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ABSTRACT
The present study aimed to design and optimize, a nanoconjugate of gabapentin (GPN)-melittin (MLT)
and to evaluate its healing activity in rat diabetic wounds. To explore the wound healing potency of
GPN-MLT nanoconjugate, an in vivo study was carried out. Diabetic rats were subjected to excision
wounds and received daily topical treatment with conventional formulations of GPN, MLT, GPN-MLT
nanoconjugate and a marketed formula. The outcome of the in vivo study showed an expedited
wound contraction in GPN-MLT-treated animals. This was confirmed histologically. The nanoconjugate
formula exhibited antioxidant activities as evidenced by preventing malondialdehyde (MDA) accumula-
tion and superoxide dismutase (SOD) and glutathione peroxidase (GPx) enzymatic exhaustion. Further,
the nanoconjugate showed superior anti-inflammatory activity as it inhibited the expression of inter-
leukin-6 (IL-6) and tumor necrosis factor-a (TNF-a). This is in addition to enhancement of proliferation
as indicated by increased expression of transforming growth factor-b (TGF- b), vascular endothelial
growth factor-A (VEGF-A) and platelet-derived growth factor receptor-b (PDGFRB). Also, nanoconjugate
enhanced hydroxyproline concentration and mRNA expression of collagen type 1 alpha 1 (Col 1A1). In
conclusion, a GPN-MLT nanoconjugate was optimized with respect to particle size. Analysis of pharma-
cokinetic attributes showed the mean particle size of optimized nanoconjugate as 156.9 nm. The nano-
conjugate exhibited potent wound healing activities in diabetic rats. This, at least partly, involve
enhanced antioxidant, anti-inflammatory, proliferative and pro-collagen activities. This may help to
develop novel formulae that could accelerate wound healing in diabetes.
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1. Introduction

The defensive role of the dermal layer as a first-line in exhib-
iting protection against pathogens or against physical injury
is well established (Strecker-McGraw et al., 2007). A healthy
and integrated dermal layer performs the crucial role of
maintaining check and balance in the human body. When
minor wear-tear occurs, the skin automatically heals itself,
and the damaged layer sheds off (Tottoli et al., 2020).
However, when skin integrity gets compromised in response
to multiple traumas, coexisting disease conditions such as
diabetes, or in a stressed condition, the healing capacity gets
significantly affected, and chronic cutaneous wounds persist
(Qing, 2017). The ideal definition of dermal/cutaneous wound
refers to the loss of anatomical and functional integrity of
the epidermis, dermis and endodermis. In a normal physio-
logical condition, the cutaneous wound healing begins
immediately and may last for months, depending on multiple

factors (Li et al., 2022a). The cost of wound treatment has
been expected to increase significantly over the next decade
because of diabetes and the modern lifestyle (Velnar et al.,
2009). Nevertheless, the wound healing mechanism is a
dynamic and complex process that involves multiple factors
such as the role of inflammation, oxidative stress, apoptosis,
and fibrosis (Roy et al., 2022). The precise wound healing
mechanism comprises a role of growth factors such as trans-
forming growth factor-beta (TGF-b), cytokines such as trans-
forming growth factor beta (TNF-a), interleukins (ILs),
angiogenic factors such as vascular endothelial growth factor
(VEGF) and fibrotic factors (Wan et al., 2021).

Among various types of wounds, the management and
treatment of diabetic wounds have remained an area of con-
cern for health care professionals (Deng et al., 2021). Based
on numerous clinical and preclinical evidence, connecting
link between hyperglycemia and impaired wound healing has
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been well established (Patel et al., 2019). It is well established
that normal wound healing is a controlled anticipated pro-
cess, and any alteration in the steps of the healing process
may result in “venous ulcer,” ‘intractable ulcers or chronic
wounds that sometimes become lethal. Hyperglycemic condi-
tion hinders the delivery of nutrients and other immuno-
logical factors that automatically reflect impaired wound
healing (Jiang et al., 2022). In diabetic patients, delayed
wound healing is related to impaired growth factor produc-
tion, inflammatory cell function, angiogenesis and fibroblast
production and migration (Rose & Kam, 2002). Therefore,
novel and targeted pharmacological approaches are urgently
needed to expedite the healing of diabetic wounds.

