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ABSTRACT: Complications of diabetic foot can be prevented using a
naturally occurring, efficient, and newly synthesized antimicrobial agent. The
purpose of the study was to improve wound healing and antibacterial effects of
quercetin and its esterified complex with 4-formyl phenyl boronic acid
(4FPBA−Q) compared with phenytoin. The formation of the 4FPBA−Q
complex was confirmed by thin-layer chromatography (TLC), Fourier
transform infrared (FTIR) spectroscopy, and mass spectrometry (MS). The
prepared 4FPBA−Q complex was used against Gram-positive bacteria along
with Gram-negative bacteria, and more than 2-fold decrease in minimum
inhibitory concentrations (MIC) was observed compared to pure quercetin.
Scanning electron microscopic images of Pseudomonas aeruginosa and
Staphylococcus aureus showed their complete destruction after incubation
with the 4FPBA−Q complex even after 3 h. Interestingly, wound-healing
properties of the 4FPBA−Q complex in infected diabetic rats increased from 64 to 99% as compared to phenytoin, which were
increased from those of noninfected diabetic rats. Furthermore, histopathological evaluations showed significantly enhanced wound
healing, re-epithelialization, fibroblasts, and angiogenesis in wounds of diabetic rats after 10 days. Conclusively, reduction in the
primary irritation index (PDII) and improved antibacterial and wound-healing properties render the 4FPBA−Q complex ideal for
diabetic foot ulcer treatment.

■ INTRODUCTION
Diabetes mellitus (DM) is a significant metabolic problem at
present, i.e., 537 million individuals are suffering from this
disease overall.1 Diabetic complications are extensively divided
into microvascular and macrovascular, with the latter being
predominant compared to the former. Microvascular compli-
cations include nephropathy, neuropathy, and retinopathy,
while macrovascular complications include stroke, cardiac-
related sickness, and disease of the peripheral artery. Diabetic
foot has been considered as the presence of foot ulcer
associated with neuropathy and peripheral artery disease
(PAD), and its contamination is a substantial cause for the
removal of the lower appendage.2 Diabetic foot ulceration
(DFU) is associated with high levels of morbidity and
mortality with a significant increase of financial costs.3

It is perceived that diabetic foot infection is polymicrobial,
i.e., Staphylococcus aureus, Pseudomonas aeruginosa, and
Salmonella typhi are the pathogens most frequently involved
in DFU.4 Due to the regular use of antibiotics, the
abovementioned strains have evolved and exhibit resistance
against the most profusely used therapeutics, and the handling
of diabetic foot ulcer infection is intricated by the fact that

these strains are vulnerable to only limited antimicrobials. As
we know, multidrug resistance is a serious and mutual problem
in patients with DFU; therefore, research on substitutes for
antimicrobials is necessary.4

A number of plant species have been implied for
antimicrobial characteristics, yet certainly, most of them have
not been sufficiently evaluated in the treatment of DFU
infection, such as flavonoids like quercetin (Q), which are
mostly implied as an antioxidant, having antimicrobial effects
and also anti-inflammatory properties.5 Recent strategies have
focused on the antimicrobial properties of flavonoids.6 Similar
reports on formyl phenyl boronic acid (FPBA) showed its
antimicrobial effects and can be considered beneficial for DFU
due to the presence of two hydroxyl groups.7 The combination
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of 4-FPBA with quercetin can be considered an ideal candidate
as their boronic ester (BE) can enhance an antimicrobial effect
against methicillin-resistant Staphylococcus aureus (MRSA), P.
aeruginosa, and S. typhi. To the best of our knowledge, there is
no single study reported that showed the cumulative effects of
natural and synthetic components against not only Gram-
positive but also Gram-negative bacteria.
Therefore, the purpose of the current study was to evaluate

the biological capacity of the 4FPBA−Q complex by
synthesizing it with a simple esterification method. Validation
of the novel complex was done by thin-layer chromatography
(TLC), Fourier transform infrared (FTIR) spectroscopy, and
mass spectrometry (MS). The zone of inhibition (ZOI),
minimum inhibitory concentration (MIC), minimum bacter-
icidal concentration (MBC), and scanning electron microscopy
(SEM) were considered better tools for the evaluation of
antimicrobial studies. The primary dermal irritation index
(PDII) and in vivo rat wound model and its histopathological
studies made the work more interesting and applicable not
only in the treatment of DFU in particular but also for diabetes
mellitus in general.

