
Introduction
Elevated blood glucose levels in diabetic patients have 
detrimental effects, including the reduction of growth 
factors and fibroblast proliferation, damage to the blood 
vessel endothelium, increased expression of inflammatory 
cytokines, and cellular matrix metalloproteinases. 
These factors ultimately result in apoptosis and 
tissue degradation (1). In diabetic patients, impaired 
tissue granulation, reduced collagen production, 
and compromised angiogenesis exacerbate infection 
complications and delay wound healing in the presence of 
infectious microbes (2). Most diabetic wound infections 
are polymicrobial, with Staphylococcus aureus being the 
most common causative organism. Pathogens such as S. 
aureus possess various antioxidant enzymes, including 

superoxide dismutase (SOD), catalase (CAT), and alkane 
hydroperoxide reductase, as well as small molecules such 
as coenzyme A, staphylococcal oxide, and nitrous oxide 
oxides, which protect them from oxidative damage (3).

Currently, one of the treatment methods gaining attention 
for such wounds is photodynamic therapy (PDT). PDT 
relies on inducing oxidative stress through light exposure 
and a photosensitive drug. In this approach, active oxygen 
mediators and free radicals are produced, weakening the 
antioxidant defenses of microorganisms and ultimately 
leading to their elimination (4). This method proves 
effective in inhibiting bacteria and reducing the need for 
oral antibiotics in patients. A significant advantage of 
PDT is the reduction in antibiotic use, which translates to 
cost savings in treatment (5). Phthalocyanines are among 
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Abstract
Background: Chronic diabetic infections commonly involve highly antibiotic-resistant pathogens, 
such as Staphylococcus aureus and streptococci. This study aimed to assess the impact of zinc (Zn) 
phthalocyanine incorporated into nanoemulsions on diabetic wound infections.
Methods: Thirty-six adult male rats were divided into control, diabetic wound, diabetic wound infected 
with S. aureus, and three diabetic wound infected with S. aureus groups, which were treated with laser, 
medication, and a combination of medication and laser therapy. After the treatment period, wound 
diameter was measured, and blood samples and wound tissue were collected to evaluate antioxidant 
factors.
Results: The results demonstrated a significant reduction in wound diameter in the group treated with 
both the drug and laser compared to the other groups. The activity of superoxide dismutase (SOD) and 
glutathione peroxidase (GPX), along with the concentration of glutathione (GSH) in the blood of all 
groups, exhibited a significant decrease in comparison to the control group. However, the activity of 
these factors in both blood and tissue showed a noteworthy increase in the rats treated with both the 
drug and laser, as opposed to diabetic rats infected with S. aureus.
Conclusion: Photodynamic therapy (PDT) for infectious wounds, employing nanoemulsions containing 
Zn phthalocyanine, appears to enhance the body’s antioxidant system by eradicating bacteria and, 
ultimately, expediting wound healing. This approach may be considered a potential candidate for 
treating antibiotic-resistant infections.
Keywords: Zinc phthalocyanine, Photodynamic therapy, Diabetic ulcers, Staphylococcus aureus, 
Nanoemulsion
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the most common and effective optical sensitizers used in 
PDT due to their high absorption in the red light region, 
efficient production of reactive oxygen species (ROS), and 
low toxicity (6). However, most phthalocyanines tend to 
aggregate in biological solutions due to their hydrophobic 
macrocyclic skeleton structure. Enhancing hydrophilicity 
and mitigating aggregation by introducing cationic groups 
to the phthalocyanine structure is an effective strategy (7). 
Recently, several potential systems, such as liposomes, 
nanoparticles, microemulsions, and nanoemulsions, have 
been employed for the controlled delivery of sensitizers 
and optimal distribution of the active substance into 
cells and tissues (8). Nanoemulsions, in particular, offer 
a solution for encapsulating hydrophobic drugs and 
enhancing their solubility in aqueous environments. 
Their small size and efficient drug targeting make them 
highly effective for transferring lipophilic compounds. 
Additionally, nanoemulsions offer advantages such as 
high stability, low toxicity, and the potential for gradual 
and sustained drug release (9). In the present study, the 
impact of PDT using a nanoemulsion containing zinc (Zn) 
phthalocyanine was assessed in the context of infectious 
wounds in diabetic rats.

