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Abstract

Bacterial infection is a common wound complication that can significantly

delay healing. Classical local therapies for infected wounds are expensive and

are frequently ineffective. One alternative therapy is photodynamic therapy

(PDT). We conducted a systematic review to clarify whether PDT is useful for

bacteria-infected wounds in animal models. PubMed and Medline were

searched for articles on PDT in infected skin wounds in animals. The language

was limited to English. Nineteen articles met the inclusion criteria. The overall

study methodological quality was moderate, with a low-moderate risk of bias.

The animal models were mice and rats. The wounds were excisional, burn,

and abrasion wounds. Wound size ranged from 6 mm in diameter to

1.5 × 1.5 cm2. Most studies inoculated the wounds with Pseudomonas

aeruginosa or methicillin-resistant Staphylococcus aureus. Eleven and 17 stud-

ies showed that the PDT of infected wounds significantly decreased wound size

and bacterial counts, respectively. Six, four, and two studies examined the

effect of PDT on infected wound-cytokine levels, wound-healing time, and

body weight, respectively. Most indicated that PDT had beneficial effects on

these variables. PDT accelerated bacteria-infected wound healing in animals

by promoting wound closure and killing bacteria.

1 | INTRODUCTION

Wounds are mainly caused by trauma, surgery, and dis-
eases, including diabetes mellitus and vascular diseases.
They can have a profound deleterious effect on patient
quality of life and are common. For example, it is esti-
mated that, at any given time point, 1.5 to 2 million peo-
ple in Europe have acute or chronic wounds that require
medical care.1 Moreover, several studies have shown that
patients with wounds occupy 27% to 50% of acute

hospital beds in Europe on any given day2 and cost the
United Kingdom approximately £5 billion annually in
2012/2013: the latter accounted for 3% of all British
health care expenditure in 2012/2013.3

Infection is one of the most common complications of
wounds that could delay wound healing. Bacterial infec-
tions are particularly frequent. The most common culprit
is Staphylococcus aureus. The most common therapy for
infected wounds is antibiotics. However, much to the
alarm of health care workers all over the world,
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antibiotics have become increasingly less effective for
bacterial wound infections because of the abuse of antibi-
otics and the subsequent emergence of increasing num-
bers of multi-resistant bacterial species such as
Pseudomonas aeruginosa and methicillin-resistant S.
aureus.4 Other classical local therapies for infected
wounds include dressings, topical products, and—more
recently—negative pressure therapy. However, all of
these classical therapies, including antibiotics, are expen-
sive and not consistently effective.5 Thus, there is a great
need for alternative therapies for infected wounds.

One possibility is photodynamic therapy (PDT).6 This
is not a new treatment as it has been used for about
100 years to topically treat various skin lesions, starting
with superficial non-melanoma skin cancers.7,8 PDT
involves three key ingredients, namely, a photosensitiser,9

light, and oxygen. The process starts with the topical appli-
cation of the photosensitiser onto the target lesion. The
application is followed by an incubation period that allows
the abnormally proliferating cells in the lesion to take up
the photosensitiser and convert it to a component in the
heme biosynthetic pathway, called protoporphyrin-IX.
When the lesion is illuminated with light of the appropri-
ate wavelength, photoporphyrin-IX becomes activated and
converts molecular oxygen into reactive oxygen species.
This in turn causes the cells to die via necrosis or apopto-
sis. The preferential uptake of the photosensitiser by pro-
liferating cells means that this therapy does not affect the
surrounding normal tissue.10

Recently, several researchers showed that PDT
improves wound healing in mice and humans,11,12 has
antimicrobial effects on bacteria isolated from infected
human burn wounds,13 and improves the healing of leg
ulcers.14 Human studies also showed that PDT is well tol-
erated by the patients.12,14 Thus, PDT may be a suitable
alternative to standard therapies for infected wounds.