Gabapentin (GPN) is a major drug that is extensively used
as an anticonvulsant and to treat neuropathic pain in diabetic
patients (Kukkar et al., 2013). GPN is one of the structural ana-
logs of gamma-aminobutyric acid and was approved for use
in the nineties (Ola et al., 2019). GPN acts via the inhibition of
the a (2)/d subunit of voltage-dependent calcium channels
(Sarı taş et al., 2016). Experimentally, GPN has been reported
to exhibit antioxidant and antiapoptotic effects in the retina
of diabetic rats (Gudeman et al., 2013). GPN has been to pos-
sess wound healing properties in rats (Gajski & Garaj-Vrhovac,
2013). Clinically, GPN may be compounded and used to pro-
mote dermal healing when conventional therapies fail or can-
not be tolerated by the patient (Lee & Bae, 2016). Melittin
(MLT) is a major peptide constituent of bee venom that has
been reported to possess a plethora of medicinal uses
(Carpena et al., 2020). It has been shown to exhibit anti-
inflammatory (Jeong et al., 2015), antioxidant (Al-Ani et al.,
2015), antiviral (Alhakamy et al., 2021b), antifungal (Memariani
& Memariani, 2020), antimicrobial (Carpena et al., 2020) and
pro-collagen (Gajski & Garaj-Vrhovac, 2013) properties. In add-
ition, MLT has been shown to expedite wound healing in rats
(Al-Ani et al., 2015; Carpena et al., 2020).

Wound nanotherapy offers a number of possibilities for over-
coming current barriers in wound therapeutics. Nanostructures
have a high surface-to-volume ratio, which has various benefits
as drug carriers (Siddiqui et al., 2014). Nanoconjugate formula-
tion can increase surface area, saturation solubility, and drug
release rate, resulting in the needed drug concentration at the
targeted spot. Many drugs are unable to cross the dermal bar-
rier in their natural state, but this can be solved by using a
nanoconjugate formulation (Alhakamy et al., 2021b). Thus, it is
hypothesized that combining GPN with MLT in a nano formula
would offer enhanced activities required to expedite wound
healing in diabetes. Therefore, the present study aimed at opti-
mizing GPN-MLT nanoconjugate formulation using experimental
design-based software. Further, the efficacy of the optimized
nanoconjugate to expedite healing was evaluated in experimen-
tally induced diabetic wounds in rats.

2. Material and methods

2.1. Drugs and chemicals

GPN, MLT, hydroxypropyl-methyl cellulose (HPMC) and strep-
tozotocin were obtained from (Sigma Aldrich, MO, USA). All
other chemicals used in the study were of analytical grade.

2.3. Experimental design used for the development of
nanoconjugate

The optimization of the GPN-MLT nanoconjugate was carried
out using the Behnken design. The pH, incubation time
(min), and sonication time (min) were selected as the inde-
pendent variables. The particle size of prepared nanoconju-
gate formulations was chosen as the dependent variable of
the design (Table 1). The minimum particle size value was
the goal of the experimental design. Statgraphics software
(Statgraphics Technologies, Inc., Warrenton, VA, USA) was uti-
lized to generate and evaluate the experimental design
(Siddiqui et al., 2014).

2.4. Preparation of GPN-MLT nanoconjugate

As per the runs obtained from the Statgraphics software, i.e.
15, different GPN-MLT loaded nano complex were prepared.
To prepare the GPN-MLT nanoconjugate, the quantity of
GPN (0.05 mM) and MLT (0.01 mM) were mixed properly and
dissolved in 20ml of 0.01M phosphate buffer solution of dif-
ferent pH with continuously stirring. Next, these mixtures
were incubated and sonicated as per the runs obtained from
the Statgraphics software.

2.5. Optimization of GPN-MLT nanoconjugate

The numerical technique was used to optimize the nanocon-
jugate. During numerical optimization, the software estab-
lished the minimum values for the response, i.e. particle size
as the goal. The software’s recommended optimum formula
was then fabricated, characterized, and evaluated.

2.6. Particle size determination

The Malvern Zeta-Sizer Nano-ZS-90 (Worcestershire, UK) was
used to analyze the particle size of the prepared nanoconju-
gates of GPN-MLT. For the particle size analysis, the material
was diluted 100 times with distilled water, uniformly mixed,
and examined at 25 �C, with a 90� scattering angle.

2.7. Formulation of GPN-MLT nanoconjugate
loaded hydrogel

Aqueous solutions of GPN, MLT and optimized GPN-MLT
nanoconjugate were added separately to HPMC (1.5% w/v
concentrations) hydrogel. The formed hydrogels of each
component (GPN and MLT and GPN- MLT) were kept at 4 �C
temperature before further use.

