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ARTICLE INFO ABSTRACT
Keywords: Despite aiming to improve the healing process, the wound dressings that have been developed thus far still
Imaging present high production costs, uncontrolled drug delivery, and are unable to fully re-establish all features of

Near-infrared light
Photobiomodulation
Photodynamic therapy
Photothermal therapy

native skin. In this field, the development of light-responsive dressings has been emerging due to the possibility
of controlling the delivery of therapeutic agents both in time and space. Moreover, this strategy has also been
explored to guide the materials’ polymerization/crosslinking, as well as to mediate therapeutic approaches based
on photothermal or photodynamic effects. Among the different approaches, the utilization of near-infrared (NIR)
light holds a high translational potential due to the minimal interactions with the biological components and
higher penetration capacity in human tissues. In this way, different biomaterials responsive to NIR light have
been produced and explored in the production of active wound dressings. Therefore, this review aims to provide
an overview of the advantages of NIR light to the wound healing process, in particular, its thermal, photody-
namic, photobiomodulation, and imaging potential. Furthermore, the antibacterial, drug-release, and cellular
responses that can be obtained with the application of NIR-responsive wound dressings are also described
focusing on its impact on the healing process.

simultaneously protect against bacterial infection [2,12]. Despite these
advantages, wound dressings are still associated with high production
costs, uncontrolled drug delivery, and the inability to fully re-establish
all features of native skin [5].

To address these limitations, researchers have been focused on the
development of new bioactive dressings to improve the wound healing
process. Among them, the development of light-responsive approaches
has been the subject of various studies aiming at controlling the thera-
peutics’ activity both in time and space [13]. For example, irradiation
with a light source can be explored to induce a localized polymerization
allowing an easy and rapid formation of the polymeric matrix with a
high degree of spatial and temporal control, or even the development of
in situ gelling viscoelastic systems [14]. UV light (<400 nm) is the most
applied radiation for mediating the production of wound dressings,
namely for triggering hydrogel’s reticulation [14]. Additionally, this
light source can also be applied for sterilization purposes, treatment of
infections, and wound care. Nevertheless, this stimulus may also trigger
some adverse effects on mammalian cells, particularly with prolonged or

1. Introduction

Skin is the largest and outermost organ of the human body and it is
enrolled in several functions, namely thermoregulation, prevention of
water and fluid loss, immune surveillance, and sensory detection [1,2].
In addition, it also protects the human body against external agents such
as microorganisms, ultraviolet (UV) radiation, and mechanical insults
[2]. In this way, skin structure and functions may be compromised due
to the occurrence of lesions that in some cases exceed its regeneration
capacity [3]. So, it is fundamental to develop novel therapeutic ap-
proaches that can support and improve the healing process.

In the area of tissue engineering, different wound dressings have
been developed, such as sponges, films, hydrogels, and electrospun
membranes [2,4-7]. These dressings are non-toxic, biodegradable, and
capable of providing a moist environment to the wound site, which
improves cell proliferation, migration, and adhesion [8-11]. Further-
more, a wound dressing must facilitate gas and nutrient exchange, while
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Abbreviations

BPQDs - Black phosphorus quantum dots

CCO - Cytochrome C oxidase

CFU - Colony-forming unit

Cip - Ciprofloxacin

CS - Chitosan

E. coli - Escherichia coli

h-EGF - Human epidermal growth factor

HIF-1a - Hypoxia-inducible factor 1o
hMSCs - Human mesenchymal stem cells
HSP - Heat shock proteins

ICG - Indocyanine green

NIR - Near-infrared

NIROS - NIR optical scanner

NO - Nitric oxide

P. aeruginosa - Pseudomonas aeruginosa
PB - Prussian blue

PBMT - Photobiomodulation

PDA - Polydopamine

PDT - Photodynamic therapy

PTT - Photothermal therapy

ROS - Reactive oxygen species

S. aureus - Staphylococcus aureus

UCNPs - Upconversion nanoparticles

UV - Ultraviolet

VEGF - Vascular endothelial growth factor
VLU - Venous leg ulcers

repeated exposure, and present poor penetration in human tissues [15].

In this context, visible light (400-700 nm) has also been explored as
an alternative to overcome the toxicity and mutagenic concerns asso-
ciated with UV light. Despite the potential to trigger the photo-
polymerization through free radical, ionic, and hybrid approaches or
even mediate the activation of photodynamic therapies, visible light still
presents a limited penetration in the human body due to its interaction
with hemoglobin, cytochromes, and other biomolecules [14-17].
Alternatively, near-infrared (NIR) light emerged as a viable alternative,
since it displays minimal interactions with biological components, thus
leading to an increased penetration capacity in human tissues. This
higher compliance with the human body has been the rationale that
triggered researchers to develop biomaterials responsive to NIR light,
guiding the materials’ polymerization/crosslinking or mediating thera-
peutic approaches based on photothermal (i.e., light-to-heat conversion)
or photodynamic (i.e., light-to-chemical energy; reactive oxygen species
(ROS)) effects [18,19]. In the context of photothermal therapy, raising
tissue temperature to 41-43 °C can stimulate cell proliferation and
angiogenesis. Further temperature increases (i.e., exceeding 50 °C) may
be explored to enhance the antibacterial properties of the materials
[20-23]. Moreover, the heat generated can also be harnessed to regulate
the release of different therapeutic molecules to accelerate and enhance
the wound healing process [24]. Similarly, the ROS generation in
photodynamic application can also enable the treatment of bacterial
infections through oxidative damage or trigger the release of bioactive
molecules [24-26]. On the other hand, NIR light can also find applica-
tion in photobiomodulation (PBMT), in which different biological,
chemical, and cellular processes are directly stimulated by the exposi-
tion to NIR radiation. Additionally, NIR light also allows the monitoring
of the wound healing process through bioimaging approaches [27,28].

With this in mind, this review aims to provide an overview of the NIR
light application for accelerating and enhancing the wound healing
process. Furthermore, the NIR-responsive biomaterials that can be used
to develop wound dressings are also described, focusing on the possible
thermal, photodynamic, and photobiomodulating effects and its impact
on skin regeneration.

2. Near-infrared light application in biomedicine

Light can interact with different components of the human body,
which can result in absorption, scattering, and/or reflection [29]. The
NIR light (700-2500 nm) presents a longer wavelength and less energy
than the conventionally used visible and UV radiation [30]. Moreover,
the main biological components such as blood, skin, and fat present,
exhibit lower absorption and scattering coefficients in this region of the
spectra [18,31]. Within the NIR light wavelength, three different bio-
logical windows (i.e., wavelength regions) were identified: the NIR-I
region in the wavelength range of 700-1000 nm; the NIR-II region in

the wavelength range of 1000-1350 nm; and the NIR-III region in the
wavelength range of 1550-1870 nm [32]. Therefore, the NIR-light
responsiveness can be explored as a low-invasive technique to trigger
localized treatments and imaging with minimal damage to the sur-
rounding tissues (please see Fig. 1) [29,33,34].

2.1. Photothermal therapy

Photothermal therapy (PTT) is based on the use of photoresponsive
agents that mediate the transformation of the NIR light energy into heat.
In these approaches, the interaction of the photothermal agent with the
NIR radiation results in light absorption and transition to an excited
state, followed by energy release via heat generation [18]. Different PTT
active agents can be considered to mediate a photothermal effect:
inorganic nanomaterials such as those based on gold, iron oxide, copper,
and 2D/3D carbon structures (e.g., graphene oxide and carbon nano-
tubes), organic polymer-based materials (e.g., polydopamine (PDA),
polyaniline, and polypyrrole), as well as small molecules (e.g,
cyanine-based dyes and prussian blue (PB)) [35-37]. Particularly,
inorganic nanomaterials have received significant attention owing to
their high photothermal conversion efficiency, facile synthesis/surface
modification, as well as adjustable photochemical properties [38,39].
On the other hand, they also possess a lower biocompatibility, when
compared to their organic counterparts, poor water dispersibility, and
often are nonbiodegradable [36-38]. To overcome the drawbacks of
inorganic nanomaterials, different works have been exploring
NIR-responsive polymers due to their biodegradability, low toxicity, and
photostability [36,37,39]. Nevertheless, these polymers often present a
sub-optimal photothermal conversion efficiency and a complicated
synthesis process, which limits its biomedical application [37,39]. In
turn, small molecules present a good biocompatibility and biodegrad-
ability. Nevertheless, this higher biocompliance is counterbalanced by
their low photothermal conversion efficiency and poor photostability
[18,37].

In wound healing applications, biomaterials such as hydrogels,
membranes, and nanofibers can be loaded or combined with these
photothermal agents to create a light-triggered therapeutic. For
example, Zhang et al. reported that the chitosan (CS) -based aerogel with
amino-functionalized molybdenum disulfide nanosheets have a photo-
thermal conversion efficiency of 37.9 % and could reach a maximum
temperature of 60 °C under the NIR laser irradiation (808 nm, 2 W/ cm?,
10 min) [40]. Similarly, Tao et al. developed a hydrogel composed of
dibenzaldehyde-grafted poly (ethylene glycol) and lauric
acid-terminated CS and loaded with curcumin-loaded mesoporous PDA
nanoparticles [41]. The photothermal studies demonstrated that the
hydrogels could mediate a temperature increase up to 59.3 °C under NIR
irradiation (808 nm, 1 W/cm? 10 min), corresponding to a photo-
thermal conversion efficiency of 23.93 %. In the same way, Zhou et al.
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Fig. 1. Illustration of the mechanisms behind the PTT, imaging, and PDT that can be triggered by photoresponsive agents in response to NIR irradiation.

reached a temperature of ~65.2 °C upon NIR irradiation (808 nm, 1.5
W/cm?, 10 min) of an electrospun membrane based on poly (lactic--
co-glycolic acid) containing MXene/AgsS bio-heterojunctions and
lactate oxidase [42].

