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ABSTRACT: Nosocomial infections are a significant threat to Light-Activated Antimicrobial Nanoparticle-Polymer Composites
public health that leads to substantial morbidity and mortality. The
emergence and spread of antibiotic-resistant organisms have I [ |

compounded the complexity of managing these infections, **™ ™ gt ew
highlighting the urgent need for innovative and effective strategies
to combat them. Photostimuli-responsive nanomaterials have
emerged as promising tools for coating biomedical devices and
tools against nosocomial infections due to their ability to
selectively target and kill pathogenic bacteria and fungi. It is
feasible to develop antibacterial surfaces by integrating photo-
thermal agents (PTAs), photodynamic agents (PDAs), and both
PTAs and PDAs into coatings. When exposed to light, PTAs
generate heat that can be used to kill bacteria, while PDAs emit reactive oxygen species (ROS) that can also be used to kill bacteria.
The combination of photothermal and photodynamic therapies produces a synergistic effect in which the death of bacteria is
boosted in comparison with the use of each individual therapy. These coatings have the potential to provide enhanced bacterial
control for a number of biomedical devices, including implants, catheters, meshes, and wound dressings. The utilization of
antimicrobial nanomaterials offers a promising approach for reducing the risk of infections associated with the use of these devices.
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1. INTRODUCTION

Nosocomial infections, often known as hospital-acquired
infections (HAIs), represent a worldwide problem, giving rise
to significant financial concerns for hospitals as well as health
risks for patients." These infections occur in patients who are
hospitalized, as well as in outpatients receiving care in clinics,
surgery centers, and other settings.” The National Health
Safety Network and Centers for Disease Control and
Prevention classify nosocomial infections into 14 distinct
categories." HAIs caused by devices are the most prevalent in
healthcare settings with adhesion of microorganisms and
formation of biofilms on the surface of medical devices."”*
Nosocomial infections including urinary tract infections,
pneumonia, and surgical-site infections’ can be caused by a
number of microorganisms, including bacteria, viruses, and
fungi. Additionally, the microorganisms can be transmitted by
contact with contaminated surfaces or equipment, as well as
through direct contact with infected patients or healthcare
personnel.”

To prevent the transmission of nosocomial infections, it is
essential to practice proper hand hygiene, clean and disinfect
equipment and surfaces, and isolate patients who are infected.
The development of antibiotics has had a significant impact on
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American Chemical Society
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the treatment of infectious diseases throughout the past few
decades. However, the misuse and overuse of antibiotics have
also contributed to the creation of antibiotic-resistant bacterial
strains.”” Antimicrobial resistance (AMR), particularly due to
biofilm development, is one of the most significant obstacles in
the treatment of bacterial-infected disorders.’ According to the
World Health Organization, multidrug-resistant (MDR)
bacteria kill approximately 700000 people per year on a global
level, with the figure is expected to reach 10 million by
2050.°7" Due to the cost and complexity of generating new
antibiotics, scientists are refocusing their efforts on anti-
bacterial techniques with a lower risk of AMR development.
Antibacterial methods based on nanoparticles have been
reported as highly eflicient against infections caused by
biofilms."" Among nanomaterial-based treatments, photo-
therapy has attracted a great deal of interest due to its obvious
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Figure 1. (a) Illustration of the Type I and Type II photochemical mechanisms of APDT (Jablonski diagram). (b) Schematic illustration of the
mechanism of bacterial damage. Reprinted with permission from ref 65. Copyright 2020 Elsevier.

advantages of minimum invasiveness and clinical safety. In
general, photoactivated sterilization can be simplified by
activating photostimuli-responsive nanomaterials with light
wavelengths ranging from ultraviolet (UV) to near-infrared
(NIR). These photostimuli-responsive nanomaterials absorb
light energy, thereby inhibiting the growth of pathogens via
photodynamic therapy (PDT) by producing reactive oxygen
species (ROS) and/or photothermal therapy (PTT) by
establishing hyperthermic conditions.'>"?

Developing antibacterial biomedical devices by coating them
with photothermal agents (PTAs), photodynamic agents
(PDAs) or a mixture of PTA and PDA agents is a novel
strategy for combating nosocomial infections and enhancing
biomedical device resistance to bacterial growth.'* These
devices may include implantable devices such as prosthetic
implants,'>'® prosthetic joints,'” and orthopedic implants,'®"’
as well as external devices such as catheters” ™" and wound
dressings.”*™** Antibacterial nanomaterial-based coatings
applied to these devices can reduce the risk of infection and
improve patient outcomes. The unique properties of light-
activated antimicrobial nanoparticle—polymer composites offer
multifaceted advantages from a biomedical perspective. By the
incorporation of these coatings, the devices gain a robust
defense mechanism against microbial colonization, thereby
minimizing the potential for device-related infections. The
controlled release of antimicrobial agents upon exposure to
light not only provides targeted pathogen eradication but also
contributes to the overall reduction in the microbial load on
the device surface."’ This reduction in the microbial burden is
instrumental in inhibiting biofilm formation, a common
precursor to persistent infections associated with implanted
biomedical devices. The biocompatibility of these coatings is
carefully optimized to ensure minimal cytotoxicity, facilitating
seamless integration with biological tissues and reducing the
likelihood of adverse reactions. As a result, the application of
light-activated antimicrobial nanoparticle—polymer composites
as coatings on biomedical devices represents a strategic and
innovative approach to elevate patient safety, reduce the
incidence of infections, and ultimately enhance the overall
efficacy of medical interventions. Although previous literature
studies on light-assisted antibacterial activities have been
reported, no comprehensive review of light-assisted antimicro-
bial strategies for biomedical devices has been conducted. This
review aims to provide a comprehensive overview of recent
advancements in photostimuli-responsive nanomaterial sys-