Table 1. Selected variables required and levels for the development of the
experimental design.

Factors Levels

Independent variables Low High Optimum

A¼ pH 2.0 7.0 2.0
B¼ Incubation time (min) 10.0 50.0 10.03
C¼ Sonication time (min) 2.0 8.0 8.0

Dependent variables Goal
R1 ¼ Particle size (nm) Minimum
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2.8. Experimental animals

Male Wistar rats (200–240 g) were obtained from the Animal
Facility of the Faculty of Pharmacy, King Abdulaziz University
(KAU), Saudi Arabia. Animal handling was approved by the
Research Ethics Committee, Faculty of Pharmacy, KAU
(Reference # PH-1443-28). Animals were kept under a 12-h
dark-light cycle and under a temperature of 22 ± 2 �C and
humidity of 40–60%.

2.9. Induction of diabetes

For the induction of diabetic wound, a freshly prepared
streptozotocin in a citrate buffer (0.1M, pH 4.5) at the dose
of 50mg/kg was administered i.p.14 days before the initiation
of the study. Confirmation of diabetes was done after estima-
tion of blood glucose and only the rats having blood glucose
levels between 200 and 300mg/100mL were selected for the
study (Alhakamy et al., 2021b).

2.10. Wounding by excision and treatment protocol

Diabetic rats were anesthetized by IP injections of ketamine
and xylazine (100mg/kg and 10mg/kg, respectively). Then,
the dorsal surface of the skin of each rat was properly steri-
lized using the povidone-iodine solution, and an incision (cir-
culate, 1 cm in diameter) was made. The induced incision
was washed with the sterile solution and further dried using
pads (sterile). Furthermore, to reduce the pain due to inci-
sion, 2% lidocaine solution having ephedrine (4.4mg/kg) in
the ratio of 1:80,000 was administered subcutaneously. Once
the diabetic wounds were induced, animals were divided
into 6 groups (n¼ 6). Group 1 (untreated), only with induced
wound and no treatment. Group 2 (vehicle), only treated
with the vehicle (plain HPMC hydrogel). Group 3 (GPN), was
treated with the hydrogel formulation of GPN whereas
Group 4 (MLT), was treated with the hydrogel formulation of
MLT. Group 5 and 6 (GPN-MLT and positive control), were
treated with nanoconjugate of GPN-MLT loaded hydrogel
and marketed formulation (MeboVR ). Except, for untreated
groups, various formulations were applied topically for
14 days to all the animals. Wounds in all the animals were
covered with sterile pads and changed once a day. Wounds
in all the treatment groups were measured and photographs
were captured on days 1, 3, 7 and 14. On day 14, all the ani-
mals were sacrificed by decapitation, the wounded area was
dissected, and a section was stored in the 10% formalin solu-
tion for histopathological and immunohistochemical study.
The rest parts were flash frozen in liquid nitrogen and then
stored at �80 �C for the biochemical analysis.

2.11. Wound measurement

The percentage of wound contraction was determined
through the following formula:

Wound contraction %

¼ WD at Day 1�WD at Day 14ð Þ= WD at Day 1ð Þ � 100

2.12. Histopathological analysis

Skin sections fixed with 10% formalin were initially dehy-
drated and treated with xylene. The sections were dissected
and embedded in the paraffin wax and a thin section of
4 mm was cut using a microtome. The cut sections were rehy-
drated and stained by using hematoxylin-eosin dye and
visualized under a light microscope for the possible struc-
tural damage in terms of degree/abundance or infiltration of
inflammatory cells, the proliferation of fibroblast, deposition
of collagen, tissue granulation, re-epithelization and angio-
genesis, and scored from� to þþþ.

