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Abstract

Present research reports the enhanced diabetic wound healing potential of copper nanoparticles (CuNPs)
synthesized from Mentha piperita obtained from high-altitude areas. Medioresinol was identified as a novel
metabolite in M. piperita methanolic extract through Liquid chromatographic-tandem mass spectrometric
analysis (LC-MS/MS). UV-vis and Fourier transform infrared spectroscopy confirm NPs with the presence
of phenolic, amino, and ether groups. Spherical-shaped NPs with an average size of 100 nm were revealed
by scanning electron microscopy. The bactericidal efficacy of CUNPs (2 mg/ml) against methicillin-resistant
Staphylococcus aureus with an 18.3 mm inhibition zone was observed. CuNPs vividly possess antiglycation
potential with 80% inhibition compared to M. piperita extract at 69%. Excision wounds were created on
diabetic rats after receiving a single injection of alloxan monohydrate (150 mg/kg). One hour post diabetic
induction, rats were treated with a topical formulation of CuNP-gel at 5-30mg/kg for 20 days and wound
morphological parameters along with histopathological changes were evaluated. Conclusively, M. piperita-
based CuNPs proved a critical role in wound epithelialization, proliferation, and differentiation with improved
wound contraction in a dose-dependent manner, with 25 mg/kg as the best dose compared to positive and
negative control groups. M. piperita metabolites enhanced the CuNP bactericidal and antidiabetic potential,
along with wound healing activity in-vivo and in-vitro.

Keywords: Antibacterial, Diabetes, Medioresinol, Mentha Piperita, Nanoparticle, Staphylococcus Aureus,
Wound Healing

List of Abbreviations: Copper nanoparticles (CuNPs); Bovine Serum Albumin (BSA), methicillin-resistant
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1. INTRODUCTION

Wound healing is a natural biological process that involves the restoration of damaged
cells with the help of cytokines and growth factors [1]. The repair process consists of a
series of molecular events aiming to establish functional integrity of damaged skin.
Wound healing comprised of four progressive phases interacting in close vicinity [2].
During hemostasis, activated platelets coagulate the wound site by combining with fibrin
protein to stop further bleeding [3]. Inflammatory mediators assist in engulfing debris and
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microbes from the wounded site and many growth factors release to recruit the migration
of cellular components in the damaged area [4]. Proliferation is characterized by new
blood vessel formation by vascularization of endothelial cells, granulated tissue formation,
as well as the formation of fibronectin and fibroblast cross-linked with collagen with
deposition of extracellular matrix. Epithelialization is marked by keratinocytes proliferation
and fibroblast differentiation into myofibroblast to lessen the wound area [5]. Lastly,
collagen matures and remodels to become tough skin. Wound restoration is a
sophisticated process during which skin maintains itself after damage [2]. Numerous
factors negatively impact the wound healing process. Diabetes is a complicated metabolic
disorder, which distresses more than 340 million people globally, and results in diabetic
wounds in approximately 20% of cases [6]. According to WHO: diabetes is said to be the
7" leading cause of mortality by 2030. Diabetes-related fatalities account for more than
80% of all deaths worldwide and diabetic wounds account for 50 to 70% of limb
amputations [7]. Diabetic patients have impaired glucose metabolism, which leads to
hyperglycemia that worsens the healing process. The prevalence of poor restoration in
diabetic patients is increasing worldwide because there aren't enough preventive and
control measures. Delayed wound healing is the leading biomedical load on healthcare
systems worldwide [8]. Diabetic leg and foot ulcers are two of the key issues associated
with diabetic wounds. Diabetes impairs the healing process, which has a long-term
negative effect on morbidity, mortality, and life quality. Diabetes affects each stage of
wound healing. Diabetic wounds exhibit a prolonged inflammatory phase, reduced
granulation tissue development, and decreased tensile strength at the injured site. This
can be due to the vascular damage caused by ischemia [9]. Diabetes slows down the
healing process which results in a non-healed, impaired wound along with numerous
issues such as; psychiatric stress and depression, functional restrictions, trouble walking,
cellulitis, abscess, osteomyelitis, gangrene, septicemia etc. The failure of wound healing
in diabetes has been linked to altered cellular and metabolic components and activities
[10]. The epigenetic code is altered by hyperglycemia and oxidative stress, which
changes macrophage polarization and its regulation. Dysregulated polarizing
macrophage contributes to the sluggish healing of wounds [11]. Numerous studies have
demonstrated that diabetes is linked with sluggish wound healing, which is brought on by
a challenging biochemical mechanism.