In 2018, Nesi-Reis et al conducted a systematic review
on the ability of PDT to improve (non-infected) chronic
ulcers and superficial non-melanoma skin cancers in
humans.15 However, a systematic review on the antimi-
crobial effects of PDT and its ability to promote the
healing of infected wounds has not been reported. Here,
we conducted a systematic review to clarify whether PDT
is useful for bacteria-infected wounds in animal models.
We expect that this review will promote further research
and ultimately aid the clinical treatment of wounds.

2 | MATERIALS AND METHODS

This study followed the guidelines for systematic reviews
of animal studies that were suggested by Vries et al.16

2.1 | Data sources and searches

The PubMed and Medline databases (from inception to
May 2019) were searched for all PDT-related articles. The
language was limited to English. The Medical Subject
Headings (MeSH) terms were as follows: (“Wound
Healing” OR “Re-Epithelialization” OR “Regeneration”)
AND (“Photochemotherapy” OR “Photochemistry” OR
“Photosensitizing Agents”). The bibliographic references
of the articles that were captured by this electronic data-
base search were also searched manually to identify addi-
tional potential studies.

2.2 | Study selection

All articles on animals that reported the antimicrobial
effects of PDT in skin wound healing and that had a
PDT-untreated control group were eligible for inclu-
sion. The titles and abstracts of all captured articles
were screened for possible inclusion. Reviews, dupli-
cates, human studies, studies on wounds that did not
involve the skin, and studies irrelevant to our topic
were excluded. After reading the full text of the
remaining articles, all studies that compared animals
treated with PDT alone to untreated control animals
were included in the systematic review. Articles in
which the PDT was only delivered in combination with
another treatment were excluded. Articles that
involved wounds that had not been inoculated with
bacteria were also excluded. Two independent
reviewers (Yan Sun and Bi-Huan Xiao) conducted this
article selection procedure. Disagreements were
resolved by discussions between these reviewers or by
asking a third reviewer (Liang-Hong Chen) to help
achieve consensus.

Key Messages

• a systematic review is conducted to clarify
whether photodynamic therapy (PDT) is useful
for bacteria-infected wounds in animal models

• PubMed and Medline were searched, and the
language was limited to English

• nineteen articles met the inclusion criteria
PDT accelerated bacteria-infected wound
healing in animals by promoting wound clo-
sure and killing bacteria
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2.3 | Data extraction and quality
assessment

Two reviewers (Yan Sun and Bi-Huan Xiao) indepen-
dently extracted the following data from the included
articles: first author, year of publication, country of
research, animal species, type of wound, bacterial species,
the photosensitiser and light parameters used for PDT,
the primary and secondary study outcome measures, and
the main results.

Two reviewers (Yan Sun and Bi-Huan Xiao) also
independently assessed the methodological quality of the
included studies. Disagreements about quality were
resolved by discussions or by asking for help from a third
reviewer (Liang-Hong Chen). Methodological quality was
assessed by using the risk-of-bias tool of the Systematic
Review Center for Laboratory animal Experimentation
(SYRCLE), which involves 10 items: (a) animal allocation
sequence generation, (b) comparison of baseline charac-
teristics of the comparator animal groups, (c) allocation
concealment, (d) random housing of the animals in the
animal room, (e) investigator blinding, (f) random out-
come assessment, (g) assessor blinding, (h) incomplete
outcome data addressed, (i) free of selective outcome
reporting, and (j) free of other sources of bias.17 For each
item, “yes” indicated a “low risk of bias,” while “no” rep-
resented a “high risk of bias.” If the information provided
was not sufficient, the item was judged as “unclear,”
which was considered an “unclear risk of bias.”