2.13. Immunohistochemical analysis of TNF-a, IL-6, TGF-
b, VEGFA and PDGFR-b

Sections of the tissues were deparaffinized followed by rehy-
dration. Consequently, they were brought to boil for 10min
in citrate buffer (pH 6.0). The blocking solution was in a Cell
and Tissue Staining Rabbit Kit and the suitable secondary
antibody, and 3,30-diaminobenzidine (DAB) (Catalog #
CTS005 and CTS002, R&D Systems, Minneapolis, MN, USA)
was used in conducting this analysis. Incubation of the sec-
tions 5% bovine serum albumin was carried out for 2 hrs.
Next the sections were kept with the primary antibodies
(1 lg/ml); anti-TNF-a (ab220210), anti-IL-6 (ab9324), anti-TGF-
b1 (ab215715), anti-VEGFA (ab1316), and anti-PDGFR-b
(ab32570) at 4 �C overnight. All primary antibodies were pur-
chased from Abcam, Cambridge, UK. After washing the slides
and incubating them for 1 hr in the biotinylated secondary
antibody at room temperature. PBS with 0.5% tween 20 was
used for washing. This was followed by the application of
DAB and observation of color development with a light
microscope (Nikon SMZ 1000 with a Nikon DS-Fi1 digital
camera). DPX was used as a mounting solution, where one
drop was added to the slides which were then photo-
graphed once dry. Analysis of images was carried out with
Image J analysis software (ImageJ, 1.46a, NIH, USA).

2.14. Biochemical analysis

Skin tissue homogenates (1:10 w/v in phosphate buffer
0.1M, pH 7.4) were used to assess the biochemical parame-
ters. Concentrations of malondialdehyde (MDA), superoxide
dismutase (SOD), and glutathione peroxidase (GPx) concen-
trations were measured using kits (Biodiagnostic, Cairo,
Egypt) according to the manufacturer’s protocol. Total pro-
tein and hydroxyproline were measured using Abcam
(Cambridge, UK) ELISA kits.

2.15. Rt-qPCR for assessing mRNA expression of col 1A1

An ultrasonic probe was used for the homogenization of skin
tissues. Extraction of RNA was via a nucleic acid extraction
kit (NucleoSpin, Macherey-Nagel GmbH & Co. KG, Duerin,
Germany). cDNA was produced with a Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA). A Taq PCR
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Master Mix Kit (Qiagen, Valencia, CA, USA) was used for PCR
experiments using the primers given in Table 2. Results were
expressed in the cycle threshold (Ct). The Ct values of colla-
gen 1A1 (Col1A1) and the housekeeping gene (GAPDH) were
included in the PCR datasheet. Relative quantitation (RQ) of
Col1A1 depended on the computation of delta-delta
Ct (DDCt).

2.16. Statistical analysis

Data were tested for normality using Kolmogorov–Smirnov
test. Statistical analysis was done using a one-way analysis of
variance followed by Tukey’s post hoc analysis. GraphPad
Prism software, version 8.0 (La Jolla, CA, USA) was used to
sketch graphs and perform statistical analyses. P-values < .05
were taken as significant.

3. Results

3.1. Selection of optimized GPN-MLT nanoconjugate
using experimental design-based analysis

GPN-MLT nanoconjugate formulations were prepared using
pH, incubation time, and sonication time as independent fac-
tors. At the same time, minimum particle size was selected
as the goal of the experimental design for the selection of
optimized nanoconjugate. Software yielded fifteen nanocon-
jugates with the different ratios of independent variables
were prepared and obtained observed and fitted particle is
shown in Table 3. The observed and fitted values of the
design were observed in good agreement.

The data for analysis of variance for particle size is pre-
sented in Table 4. The achieved p-value from the experimen-
tal design demonstrated the statistically significant effect of
selected independent variables on the particle size of various
prepared nanoconjugates. Furthermore, a strong link was dis-
covered between pH, incubation time, and sonication time

and a remarkable impact on the dependent variable, i.e. par-
ticle size. The adjusted R2 value was 97.5979%, and the R2

value was 99.1421%.
The software suggested the polynomial equation for particle

size is discussed below as Equation 1. The independent factor
regression results indicated that all of the examined factors
influenced particle size. In comparison to incubation time
(�2.53) and sonication time (�0.34), the regression coefficient
for pH (71.84) was recorded highest in the equation. As a
result, the independent parameters had the following effect on
particle size: pH> incubation time> sonication time.