The evaluation of wound healing is a quite challenging process requiring continuous and
systematic methods depending on the wound’s nature and severity. Despite years of
research on wound healing, new medications still don't provide adequate results due to
their high price, reduced efficacy, and side effects [12]. At present, impregnated wound
dressings have been employed for wound treatment in animal and cell culture models
[13-15]. Nanoparticles (NPs) such as silver, gold, iron, and zinc, etc. fascinate
researchers worldwide and their excellent microbicidal potential owe to the fact that they
can conveniently penetrate the cell membranes and cell walls of viruses and bacteria,
thereby inhibiting protein synthesis, and destroy pathogen’s nucleic acids more efficiently
compared to typical anti-fungal and anti-bacterial drugs [16]. Copper nanoparticles
(CuNP) are amongst the most significant and widely utilized metal NPs, having a wide
range of potential uses in nanotechnology. Cu is more affordable for a variety of
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applications compared to silver. Moreover, size, chemical stability, and conductivity make
it stand out [17-19]. Cu is required in small quantities in many metabolic processes and
depicts good antimicrobial and anti-inflammatory properties that make it a suitable
candidate for immunity power, chronic healing, and skin remodeling therapies [20-22].
CuNP possesses enhanced catalytic activity and bioavailability as compared to native
Cu. Metal NPs synthesized through chemical or physical means are not economical or
safe for in-vivo application [13], thereby green medicine therapy can be utilized as a new
strategy because it is cheap, reliable, effective, and safe to use. In the present research,
we employed M. piperita leaves extract as a reducing and capping agent for CuNP
synthesis. M. piperita; is a perennial herb from the Lamiaceae family, commonly known
as peppermint with aromatic plants with simple, characteristic scented leaves that can be
cultivated worldwide. It is a hybrid of spearmint (M. spicata) and water mint (M. aquatica),
and possesses aromatic properties. Its leaves and essential oils are widely utilized in
foods and as pharmaceutical products [23]. It provides relief to digestive disorders,
gastritis, diarrhea, and skin disorders with itching, pain, and inflammation [24]. The
pharmacological activities of its leaves are mainly accredited to polyphenols in them [25].
To the best of our knowledge, many studies report the green synthesis of gold and silver
NPs for wound treatment. On the other hand, very few reports are available on plant-
based CuNP for wound healing potential. In this study wound healing potential of M.
piperita-based CuNPs is tested along with the exploration of novel phytoconstituents
important in wound healing.

2. MATERIALS AND METHODS
2.1 Drugs and Chemicals

All the chemicals used were of analytic grade. Copper (Il) sulfate pentahydrate
(CuS04:5H20; 99.5% purity), bovine serum albumin (BSA), methanol, glucose, ascorbic
acid, potassium phosphate, trichloroacetic acid, Rutin, and alloxan monohydrate were
from Sigma Aldrich, Polyfax was bought from GlaxoSmithKline, Pakistan.

2.2 Plant Collection

M. piperita from high altitude areas is collected, identified, and deposited in the National
Herbarium of National Agricultural Research Centre (NARC), Islamabad under voucher #
RAW100208. Afterward, it was cultivated in the botanical garden, and the Growth
chamber of the Department of Biochemistry and Biotechnology, University of Guijrat,
Gujrat Pakistan.

2.3 Extract Formation and Phytochemical Analysis

M. piperita leaves were plucked and washed thrice with autoclaved, distilled water and
kept for shade drying for 15-20 days. Leaves were ground into a fine powder with a blade
(food-grade stainless steel) grain miller 28,000/min and kept at 4°C. For extraction 50g
leaves powder was immersed in 500 mL 80% (v/v) methanol and kept for gentle shaking
at 37°C for 1D, followed by filtration using Whatman filter paper. Extracts were
concentrated under reduced pressure at 40-50°C, in the rotary evaporator (Heidolph
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Rotary evaporator Laborata 4000 Sigma-Aldrich), and finally filtrates were placed at 4°C
[26].

2.4 Mass Spectrometry

The phytochemical profiling of the M. piperita methanolic extract was performed by liquid
chromatography-tandem mass spectrometry. Linear lon Trap Mass spectrometer model;
LTQ XL (ThermoElectron Scientific, USA) equipped with electrospray ionization (ESI)
source and collision-induced dissociation (CID) (E range: 3-30) was used. Methanol was
used as a solvent and the flow rate was adjusted to 10 uL/min. The ionization was with
negative and positive scan modes with capillary voltage adjusted to 3.8 kV at 275°C. The
sheath and auxiliary gas flow rates were 20 and 5 units respectively. The mass range
was (50-2000 m/z). Full-scan mass spectrum for the data at the m/z range was followed
by an MS/MS experiment from the compounds of interest at 30% collision energy for
30 minutes. Calibration was performed by Xcalibur2.0.7. M. piperita leaves extract
(20 mg) was solubilized in 5 mL of 10% methanol, loaded to the cartridge, and first eluted
with the same solution. The 2" and 3™ elution was with 5mL of 50 and 90% methanol
respectively. Fractions were dried under compressed air at 25°C. The samples were
dissolved in 100% methanol (Final Conc 10 ppm), and analyzed by mass spectrometry.
All parameters were optimized to confirm greater ionization, and enhanced ion transfer,
thereby achieving optimal signals of the precursor and fragment ions [27].

