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Abstract

Background The present study aims to enhance the wound healing potential of the seed oil (SO) of Lagenaria sicer-
aria (Egyptian cultivar) via the preparation of SO-loaded binary nanoethosomal (SO-BNE) gels. SO-BNEs were prepared
using 2> factorial design, characterized for vesicle size, zeta potential, polydispersity index, linoleic and oleic acid EE%
for ensuring improved skin permeability. The L. siceraria SO, optimized SO-BNE gels (0.5% and 5%) and Mebo® were

topically applied in full-thickness wounded rat model twice daily for 10 days.

Results In the SO-BNE gel groups, the normal appearance of the skin architecture and structure of the dermis

was revealed. In addition, the levels of NRF2, TGF-31 and FOXO1, collagen type I, SMA-a and MIP2 were signifi-
cantly elevated. The wound healing potential of SO-BNE gels was proposed to be via suppression of oxidative stress
and stimulation of skin regeneration biomarkers. Furthermore, the SO screening through GC/MS unveiled high
percentages of unsaturated fatty acids. SO was also found to be nontoxic to human skin fibroblast cells; enhanced
viability and migration rates at concentration of 50 g/mL by 99.76% and 75.9%, respectively.

Conclusion These findings demonstrate that the Lagenaria siceraria SO-loaded BNE gels represent a promising deliv-
ery for wound healing with enhanced release and bicavailability.

Keywords Lagenaria siceraria seed oil, GC-MS, Binary nanoethosomal gel, Wound healing, TGF-31, Collagen type |

Background

Globally, the management of wounds is extremely chal-
lenging and has a significant economic burden on health-
care systems. In 2023, the size of the global market for

*Correspondence:

Fatema R. Saber

Fatema.saber@pharma.cu.edu.eg

! Department of Pharmacognosy, Faculty of Pharmacy, Cairo University,
Cairo 11562, Egypt

2 Department of Pharmacology, Medical Research and Clinical Studies
Institute, National Research Centre, Giza 12622, Egypt

? Department of Pharmaceutics, Egyptian Drug Authority (Formerly
National Organization for Drug Control and Research), Giza 12553, Egypt

@ Springer Open

wound care was estimated at USD 22.25 billion and is
expected to grow at a rate of compound yearly growth
of 4.17% from 2024 to 2030 [1]. A complicated biological
process manages wound healing to restore tissue integ-
rity and function [2]. It involves four overlapping stages:
hemostasis, inflammation, proliferation and remodeling.
At the early stage of the wound healing process, some
cytokines that promote inflammation, including trans-
forming growth factor (TGF) that affects keratinocytes
and fibroblasts to stimulate extracellular matrix deposi-
tion in the injured area [3] and promote expression of key
components such as collagen type I and fibronectin [4].
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However, persistent inflammation is directly related to
delayed healing and chronic wounds [5].

The ancient Egyptians had offered approaches for
wound healing using natural products [6]. They used
honey and grease to reduce inflammation and shield
wounds against infection, and lint from vegetable fiber to
aid wound drainage.

Throughout history, several wound healing products
have been developed, but some are not effective and lead
to impaired healing, while many natural products with
anti-inflammatory, antimicrobial, antioxidant and colla-
gen-stimulating actions can favor the wound healing pro-
cesses [7].

Lagenaria siceraria (Mol.) Standley, (known as bot-
tle gourd in English) is an economically important crop
belonging to the family Cucurbitaceae. The young and
tender fruits of most cucurbits are used as vegetables and
demonstrate diverse pharmacological actions [8, 9]. The
fruits and seeds of bottle gourd are traditionally used for
pain, fever, ulcers, asthma, cough and other bronchial
conditions [10]. The seed oil (SO) is known for its high
content of unsaturated fatty acids [11], phytosterols [12,
13], polyphenols, vitamins, amino acids and minerals
[14]. Most of these constituents are reported to have anti-
inflammatory, antimicrobial and antioxidant activities
[15-17]. However, their presence in topical preparations
is challenging because of their susceptibility to oxidation
and water solubility issues.

Several conventional methods for drug delivery are
frequently utilized for topical therapies [18], but few of
them have few drawbacks like higher dosage required,
lower effectiveness and adverse effects [19, 20]. Recently,
nano-based transdermal drug delivery systems have been
developed to address some of these limitations, enable
better bioavailability and patient compliance [21]. Etho-
somes are nano-vesicular carriers composed of phos-
pholipid vesicles, water and relatively high amounts of
ethanol (a permeation enhancer) to increase the permea-
tion of several lipophilic and hydrophilic drugs [22, 23].

Binary nanoethosome (BNE) is an advanced nano-
sized ethosome that contains a binary alcohol phase
(ethanol and propylene glycol or isopropanol) to enhance
nanoethosome stability. BNE has a deformable spherical
structure of lipid bilayer that can permeate deeply into
skin layers resulting in enhancement of the transdermal
diffusion of the investigated drug through the skin layers
[24]. Nano-formulation of seed oil's main advantage is to
overcome challenges concerning bioavailability, stability
and permeation of the bioactive ingredients [25].

The current study was designed to investigate the
wound healing effects of chemically and physically char-
acterized L. siceraria SO-loaded BNE gels in rats after
detecting the oil’s toxicity via an in vitro study. Its effect
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on the expression of NRF2, TGF-B1 and FOXO1, collagen
type I, SMA-a and MIP2 will be investigated. In addition,
the metabolic profile of SO will be identified by employ-
ing gas chromatography-mass spectrometry (GC-MS).

Materials and methods

Sampling

The SO of L. siceraria (Mol.) Standley (Egyptian cultivar)
was purchased from Al-Yaqteen private farm, Al-Shargqia,
Egypt in July 2022. The SO (100 ml) was prepared from L.
siceraria seeds (1.0 kg) by cold press method using pres-
sure at 50 °C.

The provisional identification of the plant was per-
formed using Flora & Phytotaxonomic Research Depart-
ment, Agricultural Museum, Giza, Egypt by Prof. Dr.
Abd-Elhalim Abd-Elmogally (Chief Researcher, Flora
& Phytotaxonomic Department, Agricultural Museum,
Giza, Egypt) with an identification document in Fig. S1A.
A voucher specimen (Specimen no. 4.10.2021. II) is pre-
served at the Pharmacognosy Department Herbarium
(Faculty of Pharmacy, Cairo University, Egypt) with a
photo of the herbarium shown in Fig. S1B.