Particle size ¼ 17:02 þ 71:84 A þ 2:53 B

� 0:34 C � 2:73 A2� 0:28 AB

þ 0:40 AC þ 0:03 B2� 0:23 BC

þ 0:08 C2 (1)

The Pareto chart of Figure 1(a) revealed that pH, incuba-
tion time, and sonication duration all had substantial effects
on particle size. The chart indicated that pH and incubation
duration exhibited a positive impact, whereas sonication
time had negative effects on the particle size of prepared
nanoconjugate. As a result, larger levels of pH and incuba-
tion duration increase particle size, but higher levels of sonic-
ation duration decrease it. These findings were in line with
the conclusions drawn from Equation (1). The main effect
graphic also confirmed this tendency (Figure 1b). In the man-
ufacturing process of GPN-MLT nano conjugate, pH and incu-
bation duration have similar to the reaction duration
provided time for the indulgence between GB and GL. The
conjugation process, i.e. the attachment of the drug,
improves as reaction time increases. As a result, increasing
the incubation time increases the possibility of additional
drug molecules attaching and, as a result, increasing particle
size. Meanwhile, increasing the sonication period has been
shown to reduce the size of nanoformulations. Thus, the out-
comes of the current study’s findings can be validated. The
contour plot’s iso-value curves were more dependent on the
pH, matching the findings of the main effects plot (Figure
1c). Increased levels of pH resulted in a considerable eleva-
tion of the response surface graph (Figure 1d).

The software suggested the optimum formula conditions
for GPN-MLT nanoconjugate for pH, incubation duration, and
sonication duration were 2, 10.03min, and 8.0min, respect-
ively. Meanwhile, the predicted optimum particle size for
GPN-MLT was found to be 162.73 nm and the observed
(experimentally carried out) was found to be 156.9 nm.

3.2. Effect of GPN-MLT nanoconjugate on wound
contraction

As depicted in Figure 2, untreated group and vehicle-treated
group, conventional formulation of GPN, MLT, nanoconjugate

Table 2. Primers sequence used for RT-qPCR.

Forward Reverse Gene bank

Col1A1 ATCAGCCCAAACCCCAAGGAGA CGCAGGAAGGTCAGCTGGATAG NM_053304.1
GAPDH CCATTCTTCCACCTTTGATGCT TGTTGCTGTAGCCATATTCATTGT NM_017008.4

Table 3. Observed and fitted value of particle size obtained from the various
runs of experimental design.

Runs Observed value Fitted value

1 154.0 165.125
2 421.0 420.125
3 234.0 221.625
4 453.0 441.875
5 187.0 187.875
6 311.0 299.0
7 324.0 323.333
8 321.0 323.333
9 325.0 323.333
10 386.0 398.375
11 298.0 299.25
12 265.0 265.375
13 387.0 399.0
14 398.0 397.625
15 345.0 343.75
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of GPN-MLT and positive control formulation had open
wounds on day 1. However, on days 4, 7, 10 and 14, the top-
ical application of nanoconjugate of GPN-MLT exhibited a
significant increase in wound contraction and closure of
wound followed by the marketed formulation, GPN alone
and MLT alone.

3.3. Effect of GPN-MLT nanoconjugate on histological
changes of wounded skin (H & E and MT staining)

As shown in Figure 3, the epidermal layer of the untreated
group and vehicle-treated showed marked focal hyperkera-
tosis, and acanthosis, whereas the dermal layer showed an

increased deposition of collagen fibers along with the scat-
tered as well as proliferating blood vessels and an extensive
chronic infiltrate of inflammatory cells. These are the distinct
features of intact chronic wounds. When the animals were
treated with the conventional formulation of GPN, MLT,
nanoconjugate of GPN-MLT, and the marketed formulation, a
marked reduction in the histopathological damage was seen,
whereas the conventional formulations and marketed formu-
lation exhibited almost similar effects as shown in Figure 3
and Table 5.

MT staining was also performed to estimate the pro-
fibrotic effect of different formulations. It was found that
untreated and vehicle-treated groups showed a marked

Table 4. Analysis of variance data for particle size of different prepared GPN-MLT nanoconjugate as per the obtained trials
from the experimental design.

Source Sum of squares Degree of freedom Mean square F-Ratio P-Value

A: pH 83640.5 1 83640.5 488.89 .0000
B: Incubation time 10440.1 1 10440.1 61.02 .0006
C: Sonication time 1540.13 1 1540.13 9.00 .0301
AA 1072.31 1 1072.31 6.27 .0543
AB 784.0 1 784.0 4.58 .0852
AC 36.0 1 36.0 0.21 .6657
BB 463.853 1 463.853 2.71 .1606
BC 756.25 1 756.25 4.42 .0895
CC 1.85256 1 1.85256 0.01 .9212
Total error 855.417 5 171.083

Figure 1. Graphs yielded from experimental design software for the development of GPN-MLT nanoconjugate (a) standard Pareto chart, (b) main effects plot, (c)
contour plot, and (d) response surface plot.
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reduction in fibrosis as evident from the appearance of blue
color (presence of collagens). When the animals were treated
with the conventional formulation of GPN, MLT, nanoconjugate

of GPN-MLT and the marketed formulation, marked elevation
in the fibrotic tissue was seen in the GPN-MLT nanoconjugate,
followed by the marketed formulations, MLT and GPN.

