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Abstract
Healing wounds represent a major public health problem, mainly when it is infected. Besides that, the antibiotics misuse and
overuse favor the development of bacterial resistance. This study evaluated the effects of antimicrobial photodynamic therapy
(aPDT) combined with artificial skin on disinfection of infected skin wound in rats. Twenty-four Wistar rats were randomly
distributed into 4 groups (n = 6): (i) control—untreated; (ii) aPDT—treated with curcumin-mediated aPDT (blue light); (iii)
artificial skin—treated with artificial skin alcohol-based; and (iv) aPDT plus artificial skin—treated with aPDT associated with
artificial skin alcohol-based. For the in vivo model, a full-thickness biopsy with 0.80 cm was performed in order to inoculate the
microorganism Staphylococcus aureus (ATCC 25923). The aPDTwas performed with a curcumin gel and a blue LED light (450
nm, 80mW/cm2) at the dose of 60 J/cm2 and the treatment with alcohol-based artificial skin was done with the topical application
of 250 μL. Additional animals were submitted to aPDT combined with the artificial skin. After treatments, the number of colony-
forming units (CFU) and the damage area were determined. Data were analyzed by two-way repeated measures ANOVA and
Tukey tests. The highest reduction of the bacterial viability was observed in the PDT plus artificial skin group (4.14 log10),
followed by artificial skin (2.38 log10) and PDT (2.22 log10) groups. In addition, all treated groups showed higher relative area
of wound contraction (36.21% for the PDT, 38.41% for artificial skin, and 35.02% for PDT plus artificial) in comparison with the
control group. These findings provide evidence for the positive benefits of aPDT with blue light and curcumin associated with
artificial skin to decontaminate and accelerate the wound contraction.
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Introduction

Skin and soft tissue infections (SSTIs) are among the most
common infections and causes of emergency care.
According to the Infectious Disease Society of America
(IDSA), between 2005 and 2010, more than 3 million patients
have received medical care in the emergency department for
SSTI per year. It represents a 3-fold increase compared to the
preceding 15 years—leading to a higher morbidity and
healthcare costs. The majority of SSTI are caused by bacteria
and, among them, Staphylococcus aureus is one of the most
frequent pathogen isolated from contaminated wounds [1, 2].

The goal of the antimicrobial therapies is to eradicate the
causative organisms, avoiding complications and preventing
recurrences. The conventional treatment is based on an inci-
sion and drainage as well as antibiotic therapy [2]. However,
the antibiotics misuse and overuse during infection treatments,
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the lack of new antibiotics, and the poor infection prevention
are accelerating the development of new resistant bacteria [3].
Moreover, multiple antibiotic-resistant strains are becoming
more frequently isolated and the available drugs are not effec-
tive to inactivate them [4]. The development of approaches
that can selectively inactivate bacteria limiting the spread of
resistance should be investigated. In this context, antimicrobi-
al photodynamic therapy (aPDT) and artificial skins are prom-
ising alternative therapeutic approaches.

aPDT is a technique based on the photoactivation of
a photosensitizer (PS) in the presence of oxygen, to
induce cell death. There are two different mechanisms
described in the literature responsible for the microor-
ganism inactivation by aPDT. These mechanisms lead to
deoxyribonucleic acid (DNA) damage and damage to
the cytoplasmic membrane, which allows leakage of cel-
lular contents or inactivation of membrane transport sys-
tem and enzymes [5].

Several in vivo studies have demonstrated the potential of
aPDT to treat infected wound using a range of PSs and light
sources, such as red wavelength (laser or non-coherent light)
with toluidine-O blue [6], methylene blue [7], highly pure
chlorin e6 [8], polycationic PS conjugate between poly-L-ly-
sine, and chlorin e6 [9], among others [10, 11]. The use of
natural compounds to mediate aPDT has also been employed.
Curcumin is a natural yellow-orange dye obtained from the
root of Curcuma longa L., an old Indian spice that exhibits
antibacterial, antiviral, and antifungal effects [12]. Curcumin
associated with light may be able to increase some of these
properties. In vitro [13] and clinical trial [14] studies have
shown that the combination of curcumin and blue LED light
was able to significantly reduce the total number of colony-
forming units (CFU) of oral microorganisms. However, to the
best of our knowledge, the effects of blue light and curcumin
for infected wound healing have not been investigated.