2.2. Photodynamic therapy

Photodynamic therapy (PDT) is based on the conversion of light
energy in singlet oxygen and other ROS by the action of a photo-
tosensitizer [43]. Such occurs due to the transition of the photo-
tosensitizer to an excited state (excited triplet state) upon interaction
with the light, which can undergo two different reactions. In type 1
reactions, the photosensitizer interacts directly with the cell membrane,
molecules, or other substrates to form a radical anion or cation
depending on the transfer of a proton or an electron, respectively. These
intermediaries may also react with oxygen promoting the formation of
ROS [24,43]. Otherwise, in type 2 reactions, the excited photosensitizer
interacts directly with molecular oxygen originating singlet oxygen
[24]. Until today, different photosensitizers have been explored to
mediate the formation of ROS such as polymers containing selenium or
tellurium, poly (propylene sulfide), vinyl ether/disulfide, nanomaterials
(e.g., gold, silver, graphene oxide and upconversion nanoparticles
(UCNPs)), and small molecules (e.g., cyanines, tetraphenylchlorin or
boron dipyrromethene) [24,26,44,45]. Sun et al. developed an electro-
spun membrane enriched with UCNPs and porphyrinic metal-organic
frameworks for application in PDT and in wound healing [46]. The
authors observed that with the irradiation with a NIR laser (980 nm, 0.5
W, 30 min), the 1,3-diphenylisobenzofuran (ROS indicator) relative
absorbance decreased ~ 30 % indicating the generation of ROS, in
contrast, no significant alterations were observed in the absence of NIR
light. Similarly, Du et al. produced a 3-(trimethoxylmethosilyl) propyl
methacrylate hydrogel incorporating Ag»S quantum dots coated with
mesoporous silica for treating bacterial wound infections [47]. The in
vitro studies revealed that upon NIR irradiation (808 nm, 1.8 W/em?, 4
min), the hydrogel-treated groups present a stronger dichlorofluorescein
diacetate fluorescence, which is indicative of higher ROS generation
[471.

2.3. Imaging

The lower absorption and scattering coefficients of the biological
components to NIR light support the development of novel light-based
imaging techniques using these wavelengths [28,48]. For that pur-
pose, researchers have been developing non-contact NIR imaging de-
vices or fluorescent agents that can be excited and emit light in the NIR
region. In the latter, fluorescent dyes such as cyanine-based dyes
(indocyanine green (ICG), IR780, and IR825), PB, and Ag>S quantum

dots can be used to allow the in vivo imaging [49-51]. Among them, ICG
and PB are already approved by the Food and Drug Administration for
different human applications [52,53]. Chen et al. used AgsS quantum
dots to label human mesenchymal stem cells (hMSCs), which allowed
the detection of the hMSCs’ migration to the wound site and coloniza-
tion of the collagen scaffolds, via NIR-II fluorescence imaging [51]. In
turn, Mai et al. developed a new pH-sensitive NIR fluorescent probe
(AlkaP-1), based on a modified IR-780 molecule, to monitor the progress
of the healing process in chronic wounds [49]. The authors observed a
significant reduction in the fluorescence signal (i.e., emission at 790 nm)
with the increase in the pH value from 4.5 to 10.5. Moreover, the probe
also allowed to monitor the alkalization as well as the heterogeneity of
pH within the wound bed during the development of chronic wounds
[49].

3. Application of NIR light in skin regeneration

The application of NIR light has emerged in recent years as a
promising and straightforward strategy for enhancing the wound heal-
ing process. In the following sections, the various applications of NIR
light for enhancing skin regeneration will be summarized, focusing on
the PTT and PDT potential for mediating antibacterial effects, promoting
mild-hyperthermy, or even controlling drug delivery. Moreover, the
PBMT or low-level laser therapy and the NIR imaging potential will also
be described. The different applications of the NIR light in the wound
healing process are illustrated in Fig. 2.

3.1. Photothermal effect for enhancing wound healing

The generation of heat by the photothermal agents is dependent on
the laser parameters (e.g., irradiation wavelength, time, and power) as
well as the materials’ absorption capacity and light-to-heat conversion
efficiency (already described in detail elsewhere [54-56]). In the
following sections, various impacts of light-mediated heat generation on
the wound healing process will be elucidated, with a focus on antibac-
terial effects, biological enhancement, and controlled release
approaches.

3.1.1. Antibacterial properties

Bacterial infections are among the most common complications
occurring during skin injuries, significantly impacting the wound heal-
ing process. The bacterial endotoxin and exotoxin, tissue-destroying
enzymes, and antiphagocytic capacity disrupt normal physiological
processes and difficult the achievement of hemostasis [57]. Moreover,
their presence also prolongs the inflammation phase, resulting in high
levels of pro-inflammatory cytokines and increased production of matrix
metalloproteinases [57]. The over-colonization of pathogens also retard
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Fig. 2. Illustration of the different effects that can be activated by NIR light and explored in wound healing applications.

the proliferative phase and re-epithelization, reducing the expression of
the endothelial growth factor receptor as well as suppressing endothelial
cells’ migration and proliferation [57,58]. Additionally, local infections
may progress to systemic infections, posing a threat to the patients’ life
[58]. Taking this into consideration and the increasingly widespread
bacterial resistance to antibiotics, researchers have been developing
novel strategies to prevent and fight infections.

The localized increase of temperature to values superior to 48 °C can
induce the membranes’ rupture, enzyme inactivation, and proteins’
denaturation [18]. Therefore, the photothermal effect can induce
damage to the bacteria’s structural elements, disrupt the bacterial cell
wall, and even trigger bacterial death [18,59]. Moreover, the PTT
should have a broad-spectrum efficacy, and no significant side effects or
development of bacterial resistance mechanisms are expected to occur
[60]. In Table 1 it is provided an overview of the NIR-responsive bio-
materials aimed for antibacterial applications in skin regeneration,
describing the irradiation parameters, its effect, and the major results.

For this purpose, one of the most explored approaches is based on the
utilization of nanoparticles as photothermal agents for mediating the
localized temperature increase [7,62,70]. For example, Chen et al.
produced polycaprolactone and gelatin electrospun fibers loaded with a
nanoagent composed of zeolitic imidazolate framework-8, ciprofloxacin
hydrochloride, and sodium polyacrylate (PCL/Gel/ZCPC) for applica-
tion in the wound healing process and protection against bacterial
infection [62]. The authors observed that the wound dressing could
mediate a temperature increase to 40.4 °C, 48.3 °C, and 64 °C when the
power density of the NIR laser irradiation (808 nm, 10 min) increased
from 0.33 W/cmz, 0.5 W/cmz, to 1 W/cmz, respectively. Moreover,
when incubated with Escherichia coli (E. coli), the antibacterial effect
PCL/Gel/ZCP fibers provoked a 30 %, 70 %, and 83 % reduction in the
colony-forming unit (CFU)/mL when irradiated with a NIR laser (808
nm, 0.5 W/cm?) for 10, 20, and 30 min, respectively. In turn, for the
Staphylococcus aureus (S. aureus) group, these values were slightly higher
with a 10 %, 63 %, and 83 % reduction in the CFU/mL. Furthermore, the
in vivo assays performed in S. aureus infected wounds revealed that at
day 14, the wound healing ratio for the PCL/Gel/ZCPC fibers + laser
group was 98.7 %, while for the Tegaderm™, PCL/Gel fibers, and
PCL/Gel/ZCPC fibers were 81.7 %, 88.3 %, and 91 %, respectively. The
wounds treated with PCL/Gel/ZCPC fibers, under NIR laser irradiation,
had a greater wound healing effect with less inflammatory cells as well
as significantly higher neovascularization and collagen regeneration,
comparatively with the other groups [62].

Similarly, Zhang et al. incorporated dopamine-modified gelatin@Ag
nanoparticles into guar gum hydrogel (Gel-DA/GG@Ag) for application
in tissue repair and wound healing with a NIR-activated antibacterial
activity [7]. The authors observed that the temperature reached upon
the hydrogels irradiation with a NIR laser (808 nm, 2 w/cmz, 10 min)
increased with the concentration of AgNOs, 0.5, 1, and 2 mg/mL,
reaching ~ 47.6 °C, ~52.0 °C and ~55.4 °C, respectively. Furthermore,
the NIR irradiation (808 nm, 2 W/cmz, 10 min) enhanced the antibac-
terial efficacy against S. aureus from ~72 % to 96.88 % and E. coli from
~52 % to 98.96 %. The in vivo studies performed in S. aureus infected
wounds showed that the combination of the hydrogel administration
plus NIR irradiation led to almost complete wound closure (99.9 %) in
10 days, without any signs of bacterial infection [7].