Figure 2. Effects of GPN, MLT, GPN-MLT nanoconjugate and marketed formulation on the wound contraction and % wound contraction on day 14. (a) Significantly
different from Untreated control at p< .05, (b) Significantly different from Vehicle-treated control at p< .05, (c) Significantly different from GPN at p< .05, (d)
Significantly different from MLT at p< .05, (e) Significantly different from GPN-MLT at p< .05.

Figure 3. Effects of GPN, MLT, GPN-MLT nanoconjugate and marketed formulation on the histopathological analysis (A) H & E staining and (B) MT staining.
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3.4. Effect of GPN-MLT nanoconjugate on
antioxidant status

In the present study, when the markers of oxidative stress
such as MDA concentration and SOD and GPx activities were
estimated, the untreated group showed a significant accu-
mulation of MDA (Figure 4A) accompanied by a reduction in
SOD and GPx activities (Figure 4B,C). When the animals were
treated with the conventional formulation of GPN, MLT,
nanoconjugate of GPN-MLT and marketed formulation, sig-
nificant increment in the activity of SOD and GPx and reduc-
tion in the level of MDA were found in the GPN-MLT
nanoconjugate group as compared to the conventional and
marketed formulations.

3.5. Effect of GPN-MLT nanoconjugate on
inflammatory markers

In the present study, when the markers of inflammation such
as IL-6 and TNF-a were estimated, the untreated group

showed significant elevation in their level. When the animals
were treated with the conventional formulation of GPN, MLT,
nanoconjugate of GPN-MLT and marketed formulation, a sig-
nificant reduction in the expression level of IL-6 and TNF-a
was found in the GPN-MLT nanoconjugate group, followed
by the marketed formulation, MLT and GPN alone as shown
in Figure 5.

3.6. Effect of GON-MLT nanoconjugate accelerate on
fibrosis and angiogenesis markers

In the present study, when the markers of fibrosis and angio-
genesis, such as TGF-b, VEGFA, and PDGFR-b, were esti-
mated, the untreated group showed a significant reduction
in their level. When the animals were treated with the con-
ventional formulation of GPN, MLT, nanoconjugate of GPN-
MLT and marketed formulation, significant elevation in the
expression level of TGF-b, VEGFA, and PDGFR-b was found in
the GPN-MLT nanoconjugate group, followed by the mar-
keted formulation, MLT and GPN alone for VEGFA and
PDGFR-b where in case of TGF-b, GPN alone exhibited super-
iority as compared to the MLT alone shown in Figure 6.

3.7. Effect of GPN-MLT nanoconjugate on markers of
collagen deposition

In the present study, when the markers of collagen depos-
ition such as hydroxyproline content and mRNA expression
of Col1A1 were estimated, the untreated group showed a
significant reduction in their level. When the animals were
treated with the conventional formulation of GPN, MLT,
nanoconjugate of GPN-MLT and marketed formulation,

Table 5. Histological features of wound healing in animals treated with GPN,
MLT, or GPN-MLT on day 14.

Untreated control Vehicle GPN MLT GPN-MLT Positive control

RE � 2/1 þþ 11 þþ þþ
FP þþ þþ þ þ þ þ
CD þþ þ þ þþ þþþ þþ
IC þþ þþ þ þ þ/2 þ
Phase I þþ þþ þ þ þ þ
Phase II þþ þþ þþþ þþ þþþ þþ
Phase III 2 2 þþ þþ þþþ þþ
RE¼ re-epithelization, FP¼ fibroblast proliferation, CD¼ collagen deposition,
IC¼ inflammatory cell infiltration, Phase I¼ inflammation phase of wound
healing, Phase II¼ proliferation phase of wound healing, Phase III¼ re-model-
ing phase of wound healing.

Figure 4. Effects of GPN, MLT, GPN-MLT nanocomplex and marketed formulation on the markers of antioxidant enzymes (A) MDA, (B) SOD, and (C) GPx. a:
Significantly different from Untreated control at p< .05, b: Significantly different from Vehicle-treated control at p< .05, c: Significantly different from GPN at
p< .05, d: Significantly different from MLT at p< .05, e: Significantly different from GPN-MLT at p< .05.
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significant elevation in the expression level of hydroxyproline
and Col1A1 was found in the GPN-MLT nanoconjugate
group, followed by the MLT alone, marketed formulation,
and GPN alone as shown in Figure 7(A,B).