Chemicals and reagents

WST-1 reagent (water-soluble tetrazolium salt) and HSF
(human skin fibroblasts) were supplied from Nawah
scientific research center (El-Mokattam-Egypt). 25%
B-sitosterol in sesame oil (Mebo® cream), Julphar Gulf
Pharmaceutical Industries Manufacture) was purchased
from the Egyptian market.

Soybean (90%) was purchased from Thermo Scientific
Chemicals (USA). Ethanol 70% was purchased from Fis-
cher Scientific, USA, and propylene glycol (PG) from
Sigma-Aldrich, Munich, Germany. Phosphotungstic
acid (PTA) and Tween 80 were purchased from Sigma-
Aldrich, Munich, Germany. Carbopol 940 from Lubrizol
Chemical co, USA, and triethanolamine from Merck,
Germany. Ethanolic potassium hydroxide, sodium thio-
sulfate and phenolphthalein from Merck (Germany).

Methods
Physicochemical characterization of L. siceraria SO
Determination of specific gravity
A dry density bottle with a 25 mL volume capacity was
precisely weighed before filling with distilled water and
then reweighed. Similar to the first, a dried density bot-
tle that had been preweighed was filled with oil and
reweighed. The specific gravity was calculated as follows:
Specific  gravity=Wb+0—Wb/Wb+w-Wb where,
Wb+0 is the weight (g) of bottle filled with oil, Wb+w
is the weight (g) of bottle filled with water and Wb is the
weight (g) of the empty bottle [26].
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Determination of refractive index

The refractive index of SO was determined employing
an Abbe 60 refractometer [27] at 40 °C [28] using direct
reading model (60/95) in which the refractive index is
read automatically using the Abbe Utilities software.

Determination of saponification value

SO (Two grams) was placed in a conical flask with etha-
nolic potassium hydroxide solution (25 mL) and then
refluxed for 30 min. Phenolphthalein (2.0 mL) was
added after cooling to the saponified mixture followed
by titration with 0.5 M HCI [29].

Where N is the molarity of HCI, W is the weight of oil
and V1 and V2 are the titer volumes of the blank and
sample, respectively, the saponification value is equal to
56.1 N (V1-V2)/W.

Determination of iodine value

An amount of SO (0.20 g) was dissolved in 10 mL car-
bon tetrachloride and then 25 mL of Wijs (iodine mon-
ochloride) solution was added. The mixture was kept in
the dark at 25 °C for 30 min. Then, 100 mL of distilled
water and 15 mL of potassium iodine solution were
added and properly combined. 0.1 M sodium thiosul-
fate was used to titrate the mixture and 1% starch was
used as an indicator [30].

Iodine value=12.692 (TB-TS)x N/Weight of the oi
sample. Where N is the normality of sodium thiosul-
fate, TB and TS are the titer volumes of the blank and
sample, respectively.

Determination of acid value

SO (5 gm) was added to a conical flask containing neu-
tralized boiled alcohol (50 mL). Following this, 5 drops
of phenolphthalein were added, using 0.1 M NaOH as a
titrant with phenolphthalein as an indicator [30].

Acid value=N X (TB-TS)x M/Weight of the sample
oil where, N is the normality of NaOH, M is the molec-
ular weight of NaOH, TB and TS are the titer volumes
of the blank and sample, respectively.

Determination of ester value
The formerly calculated saponification value (reflux-
ing the oil with ethanolic potassium hydroxide solution
followed by titration with HCL) is used to subtract the
oil acid value (titration with 0.1 M NaOH). Then, ester
value is calculated as follows:

Ester value =saponification value-acid value.

Chemical analysis by gas chromatography-mass
spectrometry (GC-MS) analysis of L. siceraria SO
The preparation of fatty acid methyl esters (FAME) and
unsaponifiable part were performed according to El-Said
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& Amer, [31]. GC1310-ISQ mass spectrometer (Thermo
Scientific, Austin, TX, USA) with a capillary column
HP-5MS (30 mXx0.25 mmx0.25 um film thickness)
was employed in sample structure investigation using
helium as carrier gas at 1 ml/min flow rate. The tem-
perature of the column oven gradually increased from
230 to 290 °C. The temperature of the MS transfer line
was held at 250 °C. Meanwhile, the injector temperature
was at 260 °C. Autosampler AS1300 coupled with GC in
the split mode was used in samples automatic injection
(1 pL). EI mass spectra were held at 70 eV ionization volt-
ages in full scan mode holding the ion source at 200 °C.
First, peaks were deconvoluted using AMDIS software
(www.amdis.net) then identification of the compounds
was performed by comparing their retention indices and
mass spectra of NIST 11 and WILEY 09 mass spectral
databases [32].

In vitro wound healing effect of L. siceraria SO

Cell viability

Sharma et al. [33], described WST-1 assay using an
Abcam® kit (ab155902 WST-1 Cell Proliferation Reagent)
using HSE, cells were kept in DMEM media with the sup-
plement of 100 mg/mL of streptomycin, 100 units/mL
of penicillin and 10% of fetal bovine serum (heat-inacti-
vated) in humidified 5% (v/v) CO, atmosphere at 37 °C.
50 ml aliquots of cell suspension (3x103 cells) were
seeded in 96-well plates and incubated for 24 h in com-
plete media. Another aliquot of 50 pl media containing
SO at 50 pg/mL and 100 pg/ml was applied to the cells.
After 48 h of SO exposure, cells were subjected to 10 pl
WST-1 reagent and after 1 h. the absorbance was meas-
ured at 450 nm using a BMG LABTECH®- FLUOstar
Omega microplate reader (BMG LABTECH, Germany).

Cell migration assay

Main et al. [34] previously described the cell migration
assay in which HSF cells were cultured overnight in 5%
FBS-DMEM at 37 °C and 5% CO,. Horizontal scratches
were inserted into the confluent monolayer. Fresh
medium was added to the control wells while drug wells
in concentrations of 50 and 100 pg/mL were treated with
fresh media. Monitoring and photographing the wound
closures were performed by phase contrast microscopy
after 24 and 48 h of incubation. The acquired images are
displayed below and were examined by MII Image View
software version 3.7. Mebo® cream (Gulphar Gulf com-
pany, Egypt) was used as a positive control, while SO and
untreated cells served as the negative control.