2.5 CuNPs Biogenic Synthesis

CuNPs were biologically synthesized using diluted extract (broth), where 30 mL leaf broth
was mixed with 170 mL (ImM) CuSOa4-5H20 solution to reduce copper ions. Mixtures
were subjected to continuous shaking at 37°C for 24h, and visually observed for the color
change. Lastly, NPs were purified by repetitive centrifugation at 15000 rpm for 20 min
followed by pellet dispersion in double distilled water and oven dried at 80°C.

2.6 CuNPs Characterization

Apart from the color shift, CuNPs were further subjected to analytical techniques for the
identification of their physical and morphological features. UV-spectrophotometer (UV-
1800, Shimadzu UV Spectrophotometer) was employed for confirmation of the CuNP
synthesis, which shows maximum absorption in the range of 500-550 nm. Fourier
transform infrared spectroscopy (FTIR) analysis was carried out to identify possible
functional groups (Thermo Fisher Scientific, NICOLET iS5, Japan). CuNPs' shape was
analyzed by scanning electron microscope using (SEM) (FEI Nova Nano SEM 450).

2.7 Antibacterial assay

The bactericidal potential of CuNPs against methicillin-resistant Staphylococcus aureus
(MRSA) was investigated by the disc diffusion method with some modifications [28].
Initially, the bacterial strain was grown in a sterile growth medium at 37°C with continuous
shaking at 150 rpm for 12h, until the OD 600nm. Six different concentrations (0.5, 0.75,
1.0, 1.5, 2.0, and 2.5 mg/mL) of each sample were used. 10 uL sample was loaded on
each disc and placed in LB plates. Ampicillin and DMSO were utilized as positive, and
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negative control respectively. Inhibitory zones around the discs were measured the next
day.

2.8 Antiglycation activity

The antiglycation activity of M. piperita and its respective CUNPs was determined using
a BSA assay with slight modifications [29]. Extract solutions were prepared in four
concentrations (0.5, 0.75, 1.0, 1.5, 2, and 2.5 mg/mL). BSA (2 mg/mL) was incubated with
500 mM glucose solution at 37°C for 2 weeks, and fluorescent Advanced glycation end
products (AGEs) were measured at 370nm following the emission at 440nm using a Nano
Fluorometer. Lastly, 10 uL trichloroacetic acid (100% w/v) was added, followed by 10 min
incubation at 37°C and centrifugation at 8,000x g for 3 min. The pallet thus obtained was
dissolved in phosphate buffer saline. Rutin 2 mg/mL (20 mM) was used as a positive
control. The percentage glycation inhibition for control, M. piperita extract, and CuNPs
was calculated by the formula [29].
1 — Fluorescence of specimen

o x 100
nhibition (%) Fluorescence of BSA/Glucose

2.9 Animal Model

The present work was conducted after animal ethical approval from the University of
Gujrat, Animal Ethics Committee (UOG/ORIC/2021/359). Healthy male albino rats around
200-250 g were used in the study. The animals were acclimatized at 22+ 5°C with 12h
cycles of light and dark; and given typical animal food to eat. Rats were subjected to
starvation for 12h, followed by diabetic induction through a single intraperitoneal
injection of alloxan monohydrate (150 mg/kg body weight) [30]. In order to reduce
hypoglycemic shock, animals were provided with (5% w/v) glucose solution overnight.
The body weight and fasting blood sugar level was checked on alternate days. Rats
having a blood glucose level >250 mg/dl were considered diabetic and employed for
further experimentation [31].

2.10 CuNP-Carbopol gel formation

The CuNP-loaded gel was made using a carbopol polymer for topical application. The gel
formulation was made with 10% Carbopol, 0.1 ml glycerine, triethanolamine, and CuNPs
with continuous gentle stirring. Triethanolamine was added dropwise until pH 7 was
achieved.

2.11 Wounds Induction and Treatment

After diabetic induction, rats were anesthetized with ketamine hydrochloride (30 mg/kg)
prior to excision wound induction [32]. For excision wounds, the dorsal side of the rats
was shaved, and an excision wound of 1x1 cm was created with a sharp surgical blade,
and outlined.