4. Discussion

The process of wound healing in diabetes is slow and ineffi-
cient management can bring about complications (Sharp &
Clark, 2011). The current study involved optimization of a
new GPN-MLT nanoconjugate formulation (Table 4 and
Figure 1). The wound healing features of the optimized for-
mula were evaluated in streptozotocin-induced diabetic rats
as well as the potential synergistic interaction between these
two compounds (Figure 2). In the field of drug delivery,
nanoparticulate systems with a size < 400 nm have recently
gained attention (Yingchoncharoen et al., 2016). Tissue pene-
tration could be improved by lowering the size to the small-
est achievable value to increase the surface area accessible
for tissue penetration (Badr-Eldin et al., 2021). Therefore, the
study focused on reducing the size of the nanospheres. The

Figure 5. Effects of GPN, MLT, GPN-MLT nanocomplex and marketed formulation on the expression level of (A) IL-6, and (B) TNF-a. a: Significantly different from
Untreated control at p< .05, b: Significantly different from Vehicle-treated control at p< .05, c: Significantly different from GPN at p< .05, d: Significantly different
from MLT at p< .05.

Figure 6. Effects of GPN, MLT, GPN-MLT nanoconjugate, and marketed formulation on the expression level of (A) TGF-b (B) VEGFA and (C) PDGFR-b. a:
Significantly different from Untreated control at p< .05, b: Significantly different from Vehicle-treated control at p< .05, c: Significantly different from GPN at
p< .05, d: Significantly different from MLT at p< .05, e: Significantly different from GPN-MLT at p< .05.

Figure 7. Effects of GPN, MLT, GPN-MLT nanoconjugate and marketed formula-
tion on the level of (A) hydroxyproline and (B) Col1A1. a: Significantly different
from Untreated control at p< .05, b: Significantly different from Vehicle-treated
control at p< .05, c: Significantly different from GPN at p< .05, d: Significantly
different from MLT at p< .05, e: Significantly different from GPN-MLT at p< .05.
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particle size of the optimized GPN-MLT nanoconjugate
was 156.9 nm.

Our data indicated that GNP-MLT nanoconjugate offered
a significantly expedited wound healing activity. This was
confirmed by histological examinations which indicated that
the nano conjugate-treated wounds showed almost com-
plete healing as they reached the final phases of healing
with re-modelling and collagen deposition (Figure 3 and
Table 5). These findings gain support from the previously
reported ability of GPN to enhance wound healing in rats
(Sarıtaş et al., 2016). Further, MLT nanoconjugates consider-
ably expedited the healing of wounds in normoglycemic and
hyperglycemic rats (Alhakamy et al., 2021b; Eid et al., 2022).
In addition, MLT positive effects are consistent with the
documented wound healing activities of bee venom. It has
been reported that it brings about an accelerated curative
effect and could be applied as a new potential treatment for
wound repair (Kurek-G�orecka et al., 2020).

The mechanisms of impaired healing response are not
fully characterized. However, accumulating evidence indi-
cates a role of oxidative stress in the pathogenesis of
delayed healing of wounds (Sch€afer & Werner, 2008). This is
of particular significance in diabetes (Deng et al., 2021) to
the extent of recommending the use of antioxidants to treat
diabetic wounds (Zhang et al., 2021). Therefore, we have
explored the potential of optimized GPN-MLT formula to pre-
vent oxidative stress induced by wounding. Fortunately, the
nanoconjugate formula showed significant antioxidant prop-
erties as evidenced by inhibition of lipid peroxidation and
antioxidant enzyme exhaustion (Figure 4). Our data are con-
sistent with the reported antioxidant activities of GPN com-
pounds (Saleem et al., 2021). Also, GPN antioxidant
properties offered neuroprotective actions in a rat model of
cerebral ischemia-reperfusion injury (Zhang et al., 2021). In
addition, MLT antioxidant properties have been previously
reported in an experimental model of lung injury (El-Aarag
et al., 2019). Moreover, MLT antioxidant activity in healing
wounds has been shown in rats (Alhakamy et al., 2021a,
2021b). Thus, it can be suggested that the enhanced antioxi-
dative properties of the optimized formula participate in the
observed expedition of wound healing in diabetic rats.