Formulation of SO nanoethosomes
23 Factorial design was constructed to formulate
nanoethosomes using Minitab® 20.4. The percentage
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of lecithin soybean (X1), percent of ethanol (X2) and
percent of propylene glycol (X3) were chosen as the
independent variables whereas the selected dependent
variables were vesicle size (Y1) and zeta potential (Y2),
polydispersity index (Y3), linoleic acid content (Y4) and
oleic acid content (Y5).

Firstly, lecithin soybean (X1, 2% and 3%) was pri-
marily dispersed in water forming a colloidal solution
by heating at 40 °C. SO was diluted with the ethanolic
solution; that is, 1 gm of the SO was diluted with 5%
tween 80 in ethanol to 2 mL. In another vessel, take
SO alcoholic solution with tween 80 in ethanol and
PG (X2, 20, 10% and X3, 0, 10%) and heat at the same
temperature. Then, the organic phase was added to
the aqueous phase with continuous stirring [35]. Eight
nano-formulations were prepared where four formula-
tions of them were BNEs.

Characterization of nanoethosomes

Determination of entrapment efficiency (EE%) (GC/FID
assay of FAME in SO nanoethosomes) The analysis of
FAME of L. siceraria SO (extracted from SO nanoetho-
somes was processed using gas chromatography coupled
with a flame ionization detector (FID), as well as 30 m
long, 0.32 mm diameter and 0.25 um film thickness,
cross-linked with 5% phenyl polysiloxane (HP 5-capillary
column, Hewlett Packard, Palo Alto, CA, USA) fused-
silica column.

Samples preparation

Extraction of L. siceraria SO from SO nanoethosomes
was processed as follows: 5mL of nanoethosomes were
ultracentrifugated for 1 h at 15,000 rpm at 4 °C using
cooling centrifuge (Beckman, Fullerton, Canada). The
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loaded vesicles were successively sonicated with 20 mLs
of n-hexane (10*10) for 1 min.

Vesicle size (VS)

VS is a crucial parameter for any nano-formulation. Small
VS can promote drug permeability and consequently effi-
ciency of the formulation. The measurement of average
VS in conjunction with the polydispersity index (PDI)
was performed using a Malvern Zeta sizer (Nano ZS90,
Malvern Instrument Ltd., UK). Samples were then diluted
with distilled water and measured in triplicates [36].

Zeta potential (ZP) and polydispersity index (PDI)

ZP value is an important constraint that indicates the
stability of developed nanoethosomes. Together with
PDI, they designate the homogeneity of the prepared for-
mulations. Samples were analyzed by the zeta potential
analyzer (Nano Z590, Malvern Instrument Ltd., Worces-
tershire, UK). Double distilled water was used in the
dilution of all formulations and the mean of three meas-
urements + SD of each formulation was determined [36].

Selection and characterization of the optimized formulation
The optimized formulation was selected using Minitab®
20.4. The optimization constraints are presented in
Table 1 and Fig. S5.

Transmission electron microscopy (TEM)

The selected formula was envisioned utilizing TEM
(JEM-1230, JEOL Ltd., Japan). The sample was dyed
with 1% phosphotungstic acid (PTA) and then left to
dry on a carbon-coated grid. Afterward, each specimen
was visualized under the microscope at 10-100 k-fold
amplification at an increasing voltage of 100 kV [37].

Table 1 Independent variables and observed dependent variables of the SO-BNEs (data represented as mean+SD)

Formulations Independent variables

Dependent variables

Lecithin Ethanol PG* % (X3) Vesicles Size (Y1) Zeta Potential (Y2) PDI*(Y3) EE%* (% of total peak area)
soybean(X1) % (X2) nm mV
% Linoleic acid (Y4) Oleic acid (Y5)
F1 3 20 - 188.6+0.53 -193+173 048+0.04 3773 79
F2 3 20 10 114.8+0.87 —223+043 047+002 5237 10.91
F3 3 10 - 2279+095 —-182+08 0.755+0.04 49.22 6.38
F4 3 10 10 1503+0.26 —-162£1.58 0.595+0.03 44.09 7.39
F5 2 20 - 162.1+£0.79 —193+1.8 048+0.04 499 N. D**
F6 2 20 10 15444173 —222+1.82 0457+0.02 49.22 7.07
F7 2 10 - 189.1+£1.25 —-198+2.33 0541+£0.05 4943 N. D**
F8 2 10 10 1512091 —-203+1.83 0.384+0.02 4931 N. D**
Optimization constraints Minimize Maximize Minimize Maximize Maximize

*PG propylene glycol, PDI polydispersity index and EE% entrapment efficiency %
**N.D non-detected
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Preparation of the optimized SO-BNE gel

Direct method was adopted to prepare the BNE gel
where 1% Carbopol 940 was dispersed gently into the
BNEs alcoholic dispersion with constant stirring using
a magnetic stirrer till obtaining homogenous disper-
sion. Triethanolamine was then dropped to neutralize
the developed gel [38].

Characterization of SO-BNE gel

Both the blank gel and SO-BNEs gels were visually
tested then a glass plate was used to press 0.5 g of the
gel for 5 min to measure the spreadability of the gel
where the diameter of the gel after spreading was docu-
mented [39].

Chemical characterization of SO-BNE gel

GC/FID assay technique of the FAME part of the
extracted SO from BNE gel was performed according to
the above-mentioned method. Extraction of L. siceraria
SO from BNE gel was executed as follows: 1 gm of gel
was dispersed in 20 mls of water then was successively
sonicated with 20 mls of hexane (10*10) for 1 min each.

Mechanical properties of SO-BNE gel

Both blank and medicated gels were tested mechani-
cally through a TA-XT Plus Texture Analyzer (Stable
Micro Systems, UK) which is equipped with a 5 g load
cell. The device analytical probe of 10 mm diameter
was inserted into each tested gel for a certain depth (15
mm) at a 1 mm/s rate. Both the gel compressibility and
strength (hardness) were detected using the subsequent
force-distance curve [40, 41]. Tests were performed in
triplicates for each gel.