2.12 Experimental Design

Rats were divided into eight groups; each containing 3 rats. In-vivo study design including
animal grouping and treatment strategies are presented in (Tab. 1). All the formulations
were topically applied daily until the scar fall off with complete healing. Wound
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contractions were measured on the 4, 8, 12, 16, and 20" day until complete healing.
Percentage wound contraction [33] was calculated as follows:

) Initial wound size — specific day wound size
Wound contraction (%) = — - x 100
Initial wound size

Furthermore, epithelialization was monitored by assessing the days required for scar
shedding without leaving an open wound area [34].

Table 1: In- vivo study design including animal grouping (Group I-VIIl) and
treatment strategies

Groups Treatment strategies

I Negative Control: diabetic untreated

Il Positive Control: administered topically with 30 mg/kg BWt of Polyfax ointment
Il Administered topically with 5 mg/kg BWt of CuNPs

[\ Administered topically with 10 mg/kg BWt of CuNPs
V Administered topically with 15 mg/kg BWt of CUNPs
VI Administered topically with 20 mg/kg BWt of CuNPs
Vil Administered topically with 25 mg/kg BWt of CuNPs
VI Administered topically with 30 mg/kg BWt of CuNPs

2.13 Histopathology

For histopathological studies, a portion of the healed skin from the wound center was
excised on the 16" day and processed for microscopy. The animal tissues were fixed in
neutral buffered formalin (10%) and transferred to (70%) ethanol [35-36]. Further, skin is
processed, embedded in paraffin blocks, and 5 um thick section was taken and stained
by means of hematoxylin and eosin (H& E) for epithelialization and granulation, whereas
Masson’s Trichrome was done for collagen formation [37]. The stained samples were
observed under the light microscope at 40x magnification.

2.14 Statistical analysis

Means of three replicates and standard deviation were calculated for all groups, and the
data were subjected to one-way analysis of variance (ANOVA) and followed by Least
Significant Difference (LSD) test for multiple comparisons using Graphpad Prism (9.3.0).
Values of p< 0.05 indicated a statistical significance difference among the groups tested.

3. RESULTS
3.1 Phytochemical Profiling by LC-MS/MS

Chromatographic profiling is a convenient approach, as it provides preliminary information
about the complexity and chemical composition of the peppermint extract. LC-MS/MS
chromatographic profiles of the methanolic M. piperita extract are presented in (Fig. 1a-
le). Based on the MS database, 5 compounds from the M. piperita methanolic extract
have been detected. ESI mass spectra in the negative mode were scrutinized for
optimization and the data presenting main peaks with characteristic fragment ions,
retention times, and calculated molecular masses are listed (Tab. 2).
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Figure 1. LC-MS/MS screening of peppermint methanolic extract: (a); p-
Hydroxybenzoic acid, (b); Caffeic acid, (c); Citric acid, (d); Salvianic acid, and (e);
Medioresinol

ESI-MS/MS data claimed Medioresinol was presumably identified at 387 m/z with
fragmentation ions generated at m/z 387, 369, 351, 327, 225, 207, 163, 161, under
negative ion mode. To the best of our knowledge, this metabolite is novel and has not
been described before in this native M. piperita specie. Apart from the unique one, some
other compounds have been identified as well. Further fragmentation ions at m/z 137,
179, 191, and 197, were presumably designated as p-hydroxybenzoic acid, Caffeic acid,
citric acid, and Danshensu (Salvianic acid A) respectively.
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Table 2: Identified compounds in methanolic leaves extract of M. piperita by LC-
MS/MS at negative ion mode

Retention [M-H]

Peak . - Fragment lons Proposed Compounds
Time (min) m/z
1 0.58 137 137,93 p-Hydroxybenzoic acid
2 0.98 179 179, 135 Caffeic acid
191, 173, 171, 163, 155, 148, 147, 127, . .
3 1.05 191 117 111, 101 93, 85, 71 Citric acid
4 1.33 197 197,182,179, 153,73 Salvianic acid A (danshensu)
5 3.80 387 387, 369, 351, 327, 225, 207, 163, 161 Medioresinol