Materials and Methods
Animal Grouping
Thirty-six adult male rats (150–250 g) were kept at 20–25 
°C, a humidity of 50 ± 5%, and 12–12 hours light/dark. 
They were fed with sterile water and food. After a week 
of adaptation to environmental conditions, the rats were 
divided into six groups.
•	 Control group: The animals were fed with sterile 

water and food from the beginning to the end of the 
experiment. 

•	 Diabetic wounded rat group: Diabetes was induced in 
rats, and then a wound with a diameter of 1.5 cm was 
created on their backs.

•	 Diabetic rats with infected wound group: Similar to 
the previous group, after those rats became diabetic 
and wounds were created on their back, the wound 
surface became infected with 100 μL of S. aureus 
(1.5 × 108 CFU/mL) (10).

•	 Diabetic rats with infected wounds treated with laser: 
Rats were prepared in the same way as the previous 
group. Then, the wound surface was exposed to laser 
irradiation with a wavelength of 670 nm and a laser 
dose of 203.85 J/cm2 for 40 minutes.

•	 Diabetic rats with infected wounds treated with 
drug: The rats were prepared in the same way as the 
previous group, and the surface of the wound was 
impregnated with phthalocyanine chloride. Then, 
these rats were placed in the dark for forty minutes.

•	 Diabetic rats with infected wounds treated with laser 
and drug: Similar to the previous two groups, the rats 
were prepared and treated with laser and drug.

Method of Inducing Diabetes in Rats
Using a glucometer, rat blood glucose was measured 
from the tail vein. Then, to induce diabetes in them, 
streptozotocin (55 mg/kg) was injected subcutaneously 
into rats of all groups, except for the control group. After 
four days, while observing the symptoms of diabetes in 
the form of weight loss, polydipsia, and polyuria, after 12 
hours of fasting, blood glucose levels were measured again 
from the tail vein. The diabetes induction criterion was 
glucose levels higher than 200 mg/dL (11).

Preparation of Microbial Suspension
To prepare a microbial suspension from the fresh 
culture of S. aureus on the Müller-Hinton agar medium, 
several colonies were transferred to the tryptic soy broth 
medium and mixed well. Then, the light absorption of 
the suspension prepared with the spectrophotometer at 
620 nm was adjusted between 0.8 and 0.13. This turbidity 
is equivalent to 1.5 × 108 CFU/mL, according to the 
McFarland standard (12).

Measurement of Antioxidant Factors in Serum and 
Tissue
The serum of the groups was isolated to measure the level 
of antioxidant factors in the blood. To measure the same 
factors in skin tissue, several pieces of tissue weighing 1 
mg were randomly taken from the wound of each rat. 
After freezing and thawing each tissue twice, 1 mL of 
phosphate-buffered saline was added to each tissue. The 
samples were completely homogenized and centrifuged 
(15 minutes at 5000 rpm at 4 °C), and then the supernatants 
were collected. 

To determine the activity of SOD, glutathione 
peroxidase (GPX), and glutathione (GSH) concentrations 
in the tissue and serum, the samples and blanks were 
prepared according to the instructions of ZellBio GmbH 
(Germany) kits and added to special wells. In addition, 
the turbidity of the samples was read at 420 nm (for SOD) 
and 412 nm (for GPX and GSH) by an enzyme-linked 
immunosorbent assay reader.

Statistical Analysis 
The data were analyzed as means ± standard deviations by 
using SPSS software. The data related to wound diameter 
comparison at the beginning and end of the experiment 
were analyzed using a paired t test, and those associated 
with wound diameter comparison between experimental 
groups and antioxidant levels of blood and tissues were 
analyzed by one-way analysis of variance (ANOVA).