Rheological properties

The rheological characteristics of SO-BNE gel were inves-
tigated to identify the gel appropriateness for applica-
tion using Brookfield DV III Viscometer at 25 °C+0.1 °C
using spindle 40 within 0.3-5 rpm. The shear rate (y) and
the shear stress () were measured and plotted to fit the
power law model for equation [42]:

n = kyn™! 1)

The consistency index (k) and the flow index (n) of
each formula were calculated.

Occlusion factor

The occlusion factor for both blank and SO-BNE gel
were revealed. Glass vials were filled with a specified vol-
ume of distilled water, weighed then capped with filter
paper (cellulose acetate filter, 90 mm, cutoff size 4—7 um)
using adhesive tape as a seal. The tested gel (200 mg) was
spread consistently on the filter paper and was kept at
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32 °C for 48 h A control vial was used without putting the
sampled gel on the filter paper. The vials were reweighed
after the specified time to determine evaporated water
through the filter. The occlusion factor (F) was calculated
as follows [43]:

F = (A—B)/AX 100 @)

where A is the water loss without a sample.
B is the water loss with a sample.

In vivo wound healing effects of L. siceraria SO and L.
siceraria SO-BNE gel

Animals

Thirty-two mice of both sex with weights between 25 and
35 g and thirty-six male Sprague Dawley rats of a breed-
ing colony weighing 150—-170 g were obtained from the
unit of the National Research Centre (NRC), Egypt. The
rats were housed at controlled humidity and tempera-
ture (45-55% relative humidity/23+2 °C) and exposed
alternatively to 12 h. of darkness and light. They were
fed with pelleted food and tap water ad libitum and kept
in individual clean cages during the experiment period.
This study was approved by the Medical Research Eth-
ics Committee, Cairo University, Cairo, Egypt (approval
number MP 3256).

Skin irritation study

Thirty-two mice of both sex with weights between 25
and 35 g were used in investigating the irritant effect of
L. siceraria SO and SO-BNE gel (at concentrations of 5%
& 10%) that were applied once. They were divided into 4
groups (eight mice in each and divided equally between
males and females). They were caged separately and pro-
vided with normal food [44].

Group I: positive control group in which mice weren’t
given any of the formulation treatments.

Group II Animals were applied by L. siceraria SO.

Group III Animals were applied by SO-BNE gel in con-
centration of 5% of SO.

Group IV Animals were applied by SO-BNE gel in con-
centration of 10% of SO.

After anesthetizing the mice, hair was removed from its
back by depilatories to mark an area of 2 cm” Skin reac-
tions and irritations in the form of redness were assessed
after 1, 24 and 48 h.

Experimental design of wound

The experiment followed the ARRIVE guidelines and
according to the U.K. Animals (Scientific Procedures)
Act, 1986 and associated guidelines. Full-thickness
wound model in rats was used in the biological evalua-
tion of the topical application of L. siceraria SO-BNE gel
[45]. Rats were subjected to dorsal skin shaving with an
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electric razor under light anesthesia. Afterward, divided
into six groups (6 rats each). The normal control group
and the remaining five groups were wounded using a
sterile biopsy punch needle (No.5, Ribbel International
Ltd., India) to create full-thickness skin excision round
wounds (5 mm in diameter). One wound was created on
both sides of the rats’ spinal column by removing a small
skin patch to expose the muscular fascia [46].

The wounds were treated after excision, twice daily
with reference drug Mebo®, L. siceraria SO, L. siceraria
SO-BNE gel (0.5%) and L. siceraria SO-BNE gel (5%).
In addition, the untreated group represented a positive
control. On the 10-day post-wounding, cervical disloca-
tion was used in rats scarifying after anesthetizing again.
After excision of the wounded tissues, they were split up
into two parts. Part I was homogenized and the superna-
tant was used for further biochemical examinations, and
part II was used for histopathology.

Morphology of the wound

Wound healing was assessed by measuring the wound
area reduction 0, 3, 7 and 10 days after the beginning of
the experiment. The relative wound area reduction was
calculated using the following equation:

Relative reduction in wound area (%)= (Ao-At)x 100/
Ao.

Where Ao and At are the wound area at zero time and
time (¢), respectively. Smart Phone camera Huawei FLA-
LX1 (resolution of 8 megapixels) was used in taking pho-
tographs of the wound, and then processed on Image]J
(http://rsbweb.nih.gov/ij/download.html) [47].

Evaluation of NRF2, TGF-B1, FOXO1, collagen type I, SMA-a
and MIP2
On the 10-day post-wounding, wounded tissues were
excised after scarifying the rats. Homogenates of the tis-
sues in 20% (w/v) were prepared in phosphate buffer (pH
7.4) using a homogenizer (Medical instruments, MPW-
120, Poland). The homogenates were then centrifuged for
10 min at 4000 rpm and 4 °C using a cooling centrifuge
(2 k 15, Sigma, Germany). Supernatants were collected
and relevant biochemical markers were evaluated [48].
The levels of NRF2, TGF-B1, collagen type I, SMA-«
and MIP2 were determined using enzyme-linked immu-
nosorbent assay (Sunlong Biotech Co., Ltd, China), and
FOXO1 was estimated using SunRed Biotech Co., Ltd.,
China ELISA kit [49].

Histopathological examination by light microscope

10% Formal saline was used in skin samples fixation
for at least 24 h and then were preserved in 70% etha-
nol. Xylene was used in specimens clearing, after that
was embedded in paraffin for 24 h in a hot air oven at
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56 °C. Beeswax paraffin tissue blocks were sectioned at 4
microns thickness using sledge microtome. These tissue
sections were collected on glass slides, deparaffinized and
stained by hematoxylin & eosin for routine examination.
Images were taken at the pathology laboratory, National
Research Centre using an image analysis system with
light microscope Olympus CX41 and SC100 video cam-
era attached to a computer system. Photomicrographs
were captured at different magnifications and processed
using Adobe Photoshop version 8.0.

Statistical analysis

All quantifiable comparisons in our study were per-
formed using one-way analysis of variance (ANOVA) fol-
lowed by post hoc multiple t-tests for the in vitro assay
and Fisher’s LSD test using the GraphPad Prism program
8.0, USA, for the in vivo model. Results are presented as
mean + SD of six rats, and the difference was found sig-
nificant when p value is <0.05.

