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Presently, the development of functional derivatives exploiting biocompatible pharmaceutical materials has
become a pressing demand. Among them, ascorbyl-2-glucoside (AA-2G), an ascorbic acid derivative, has
significant potential owing to its stability, solubilization and antioxidant prospects. Herein, AA-2G was
utilized for the fabrication of itraconazole (ITZ) spanlastics, which were denoted as “glucospanlastics”.
Subsequently, the newly designed glucospanlastics were characterized to determine their dimensions,
charge, entrapment, solubilization efficiency, morphology, stability and antioxidant activity. Further, their
cytotoxicity towards A431 cells and their ex vivo skin deposition were investigated. Subsequently, the
competence of the formulated cream containing glucospanlastics to suppress Ehrlich carcinoma and
modulate the antioxidant profile was evaluated in vivo. The results revealed that the proposed nano-
sized glucospanlastics performed better than conventional spanlastics (without AA-2G) with respect to
optimal solubilization efficiency and ITZ entrapment (>95%) together with antioxidant, cytotoxic and skin
permeation potentials. More importantly, glucospanlastics containing 10 and 20 mg AA-2G
demonstrated considerable tumor suppression and necrosis, improvement in glutathione (GSH) content
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1. Introduction

Currently, the pharmaceutical processing and manipulation of
existing materials are increasingly evolving for the development
of new modified materials possessing unique and multifunc-
tional features, allowing for their utilization in diverse innova-
tive delivery platforms." However, in this field, there is still room
for the development, commercialization and implementation of
these multifunctional molecule-based products. Indeed, meth-
odologically robust studies have been conducted by drug
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in malondialdehyde (MDA) levels, respectively, compared to

a conventional ITZ cream. These innovative antioxidant vesicles show future potential for the dermal
delivery of cancer-directed therapies.

developers for the synthesis and elucidation of their function-
ality, toxicity and potency.

In this case, considering that the natural antioxidant ascor-
bic acid (AA) is an easy target for thermal, pH-dependent and
oxidative degradation, its derivatization is necessary.” Thus, to
address the above-mentioned issues, hydrophilic and lipophilic
ascorbic acid derivatives are becoming increasingly attractive,
showing superiority to ascorbic acid in terms of improved
stability and antioxidant efficacy.® According to the literature,
the application of these derivatives in various industrial sectors
as solubilizing agents, stabilizing agents, antioxidants, perme-
ation enhancers and integral components of assorted delivery
vehicles have been scrutinized.*”

Among the various candidates, ascorbyl glucoside (AA-2G) is
a derivative of ascorbic acid with exceptional properties for
application in pharmaceuticals and cosmetics (Fig. 1 and 2(A)).%
Besides its antioxidant potential, the antitumor activity of AA-
2G was verified in previous reports.®™ AA-2G has been
patented as a skin lightening agent in skin care vehicles and an
auxiliary component in an ophthalmic product containing gold
nanoparticles."** Recently, AA-2G has been explored as an AA
derivative prodrug in commercial formulations, showing a high
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Fig. 1 Schematic representation of (1A) the chemical structure of itraconazole created by Marvin JS and (2A) chemical structure of AA-2G
created using ChemDraw 16. (B) Glucospanlastics vesicle in cream base and its permeation through the skin layers.

antioxidative protective effect. Interestingly, utilizing AA-2G at Lately, from the perspective of drug delivery systems, AA-2G
a considerably low concentration of 1.8% was found to yield the has been identified as a solubilizing agent for drugs possessing
same effect yielded by a high concentration (15%) of AA." AA-2G  poor aqueous solubility.* The capability of AA-2G to enhance
is commercially available in a brightening water-based serum as  their solubility can be attributed to its augmented wettability

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

an antiaging/antioxidant support (The Ordinary®, Ulta Beauty and dispersibility as well as the formation of an amorphous
company). Following localized skin delivery, AA-2G is well- drug form, as reported earlier."**¢

documented to be subjected to hydrolysis by a-glucosidase Recently, AA-2G has been utilized as a biologically relevant
and transformed to r-ascorbic acid.® molecule and incorporated in a variety of platforms such as
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Fig. 2 TEM images of medicated glucospanlastics containing ascorbyl glucoside AA-2G as a component (Pcg2).
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microneedles for transdermal delivery,"” gels for dermal
delivery,™ and oily nanodispersions for transcorneal delivery.*
Thus, considering the functional features and solubilizing
capability of AA-2G, it is feasible that AA-2G can enhance the
solubility of itraconazole (ITZ). ITZ is a weak base that possesses
very low aqueous solubility (Fig. 1(1A4)).>° ITZ is an antifungal
drug, which has attracted significant attention recently as an
anticancer drug in various cancer types.”* The repurposing of
ITZ as an anticancer drug was first reported by Chong et al.**
Specifically, ITZ was repurposed in the field of cancer treatment
based on several investigations, as follows: (i) its adequate
hinderance of a specific activated pathway in basal cell carci-
noma, the Hedgehog pathway, by targeting smoothened protein
‘SMO’, (ii) its considerable prohibition of angiogenesis and
tumor vascularity, accompanied by a reduction in the prolifer-
ation of endothelial cells and (iii) its induction of auto-
phagocytosis, apoptosis and tumor necrosis, as shown in
Fig. S1.1** Indeed, topical ITZ application specifically potenti-
ated its local availability by maximizing its therapeutic levels
with reduced drug side effects.”

In principle, we hypothesized that AA-2G could break new
ground in designing a new platform for dermal delivery. Thus,
the aim of our work was exploring the possibility of forming
spanlastics using AA-2G as an integral part. Accordingly, span-
lastic vesicles composed of Span 60 and Tween 80 were
prepared in the presence of AA-2G (so-called glucospanlastics).
Interestingly, spanlastic “sorbitan-based nanovesicles” are
superior to other surfactant-based vesicular systems, which are
rigid, with respect to enclosing edge activators in their struc-
ture. Edge activators are single-chain surfactants that are effi-
ciently employed to decrease the interfacial tension between the
vesicular membrane and their surrounding environment,
facilitating the squeezing of the formed vesicles through small
dermal pores or channels, and hence their flexibility and
deformability. Accordingly, this can allow vesicles to adapt their
dimensions and shape to considerably penetrate the dermal
strata, fulfilling their role of conveying their enclosed cargos to
the affected site (see Fig. 1(B)).>**

