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Abstract

Background: Diabetic wounds remain an important clinical challenge over the past few decades. Nanodrug delivery systems play a 
crucial role in the treatment of chronic infections and wound healing. Objectives: To evaluate the wound healing potential of newly 
synthesized and characterized mupirocin (MP) nanomicelle (NM) in insulin (I)-based gel (MP-NM-I), utilizing alloxan-induced diabetic 
rat model. Materials and Methods: MP-NM-I was prepared by solvent evaporation technique, 96 male rats were assigned randomly 
into eight groups (n = 12): one group is healthy, and the remaining seven groups were diabetic and wounded receiving treatments 
of gel base, tween 80, I, MP, MP-I, MP-NM, and MP-NM-I, respectively. Rats were sacrificed after 7 and 14 days of wounding. 
Blood samples were collected for glucose and insulin concentration measurement. Skin biopsies were examined by histological and 
immunohistochemical analyses. Results: Diabetes was confirmed after a significant increase in blood glucose and a decrease in serum 
insulin concentrations (P ≤ 0.001). MP-NM– and MP-NM-I–treated groups presented a rapid wound closure (100 ± 0, P ≤ 0.001), 
and the bacterial growth in these samples was relatively low (P ≤ 0.001). Histological examination established a significant decrease in 
inflammatory cells (P ≤ 0.001) with a significant elevation in tissue re-epithelialization, fibroblasts, angiogenesis, and collagen fibers 
(P ≤ 0.001). Immunohistochemical investigation presented a significant decrease in tumor necrosis factor-α, increase in vascular 
endothelial growth factors, and interleukin-10 scores (P ≤ 0.001). Conclusion: The developed formula of MP-NM with or without 
insulin is more effective than MP alone for diabetic wound healing in rats, because it accelerated wound closure. Accordingly, the 
formula might serve as an innovative tool for diabetic wound healing.

Keywords: Diabetic wound, insulin, mupirocin, nanomicelle

Introduction
Wound healing involves dynamic and complex processes 
including a number of intersecting phases such as 
hemostasis, inflammation, proliferation, and tissue 
remodeling, as illustrated in Figure 1.[1] Healing delay 
commonly presents in diabetic wounds as a result of 
improper re-epithelialization, vascular inefficiency, 
and chronic inflammation. Literature clarifies that 
diabetic wounds mediate about 50%–70% of entire leg 
amputations.[2,3]

Nanodrug delivery systems (Nano-DDSs) have been 
adopted for the treatment of wounds and chronic 
infections.[4] Nano-DDSs display a potential interaction 
in the enhancement of drug therapeutic efficacy by 
preventing drug degradation and sustaining drug 

release.[5] Different nano-DDSs carrying diagnostic and 
therapeutic agents are adopted in diabetic wound healing 
and cutaneous regeneration; mainly including liposomes, 
polymeric, lipid inorganic nanoparticles, micelles, and 
nanohydrogel.[6] Nanomicelle (NM) is comprised of a core 
and a shell, which exhibit hydrophobic and hydrophilic 
properties, respectively. It has a great capacity to inhibit 
the degradation of drugs, to diminish their side effects, 
and to improve drug permeation through tissues.[7]
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Mupirocin (MP) is a worldwide utilized topical antibiotic 
for the treatment of a variety of bacterial cutaneous 
infections because of its unique mechanism involving 
inhibition of protein and RNA synthesis, by binding 
to and blocking the formation of bacterial isoleucyl-
tRNA synthetase in Staphylococcus aureus, Streptococcus 
pyogenes, and Escherichia coli.[8] However, the therapeutic 
effectiveness is impeded due to resistance, high protein 
binding, and relatively short half-life. MP efficacy can be 
potentiated by formulating a biocompatible nanocarrier 
that supports and promotes proliferation and cell growth.[9]

The aim of our study was to examine the newly synthesized 
and characterized formula of MP-NM-I in terms of the 
wound healing potential by evaluating histological and 
biochemical parameters; and to assess the mechanism of 
wound healing in laboratory animals, utilizing alloxan-
induced diabetic rat model.