Results

Analysis of physicochemical properties

Table S1 summarizes the physicochemical properties of
L. siceraria SO. The specific gravity of SO was 0.9202.
Similar results were previously reported for the SO of
L. siceraria by Popoola et al. [50], and for pumpkin SO
by Amin et al. [51]. The refractive index value of SO is
1.4720. L. sacraria SO was found to have high saponifi-
cation and iodine values of 193.26 and 110.39 (g 1,/100
g oil), respectively. In addition, L. siceraria SO was
observed to have a low peroxide value of 0.984 meq/kg.

In vitro wound healing effect of L. siceraria SO

Effect of L. siceraria SO on cell viability

The effect of L. siceraria SO on the viability of HSF was
assessed by WST-1 assay (at concentrations of 50 and
100 pg/mL). Generally, SO is regarded to be nontoxic to
HSEF cells if the cell viability percentage reaches 70% [53].
Both oil concentrations at 50 and 100 pg/mL showed
high HSF cell viability percentages: 99.76% and 97.95%,
respectively.

Cell migration assay

Cell migration percentages of HSF after treatment
with SO for 24 and 48 h are displayed in Fig. S2, while
Fig. S3 shows the images of cell migration progres-
sion of HSF cells at 50 pg/mL at 0, 24 and 48 h post
injury compared to negative and positive controls.
There was a mild migration rate percentiles of cells
found in negative control with (52.88% +4.42), while
an enhanced migration of cells was noticed in the posi-
tive control (Mebo® cream) group (cell migration rate
of 94.96% +1.09 after incubation for 48 h). Also, L.
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siceraria SO showed an enhanced migration rate of
75.9% +0.93 after incubation for 48 h. Interestingly, it
was observed that the cells migrated better at 50 pg/
mL than 100 pg/mL in all samples. It is noteworthy to
mention that this is the first time to test the effect of L.
siceraria SO on HSF cell lines.

GC-MS analysis of L. siceraria SO

GC-MS analysis of the metabolites of L. siceraria SO
(Fig. S4) led to the annotation of 25 metabolites as com-
piled in Table S2A and B belonging to fatty acid methyl
esters (FAME) and unsaponifiable part (fatty alcohol,
fatty aldehydes, aliphatic hydrocarbons and sterols),
respectively. 14 FAME were detected that represented
93.23% of the total ionic chromatogram (TIC) area of
which 70.17% were calculated as unsaturated fatty acids.
They were mostly represented by the omega FAs either
monounsaturated such as oleic acid (C18:1) or polyunsat-
urated such as -6 linoleic (C18:2) or -3 linolenic acids
(C18:3) representing 12.35, 55.48 and 0.7% area of TIC,
respectively. Concerning saturated fatty acids, L. siceraria
SO was found to be an important source of hexanoic,
stearic (C18:0) and palmitic acids (C16:0). In addition,
L. siceraria SO was found to be a rich source of squalene
(representing 5.6% of TIC area). These results are in
accordance with that previously reported on L. siceraria
SO [54].

Formulation of SO nanoethosomes

Table 1 displays the formulation of eight SO nanoetho-
somes by the 23 factorial design where four of them were
BNE, the observed dependent variables namely, VS, ZP,
PDI and linoleic and oleic acids EE%.

200
Vesicle Size

150

100 | —

15 g 0
Ethanol % 20

A

Oleic acid EE%
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Physicochemical characterization of SO nanoethosomes
Determination of entrapment efficiency (EE%)

After extraction of L. siceraria SO from nanoethosomes,
GC/FID analysis of the FAME part was employed. The
results showed that Lecithin soybean % significantly
affected the EE% of oleic acid as presented in Fig. 1.
Moreover, F2 exhibited the highest entrapped percent-
age of both linoleic and oleic acids; 52.37% and 10.91%,
respectively, as shown in Table 1.

Measurement of vesicle size (VS)

Table 1 shows the VS of the prepared SO nanoethosomes
where VS varied between 114.8+0.87 and 227.9+0.95
nm. It was revealed that using PG in BNEs significantly
reduced the vesicle size (Fig. 1).

Zeta potential (ZP) and polydispersity index (PDI)

As presented in Table 1, ZP ranged from —16.2+1.58
to —22.3+0.43 mV. Binary nanoethosomes containing
PG showed results above 20 mV indicating the capabil-
ity of vesicle charges to prevent agglomeration and thus
increased stability than other prepared nanoethosomes
[55].

All formulations showed PDI less than 1 (as presented
in Table 1) where BNE ranged from 0.384 to 0.541, while
other nanoethosomes ranged from 0.48 to 0.755. BNEs
showed narrower distribution and uniformity of size
within formulation than nanoethosomes [56].

Characterization of the selected formulation

F2 was selected as the optimized formulation to continue
further studies on it as it has the least VS, PDI, highest
linoleic, oleic acid content and ZP as presented in Fig. S5.

L PG%
20

25 " 0
3.0

Lecithin soybean %

Fig. 1 Surface plot of A Vesicle size using different concentrations of ethanol and PG, B Oleic acid content using different concentrations of lecithin

soybean and PG
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Transmission electron microscopy (TEM)
TEM of the selected BNE (F2) is presented in Fig. 2
which shows nanosized non-aggregated vesicles having
a bilamellar spherical structure that conforms with the
BNE phospholipid vesicular structures.

Preparation of selected SO-BNE gel

1% Carbopol 940 gel was formulated to contain F2 dis-
persion. The gel formation and cross-linking charac-
teristics of Carbopol 940 make it appropriate for the
incorporation of SO-BNE [57].

Characterization of selected SO-BNE gel

The developed SO-BNE gel formulation displayed good
homogeneity and consistency. In addition, it showed
appropriate spreadability (5.831+0.41 cm), rendering
the gel suitable for skin application to guarantee patient
compliance.

Chemical characterization of selected SO-BNE gel

The prepared BNE gel of F2 showed appropriate chemi-
cal content of extracted SO by 50.4% and 7% of linoleic
and oleic acids, respectively.

Mechanical characterization

The inclusion of SO-BNE dispersion into the gel boosted
both the gel hardness and compressibility from 9.4+1.3 N
to 12.4+1.85 N and from 28.2 N mm to 37.2 N mm, respec-
tively, indicating adequate gel consistency and strength to
apply the gel at the site of action without deformation [23].
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Occlusion factor

The SO-BNE gel (75.1%+1.1%) displayed a significantly
higher occlusion factor than the blank gel (59.8% + 3.4%),
indicating good wound healing capability.