Importantly, the heightened mobility and penetrability of
the proposed spanlastic membrane can yield greater release
and diffusion of the loaded drugs. Therefore, the incorporation
of edge activators within the surfactant bilayer imparts higher
elasticity to the vesicles, and subsequently facilitates their
dermal delivery, leading to an enhancement in permeation and
higher localized drug concentrations.>®*” Additionally, the
antioxidant properties of ascorbyl glucoside (AA-2G) can
contribute to the functionality of the proposed glucospanlastics
and their therapeutic efficacy. Optimally, the enhanced
permeation of the proposed glucospanlastics could promote the
retention of AA-2G in different skin strata. A recent study re-
ported the improved permeation of AA-2G from raw clay-based
O/W emulsions.?®

Herein, in-depth characterization and stability studies were
conducted. To support our hypothesis, the suitability of this
system for dermal delivery was assessed by skin permeation
profiling using confocal microscopy. To assess its potential
impact in a therapeutic application for skin cancer, we carried
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out an in vitro antioxidant potential and cytotoxicity study on
the A431 cell line employing the selected glucospanlastics.
Exposure of the skin to ultraviolet radiation leads to the
generation of free radicals and DNA oxidation, and hence the
development of oxidative stress exceeding the endogenous
defense caused by dermal antioxidants.”® As an antioxidant,
topically applied ascorbic acid can mediate the direct formation
of the ascorbyl radical and H,O, in the extracellular tissue near
cancer cells, leading cytotoxicity.** Thus, to investigate the
cytotoxicity of this system, A431 cells were used as model cells
representing human epidermoid carcinoma cells (epithelial
cells of epidermis). The utilization of A431 cells to explore the
cytotoxicity of anti-cancer drugs has been reported earlier.>'>

Further, an in vivo anticancer study in rats was performed via
the induction of Ehrlich carcinoma, with subsequent
biochemical and histopathological assessments using the glu-
cospanlastics in a cream base. The utilization of Ehrlich carci-
noma cells as a model to represent skin cancer has been
previously reported in the literature.”*

To the best of our knowledge, the feasible contribution of AA-
2G in spanlastics for the dermal delivery of the repositioned ITZ
has not been investigated to date.

2. Materials and methods

2.1. Materials

Itraconazole powder was obtained from Orkila, Spansules (India).
2-O-Alpha-p-glucopyranosyl-i-ascorbic acid “ascorbyl glucoside”,
99.5%, was sourced from INTERNATIONAL CO. for Scientific and
Medical Supplies. Chloroform and ethanol (HPLC analytical
grade solvents), potassium dihydrogen phosphate, disodium
hydrogen phosphate, potassium hydroxide and sodium chloride
were supplied by Fischer Scientific, UK. Span 60 (sorbitan mon-
ostearate, >97% purity), 1,10-dioctadecyl-3,3,30,30-tetramethylin-
docarbocyanine perchlorate (Dil), and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazoliumbromide (MTT) were provided by
Sigma-Aldrich, St. Louis, MO. Tween 80 (polysorbate 80; poly-
oxyethylene sorbitan monooleate, >97% purity) was purchased
from ACROS Organics, Belgium. Water for injection was
purchased from Egypt Otsuka Pharmaceutical Co., S.A.E.

2.2. Preparation of vesicles using AA-2G termed
glucospanlastics

Plain and drug-loaded glucospanlastics as well as the corre-
sponding conventional spanlastics were fabricated using the
ethanol injection method with slight modification.**** The refer-
ence conventional spanlastics were comprised of Span 60 and
Tween 80 with weight ratio of “4:1 w/w”. A mixture of solvents
(absolute ethanol and chloroform) was chosen to dissolve Span 60
and ITZ (ratio = 1: 1 v/v; 2 mL). Then, the organic solvent mixture
was slowly injected into a Tween 80 solution (10 mL) heated at
60 °C and stirred at 800 rpm for 30 min. Then, the prepared
spanlastics were cooled and stirred for 60 min. For the fabrication
of glucospanlastics, AA-2G was added to the Tween 80 solution.
Different ratios of AA-2G : Tween80 were used with a total weight
of 40 mg, while the amount of Span 60 was kept constant (160 mg)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Composition of the plain and medicated glucospanlastics
containing ascorbyl 2-glucoside AA-2G as a component®

Tween 80 : AA-2G Drug amount

Formula code ratio (w/w) (mg)
Pgpl 40:0 0
Pgp2 40:0 10
Pgp3 40:0 20
Pl 30:10 0
Pog2 30:10 10
Poa3 30:10 20
Pogd 20:20 0
PoG5 20:20 10
Pogb 20:20 20
| 10: 30 0
Peo8 10:30 10
Pog9 10:30 20

“ All formulae were prepared using fixed amounts of Span 60 (160 mg),
Tween 80:AA-2G ratio was varied (1:1, 1:3, and 3:1), medicated
formulae contain 10 and 20 mg ITZ. Pgp: preliminary spanlastics and
Pcg: preliminary component glucospanlastics.

in all formulae. The vesicles were loaded with either 0, 10 or 20 mg
of ITZ. The composition of the different preparations is presented
in Table 1. For DSC, FTIR and subsequent incorporation in
a cream base, lyophilization was performed for the selected
formulae using a lyophilizer freeze dryer (Christ: Osterode am
Harz, Germany, Alpha 1-2LDplus). The frozen glucospanlastics
(—20 °C) were lyophilized at a temperature of —55 °C and pressure
of 5 Pa for a 24 h period.

2.3 Characterization of the prepared glucospanlastics

2.3.1 Particle size and polydispersity index measurement.
The particle size (PS) and polydispersity index (PDI) of the
prepared glucospanlastic vesicles were assessed using a Zeta-
sizer Nano ZS. This approach depicts the mean hydrodynamic
diameter of the primary population and PDI, which is
a measure of the particle size distribution width, providing
insights into the uniformity and monodispersity of the sample.
At 25 ©°C, the samples were measured in triplicate using
disposable polystyrene cells (6 runs of 10 cycles).

2.3.2 Zeta-potential ZP measurement. Using capillary zeta
cells, the surface charge of the prepared glucospanlastics was
determined by estimating their ZP using a Malvern Zetasizer at
25 °C (using deionized water “pH = 6”).