Inflammation is considered a nonspecific immune reac-
tion, involving the degeneration of tissue, that usually
resolves after infiltrated leukocytes revert to their pre-inflam-
matory condition. A chemotactic response in leukocytes by
inflammatory cytokines enhances the inflammation phase
(Henry & Garner, 2003). Therefore, inflammation represents
the first phase of wound healing. Our data indicate that
treatment GPN–MLT significantly expedited the inflammatory
phase as indicated by the reduced expression of IL-6, and
TNF-a (Figure 5). Experimentally, GPN anti-inflammatory
activity has been previously shown (Abdel-Salam & El-Batran,
2005; Motavallian et al., 2021). On the other side, MLT anti-
inflammatory properties have been reported (Park et al.,
2007; Kim et al., 2018; Motavallian et al., 2021). In particular,
its anti-inflammatory actions in wounded skin have been
proven in rats (Alhakamy et al., 2021a, 2021b). MLT antioxi-
dant and anti-inflammatory have been reported to involve

modulation of TLR4/TRAF6 mediated NF-jB and p38MAPK
pathways (Ahmedy et al., 2020). Similarly, the anti-inflamma-
tory activity of GPN has been attributed to the modulation
of NF-jB (Li et al., 2022b). These data give a base for explain-
ing the observed enhancement of the anti-inflammatory
effects of the nanoconjugate formula.

Late phases of wound healing involve and remodeling,
where the growth and angiogenic factors and collagen
deposition play a decisive role (Martin & Nunan, 2015). In
this regard, TGF- b family has been reported to play a crucial
role in wound healing as it regulated fibrosis, inflammation
and angiogenesis (Ferguson & O’Kane, 2004). Our data indi-
cated that both GPN and MLT enhance TGF-b1 expression.
This gains indirect support from the ability of GPN to up-
regulate the expression of genes encoding for TGF-b in rat
cultured dorsal root ganglion (Heo et al., 2013). Also, our
results indicated that MLT enhances the expression of TGF-
b1 which coincides with previous data highlighting its ability
to promote wound healing in a pathway involving TGF-b1
(Eid et al., 2022). Further, MLT exhibited pro-angiogenic
properties in healing wounds as evidenced by increased
expression of VEGFA and PDGFR (Figure 6). This is in line
with the known role of angiogenesis and angiogenic factors
in wound healing (Bao et al., 2009). It has been reported that
PDGFR-b activation is essential for fibroblast recruitment and
function in wound healing (Rajkumar et al., 2006). In general
bee venom has been reported to enhance angiogenesis via
increasing VEGF expression (Kurek-G�orecka et al., 2020).
Remodeling is the last but critical stage of wound healing in
which tissue integrity is restored. It is characterized by the
generation of new epithelial cells and scar formation (Sorg
et al., 2017). In this regard, collagen and its derived peptides
are highly involved and have been reported to exhibit
advantageous effects in wound healing (Yao et al., 2008). In
the current study, hydroxyproline content and Col 1A1
mRNA expression were enhanced by GPN and MLT (Figure
7). This is consistency with our results that showed their
positive effects on TGF-b1 expression and consequently col-
lagen deposition (Carpena et al., 2020). Our observations are
also strengthened by the ability of MLT to enhance hydroxy-
proline concentration and mRNA expression of Col1A1 in
healing skin of wounded rats (Kurek-G�orecka et al., 2020).
Collagen type I is the most common type of collagens in
healing skin tissues (Mathew-Steiner et al., 2021). In particu-
lar, Col 1A1 has been considered a reliable marker of colla-
gen synthesis in the late stages of wound healing
(Meephansan et al., 2017). In most of the assessed parame-
ters including wound contraction, the formulated nanoconju-
gate exhibited superior healing activities.

Conclusion

The present study highlights the potential of a novel GPN-
MLT nanoconjugate to accelerate wound healing in diabetic
rats. The optimized nanoconjugate, with respect to particle
size, possessed greater wound healing properties compared
to individual components, following 14days of daily topical
application. This effect could be attributed to its ability to
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counteract oxidative stress and expedite inflammatory
phases. The GPN-MLT nanoconjugate was also found to pro-
cess angiogenic and pro-collagen activities that have an
important role in wound healing. Overall, these findings pre-
sent a novel optimized formula that could accelerate wound
healing in diabetes.
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