■ MATERIALS
Quercetin and 4-formyl phenyl boronic acid (4-FPBA) were
both acquired from Sigma Aldrich, Germany. Ketamine was
obtained from Alfasan Corporation, the Netherlands. Pheny-
toin cream was obtained from the local market, Multan,
Pakistan. P. aeruginosa (PTCC 1181), S. aureus (PTCC 1764),
and S. typhi (PTCC 1609) were isolated from confirmed
patients with diabetic foot ulcers with the permission of the
ethical committee. Wistar strain healthy male albino rats
(200−250 g) were obtained from the department of
pharmacology, Bahauddin Zakariya University. Eosin methyl-
ene blue agar, Salmonella Shigella agar, and pseudomonas
isolation agar were all purchased from Moltox, United States.
Double-distilled water was applied throughout the study, and
all reagents were of analytical grade.

■ METHODS
Preparation Method of the 4FPBA−Q Complex.

Unique, simple, and one-step esterification of quercetin and
4-FPBA was performed. Briefly, 2 ppm methanolic solution
(MeOH) of quercetin was prepared at a controlled temper-
ature and pressure with continuous stirring at 1500 rpm for 10
min. The same concentration of 4-FPBA was mixed in a
previously prepared solution, and the pH of the reaction was
maintained at 8.5 by adding 30 mM phosphate buffer solution
(PBS) so as to prepare a 17:5 v/v concentration of MeOH/
PBS. The resultant solution was kept in the dark with
continuous stirring at 900 rpm for 3 h to prevent any color
change. MeOH from the resultant solution was evaporated by
increasing the temperature to 37 °C first and then kept in a hot
air oven (WHL-25A) for 24 h. The resultant complex
(4FPBA−Q complex) was kept in an airtight vessel for further
usage. Validation of the QB complex was done by thin-layer
chromatography, FTIR, and mass spectrometry. The following
equation was used for the calculation of percentage yield.

= ×% yield
weight of the product

weight of reactants
100

(1)

Confirmation of the Complex. The Fourier transform
infrared spectrum was recorded on a Bruker Alpha (Alpha II).

The spectrum of the 4FPBA−Q complex was recorded in the
wavenumber range of 400 to 4000 cm−1, and the reported
spectra were an average of 24 scans. All of the spectra were
observed in triplicate (n = 3) for the mean ± standard
deviation (SD). The molecular mass was determined by
electrospray ionization (ESI) mass spectrometry, MS (ESI) m/
z: 433.15 [M + OH]−, and the spectra were reported in
triplicate (n = 3). Thin-layer chromatography was performed
to confirm the 4FPBA−Q complex. The retention factor (Rf)
was calculated using the following equation

=Rf
distance traveled by the complex
distance traveled by the solvent (2)

Antimicrobial Effect. Antimicrobial susceptibility analysis
of quercetin, 4-FPBA, and the 4FPBA−Q complex against
multidrug-resistant S. typhi, S. aureus, and P. aeruginosa was
performed by a simple, previously reported, and slightly
modified method of RM Humphries et al.8 Briefly, the medium
was sterilized at 120 °C. Mueller−Hinton agar (20 mL) was
transferred aseptically into each of the sterilized Petri plates
and kept for solidification at 37 °C. In the nutrient broth,
bacterial cultures were diluted and attained the optical density
corresponding to 0.5. All bacterial cultures were grown in
nutrient broth for 24 h at 37 °C. After the preparation of the
agar plates of Muller−Hinton (MH), a bacterial suspension of
100 μL (1 × 105 CFU/mL) was spread on these plates with a
sterilized cotton swab. In each MH agar plate, wells of 3 mm
diameter were prepared. Quercetin (4 mg/mL, 100 μL), 4-
FPBA, and the 4FPBA−Q complex solutions were applied to
the bore, and the plates were incubated at 37 °C for 24 h.
Ciprofloxacin (10 μg) was used as a positive control in one
well and incubated in for 24 h. After 24 h, the zone of
inhibition of every sample was measured. Bacterial ZOI with
ciprofloxacin (positive control) was compared. The growths of
those strains affected by the complex were selected for further
experiments and repeated in triplicate.9