2.4 | Data synthesis

A meta-analysis was performed by using Review Man-
ager 5.3 (Copenhagen: The Nordic Cochrane Centre,

The Cochrane Collaboration, 2014). To determine the
homogeneity of the outcome (body weight) of the
included studies, χ² test was performed, and the I2 sta-
tistic were calculated. The study outcomes were consid-
ered to be heterogenous if the χ² test P value was <.1
and the I2 statistic was >50%. If heterogeneity was
detected, the random-effects model was used. If homo-
geneity was observed, the fixed-effects model was used.
The difference between the PDT-treated and untreated
groups in terms of outcome was expressed relative to
the outcome variability in the study by calculating the
standard mean difference with 95% confidence inter-
vals. P values of .05 were considered to indicate statisti-
cally significant differences between PDT-treated and
untreated groups. To ensure the reliability and accu-
racy of the results, two independent reviewers (Yan
Sun and Bi-Huan Xiao) synthesised the data
separately.

3 | RESULTS

3.1 | Identification of eligible studies

A total of 779 articles were identified by the preliminary
bibliographic search. After screening the title and
abstract of each article, 738 were excluded because they
were reviews, duplicates, human studies, involved non-
skin wounds, or were irrelevant to our topic. The full text
of the remaining 41 articles underwent detailed evalua-
tion. Twenty-two articles with combined interventions or
wounds not inoculated with bacteria were excluded.
Finally, 19 articles that related to antimicrobial PDT in
skin wound healing in animal models were included. The
selection process is illustrated in Figure 1.

FIGURE 1 Flow diagram
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3.2 | Characteristics of the included
studies

All articles were written in English and were published
between 2002 and 2018. The country in which the study
was performed was the United States,18-24 India,25-28

China,29-31 Japan,32,33 Turkey,34 Egypt,35 and Italy.36

The baseline characteristics of the studies are listed in
Table 1.

3.3 | Methodological characteristics of
the included studies

The quality of each study was assessed by applying
the risk-of-bias tool from SYRCLE. Of the 19 studies,
26.3% generated an adequate allocation sequence
(item 1),29,31,34-36 89.5% reported the baseline character-
istics of the PDT-treated and untreated groups
(including gender, age, and weight of the subjects)
(item 2),18-21,23-29,31-36 5.3% adequately concealed
allocation (item 3),35 36.8% reported that each animal
was housed in a cage of its own in the animal room
(item 4),19,20,27,32,33,35,36 73.7% addressed incomplete out-
come data (item 8),18-20,25-35 and all but one study23

(94.7%) were free of selective outcome reporting (item 9).
None of the studies indicated whether the investigators
were blinded (item 5), the outcome assessments were
random (item 6), or the assessors were blinded (item 7).
All of the studies were free of other sources of bias.
Figure 2 presents a summary of the methodological
quality of the 19 studies.

3.4 | Animal models

The animal species used in the 19 studies were
mice (n = 16)18-29,31-33,36 and rats (n = 3).30,34,35

Of the 16 mouse studies, nine used BALB/c
mice,18-21,23,24,29,31,36 4 utilised Swiss albino mice,25-28

two used C57BL/ksj db/db mice,32,33 and one used CD1
mice.36 One study22 did not report the mouse strain that
was used. Notably, three of these studies used diabetic
mice to produced chronic wound models, namely, the
two studies using C57BL/ksj db/db mice32,33 and one
study using Streptozotocin-injected Swiss albino mice.25

Two studies used immunosuppressed mice; the low
peripheral blood neutrophils of these mice created an
environment that was more vulnerable to infection.18,19

Of the rat studies, two used Wistar rats34,35 and one used
Sprague-Dawley rats.30

3.5 | Wounds

All wounds were generated on the dorsum of the ani-
mals. They were excisional wounds,22-28,30-33,35,36 burn
wounds,20,21,29 and abrasion wounds.18,19,34 The wound
sizes ranged from 6 mm in diameter32 to 1.5 × 1.5 cm2.31

3.6 | Bacteria

To investigate the antimicrobial effect of PDT, the
wounds in all studies were inoculated with one or
two species of bacteria. The majority were
P. aeruginosa22,23,26-28,32 and methicillin-resistant
S. aureus.18,19,25,27,29,31,33,34,36 Others were unresistant
S. aureus strains,21,29,30,35,36 Escherichia coli,22,24 and
Acinetobacter baumannii.20