3.2 CuNPs Characterization

Visual color shift served as the initial indicator of the synthesis. The addition of M. piperita
extract to CuSOa4-5H20 solution resulted in a color change from blue to greenish brown
indicating the production of CuNPs (Fig. 2a). The CuNPs UV spectrum observed the
broad band at ~550 nm, the surface Plasmon resonance (SPR) of CuNPs compared to
crude M. piperita extract where no absorption band was observed owing to the lack of
SPR (Fig. 2b). FTIR investigation evidences the different molecules present in M. piperita
responsible for the CuNPs stabilization (Fig. 2c). Plant-based CuNPs exhibited the
characteristic absorption bands at 3360 cm™ confirming to the N-H stretching. A minor
signal at 2108 cm™ confirming to the C-N stretching. Intense band at 1635 cm™is credited
to the carbonyl group responsible for NP synthesis. Another intense peak at 1347 cm™
corresponding to the O-H bending and a small peak at 1015 cm™ is recognized as C-O-
C stretching vibration respectively. These results evidently confirmed the functional
groups in plant extract; act as reducing, and capping agents for the CuNPs synthesis.
The surface morphology of the CuNPs by SEM analysis at 500 nm magnification is shown
in (Fig. 2d). SEM revealed spherical to irregular shaped nanomaterials with ~100 nm
average size. The macromolecules encapsulating CuNPs’ sustain the NPs agglomeration
in layers, thereby tiny grains provide better opportunity to capture the size of the
nanoparticle, thus agglomerating effect will be insignificant.
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Figure 2: Characterization of CuNP synthesis: (a); Apparent color change in
solution indicating CuNPs formation, (b); UV-Vis spectroscopic analysis of CuNP
and Mentha piperita extract 24h-post-incubation, indicating synthesis of CuNP
with the maximum absorption at 550 nm, (c); FTIR spectrum of CuNPs and
peppermint extract showing probable functional groups, (d); SEM micrographs
recorded for the CuNPs synthesized from peppermint extracts displaying
nanostructures with spherical shape at 500 nm scale bar

3.3 In-vitro Antibacterial and Antiglycation Assays

CuNPs have shown significant antimicrobial activity against methicillin-resistant
Staphylococcus aureus (MRSA). Zones of inhibition around each disc was measured
subsequently (Fig. 3a). It has been observed that antibacterial potential increased with
increasing concentrations with maximum inhibition were observed in case of highest
concentration of 2 mg/mL and the least inhibition was observed with 0.5 mg/mL of each
sample. The result of zone of growth inhibition by CuNPs was 18.3mm compared to the
M. piperita extract i.e. 10.6 mm at 2 mg/mL against MRSA. Ampicillin (standard drug)

possessed a maximum inhibitory zone, while DMSO (negative control) did not show any
inhibition (Fig. 3b).
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Figure 3: In-vitro biological activities: (a); Inhibitory zones against methicillin-
resistant Staphylococcus aureus showing antibacterial activity, (b); Graphical
representation of diameter of inhibitory zones (mm £SD), (c); Graphical
representation of percentage inhibition of glycation; (%+SD). P < 0.05 (*), P <0.01
(**) when compared to control. PE=plant extract, CuNPs=copper nanoparticles

Herein inhibition of the formation of glycation reactions with M. piperita extract and CuNPs
were explored to monitor the percentage inhibition of glycation between BSA, and glucose
respectively The in-vitro antiglycation activity of M. piperita methanolic extracts and
CuNPs was calculated at six different concentrations after 2 weeks of incubation (Fig.
3c). All the test samples depict inhibitory potential in a dose-dependent manner. It has
been observed that reduced inhibition was shown by M. piperita extract (39%) and CuNPs
(43%) at lowest concentration of 0.5 mg/mL. The strongest response was observed at the
highest concentration (2 mg/mL) for M. piperita and resultant CuNPs. At 2 mg/mL M.
piperita extract showed 69% inhibition, CuNPs displayed 80% inhibition, and maximum
inhibition was shown by a standard drug (rutin) at 2 mg/mL. Over the course of 14 days,
it was discovered that the fluorescence intensities of plant extracts and NPs were different
at different doses. The extract and NPs with a concentration of 2 mg/mL were shown to
form the least quantity of AGE compounds, hence exhibiting the highest inhibitory effect.
The natural phenolic acid and flavonoid present in the M. piperita may attribute to such
inhibitory effects.

3.4 In-vivo Wound Healing Activity

Wound contraction was observed macroscopically at different intervals (Fig. 4). CuNPs-
gel-treated rats demonstrated significantly highest contraction in a dose-dependent
manner (Fig. 4b) than all other groups. The least wound contraction was observed in the
negative control (Fig. 4c), where pus formation with redness was observed. Wound
closure was measured in terms of percentage contraction, maximum contraction in
CuNPs-gel treated rats (97-98%) was observed at 25 & 30 mg/kg, compared to negative
control with 69% contraction at 20D post-treatment, and took 29 days for complete
healing (Tab. 3). Positive control showed 81% contraction which is slightly less than NPs
treated animals 21D-post treatment was observed. Throughout the experiment, the
control groups healing percentage was significantly lower than the experimental groups.
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Figure 4: CuNPs accelerated wound healing in diabetic rats: (a; Rat on wound
induction day, (b); healing of wound in CuNP-gel (25 mg/kg) treated rat at 16"
day, (c); untreated rat

Rapid epithelization was observed in CuNPs treated animals at a dose of 25 & 30 mg/kg,
which took 19D. Positive control took 24D for complete wound healing. While negative
control healed slowly and took 29D to epithelize (Tab. 3).

