedes the translation of these technologies into the
clinic, which would be discussed.

4.1. Prerequisite of Wound Dressing Materials. There
are many prerequisites for the choice of wound healing
materials. For example, they should aid in wound healing, be
biocompatible, and not cause any skin allergies or irritations,
should possess sufficiently good adhesive properties while still
allowing easy removal, and the list goes on. Unfortunately, a
wound dressing that meets to all these criteria still requires
extensive research. There is currently no one dressing material
that can be applied for all types of wounds and over a prolong
period. For example, the Comfeel Plus Transparent hydro-
colloid dressings are not suitable for wounds with large
amounts of exudate and may cause skin damage during
removal. Therefore, it is important to evaluate the wound
periodically, to familiarize with the properties of the various
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dressings and their scope of application, type, and stage of
healing, before selecting the best dressing.
In addition to the selection of the types of dressing, another

major challenge lies in the safety prerequisite of wound
dressing materials, to ensure that the materials used and
processing methods are physiologically compatible, and all
toxicity-related issues have been carefully addressed, that is,
cytotoxicity, systemic toxicity, and immunological rejection.
The complexities involved in fabricating sophisticated, multi-
functional devices often exacerbate safety and biocompatibility
issues. While stimulus-responsive nanoparticles often require
multistep processes, designing them through simpler and
reproducible processes is often preferred. This would reduce
costs and enable an easier and more economical approach in
fabricating these nanoparticles through good manufacturing
practices (GMP).
In terms of nanoparticle-based wound dressing materials, of

which nanoparticles are the most important components, their
biocompatibility must be considered as a priority. Recently,
MOFs have received widespread attention in the field of drug
delivery because of their ultrahigh porosity, specific surface
area, structural diversity, and designability. However, inorganic
nanoparticles are generally made from metallic materials, and
their biodegradability and biocompatibility are still question-
able. If the metabolic pathways of these MOFs could be
understood and their possible toxicity could be mitigated,
MOFs would have tremendous promise as drug delivery
vehicles for this purpose. As an organic material, biodegradable
PLGA nanoparticles have been validated as safe for clinical
applications. However, the safety of these highly function-
alized, stimulus-responsive PLGA nanoparticles is yet to be
investigated. For any device that will be used in intimate
contact with human tissues, safety is certainly paramount.
4.2. Combinational Use of Growth Factors for Skin

Reconstruction. There are four phases in a normal wound
healing process, including hemostasis, inflammation, prolifer-
ation, and remodeling, whereby each phase occurs sequentially.
To promote wound healing, bioactive molecules, such as
growth factors, can be introduced into a wound dressing
matrix. Several approved medications containing growth
factors are currently available for external usage in the form
of gels, creams, and solutions such as Regranex Gel (rhPDGF),
Fiblast Spary (rhbFGF), Heberprot-P (rhEGF), etc.94

However, such topical medications have shown limited
success, especially in chronic wounds.95 The complex micro-
environment and healing process do influence the possible
outcomes of these growth factors. For instance, activated
proteases in a wound bed may degrade both endogenous and
exogenous growth factors.96,97 Thus, current wound healing
creams may not provide a sufficiently long residence time for
growth factors, such as epidermal growth factor (EGF)-like
growth factors in epithelialization, to remain bioactive within a
wound bed. This requires high dosages or repeated
administrations, which may lead to other serious side effects,
such as oncogenesis.98 Delivery of growth factors therefore
requires an encapsulation system to provide more effective and
safe treatments. However, much has yet to be explored when
codelivering antimicrobial therapeutics along with bioactive
molecules in an intelligent nanoparticle-based dressing.
Embedded within a multiresponse or multifunctionalization
wound dressing matrix, the release of growth factors could be
achieved in a desired manner to boost skin regeneration.
Ideally, a continuous release of antimicrobial agents at the

infected wound site is first required, followed by the delivery of
growth factors to promote skin reconstruction. Responsive
delivery systems that can promote sequential release would be
useful for such an application.

4.3. Biofilm Barriers. Even if nanoparticle-based dressings
are adequately designed, the presence of certain factors in the
complex infected wound may influence the performance of
stimulus-responsive nanoparticle-based dressings. For instance,
the physical barrier of biofilm limits the ability of drugs in
eradicating pathogenic cells. Developing nanoparticle-based
dressings that can penetrate biofilms, destroy biofilms, or even
prevent its formation are promising approaches for the future.
Our previous work has shown that cationic lipid polymer
hybrid nanoparticles (LPNs) can penetrate the biofilms and
even bacterial cell membranes to deliver payloads to efficiently
inactivate bacteria.99 LPNs are core−shell nanoparticulate
structures comprising polymer cores and lipid shells. Another
example would be the use of Janus particles (JPs) to prevent
the formation of biofilms.100 JPs are asymmetric structured
particles with two or more distinct compositions. A
combination of LPNs or JPs with dressing matrix could be a
robust approach to target biofilm effectively. More importantly,
the ability to carry out multiencapsulation can also give rise to
multifunctional systems, such as therapeutic and diagnostic
functions, would be advantageous. Such a strategy would be an
exciting proposition in designing nanoparticle-based dressings
for wound infection.

4.4. Artificial Intelligence. In the future, nanoparticle-
based dressings can also integrate their functionality with
artificial intelligence (AI).101−105 In cancer research, AI has
been developed based on a convolutional neural network to
rapidly identify various tumor cells from normal mammalian
cells with 96% accuracy.106 A novel technology named
“quantitative live cell histology” has been reported using AI
to identify melanoma cells and predict the spread of
melanoma.107 Similar technologies could be developed in the
area of antibacterial research. Using both established database
and machine learning, different types of bacterial pathogens in
a wound can be recognized and tracked. Hence, a combination
antimicrobial therapy targeting different bacterial pathogens
can be developed to provide a more personalized treatment. In
this aspect, AI could also help to optimize the combination
therapy in a highly efficient manner. For instance, an AI
platform, CURATE.AI, has been used to prospectively guide
the combination dose of a bromodomain inhibitor and
enzalutamide to a patient with prostate cancer.108 An
integrated diagnostic and therapeutic stimulus-responsive
wound dressing could open up new directions for the
development of skin-related biomedicine through responsive
nanosystems. While challenges remain for the development of
the next generation of stimulus-responsive wound dressings, it
can be expected that nanoparticle-based therapies will poise
themselves to be the next frontier in wound infection
management.

5. CONCLUSION
This review summarizes and highlights the recent progress on
“intelligent” nanoparticles that can augment wound dressings
for bacteria-infected wounds. While such nanoparticles have
potential for this application, they are not without limitations
and challenges. Overcoming these challenges will open avenues
for these nanoparticles to be translated into a commercially
viable technology that can be used clinically. We envisage that
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such intelligent nanoparticle-based dressings will be a novel
and efficient platform for the treatment of bacterial wound
infections.
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