MIC and MBC of Quercetin, 4-FPBA, and the 4FPBA−
Q Complex. The minimum inhibitory concentration (MIC)
values previously selected for quercetin, 4-FPBA, and the
4FPBA−Q complex against S. typhi, S. aureus, and P. aeruginosa
were calculated using the already reported method of dilution.
Briefly, nutrient broth (5 mL) was mixed with a loop filled with
bacterial culture in test tubes. Different amounts, i.e., 2, 5, 10,
15, 20, and 30 μg/mL samples, were mixed in previously
prepared broth and incubated at 37 °C for 24 h. The optical
density was observed using a UV−visible spectrophotometer at
260−557 nm. The lowest concentration of samples used
against each bacterial species was considered the MIC, and the
assay was repeated in triplicate to obtain the mean ± SD (n =
3).9

A similar procedure was applied for the minimum
bactericidal concentration (MBC) assay. Briefly, from the
MIC tubes, 1 mL of culture was transferred into the nutrient
agar and incubated at 37 °C for 24 h. The MBC of all samples
was obtained from the amount at which 100% of the bacterial
growth inhibition occurred. Ciprofloxacin (10 μg/mL) was
used as a positive control against all bacterial species10

Primary Dermal Irritation Index (PDII). The primary
dermal irritation index (PDII) was determined on albino rats.
Briefly, four groups of rats were divided in such a way that each
group comprised of four rats (n = 4). 2 cm2 area of the
abdomen surface of each rat was used for the application of
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samples. The first group was considered as the control and
standard skin sensitizing agent (chloro dinitrobenzene in 10%
propylene glycol) was applied. The second group was named
as the 4-FPBA-treated group and was treated with 1 mL of 4-
FPBA solution (5 μg/100 μL), and the third group was treated
with 1 mL (5 μg/10 μL) of quercetin solution. The 4FPBA−Q
complex solution (1 mL, 5 μg/100 μL) was applied to the skin
of the fourth group. Erythema and edema were observed at
predetermined time intervals of 0, 8, and 24 h. Skin

sensitization was repeated three times (n = 3), and the average
± SD was reported.11

On the skin, noticeable changes were observed, which were
classified according to the mean values of erythema, i.e., no
erythema was indicated with 0; light pink with 1; dark pink
with 2; light red with 3; and dark red with 4. The mean values
of 0−0.49 indicated no irritation, 0.5−2.99 indicated light
irritation, 3.0−5.99 indicated modest irritation, and 6−8
indicated severe irritation.12 The grade of irritancy was

Figure 1. Chemical interaction of 4-FPBA and Q for the preparation of the 4FPBA−Q complex.

Figure 2. (A) Confirmation of complex formation by TLC (Rf factor) and (B) FTIR spectra of Q, 4-FPBA, and the 4FPBA−Q complex. (C) ESI
mass spectrometry of the 4FPBA−Q complex.
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obtained by calculating the primary dermal irritation index
(PDII).

=PDII
PDII for 8, 16, and 24 h

3 (3)

In Vivo Wound-Healing Study. Animal studies were
performed to assess the capability of the 4FPBA−Q complex
for in vivo wound healing in accordance with the experimental
procedures permitted by the guiding principles of the Ethical
Committee of Bahauddin Zakariya University, Multan,
Pakistan. Male Wistar albino rats were kept in a cage in a
room with a constant temperature (28 ± 2 °C). The rats were
preliminarily divided into two groups A and B. Diabetes was
induced in Group A using alloxan 300 mg/mg previously
dissolved in saline sodium citrate buffer, while group B was
considered as nondiabetic. Diabetes was confirmed by
monitoring the blood glucose content after 48 h, and the
rats with 250 ± 5 mg/dL glucose were added in the diabetic
group, i.e., A. For wound creation, first, all of the animals were
anesthetized using an intraperitoneal injection of 10%
ketamine (80 mg/kg). Then, they were shaved at the backside,
and the skin was disinfected with alcohol wipes. A 2 cm
diameter circular wound was created on the dorsum of all rats
with a perforator. Furthermore, diabetic rats from group A
were divided into diabetic infected (Group I) and diabetic
noninfected (Group II). Similarly, group B was also divided
into nondiabetic infected (Group III) and nondiabetic
noninfected (Group IV) comprising ten rats in each group.
For the infected rats (both diabetic and nondiabetic), the
wounds were infected via bacterial suspension containing S.
typhi, S. aureus, and P. aeruginosa (1 × 105 CFU/mL). Among
the nine rats in each group, three were treated with phenytoin
cream considered as a controlled drug, three were exposed to
the QB complex (50 mg/mL), and the remaining three were
left untreated for 10 days. The wounds were photographed
using a 48 MP mobile camera (Huawei company) on different
days (2, 5, and 10) post wounding. The wound closure
percentage was calculated using the following equation