Results 
Comparison of Blood and Tissue Antioxidant Factors 
Between Experimental Groups
According to Figure 1A, SOD activity significantly 
decreased in the blood of all groups compared to the control 
group (P ≤ 0.001). After comparing the enzyme activity in 
blood among the experimental groups compared to the S. 
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aureus-infected diabetic group, the activity of this enzyme 
was significantly higher only in the control group and 
the S. aureus-infected diabetic wounded group treated 
with laser and drug (P ≤ 0.001). According to Figure 1B, 
in the wound tissue of the experimental groups in which 
diabetes was induced, no significant difference was found 
in the SOD activity in the groups whose infectious wounds 
were treated with either laser or drug alone compared to 
the group in which only the wound was created without 
infection and through staph. However, in the group in 
which the wound was infected, the level of this factor 
significantly decreased (P ≤ 0.001), and vice versa. It 
significantly increased in the group in which the infected 
wound was treated with laser and Zn phthalocyanine 
(P ≤ 0.001).

According to Figure 2A, the GPX activity in the blood 
in all groups demonstrated a significant decrease. This 
decrease was at the level of P ≤ 0.05 in rats whose wounds 
were treated with laser and drug, while in other groups, 
the decrease in the level of activity of this enzyme was 
more significant than in the control group. 

Based on Figure 2B, the activity of this enzyme in the 
wound tissue of three groups of rats with infected wounds, 
infectious wounds treated with laser alone, and infectious 
wounds treated with drugs alone revealed a significant 
decrease compared to the group of rats in which only wounds 
had been created. However, a significant increase was found 
in the rats that were treated with drugs and the laser.

According to the data in Figure 3A, a comparison of the 
experimental groups with the control group represented 
that the level of GSH in the blood decreased, similar to 
the two previous factors. This decrease was significant in 
all groups (P ≤ 0.001), but in the group of diabetic wounds 
infected with bacteria and treated with laser and drugs, 
it was significant (P ≤ 0.05). According to Figure 3B, a 
comparison of tissue GSH levels in the experimental 
groups with the diabetic wounded group demonstrated 
that the level of this factor significantly decreased in all 
groups (P ≤ 0.001), while it significantly increased only 
in the diabetic group infected with bacteria and treated 
with laser and drug (P ≤ 0.001). Based on the comparison 

of the experimental groups with the diabetic wounded 
group infected with the bacterium, the level of tissue GSH 
concentration significantly increased in the group treated 
with laser and Zn phthalocyanine (P ≤ 0.00).

Comparation of Diameter of Wounds in Experimental 
Groups
Wound diameters in all experimental groups were 
investigated at the end of the experiment compared to the 
beginning of the experiment. According to Figure 4A, in 
all treated and untreated groups, the reduction in wound 
diameter at the end of the experiment was quite evident 
(P ≤ 0.001). The wound diameters of the experimental 
groups were compared at the end of the experiment. 
Based on Figure 4B, the diameter of the wounds did not 
change much in any of the experimental groups compared 
to the group in which only the wound had been created. 
However, the diameter of the wounds significantly 
decreased in the group that was treated with drugs and 
the laser (P ≤ 0.01). The healing of the wound after the end 
of the treatment period was clearly evident in this group 
(Figure 5).

Discussion 
According to the most recent official statistics released in 
Iran, there are more than five million people with diabetes, 
and approximately 60 000 individuals develop diabetic 
wounds each year, with a particular focus on diabetic foot 
wounds. Tragically, this has led to 17 000 people losing 
their infected feet (13). In the context of the current study, 
diabetes was induced in rats, and the study focused on 
evaluating infectious wounds caused by S. aureus and 
the subsequent wound healing following PDT with the 
specified drug.