3.1.2. Mild-hyperthermia

Apart from the antibacterial potential of the localized heat genera-
tion, milder temperatures (below 48 °C) can have a positive impact on
the cell’s proliferation, angiogenesis, and tissue repair [19,71]. More-
over, different studies correlated the increased expression of heat shock
proteins (HSP) with the mild-hyperthermy treatments [19,72]. This
family of proteins is responsible for recruiting cells, promoting cell
migration, and consequently accelerating wound healing [72,73].
Furthermore, HSP’s also play an important role in the repair of potential
cellular damages that can occur when cells are subjected to tempera-
tures higher than 37 °C [19,72]. Additionally, milder temperatures can
also increase blood flow, modulate the activity of enzymes, activate cell
signaling pathways, and still present antibacterial capacity [72,74,75].
Table 2 provides an overview of the NIR-responsive biomaterials applied
in mild-hyperthermy treatments for skin regeneration.

Chen et al. developed a piezoelectric and photothermal CS film
coated with PDA to enhance the wound healing process [72]. The au-
thors observed that the wound dressing could promote the local increase
of the temperature to ~45 °C after NIR irradiation (808 nm, 0.7 W/em?,
9 min) in vivo. Moreover, on day 7, the mice treated with the CS-PDA
film and NIR presented a wound closure of 82.2 + 2.7 %, whereas the
mice treated only with the CS-PDA film, CS plus NIR, and CS presented
lower wound closures, 73.3 + 1.7 %, 67.3 £+ 6.0 %, 61.7 £ 3.9 %,
respectively. The authors correlated the enhanced wound healing pro-
cess with the upregulation of Ki67 (a cell proliferation marker) and Bcl-2
(an anti-apoptotic protein), increased expression of HSP 90, HIF-1a, and
vascular endothelial growth factor (VEGF) [72]. In turn, Dong et al.
analyzed the effects of the mild temperature promoted by NIR
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NIR-responsive biomaterials with antibacterial properties for application in the wound healing process. Note: The results refer to data obtained in the in vivo assays.

Biomaterial Composition

Photo-triggered effect

Irradiation
Parameters

Effect

Results

Ref

Membranes Electrospun membrane of poly (lactic-co-
glycolic acid), MXene/Ag2S bio-
heterojunctions, and lactate oxidase (P-MX/

AS@Lox)

Nanofibers based on polycaprolactone,
polyvinylpyrrolidone, and UCNPs

Polycaprolactone/gelatin fibers
incorporating a nanoagent (2.5 mg/mL)
based on zeolitic imidazolate framework-8,
ciprofloxacin hydrochloride, and sodium
polyacrylate (PCL/Gel/ZCPC)

Nanostructure Quaternized Cu-carbon dots (Cu-RCDs-C35)

Copper ions-hydroxyapatite/polydopamine
nanocomposites (HA-Cu/PDA)

Polypyrrole - bismuth oxychloride
intercalated nanosheets (PPy-BiOCl)

Nanosystem based on PB, PDA, and Ag

PDT
and
PTT

PDT

PTT

PDT
and
PTT

PDT
and
PTT

PDT
and
PTT

PDT
and
PTT

808 nm

1.5 W/em?

10 min

808 nm

0.5 W/cm?

20 min
808 nm

0.5 W/cm?

10 min
808 nm

2 W/em?

5 min
808 nm

1 W/cm?

10 min
808 nm

1 W/cm?

10 min
808 nm

AT = 38.7 °C; Continual
fluorescence decay of DPBF in the
case of P-MX/AS@Lox + Laser,
while the absorption has no
remarkable attenuation in the
other group.

The concentration of singlet
oxygen gradually increases with
the irradiation time and doping
concentration of UCNPs, until 20
min of irradiation and 0.20 wt%.

AT =16.3°C

AT = 19.2 °C; The absorbance
intensity of DPBF gradually
decreases after treatment with Cu-
RCDs-C35 plus Laser.

AT = ~ 21 °C. The HA-Cu/PDA
plus NIR treatment exhibited a
higher level of ROS (~3 and ~5.2)
against E. coli and S. aureus than
without NIR irradiation (~1.3 and
~1.6).

AT = 20 °C The intercalated
nanosheets presented the highest
fluorescence intensity, which was
indicative of ROS production.

T = 53 °C Only the groups with
NIR irradiation demonstrated the
capacity for ROS production.

After treatment with P-MX/AS@LOx +
NIR, the bacterial survival rates for

S. aureus and E. coli were ~0 %.The
wounds treated with P-MX/AS@LOx
membranes + NIR presented a better
wound healing process, lower
expression of inflammatory factors,
achieved hemostasis, enhanced collagen
deposition, and angiogenesis.

3 days after treatment, the PDT group
showed a bacterial survival rate of ~0.0
% in the Methicillin-resistant S. aureus-
infected wounds.

Wounds treated with PDT healed faster
than other groups (16 days instead of 24
days) and demonstrated reduced
inflammation and promotion of collagen
regeneration.

PCL/Gel/ZCPC fibers + NIR treated
groups showed >99 % reduction in the
number of colonies of S. aureus and

E. coli.

After 14 days, PCL/Gel/ZCPC fibers +
NIR treated wounds presented a wound
healing ratio of 98.7 %, fewer
inflammatory cells, higher
neovascularization and collagen
regeneration, contrasting with wound
healing ratio of 81.7 %, 88.3 %, and 91
% for Tegaderm™, PCL/Gel fibers, and
PCL/Gel/ZCPC fibers.

Cu-RCDs-C35 dots + NIR showed an
antibacterial efficacy against E. coli and
S. aureus of 99.36 % and 99.98 %, while
without NIR this value decreased to 62
% and 66 %, respectively.
Cu-RCDs-C35 + NIR treated wounds
showed a healing ratio of 96 % (with the
lowest number of bacterial colonies and
enhanced collagen deposition), while
this value was smaller for PBS + NIR,
Cu-RCDs, and RCDs-C35 + NIR groups,
ie., 62 %, 70 %, and 85 %, respectively.

HA-Cu/PDA + NIR showed an
antibacterial efficacy against E. coli and
S. aureus of 91.0 % and 93.2 %.

After 14 days, HA-Cu/PDA + NIR
treated wounds showed a closure of ~98
% with reduced inflammatory response
and enhanced collagen deposition and
angiogenesis, while the control, HA, HA
+ NIR, and HA-Cu/PDA groups showed
a wound closure of ~66 %, ~79 %, ~81
%, and ~84 %.

PPy-BiOCI + NIR showed an
antibacterial efficacy against S. aureus
and E. coli of 99.25 % and 99.23 %,
respectively, contrasting with the 10.02
% and 9.87 % for BiOCl and 33.84 % and
33.86 % for PPy, respectively.
PPy-BiOCl + NIR treated wounds
presented no bacterial infection,
inhibition of the inflammatory response,
and increased collagen deposition.

PB@PDA@Ag + NIR presented an
antibacterial efficacy against
Methicillin-resistant S. aureus and Ampr

[42]

[61]

[62]

[63]

[64]

[65]

[66]

(continued on next page)
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Table 1 (continued)

Biomaterial Composition Photo-triggered effect Results Ref

Irradiation Effect
Parameters

E. coli of ~99.99 % and ~99.77 %,
respectively.

1 W/cm? After 8 days with PB@PDA@Ag + NIR,
the area of infected wounds was 22.79
%, with antibacterial capacity, lower
inflammatory response, and up-
regulation of VEGF expression, while
with PBS, NIR, PB, PB + NIR, PB@PDA,
PB@PDA + NIR, and PB@PDA@Ag
groups showed higher wound areas,
58.79 %, 59.24 %, 56.81 %, 47.90 %,
51.46 %, 41.77 %, and 41.88 %,

respectively.
5 min
Hydrogels Hydrogel composed of e-Polylysine, PDA, PTT 808 nm AT == 27.4°C The hydrogel + NIR treatment [67]
and agarose decreased the number of colonies of

S. aureus and E. coli by > 70 % after 5
min, and 100 % after 10 min.

1 W/em? Hydrogel + NIR treated wounds
presented a lower number of bacteria,
reduced inflammation, accelerated
collagen deposition, and improved
vascularization.

10 min

Dopamine-modified gelatin@Ag PTT 808 nm AT =21.2°C After treatment with hydrogel + NIR, [7]
nanoparticles incorporated into guar gum the antibacterial efficacy against
hydrogel S. aureus and E. coli increased from ~72
% to ~52 %-96.88 % and 98.96 %,
respectively.

2 W/em? After 10 days of treatment with Gel-DA/
GG@Ag1 + NIR, the wounds presented
a healing ratio of 99.9 %, contrasting
with the ~90 %, ~95 %, ~98 %, and
98.6 % registered for control, GG, Gel-
DA/GG, and Gel-DA/GG@Ag1,
respectively.

3 min

Germanene-modified CS hydrogel PTT 808 nm AT =23.2°C After treatment with the hydrogel + [68]
NIR, the antibacterial efficacy against
E. coliand S. aureus increased from ~9 %
to ~14 %-98.76 % and 99.81 %,
respectively.

2 W/em? After 12 days of treatment with CS/Ge
NCs0.8 hydrogel + NIR, the wound
presented a relative area of ~0 % with a
lower number of bacterial colonies,
while with PBS, CS/Ge NCs0 hydrogel
and CS/Ge NCs0.8 hydrogel presented a
wound area of ~22 %, ~12 %, and ~10
%, respectively.