Artificial skins, also named skin substitutes or wound
dressing, can be used as an adjuvant treatment to favor
the skin healing process. It refers to a biological or syn-
thetic scaffold engineered to enhance wound healing or
even to provide permanent skin replacements. It is known
for treating massive burns and deep skin wounds, by lim-
iting infection and fluid loss as well as reducing inflam-
matory responses and scarring [15–17]. Various materials
have been employed for skin substitute fabrication, such
as elastin [18], collagen [19], chitosan [20], antibiotic-
loaded collagen-hyaluronic acid matrix [21], polyvinyl al-
cohol [22], and platelet-rich plasma [23].

Considering the potential of curcumin-mediated aPDT to
inactivate microorganisms and the positive use of artificial
skin to hold wound contraction, the aim of this study was to
evaluate the effects of aPDT with blue light and curcumin
associated with artificial skin alcohol-based in rat preclinical
model to disinfect and contract wounds.

Materials and methods

Animals

This study was approved by the Ethics and Research
Committee of the Federal University of São Carlos (N. 053/
2012). All animal procedures were performed in accordance
with the principles in the Guide for the Care and Use of
Laboratory Animals. Twenty-four 3-month-old male Wistar
(albino) rats weighing between 350 and 450 g were used.
Food (Nuvilab CR1, Nuvital Nutrientes S/A, Brazil) and wa-
ter were available ad libitum. The cages were maintained in
controlled temperature (22 ± 2 °C) and humidity (70%) with a
12/12-h light-dark photoperiod. Animals were group-housed
and randomly distributed into four groups (n = 6 per group):
(i) control group, (ii) PDT group, (iii) artificial skin group, and
(iv) PDT plus artificial skin group. The study timeline is
shown in Fig. 1.

Microorganism, animal model

The reference strain of Staphylococcus aureus ATCC 25923
(Rockville, MD) was used to induce the wound infection. The
bacteria were frozen at − 20 °C in a tube containing brain heart
infusion (BHI) broth and were reactivated in Mannitol agar
(Difco Laboratories, Detroit, Mich., EUA) at 37 °C for 24 h.
The cells were cultured in BHI broth (Laboratório Difco,
Detroit, Mich., EUA) at 37 °C for 18 h. Then, cells were
concentrated by centrifugation (3000 rpm) during 5 min and
the supernatant was discarded. The cells were resuspended in
distilled water (5 mL) and the number of viable cells in sus-
pension was determined using a Neubauer chamber and
trypan blue under an optical microscope (Carl Zeiss, Jena,
Germany). The Staphylococcus aureus inocula was prepared
in mid-log phase = 25 × 107 cells, as previously described
[24].

For the wound induction and infection, the rats were anes-
thetized with an intramuscular injection (90 mg/kg of keta-
mine (Agener União, Brasília, DF, Brazil) plus 10 mg/kg of
xylazine (Bayer, São Paulo, SP, Brazil)) and a 0.80-cm diam-
eter punch was used to remove a circular full-thickness skin
on the dorsal surface. Immediately after the skin removal, each
wound was inoculated with 100-μL suspension of
Staphylococcus aureus into the wound bed.

Treatments

Four days after the wound induction and infection, animals
received the proposed treatments. For the PDT treatment, 0.06
mL of 1.5% curcumin gel (PDT Pharma, Cravinhos, SP,
Brazil) was topically applied on the wound and incubated
for 20 min, covered with plastic wrap and aluminum foil
(Fig. 2). After the incubation, the wound was illuminated with
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a LED-based device at 450 ± 30 nm, 80 mW/cm2 developed
by the Optics Group of the São Carlos Institute of Physics
(IFSC), University of São Paulo (USP). The wound was irra-
diated (Fig. 2) for 12.5 min. and the dose delivered was ~ 60
J/cm2. A single session of the PDT was performed on the
fourth day of the study.