3.7 | Photosensitizers

The photosensitisers that are used for PDT can be clas-
sified biochemically as first-, second-, and third-
generation photosensitisers.37 The photosensitisers that
were used in the studies were from the second genera-
tion with the exception of hypericin-laden
nanoparticles, which was used in the study by Nafee
et al35 and which belong to the third-generation photo-
sensitiser class. The second-generation photosensitiser
that is most commonly used in recent times is
5-aminolevulinic acid. It was used in two studies.32,33

Other used photosensitisers were 5-phenyl-10;
15, 20-tris (N-methyl-4-pyridyl) porphyrin chloride
(PTMPP)21; sinoporphyrin sodium (also known as
DVDMS)29; indocyanine green (ICG)34; pentalysine
β-carbonylphthalocyanine zinc (ZnPc-[Lys]5)

30; zinc
phthalocyanine tetrasulfonate (ZnPc-S4)

30; poly-L-
lysine conjugate of chlorine p6 (pl-cp6),25-28

β-lactamase-activated EtNBS (LAEtNBS)31; RLP068/
Cl,18,36 toluidine blue O (TBO)18; polyethylenimine-
chlorin(e6) (PEI-ce6)19,20; and poly-L-lysine-chlorin e6
(pL-ce6).22-24

The photosensitisers were administered topically
in 13 studies,18-20,22-28,31,32,36 by subcutaneous injec-
tion in one study,29 and by intraperitoneal injection
in another study.33 In one study, burn wounds were
simultaneously treated by both topical application
and injection under the wound.21 The application
route was not described in three studies.30,34,35 The
incubation time ranged from 15 minutes20 to
90 minutes.31
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3.8 | Light

The light wavelengths that were used in most studies
belonged to the red light range. Two studies used 410-nm
light-emitting diodes (LEDs),32,33,38 one study used an
808-nm diode laser,34 and one study did not mention the
wavelength of the light source.35 When visible light was
used, the fluence ranged from 6 32 to 450 J/cm2,34 and
the energy density ranged from 8421 to 300 mW/cm2.29

For the 808-nm diode laser, the fluence was 450 J/cm2.34

3.9 | Treatment methods, outcome
measures, and main results

The treatment methods, outcome measures, and the
main results are listed in Table 2. The outcomes after
PDT that were measured were wound size, bacterial
numbers in the wound, wound cytokine levels, wound-
healing time, and body weight.

3.10 | Wound size

Eleven studies examined the effect of PDT on infected
wounds at various times after treatment.18,21,23,24,28,30-35

As expected, several studies showed that bacterial infec-
tions delayed wound healing: as a result, the untreated
infected wounds had significantly greater wound sizes at
various assessment time points than the uninfected
wounds.28,33 With regard to the effect of PDT on wound
size, 1 of the 11 studies showed that PDT did not differ
from various controls in terms of reducing wound size.24

However, the remaining 10 studies all found that the
PDT-treated bacterially infected wounds were signifi-
cantly smaller at various time points than the infected
wounds that had not been treated18,21,28,32,35 or had been
treated with photosensitiser only18,21,30,31,33 or light
only.18

In one study, PDT was combined with topical 1% sil-
ver sulfadiazine cream and compared with the cream on
its own: the combination treatment performed signifi-
cantly worse in terms of reducing wound size than the
cream.21 In two other studies, topical 0.5% AgNO3

23 or
2% mupirocin34 on their own served as positive controls
for PDT: in both cases, PDT reduced wound size better
than these drugs.