2.3.3 Drug content determination. A volume of 200 uL of
the prepared glucospanlastics was diluted with 10 mL meth-
anol. The obtained solutions were scanned using a UV/visible
spectrometer (UV/visible spectrophotometer: Jasco V630,
Japan) at 262 nm. The quantification range was 3.25-25 pg
mL~". The regression equation was found to be ¥ = 0.0338x +
0.0907 and the coefficient of determination (R*) was found to be
0.999, indicating its good linearity.

2.3.4 Entrapment efficiency (EE%) determination. A
dispersion of the ITZ glucospanlastics (2 mL) was centrifugated
in Eppendorf Tubes at 15000 rpm and maintained at
a temperature 4 °C for 2 h using a cooling centrifuge. Subse-
quently, 0.5 mL of the supernatant was separated and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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formed pellet was resuspended in 1 mL BPS (pH 7.4) and re-
centrifuged. This washing step was performed in triplicate to
ensure the removal of free ITZ. Then, the collected supernatant
was diluted to 25 mL with methanol and sonicated for 10 min
with vigorous shaking. In the obtained pellets, 50 mL of
methanol was used to disrupt and dilute the loaded vesicles.
The quantity of ITZ in the supernatant and pellets was assessed
by UV/visible spectroscopy at 262 nm. The drug entrapment was
computed according to the following equation:

entrapped drug

EE% = x 100

total amount of drug

2.3.5 Drug loading (DL%) determination. The DL% was
calculated according to the following equation:

entrapped drug
(total weight of solids)

DL% = x 100

2.3.6 Solubilization efficiency (SE%) measurement. Freshly
prepared dispersions of the ITZ glucospanlastics were main-
tained in the refrigerator for 48 h at 4 °C & 1 °C to speed up the
crystallization rate of the unentrapped (free) drug. Then,
filtration through a membrane filter (0.45 pm) was performed
for a sample from each dispersion to remove the precipitated
unentrapped drug. The filtrate was assayed spectrophotomet-
rically at 262 nm. The SE% was determined according to the
following equation:

drug content after filtration

E% =
SEVo drug content before filtration

100

The drug concentration in the formulation with SE% greater
than 95% was chosen as the optimum one.*

2.3.7 Saturation solubility studies. Excess amounts of pure
ITZ and ITZ-loaded glucospanlastics containing AA-2G were
added separately to 5 mL distilled water and PBS (pH 7.4) in
tightly closed 15 mL vials. Then, the vials were left in a ther-
mostatically controlled water bath at 37 °C and shaken at
100 rpm for 24 h.® At the end of the specified time, the
suspensions were filtered through a Millipore filter (0.45 pm).
Then 0.5 mL sample was withdrawn and transferred to a dried
porcelain dish. After the obtained solution was completely dried
at ambient temperature, residual amounts were dissolved in
methanol and exactly diluted to 10 mL and analyzed spectro-
photometrically for its ITZ content against the corresponding
plain systems as the blank.

2.3.8 Stability study. A one and three-month stability study
was carried out to compare the time-dependent variations in the
PS, PDI, ZP, EE and DL of the formulations stored at 4 °C. The
following formula was used to compute the size change rate and
drug leakage:*

. PS,. — PS
Size change rate % = —= "% % 100
PSIO
EE,. — EE
Drug leakage % = = 20 100
EE,

RSC Adv, 2024, 14, 26524-26543 | 26527
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where PS,, and EE, are the PS and EE% values of the fresh
glucospanlastics prepared at day 0 and PS,, and EE,, are the
corresponding parameters of the stored formulae (1 and 3
months), respectively. The negligible changes in these param-
eters (<10%) confirmed the stability of the developed formulae.”

2.3.9 Morphological evaluation using transmission elec-
tron microscopy (TEM). Selected glucospanlastic vesicles (P¢g2)
were morphologically screened by TEM (JEM-1400 - JEOL,
Tokyo, Japan, magnification power: 50 000x) at 80 kV after
staining with 1% phosphotungstic acid stain on a C-flat grid.
The stained samples were left to dry before inspection.

2.3.10 Differential scanning calorimetry (DSC). Freeze-
dried samples of the prepared glucospanlastics were studied
by DSC (Shimadzu-DSC 60, Japan; ZEN software) to investigate
the thermotropic properties and phase transition behavior of
the vesicles. The thermal properties of Span 60, AA-2G, and
formulae (Pcgl, Pcg2, Peg3, and P6) were investigated. Using
dry nitrogen at a flow rate of 30 mL min~ ", a precisely measured
quantity of sample (3 mg) was enclosed in an aluminum pan
with a lid and heated at a rate of 10 °C min ' over the
temperature range of 25-350 °C.*®

2.3.11 Fourier transform infrared “FT-IR” spectroscopy
analysis. Infrared spectroscopy (Nicolet 6700, Thermo Scien-
tific, USA; OMNIC software) of each component (ITZ, span 60
and AA-2G) and the final lyophilized formulae; plain and drug
loaded (Pcg1, Pcg2, Pog3, Pcaé, Pog5, and Peg6) was performed
to analyze the presence of functional groups and the interaction
occurring between components after the formation of vesicles.
Individual samples were ground with potassium bromide
before being pressed to form discs, and their IR spectra (range
4500-400 cm™ ') were recorded wusing an FT-IR
spectrophotometer.*

2.3.12 Diphenyl-1-picrylhydrazyl (DPPH) antioxidant assay.
The DPPH assay was exploited for assessing the antioxidant
activity of the proposed glucospanlastics. DPPH is a purple-
colored free radical with an absorption maximum of 517 nm.
Upon mixing with the tested compounds, DPPH can accept an
electron or hydrogen atom from them, leading to its reduction,
which is manifested by a discoloration (to pale yellow) and
decrease in absorbance to varying degrees based on the
competence of the antioxidant potential.*

In this investigation, an aliquot of a 0.05% w/v solution of
DPPH in methanol was mixed with the chosen glucospanlastic
dispersions (Pcg2 and P¢g5) and pure AA-2G. Trolox, a synthetic
antioxidant that is structurally similar to a-tocopherol, and
ascorbic acid (AA) were employed as benchmarks for compar-
ison. The following equation was employed to estimate the
percentage of DPPH scavenged:

% DPPH =

(absorbance of stock solution — absorbance of test solution)
(absorbance of stock solution)

x 100

Using GraphPad Prism 5®, the antioxidant effect of the

studied substances was represented as IC50% (the
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concentration of the tested substance that causes 50% scav-
enging of DPPH).