After aPDT, an aliquot of 250-μL artificial skin was ap-
plied with a pipette onto the wound site (Fig. 2) (PDT plus
artificial skin group). The artificial skin was applied for 4
consecutive days. The artificial skin used in this study is a
non-commercial, natural, biocompatible, and biodegradable
product [25]. It is a dense and transparent liquid composed
of water (33%), polyvinyl alcohol (16%), and hydrated alco-
hol (51%). This artificial skin was obtained by increasing the
temperature from 20° to 75 °C, when a final dense liquid is
obtained.

Additional animals received only one session of aPDT
(PDT group) or only artificial skin therapy during 4 consecu-
tive days (artificial skin group). The control group consisted of
animals with no treatment.

Microbiological analysis

To recover the microorganisms, the wounds were swabbed
twice for 20 s in each period of evaluation (pre-contamina-
tion—day 1; pre-treatment—day 3; and post-treatment—day
8). Each collection was made in duplicate. The sterile cotton
swabs (Absorve, Cotia, SP, Brazil) were transferred to tubes
containing 1 mL of sterile saline. The samples underwent
serial dilutions and 25-μl aliquots of each dilution were plated
on brain heart infusion agar (BHIA; Difco Laboratories,
Detroit, Mich.) in quadruplicate and incubated under
microaerophilic conditions for 24 h at 37 °C. After incubation,
the total number of colony-forming units per milliliters (CFU/
mL) was determined.

Wound measurements

The animals were anesthetized (90 mg/kg of ketamine
(Agener União, Brasília, Brazil) plus 10 mg/kg of xylazine
(Bayer, São Paulo, Brazil)) and standardized photographs
(same resolution and focal distance of 20 cm (Nikon SLR
camera D40 X, 10.2 megapixel, Tokyo, Japan)) were used
to measure the wound area at each timepoint (pre-contamina-
tion, pre-treatment, and post-treatment) in all groups. An ad-
hesive tape of 1 cm2 was positioned on a flat surface next to
the wound as a reference. Afterwards, the wound area was
determined using the ImageJ (Rasband, WS, ImageJ,
National Institutes of Health, Bethesda, MD; http://imagej.
nih.gov/ij/). Wound areas were calculated in absolute and
relative terms. The relative area of wound contraction was
determined using the following formula: relative area of
wound contraction (%) = [initial damage area (cm2) −
contracted area (cm2) / initial damage area (cm2) × 100].

After completion of the protocol, on day 8, the animals
were sacrificed with intracardiac injection of 1 ml of potassi-
um chloride (3 M KCL), under general anesthesia (90 mg/kg
of ketamine (Agener União, Brasília, DF, Brazil) plus 10
mg/kg of xylazine (Bayer, São Paulo, SP, Brazil)).

Statistical analysis

The log10 (CFU/mL) values were used in the statistical anal-
ysis. The descriptive analysis of the data was performed and,
then, Shapiro-Wilk and Levene’s tests were used to analyze
the normality and homogeneity of variance. Two-way repeat-
ed measures ANOVA with post hoc Tukey tests were used to
compare the log10 values and the damaged area at each
timepoint. The independent factors were group (with four
levels: control, PDT, skin artificial, and PDT plus artificial
skin groups) and time ((i) with two levels for log10 (CFU/

Fig. 2 The study timeline

Fig. 1 aPDT procedure and artificial skin treatment. The curcumin gel
was topically applied on the wound (a). It was incubated and covered
with plastic wrap and aluminum foil (b). After the incubation, the wound

was illuminated with a blue LED (c). After aPDT, the artificial skin (d)
was applied with a pipette onto the wound site (e)
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ml) and relative area of wound contraction: pre-treatment and
post-treatment; and (ii) with three levels for damaged area:
pre-contamination, pre-treatment, and post-treatment, which
were also considered a repeated measurement (intragroup dif-
ferences)). The delta of CFU or relative area of wound con-
traction between the situations before and after the treatments
(Δ = post-treatment – pre-treatment) was performed for inter-
group comparisons using a one-way ANOVA with post hoc
Tukey tests. The Statistic for Windows Release 7 software
(Statsoft Inc., Tulsa, OK) was used for the statistical analysis
and the significance level was set at 5% (p < 0.05).