Materials and Methods

Materials
MP pure powder and Tween 80 were obtained from 
Baoji Guokang Bio-Technology Co., Ltd (City Mansion, 
China). Hydroxypropyl methylcellulose (HPMC) polymer, 
grade E10M, was obtained from Wallocell (Randstad, 
Netherlands). Ketamine hydrochloride 100 mg/mL and 
Xylazine hydrochloride 20 mg/mL were bought from Bayer 
(Leverkusen, Germany). Soluble Insulin was supplied by Eli 
Lilly and Co. (Indanapolis, Indiana). Antitumor necrosis 

factor (TNF-α) antibody ab2202 and DAB detection kit 
were provided by Abcam (Cambridge, UK). Interleukin-10 
(IL-10) polyclonal antibody and vascular endothelial growth 
factors (VEGFs) monoclonal antibody were provided by 
Thermofisher, Waltham, MA, USA. Insulin ELISA kit was 
obtained from ALPCO, Salem, United States.

Methods
Preparation and characterization of mupirocin-loaded 
nanomicelle in insulin-based gel
A solvent evaporation technique was employed for the 
preparation of MP-NM in a 4% ratio[10]; by the addition 
of 200 mg MP to 0.9 mL Tween 80 in 5-mL ethanol. After 
evaporation at a temperature of 40–45°C, deionized 
water was added. For gel synthesis, HPMC polymer was 
dissolved in boiling water, then 0.1 mL soluble insulin 
was added to 4.84 mL of gel and 5.06 mL of MP-NM to 
prepare the final formulation MP-NM-I.

Photon correlation spectroscopy (Zetasizer NanoZS, 
Malvern Instrument, Malvern, Worcestershire, UK) 
was used to quantify the mean spherical diameter and 
polydispersity index (PDI) of the MP-NM. Furthermore, 
dialysis membrane (3.5 Kd cutoff) was utilized as closed-
ended tape for the measurement of entrapment efficiency 
(EE). A total of 1 mL MP-NM, comprising 40 mg MP, was 
placed on the membrane; this underwent centrifugation 
(6000 rpm) to segregate the free nontrapped MP from the 
remaining preparation.[11]

Figure 1: Phases of wound healing include: hemostasis, inflammation, proliferation, and remodeling phase
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In vitro irritation study
To study the potential of irritation, hen’s egg-
chorioallantoic membrane (CAM) test was performed. 
Eggs were incubated at 37.5 ± 0.5°C and a humidity of 
40% ± 4%. On day 10 of incubation, the shell was cracked 
and removed. A total of 0.2 mL MP-NM-I was dropped 
onto the yolk. Sodium hydroxide (NaOH) (0.1 M) and 
normal saline (0.2 mL each) were used as positive and 
negative controls, respectively. Irritancy was calculated in 
terms of irritation score.[12,13]

Experimental animals
Ninety-six adult male rats (8–12 weeks of age; and body 
weight 200–300 g) were used. All experimental procedures 
were approved by local Ethics Committee of Institute 
Review Board (no: 202010104 on January 10, 2021). Rats 
were assigned randomly into eight experimental groups, 
each containing 12 rats, six of them were sacrificed after 
7 days of wounding, and the remaining six were sacrificed 
after 14 days.[14,15] Groups of animals are listed as follows 
(treatments were applied twice daily on wounds):

Group H: Apparently healthy (nondiabetic, unwounded, 
and untreated)

Group G: Diabetic wounded treated with gel only

Group I: Diabetic wounded treated with gel + insulin

Group MP: Diabetic wounded treated with gel + MP

Group MP-I: Diabetic wounded treated with gel + insulin 
+ MP

Group MP-NM: Diabetic wounded treated with gel 
+ MP-NM

Group MP-NM-I: Diabetic wounded treated with gel 
MP-NM-I

Alloxan-induced diabetic model
Rats received a single intraperitoneal (I.P.) injection of 
alloxan solution (90 mg/kg). On the seventh day after 
alloxan injection, blood glucose measurement was 
performed, and rats whose fasting blood glucose exceeded 
250 mg/dL were considered diabetic.[16]