= ×
×

A A
A

wound closure (%)
100%

t0

0 (4)

In the above equation, A0 is the primary wound area and At is
the wound area at time t.13

Histopathological Analysis. For a better understanding
of the pathophysiology of wounds, the histopathology of
wounds is a very supportive tool. When in vivo studies were
performed, tissue samples were placed into particular solutions
such as 10% percent buffered formaldehyde to keep their
integrity without cellular structure changes. The samples were

fixed in paraffin, and sections of 5 mm thickness were obtained.
The tissue was then exposed to the numerous steps of
histological processing, including fixing, sectioning, and
staining. The most extensively applied stains in wound
pathology are hematoxylin and eosin (H&E), and then the
sections were observed with a routine light microscope.
SEM Analysis. In Mueller−Hinton broth, bacterial

suspensions (10 mL) of S. aureus, P. aeruginosa, and S. typhi
were prepared (1 × 105 CFU/mL) under the condition that Q,
4-FPBA, and the QB complex have a half value of their
respective MIC in beakers. Glass slides were dipped vertically
and incubated for 48 h at 37 ± 0.5 °C. Glass slides were
removed, gently washed with phosphate buffer saline (pH 7.0)
for the removal of unbound material, and fixed with acetic acid
for 15 min at 37 ± 0.5 °C. Staining was done with 3% crystal
violet, and the slides were taped onto gold-coated stubs and
observed under a scanning electron microscope (model:
JSM5910 JEOL, Japan). The experiment was repeated three
times, and the results of the mean ± SD (n = 3) were
reported.14

Statistical Analysis. Statistical studies were done using
GraphPad Prism (Software Inc., La Jolla, CA). Data were
assessed using analysis of variance (ANOVA). Data were
reported as the mean ± SD at a significance level of p < 0.05.

■ RESULTS AND DISCUSSION
The 4FPBA−Q complex (Figure 1) was prepared by one-step
esterification of quercetin and 4-formyl phenyl boronic acid (4-
FPBA). The percentage yield of the 4FPBA−Q complex was
98 ± 0.5%. Figure 2A shows the Rf values of TLC
measurements, while Figure 2B shows the FTIR spectra of
quercetin, 4-FPBA, and the 4FPBA−Q complex. The Rf
(average ± SD) value of quercetin was 1.79 ± 0.895, which
decreased to 0.38 ± 1.201 in the case of the 4FPBA−Q
complex and may be due to the formation of ester linkages
between the diol groups of quercetin and 4-FPBA. In FTIR,
quercetin exhibited the characteristic intensities of O−H
stretch at 3400 cm−1, C�O stretch at 1660 cm−1, aromatic
C�C stretch at 1510 and 1610 cm−1, and aromatic C−O
stretch at 1200 cm−1. Compared to quercetin, 4-FPBA
exhibited characteristic peaks of O−H stretch at 3780 and
3390 cm−1, C�O stretch at 1670 cm−1, aromatic C�C
stretch at 1495 cm−1, C−O stretch at 1180 cm−1. Due to the
presence of the halide group (bromine), a stretch at 635 cm−1

was observed,15 while in the 4FPBA−Q complex, the peak of
the bromine-containing halide group shifted toward 715 cm−1.
The shifting of the bromine peak in the 4FPBA−Q complex
from 635 to 715 cm−1 rendered the resultant complex more

Table 1. ZOI, MIC, and MBC of Quercetin, Boronic Acid, and the 4FPBA−Q Complex against Pathogenic Bacteriaa