Results

CFU counting

At pre-contamination period, it was observed that all wounds
were pathogen free. The swabs collected during the pre-
contamination period were performed to identify any possible
contamination during the surgical procedure to induce the
wound. Three days after the wound infection (pre-treatment),
all groups showed bacterial growth (approximately 4–6 log10
CFU/mL), confirming the success establishment of the infection
(Table 1). The PDT and the artificial skin groups showed a
similar log reduction (approximately 2 log reduction); no signif-
icant difference was found between the groups (p > 0.05).
Moreover, there was a higher reduction of the viability (approx-
imately 4 log) when both techniques were combined (Fig. 3),

showing significant difference compared with other groups (p <
0.05). The microbial reduction (log10 CFU/mL) showed
intragroup (Table 1, p ˂ 0.001) and intergroup differences (Fig.
3a, p ˂ 0.05) for all treated groups.

Wound areas

The relative areas of wound contraction for all groups were
maintained at around 35–45% before treatment; however, fol-
lowing the appropriate treatments, the values of areas
contracted around 80% compared to the pre-treatment area
for all groups (PDT, skin, PDT+skin) while the control group
remained almost unchanged (Table 1). However, no signifi-
cant differences between aPDT, artificial skin, or both tech-
niques combined were found related to wound shrinkage
when comparing the difference between the relative area of
wound contraction post-treatment and the relative area of
wound contraction pre-treatment (Fig. 3b). The damage area
(absolute values) showed intragroup differences (Table 1, p ˂
0.05) for all the groups; however, the relative area of wound
contraction (relative data) showed intragroup (Table 1, p ˂
0.001) and intergroup (Fig. 3b, p ˂ 0.001) differences for all
the treated groups unless for the control group.

Discussion

The emergence of resistant bacteria to the available antibiotics
has led to the failure of the wound infections’ treatment. The

Table 1 Effects of PDT and/or
artificial skin on the Log 10 CFU/
ml and the wound area

Pre-contamination Pre-treatment Post-treatment

Log 10 CFU/ml

Control group – 5.23 ± 1.17 5.27 ± 0.37

PDT group – 5.94 ± 0.61 3.71 ± 0.40a

Artificial skin group – 4.96 ± 0.28 2.58 ± 0.69a

PDT + artificial skin group – 5.75 ± 0.53 1.56 ± 0.78a

Wound area (cm2)

Control group 0.85 ± 0.32 0.54 ± 0.29 0.49 ± 0.22b

PDT group 0.77 ± 0.40 0.41 ± 0.18a 0.15 ± 0.08bc

Artificial skin group 0.55 ± 0.12 0.33 ± 0.04a 0.13 ± 0.03bc

PDT + artificial skin group 0.80 ± 0.38 0.33 ± 0.14 a 0.13 ± 0.03bc

Relative area of wound contraction (%)

Control group – 36 ± 20 42 ± 13

PDT group – 44 ± 19 79 ± 4a

Artificial skin group – 36 ± 17 75 ± 8a

PDT + artificial skin group – 45 ± 24 80 ± 9a

a Significant difference compared with pre-treatment (repeated measures ANOVA with post hoc Tukey, p ˂
0.001)
b Significant difference compared with pre-treatment (repeated measures ANOVAwith post hoc Tukey, p ˂ 0.05)
c Significant difference compared with pre-contamination (repeated measures ANOVA with post hoc Tukey, p ˂
0.05)
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efforts for the development of alternative therapies have been
turned an urgent need. The use of aPDT for this purpose has
been intensively investigated evaluating a range of PSs, light
sources, and in combination with others strategies. However,
to the author’s knowledge, this was the first study showing the
potential of single aPDT session combined with an artificial
skin as an alternative treatment for Staphylococcus aureus
skin infection. Here, the curcumin-mediated aPDT was per-
formed at low concentration of PS and low light dose and it
was observed that aPDT or artificial skin was able to reduce
approximately 2 log10 of CFU. When both treatments were