Two studies showed that PDT reduced infected ulcer
size so effectively that it was not only significantly
smaller than the size of untreated bacteria-infected
ulcers, but it was similar to the size of uninfected control
wounds at most time points.32,33 Both studies also
showed that altering PDT parameters affected efficacy inT
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terms of wound size: PDT with higher photosensitiser
concentrations or light fluences reduced infected ulcer
size better than when these parameters were set at lower
levels.32,33 Moreover, Nafee et al. showed that, when a
second-generation photosensitiser (hypericin) was loaded
onto nanoparticles (thus creating a third-generation
photosensitiser preparation), it yielded smaller wound
sizes than when the wound was treated with the same
concentration of the photosensitiser diluted in dimethyl
sulfoxide (DMSO).35

3.11 | Bacterial measurements

Seventeen studies measured the effect of PDT on wound
bacteria counts or bioluminescence.18-24,26,28-36 All
showed that PDT reduced the infection. Specifically, the
PDT-treated infected wounds had significantly (P < .05)
lower bacterial counts at various time points than
infected control wounds that had not been
treated19,20,22-24,26,28,29,35,36 or had been treated with
photosensitiser only18,22-24,28,30,34 or light only.23,24,31,34

In several studies, topical or injected antibacterial
drugs served as positive controls for PDT: in all cases,
PDT performed similarly or better in terms of reducing
bacterial levels.23,32,33,36 In one study, PDT + silver sulfa-
diazine cream was not as effective as the cream alone in
terms of reducing the bacterial infection.21

Several studies examined the effect of altering PDT
parameters on bacterial counts. One study showed that
PDT with 0.01% of the photosensitiser RLP68/Cl did not
reduce bacterial counts, but PDT with 0.1% or 0.3%
RLP68/Cl reduced it by ≥83% (P < .05). PDT with 0.5%

RLP68/Cl did not reduce the counts further.36 However,
another study showed that PDT with the photosensitiser
ICG at concentrations of 500, 1000, and 2000 μg/mL
reduced the bacterial viability equally well (P > .05).34

Furthermore, Nafee et al. showed that hypericin-loaded
nanoparticles (a third-generation photosynthesiser prep-
aration) lowered the bacterial counts better (P < .05)
than the same concentration of hypericin diluted in
DMSO.35

3.12 | Cytokine levels

Six studies evaluated the effect of PDT on the levels of
various cytokines in infected wounds.25-29,35 They showed
that, compared with no treatment, PDT significantly
increased the wound levels of β-fibroblast growth
factor,26,29 transforming growth factor (TGF)-β1,29 vascu-
lar endothelial growth factor (VEGF),29,35 VEGF-A,25

hydroxyproline,27,29 alkaline phosphatase,26 fibroblast
growth factor-2,26 nitric oxide,25 platelet-derived growth
factor,35 and cyclooxygenase-235 while significantly
(P < .05) decreasing the wound levels of interleukin (IL)-
6,28,29 IL-1α,26 IL-1ß,26 IL-2,26 malondialdehyde,29 toll-
like receptor-4,26 nuclear factor kappa B (NF-κB)-p65,25

phosphorylated NF-κB-p65,25 phosphorylated-IKB-α,25

phosphorylated p38 mitogen-activated protein kinase,25

metalloproteinase-8 and -9,27 and tumour necrosis factor-
α.28,29 Nafee et al. showed that that, when the pho-
tosynthesiser hypericin was loaded onto nanoparticles, it
reduced TNF-α expression more markedly (P < .05) than
when the wound was treated with the same concentra-
tion of hypericin diluted in DMSO.35

FIGURE 2 The methodological

quality of included studies
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3.13 | Wound-healing time

Four studies compared PDT-treated and untreated
infected wounds in terms of wound-healing time.19,21,28,31

Three showed that PDT significantly accelerated wound
healing.19,28,31 In contrast, Lambrechts et al. showed that
PDT increased the wound-healing time of infected
wounds compared with no treatment and photosensitiser
alone. Notably, light by itself tended to slow infected
wound healing as well, albeit not as much as PDT. It was
suggested that the slow infected wound-healing time of
PDT reflected damage caused by the light treatment,
which involved high radiation energy (84 mW/cm2,
42/82 minutes).21

We were able to perform a meta-analysis of the stud-
ies by Lambrechts et al.21 and Dai et al.19 because the
data were available. We had to use the random-effects
model because the I2 value was 88% and the χ² P value
was .003. There was no significant difference between the
two studies in terms of wound-healing time
(SMD = −0.29 [95% CI −4.13, 3.54], P = .88).