8378

tems for the development of smart nanomaterial—polymer
composites with antibacterial activity for use in biomedical
devices. By systematically analyzing the latest research findings
from diverse sources, we aim to provide a consolidated and up-
to-date understanding of the state-of-the-art in this field. The
novelty of our work lies in the meticulous curation of recent
literature, which not only summarizes the current landscape
but also highlights emerging trends and challenges. This review
serves as a valuable resource for researchers, practitioners, and
scholars seeking an in-depth and holistic perspective on
antimicrobial nanoparticle—polymer composites. Antibacterial
modes in these studies are categorized into three types: (1)
ROS-based PDT, (2) hyperthermia-based PTT, and (3) a dual
photoresponsive therapy system (PDT/PTT). The fabrication
and antibacterial activities of some typical PDAs, photo-
sensitizers (PSs), and PTAs are discussed. In addition, several
nanomaterial—polymer composites with targeting properties
and sensitivity to light and bacterial infections are covered.
Finally, the prospects and challenges associated with
antibacterial PTT and PDT approaches are addressed.

2. LIGHT-ACTIVATED ANTIMICROBIAL
NANOPARTICLE-POLYMER COMPOSITES

2.1. Photodynamic Antimicrobial Nanoparticle—Poly-
mer Composites. 2.1.1. Mechanism of Antimicrobial
Photodynamic Therapy (APDT). Photodynamic treatment
(PDT) has emerged as a promising method for eliminating
microorganisms such as bacteria, fungus, viruses, and
spores.”” It requires the administration of a PS with a
small energy band gap (difference between the valence band
and conduction band).*>*” In a typical APDT, the PS absorbs
visible/NIR photons and excites to its high-energy single state
(*PS°). However, excited electrons are unstable and have a
short lifetime. The excited molecule ('PS*) may undergo
redox reactions or intersystem crossing in order to produce a
triplet state with a longer lifespan (PS*).>>** When the 3PS*
and substrate are in close proximity, photochemical reactions
proceed via Type I or Type II pathways, as depicted in Figure
la. In the Type I reaction, SPS* transfers an electron to a
substrate, typically molecular oxygen, and initiates the
formation of highly reactive superoxide anion (O,*”) and
hydroxyl (*OH) radicals.”” All of these ROS are capable of
causing irreversible oxidative damage to bacterial cell
membranes and other functional biomolecules, including
DNA, endoenzymes, proteins, and fatty acids.?®* In the
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Figure 2. (a) Illustration of the synergistic bacteria-killing behavior of Ag* and ROS produced by the hybrid Ag;PO,/GO coating, which combines
with titanium by PDA under irradiation with 660 nm visible light, leading to damage of the bacterial cell membranes, proteins, and DNA. Adapted
with permission from ref 18. Copyright 2018 American Chemical Society. (b) Schematic illustration of the construction of BC—SA and the working
principle. (c) Solution of SA containing Bi;0,,C, and Cu,O cross-linked with Ca**. (d) BC—SA produces ROS under GL for localized biofilm
disruption and tooth whitening. Reproduced with permission from ref S1. Copyright 2022 American Chemical Society.

Type II reaction, the excited *PS* combines with molecular
oxygen and forms electronically highly reactive singlet oxygen
('0,). The generated 'O, can destroy bacterial pathogens by
initiating photodynamic action, which deactivates cellular
antioxidants and enhances cell-killing effects mediated by
oxidative stress.”*® It has been determined that Type I and
Type II reactions occur simultaneously in APDT and that their
ratio is primarily dependent on the type of PSs and the
microenvironment of infected sites.'* Compared to other
therapeutic strategies described in the scientific literature,
APDT kills MDR bacterial infections more rapidly. Impor-
tantly, the ROS generated by PSs have a multitarget effect on
the cellular architecture and metabolic processes of bacteria.*'
Therefore, the APDT platform can be used to manufacture
polymeric functional materials for eradicating MDR bacterial
infections in chronic wounds, implants, and medical devices.
2.1.2. Photodynamic Antimicrobial Nanomaterial—Poly-
mer Composites. In addition to light and oxygen, PSs are a
necessary factor for PDT.” However, most traditional PSs
(dyes) are extremely insoluble, are hydrophobic, and have low
stability, which leads to the limited efficiency of PDT.* To
overcome these difficulties, researchers have investigated the
use of photosensitizing nanoparticles alone and in conjunction
with other PSs.**™*® Moreover, nanoparticles are known to
have unique optical properties that make them highly efficient
at absorbing light, and as a result, they can generate more ROS
than traditional dyes. This is due to their small size and large
surface area, which allow for more interactions with light and a
higher degree of energy transfer.*” On the basis of this finding,
Macdonald and co-workers designed antibacterial surfaces
using thiol-capped gold nanoparticles (AuNPs) encapsulated
in crystal violet (CV)-coated polyurethane (PU) to evaluate
the antibacterial activity against both Staphylococcus aureus and
Escherichia coli as representatives of Gram-positive and Gram-
negative bacteria, respectively.”” The results indicated that the
effectiveness of this antibacterial surface was strongly reliant on
the size and concentration of the nanoparticles. The most
effective PU—AuNPs—CV antibacterial surfaces were achieved
with a swell encapsulation concentration of 1.0 mg mL™" of 2
nm AuNPs. Essentially, S. aureus and E. coli were reduced
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below the detection limit (>4 log) after 2 h in the dark and
light irradiation.”