2.3.13 Cytotoxicity assay. To explore the activity of the
selected glucospanlastic dispersions Pgg2 and Pcg3 and non-
formulated ITZ against A431 cells (human squamous carci-
noma), the conventional reduction MTT assay was performed.
A431 cells (human squamous carcinoma) were seeded in a 96
well plate in medium (Dulbecco modified Eagle's medium
+10% fetal bovine serum + 1% streptomycin) for 24 h for
growth. Subsequently, the existing culture medium was dis-
carded and replaced with fresh medium and the immersed
A431 cells were incubated with various concentrations of the
selected glucospanlastics and pure AA-2G as a control for 24 h.
After the incubation period, the cells were treated with MTT and
the attained formazan crystals were dissolved in DMSO and the
absorbance was recorded spectrophotometrically at 570 nm
using a microplate reader. The following formula was employed
to determine the percentage cell viability:

absorbance of sample — absorbance of blank
absorbance of control — absorbance of blank
x 100

% viable cells =

Utilizing the GraphPad Prism® program, the IC50% values,
indicating the suppression of growth of 50% cells, were
calculated.

2.3.14 Ex vivo drug deposition in skin. Visual assessment
of the localization and penetrability of the ITZ-glucospanlastic
dispersion containing 10 and 20 mg AA-2G (Pcg2 and Pgg5,
respectively) within skin layers was performed using confocal
laser microscopy in comparison to untreated skin as the
control.

The abdominal skin of Swiss albino mice weighing 20-25 g
was used in this study. The animal was first mercy sacrificed
according to the Helsinki arrangement protocol and the
guidelines of the Scientific Ethics Committee for Laboratory
and Clinical trials at the British University in Egypt, Faculty of
Pharmacy, Cairo, Egypt (EX-2315). The abdominal area was
carefully shaved and the abdominal skin was excised. The
subcutaneous tissue was surgically removed. The full skin
specimen was washed with distilled water, wrapped in
aluminum foil, and stored in a freezer until use. The prepared
skin specimens were soaked in PBS (pH 7.4) for 4 h at room
temperature, and then mounted in a Franz diffusion cell
between the donor and receptor compartments with the dermal
side towards the latter. The receptor compartment was charged
with an appropriate volume (12 mL) of PBS (pH 7.4) with 5%
Tween 80 to maintain sink conditions, and thus the dermal side
of the skin specimen was in direct contact with the medium.
The whole assembly was mounted in a thermostatically
controlled water bath with the temperature adjusted at 37 °C £
0.5 °C and stirred at 100 rpm.

Glucospanlastics containing Dil fluorescent dye instead of
ITZ were prepared using the ethanol injection method for
tracking the penetration of the fluorophore into the different
skin layers. After completion of the skin deposition experiments
(24 h), the skin was removed, cleaned with PBS pH 7.4 and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mounted on microscope slides for further preparation. The
samples were optically sectioned into the z axis to get a 3D
reconstruction of the skin using an inverted confocal laser
scanning microscope.

2.4 Preparation and evaluation of O/W cream as a matrix for
glucospanlastics incorporation

Aiming at prolonging the dermal retention of the glucospan-
lastics, an O/W cream enclosing the lyophilized glucospan-
lastics or free drug was formulated (0.1% w/w ITZ). The cream
was prepared using the conventional fusion approach. The
melted oily component, stearic acid, was mixed with the heated
aqueous components (potassium hydroxide, propylene glycol
and glycerin) and continually stirred for the formulation of the
O/W cream base. The preservative sodium benzoate (0.01%) was
also added. After that, 0.1% pure ITZ powder or loaded ITZ in
the lyophilized glucospanlastics (Pog2) was uniformly dispersed
in the cooled cream base.

The evaluation criteria of the O/W cream, including pH,
viscosity, occlusive effect and drug content, were previously re-
ported in our previous work.” Cream spreadability was deter-
mined by taking the glucospanlastic cream in between two slides
to dislocate from each other under the influence of a set load.
Firstly, a circle (diameter = 2 cm) was marked on one of the slides
and 0.5 g of cream placed in it.*** Then, the other slide was
inserted on the top of the formulation and a weight of 0.5 kg was
applied on the upper slide for 5 min. The increase in diameter
was recorded as an indicator of the cream spreadability. The
spreadability was determined using the following equation:

.. D
% spreadability = Hf x 100
i

where D; is the initial diameter (2 cm) and Df is the final
diameter after spreading.

Regarding extrudability, the prepared glucospanlastics
cream was filled in a collapsible tube and pressure from a finger
was applied. The quantity of the cream extruded through the
opening of the tip following the application of pressure was
weighed and the percentage of extrudability was calculated.”*

2.5 In vivo anticancer efficacy using Ehrlich carcinoma
model

The effectiveness of the various glucospanlastic formulations in
treating cancer was evaluated in female Swiss albino mice (aged
8-10 weeks and weighing between 20-24 g) employing a proce-
dure similar to that previously described, with slight modifica-
tions.” The experiments were conducted in accordance with the
Helsinki arrangement protocol and the guidelines of the
Scientific Ethics Committee for Laboratory and Clinical Trials
approved by The British University in Egypt (EX-2315). Ehrlich
ascites carcinoma cells, obtained from female Swiss mouse
donors sourced from the Egyptian National Cancer Institute at
Cairo University, were aseptically isolated and suspended in
sterile isotonic saline solution. A cohort of thirty-six mice was
subjected to randomization and housed in a -carefully
controlled atmosphere set at ambient temperature with 50%
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relative humidity. The mice were given ad libitum access to food
and water throughout the experimental period. To induce the
solid tumor, a suspension of 2.5 x 10° viable cells in 0.1 mL of
normal saline was subcutaneously injected into the upper
dorsal region of the left hind leg. After 12 days, the induced
tumor reached the appropriate size of 100-120 mm?>. The hair
on the skin of the animals was shaved above the tumor site.
Subsequently, the topical administration of distinct treatments
commenced in accordance with the predetermined experi-
mental protocol. The glucospanlastic formulations were freeze-
dried (Eyela FDU-2100, Japan) and incorporated into an oil-in-
water (O/W) cream base, enabling their easy application onto
the skin of the animals at a concentration of 0.1% w/w of ITZ.
The prepared cream base used in this study was characterized
using the same procedure as described in our previous
research.” Notably, a modification was performed to include
sodium benzoate as a preservative.