Blood glucose and serum insulin concentrations
Blood glucose levels were determined using glucometer 
(Accu-Chek, Taguig, Philippines). Insulin ELISA kit 
was designed for the quantitative estimation of serum 
insulin by sandwich immunoassay. The 96-well microplate 
was coated with insulin-specific monoclonal antibodies. 
The controls, standards, and samples were added to the 
detection antibody and then incubated on a microplate 
shaker at 700 rpm. The colored product was measured.

White blood cells and body weight measurement
White blood cells (WBCs) were counted at arrival and 
the end of the study after collecting blood from the 
rats in etheylenediaminetetraacetic acid-containing 
tube, quantified using complete blood count apparatus 
(Guangzhou, China). Body weight was recorded at arrival, 
and at the end of the study using an electronic balance.

Surgical wound model and specimen collection
After 2  months of alloxan-induced diabetes 
mellitus, diabetic rats were generally anesthetized by 
I.P.  administration of ketamine and xylazine. Dorsal 
surface was shaved and decontaminated. A  punch 
biopsy instrument was used to create a full thickness-
round wound (diameter, 8 mm) in the upper back of rat. 
The prepared treatments were applied on the wounds.[17] 
Wound diameter in mm was measured for each rat at 
day 0 (promptly after wounding), 3, 5, 7, 10, 12, and 14 
postoperations. The percentage (%) of wound contraction 
was measured.[18]

Wound contraction %= (The original wound area − The 
wound area at the imaging time)/The original wound area 
× 100.

On days 7 and 14 postoperation, tissue biopsies of 
wounds were taken, and biopsies were fixed in 10% 
formalin solution. Formalin-fixed paraffin-embedded 
block was cut into 5-µm slices and stained with 
hematoxylins to examine the histopathological and 
immunohistochemical (IHC) properties. The scale 
was evaluated semiquantitatively as: absent, 0; mild, 1; 
moderate, 2; and marked, 3.[19,20]

Figure  2: Vascular reactions to the CAM surface after application: (a) normal saline, (b) NaOH 0.1 M, and (c) MP-NM-I. MP-NM-I: mupirocin 
nanomicelle in insulin-based gel
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In vitro antibacterial assay
Media was prepared by dissolving agar powder in 
500 mL of water. Subsequently, the agar was sterilized by 
autoclave (25°C for 45 min) before pouring it into Petri 
dishes. On day 7 after wounding, just before sacrificing, 
swapping the wound was achieved by gently rotating a 
sterile cotton swab with enough pressure. Swaps were 
dipped in 5-mL normal saline to count colony-forming 
units (CFUs).[21]

CFUs/mL of sample = Numberof colonies Dilution factor×

Statistical analysis
Microsoft Office Excel 2021 , Impressa Systems, Santa 
and GraphPad Prism 8 software packages (GraphPad 

Software, Boston, USA) were utilized for data analysis 
and presentation. Numerical variables were expressed as 
mean ± standard deviation; Student’s two-tailed paired t 
test was applied unless noted otherwise. A P-value of less 
than 0.05 was deemed to be significant, and a P-value of 
more than 0.05 was declared to be insignificant.[22]

Results

Preparation and characterization of mupirocin 
nanomicelle in insulin-based gel
The preparation of MP-NM generated in this study was 
completely clear; the MP was totally dissolved with no 
visible precipitation of the drug. The formulations were 
noted to have an expected homogeneous dispersion and 
globular size (PDI, 0.143 ± 0.003; and globular diameter, 
8.648 ± 0.2 nm). The free drug present and EE value 
obtained were 1.15% ± 0.01% and 98.85% ± 0.01%, 
respectively.

Irritation study
Normal saline revealed no effect on the surface of the 
CAM. On the contrary, NaOH produced a remarkable 
irritation response with blood vessel hemorrhage, lysis, 
coagulation, and hyperemia. MP-NM-I was shown to be 
basically nonirritant [Figure 2 and Table 1].