3.14 | Body weight

Two studies examined the effect of PDT on the body
weight of mice with infected wounds.19,29 Dai et al. found
that, over the first 4 days of infection, the untreated con-
trol mice exhibited a rapid loss of weight that troughed
on day 2. The PDT-treated mice exhibited a similar pat-
tern, but the weight loss was significantly less. For exam-
ple, on day 2, the mean body weights of the PDT-treated
and untreated mice were 11.6 ± 4.0% and 6.1 ± 3.4%,
respectively (P = .0009).19 In contrast, Mai et al. found
that mice with untreated infected wounds exhibited pro-
gressive increases in body weight over the first 5 days.
Moreover, the body weight of mice with PDT-treated
infected wounds exhibited similar patterns, regardless of
the concentration of the photosensitiser. This suggests
that PDT does not have any observable side effects.29

4 | DISCUSSION

Physiological wound healing is a process that repairs
damaged tissues. It involves three somewhat overlapping
sequential phases, namely, the inflammatory, prolifera-
tive, and remodelling phases. Many cells, molecules, and
biochemical events are involved in this process.39,40 Dur-
ing the inflammatory phase, immune cells in the wound
bed (eg, neutrophils and macrophages) release a variety
of growth factors and chemokines to remove contaminat-
ing microbes.41 During the proliferative phase, fibroblasts

proliferate in the wound bed, and keratinocytes migrate
inward from wound margins. Both cell types release a
variety of cytokines that promote reepithelisation and
angiogenesis. Finally, during the remodelling phase, col-
lagen is deposited, and water is reabsorbed. This
increases the strength of the scar and reduces its
thickness.42

If any step of this physiological repair process is ham-
pered, or aberrant activities occur, wound healing can be
delayed. This can lead to the formation of chronic
wounds.9,43 Many factors contribute to delayed wound
healing, including diabetes mellitus, vascular insuffi-
ciency, local pressure, protease deregulation, reduced
growth factor activity, inflammation, and concurrent
infection.44 Infections with bacteria have a particularly
deleterious effect on wound healing, especially when the
wound already exhibits delayed wound healing.45 The
four most common bacteria in wounds are
Enterobacteriaceae family members, Enterococcus spe-
cies, P. aeruginosa, and Staphylococcus species.46 Mixed
infections with these bacteria are often observed. Bacte-
rial infections slow down wound healing because they
prolong the inflammatory phase47 and produce virulence
factors, such as enterotoxins, haemolysins, matrix
metalloproteinases, and hyaluronidase, that overcome
host defences, promote bacterial proliferation, and aggra-
vate local tissue destruction.48 The studies included in
our systematic review used one or more of the bacterial
species listed above to create wound infections. In all
cases, PDT decreased the bacterial counts in the
wound.18-24,26,28-36 This effect was particularly notable
when the photosensitiser was loaded onto nanoparticle
carriers.35 Thus, PDT has marked microbicidal effects on
bacterial infections in wounds.

The photosensitiser is one of the three essential ele-
ments in PDT. These molecules are classified as first-,
second-, and third-generation photosensitisers. The first-
generation photosensitisers include hematoporphyrin
derivatives and photofrin II and are somewhat effective
in some tumours.49 However, these photosensitisers have
low cell selectivity and high cutaneous phototoxicity.
These limitations led to the development of the second-
generation photosensitisers, which have high photosensi-
tivity, a narrow absorption spectrum, and good tissue
selectivity. The structure of most second-generation
photosensitisers are based on porphyrin and include
benzoporphyrins, purpurins, phthalocyanines, chlorines,
and protoporphyrin-IX. Recently, the third-generation
photosensitisers were generated by gene engineering or
nanotechnology to further improve PDT outcomes. All
but one of the studies included in our systemic review
used second-generation photosensitisers. All of these
studies showed that PDT accelerated the closure and
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healing of bacteria-infected wounds. The remaining study
by Nafee et al. used a third-generation photosensitiser,
namely, hypericin loaded onto nanoparticles. They
showed that it killed wound bacteria and promoted the
closure and healing of the infected wounds significantly
better than the second-generation formulation of the
photosensitiser (hypericin diluted in DMSO).35