Consequently, the animals were subjected to random allo-
cation into six groups, each consisting of six animals, according
to the following grouping scheme:

Group I (cancerous untreated control group) received stan-
dard provisions of food and water without any additional
treatment after the subcutaneous solid tumor was induced.

Group II (conventional ITZ cream group) received topical
administration of a 0.1% ITZ cream (0.5 g) twice daily.

Group III (P¢gl, plain formula containing 10 mg ascorbyl
glucoside) received topical (0.5 g) cream twice daily.

Group IV (Pcg4, plain formula containing 20 mg ascorbyl
glucoside) received topical (0.5 g) cream twice daily.

Group V (Pgg2, drug loaded formula containing 10 mg
ascorbyl glucoside and 10 mg ITZ) received topical (0.5 g) cream
twice daily.

Group VI (PG5, drug loaded formula containing 20 mg
ascorbyl glucoside and 10 mg ITZ) received topical (0.5 g) cream
twice daily.

All treatments were meticulously applied with a rubbing
action directly on the tumor site. The body weights of the mice
were recorded daily following the initiation of treatment to
assess and compare the differences in weight gain between the
groups receiving treatment and the untreated control group.
Daily at specific times, the tumors were visually inspected and
their volumes were quantified using digital Vernier calipers
(Prokit's Industries Co., Ltd, Taiwan, ROC). The solid tumor
volume was estimated using the following equation:**

Tumor volume = length x width? x 0.52

The study was terminated on day seventeen from the start of
the experiment after reaching the tumor volume of 500 mm? in
group I, and the mice were euthanized by cervical dislocation
after 8 h from the last application of the treatment. Then, the
formed tumor masses were removed and weighed for subse-
quent analysis.

2.5.1 In vivo histopathological study. The excised tumor
masses were collected and preserved in 10% buffered formalin
for subsequent histopathological examination. Tissues with
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a thickness of approximately 4 um were obtained from the
various samples utilizing a rotary microtome and affixed onto
glass slides. For comprehensive morphological evaluation, the
tissue sections were subjected to staining with hematoxylin and
eosin, which is the standard method employed for general
histopathological examination. Subsequently, the stained slides
then subjected to blinded light microscopic examination. All
standards protocols for sample fixation and staining were dili-
gently executed following the methodology outlined by Waz et al.
2021.* To evaluate the antiproliferative activity and confirm the
findings of the histopathological images quantitively, necrosis
percentage was investigated in all groups. Morphological
measurements and data analysis were performed utilizing the
Leica Application module, which is a software module designed
for tissue section analysis. This module was integrated with
a high-definition (HD) microscopic imaging system (Leica
Microsystems GmbH, Germany). The combined setup facilitated
the acquisition of precise morphological measurements and the
analysis of the obtained data.*®

2.5.2 Biochemical assessment of antioxidant markers in
tumor mass. Prior to the dissection process, the samples were
washed with a pH 7.4 phosphate-buffered saline (PBS) solution
containing 0.16 mg mL " heparin. This step aimed to eliminate
any residual red blood cells and clots from the samples.
Subsequently, the samples were homogenized (using Potter-
Elvehjem homogenizer) in a cold “0-4 °C” buffer (50 mM
potassium phosphate, pH 7.5) at a ratio of 5-10 mL per g of
tissue. Following homogenization, the samples were subjected
to centrifugation at 4000 rpm for 15 min.*** The levels of the
antioxidant indices, including malondialdehyde (MDA), total
antioxidant capacity (TAC), and glutathione (GSH), were deter-
mined in the resulting homogenates using a commercially
available assay kit (Biodiagnostic, Cairo, Egypt).

2.6 Statistical analysis

All values are expressed as the mean of three experiments +
standard deviation (SD). The Student's ¢-test or ANOVA was
employed for comparison of the mean values using the
GraphPad Prism® software version 5 and considered significant
when p value < 0.05.

3. Results and discussion

3.1. Preparation of vesicles using AA-2G termed
glucospanlastics

To the best of our knowledge, AA-2G has not been utilized in the
preparation of nanovesicular systems. Accordingly, the prepa-
ration of spanlastics as a newer generation of surfactant-based
vesicles that are made of Span 60 and edge activators was
attempted. Based on earlier reports,*** a constant Span 60 :
Tween 80 ratio of “4:1” was used in the preparation of all
formulae by the ethanol injection method, which has been well-
documented to produce nanovesicles with narrow size range.>
Specifically, this ratio was found to be the optimum ratio
between the bilayer forming surfactant ‘Span 60’ and the edge
activator “Tween 80’ for the formation of small-sized vesicles.
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Besides, the fabrication of compact small vesicles has been well-
linked to the selection of Tween 80 as the edge activator
amongst other edge activators such as Cremophore RH 40 and
Tween 20.>%°"* Firstly, when preparing spanlastics using AA-2G
instead of Tween 80, no colloidal dispersion was attained. The
well-documented high hydrophilicity of AA-2G** may be
responsible for the necessity of the Tween 80 entity in the
design of spanlastics. Specifically, the hydrophilic AA-2G failed
to perform the function of edge activator in spanlastics, pin-
pointing the relevance of edge activators in producing span-
lastics. The hydrophobicity of the edge activator is well-reported
to destabilize the vesicular membrane, leading to the fluidiza-
tion of spanlastics.®

Consequently, we employed the conventional spanlastics
with its referenced composition of Span 60 and Tween 80. As an
innovative approach, AA-2G was incorporated in the spanlastic
composition. The vesicles were successfully prepared, showing
no signs of precipitation or aggregation.

3.2. Characterization of the prepared glucospanlastics

All the component glucospanlastics showed a particle size in
the nanorange (137.7-454.4 nm, Table 2). In addition, they were
mono-dispersed and uniform in size, as indicated by their PDI
values (0.25-0.50). This highlighted the homogeneity of the
system and reproducibility of the preparation method.>* More-
over, the ZP, EE%, DL% and SE% of all the investigated glu-
cospanlastics were in the range of (—23.5 to —38.2 mV), (95.9-
99.4%), (4.03-8.49%), and (40.2-97.2%), respectively.