In a separate study, the antibacterial activity of PU polymers
(as a model for catheters) against S. aureus bacteria was
investigated.”” In this study, PU polymers were exposed to
white light for 24 h. The antibacterial test confirmed that the
antibacterial capabilities of polymers impregnated with PSs
alone were lower than those of polymers embedded with
nanogold particles and PSs.” Interestingly, a bimetallic@
photosensitizer nanoconjugate system was utilized by Chandna
and co-workers. They recently reported a bioinspired nano-
antimicrobial hydrogel for wound treatment against Candida
tropicalis.”® In this study, stable poly(acrylic acid)-based
hydrogels were embedded with rose bengal (RB), as a PS,
loaded with lignin-based gold and silver bimetallic nano-
conjugates (AuAgLNCs); additionally, the photodynamic
antifungal activity of this hydrogel (RB@AuAgLNCs) was
determined to have the highest percentage of fungal growth
inhibition with a very low ICs, value (0.1 ug mL™").”® The
addition of silver nanoparticles and graphene into a polymer
has been proven to have significant antibacterial activity in
biomedical devices."**’ Regarding the coating of biomedical
implants, Xie, Mao, and co-workers developed a controllable,
rapid, and effective in situ disinfection approach.'® In this
study, a hybrid polydopamine (PDA)/Ag;NO,/graphene
oxide (GO) coating was designed to achieve rapid bacteria
killing and biofilm elimination in situ via the synergistic actions
of Ag" and ROS produced by the Ag;PO, nanoparticles under
660 nm visible light by tuning the band gap of the Ag;PO,
nanoparticles with GO, as shown in Figure 2a."® Therefore,
Ag" and ROS can damage DNA and proteins synergistically. In
addition, PDA is compatible with a range of materials, so the
method is relevant not only to metallic implants but also to
biopolymers such as poly(ether ether ketone) (PEEK). The
PDA/Ag;PO,/GO hybrid coating exhibited high antibacterial
efficiencies of 99.53% and 99.66% against E. coli and S. aureus,
respectively.'®

In addition, attention has been drawn to inorganic metal
oxide nanoparticles such as titanium oxide (TiO,), zinc oxide
(ZnO), and cubic cuprous oxide (Cu,O), which exhibit

https://doi.org/10.1021/acsanm.3c05173
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Figure 3. Schematic representation of the photothermal conversion of light to heat and the subsequent antimicrobial mechanism taking place. The
top right figures display scanning electron micrographs of E. faecalis cells before (left) and after (right) treatment with photothermal nanomaterials.
Reproduced with permission from ref 27. Copyright 2015 American Chemical Society.

antibacterial activity upon exposure to visible light. In 2017, a
simple swell—encapsulate—shrink process was described as a
means of achieving white-light-activated bactericidal surfaces.*’
The authors implanted ZnO nanoparticles with varied
nanoparticle concentrations and CV into poly-
(dimethylsiloxane) (PDMS) in order to create antimicrobial
surfaces. ZnO/CV composites display antibacterial properties,
depending on the ZnO concentration in polymer films. The
ZnO/CV composite containing 0.5 g of ZnO was the most
effective antibacterial polymer surface in this study, with light-
activated photosensitization of S. aureus in 45 min and E. coli in
90 min, resulting in minimum of a 4 log reduction of both
bacteria.”® Using photodynamic dental therapy, a three-
dimensional cross-linked network structure composite (BC—
SA) containing a sodium alginate hydrogel membrane (SA)
doped with bismuth oxychloride (Bi;;0,,C,) and Cu,O
nanoparticles was designed to simultaneously achieve local
tooth whitening and biofilm removal.’’ Under green-light
(GL) irradiation, this hydrogel may establish a biofilm removal
coating on the target tooth surface and inhibit metabolism via
ROS generated by Bi;;0,,Cj, and Cu,O nanoparticles, which
is a Ig)lromising strategy for oral healthcare in the future (Figure
2b).

2.1.3. Challenges and Future Outlooks for Antimicrobial
Photodynamic Nanoparticle—Polymer Composites. PDT
candidates for antibacterial applications have shown tremen-
dous promise. Researchers have developed photodynamic
nanoparticle—polymer composites with high antibacterial
efficacy against pathogenic microorganisms in biomedical
devices (Table 1). While the use of PDAs has shown promise,
there are obstacles that may limit this treatment’s efficacy.
Despite the successful targeting of certain bacterial species in
vitro, the oxygen free radicals created by these PDAs may
damage mammalian cell membranes. As a result, cytotoxicity
remains a key problem for implantable biomedical devices such
as orthopedic implants and prostheses."* For this technology
to be therapeutically effective, future attempts must include
thoughtful design principles and analytical techniques before
antibacterial efficacy. Importantly, materials and combinations
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with conduction and valence band edges above and below the
necessary ROS reaction redox potentials must be examined.
Additionally, the total band gap necessary to initiate the
reaction must be carefully evaluated. This should ideally
remain within the biomedically significant energy levels
associated with NIR-light wavelengths. Furthermore, the
fabrication of Janus nanoparticles, which are formed by two
or more semiconducting materials, may enable this activity to
occur within a single particle, resulting in increased photo-
dynamic characteristics.”®"’