5 min

Ag>S quantum dots-mesoporous silica (420 PDT 808 nm AT = 27.1 °C the hydrogel + NIR After treatment with the hydrogel + [47]
pg/mL) incorporated into 3- and group displayed stronger ROS NIR, the number of colonies of E. coli
(trimethoxylmethosilyl) propyl methacrylate ~ PTT fluorescent signals. and Methicillin-resistant S. aureus
hydrogel decreased to 99.7 % and 99.8 %,

respectively.

1.8 W/em? Hydrogel + NIR enhanced the wound
healing process with lower expression of
IL-6 and higher expression of VEGF,
without any significant vantages in the
antibacterial efficacy.

1 min

a-lipoic acid modified palladium PTT 808 nm AT =35.1 °C (5 min of irradiation) ~ After treatment with hydrogel + NIR, [69]
nanoparticles incorporated into sodium the antibacterial efficacy against E. coli
alginate hydrogel and S. aureus increased from 10 % to

>80 %.

2 W/em? After 15 days of treatment with
hydrogel + NIR, the wounds had a
relative area of ~1 % with the lower
number of S. aureus colonies, while the
control, sodium alginate, and hydrogel

(continued on next page)
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Biomaterial Composition Photo-triggered effect Results Ref
Irradiation Effect
Parameters
groups had relative area of ~16 %, ~11
%, and ~10 %, respectively.
10 min
Table 2
NIR-responsive biomaterials used on mild-hyperthermy treatments for skin regeneration. Note: The results refer to data obtained in vivo assays. (N.A.: Not Available).
Biomaterial Composition Irradiation Temperature (°C) Result Ref
Parameters
Hydrogel Polyacrylamide hydrogels incorporating 980 nm 43.7 After 10 days of treatment with the hydrogel + NIR, the [76]
CsxWOj3 nanorods (2.0 mg/mL) 2.5 W/cm? wounds presented a wound area of 4.4 %, with enhanced
15 min re-epithelization, formation of granulation tissue, and
collagen deposition, while the hydrogel and NIR groups
had wound areas of 19.0 & 0.7 % and 14.1 + 2.1 %,
respectively.
Hydrogel based on fayalite (0.5 w/v %) and N, 808 nm 40 After 14 days of treatment with the hydrogel + NIR, the [20]
O-carboxymethyl CS. 0.36 W/cm? wounds presented enhanced angiogenesis and wound
15 min closure of ~100 %, contrasting with the ~78 % of the
single treatment with the hydrogel.
Polyethyleneimine-graphene oxide (6 mg/mL), =~ 808 nm 41-44 After treatment with GCP + NIR, the wound was [21]
carboxymethylated CS, and aldehyde- 2 W/em? completely closed and showed an enhanced collagen
polyethylene glycol hydrogel (GCP hydrogel) 5 min deposition, re-epithelialization, and angiogenesis, while
the control, NIR, and GCP groups presented a wound area
of 21.6 %, 20.7 %, and 14.1 %, respectively.
Niobium carbide (40 pg/mL) based hydrogel 808 nm 48 After treatment with the Nb,C@Gel + NIR, the wound [77]
with PLGA-PEG-PLGA (Nb,C@Gel) 1.5 W/em? presented a bacterial survival rate of ~5 %, with lower
10 min inflammatory response and oxidative stress, and enhanced
angiogenesis and tissue regeneration. Control, Gel, and
Nb,C@Gel treated groups had bacterial survival rates of
~100 %, ~99 %, and ~38 %, respectively.
Cryogel CS and silk fibroin cryogel incorporating PDA 808 nm 45 The treatment with cryogel + NIR improved skin tissue [34]
nanoparticles (6.4 wt %) 2 W/em? regeneration, with the wound closure increasing from ~93
30 min % to ~99 % at day 21.
Film CS film coated with PDA (8 mg/mL) 808 nm 45 After 7 days of treatment with CS-PDA film + NIR, the [72]
0.7 W/cm? wounds presented a wound closure of 82.2 %, including
9 min promotion of cell proliferation, migration, angiogenesis,
and collagen deposition. The CS-PDA film, CS + NIR, and
CS treated groups presented a wound closure of 73.3 %,
67.3 %, and 61.7 %, respectively.
Nanostructure Antimicrobial peptides-Au/Ag nanorods (20 808 nm < 47 After treatment with nanorods + H»0, + NIR, the wound [74]
uM) 0.8 W/cm? presented ~ 89 Methicillin-resistant S. aureus CFU and a
40-60 s 94.9 % decrease in the wound area, while without NIR a
lower efficacy was registered, ~46,773 CFU and wound
area of 62.8 %.
Molybdenum disulfide nanoflakes modified 808 nm 45 The treatment with QCS-MoS2-OFLX + NIR, decreased the [75]
with quaternized CS (1 mg/mL) 1.25 W/cm? CFU/mL of Methicillin-resistant S. aureus to ~15 %, while
5 min the QCS-MoS,, OFLX and QCS-MoS,-OFLX treated groups
had a lower efficacy, ~98 %, ~71 % and ~70 %,
respectively.
Silica nanosphere with copper sulfide 980 nm 45 After 7 days of treatment with SiO,@CA@CuS [78]
nanoparticles and cinnamaldehyde 1 W/em? nanoplatform + NIR, the S. aureus-infected wound
(Si02@CA@CuS, 400 pg/mL) 5 min presented an accelerated healing process without
registering signs of toxicity in major organs.
Particles Porous silicon with the surface modified with 808 nm 45 After 7 days of treatment with CuPPSi + NIR, the wound [79]
PDA-Cu, incorporating curcumin 0.33 W/em? presented a wound area of 27.8 % with fewer colonies of
5 min bacteria, increased re-epithelialization and collagen
maturation, while in PBS, PBS + NIR, and CuPPSi groups
the wound area was 61.3 %, 62.3 %, and 35.2 %
respectively.
Asymmetric PNIPAAm hydrogel loaded with CuS 808 nm 40 (invitro, 808 nm,  After 17 days of treatment with PNIPAAm-PVA/CS-CuS +  [22]
wound nanoparticles with CS/polyvinyl alcohol N.A. 1 W/cm?, 22 min) NIR, the wound presented a healing rate of 89.33 %, larger
dressing nanofiber membrane (PNIPAAm-PVA/CS-CuS) 30 min number of collagen fibers, epidermal structure, and

granulation tissue, while in PVA/CS hydrogels-PVA/CS-
CuS + NIR, PNIPAAm-PVA/CS-CuS, PVA/CS and sterile
gauze treated groups the wound healing rate was 70.67 %,
56.25 %, 62.50 %, and 50 %, respectively.

irradiation with antimicrobial peptides (Dap)@Au/Ag nanorods to treat
drug-resistant bacterial infections [74]. The NIR laser irradiation (808
nm, 0.8 W/cm?, 40-60 s) of Methicillin-resistant S. aureus infected

wounds and treatment with the nanorods promoted a temperature in-
crease at the body surface up to 47 °C. This photothermal treatment led
to the reduction of the Methicillin-resistant S. aureus bacteria viability, i.
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e., the group treated with nanorods plus H2O» presented ~46,773 CFU
while with the additional NIR irradiation (808 nm, 0.8 W/cmz, 40-605s)
this value decreased to =~ 89 CFU. Moreover, the mild-hyperthermy also
improved wound contraction, reaching a 62.8 % decrease in the wound
area for Dap@Au/Ag nanorods (+H303) group, while under NIR irra-
diation this value reached the 94.9 % (Fig. 3) [74].

3.1.3. Drug delivery

The NIR light can also be explored to trigger and control the drug
release in wound healing applications, mainly through the photothermal
effect. In that approach, thermoresponsive biomaterials react to the heat
generated upon irradiation with a NIR laser, allowing the release of the
therapeutic molecules [24]. Table 3 presents examples of
NIR-responsive biomaterials applied in the wound healing process with
a light-triggered drug release.

For example, Zhang et al. produced microparticles based on different
natural polymers (e.g, silk fibroin, gelatin, agarose) and loaded with
black phosphorus quantum dots (BPQDs) for mediating the delivery of
growth factors and antibacterial peptides in wound healing applications
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[85]. The BPQDs act as photothermal agents and the temperature in-
crease in response to the NIR laser irradiation will be explored to trigger
the release of the bioactive molecules in a process controlled by the
melting of the gelatin. The authors reported that the microparticles (0.2
mg/mL of BPQDs) could mediate the increase in the media temperature
up to 40 °C with the NIR laser irradiation (808 nm, 2.41 W/crnz, 1 min).
Moreover, the heat generation under NIR laser irradiation accelerated
the drug release reaching 46 % at 10 h and after 20 irradiation cycles,
whereas the non-irradiated microspheres released less than 20 % of
loaded bovine serum albumin. In turn, the study performed in
E. coli-infected full-thickness wounds revealed almost complete wound
healing in the microparticles plus NIR-treated group, showing improved
granulation tissue formation, re-epithelization, collagen deposition, and
angiogenesis. Additionally, this treatment also avoided the establish-
ment of bacterial infection at the wound site [85]. The localized tem-
perature increase can also promote the sol-gel conversion of the
hydrogels and therefore control the drug release [86]. Liu et al. devel-
oped a temperature-sensitive hydrogel containing mesoporous PDA@-
ciprofloxacin (MPDA@Cip) nanoparticles and human epidermal growth
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Fig. 3. A) Illustration of the in vivo treatment with an 808 nm NIR laser (0.7 W/cm?) for 9 min. B) Representative in vivo infrared thermographic images (up) and
temperature curves (bottom) of wounds under the NIR laser irradiation. C) Representative images of the wound treated groups at day 0, 4, 7, 10, and 14. D) Traces of
wounds after different treatments (deep red area indicated the non-healing wounds). E) Analysis of wound healing closure versus treatment time. Reprinted from
Applied Materials Today, Vol. 20, Y. Chen, M. Ye, L. Song, J. Zhang, Y. Yang, S. Luo, M. Lin, Q. Zhang, S. Li, Y. Zhou, A. Chen, Y. An, W. Huang, T. Xuan, Y. Gu, H. He,
J. Wu, X. Li, Piezoelectric and photothermal dual functional film for enhanced dermal wound regeneration via upregulation of Hsp90 and HIF-1a, Pages No. 100756.
Copyright (2020) with permission from Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Table 3
NIR-responsive biomaterials with a NIR light-triggered controlled release and application in the wound healing process. Note: The results refer to data obtained in vivo
assays. (N.A.: Not Available).