Interestingly, varying the ratio between Tween 80 and AA-2G
had a considerable effect on PS. Comparing the plain AA-2G-free
spanlastics “Pspl” to glucospanlastic formulae Pcgl, Pcg4, and
Pcg7, regardless of the amount of AA-2G, it was observed that
decreasing the amount of Tween 80, while increasing the
amount of AA-2G yielded larger vesicles (PS values: 100.6 £ 7.61
versus 137.7 + 5.42, 203.9 + 2.81, 314.7 & 3.42 nm; p < 0.05),
respectively. Similar trends were observed in the drug-loaded
formulae. This can be attributed to the fact that as an edge
activator, Tween 80 has been reported to reduce the interfacial
tension, which facilitates the partition, increasing the emulsi-
fication and formation of smaller vesicles.***” Besides, the less
bulky nature of Tween 80 due to the presence of unsaturation
could facilitate its incorporation in the nanovesicles, resulting
in a lower PS.*® Thus, increasing the amount of AA-2G at the
expense of the amount of Tween 80 may lead to the formation of
larger vesicles. However, all the prepared glucospanlastics still
possessed nano-dimensions below 500 nm.

Zeta potential is considered a relevant criterion for the
characterization of nanoplatforms owing to its impact on the
stability of nanocarriers, and hence the in vivo fate of the
incorporated drugs.**®® Table 2 shows the negative surface
charge of the proposed glucospanlastics (around —30 mvV),
which was dependent on the amount of edge activator “Tween
80”. The magnitude of ZP of the plain conventional spanlastics
Pgpl (ZP = —36.5 £ 1.4 mV) was significantly higher than that of
the AA-2G-containing spanlastics (Pggl, Pcg4, and Pgg7; with
values of —27.1 £+ 0.43, —25.3 4+ 1.22 and —23.5 £ 0.72 mV; p <
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0.05), respectively. Similarly, the magnitude of ZP of the drug-
loaded formulae decreased with an increase in the content of
AA-2G relative to that of Tween 80. Pgpl and Pgp3 showed
a significantly higher negative surface charge (ZP = —38.7 £ 3.2
and —39.2 + 1.4 mV, respectively) than the other formulae
(PcG2, Pog3, Peg5, Pogby Peg8 and Peg9; p < 0.05). Analogous
negative surface charges were reported earlier for conventional
spanlastics.®* The presence of the hydroxyl group of Span 60
could create a high intensity of negative charges on the vesicular
exterior.”” Comparable negative surface charges have been
documented previously for ITZ-loaded spanlastics made of
Span 60 and Tween 80.®* In particular, Tween 80-based span-
lastics have been found to possess a more negative charge than
their Tween 40-based counterparts.>

In the case of the EE% and DL% of the prepared formulae,
the effect of the tested variables (different ratios of Tween 80:
AA-2G and two different drug amounts) on these parameters is
shown in Table 2. The percentage of drug entrapped and its
loading in conventional spanlastics (lacking AA-2G; Pgp2) con-
taining 10 mg ITZ were found to be 88.2 + 0.1% and 4.19 +
0.34%, respectively, indicating the high affinity of ITZ to the
nanoplatform. However, the further incorporation of ITZ
reaching its double amount (20 mg) in spanlastics “Psp3” was
accompanied with a concomitant significant reduction in ITZ
entrapment (60.21 £ 1.3%; p < 0.05) with no notable change in
the ITZ loading (4.83 =+ 0.34%; p > 0.05). This is consistent with
the study by El Meshad et al., who reported that the lower ITZ EE
of spanlastics containing the higher ITZ amount of 20 mg can
be attributed to the saturation of the fabricated vesicles with
drug and any further increment in drug amount would result in
its precipitation.®

Interestingly, replacing a certain amount of Tween 80 with AA-
2G in the ratio of 3:1, 1:1, 1:3 (Pgg2, Pcs5 and P8, respec-
tively; containing 10 mg ITZ), led to the corresponding increase in
ITZ EE% with relatively constant DL% values compared to that of
the AA-2G-free spanlastics; Psp2; (p < 0.05). The decrease in the
amount of Tween 80 amount in these vesicles can be responsible
for their decreased fluidization. The lower the fluidization of the
spanlastics, the lower the drug leakage, as reported earlier.**
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Moreover, doubling the amount of ITZ to 20 mg in formulae P¢g3,
Pcg6 and Pcg9 resulted in an increase in EE% and drug loading
in the range of 1.59-1.62- and 1.69-1.75-fold, respectively,
compared with the AA-2G-free spanlastics containing the same
amount of ITZ (Psp3; p < 0.05). These findings indicated the
competence of the AA-2G-containing spanlastics in entrapping
a higher amount of ITZ, performing the desired ITZ solubiliza-
tion.*** According to the literature, incorporating ITZ in NPs
based on mPEG-b-PLA copolymer led to the encapsulation and
loading of appreciable ITZ amounts (99.40% = 0.53% and 3.82%
+ 0.02%, respectively) owing to its enhanced solubilization.®® It is
worth mentioning that elevating the amount of AA-2G from 10 mg
to 30 mg yielded a slight decrease in EE value, although not to
a statistically relevant level (p > 0.05). This can be explained by the
possible complexation via the formation of a hydrogen bond
between the amine or triazole group in ITZ and the hydroxyl
group in AA-2G (which will be addressed later in the FTIR study).

The solubilization efficiency can exactly determine the
optimum concentration of drug that the vesicles can entrap
effectively.®® As revealed in Table 2, the SE of formulae Psp1 and
Psp2 was <95%, indicating the low solubilization efficiency of
the conventional AA-2G-free spanlastics containing only Tween
80. In contrast, it was observed that the presence of AA-2G in the
Pcg2, Pcg5 and Pgg8 formulae containing 10 mg ITZ led to
a marked increase in the solubilization efficiency, reaching the
optimum values (>95%), while in their counterparts containing
20 mg ITZ (Pcg3, Pcgb, and Pgg9), the SE values became <95%,
indicating the crystallization of ITZ. This may be related to its
hydrophobic nature (log p = 5.70).