combined, approximately 4 log10 of reduction was achieved,
showing clinical significance. Previous studies of Lanzafame
et al. [26] showed the potential of blue light combined with
collagen-embedded flavins on methicillin-resistant
Staphylococcus aureus in mice, inactivating 2–3 log10 of
CFU. Zolfaghari et al. [7] also showed the antimicrobial po-
tential of methylene bluewith red laser onmethicillin-resistant
Staphylococcus aureus in mouse. Topaloglu et al. [27] ob-
served around 90% of bacterial reduction on abrasion wound
after aPDT using 808-nm laser and indocyanine green. All
these results corroborate the findings in the current study,

Fig. 3 The delta (post–pre = Δ)
between key variable before and
after treatment. Microbial
reduction (a) and contracted
wound (b). Significant intergroup
difference (one-way ANOVA
with post hoc Tukey, *p ˂ 0.05
and **p ˂ 0.001)
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showing aPDT as a promising therapy for bacterial infection,
and more interestingly, the use of artificial skin to potentiate
the effectiveness and healing.

The presence of high concentrations of Staphylococcus
aureus in acute and chronic wounds promotes changes in the
gene expression of the immune response [28] and develops
virulence factors, specifically proteases, to overcome immune
defenses and destroy the host’s connective tissue, weakening
the wound contraction response [29]. In the current study, the
treated animals with aPDT and/or artificial skin showed reduc-
tion of CFU and higher wound contraction, suggesting that a
bacterial control contributed to a tissue repair [30, 31].

The aPDT protocol developed in this study indicates optimal
curcumin concentration and blue light intensity, promoting bac-
terial reduction and enabling wound contraction with single ap-
plication. Curcumin (negative potential), when photoactivated,
promotes electrostatic interaction with the cell wall of
Staphylococcus aureus (gram-positive) and provides increased
porosity and better permeation of curcumin in the cytoplasmic
membrane [32]. aPDT parameters in wound healing of animals
varied in the PS incubation time from 15 to 90 min, with an
intensity of 84 to 300 mW/cm2 and fluency from 6 to 450
J/cm2 [33]. The 15-min time taken by DAI et al. [34] was similar
to the present study (12.5 min); however, the amount of energy
to sensitize chlorine (c6)was 240 J/cm2 (100mW/cm2), differing
from the current study that used 60 J/cm2 (80 mW/cm2). Okada
et al. [35] reported only a slight inflammation on the
supraspinous layer of mice’s oral mucous membranes when
curcumin at 1 M in glycerin was applied in combination with
400 mW/cm2 for 5 min. In the present study, there was only one
application of aPDT, demonstrating excellent antibiotic response
and stimulating the wound to contract after 4 days of therapeutic
intervention. Likewise, CHEN et al. [31], when applying aPDT
with short application time and fluency of 15 J/cm2, promoted
bactericidal action with ZnPc-(Lys)5 and optimized the contrac-
tion of the wounds, but with 12 daily applications. In this sense,
the photoactivation of curcumin demonstrated the need for less
irradiation time, fluence, and intensity, when comparing with the
physical parameters of the other aPDT [33].

According to Zolfaghari et al. [7], the in vivo bacterial
killing by aPDT can be affected by some factors: (1) binding
of PS to host material, resulting generation of singlet oxygen
where there is no bacteria; (2) absorption of the light by the
host tissue, hindering bacterial inactivation; and (3) quenching
of singlet oxygen by the host molecules, protecting the bacte-
ria. Additionally, according to Dai et al. [11], it is possible the
in vivo formation of a complex biofilm on the surface of the
host and this microbiological community is another factor that
limits PS access and, as a consequence, it decreases the PS
concentration in deep sites of tissues. Therefore, the in vivo
evaluation of a treatment is an important step prior to clinical
recommendation, since animal models mimic human infec-
tions and are a valuable tool to establish effective parameters

of new antimicrobial therapies. For this reason, the positive
results observed in the current study hold great potential for
clinical application in the future.