Biomaterial Composition Therapeutic agent Photo-triggered effect Result Ref
Irradiation Effect
Parameters
Hydrogel BNN6-zeolitic imidazolate NO released from PTT 808 nm AT = 26.1 °C (in The NIR-irradiated hydrogels released [33]
framework-8-PDA nanoparticles (1 BNN6 vitro) ~ 7 pM of NO after 3 h, while the non-
mg/mL) encapsulated in a gelatin irradiated hydrogels only reached ~
methacrylate/oxide dextran 4.8 pM.
hydrogel (Gel/BZP) 2.0 W/em? After the treatment with Gel/BZP +

NIR, the wound area was 37.6 % and
showed an enhanced vascularization
and collagen deposition, while the
wound area of Aquacel Ag, Gel/ZP +
NIR, and Gel/BZP treated groups was
73.3 %, 47.5 %, and 43.3 %.

10 min
Hydrogel based on dibenzaldehyde- Curcumin PTT 808 nm AT =24.8°C The NIR-irradiation promoted the [41]
grafted poly (ethylene glycol), lauric release of ~3.1 pg of Cur, while the non-
acid-CS, and curcumin-loaded irradiated group only reached ~ 0.46
mesoporous pg.
PDA nanoparticles (Gel-PDA@Cur) 1.0 W/em? After treatment with Gel-PDA@Cur +

NIR, the were detected 89 CFU of
S. aureus, while the 3 M, Cur, Gel, Gel +
NIR, and Gel-PDA@Cur groups showed
alower efficacy with 3098, 2862, 3020,
2912, and 2812 CFU, respectively.

10 min After treatment with Gel-PDA@Cur +
NIR, the wounds presented no bacteria
infection, an enhanced collagen
deposition, and reduced inflammatory

response.
CS-based hydrogel incorporated ciprofloxacin PTT 808 nm The temperature The NIR-irradiation led to the release of ~ [80]
with mesoporous PDA reached 47 °C (in ~0.58 pg of ciprofloxacin, while the
nanoparticles-ciprofloxacin (2 mg/ vitro, 808 nm, 1.5W/  non-irradiated group only reached ~
mL) and human epidermal growth cm?, 10 min) 0.27 pg.
factor (h-EGF-CS/B-GP-MPDA-Cip) N.A. The h-EGF-CS/B-GP-MPDA@Cip + NIR

group showed a decrease in the wound
area to 9 % at day 8, while the blank,
CS/p-GP-MPDA + NIR, CS/B-GP-
MPDA@Cip, and CS/p-GP-MPDA@Cip
+ NIR groups showed a wound area of
39 %, 37 %, 23 %, and 15 %,

respectively.
10 min
Hydrogel based on poly (N- Zn*" released from  PTT 808 nm The temperature The NIR-irradiation led to a 2-times [81]
isopropylacrylamide) and zeolitic increased up to 50 °C  higher release of Zn*".
methacrylated k-carrageenan, imidazolate 2.5 W/cm? After 14 days of treatment with
incorporating polypyrrole-PDA framework-8 MCA-NI-AA/NP/ZIF8-+NIR, the
nanoparticles and zeolitic wound closure reached the 91.8 %,
imidazolate framework with no living bacteria and a normal
collagen deposition (densely packed
and parallelly arranged collagen
fibers).
10 min
Membrane Polyvinylidene fluoride membrane NO released from PDT N.A. The DPBF The NIR-irradiation prompted the [46]
loaded with UCNPs (10 %) and l-arginine absorbance with release of NO in the first 5 min reaching
porphyrinic MOFs-l-arginine membrane + NIR the maximum after 30 min
nanoparticles (UCNP@PCN@LA- decrease 20 %, while  After the treatment with
PVDF) without NIR didn’t UCNP@PCN@LA-PVDF + NIR, the
change S. aureus infected wounds presented no
signs of bacteria, lower inflammatory
cells, well-organized stratified
epithelial layer, accelerated collagen
deposition, and enhanced angiogenesis.
Sodium nitroprusside doped PB NO released from PTT 808 nm AT = ~ 44 °C (in The NIR-irradiation led to a linear [82]
nanoparticles (1 mg/mL) and TypeI  Na, [Fe(CN)sNOJ- vitro, 808 nm, 0.5 W/  release of NO with the increase of
collagen incorporated into CS/poly 2H,0 (SNP) cm?, 6 min) irradiation time.
(vinyl alcohol) nanofibers 1.0 W/cm? After 10 days of treatment with the

nanofibrous + NIR, the wound area was
~0 %, showing a higher deposition of
collagen fibers and no visible signs of
infection. Control, NIR, and
nanofibrous groups showed a reduction
in the wound area of 16.6 %, 25.5 %,
and 44.8 %, respectively.

(continued on next page)



M.F.P. Graga et al.

Table 3 (continued)

Journal of Drug Delivery Science and Technology 93 (2024) 105409

Biomaterial Composition Therapeutic agent

Photo-triggered effect

Result Ref

Irradiation

Effect

Parameters

PTT
and
PDT

Silica- carbon dots and bicarbonate
nanoplataforms coated with PDA

Nanostructure CO,, released from

bicarbonate

Galactose- and fucose-based ligands ~ ceftazidime PTT

on molybdenum disulfide

Fluorescein PTT
isothiocyanate-

bovine serum

Microparticles ~ Microparticles comprised of silk
fibroin, gelatin, agarose, and black
phosphorus quantum dots (0.2 mg/
mL) and loaded with fluorescein
isothiocyanate-bovine serum
albumin

albumin

5 min

808 nm

2.0 W/cm?

AT = 30.1 °C
TEMP/'0, detected
with NIR irradiation,
while no signal was
detectable without
NIR

The NIR-irradiation led to a
pronounced release of CO, from higher
concentrations of nanomaterials (60,
120, and 240 mg/mL), while only
residual amounts of CO, were released
from lower concentrations (15 and 30
mg/mL).

After 14 days of treatment with BC/
QPCuRC@MSiO,@PDA + NIR, the
wound healing rate was 100 %,
presenting the lowest number of
bacterial colonies, no inflammatory
cells, mature collagen fibers, and denser
granulation tissue. Control + NIR,
QPCuRC@MSiO; + NIR, and
QPCuRC@MSiO,@PDA + NIR groups
showed a healing rate of 88 %, 92 %,
and 94 %, respectively.

[83]

5 min

808 nm

1.0 W/cm?

AT =~ 30.9°C The ceftazidime was released in a NIR
irradiation-dependent manner.

After the treatment with Fuc-
sheet@CAZ + NIR + white, the

P. aeruginosa-infected wounds
presented a wound size of ~5 %, with
the lower number of bacteria and
increased collagen deposition. Control,
ceftazidime and Fuc-sheet@CAZ, Fuc-
sheet@CAZ + NIR, and Fuc-
sheet@CAZ + white groups showed a
wound size of ~96 %, ~91 %, ~84 %,
~63 %, and ~33 %, respectively.

[84]

120 min

808 nm

N.A.

The NIR-irradiation led to the release of
46 % of fluorescein isothiocyanate-
bovine serum albumin, while non-
irradiated group only reached 20 %.
After treatment with the microparticles
+ NIR, the wound site presented
enhanced angiogenesis, collagen
deposition, granulation tissue
formation, and no signs bacterial
infection.

AT = =15 °C/17 °C
(in vitro, 808 nm,
2.41 W, 1.5 min)

[85]

factor (h-EGF) to produce a NIR light-responsive drug delivery system
aimed to enhance the wound healing process [80]. The MPDA@Cip
nanoparticles showed a photothermal conversion efficiency of 32.3 %
and could mediate an increase in the temperature to 52.9 °C under NIR
laser irradiation (808 nm, 2 W/crnz, 10 min). This heat generation leads
to a porous gel and weakens the hydrogen bonding between Cip and
MPDA, prompting the release of Cip, i.e., triplicating the amount of Cip
released after 3 h. Moreover, the treatment of S. aureus-infected
full-thickness wounds showed that the NIR laser irradiation coupled
with the faster Cip release enhanced the bactericidal activity of the
hydrogel. Additionally, the wounds treated with h-EGF and Cip-loaded
hydrogels plus NIR were completely healed in 10 days, showing a
denser collagen matrix, increased tissue thickness, and a higher number
of hair follicles [80].