Table 3: The post-wound contraction percentage and time of epithelization (days)
after CuNPs-gel treatment at different doses (5mg/kg-30mg/kg) and compared
with control groups

Groups % Wound contraction after Days (Mean+ SD with p < 0.05) Epithelization
4 8 12 16 20 time (Days)

I 5.16+1.04 10+0.70 22.3+2.51 38.33+1.52 | 69+4.00 29+1.00

Il 9+1.00 17.83+1.60 32.86+3.0 | 53.2+2.83 81+1.00 24+1.00

1l 7+1.002 17.6+1.522 31.6£1.522 | 46.3£1.522 | 71.3+1.522 | 27+1.002

v 10.6+1.152 23.6+1.15P 37+2.002 49+1.002 75.6+2.082 | 26+1.002

\Y; 12+1.00° 27+1.00Pb 42.3+1.15° | 55.3+2.51° | 80+1.00° 24+1.00°

VI 14.33+0.57° | 31+1.00¢ 49.3+1.52¢ | 60+2.00¢ 86+1.00° 22+0.00°
VIl 19+1.00¢ 40+2.00¢ 62.3+1.52¢ | 80+2.644 97+2.00¢ 19+0.00¢
VI 20.66+1.15° | 42.66+1.52¢ | 65.3+3.51¢9 | 83.0+1.00¢ | 98+1.00¢ 19+0.00¢

*Group I: -ve control (untreated+ undressed). Group Il: +ve control: 30 mg/kg Polyfax
ointment. Group Ill: CuNP-gel 5 mg/kg. Group IV: CuNP-gel 10 mg/kg. Group V: CuNP-
gel 15 mg/kg. Group VI: CuNP-gel 20 mg/kg. Group VII: 25 mg/kg. Group VIII: CuNP-gel
30 mg/kg. Values with different superscripts in the same column differ significantly (P <
0.05).

3.5 Histopathological Study

Histopathological changes in experimental and control groups at the 16th-day post-
wounding were observed after H & E and Masson’s Trichome staining (Fig. 5). The most
significant impact was seen with CuNP-Hydrogel, as it revealed a better histological
image than Polyfax. Epithelization and tissue granulation was observed in all groups after
H & E staining in 16th-day biopsies. Present work showed a better re-epithelization and
moderate tissue granulation in rat tissues treated with CuNP (Fig. 5c1). CuNP treatment
at a concentration of 25 mg/kg proved to be more effective in the regeneration of blood
vessels together with fibroblast production. The positive control group also showed mild
inflammatory infiltration, tissue granulation, and epithelization (Fig 5bl), while the
negative control group showed incomplete healing with poor epithelization and tissue
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granulation (Fig. 5al). In Masson’s Trichome slides, CuNP treated group showed a
presence of compact collagen fiber in numerous layers, and mild infiltration of polymorph
leukocytes, along with thick epidermis, sebaceous glands, hair follicles, and little
unhealed tissue (Fig. 5¢c2). Among control groups, positive control is characterized by
less re-epithelization, and mild collagen fibers at the wound center (Fig 5b2), whereas in
diabetic negative control incomplete healing with the absence of re-epithelization, and
poor deposition of collagen fibers (Fig. 5a2).

Figure 5: Histopathology of microscopic views of rat skin at 16th-day post
wounding in different groups after (1) H& E and (2) Masson’s Trichome staining at
400X. (a); Negative control, (b); Positive control, (c); CuNPs-gel (25 mg/kg) treated

groups. SG: sebaceous glands, S: scab, C: collagen, F: Hair follicles, and E;
Epidermal proliferation
4. DISCUSSION