sample bacterial strains MIC (μg/100 μL) MBC (μg/100 μL) zone of Inhibition

quercetin S. typhi (Gram-negative) 3.125 ± 0.02 6.25 ± 0.01 13.1 ± 0.02
4FPBA 3.125 ± 0.03 6.25 ± 0.03 17.4 ± 0.04
4FPBA−Q complex 1.5625 ± 0.04 3.125 ± 0.03 19 ± 0.01
quercetin P. aeruginosa (Gram-negative) 3.125 ± 0.03 6.25 ± 0.03 14.5 ± 0.01
4FPBA 3.125 ± 0.02 6.25 ± 0.02 26.5 ± 0.02
4FPBA−Q complex 1.5625 ± 0.04 3.125 ± 0.04 28.4 ± 0.02
quercetin S. aureus (Gram-positive) 12.5 ± 0.04 25 ± 0.02 21.1 ± 0.01
4FPBA 6.25 ± 0.02 12.5 ± 0.02 18.5 ± 0.03
4FPBA−Q complex 3.125 ± 0.02 6.25 ± 0.04 24.4 ± 0.03

aMIC = Minimum inhibitory concentration, MBC = minimum bactericidal concentration.
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ideal for antibacterial studies. The results are attributed to
previously reported results of the FTIR spectrum.16

The results revealed that most of the isolated foot ulcer
bacteria were extremely resistant to numerous antibiotics. In
the present work, S. typhi, P.aeruginosa, and S. aureus were
isolated from foot ulcer wounds.17 The minimum and
maximum zone of inhibition (ZOI) of quercetin, 4-FPBA,
and the 4FPBA−Q complex is shown in Table 1. In the case of
Gram-negative bacteria, i.e., S. typhi and P. aeruginosa, the
maximum zone of inhibition of the 4FPBA−Q complex was 19
± 0.01 (76%) and 28.4 ± 0.02 (113.6%), respectively.
However, in the case of Gram-positive bacteria, i.e., S. aureus,

the maximum zone of inhibition of the 4FPBA−Q complex
was 24.4 ± 0.03 (97.6%). An increase in the ZOI of the
4FPBA−Q complex against P. aeruginosa may be due to the
presence of pores in the outer membrane of Gram-negative
bacteria. Gram-positive bacteria, i.e., S. aureus, lack the outer
membrane, which makes Gram-negative bacteria more
susceptible to the complex than Gram-positive ones.18 The
ZOI of the complex against S. typhi is low as compared to
against P.aeruginosa. Further analysis was done for P. aeruginosa
and S. aureus, revealing that the 4FPBA−Q complex was more
effective against S. typhi and P. aeruginosa, presenting an MIC
of 1.562 ± 0.04 μg/100 μL, being superior to that found in the

Figure 3. Visible changes on the skin were observed and marked according to the mean values of erythema (no erythema, 0; light pink, 1; dark
pink, 2; light red, 3; and dark red, 4).

Figure 4. Animal study of wound healing by G-BA at different time frames for (A) infected diabetic, (B) noninfected diabetic, (C) infected
nondiabetic, and (D) noninfected nondiabetic wounds.
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study for the same strain.19 The MBC of the 4FPBA−Q
complex against S. typhi and P. aeruginosa was similar, i.e., 3.125
± 0.03, and for S. aureus it was 6.250 ± 0.04. Due to the
increased ZOI and decreased MIC and MBC, the P. aeruginosa
from Gram-negative and S. aureus from Gram-positive bacteria
were considered to be optimal species for further antibacterial
mechanistic study by SEM analysis.
The safety of the reported complex was evaluated by the

primary dermal irritation index (PDII) in 12 albino rats, which
did not exhibit any clinical indications such as making noise
instantly after application, swelling, or any obvious signs of
irritation on the tested area. Skin irritation score was found to
be less than 2 related to the control group (treated with
CuSO4) animals from the first day till the end of the
experiment. Noticeable variations on the skin were observed
and marked according to the mean values of erythema (no
erythema indicated by 0; light pink indicated by 1; dark pink
indicated by 2; light red indicated by 3; and dark red indicated
by 4). The mean values of 0−0.9 indicated no irritation, 1.0−
2.99 indicated light irritation, 3.0−5.99 indicated moderate
irritation, and 6−8 indicated severe irritation. Figure 3 shows
that rats treated with CuSO4 remain dark red (n = 4) after 8,
16, and 24 h and those treated with quercetin are 3, 2, and 0.5
after 8, 16, and 24 h, while those treated with the 4FPBA−Q
complex did not exhibit any sign of erythema, demonstrating
that there was no skin irritation in treated rats.