After incubation, pro-drug photosensitisers are
converted into protoporphyrin-IX. The absorption spectra
of protoporphyrin-IX include a maximal peak at 410 nm
(Soret band) and four smaller peaks (Q bands) between
500 and 630 nm.50 Several kinds of lasers51,52 and
LEDs12,53 have been used to excite the photosensitiser in
PDT. Lasers can emit monochromatic light with high flu-
ency and target lesions more precisely, thereby inducing
little damage to adjacent tissues. LEDs are made of elec-
tronic components and provide a narrower spectrum of
light irradiation. Compared with lasers, LEDs are
smaller, cheaper, and easier to operate and have a larger
irradiation field. All of the studies that were included in
this systematic review used lasers or LEDs as the light
source. The majority of the light wavelengths were in the
range of the absorption peaks of protoporphyrin-IX.

Several studies have shown that PDT can change the
immune status of the target tissue.54,55 First, it has a sig-
nificant impact on neutrophil activation: after PDT, neu-
trophils gather in the target lesions. This reaction is due
in part to upregulated TNF-α expression after PDT.56

PDT also induces the release by various cells of pro-
inflammatory cytokines, which activate other cells of the
innate immune system57 and induce monocytes, macro-
phages, and mast cells to accumulate in the PDT-treated
lesion. This in turn activates CD8+ T cells and eliminates
damaged cells and tissues.58,59 One of the most important
cytokines in wound healing is TGF-β. It participates in
the entire wound-healing process. Specifically, it pro-
motes the epithelial-mesenchymal transition and induces
keratinocytes to migrate from the wound margins
towards the centre. It also stimulates the chemotaxis of
fibroblasts in the wound bed, promotes their synthesis of
collagen, and induces them to differentiate into myo-
fibroblasts.55,60 The studies included in this systematic
review showed that PDT of infected wounds increased
their β-fibroblast growth factor, TGF-β1, and VEGF levels
while decreasing their IL-6, IL-1α, IL-1β, IL-2,
malondialdehyde, toll-like receptor-4, NF-κB, and TNF-α.
Thus, PDT effectively alters the inflammatory environ-
ment of infected wounds; these changes may directly or
indirectly increase bacterial killing and promote wound
closure.

Several human studies have shown that PDT is excel-
lent at accelerating uninfected wound healing.55,59 Our
systematic review suggests that this effect may be due in

part to the antimicrobial activity of PDT, which may pre-
vent infections from taking hold and preventing wound
closure. It also shows that PDT is effective in even heavily
infected wounds. In addition, PDT is non-invasive and
safe61 because the photosensitiser is absorbed selectively
by the proliferating target cells or tissues. Indeed, it has
been shown that, after a photosensitiser is applied to an
infected lesion, the resulting protoporphyrin-IX accumu-
lates specifically in the bacteria; other parts of the lesion
have low levels of this molecule.33 The safety of PDT is
also shown by the fact that PDT does not influence the
body weight of animal models with infected wounds.
Indeed, PDT exerted protective effects on the body weight
of mice with P. aureus-infected wounds.19,29

5 | CONCLUSIONS

In conclusion, this systematic review demonstrated that
PDT could accelerate the healing of bacteria-infected
wounds in animals. However, there were some limita-
tions in this study. First, the language was limited to
English, and only two databases were included. This
may have caused us to overlook other relevant publica-
tions. Second, some of the included studies were of low
quality and/or did not describe the details of the treat-
ment. Third, all included studies were in vivo experi-
ments with mice and rats. Additional high-quality
studies that examine the antimicrobial effect of PDT on
skin wound healing in other species (including humans)
are warranted.
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