Based on observations of wound healing and the 
measurement of wound diameter in the experimental 
groups, it was noted that the wound diameter gradually 
reduced in all rats by the end of the experiment, 
irrespective of whether they were in the treatment or 
other groups. This suggests wound healing across the 
board. One contributing factor to this phenomenon might 

Figure 1. Comparison of SOD Activity in the Blood (A) and Tissue (B) of Experimental Groups. Note. The data are expressed as the mean ± SD, and the 
significance level is considered ***P ≤ 0.001. The stars above the error bar indicate a comparison of this enzyme in the experimental groups relative to the first 
group, and the lower stars below the error bar represent a comparison of this enzyme in the experimental groups compared to the Staphylococcus aureus-
infected diabetic group. SOD: Superoxide dismutase; SD: Standard deviation; DW: Diabetic wound; Staph: Staphylococcus aureus; Zn: Zinc phthalocyanine
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be the choice of animal subjects for the study. Rodents, 
particularly rats, are known to exhibit extremely greater 
resistance to infectious diseases compared to primates, 
including humans. This resilience may be attributed 
to their living environments, which frequently expose 
them to pathogens, prompting their immune systems to 
evolve a higher level of resistance to infectious diseases 
compared to other species (14). Consequently, wound 
diameters were compared among groups at the end of the 
experiment, and the reduction in wound diameter was 

statistically significant solely in the group of rats treated 
with both the drug and laser in comparison to the diabetic 
wounded group. In essence, while wound healing was 
observed in all groups, the treatment group that received 
both laser therapy and the drug exhibited an accelerated 
rate of healing.

In recent years, there has been a focus on the development 
of certain cationic Zn phthalocyanines (ZnPc) for use in 
antimicrobial and anticancer PDT. Zheng et al reported 
the in vitro and in vivo efficiency of a super cationic 

Figure 2. Comparison of GPX Activity Levels in the Blood (A) and Tissue (B) of Experimental Groups. Note. SD: Standard deviation; GPX: Glutathione peroxidase. 
The data are expressed as the mean ± SD, and the significance level is considered *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. The stars above the error bar demonstrate 
a comparison of the levels of the GPX enzyme in the experimental groups relative to the column, and the lower stars below the error bar indicate a comparison 
of the levels of this enzyme in the experimental groups in comparison to the Staphylococcus aureus-infected diabetic group

Figure 3. Comparison of GSH Activity Levels in the Blood (A) and Tissue (B) of Experimental Groups. Note. SD: Standard deviation; GSH: Glutathione. The data 
are expressed as the mean ± SD, and the significance level is considered *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. The stars above the error bar represent a comparison 
of the levels of the GSH enzyme in the experimental groups relative to the first group, and the lower stars below the error bar demonstrate a comparison of the 
levels of this enzyme in the experimental groups compared to the Staphylococcus aureus-infected diabetic wound group

Figure 4. (A) Comparison of Wound Diameters at the End of the Experiment and the Beginning of the Experiment in All Experimental Groups and (B) Comparison 
of Wound Diameters at the End of the Experiment in Experimental Groups in Comparison to Diabetic Wounded Group. Note. SD: Standard deviation. The data 
are expressed as the mean ± SD, and the significance level is considered *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001
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Zn (II) phthalocyanine as a promising photosensitizer 
against S. aureus (15). Kashef et al conducted a study 
on wounds infected with methicillin-resistant S. aureus 
and multidrug-resistant Escherichia coli isolates. Their 
findings suggested that PDT reduced wound diameter 
in cases of E. coli and S. aureus infections, offering an 
alternative treatment for localized bacterial infections in 
response to the challenge of antibiotic resistance (16).

In the present study, it appears that oxidative stress 
induced during PDT significantly weakened the 
antioxidant defense system of S. aureus. This reduction 
in pathogen antioxidant defenses likely led to a quicker 
healing process. The concern of whether this treatment 
method had an adverse effect on the rats’ antioxidant 
system was also addressed, in addition to evaluating the 
levels of antioxidant factors in the wound tissue and the 
host’s blood. The results indicated that the activity of 
SOD, GPX, and the concentration of GSH in both blood 
and tissue were significantly reduced in the diabetic 
group compared to the control group. This aligns 
with previous studies that have reported low levels of 
antioxidants, including GSH, GPX, and SOD, in diabetic 
rats (17). Furthermore, Sulaiman et al noted an inverse 
relationship between decreased GPX and GSH levels in 
diabetes patients and their blood sugar levels, implying 
that the levels of these antioxidant factors decrease with 
an increase in blood sugar levels (18).