3.2. Photodynamic therapy

The ROS generation in response to the NIR light can also be explored
for accelerating wound healing, namely by treating bacterial infections
or triggering the release of bioactive molecules. The efficacy of these
treatments depends on several parameters such as the laser parameters,
the photosensitizer, and oxygen availability (reviewed in detail in Refs.
[54,871).

10

3.2.1. Antibacterial properties

PDT has been showing high efficacy against different microorgan-
isms such as bacteria, fungi, viruses, and parasites [25]. Nevertheless,
their effect against bacteria has proven to be dependent on the bacterial
strain [64,68]. The membrane of Gram-positive bacteria presents a more
permeable structure, making them more susceptible to photosensitizers.
In turn, the higher complexity of Gram-negative bacteria membrane, i.e.,
additional outer membrane and lipopolysaccharides, has been associ-
ated with reduced uptake of external molecules [88,89]. Upon irradia-
tion with the NIR laser, the generation of ROS can result in the direct
oxidation of the bacterial cellular components (e.g., cell membrane
damage, DNA damage, and/or protein inactivation) and facilitate the
transmembrane diffusion of intermediary reactive species, which ulti-
mately lead to bacterial death [18,89]. Zhang et al. analyzed the effec-
tiveness of polycaprolactone and polyvinylpyrrolidone-based nanofibers
loaded with UCNPs containing hypericin for application in wound
healing [61]. The authors observed that the fiber membranes reached
the maximum ROS generation under NIR irradiation (808 nm, 0.5
W/cm?, 20 min) at a concentration of 0.2 wt%. Of UCNPs-hypericin. The
UCNPs-hypericin (0.20 wt%) plus NIR irradiation (808 nm, 20 min)
reached a 97 % inhibition of Methicillin-resistant S. aureus bacteria,
while the other groups did not elicit any significant bactericidal effect. In
addition, the Methicillin-resistant S. aureus infected wounds treated with



M.F.P. Graga et al.

the nanofibers incorporating UCNPs-hypericin, under NIR irradiation,
exhibited a faster recovery rate compared with the other groups, pre-
senting no bacteria colonies or any signs of infection after 3 days [61].

Apart from the single PDT treatment, researchers also have been
exploring the combination with other therapeutics, such as PTT [42,
63-65]. In fact, the increased temperature can enhance the membrane
permeability which can lead to a higher effectiveness of the photosen-
sitizers [90]. On the other hand, the presence of ROS can reduce bac-
terial resistance to heat which will contribute to the greater efficacy of
hyperthermia [18,88]. In this regard, Du et al. produced 3-(trimethox-
ylmethosilyl) propyl methacrylate hydrogel incorporating Ag>S quan-
tum dots modified with mesoporous silica for the synergistic treatment
of bacterial wound infections [47]. The hydrogels could mediate the
temperature increase after NIR irradiation (808 nm, 1.8 W/cmz, 4 min)
to ~46.1 °C, ~60 °C, and 76.4 °C with the increase in the concentrations
of Ag2S quantum dots (140 pg/mL, 280 pg/mL, and 420 pg/mL),
respectively. Simultaneously, the ROS generation was confirmed by the
resulting fluorescence signal of dichlorofluorescein diacetate. The
combination of photothermal and photodynamic effects mediated by the
hydrogels resulted in a 99.7 % and 99.8 % inhibition of E. coli and
Methicillin-resistant S. aureus, respectively, upon NIR irradiation (808
nm, 1.8 W/cm? 4 min). Moreover, Methicillin-resistant S. aureus
infected wounds treated with the hydrogel and NIR irradiation pre-
sented a faster wound healing process, with enhanced collagen deposi-
tion and angiogenesis at the infected sites, reduced number of colonies
of bacteria, down-regulation of IL-6, and up-regulation of VEGF
expression [47]. Similarly, Chu et al. produced quaternized Cu-carbon
dots (Cu-RCDs-C35) as antibacterial platforms to mediate both photo-
thermal and photodynamic effects in the treatment of bacterial in-
fections [63]. The Cu-RCDs-C35 nanomaterials upon NIR irradiation
(808 nm, 2 W/cmz, 10 min) mediate a temperature increase up to
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33.1-57.3 °C when the concentration ranged from 50 to 800 pg/mL.
Additionally, the analysis of the fluorescence intensity of DCFH-DA in
E. coli and S. aureus, after NIR irradiation (808 nm, 2 W/cm?, 10 min),
was indicative of the ROS generation. Such effect combinatorial effect
led to an inhibition of 99.36 % and 99.98 % for E. coli and S. aureus
treated with Cu-RCDs-C35 (800 pg/mL) plus NIR irradiation (808 nm, 2
W/cm?, 10 min). Moreover, the treatment of S. aureus-infected wounds
with Cu-RCDs-C35 plus NIR irradiation exhibited no signals of infection
after 7 days and the healed area was superior to 95 % after 14 days with
enhanced collagen deposition [63].

3.2.2. Drug delivery

The photodynamic effect can also be explored to mediate the drug
release by exploring structural changes in the carrier [24,26]. The most
common approaches are based on the hydrophobic to hydrophilic phase
transitions or the cleavage of sensitive bonds (e.g, poly (thioketal),
selenium/tellurium  containing  polymers, and  arylboronic
acid/ester-containing polymers) [24]. Sun et al. developed a nitric oxide
(NO)-assisted PDT mediated by a polyvinylidene fluoride membrane
loaded with UCNPs and porphyrinic MOFs-L-arginine nanoparticles
(UCNP@PCN@LA-PVDF) for the treatment of bacterial infections [46].
The ROS generation mediated by the UCNP@PCN@LA-PVDF membrane
under NIR irradiation (980 nm, 0.5 W, 30 min) was confirmed by the 20
% decrease in the absorbance peak of 1,3-diphenylisobenzofuran (ROS
indicator), while the non-irradiated groups maintained the initial
absorbance during the study (Fig. 4D). Additionally, the ROS generation
could also oxidize the 1-arginine present in the membrane leading to the
generation of NO, which contributed to the inhibition of 99.64 % and
99.63 % for Pseudomonas aeruginosa (P. aeruginosa) and S. aureus,
respectively. In turn, the S. aureus infected wounds treated with
UCNP@PCN@LA-PVDF and NIR irradiation showed a ~95 % wound
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Fig. 4. A) Representative photographs of infected wounds after different treatments for 0, 1, 3, 5 and 7 days. B) Bacteria isolated from the mice’s wounds on day 2. C)
Evaluation of the relative wound area over time. D) Analysis of the absorption intensity of DPBF at 410 nm as a function of time with different samples. Reprinted
from Chemical Engineering Journal, Vol. 417, J. Sun, Y. Fan, W. Ye, L. Tian, S. Niu, W. Ming, J. Zhao and L. Ren, Near-infrared light triggered photodynamic and
nitric oxide synergistic antibacterial nanocomposite membrane, Pages No. 128049. Copyright (2021) with permission from Elsevier.
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closure without any significative signs of infection (almost complete
eradication of bacterial colonies), decreased presence of inflammatory
cells, as well as a well-organized stratified epithelial layer, accelerated
collagen deposition, and enhanced angiogenesis (Fig. 4) [46].

3.3. Photobiomodulation

PBMT is a non-invasive and non-heat-generating therapy in which
different biological, chemical, and cellular processes are stimulated by
exposition to light [91]. The light used in this therapy has low energy
doses (i.e., less than 10 J/cm?) and a spectral range of 600-1070 nm.
Different studies have shown that wavelengths in the NIR region and
energy doses below 5 J/cm? are the most effective for regeneration
purposes [92,93].

The PBMT effect is mediated by the light interaction with cellular
photoacceptors, such as cytochrome C oxidase (CCO), cell membrane
receptors (e.g., Opsin 3 and 4), and even extracellular agents (e.g., TGF-
1) [56,94]. For example, CCO can absorb NIR light, which results in the
dissociation of the bounded NO. Furthermore, the CCO excitation by the
NIR light also facilitates the electron transfer process, which increases
ATP production and ROS generation [27,93,95]. Additionally, the PBMT
can also activate ion channels leading to an increase of the Ca®" levels
and consequently the activation of several signaling pathways mediated
by ROS, NO, cyclic adenosine monophosphate, and Ca®" [93,94].
Moreover, in inflammatory situations, the NIR light can also stimulate
the NF-kB production, reduce the expression of pro-inflammatory cy-
tokines (TNF-a, IL-1p, IL-6, IL-8), and decrease the expression of matrix
metalloproteinases [27,91,96]. So, in general, PBMT approaches accel-
erate the wound healing processes by controlling protein synthesis,
extracellular matrix deposition, as well as cellular proliferation, differ-
entiation, and migration [95,97-100]. Table 4 presents an overview of
different studies demonstrating the effects of NIR photobiomodulation
in the wound healing process.