Based on the aforementioned premises, the nano-sized and
colloidally stable glucospanlastics containing AA-2G as
a component were successfully prepared and were capable of
accommodating 20 mg drug. In particular, Pgg2 (Fig. S27)
considerably satisfied the requisites of an effective topical
delivery system with respect to nano-dimensions, colloidal
stability, maximum payload (>99%) and optimum drug solubi-
lization efficiency (>95%). Therefore, it was subjected to further
investigations to explore its suitability as an antioxidant nano-
platform for the topical delivery of anticancer drugs (ie.,

Table 2 Characterization of the plain and medicated glucospanlastics containing ascorbyl glucoside as a component®

Formula code PS (nm) PDI Zeta potential (mV) EE (%) DL (%) SE (%)
Pgpl 100.6 £ 7.61 0.23 + 0.08 —36.5 = 1.40 — — —

Pgp2 223.8 £0.98 0.50 &+ 0.05 —38.7 £3.21 88.2 £ 0.10 4.19 £ 0.21 87.3 £1.22
Pgsp3 338.4 +1.69 0.46 £ 0.07 —39.2 £1.41 60.2 £+ 1.30 4.83 £0.34 40.2 £ 0.51
Pcgl 137.7 £ 5.42 0.29 + 0.01 —27.1 £0.43 — — —

Pcg2 286.0 + 4.25 0.41 £+ 0.06 —35.6 = 0.62 99.4 + 1.02 4.23 + 0.02 97.2 +1.11
Pcg3 414.0 £9.41 0.49 £+ 0.07 —38.2 £ 0.212 97.8 + 0.81 8.49 + 0.81 87.2 +£2.10
Pog4 203.9 + 2.81 0.25 £ 0.01 —25.3 £1.22 — — —

Pcgd 404.5 £+ 3.12 0.45 + 0.08 —31.9 £ 0.35 98.8 + 0.64 4.20 £ 0.26 95.5 £ 0.70
Pcgb 430.3 + 6.43 0.44 + 0.04 —33.6 = 0.49 96.4 + 0.52 8.20 £+ 0.04 88.2 +1.91
PcG7 314.7 £ 3.42 0.32 + 0.05 —23.5 £0.72 — — —

Pcg8 425.9 + 2.31 0.43 £ 0.02 —30.8 £ 0.32 97.2 £ 0.32 4.32 £ 0.07 95.1 £+ 0.82
Pcg9 4544 £7.21 0.48 + 0.03 —32.8 £1.55 95.9 + 0.41 8.41 + 0.14 81.2 +£1.71

“ All formulae were prepared using a fixed amount of Span 60 (160 mg), Tween 80 : AA-2G mixture of 40 mg ratio was varied (1:1,1:3, and 3: 1),
medicated formulae contain 10 and 20 mg ITZ. Pgp: preliminary spanlastics and Pcg: preliminary component glucospanlastics.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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antioxidant potential, cytotoxic effect and skin permeation). To
deeply investigate the solid state of ITZ in the proposed vesicles,
the possible interaction between AA-2G and ITZ on the one
hand, and interaction with the vesicle components on the other
hand and the functional features of the Pgg2 vesicles were
compared with other plain and drug-loaded formulae, con-
taining a higher drug amount, higher AA-2G amount, or both.

3.2.1. Saturation solubility study. The saturation solubility
values of the non-formulated ITZ and Pog2 were determined. ITZ
is reported to have the aqueous solubility of 1 ng mL ™" and 5 pg
mL ' at pH 7 and pH 1, respectively.” This can explain the
inability to detect it in very small quantities by UV analysis (no
peak was determined). Obviously, the solubility of ITZ was greatly
enhanced when it was incorporated in the glucospanlastics,
showing >100 pg mL ™" in water and PBS pH 7.4 (136 + 0.74, and
465 + 0.14 pg mL '), respectively. Interestingly, a 3.42-fold
increase in the saturation solubility of the ITZ nanoform was
noticed in PBS. The enhancement in its saturation solubility was
found to be well-linked to its nanonization according to the Ost-
wald-Freundlich equation, stating that smaller particles dimen-
sions are accompanied with higher solubility.®® This can be
attributed to the fact that AA-2G mainly acts as a solubilizing
agent, possessing high solubilization power, as stated earlier. The
formation of a bond between the amide group (N-H) group
present in ITZ and OH- group present in AA-2G may be respon-
sible for the enhanced solubility.*

3.2.2. Stability study. The stability study was performed to
explore the possible drug leakage and the variations in vesicles
size over specific storage periods (1 and 3 months). Over these
storage periods, the investigated spanlastics and glucospan-
lastics showed a size change rate of <4% (p > 0.05) and statis-
tically irrelevant decline in EE% and DL% values (<1% of drug
leakage), as shown in Table S1.} The results displayed that the
innovative glucospanlastics showed acceptable variations in the
tested parameters of <10%,”® highlighting their remarkable
stability.

3.2.3. Morphological examination using transmission
electron microscopy (TEM). The TEM images of the selected
glucospanlastics formula P2 showed the presence of uniform,
smooth and well-dispersed spherical vesicles with no aggrega-
tion (Fig. 2). The PS of Pcg2 determined by TEM was 75.51 +
15.00 nm. The significant reduction in PS using the TEM tech-
nique compared to that obtained using the DLS technique can
be attributed to the fact that the DLS technique measures the
average hydrodynamic PS in aqueous medium, whereas the
TEM technique measures the true PS of the sample under dry
condition.”

3.2.4. Differential scanning calorimetry (DSC). The DSC
thermograms of ITZ, Span 60, AA-2G, plain glucospanlastics
containing 10 mg AA-2G (Pggl), and drug-loaded glucospan-
lastics containing 10 mg ITZ (Pcs2) are presented in Fig. 3. For
comparison, both glucospanlastics containing a higher ITZ
amount (20 mg) with the same AA-2G amount (Pgg3) and that
containing higher amounts of ITZ and AA-2G of 20 mg each
(Pc6) were thermally analyzed in Fig. 3.

The DSC thermograms of Span 60 and AA-2G presented
endothermic peaks at 59.36 °C and 172.8 °C, respectively. A
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distinct endothermic peak at 170 °C, which corresponds to the
melting point of pure ITZ, was visible in the DSC thermogram of
ITZ. This result is consistent with the data in the literature.””>7*
Interestingly, the disappearance of the AA-2G endothermic peak
and shifting of the endothermic peak of Span 60 to 55.25 °C in
the thermogram of the plain-glucospanlastics containing 10 mg
AA-2G (Pcg1) indicate the formation of the glucospanlastics, the
interlinkage of AA-2G and the vesicles components and their
association within the vesicles. The shift in the endothermic
peak of Span 60 in conventional spanlastics was previously re-
ported.”® Further, the DSC thermogram of the ITZ-
glucospanlastics containing 10 mg AA-2G and 10 mg ITZ
(Pcg2) displayed the disappearance of the distinctive endo-
thermic peaks of ITZ and AA-2G, indicating the amorphization
of ITZ, and hence its improved solubilization.