Rheological characteristics

Detection of the rheological characteristics of semisolid
dosage forms is vital for understanding and control-
ling how a fluid will perform upon application. It was
observed that increasing the shear rate from 3.75 to
37.5 57! reduced the determined viscosity from 43,077
to 6533 Cps and from 67,231 to 11,760 Cps for SO-BNE
gel and blank gel, respectively. Both gels (SO-BNE and
blank gels) showed shear thinning properties with a flow
index (n) value of less than 1. SO-BNE gel displayed non-
Newtonian behavior of n value equal to 0.064 and con-
sistency index (K) of 3.0736 representing a shear thinning
gel of adequate viscosity. On the other side, the blank
gel showed a flow index ‘%’ of 0.0525 with a consistency
index (k) of 3.3433 [58].

In vivo wound healing effects of L. siceraria SO and L.
siceraria SO-BNE gel

Skin irritation study

Skin irritation studies of L. siceraria SO and SO-BNE
gel in a concentration of 5% were found to be compat-
ible with mice skin; there were no signs of erythema
or edema formation in rats for a period of 48 h. Mean-
while, SO-BNE gel in concentration of 10% showed
slight erythema as shown in Fig. S6 and hence, SO-BNE

Fig. 2 TEM of the selected SO-BNE (Formula 2)
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gel in concentration of 5% and its one-tenth concentra-
tion (0.5%) were investigated for their wound healing
potentials.

Effect of L. siceraria SO and L. siceraria SO-BNE gel

on the wound healing %

An un-healed open contracted wound was observed after
10 days in the positive control group, whereas applying
Mebo®, L. siceraria SO, L. siceraria SO-BNE gel 0.5% and
L. siceraria SO-BNE gel 5% for 10 days, ameliorated the
wound by 75%, 86%, 95% and 99%, respectively, as com-
pared to the positive control group (Fig. 3, Fig. S7).

Effect of L. siceraria SO and L. siceraria SO-BNE gel

on the expression of NRF2, FOXO1 and TGF-$ in wound
healing model

In the current study, levels of NRF2 were decreased sig-
nificantly in the full-thickness wound rat model by 60%
in comparison with the normal control group. Applying
Mebo®, L. siceraria SO and L. siceraria SO-BNE gels in
0.5% and 5% for 10 days increased the levels of NRF2 by
36%, 56%, 105% and 151%, respectively, as compared to
the positive control group. In addition, treatment with
L. siceraria SO-BNE gel (5%) significantly increased the
levels of NRF2 by 85%, as compared to Mebo® (p <0.05)

control mebo

Day 7

Day 10
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suggesting that L. siceraria SO-BNE gel (5%) has a major
impact on wound healing via activation of the NRF2
pathway (Fig. 4).

FOXO1 induces keratinocyte migration and prolif-
eration and reduces apoptosis of keratinocytes which
improves wound healing. In the present study, levels
of FOXO1 and TGF-B were significantly decreased in
wounded rats by 88% and 79% in comparison with the
normal control group. Treatment with Mebo®, L. sicer-
aria SO, L. siceraria SO-BNE gels in 0.5% and 5% for 10
days increased the levels of FOXO1 by 3-folds, 4-folds,
4-folds and 5-folds, and TGF-p by 1-fold, 2.2-folds, 2.6-
folds and 3.8-folds, respectively, as compared to the
positive control group. In addition, treatment with L.
siceraria SO-BNE gel (5%) significantly elevated the lev-
els of FOXO1 by 57% and TGE-p by 1.4 folds, in com-
parison to Mebo® (p<0.05). These results confirm the
cytoprotecting effect of L. siceraria SO-BNE gel against
oxidative stress induced by wounds (Fig. 4).

Effect of L. siceraria SO and L. siceraria SO-BNE gel

on the expression of collagen and alpha-smooth muscle actin
(a-SMA) in wound healing model

The wounded rats showed a significant decrease in the lev-
els of collagen and a-SMA by 70%, and 73%, respectively,

Oil Nano

gel 5%

Fig. 3 Effect of L. siceraria SO and L. siceraria SO-BNE gels and Mebo® on wound morphology in full-thickness wound model
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Fig. 4 Effect of L. siceraria SO and L. siceraria SO-BNE gels and marketed product (Mebo®) on the expression of NRF2 (A), FOXO1 (B) and TGF-p
(€) on the 10-day post-wounding. Data are presented as the mean + SD. of (n=6) for each group. Statistical analysis was carried out by one-way
analysis of variance followed by Uncorrected Fisher’s LSD test. Same letter means non-significant difference, while different letter means significant

difference at p<0.05

in comparison to normal control group. Treatment with
Mebo®, L. siceraria SO, L. siceraria SO-BNE gels in 0.5%
and 5% for 10 days could increase the levels of collagen by
34%, 59%, 79% and 104% and o«-SMA by 44%, 63%, 212%
and 247%, respectively, as compared to the positive con-
trol group. Also, treatment with L. siceraria SO-BNE gel
5% for 10 days significantly increased the levels of colla-
gen and a-SMA by 1.5 folds and 1.4 folds, respectively, in
comparison to Mebo® (p<0.05) (Fig. 5).

Effect of L. siceraria SO and L. siceraria SO-BNE gel

on the expression of (Macrophage inflammatory proteins 2)
MIP2 in wound healing model

Our results revealed that levels of MIP2 were decreased
significantly in rats that were exposed to wound model by

77% in comparison with the normal control group, while
treatment with Mebo®, L. siceraria’s SO and L. siceraria’s
SO-BNE gels 0.5% and 5% for 10 days increased its skin
content by 112%, 139%, 162% and 181%, respectively,
as compared to the positive control group. In addition,
treatment with L. siceraria SO-BNE gel 5% significantly
increased the levels of MIP2 by 33% as compared to
Mebo® (p <0.05) (Fig. S8).