The decrease in SOD, GPX, and GSH levels observed 
in diabetic rats with infected wounds in this study may 
be attributed to an increase in the production of ROS by 
the body’s immune cells to combat the pathogen (19). 
Additionally, the depletion of antioxidants due to polyuria 
in diabetic patients could be another factor contributing 
to the reduced levels of these factors (20). The most 
abundant non-enzymatic antioxidant in the body is 
GSH, which plays a vital role in maintaining the body’s 
redox state. It is converted to its oxidized form by GPX to 
neutralize peroxide ions and OH radicals when oxidative 
stress is induced. However, it is rapidly regenerated back 
to its active form with the help of nicotinamide adenine 
dinucleotide phosphate, thereby preventing an imbalance 
in the oxidant/antioxidant system. SOD, on the other 
hand, plays a direct role in reducing ROS metabolites by 

Figure 5. Infectious Wounds in Diabetic Rats. (A) Wound surface in a group 
of untreated rats and (B) reduction of wound diameter and elimination of 
infection in rats treated with zinc phthalocyanine by photodynamic therapy

catalyzing superoxide radicals into H2O2, which is then 
further broken down into water and oxygen by CAT (21).

Following PDT of wounds with the combination of 
drugs and laser, the levels of these factors in the tissue 
increased in comparison to untreated wounds. The 
reduction in activity and infiltration of immune cells 
into the wound surface subsequently reduced ROS 
production. It is plausible that this treatment method, by 
eliminating pathogens from the wounds, contributed to 
this outcome. Furthermore, some studies have suggested 
that phthalocyanines have antioxidant properties (22). 
Thus, the combination of these factors may have led to an 
improvement in the levels of antioxidants. An additional 
justification for this claim is the observed reduction 
in wound diameter in the group of rats receiving this 
combined treatment. Further, the study results showed 
that, in addition to improving the levels of antioxidants 
in the treated tissues, the levels of these factors in the 
blood of these rats increased as well. This indicates that 
the treatment not only had no adverse effects on the blood 
system but indirectly reinforced the anti-inflammatory 
system by eliminating infections from the wounds. A 
group of researchers reported the deaths of S. aureus, E. 
coli, and E. faecalis following antimicrobial PDT with the 
assistance of hypericin optical sensitizers and emphasized 
that this method had no detrimental effects on primary 
human fibroblast cells (16). In another study, after PDT 
of Walker 256 tumors in rats using a 5-ALA light sensor 
plus chitosan, although the activity of SOD, GPX, and 
CAT enzymes in the tumors decreased significantly, the 
plasma levels of these factors increased, indicating that 
this treatment had a localized effect only on tumors (23).

Conclusion
The antioxidant system of pathogens, particularly 
antibiotic-resistant ones, serves as a robust defense against 
the free radicals generated by the body’s immune cells. 
Consequently, PDT appears to assist the body’s immune 
system by intensifying oxidative stress. Elevating the 
levels of ROS within bacteria effectively hinders their 
antioxidant defenses, ultimately leading to their demise. 
This mechanism potentially prevents the body from 
hyperactivating the immune system, thereby reducing the 
production of free radicals, notably H2O2, and preventing 
an excessive and overstimulated response from the natural 
antioxidants responsible for neutralizing these free 
radicals in tissues and blood.

Hence, the increase in antioxidant levels observed in the 
blood and tissue of rats treated with Zn phthalocyanine 
and laser can be attributed to the reduction in infection. 
The substantial decrease in wound diameter in rats 
subjected to drug and laser treatment provides further 
support for this assertion.
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