In vivo rat wound model was used for the improvement of
healing of wounds in diabetic as well nondiabetic rats. The
group with infected diabetic wounds treated with the 4FPBA−
Q complex showed the finest results and ample healing within
10 days. However, the control and phenytoin-treated groups
with an infected diabetic wound exhibited contraction of
wounds up to 59 and 64%, respectively; it was 99% for rats
treated with the 4FPBA−Q complex for 10 days (Figure 4A).
A significant increase in the contraction of the wounds favored
the use of the 4FPBA−Q complex not only as an antimicrobial

agent but also improvement of skin regenerations. The
contraction of wounds for control, phenytoin, and 4FPBA−
Q complex-treated rats (for the noninfected diabetic group)
was 38, 75, and 99% in 10 days, respectively (Figure 4B). The
4FPBA−Q complex enhanced the contraction of wounds in
the infected nondiabetic group by up to 88%. However, it was
64% and 84% in the control and phenytoin-treated groups in
10 days, respectively. These results disclosed that the
antibacterial actions of the 4FPBA−Q complex are significant
but not the mere reason for their therapeutic efficiency (Figure
4C). Remarkably, the finest results were attained by phenytoin
in the noninfected nondiabetics group (92% contraction of the
wound), and the results for the 4FPBA−Q complex-treated
group were very close to the control (untreated) group, i.e.,
78% contraction of the wound in the 4FPBA−Q complex
compared with 75% in the control group. This can be due to
the presence of the phenyl boronic acid segment of the
4FPBA−Q complex in complications of the diabetic wound-
healing process such as a reduction in angiogenesis compared
with nondiabetic wounds. This consequence revealed that the
diabetic wound-healing characteristic of the 4FPBA−Q
complex is linked with the suppression of adverse diabetic
effects (Figure 4D).
The tissues were examined via the hematoxylin−eosin (HE)

staining assay (Figure 5). Histological image examination of
the hematoxylin−eosin (HE) stained tissues of diverse groups
of the rats, i.e., infected diabetic wound, noninfected diabetic
wound, infected nondiabetic wound, and noninfected non-
diabetic wound. New blood vessels as well as hair follicles
started to grow, exhibiting a healing process superior to the
other groups within 6−10 days. At the late phase of the healing
process, the 4FPBA−Q complex-treated wounds exhibited the
highest similarity to normal skin, a thick epidermis, collagen
regeneration, neovascularization, and hair follicles. These
observations demonstrated that the 4FPBA−Q complex
improves diabetic wound healing efficiently.

Figure 5. Histological image analysis of the hematoxylin−eosin (HE)-stained tissues (wounds) of diverse groups of rats: (a) infected diabetic
wound, (b) noninfected diabetic wound, (c) infected nondiabetic wound, and (d) noninfected nondiabetic wound. Border of the epidermis layer of
the skin is represented as ED, blood vessels are indicated as BV, and fibroblasts are indicated as FB.
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SEM images of the control and the 4FPBA−Q complex are
shown in Figure 6. Due to the functionality of phenyl boronic

acid, the 4FPBA−Q complex is supposed to attach to P.
aeruginosa and S. aureus covalently (Figure 6). The 4FPBA−Q
complex inhibits the growth of P. aeruginosa and S. aureus due
to the presence of phenyl boronic acid and the capability of
this compound for the covalent interactions with these
pathogens. The establishment of colonies for both P.
aeruginosa and S. aureus was inhibited by the 4FPBA−Q
complex. According to SEM images, P. aeruginosa and S. aureus
were completely demolished after incubation with the
4FPBA−Q complex for 3 h. Bacteria were completely wrapped
or bacterial membrane rupture was observed, confirming the
robust attachment of the 4FPBA−Q complex to their
membranes (Figure 6).20

■ CONCLUSIONS
Complications of diabetic foot ulcers and resistance to the
available antibiotics remain a challenge for pharmaceutical
scientists. In the present research work, naturally occurring
polyphenols and their complexes with the 4-FPBA (4FPBA−
Q) showed a remarkable effect against Gram-positive as well as
Gram-negative bacteria, which are involved in the diabetic foot
ulcer. The formation of the 4FPBA−Q complex, its
confirmation by FTIR and MS, reduction in the primary
irritation index (PDII), antibacterial effect, diabetic foot wound
healing, and SEM results showed the complete eradication of
S. aureus. Re-epithelialization, fibroblasts, and angiogenesis in
histopathological evaluations showed enhanced wound healing
in diabetic rats after 10 days. The reported complex can be
used not only for the treatment of diabetic foot ulcers but also
can provide an alternative to the available resistant antibiotics.
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