Histopathological results

The histopathological investigation showed that the skin
architecture of wounded positive control group was sig-
nificantly damaged and disrupted (red star) with many
inflammatory cells’ foci at the wound site with vascular
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means significant difference at p <0.05

changes (red arrows) as shown in Fig. 6B in comparison
with normal control group, Fig. 6A. Topical application
of L. siceraria SO to the positive control group revealed
improvement of damaged tissues (black arrows) with
normal structure of dermis, well-formed keratinized
average thickness of epidermis and remarkable enhance-
ment in average number and thickness of blood vessels,
Fig. 6C. Topical application of L. siceraria SO-BNE gels
(both 0.5 and 5%) when compared to each ingredient
alone and to the reference drug could significantly restore
the normal skin structure showing normal architecture,
well-formed keratinized average thickness of epidermis,
normal structure of dermis, average number and thick-
ness of blood vessels and normal appearance of dermal
adenexaegular, (yellow arrows) (Fig. 6E, F). These find-
ings indicated that nano-formulation of L. siceraria SO
had more effective and valuable healing potential for skin
wounds than the other treatments.

Discussion

Vegetable oil plays a crucial role in human nutrition and
health due to its enrichment in various nutraceuticals.
The main obstacles of vegetable oil-based nutraceuti-
cals are concern issues of administration route namely
formulation, stability, bioavailability and permeation
[25]. Nano-formulation has opened up a new avenue for
overcoming these challenges with promising results [59].
Determination of SO proximate parameters is of high

priority for assessing its quality in terms of deteriora-
tion and oxidation [60]. High saponification and iodine
values indicate fatty acids with higher molecular weight
and unsaturated fatty acids extent, respectively [61, 62].
Moreover, the SO peroxide value indicates a low degree
of oxidation, hence this oil becomes more resistant to
oxidation [63]. Chemical profiling of L. sacraria SO was
performed using GC/MS that resulted in the annotation
of 25 metabolites where unsaturated fatty acids consti-
tuted the most abundant part, in particular, linoleic acid.
The quality of seed oil is correlated with its fatty acid
composition, especially the unsaturated fatty acids [64].
Wounds are one of the underreported health issues
and a major challenge to healthcare systems being asso-
ciated with significant costs especially the chronic ones
[65]. Chronic wounds which have a duration of 3 weeks
or longer are reported to be prevalent globally at 2.5 per
1000 population [66]. The process of wound healing is
one that gives rise to tissue repairing in which lost tissue
is replaced with a new one [67]. Interestingly, the scope
of wound healing by L. siceraria is not formerly inves-
tigated such that only one study has been reported by
Alazzawi [68]. In other studies, L. siceraria demonstrated
tissue regenerative actions to hepatocytes in addition to
antioxidant potentials [69]. Based on in vitro and in vivo
studies, L. siceraria SO may be regarded as a nontoxic
potential wound healer. L. siceraria SO in both concen-
trations of 50 and 100 ug/mL showed no toxicity to HSF
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L. siceraria SO-BNE gel (0.5%), F L. siceraria SO-BNE gel (5%). H&E 100x. (Epid.): epidermis, (INF.): inflammatory cells red arrows: blood vessels, yellow
arrows: dermal adenexa, red star: disrupted architecture of skin, black arrows: cells showing degenerative changes

in terms of high cell viability percentages via WST-1
assay. In vitro cell migration assay was employed to
measure the wound closure progression of SO [70] which
revealed an enhanced migration rate within 48 h incuba-
tion when compared to a reference drug (Mebo® cream).

However, due to water insolubility, SO bioavailability
and activity may be limited. Hence, eight SO nanoetho-
somes were prepared by the 2® factorial designs where
four formulations were BNEs. Among different formu-
lations, F2 BNE exhibited the highest oil EE% of omega

fatty acids, ZP, least VS and PDI. Physically, measured
VS, ZP and PDI are important factors that ensure target-
ing efficiency, stability, and uniformity of vesicles in the
prepared BNEs. The use of ethanol in BNEs reduced VS
to a suitable range [71] because of phase formation with
permeating hydrocarbon as well as reduction of the lipid
main transition temperature which leads to fractional
fluidization of the formed vesicles. The addition of PG
to the ethanolic phase led to a significant reduction in
VS which can be attributed to PG fluidizing ability that
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facilitates its infiltration into the vesicular fatty bilayer
resulting in reduced vesicle size [72]. The morphology of
the prepared vesicles in the selected BNE clarifies that no
aggregates were detected indicating the homogeneity of
the formulation [73]. Therefore, formula 2 was selected
to be incorporated into nanoethosomal gel that was for-
mulated using L. siceraria SO-loaded BNE for easy skin
application and rapid drug penetration through the skin
in an attempt to guarantee patient compliance [74]. In
our study, further physiochemical characterization of
the developed SO-BNE gel formulation was performed
to ensure displaying good homogeneity, consistency and
spreadability with appropriate chemical content. Chemi-
cally, GC/FID analysis resulted in the detection of 50.4%
and 7% of linoleic and oleic acids markers, respectively.
Physically, mechanical, and rheological characteriza-
tion in addition to the occlusion factor of the SO-BNE
gel were explored. There was a remarkable effect of the
inclusion of SO-BNE dispersion into the gel in terms of
boosting both the gel hardness and compressibility. Gel
hardness is considered the required force to attain gel
deformation which can be a good indicator for the ease
of gel application at the site of action [42]. Alternatively,
compressibility is the work required in compressing the
gel through a determined distance. Thus, compressibility
expresses how easy to withdraw a gel from its container
[41]. Both gel strength (hardness) and compressibility
were explored to ensure the appropriateness to use the
formulated gel. Skin is a vital parameter to promote the
healing of wounds and to enhance the percutaneous pen-
etration of the topically applied formulations. The extent
of occlusion employed relies on the nature of the applied
dosage form [75]. SO-BNE gel displayed a significantly
higher occlusion factor than the blank gel indicating good
capability of wound healing. In addition, SO-BNE gel dis-
played a shear thinning gel of adequate viscosity when
compared to blank gel. Therefore, our prepared SO-BNE
gel is expected to be suitable for targeting wounded tis-
sues at in vivo conditions.