Delayed wound healing is the leading biomedical load on healthcare systems worldwide
[8]. Foot ulcers are the most prevalent wounds in people with diabetes. Diabetic patients
have impaired glucose metabolism leads to hyperglycemia, which worsens the healing
process. The prevalence of poor restoration in diabetic patients is increasing worldwide
because there aren't enough preventive and control measures. To restore the skin's
functional state and altered anatomical stability, wounds must be healed efficiently [38].
Faster contraction, enhanced epithelization, and a sufficient gain in tensile strength are
important in rapid wound healing [39]. There are several natural phytochemicals being
used as medicine today to treat post-diabetic problems with minimal side effects [40].
Patients with diabetes use herbal products almost everywhere without having information
about their anti-inflammatory or anti-diabetic potential. The progressive effects of
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traditional treatments on diabetes and its related consequences, such as the development
of diabetic foot ulcers and chronic wounds, had been documented in a variety of
ethnobotanical literature. In the millennium's technological revolution, nanotechnology
has become a major scientific field. In contrast to physical and chemical approaches, the
scientific community had concentrated on the eco-friendly and highly effective green
synthesis of metal NPs. Comparing medicinal plants to other living species, such as
bacteria and fungi, it had been demonstrated that medicinal plants consist of numerous
phytochemicals that can be employed for biogenic NPs production. Various metal NPs
such as silver, gold, copper and zinc are excellent candidates for incorporation into wound
dressings owing to their antibacterial capabilities and low toxic profiles [41]. In the current
research, M. piperita methanolic leaves extracts are subjected to chromatographic
profiling; as it is a useful approach that offers preliminary information about the complexity
and chemical composition of the extract. LC-MS/MS analysis of M. piperita extract
revealed major peaks associated with 5 bioactive compounds including, p-
hydroxybenzoic acid, caffeic acid, citric acid, salvianolic acid, and medioresinol. Peaks
data were in line with the literature [42-46]. Caffeic acid, rosmarinic acid, and medioresinol
in rosemary had their role in obesity reduction and improved lipid profile [42]. Cherry stem
containing caffeic acid, p-hydroxybenzoic acid, vanillin, p-coumaric acid, gallic acid, and
ascorbic acid were detected by LC-MS/MS for their higher antioxidant and antimicrobial
potential [43]. Phenols, flavonoids, gallocatechin, dimethyl ether, jaceidin, dihydro
kaempferide, 12-hydroxy jasmonate sulfate, luteolin-O-rutinoside, and rosmarinic acid
were major compounds in Mentha, and Origanum majorana extract [44-45]. Salvia
miltiorrhiza root used in Chinese traditional medicine against heart, inflammatory
diseases, and renal failure contains 58 compounds including hydrophilic phenolic,
lipophilic diterpenoids, verbascose, salvianolic acid, caffeic acid, linoleic acid, linolenic
acid, rosmarinic acid, and several organic acids by LC time of flight quadrupole MS [46].
To the best of our knowledge, Medioresinol is a novel compound present in this native M.
piperita specie against diabetic wound healing. Each identified compound displayed a
distinctive pattern of fragmentation, which result from the loss of hydroxyl, carboxylate,
carbonyl, alkoxy, and a methyl group. During the ionization process, some substances
are protonated and not fragmented completely. The protonated molecules tend to
completely fragment as the collision energy rises. The applied collision energy was
strongly correlated with the relative number of each fragment. Medioresinol belongs to
the lignans, a class of phenolic compounds formed from two C6-C3 units or phenyl
propanoids such as caffeic and ferulic acids. This compound appears to be found in the
juice, seeds and wood of pomegranate, honey and other plants [47]. Many plants high in
flavonoids have been used for thousands of years as food or herbal medicine since they
serve a significant functional role in plant ecology and physiology [48]. The phenolic had
been linked to a wide range of health advantages, including antibacterial, antioxidant,
anti-diabetic, anti-inflammatory, anti-allergenic, anti-thrombotic, cardio-protective, and
vasodilatory properties [49]. Numerous chemicals found in the M. piperita and identified
in the present study had been reported to have antibacterial, antioxidant, anti-diabetic,
and anti-inflammatory properties, indicating the possibility of using it for medical
purposes. NPs synthesis by means of herbal extracts as bio-reductants and capping
agents is advantageous over other synthesis approaches. CuNP synthesis was confirmed
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initially through color change and then through various analytical techniques. Our findings
are consistent with other studies. The rapid changes in color owing to the surface
Plasmon resonance (SPR) phenomenon [50]. The fabrication of CUNP from mint species
was also reported; where the color of the copper sulfate aqueous solution, when mixed
with extract solution begin to change from blue to pale light-brown [51]. The UV spectrum
of CuNP observed the broad band at ~550 nm that is different from pure M. piperita
extract where no absorption band was observed due to the lack of SPR. These findings
are in the same line with the preceding studies [50, 52]. FTIR investigation evidences the
different molecules found in plant extracts lead to the CuNPs stabilization. Based on FTIR
analysis; functional groups’ presence served as capping agents on NPs surfaces,