2.2. Photothermal Antimicrobial Nanoparticle—Poly-
mer Composites. 2.2.1. Mechanism of Antimicrobial
Photothermal Therapy (APTT). Apart from PDT, the
absorbance of light by nanomaterials can be employed to
generate a rapid and significant increase in the local
temperature via photothermal effects.’® This process, known
as PTT, was originally designed to treat cancer cells by using
light-absorbing dyes. However, recent breakthroughs in
nanotechnology have enabled the creation of photothermal
nanoparticles capable of converting light into heat.”®>’
Nowadays, a broad spectrum of nanoparticles are being used
in PTT. These nanoparticles are mostly noble metals (Au, Ag,
and Pd), carbon-based materials, transition-metal nanostruc-
tures (e.g., WS, and MoS,), metal chalcogenides (e.g., Cu,_,E,
where E = §, Se, and Te), and metal oxide nanoparticles (e.g,,
WO,).* 7% The photothermal features of these nanoparticles
are caused by the resonant oscillation of the surface electrons,
known as surface plasmons, or the energy of the band
transition. Localized surface plasmon resonance occurs when
light is irradiated onto plasmonic nanoparticles. Specifically,
electrons in the conduction band at the surface of the
nanomaterials are induced to oscillate and create a rapidly
moving electron cloud by the electromagnetic field, as shown
in Figure 3a.°>°® This absorbed energy can be released by re-
emission of a photon or via electron—electron interactions and
electron—phonon relaxation, which causes lattice structures to
vibrate and convert thermal energy to localized heat around
the nanomaterials.”> Thus, plasmonic nanoparticles are
considered to be PTAs. For nonplasmonic nanoparticles, the
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PTAs absorb light energy and undergo an electronic transition
from the ground state (S;) to the excited singlet state (S,),
resulting in the nonradiative relaxation of an unstable excited
electron that releases kinetic energy as heat on surfaces.”* The
elevated temperature of both plasmonic and nonplasmonic
nanomaterials through the photothermal phenomenon dena-
tures the proteins on the bacterial surface and terminates
internal processes, resulting in the death of the bacteria.®®
Near-infrared (NIR) light, often referred to as the “bio-
transparent window” (750—900 nm), is the most suitable light
source for PTT due to its ability to deeply penetrate biological
tissues with low absorption by tissue chromophores such as
water, hemoglobin, and melanin.®®°”

2.2.2. Photothermal Antimicrobial Nanomaterial—Poly-
mer Composites. The use of photothermal approaches
potentially brings prospective advancements in the combat
against antibiotic-resistant biofilm infections of medical
devices.”® Therefore, nanomaterial—polymer composite devi-
ces, which serve as models for biomedical devices such as
implants,'”"? catheters,”>** patches,””’® and wound dress-
ings***"7"7* with photothermal properties, are designed to
provide antibacterial qualities, as concluded in Table 2.
According to our literature research, AuNPs with various
sizes and shapes are one of the most investigated nanomaterials
for biomedical device sanitation.’® For instance, Zhao et al.
discovered that PU-conjugated gold nanorods (AuNRs) coated
with poly(ethylene glycol) (PU—Au—PEG) nanocomposites
were effective antimicrobial materials under NIR-light (808
nm) irradiation. In the biomedical industry, PU is commonly
used to treat hernias.'® AuNRs with a length of 40 nm and a
width of 10 nm were immobilized on a PU surface via Au—S
bonds. Additionally, thiol-modified poly(ethylene glycol)
(PEG-SH), a highly hydrophilic polymer, was postmodified
to generate organic/inorganic hybrid coatings (PU—Au—PEG)
with intrinsic antifouling capabilities, as illustrated in Figure 4a.
After irradiation with NIR light for 10 min, the temperature of
PU—Au—PEG nanocomposites increased from 20 to S5 °C,
demonstrating a greater photothermal efficiency than that for
polymer employed alone. Confocal laser scanning microscopy
images indicated the successful eradication of pathogens using
808 nm NIR light and PU—Au—PEG nanocomposites that
were effective against Gram-positive (S. aureus) and Gram-
negative (P. aeruginosa) bacteria. PU-Au—PEG may also
prevent bacterial debris buildup in the absence of an external
stimulus and inhibit the formation of biofilms due to its
inherent antifouling characteristic. In general, the in vitro and
in vivo antibacterial activities of hybrid nanocoatings in this
work were improved by the photothermal effects of AuNRs
and the hydrophilicity of PEG, making them ideal antimicro-
bial nanocoatings for meshes used to treat hernias.'® In a
recent study utilizing gold nanoshells (AuNSs) as PTAs, the
Lee group reported carboxylic acid-terminated thiol-function-
alized AuNSs covalently attached to amino-functionalized
PDMS surfaces as model catheter surfaces and tested their
effectiveness at killing Enterococcus faecalis bacteria (Figure
4b).”” In a separate study, Hu and colleagues developed a
localized heat management system for targeted antibacterial
therapy that has the potential to be used in wound dressing, as
shown in Figure 4c.”” On the basis of the plasmonic-enhanced
photothermal property, they synthesized gold nanostars with
an average size of 14 nm and immobilized them with poly(N-
isopropylacrylamide) so that they could be distributed in the
depressed region of PDMS. When irradiated by NIR at a
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power density of 70 mW cm™?, the average temperature of the
film was maintained below 60 °C (~58 °C) at a certain
concentration of AuNSs (0.2 nM). In vivo studies on S. aureus-
infected mice revealed that films effectively eliminate infection
and promote wound healing under NIR irradiation.”

Gallic acid-conjugated silver nanoparticles (GA-AgNPs;
Figure S) were discovered to have a photothermal conversion
efficiency of 48.70%, making them a promising option for use
against antibiotic-resistant bacteria.”* With a rapid increase in
the temperature and the release of silver ions, these composites
demonstrated the efficient elimination of harmful disease-
causing microorganisms. In an in vivo rat model, GA-AgNPs
embedded in carrageenan hydrogels demonstrated enhanced
wound healing with a photothermal effect in addition to
increased antibacterial action with 808 nm NIR Ilaser
irradiation. The heat released by GA-AgNP hydrogels was
adequate to kill pathogenic bacteria known to cause severe
infections, and the heat released by these nanoparticles
encouraged a quick healing effect on wounds. According to
this study, up to 98.7% and 94.8% of the E. coli and S. aureus
bacteria were destroyed by NIR laser irradiation at 2 W cm™
for 10 min, respectively. Similar outcomes were also shown by
an in vitro bacterial culture.”* The ability to obtain an efficient
photon-to-heat conversion has been expanded to other metal
nanoparticles. For example, copper nanoparticles (CuNPs) and
copper sulfide nanoparticles (CuSNPs) have gained substantial
interest for modifying wound dressing devices, due to their
high redox potential, comparatively low cost to manufacture,
and superior antibacterial activity against viruses, fungi, and
Gram-positive and Gram-negative bacteria.”””"® In a recent
experiment, Ren and colleagues presented a novel strategy to
prepare a photothermal antibacterial silk fabric (SF) utilizing
CuSNPs. S. aureus and E. coli bacteria were killed by 99.99%
within 5 min of NIR light irradiation on a composite SF. Table
2 lists the other nanoparticles that can be used for therapeutic
strategies against bacterial infections, together with their
application in biomedical devices.