In addition, this therapy also improves re-epithelialization and
microcirculation, has anti-inflammatory effects, and reduces pain [95,
109]. Keshri and collaborators studied the NIR laser application in the
treatment of full-thickness third-degree burns [98]. The PBMT effect
mediated by a pulsed NIR laser (810 nm, 10 Hz, average power 70 mW;
average irradiance 40 mW/cm?; total fluence 24 J/cm?, duty cycle 50 %;
pulse duration 50 msec; peak irradiance 80 mW/cm?), 10 min exposure
once daily for 7 days, led to a reduced inflammatory response (i.e., lower
levels of TNF-a, IL-1f, IL-6, and COX-2), increased collagen accumula-
tion and stabilization (i.e., 60 % and 56 % increase in hydroxyproline
and hexosamine, respectively) as well as the cellular proliferation (i.e.,
30 % increase in DNA content) (please see Fig. 5). Moreover, the authors
also observed advanced fibroblast proliferation, angiogenesis, and
epidermal migration in the PBMT-treated wounds. These results trans-
lated in a faster wound contraction, a wound area of ~40 % at day 8
contrasting with the ~65 % in the control group, with no evidence of
edema, bleeding, or wound exudates [98]. Similarly, Lau et al. analyzed
the PBMT effects on the treatment of diabetic wounds [104]. The au-
thors observed that the wound contraction was dependent on the power
density of the NIR laser irradiation (808 nm, energy density 5 J/cm?),
wound contraction of 47.37 + 31.17 %, 66.32 + 22.53 %, 52.83 +
27.98 % and 51.10 + 26.89 % for the control group, 0.1 W/cm?, 0.2
W/ cmz, and 0.3 W/cm? groups, respectively. Furthermore, at day 6, the
group treated with a power density of 0.1 W/cm? showed an intense
formation of granulation tissue, minimal to mild inflammatory cells at
the dermis layer, and enhanced epithelization, whereas no significant
improvements in the healing process were observed in the group treated
with higher power density, 0.3 W/cm? [104].

3.4. Imaging

Apart from the enhancement of the healing process, it is also very
important to be able to follow and monitor the progress of skin
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Table 4

Overview of the NIR photobiomodulation effects on the wound healing process.
Note: The results refer to data obtained in the in vivo assays. (N.A.: Not
Available).

Spectrum Duration Power Result Ref

905 nm; 10s
808 nm

1 kW + 20 The NIR irradiation enabled [96]
%, 5.19J/  the control of the fibroblast
cm? activation (induced by IL-1
and TNF-a) and the cessation
of the persistent
inflammation.
The NIR irradiation enabled [98]
the attenuation of the
inflammatory response
including the decrease in
TNF-a, IL-1p, IL-6, and COX-
2 expression, enhanced
cellular proliferation,
collagen deposition, and
extracellular matrix
accumulation, as well as
wound contraction.
The NIR irradiation with a [101]
wavelength of 808 nm and a
power density of 40-60 mW/
cm? resulted in the highest
wound closure percentage
(94.08 % =+ 6.5 %).
0.95 W/ The NIR irradiation enabled [100]
cm? 1 W/ higher cell proliferation and
cm? migration, including a
moderate increase in ROS
production, stimulation of
mitochondrial oxygen
consumption, and ATP
synthesis.
830, 980, 110s 0.5 W/ The NIR irradiation with a [102]
and 2940 cm? wavelength of 830 and 980
nm nm enabled a higher
mitochondrial activity on
fibroblasts, contrasting with
the cellular apoptosis
induced by the light with a
wavelength of 2940 nm.
635, 730, 6.6 min 10 mW/ The NIR irradiation with a [103]
810, 980 cm? wavelength of 810 nm
nm enhanced the wound
healing, resulting in a
significant reduction in the
wound area, increased
collagen accumulation, and
complete re-
epithelialization.
40 mW/ The NIR irradiation [971
cm prevented excessive
inflammation and facilitated
cellular proliferation,
extracellular matrix
accumulation, and tissue
remodeling.
The NIR irradiation enabled [104]
the promotion of wound
repair, including
epithelialization and
collagen fiber synthesis,
showing the better results
with a power density of 0.1
W/em?,
The NIR irradiation enabled [105]
the increase of the release of
microvesicles from human
keratinocytes.
The NIR irradiation (850 [106]

808 nm; 40 mW/
810 nm cm?

10 min

808, 880;
1064 nm

50-250 s 20-100

mW/cm?

808 nm 60s

810 nm 10 min

808 nm 17,25,and 0.1, 0.2,
50s and 0.3

W/cm?

980 nm 25,50,and  649.35

75s mW/cm?

450, 490, N.A. 7-80 mW/
550, 590, cm? nm) enabled the stimulation
650, 850 of human dermal fibroblasts,
nm without intracellular ROS

formation, while the blue

(continued on next page)
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Table 4 (continued)

Spectrum Duration Power Result Ref

light led to the inhibition of
collagen production and
human dermal fibroblasts’
proliferation.

The NIR irradiation with a
wavelength of 830 nm
enabled an enhanced wound
repair including migration of
fibroblasts, deposition of
collagen, and
neovascularization.

The NIR irradiation enabled
an increase of NO
production, which led to
higher proliferation of
keratinocytes and enhanced
re-epithelialization.

The NIR irradiation enabled
cell viability, migration, and
proliferation, which led to a
better and more successful
wound healing.

632.8, 785,
and 830
nm

1 min 58 s
- 11 min
47 s

8.49 mW/
cm?

[107]

980 nm 10, 25, 50,

and 75 s

649.35
mW/cm?

[108]

830 nm 7 min 10 s 11.54

mW/cm?

[27]

regeneration during the treatment (Table 5). NIR light can be explored
to generate bioimages mainly through two different methodologies,
fluorescence angiography and non-contact NIR imaging devices [28].
Fluorescence angiography is an invasive technique based on the
intravenous injection of a fluorescent dye. After injection, images can be
obtained upon excitation with NIR light and acquisition of the emitted
fluorescence [28,50]. Du and co-workers developed gold nanostars
modified with Methicillin-resistant S. aureus-identifiable aptamers and
cypate nanoprobes (AuNS-Apt-Cy) via gelatinase-responsive linker for
in situ NIR fluorescence imaging and localized PTT of in vivo
Methicillin-resistant S. aureus infections [111]. The in vitro assays
demonstrated that when in an enzymatic microenvironment of
Methicillin-resistant S. aureus infection, the irradiation with NIR laser
(808 nm, 0.5 W/cm? 5 min) resulted in the cypate fluorescence,
whereas when incubated with E. coli, the cypate remains linked to the
gold nanostars leading to the quenching of the fluorescence. Moreover,
the application of AuNS-Apt-Cy in infected wounds of diabetic mice
allowed the distinction between Methicillin-resistant S. aureus infected
or E. coli-infected wounds using the NIR irradiation and further accel-
erated the wound healing process [111]. ICG is one most explored dyes
in medicine, excitation peak at 789 nm and an emission peak at 814 nm,
for assessing retinal blood vessels, liver function, and cardiac output [28,
115]. Hoven et al. demonstrated that the intravenous administration of
ICG could effectively allow the NIR fluorescence imaging of the ampu-
tation wound and further predict postoperative skin necrosis [50].
Non-contact NIR imaging devices allow a non-invasive, portable, and
rapid wound monitoring. These images are based on the analysis of
oxygenated or deoxygenated hemoglobin present in the tissues [28,
116]. Hemoglobin presents different absorption spectra depending on
the conjugation or not with oxygen, ie., deoxygenated hemoglobin
presents an absorption peak at 750 nm, whereas oxygenated hemoglobin
has an absorption peak at =~ 850 nm [48,117]. Thus, it is possible to
differentiate between injured and uninjured skin, since the uninjured
skin has a lower degree of oxygenation when compared to the wound
site [118]. For example, Lei et al. showed that a NIR optical scanner
(NIROS) could differentiate healing from non-healing venous leg ulcers
(VLU) based on differences in the blood flow that result in a positive and
negative contrast, respectively [112]. Similarly, Kwasinski et al. also
used NIROS to measure changes in oxy-, deoxy-, total hemoglobin, and
oxygen saturation at the wound site [114]. The authors reported that the
contrast from the wound to the surrounding tissue decreased and sta-
bilized over time in healing wounds, whereas non-healing sites main-
tained the initial contrast value. Moreover, in slow-healing wounds, the
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authors observed that the contrast value varied but did not match that of
the background tissue oxygenation [114].

In addition to that, NIR imaging can also be used as a theragnostic
system for capturing wound physiological signals and triggering the
treatment [119-122]. For example, Mei et al. developed Au/Ag
core-shell nanorods for activatable NIR-II PTT and photoacoustic im-
aging of Methicillin-resistant S. aureus infection, monitoring the treat-
ment progress [122]. The authors applied a matrigel with the nanorods
and the activator (K3 [Fe(CN)¢], to release the Ag*) in
Methicillin-resistant S. aureus infection sites in mice, and observed a
20-fold NIR-II photoacoustic signal increase. Furthermore, a maximum
signal-to-background ratio of 9.5 was observed at 4 h post-injection,
enabling the sensitive monitoring of Ag™ release process. Moreover,
the NIR-II PTT and release of free Ag" combinatorial treatment resulted
in the almost complete healing of Methicillin-resistant S. aureus-infected
wounds after 9 days, with no detection of residual live bacteria [122].