SO-BNE gels in concentrations of 5% and 0.5% were
tested in full-thickness wounded rat model after showing
no signs of irritation to mice skin in contrast to 10% that
caused slight erythema. Wound healing % was observed
in 10 days with a remarkable improvement using SO-
BNE gels 5% and 0.5% as compared to the Mebo® and
untreated groups. There are several overlapping phases
in the wound healing process, beginning with hemo-
stasis and blood clotting. In addition, the production
of cytokines and growth factors through migration of
some cells into the wound site followed by the neutro-
phils mediated inflammatory phase as an innate response
to the reactive oxygen species (ROS) production. NRF2
has a central role in modulating cytoprotective genes
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and ROS-detoxifying enzymes [76]. At the same time,
FOXOL1 inhibits oxidative stress by activating DNA repair
enzymes and antioxidant genes. Moreover, FOXO1
stimulates TGF-P activity and upregulates its expression
that has a positive effect on wound healing via facilitat-
ing keratinocyte migration and downregulates apoptosis
[77]. Inflammation has a bad effect on the extracellular
matrix (ECM) synthesis as it breaks up its components as
collagen and SMA and impairs angiogenesis and re-epi-
thelialization [78]. In the inflammatory phase of wound
healing, cytokines have important roles in wound repair,
keratinocyte stimulation, fibroblast proliferation and
extracellular matrix protein breakdown and synthesis
[79]. At the same time, chemokine such as (MIP2) acts
as a regulator of leukocyte accumulation at the wound
sites and a chemoattractant for monocytes/macrophages
during wound healing. In particular, MIP2 participates
in neutrophils recruitment to sites of inflammation in
many tissues. Its expression can be upregulated by other
proinflammatory cytokines, such as IL-1f and TGF-$
[80]. Measured NRF2, FOXO1 and TGF-p were remark-
ably increased in SO-BNE gel by 5% when compared to
both Mebo® and untreated positive control groups. In
addition, the expression of collagen and a-SMA were
significantly upregulated upon applying SO-BNE gel.
Histologically, topical application of L. siceraria SO-BNE
gels (both 0.5 and 5%) when compared to each ingredient
alone and to the reference drug could significantly restore
the normal skin architecture, the average thickness of the
epidermis, the average number and thickness of blood
vessels.

This observed promising wound healing potential
of L. siceraria SO-BNE gel may be attributed to omega
fatty acids content in L. siceraria SO; linoleic, oleic and
a-linolenic acids, in particular. They were proven to
mediate antioxidant signaling reactions including nuclear
factor erythroid 2-like NRF2 in mouse primary hepato-
cytes and activate NRF2 signaling that further was found
to treat/prevent UVB-induced skin damage, as well [81,
82]. Besides, they elicit opposite effects on inflammation
signaling pathways by triggering FOXO1 nuclear locali-
zation [83] and inducing the expression levels of some
cytokines, e.g., TGF-B1 [84, 85]. In addition, linoleic acid
was proven to have a promising effect in the remodeling
phase of the healing process through the enhancement of
collagen type III conversion to collagen I [86], while oleic
acid elevates collagen and MMP-9 expressions [87].

From the aforementioned findings, we can deduce that
L. siceraria SO wound healing impact can be potentiated
through nano-formulation which can be attributed to
the small vesicle size and high penetrating effect of the
formulated binary ethosomes owing to the high amount
of alcoholic content that facilitates the L. siceraria SO
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to pierce deeply into wound layers that augment the SO
potent anti-inflammatory activity [56].

Conclusion

This study presented evidence for the healing potential
of L. siceraria seed oil on cutaneous wounds that were
loaded in a binary ethosomal nano-formulated gel. This
is the first unique design of nano-formulation for L.
siceraria seed oil. An analytical GC/FID approach was
employed to chemically characterize the optimized for-
mulation in addition to the other physical characteristics.
Based on the GC/MS results, fatty acids/esters repre-
sented the most abundant class of detected metabolites
in L. siceraria seed oil. Much attention has been given to
the role of this class in favoring wound healing process
especially unsaturated fatty acids like omega-6 linoleic,
omega-3 linolenic and oleic acids that have a promis-
ing effect in the remodeling phase of the healing process
through enhancement of collagen type III conversion
to collagen I, in addition to eliciting opposite effects on
inflammation signaling pathways and attenuating the
expression levels of some inflammatory cytokines.

23 factorial design was employed to obtain an opti-
mized BNE. F2 BNE (containing 3% lecithin soybean,
20% ethanol and 10% PG) was selected to be the opti-
mized formulation for having the least VS (114.8 nm),
PDI (0.384), highest linoleic acid EE% (52.37%), oleic acid
EE% (10.91%) and ZP (-22.3 mV). F2 BNE was incorpo-
rated into 1% Carbopol 940 to be appropriate for wound
application.

The topical application of L. siceraria seed oil BNE
gels enhanced the healing process through stimulat-
ing NRF2, FOXO1 antioxidant, TGF- cytokine, ECM
components synthesis and suppressing inflammatory
process. So, L. siceraria seed oil BNE gels, particularly
in the concentration of 5% have a positive impact on
wound healing in rats. These findings are consistent
with our histopathological results. Additionally, the
boosted efficacy of formulation containing L. siceraria
seed oil is attributed to the high penetrating efficacy of
the prepared binary nanoethosomal gel that acceler-
ated the anti-inflammatory effect of SO especially fatty
acids hence enhancing the release and bioavailability at
the site of action. Further clinical studies are needed to
clarify the molecular mechanisms for the L. siceraria
seed oil binary ethosomal nano-formulation.

Abbreviations

AMDIS Automated mass spectral deconvolution and identifica-
tion system
ASTM American Society for Testing and Materials

ARRIVE Guidelines  Animal research: reporting of in vivo experiments
BNE Binary nanoethosome
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DMEM Dulbecco’s modified Eagle medium

ECM Extracellular matrix

EE% Entrapment efficiency %

FAME Fatty acid methyl esters

FBS-DMEM Fetal bovine serum-DMEM

FOXO1 Forkhead box O

GC-FID Gas chromatography-flame ionization detector
GC-MS Gas chromatography-mass spectrometry
HSF Human skin fibroblasts

IL-1 Interleukin-1

MIP2 Macrophage inflammatory proteins 2
NIST National Institute of Standards and Technology
NRF2 Nuclear factor erythroid 2

PDI Polydispersity index

PG Propylene glycol

PTA Phosphotungstic acid

a-SMA Alpha-smooth muscle actin

SO Seed ol

SO-BNE Seed oil binary nanoethosome

TEM Transmission electron microscopy

TGF Transforming growth factor

TNF Tumor necrotic factor

usb United Stated Dollar

VS Vesicle size

WST-1 Water-soluble tetrazolium salt

ZP Zeta potential
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