Table 1: Cumulative scores of irritation potential calculation

Substances Irritation potential (numerical score)

Practically non (0–0.9) Strong (9–21) 
Normal saline √  

NaOH (0.1 M)  √

MP-NM-I √  
MP-NM-I: mupirocin nanomicelle in insulin-based gel, NaOH, sodium 
hydroxide

Figure 3: Effect of diabetes induction on physical and biochemical parameters. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05; significant changes compared 
with healthy group. NS: nonsignificant
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Figure 4: Serial photographs of wounds in diabetic rats’ treatment groups on different days

Figure 5: Effect of various treatments on wound contraction area percentage on postwounding days ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05; significant 
changes compared with gel-treated group. Red stars: significant changes compared with insulin-treated group
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Blood parameters and body weight findings
The results displayed a highly significant increase in blood 
glucose and a decrease in serum insulin concentrations 
in diabetic groups (P ≤ 0.001). Also, it demonstrated a 

significant reduction in body weight in diabetic rats compared 
with the nondiabetics (P ≤ 0.001) (P ≤ 0.01). No significant 
differences were found in WBCs count between diabetic and 
nondiabetic rats throughout the study (P < 0.05) [Figure 3].

Figure 6: Colony-forming units per milliliter of cultured samples. ***P ≤ 0.001, **P ≤ 0.01; significant difference from gel-treated group

Figure 7: Effect of various treatments on histological parameters on postwounding day 7 and 14. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05; significant 
difference compared with gel-treated group. NS: nonsignificant (P ˃ 0.05). Red stars: significant difference compared with healthy group
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Morphological wound healing
Wound contraction area percentage was measured in all 
examined groups, as shown in Figures 4 and 5. It was 
detected that all the treated groups displayed significantly 
better findings in terms of wound healing. Significant 
differences in the wound closure rate were shown in groups 
treated with MP-NM and MP-NM-I compared with 
other treated animals (day 7, 53.1 ± 3.31 and 54.7 ± 2.24, 
respectively, whereas both on day 14, 100 ± 0) (P ≤ 0.001). 
Importantly, the novel formula MP-NM-I promoted 
significant wound closure compared with MP- and MP-I–
treated rats (P ≤ 0.001).

Wound colonization
The cultures showed uneven growth of bacteria (S. aureus 
or anaerobic organisms) for different treatment groups. 
The bacterial growth in dishes cultured with I, MP, MP-I, 
MP-NM, and MP-NM-I treated groups (117 ± 7 × 105, 
38 ± 3 × 105, 52 ± 3 × 105, 6 ± 1 × 105, 15 ± 2 × 105, 
respectively) presented a significant decrease in CFUs/mL 
compared with gel-treated group (164 ± 6 × 105) (P ≤ 0.001) 
[Figure 6]. Essentially, there was a significant decrease in 
CFUs/mL of MP-NM– and MP-NM-I–treated groups 
compared with MP- and MP-I–treated groups (P ≤ 0.01).