2.2.3. Challenges and Future Outlooks for Antimicrobial
Photothermal Nanoparticle—Polymer Composites. The
antibacterial application of photothermal nanoparticles is a
relatively new phenomenon, originally proven less than 2
decades ago.”® There is tremendous potential for the
application of this technology as a stimuli-activated antimicro-
bial therapeutic strategy to enhance or replace sanitation
methods in biomedical devices. It possesses a spectrum of light
activation in the NIR area that is capable of penetrating human
cells and can combat infections in deep tissue.””®” It should be
emphasized, however, that even within this biological window
penetration depths are limited to a few centimeters, which may
not be appropriate for broader cases of infection and
implantable medical devices in the body.gg’90 In addition,
despite the fact that therapeutic applications of PTT have
achieved significant advancements, the harm to normal tissues
and limited effectiveness pose ongoing challenges.”’ To
prevent nosocomial infections, future studies should investigate
the potential of this technique to design more photothermal
biomedical devices rather than catheters, wound dressings, and
implants. Furthermore, as human cells are extremely vulnerable
to heat rises, future study should explore the range of possible
photothermal treatments against fungal infections, while
further in vivo investigations are needed to establish any
potential harmful consequences.

https://doi.org/10.1021/acsanm.3c05173
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2.3. Dual Synergistic Antimicrobial-Based PDT/PTT
Nanoparticle—Polymer Composites. 2.3.1. Mechanism of
Dual Synergistic Antimicrobial-Based PDT/PTT. In recent
years, dual synergistic photoactivated therapies (PDT/PTT)
have attracted considerable interest as antibacterial alternative
treatments due to their high therapeutic efficacy, noninvasive
nature, and fewer side effects than conventional therapeutic
systems (Table 3).”7°° PTT employs photothermal trans-
ducing agents to transform light energy into heat energy for
bacterial eradication; it offers remote control capability,
minimal invasiveness, rapid treatment, and deep-tissue
penetration. However, a higher temperature (over 70 °C) is
required to achieve antibacterial effectiveness for single PTT,
which would scald normal tissues and cause serious side
effects.”” Differently, PDT utilizes a light source to activate PS
and generate ROS to kill target bacteria with less damage to

ref
72
87

poly(ethylene

poly(vinyl alcohol), Ch/AuNRs = chitosan-based

poly(N-acryloylglycinamide), CRIs = catheter-related infections, B. subtilis

methicillin-resistant Staphylococcus aureus, P. aeruginosa = Pseudomonas aeruginosa, A. baumannii = Acinetobacter baumannii, GO

vivo (SS °C, tumor growth was suppressed)
graphene oxide, TRIM = thermal-disrupting

elevated temperature (°C)
in vitro (viability of cells: 10.6% for B16F10) in

manganese-doped calcium silicate, MoS, = molybdenum disulfide,

PEGylated gold nanorods, TA = tannic acid, PEG

=Te}
£ %o I host cells, making it safer.”®°> PDT is also reusable and
g 2 2 practical for treating infectious diseases, but its antibacterial
o ° =] . o1 . . . . ..
5§ g applicability in deep tissue and ROS production is limited by
- the photochemical characteristics of PS and the ability of the
2 excitation light source to penetrate biological tissues.”® The
2 L“D ! formation of ROS is closely related to the energy of light.
gﬂ o o B Long-wavelength light has little influence on the promotion of
EE K EI PDT because it lacks the energy to generate ROS.”"?® Uv light
E X m =2 is often utilized in PDT and is effective at killing micro-

organisms, yet it can harm DNA and biological tissue. The use
of visible light with long wavelengths and NIR light in PTT, on
the other hand, is less damaging to tissues.® Another concern is
that a large amount of ROS is necessary to kill the majority of
bacteria with a single PDT. However, during this process, high
levels of ROS caused damage to surrounding normal tissues,

hollow gold nanospheres, GA-AgNPs = gallic acid-functionalized silver nanoparticles, S. aureus

gold nanorod, AuN
Staphylococcus aureus, PEL = polyethylenimine, TRI = triangle gold nanoplate, AgNPs@EL = lignin-based nanosilver composites, EL = extracted lignin, Ag-SLS NPs = silver sodium lignin sulfonate

quaternized N,N’-dimethylethylenediamine, GNS = gold nanostar, PVA

N,N-bis(acryloyl)cystamine, QCS = chitosan quaternary ammonium salt, SF = silk fabric, Bi,S; NPs

in vivo (808 nm, 1.8 W cm™2, 15 min)
manganese-doped calcium silicate nanowires alginate hydrogel, MCS

in vitro (808 nm, 0.6 W cm™, 10 min),
in vivo (808 nm, 0.6 W cm™2, 10 min)