The mechanism involved in the bacterial photokilling me-
diated by curcumin has been described and is related to the
formation of reactive oxygen species (ROS) such as singlet
oxygen [36], hydroxyl radical [37], or hydrogen peroxide
[38]. Besides the antimicrobial effect, aPDTmay promote cell
death caused by the impairment of microcirculation and in-
flammatory responses [10]. The efficiency of aPDT reduces
the healing time of wounds [11]; on the other hand, aPDT can
have deleterious effects on connective tissue and increase the
healing time of wounds [10]. In addition, aPDT did not pro-
voke any healing inhibition and harmful effect. Dovigo et al.
[39] concluded that curcumin-mediated aPDT was effective
for in vivo inactivation of Candida albicans without harming
the host tissue of mice. For this reason, curcumin-mediated
aPDT can be safely used for wound care management, includ-
ing leg ulcers, diabetic foot ulcers, and pressure sores. The
benefit of choosing aPDT with curcumin provides low cost
of PS, local bactericidal effect, and absence of systemic com-
plications when compared to antibiotics. Moreover, Curcumin
as PS can be easily incorporated into creams or solutions that
make its topical application very convenient. Its quantum ef-
ficiency is high, meaning it has a great capacity to convert the
energy of photons into free radicals. It is also of great compat-
ibility with human tissues and has good penetrability,
allowing decontamination even for an internal portion of the
contaminated layers of the wounds. There are several studies
that indicate curcumin as an excellent option for use as a
microbicide in PDT [40, 41].

Regarding the artificial skin, in the study of Li, Wang, and
Wu [21], a polyvinyl alcohol (PVA)–based artificial skin was
used. PVA is one of the most frequently and the oldest synthet-
ic polymer employed as wound dressings, wound manage-
ment, drug delivery systems, artificial organs, and contact
lenses. In the current study, when the artificial skin was applied
on the wound, it solidified and mimicked the mobility of the
skin as an elastomer. Besides that, this artificial skin exhibits
important properties that accelerate the healing, such as the
presence of microporous that do not block oxygen delivery to
tissue and as an alcohol; it is antiseptic, avoiding further bacte-
rial contamination. According to Korsmeyer and Peppas [42],
another advantage of this artificial skin is non-toxicity, non-
carcinogenicity, and good biocompatibility. Kang YO et al.
[30] observed accelerated healing using chitosan-coated poly-
vinyl alcohol compound for wound dressing, and the authors
attributed this positive result to the greater surface area and
microporous structure, promoting cell attachment and prolifer-
ation in the tissue. For this reason, PVA-based artificial skin is a
valid option to be employed in the wound healing process and,
moreover, to be associated with antimicrobial treatments to
enhance the effectiveness against microorganisms.
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Although there was microbial reduction in the current
study, aPDT plus artificial skin did not have additional effects
on wound contraction, showing a similar result to isolated
therapies. In this context, the photobiomodulation [43] with
red and/or infrared radiation could be used to improve the
protocol established here and will be investigated in the future.

Lack of groups (curcumin alone and blue light alone) and
absence of histology and physiology assessments (e.g., cyto-
kines, growth factors, and antioxidants activities) are consid-
ered limitations in the current study. Additional groups and
several wound healing measurements should be considered in
future studies to determine optimal approaches to wound
management.

Therefore, recent technological advances may promote the
treatment and closure rapid of wounds as well as a functional
and aesthetically satisfactory scar. In this context, aPDT and
artificial skins are an alternative therapeutic approach.

Conclusion

In conclusion, these findings provide evidence for the positive
benefits of aPDT mediated by curcumin and blue light in
association with artificial skin, where bacterial inactivation
and accelerated healing of the wounds were observed in
Wistar rats, without causing any side effect to the tissue.
Future clinical studies should be carried out for effectiveness
of the treatment protocol.
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