Histopathological and immunohistochemical findings
Neutrophiles, macrophages, and lymphocytes score 
on day 7 postwounding showed a significant rise in all 
treated groups compared with apparently healthy group 
(P ≤ 0.001). On the same day, MP, MP-I, MP-NM, and 
MP-NM-I treated groups showed significant decrease in 
these parameters in comparison with gel-treated group 
(P ≤ 0.001). Our novel formulas, MP-NM and MP-NM-I 
(neutrophiles, 0.04 ± 0.09; macrophages and lymphocytes, 
0.2 ± 0.22 for both groups), showed no significant differences 
in comparison with apparently healthy group on day 14 
(neutrophiles, 0.04 ± 0.09; macrophages and lymphocytes, 
0.08 ± 0.11) (P  <  0.05). Skin tissue re-epithelialization, 
fibroblasts, collagen fibers, and angiogenesis level on day 7 
have a significant decrease in all treated groups compared 
with apparently healthy rats (P ≤ 0.001). MP, MP-I, 
MP-NM, and MP-NM-I treated groups significantly 
increased in these parameter scores in comparison with 
gel-treated group (P ≤ 0.001). Interestingly, the novel 
formulas, MP-NM and MP-NM-I (re-epithelialization, 
2.95 ± 0.09 and 2.91 ± 0.18; fibroblasts, 2.95 ± 0.09 and 
2.91 ± 0.18; collagen, 2.91 ± 0.11 and 2.95 ± 0.09; and 
angiogenesis, 1.08 ± 0.11 and 0.25 ± 0.25, respectively), 
showed no significant differences in comparison with 
apparently healthy group on day 14 (re-epithelialization, 
2.95 ± 0.09; fibroblasts, 2.95 ± 0.09; collagen, 2.91 ± 0.18; 
and angiogenesis, 0.16 ± 0.23) (P < 0.05) [Figures 7 and 8].

As illustrated in Figures 9 and 10, TNF-α score on day 
7 showed a significant increase in all treated groups 
compared with healthy group (P ≤ 0.001). On days 7 and 

14, MP, MP-I, MP-NM, and MP-NM-I treated groups 
significantly decreased in comparison with gel-treated 
animals (P ≤ 0.001). MP-NM and MP-NM-I presented 
no significant differences in comparison with apparently 
healthy on day 14 (0.08 ± 0.11 of both groups vs. 0.08 ± 0.11 
of healthy) (P < 0.05). VEGF and IL-10 activity on day 
7 presented a significant increase in all treated animals 
compared with healthy group (P ≤ 0.001). On day 14, 
the later parameters decreased compared with gel group 
when treated with MP, MP-I, MP-NM, and MP-NM-I 

Figure 8: Histopathological changes in skin tissues on day 7 and 14 
posttreatments. Hematoxylin and Eosin stain (4× and 10×)
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(P ≤ 0.001). No significant difference was detected when 
an animal treated with MP-NM and MP-NM-I (VEGF, 
1.08 ± 0.11 and 0.16 ± 0.23; and IL-10, 0.25 ± 0.25 and 
0.16 ± 0.18, respectively) in comparison with healthy group 
on day 14 (VEGF, 0.12 ± 0.19; and IL-10, 0.12 ± 0.19) (P 
< 0.05).

Discussion
Management of wound infections using traditional 
antibacterial strategies becomes a critical condition, there 
is an urgent need to develop novel approaches for this 
purpose. Nanotechnology has appeared as an efficient 
approach in this field.[23]

In our lab, MP is dissolved by NM through its entrapment 
within the mixed micellar hydrophobic core; the clear 
aqueous solution is facilitated by a corona of hydrophilic 
chains.[24] A  relatively high volume of Tween 80 was 
utilized to achieve the current nanosized particle. Tween 80 
showed an excellent behavior; it promotes the generation 
of smaller drug particles.[25] A proper selection of the type 
and concentration of surfactant used has been shown 
to demonstrate a significant impact on the entrapping 
efficiency of the synthesized NM.[26] This implies that the 
NM has a compact structure and a potent interaction 
between surfactant and drug.

Many studies demonstrated that MP has a favorable effect 
on the rate of wound contraction, period of epithelization, 

and collagen content of wound in diabetic rats.[27] However, 
this was mainly due to its antibacterial role; also, it may 
promote wound closure through the enhancement of 
keratinocytes proliferation.[28] All these are consistent with 
our results.