irradiation
in vitro (808 nm, 2.6 W cm™2, 15 min),
“Abbreviations: Au NHs = gold nanoholes, K/Au NHs = gold nanohole-modified kapton, K/Au NHs-G = graphene-coated gold nanohole-modified kapton, E. faecalis = Enterococcus faecalis, S.
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o B E Z . §9 including inflammation, fibrosis, and even necrosis, during this
LZD % E S E phase.”® Therefore, the development of dual phototherapy
o % TasST strategies is of the utmost importance for tissue-compatible
r.: g 'é R antibacterial treatment.
o 2 g ;é RS § These strategies should include PTT with a lower
[} ) .
i R iC A temperature (about SO °C) and moderate PDT with fewer
2 %" %” i s 1R g 5 ROS during the therapeutic phase. Thus, the combination of
Teo 8 8 gL 8828 B 2 PTT and PDT could greatly boost antibacterial efficacy
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$* 5 - ETSP29292 through a synergistic effect while simultaneously lowering the
2 § § N A 3 Z g G negative effects of a single-mode antibacterial method.
B Sa BT E Researchers have observed that bacteria and biofilms harmed
| | <J S ﬁ‘* ; = by photothermal impacts are more vulnerable to ROS. This
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5§ E OE se¢ 5 = <'t': g suggests a potential relationship between the photothermal
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—% T 8 S £T35EYY Ep impacts and increased susceptibility to ROS. The mechanism
= 25 §§) 2 ém Z o= 3 of these dual systems has not been explored independently.
25 £ 2= 8
g & S=0 BT E £ Further research is needed to fully understand the underlying
. " ﬁ*é z ;,;é 53 mechanisms of the relationship between the photothermal
o =p @ § = Tg > impacts and vulnerability to ROS. It is believed that the heat
ﬁg s 8 L:i”i S E52 g produced by the photothermal effect could accelerate the
5 1 4 28 % ;—g 2 permeability of bacteria, hence facilitating the uptake of PS and
— s 8 . 9
® § g § - Xy Jé 5 ultimately PDT.” In turn, PS-generated ROS can reduce
3 ,_i S Z:e —F& 52 bacteria’s heat resistance, increasing the effectiveness of
= 3 SETES =5 PTT.”>” Consequently, the synergy of PDT and PTT has
o0 s s PP P
% £ S E ;" E 2EQ the ability to overcome their individual drawbacks, thus
- < . . . .
- g B §:§*§ <'é ) <'": 848’ endowing the material with greater benefits for increased
2 g 3 g ::\_g‘—g % E 8 § E antibacterial therapy. The mild heating temperature of PTT
g g il SI1Z=g SECH) may limit the bacterial activity, making cells more susceptible
g ©g ,6; .;f‘_é o 53 to PDT disruption.”®”>'*®
= L 7 P . .
° PR 285538732 ul? 2.3.2. Dual Synergistic PDT/PTT Antibacterial Nano-
z 2, ERA g B = . ; ) X
Nz 5§ 53 5F BeooS588 particle—Polymer Composites. Dual-model light-assisted
2 Z 0 o5 T=0=¢ oy E E . . . . . .
= BE42 23385585 285 (PDT/PTT) antibacterial therapies have received significant
H s = SmezRE 0 20 § attention in recent years due to their excellent bactericidal
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Figure 4. (a) Illustration of a NIR-responsive PU—Au—PEG surface with antifouling and photothermal antibacterial characteristics. Reproduced
with permission from ref 16. Copyright 2020 American Chemical Society. (b) Strategy for developing AuNS-modified PDMS surfaces and
evaluation of their effectiveness against E. faecalis under NIR illumination. Adapted with permission from ref 27. Copyright 2015 American
Chemical Society. (c) Representation of a TRIM film attached to the skin that absorbs IR light and generates local heat, which kills bacteria in the
depressed regions of the film while leaving the surrounding epithelial host cells unharmed. Adapted with permission from ref 73. Copyright 2020
Wiley.
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Figure S. (a) Schematic of the GA-AgNPs synthesis process. (b) Illustration of GA-AgNP hydrogel composites for photothermal bacteria
elimination. (c) NIR-irradiated thermal IR pictures of GA-AgNP hydrogels. (d) Increase in the hydrogel temperature across three laser on/off
cycles. A laser with a wavelength of 808 nm and a power density of 1.5 W cm™2 was used. Reproduced with permission from ref 74. Copyright 2020
Elsevier.

efficacy and low side effects.'®''° However, the implementa- composites, irradiation methods, biomedical devices, and
tion of these dual systems in biomedical devices is still limited. tested microorganisms. The researchers Feng et al. explored
Table 3 provides a complete summary of the current status of the synergistic photodynamic and photothermal properties of
PDT/PTT antimicrobial synergistic strategies including nano- chitosan-assisted MoS, (CS@MoS$,) hybrid coatings.104 They
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Table 3. Comparison of PDT/PTT Nanomaterial-Polymer Composites for Antimicrobial Applications”

CFU
(logyp)/
nanoparticle biomedical antibacterial
NPs nanocomposite size (nm) polymer device irradiation microorganisms treatment rate ref
AuNPs  Au-GO-NH, 14 + 04 PDMS catheter visible light, 200 mW cm?, S. aureus, E. coli  antibacterial >99.9, >999 26
coating on 10 min irradiation, therapeutics
PDMS
AgNPs  PLLA/Dex/Ag PLLA orthopedic 808 nm, 1.5 W cm™2, 10 min  S. aureus, E. coli wound 100, 97.2, 99
fibers screws irradiation disinfection 99.94
Ag;PO,/ 10-30 PVA wound 660 and 808 nm, 0.6 W cm™2,  S. aureus wound healing  99.9 100
MoS,HD dressing S min irradiation
CuNPs  CuS/mSiO, 25 NIPAAm wound 808 nm, 2 W cm™>, 10 min S. aureus, E. coli  wound healing  99.80, 99.94 101
hydrogel dressing irradiation
CuFe,0,/ 100—150 PEEK orthopedic 808 nm, 1 W cm™2, 10 min S. aureus, E. coli  TAI 99.57 102
PEEK implant irradiation
LS-CuS@PVA PVA wound 808 nm, 1.3 W cm™2, 10 min  S. aureus, E. coli wound healing 4.8 103
dressing irradiation
SE/PANI/ PANI antibacterial 0.1-0.2 W cm™2, § min S. aureus, E. coli 99.99, 99.99 78
CuS@ textile irradiation
PDMS
MOS, CS@MoS, 50—-300 polysacharide— artificial 660 nm visible light, 808 nm  S. aureus, E. coli  infection 99.65, 99.84 104
chitosan implant NIR, 10 min irradiation prevention
MOS,/PDA— 260 PDA implant 808 nm, 0.5 W cm™2, 8 min  S. aureus, E. coli  infection 92.6, 92.6 105
RGD irradiation prevention
CS@MoS, PVA wound 660 nm visible light, 808 nm  S. aureus, E. coli wound healing  99.5, 99.3 106
dressing NIR, 0.2 W cm™2, 1§ min
irradiation
TiO, UCNPs@ PVDF wound 980 nm, 2.5 W cm™2, 10 min . aureus, E. coli wound healing  59.7 107
TiO2@GO dressing irradiation