preventing the agglomeration of metal NPs [53]. In the present study, spherical to
irregularly shaped biogenic CuNPs were found by SEM. Our findings are in line with lliger
et al. [50], who reported cluster-shaped CuNPs with a size of more than 100 nm. In
another study, spherical-shaped CuNPs with an average size of about 2.47 £ 1 ym were
identified by Aderolu et al. [54]. The important marker in diabetic complications includes
protein glycation and fructosamine formation called Amadori produces reactive
methylglyoxal, deoxy glucose. Advanced glycation products formed includes further
oxidation, dehydration; led to cellular dysfunction, memory loss, neuropathy,
nephropathy, and retinopathy [55, 56]. Many ethnobotanical works have demonstrated
the growing influence of the conventional treatments for diabetes. Although many
important anti-glycation and anti-diabetic compounds had been isolated from several
plants, there are still many practical plants currently used to treat post-diabetic
complications not screened to identify bioactive compounds responsible for inhibitory
activity [55]. CuNPs employed in this study have revealed the good percentage inhibition
against the formation of fluorescent AGEs in a dose dependent manner. This trend is due
to more consumption and doses that lead to increased oxidative stress and glycation rate
that need to be further investigated. Plants and spices found in most homes may be able
to stop the production of AGEs [56]. Present research implies that the combined
interaction of phenolic compounds found in the extracts with nanomaterials could account
for the antioxidant and antiglycation capabilities of domestic plants. Bactericidal potential
of M. piperita extract, and CuNPs against Methicillin-resistant Staphylococcus aureus as
investigated by disc diffusion assay. The antibacterial activity of NPs is best explained by
their high surface area per volume and simple permeability [22]. The bactericidal
properties of CUNPs are mainly attributed to copper cations released by CuNPs, attached
to the bacterial cell wall with electrostatic attraction ultimately rupturing it, causing protein
denaturation and dissipation of the proton motive force and cell lysis [57]. According to
current studies, metallic CuNPs were more effective against several antibiotic-resistant
bacterial strains, and more reactive than copper oxide NPs [54, 58]. The bactericidal
capabilities of NPs suggest that they can be utilized as an effective alternative to
antibiotics. The CuNPs therapeutic potential was tested for pronounced wound
contraction and epithelialization. Biogenically synthesized CuNPs enhanced the wound
healing more effectively than plant extract, and commercially available ointment.
Morphological observation and histopathological examination of wound tissues further
confirmed the superiority of the green synthesis approach. CuNPs intensified activity is
endorsed to its strong antimicrobial potential that assists in the reduction of the microbial
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load at the wounded area and improves healing process [22, 59]. M. piperita based CuNP
stimulate healing mechanism efficiently as it is rich in bioactive components such as
essential oils, flavonoids, phenols that promote anti-inflammatory responses [24].
Phytochemicals may speed up the healing process by releasing oxygen anions and
preventing peroxyl-free radicals [60]. Phytoconstituents in the M. piperita plays a part in
the process of wound healing. The fibroblast linked to collagen deposition across healing
wound area is indicator of recovery leading toward scar development. Fibroblasts are
linked to the cytokines, interleukins secreted by macrophages involved in process of
phagocytosis important in skin restoration. Less duration for tissue restoration by means
of high collagen leading to scar formation are healing parameters [61-63]. The H&E
staining show M. piperita based CuNP showed complete re-epithelialization 21D-post-
wounding. MT staining also supports the observation of improved collagen deposition
with granulation in CuNP-carbopol dressings made from M. piperita. The staining also
shows thin dermis layer with rough epidermis in untreated diabetic model. The reason
can be due to longer period of wound healing and closure might be attributed by longer
duration of diabetic wound to achieve complete healing. The histological assay is in line
with wound closure by Moringa leaf extract dressing [61]. Histopathology suggested
carbopol dressings are capable to promote collagen deposition, with alignment to
accelerate the wound contraction rate (Tab. 3; Fig. 5). Our work clearly disclosed novel
compound; Medioresinol identified in M. piperita extract hold wound healing potential that
could be an alternative source for wound healing therapies.

5. CONCLUSION

In this study, an ESI-MS/MS phytochemical fingerprint profiling of M. piperita methanolic
extract revealed the detection of 5 compounds, among them Medioresinol is identified for
the first time. Further we employed biomolecules mediated rapid, simple, and eco-friendly
synthesis of CuNPs, as green synthesis approach has merits over other reported
methods. Phenolic and flavonoids high content in the plant extract may be responsible
for strong antimicrobial and antiglycation properties suggesting that the M. piperita
together with CuNPs can be used as an effective wound-healing agent. A histological
analysis of M. piperita based CuNPs-treated groups at the best dose of 25 mg/kg revealed
better re-epithelialization, enhanced fibronectin content and fibroblast cells. It can be
proposed that the further studies with purified constituents are needed to understand the
complete mechanism of wound healing activity using plant extracts and CuNPs.
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