Treatment with MP-NM produced rapid wound healing 
by forming a distinctive white rough layer on the wound 
that was not seen in all other groups [Figure 11]. This 
layer appeared around day 7 and converted to complete 
fibrosis on day 14. Porosity and stability of the formula 
were the key causes for the amplified adsorption of the 
water occurs that in wound exudate, forming this layer on 
the wound surface and the boost of autolytic debridement 
of the wound infection.[29]

MP-NM-I possessed better antimicrobial effectiveness 
and could be safely administered to the infected area. 
The formula boosts the antimicrobial effect against 
various pathogens present in wound probably through the 
enhanced retention of MP in the skin.[30]

Assessment of histopathological changes is an integral 
step to approve the role of MP-NM-I–mediated wound 
healing. The accelerated wound-healing efficacy of 
MP-NM-I is probably due to modulating the inflammatory 
phase. MP-NM-I–treated group demonstrated a dramatic 
improvement in collagen synthesis, re-epithelialization, 
and fibrosis, as well as ameliorated the level of TNF-α 
and supported rate-limiting steps of angiogenesis.

Figure 9: Effect of various treatments on immunohistochemical parameters. ***P ≤ 0.001, **P ≤ 0.01, *P ≤ 0.05; significant difference compared 
with gel-treated group. NS: nonsignificant (P ˃ 0.05). Red stars: significant difference compared with healthy group
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MP-NM– and MP-NM-I–treated groups showed a 
mature denes collagen fiber. This result is consistent 
with other studies, which stated that wound healing in 
diabetic mice after nanoparticles shows an increase in 
collagen deposition, stimulation of fibroblast activity, 
and acceleration of wound repair.[31,32] Various studies 

on wound healing including diabetic animals approved 
that many drugs loaded with nanoparticles improved 
re-epithelialization, angiogenesis, and VEGF-A.[33] The 
nanosized particles play a crucial role in the absorption 
and pharmacokinetic properties of locally applied 
nanocarriers. After the administration into the wound bed 

Figure 10: Immunohistochemical changes in skin tissues on day 7 and 14 posttreatment (4×, 10×, and 40×)

Figure 11: Mupirocin nanomicelle treated wound showing a distinctive layer of fibrous meshwork
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and penetration into the subcutaneous tissue, nanomicelle 
carriers smaller than 10 nm may reach the lower strata of 
the dermis and may be absorbed by the blood capillaries.[34]

MP alone significantly decreases inflammatory cell 
infiltration. Only a few studies have reported this effect.[35] 
The addition of insulin to MP-NM exhibited distinctive 
results that were consistent with many studies. Insulin 
plays a pivotal role in the regulation of glucose uptake 
by skin cells that stimulates keratinocytes migration and 
fibroblast proliferation.[36] Literature has presented that 
insulin modifies skin wound closure in diabetic clinical and 
subclinical studies.[37] Besides, the use of topical insulin in 
wounded skin increased the tissue expression of VEGF[38] 
and regulates IL-10 levels to eliminate dead tissues.[39]

MP-NM treatment ameliorated the level of TNF-α, and 
this result agrees with many previous studies about the 
nano-DDSs on IHC biomarkers in excisional wound 
healing. For example, topical treatment of different 
nanoparticle-loaded drugs decreased the levels of pro-
inflammatory cytokine TNF-α, increased the levels 
of anti-inflammatory cytokine IL-10, and completed 
skin restoration.[40,41] Otherwise, IL-10 overexpression 
in MP-NM and MP-NM-I successfully decreases the 
inflammatory response to injury. There were fewer 
inflammatory cells recruited to the wound during the 
inflammatory phase, and this agrees with histological 
results.[42] Khezri et al.[43] reported that the treated animals’ 
wounds with MP showed a higher concentration of 
IL-10 and VEGF. But the effect of nanoparticle-loaded 
drugs overcomes the effect of the native MP,[43] and this 
agrees with our findings. However, the completely healed 
wound of MP-NM and MP-NM-I had a negative score, 
but VEGF still appeared in other treated groups with 
relatively delayed healing.

Conclusions
It can be concluded that the novel formulas MP-NM and 
MP-NM-I promoted better wound healing compared 
with MP and MP-I in the diabetic rat. Although MP-NM 
demonstrated a significant antibacterial activity, it showed 
no irritation during the safety test. MP-NM-I–mediated 
wound healing can be attributed to dramatic improvement 
in inflammatory response, re-epithelialization, and 
fibrosis.
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