“Abbreviations: AuNPs = gold nanoparticles, Au-GO-NH, = gold nanoclusters-decorated amine-functionalized graphene oxide, PDMS =
poly(dimethylsiloxane), AgNPs = silver nanoparticles, Dex = dexamethasone, PLLA = poly(L-lactic acid), PVA = poly(vinyl alcohol), PEEK =
poly(ether ether ketone), NIPAAm = N-isopropylacrylamide, CuS = copper sulfide, NIPAAm = N-isopropylacrylamide, LS-Cu$ = lignin copper
sulfide, SF = silk fabric, MOS,/PDA—RGD = molybdenum disulfide/polydopamine—arginine—glycine—aspartic acid, PDA = polydopamine—
arginine, IAI = implant-associated infection, PVDF = poly(vinylidene fluoride), GO = graphene oxide, UCNPs = upconversion nanoparticles, and
PANI = polyaniline.
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Figure 6. (a) Illustration of the coating of Au-GO-NH, nanosheets on the surface of silicone. (b) Representation of the antibacterial process of Au-
GO-NH, nanosheets upon exposure to visible light. Reproduced with permission from ref 26. Copyright 2020 Elsevier. (c) Schematic diagram of
the LS-CuS@PVA composite hydrogel preparation process. (d) Diagrams depicting the synergistic antibacterial mechanism of LS-CuS@PVA.
Adapted with permission from ref 103. Copyright 2022 American Chemical Society.

discovered that metallic titanium implants in vivo possessed a (AuNCs)-decorated amine-functionalized graphene oxide
good surface self-inhibiting ability. Under visible-light irradi- (Au-GO-NH,) nanosheets, as illustrated in Figure 6a,b. 6
ation, the coating produces singlet oxygen and NIR light This nanosheet is capable of capturing microorganisms due to
promotes a rise in the implant temperature. This combination physical adsorption and electrostatic contact. Under visible
produces a synergistic effect of photodynamic and photo- light, this photoactive nanosheet generates considerable heat
thermal effects that significantly increases the killing efficiency and high ROS. This nanosheet is S times more bactericidal
of E. coli and S. aureus. The incorporation of chitosan not only against Gram-positive and Gram-negative bacteria than AuNCs
makes the implant more biocompatible but also offers a and amine-functionalized GO. A nanosheet-modified silicone
straightforward, fast, and risk-free method for the eradication surface was also employed as a model for implant devices,
of germs that are already present in vivo in situ.'’* As a potent displaying antibacterial effectiveness against in vitro bacterial
visible-light-active antibacterial agent, Li and colleagues colonization. The generated nanosheet can be used to develop
produced a new nanocomposite of gold nanoclusters the next generation of antimicrobial medications for
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biomedical and environmental applications using synergistic
bacterial capture, oxidative stress, and photothermal ablation.®

CuSNPs are frequently utilized as dual synergistic
antibacterial systems due to their distinctive semiconductin
properties and photothermal conversion efficiency.”®'*"'%"
The Xie group has recently introduced lignin copper sulfide
(LS-CuS) nanocomposites that are incorporated into a
poly(vinyl alcohol) (PVA) hydrogel to create an LS-CuS@
PVA composite hydrogel with NIR-activated photothermal,
photodynamic, and peroxidase-like performances for wound
healing and wound dressing (Figure 6b).'”” In the presence of
H,O, and NIR light for 10 min, LS-CuS@PVA displayed the
high antibacterial rate with 3.8-log and 4.8-log reductions of
colony-forming units (CFUs) against E. coli and S. aureus,
respectively. Due to the combined action of hyperthermia and
ROS, the antibacterial activity of the LS-CuS@PVA system
was considerably strengthened, and the LS-CuS@PVA hydro-
gel can eliminate bacteria that have already grown and inhibit
their creation.'” The Li group synthesized another hybrid
nanocomposite consisting of 3-(trimethoxysilyl)propyl meth-
acrylate (97%) and mesoporous silica (mSiO,) modified
CuSNPs."”" This nanocomposite exhibits outstanding and
controllable photothermal and photodynamic characteristics
under 808 nm NIR irradiation as well as antibacterial activity
0f 99.80% and 99.94% against S. aureus and E. coli, respectively,
within 10 min. In addition, the release of copper ion during
NIR irradiation leads to antimicrobial action and skin tissue
generation.'’" In 2023, a new study reported the development
of photothermal and photodynamic antimicrobial fabrics.”®
Because SFs contained few chelating sites (carboxyl, hydroxyl,
and amino groups) on their own, polyaniline (PANI) was
added to fiber surfaces to chelate copper ammonia ions and
facilitate CuSNP deposition. Copper ammonia ions were
coupled to SF/PANI and interacted with thiourea adsorbed on
the chitosan quaternary ammonium salt template to distribute
CuSNPs uniformly on the fiber surface and increase the
specific surface area. The photothermal textile was finally
encapsulated with PDMS, which provided antioxidant and self-
cleaning properties. The results indicated that the UV
resistance of the SF/PANI/CuS composite textile was
satisfactory. The inactivation of S. aureus and E. coli reached
99.9% after S min of irradiation at 200 mW cm ™2 and remained
at the same level after 10 washings.”®