4. Adverse effects of NIR

Besides the advantages and different applications of NIR irradiation
in the wound healing process, some concerns need to be considered for
preventing undesirable side effects. Despite the high photothermal
conversion efficiency of inorganic nanomaterials, these often present
poor biodegradability. Therefore, they can accumulate in the human
body and trigger some cytotoxic effects [38,123]. More importantly, the
selection of the laser parameters, such as wavelength, intensity, and
duration, will influence the light-tissue interaction [124,125]. In fact,
different NIR light wavelengths present distinctive safety thresholds for
human skin exposure. For example, the threshold safety for intensity in
808 nm light is around 0.33 W/cem?, 0.54 W/em? for 915 nm, and 0.72
W/cm? for 980 nm [124,126]. Moreover, some data indicates that the
utilization of light with 808 nm or 915 nm wavelength can be safer than
light with 980 nm since the absorption of water is higher at 980 nm
[124]. Such was also demonstrated by Li et al. that observed an increase
of 15.1 °C after irradiation with NIR laser (980 nm 1.0 W/cmz), whereas
when 808 nm or 915 nm light was used this value decreased to 3.0 °C
and 3.4 °C, respectively [126]. This nonspecific tissue heating can
trigger cell death and consequently tissue damage [124]. Furthermore, it
is worth noting that patients with photosensitive conditions or those
taking medication that increases sensitivity to light may experience
adverse reactions to NIR light exposure [127]. In turn, eye exposure to
high-intensity NIR light can also cause damage to the retina and affect
the patient’s eyesight [128,129]. Therefore, additional studies are still
needed to further guarantee the safety of NIR-based therapies, since
long-term effects of prolonged or repeated exposure are not fully un-
derstood and individual variability can lead to different reactions based
on factors such as skin type, health conditions, and genetic variations.

5. Clinical trials

The application of NIR light-based therapies in wound regeneration,
namely the PBMT effect and imaging capacity, and their translation
potential have been evaluated in different clinical trials.

Several clinical trials already assessed the efficacy of the NIR laser
treatment regimens in plastic and/or aesthetic surgery, focusing on the
prevention of scar formation. For example, Capon et al. evaluated the
ability of an 810 nm diode-laser system to accelerate the wound healing
process of surgical scars [130]. For that purpose, 22 patients were
treated with a high energy dose (80-130 J/cmz) and 8 patients with a
low energy dose (i.e., inferior to 80 J /cmz), NIR laser (810 nm and power
up to 20 W), single irradiation after skin closure. After 12 months, the
group treated with a high-energy dose reported an improvement rate in
the quality and visual aspect of the scar of 60 % in the surgeon’s analysis
or 53.4 % in the patient’s opinion. Moreover, these patients also
described feeling less discomfort (i.e., burning, itching, and prickling
sensation) in the first 30 days after treatment. Nevertheless, the authors
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Fig. 5. A) Photomicrographs of the burn wounds treated with pulsed laser (810 nm), LED (808 + 3 nm), or silver sulfadiazine. B) Analysis of the rate of wound area
contraction. C) Effect of pulsed laser (810 nm), LED (808 + 3 nm), or silver sulfadiazine on the pro-reparative markers. D) ELISA quantitative analyses of pro-
inflammatory and pain markers in non-irradiated burn control, pulsed laser (810 nm), or LED (808 + 3 nm) photobiomodulation treated burn wounds in rats.
Reprinted from Journal of Photochemistry and Photobiology, Vol. 6, G. K. Keshri, G. Kumar, M. Sharma, K. Bora, B. Kumar and A. Gupta, Photobiomodulation effects
of pulsed-NIR laser (810 nm) and LED (808 + 3 nm) with identical treatment regimen on burn wound healing: A quantitative label-free global proteomic approach,
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also referred to the presence of superficial burns, without any negative
long-term impact, in patients treated with higher energy doses, i.e., 116,
127, and 127 J/cm?. In turn, in the low-energy dose-treated patients no
significant difference was detected between the irradiated and control
region of the scar [130]. Similarly, Carvalho et al. investigated the effect
of an infrared GaAlAs laser (830 nm) in the postsurgical scarring process
[131]. The 28 patients were randomly divided into a control group and
an experimental group, with irradiation, 40 mW, 13 J/cm?, 24 h after
surgery, and at days 3, 5, and 7. The obtained data showed improve-
ments in the Vancouver Scar Scale analysis and the scar thickness
measurements in the laser-treated group, preventing the formation of
scar keloids and reducing the pain score by 50 % [131]. Haze and col-
laborators also evaluated a pulsed NIR 808 nm Ga-Al-As laser PBMT
treatment regimen in diabetic foot ulcers [132]. Herein, the
PBMT-treated group also presented a faster wound closure, i.e., 70 % of
the patients presented more than 90 % of wound closure, whereas this
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only occurred in 10 % of the control sham group. Otherwise, Longobardi
et al. analyzed the measurement of hemoglobin O3 saturation and the
dimension of venous leg ulcers by NIR spectroscopy imaging [133]. The
NIR spectroscopy 2D images acquired from 73 patients with venous leg
ulcers enrolled in the study allowed not only to record the lesion di-
mensions but also the saturation levels of O,. Moreover, the authors
reported that the measurement of the O, saturation levels could be
performed on the entire wound area or even in specific regions. There-
fore, the NIR spectroscopy analysis of the venous leg ulcers allowed the
clinicians to monitor and predict the wound healing progression in
response to hyperbaric oxygen therapy [133].

6. Conclusions and future perspectives

Over the last few years, new wound dressings have been developed
to further improve the wound healing process, however, they are still
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Table 5

Overview of NIR-based imaging application in the wound healing process. Note:

The results refer to data obtained in the in vivo assays. (N.A.: Not Available).

Biomaterial Composition Excitation/ Results Ref
emission
wavelength

Scaffold collagen scaffold 808 nm/ The collagen [51]

loaded with Ag,S NIR-II scaffold loaded

quantum dots- with Ag,S

labeled human quantum dots-

mesenchymal labeled hMSCs

stem cells enabled the
visualization of
the migration of
transplanted
hMSCs at the
wound site for up
to 1 month,
through NIR-II
fluorescence
signals.

Nanostructure fluorescent probe 720 nm/ The fluorescent [49]

(AlkaP-1) based 790 nm probe (AlkaP-1)
on benzoyl enabled the
hydrazine-cy7 and monitorization of
a modified IR-780 the tissue
molecule alkalization
(conversion of
acute wounds to
chronic wounds)
through
fluorescence
changes.
zeolitic 808 nm/ The zeolitic [110]
imidazolate 1200 nm imidazolate
framework-8 - framework-8 -
Ag>S quantum Ag>S quantum
dots, dots,
incorporating incorporating
vancomycin vancomycin
enabled the
S. aureus
detection (limit of
~1 x 10° CFU/
mL), through NIR-
1I fluorescence.
nanoprobe based 808 nm/ The [111]
on gold nanostars 850 nm AuNS-Apt-Cy
functionalized nanoprobe
with Methicillin- enabled the NIR
resistant S. aureus- fluorescence
identifiable imaging with high
aptamer and sensitivity (10°
gelatinase- CFU), and
responsive mediated PTT in
heptapeptide Methicillin-
linker—cypate resistant S. aureus
complexes infections.
(AuNS-Apt-Cy)

N.A. N.A. 830 nm The NIR imaging [112]
enabled the
differentiation of
healing from non-
healing regions in
wounds, using a
noncontact wide-
area imager.

710 nm, The NIR imaging [113]
830 nm/> enabled the
645 nm differentiation of

healing from non-
healing regions in
diabetic foot
lesions, through
optical contrast
between wound
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Table 5 (continued)

Biomaterial Composition Excitation/ Results Ref
emission
wavelength
and adjacent
tissue.
725, 797 The NIR imaging [114]
nm enabled the

differentiation of
healing from non-
healing regions
through the
measurement of
changes in oxy-,
deoxy-, total
hemoglobin, and
oxygen
saturation.

associated with some limitations such as uncontrolled drug delivery and
limited therapeutic effectiveness. In this field, biomaterials responsive to
NIR light have been investigated as a low-invasive technique to trigger
localized treatments with minimal damage to the surrounding tissues.
These therapeutic approaches are based on photothermal and/or
photodynamic effects that lead to heat and ROS generation, respec-
tively. Heat generation can cause different effects depending on the
maximum temperature that is achieved, i.e., small temperature increases
can promote cell proliferation and angiogenesis, while high tempera-
tures can effectively improve the antibacterial properties of the mate-
rials. Furthermore, this effect can also be explored to control the release
of different therapeutic molecules and improve the wound healing
process. In the same way, ROS generation can also be explored to treat
bacterial infections or trigger the release of bioactive molecules. In
addition, the NIR light is also used as a non-heat-generating therapy,
namely in PBMT, in which different biological, chemical, and cellular
processes are stimulated by the exposition to the light. Apart from these
effects, the NIR light can also enable the monitorization of the wound
healing process through bioimaging approaches.

In conclusion, the NIR light holds high potential for improving the
wound healing process through different approaches. More importantly,
this approach overcomes the issue of multi-drug resistance, since it
imprints an antibacterial effect without resorting to the use of antibi-
otics. Furthermore, it enables a controlled treatment both in time and
space, which also improves the wound healing process.

Despite the clinical trials already covering the fields of PBMT and
bioimaging, there are still several studies that need to be considered
before considering the translation to the clinic of NIR-responsive bio-
materials aimed for the treatment of infected wounds. In fact, in this
area, nowadays the clinical applications of NIR light are limited to the
reduction of inflammation and pain both in muscles and joints, as well as
in the improvement of the skin’s visual appearance. Moreover,
biocompatible photosensitive materials and singlet oxygen-sensitive
linkers still require higher exploration to improve the light conversion
efficiency as well as the development of photocontrolled drug delivery
systems. Additionally, the validation of new materials and the capacity
to scale up the production methods are also important topics for
achieving the successful translation of NIR-based wound healing
therapeutics.
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