2.3.3. Challenges and Future Outlooks for Dual
Synergistic PDT/PTT Antimicrobial Nanoparticle—Polymer
Composites. The synergistic antibacterial method of PDT/
PTT has a greater potential to eradicate bacteria than PTT and
PDT alone, due to the PTT process’ ability to increase
temperature appropriately, thereby increasing the permeability
of the cell membrane by enzyme denaturation and damaging
the protein and phospholipids on the cell membrane, making
bacteria more susceptible to ROS damage and achieving
significantly improved antibacterial efficacy.''' However, the
design of such dual-mode antimicrobial agents has obstacles,
such as the necessity to combine multiple compounds, which
results in complex synthesis processes and biocompatibility
concerns.””''” The intricate interplay between various
components within hybrid materials may pose challenges in
achieving optimal synergistic effects. Addressing this concern
requires a meticulous investigation into the selection of
constituents, their ratios, and potential modifications to
streamline the synthesis while ensuring the safety and
biocompatibility of the resulting composites. In addition,
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hybrid materials containing several chemicals may be
influenced by the requirement for two light sources to generate
the superposition of the two therapeutic actions, which
enhances the laser exposure time.”>""® This approach presents
a practical challenge in achieving optimal treatment outcomes
while minimizing the potential side effects. Future research
endeavors should focus on the development of innovative
materials that can harness the benefits of dual-mode therapy
with a single light source, reducing complexity and enhancing
the clinical feasibility of the approach. Furthermore, the safety
of long-term use in the human body and the therapeutic
application in the human body must be evaluated, particularly
for implantable biomedical devices.”''* The intensity and
controllability of the produced immune response were also
taken into account. Understanding the interaction between
advanced materials and the complex biological environment is
crucial for ensuring sustained efficacy without adverse effects.
Future studies should delve into long-term in vivo assessments,
considering factors such as material degradation, immune
responses, and overall biocompatibility, to pave the way for the
practical implementation of these technologies in therapeutic
application. Consequently, despite the fact that phototherapy
based on nanoparticles and a combination treatment has been
actively researched, many projects are still in the discovery
phase, and there are still a great number of shortcomings that
must be addressed.

3. CONCLUSIONS AND FUTURE PERSPECTIVES

Humans are endangered by the rising resistance to pathogenic
microorganisms. Because new antibiotics cannot keep up with
the evolution of pathogen resistance, numerous efforts have
been made to develop alternative antibacterial strategies to
tackle MDR bacteria. Importantly, the discovery and develop-
ment of light-stimulated antimicrobial nanomaterials offer a
possible solution to combating the worldwide nosocomial
infection problem and are promising alternatives.'”"* The
application of PTT and PDT for combating nosocomial
infections is still in the experimental stage and is not yet widely
used in clinical practice. However, there have been some
studies that have shown promising results using these therapies
to kill pathogenic bacteria and fungi responsible for
nosocomial infections.

Photodynamic nanomaterial agents are among the most
extensively studied light-activated treatments for pathogenic
microbes, and they demonstrate extraordinary antimicrobial
activity.”® This technology faces challenges to reduce
cytotoxicity and treatment time, as well as to modify important
factors, such as the size and composition of the nanomaterial,
the need to shift the excitation wavelength into the NIR region,
which is demanded for clinical applications, while providing
sufficient redox potential to boost the generation of
antimicrobial ROS.'* Comparatively, PTAs that induce
localized hyperthermia as a consequence of exposure to light
show promise in the treatment of nosocomial infections
because they can be activated by NIR wavelengths through
biological windows, to which human tissue is highly permeable,
and can therefore penetrate human tissue.”® However,
penetration depths are still limited to a few centimeters, and
damaging normal tissues as the temperature rises remains a
challenge.”® Consequently, these technologies are still in the
developmental stage, and future research will require system-
atic studies and in vivo trials. Another important strategy is the
development of dual-model light-assisted (PDT/PTT) anti-
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bacterial therapies, which are more effective at eliminating
bacteria than PTT and PDT alone.”” The ability of PTT to
appropriately raise the temperature increases the permeability
of the cell membrane by enzyme denaturation and damages the
cell membrane proteins and phospholipids, making bacteria
more susceptible to ROS damage and enhancing antibacterial
efficacy.'"’ However, there are still concerns surrounding the
complexity of developing dual systems, their safety, and laser
exposure duration. Numerous initiatives are still in the
exploration stage, and difficulties must be overcome.""*

Overall, this paper summarizes the most recent develop-
ments in photostimulated-responsive nanomaterials and their
cutting-edge applications in antibacterial properties of
biomedical devices, as well as their significance in the field of
healthcare. This review also addresses the limitations of these
technologies, which require additional systematic investiga-
tions and in vivo trials to optimize and evaluate their “real
world” applicability. It is important to note that these therapies
are still in the early stages of development, and further research
is needed to determine their safety and efficacy in the
treatment of nosocomial infections. The limitations highlighted
in this review act as guideposts for future research, urging the
scientific community to delve deeper into the intricacies of
these emerging therapies. The early stages of development
underscore the imperative for amplified research efforts to
determine the safety, efficacy, and practical viability of these
innovative approaches in the intricate landscape of nosocomial
infection treatment. In essence, the latest advancements not
only showcase the potential of light-stimulated antimicrobial
nanomaterials, but also advocate for a collaborative effort to
address the challenges and propel these technologies from
promising concepts to impactful solutions in the field of
healthcare.
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