To investigate the link between the presence of AA-2G and
the boosted loading capacity of the vesicles, formulae Pos3 and
Pcgb containing 10 mg and 20 mg AA-2G, respectively, and
a fixed ITZ amount of 20 mg were investigated. The DSC ther-
mogram of Pcg3 showed the disappearance of the endothermic
peaks of either ITZ or AA-2G, whereas, in the formula contain-
ing high amounts of both ITZ and AA-2G (P¢6), it displayed the
presence of an endothermic peak at 168.38 °C, but its intensity
was lower relative to peaks of ITZ and AA-2G.

To elucidate if this peak corresponded to ITZ or AA-2G, FT-IR
was performed for these formulae in particular, as will be
addressed in the following section.

3.2.5. Fourier transform infrared (FT-IR) spectroscopy
analysis. FT-IR analysis is a very effective tool utilized to
demonstrate the characteristic peaks of distinct functional
groups in the studied materials. In addition, the possible
interactions in the prepared formulae can be elucidated using
FT-IR.”>’® The selected formulae of Pcgl, Pcg2, Pcg3, Pcg4,
PG5, and Pgg6 and their individual components ITZ, Span 60
and AA-2G were analyzed using FTIR spectroscopy and the
corresponding spectra are demonstrated in Fig. 4.

The FT-IR spectrum of ITZ displayed characteristics
absorption bands of [CH aromatic at 3068 cm ' and
3129 cm '], [C=C and C=N at 1551 cm™ ' and 1614 cm '], [C-
N stretching, C=0 amide at 1184 cm ™' and 1699 cm™ '], and
[CH alkane at 2823 cm ™" and 2965 cm™ '], respectively. These
peaks are consistent with previous reports.””””® The spectrum of
Span 60 showed [C=O ester stretching at 1735 cm™ '], [C-CO-C
stretching at 1179 cm™ '], [CH alkane at 2918 cm ' and
2850 cm '], and [OH-stretching at 3410 cm™ '], as previously
observed.®® The spectrum of AA-2G displayed characteristic
peaks corresponding to C=O stretching at 1701 cm™" and
1769 cm ™' and a broad -OH peak at 3490 cm ™',

The FT-IR spectrum of the plain glucospanlastics PcG1 and
PG4 (containing 10 and 20 mg AA-2G, respectively) showed the
characteristics bands of Span 60 and AA-2G. However, these
peaks had lower intensities compared with that of the individual
components. The formation of a vesicular system was reported
to be responsible for the lower intensity of these bands.*

In the drug-loaded formulae (Pcg2 and Pgg5), the observed
slight shifting and disappearance of the characteristics peaks of
ITZ was obvious. This can be attributed to the possible

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Differential scanning calorimetry (DSC) thermograms of ITZ, Span 60, ascorbyl glucoside AA-2G, Pcgl, Pcg2, Pcg3. and Pcgb. Pcgl: plain
glucospanlastics containing 10 mg AA-2G. Pcg2: ITZ-glucospanlastics containing 10 mg AA-2G and 10 mg ITZ. Pcg3: ITZ-glucospanlastics
containing 10 mg AA-2G and 20 mg ITZ. Pcg6: ITZ-glucospanlastics containing 20 mg AA-2G and 20 mg ITZ.

interaction (complexation between AA-2G and ITZ) via the reac-
tion between the hydroxyl group of AA-2G and amine or triazole
group of ITZ improving both its nanoencapsulation and nano-
vesicle stability. This is in good agreement with previous
studies.®®®

In contrast, in the drug-loaded formulae Pc3 and Pcg6, the
peaks of ITZ were still visible, but with a lower intensity, con-
firming the decrease in the solubilization efficiency and
entrapment observed in these formulae. Referring to the DSC
findings of the aforementioned formulae, the FT-IR findings
confirm that the endothermic peak located at 168.38 °C corre-
sponds to ITZ. It is worth noting that peaks of AA-2G dis-
appeared in both the plain and drug-loaded formulae,
highlighting the possibility of its interaction with Span 60 and
Tween 80 during the formation of the bilayer vesicle. This can
explain the increment in ITZ entrapment in the AA-2G-based
spanlastics relative to their counterparts lacking AA-2G.

3.2.6. Diphenyl-1-picrylhydrazyl (DPPH) antioxidant assay.
The most popular approach to assess the antioxidant potential
of assorted compounds is the DPPH scavenging assay. Thus, the
reaction with the DPPH free radical was used to test the in vitro
scavenging efficacy of pure AA-2G and Pgg2. To elucidate the
impact of the antioxidant, AA-2G, the formula containing
a higher AA-2G amount (20 mg), keeping the amount of ITZ
fixed at 10 mg, PG5, was also investigated.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Non-formulated ITZ had no antioxidant performance (IC50%
value > 500 pg mL "), whereas the non-formulated AA-2G showed
a good IC50% value (67.2 =+ 5.23 pg mL ") compared to that of
ascorbic acid and Trolox (25.41 & 0.71 and 24.42 =+ 0.87 ug mL ™",
respectively), as shown in Fig. 5. The glucospanlastics were found
to exhibit antioxidant activity that was well-linked to the content
of AA-2G. In formulae P2 containing (10 mg AA-2G) and Pcg5
(20 mg AA-2G), their IC50% values were found to be 49.02 + 2.37
and 61.32 + 4.19 ng mL ™, respectively. These findings indicate
that the presence of the antioxidant AA-2G inside the gluco-
spanlastics did not alter its free radical scavenging competence,
substantially yielding antioxidant vesicles.***#

3.2.7. Cytotoxicity assay. The cytotoxicity of the ITZ-
glucospanlastics containing two different concentrations of
ITZ, 10 mg and 20 mg (Pcg2, Pcg3, respectively), in comparison
with pure ITZ and pure AA-2G in the concentration range of
0.01-100 pg mL ™" of ITZ was assessed using A431 cells via the
MTT assay. The cell viability and IC50 scores are presented in
Fig. 6. As stated earlier in our paper,” the IC50 value of pure-ITZ
is 13.07 £ 0.82 ug mL™", highlighting its cytotoxicity. Notably,
the ITZ-glucospanlastic formulations Pcg2 and Pcg3 reduced
the IC50 of pure ITZ by 1.3 and 5.06-fold (9.997 + 0.5 and 2.581
4+ 0.13 pg mL™%; p < 0.05), respectively. As expected, the higher
the ITZ amount, the lower the IC50 value. This significant
increase in the cytotoxic activity of the ITZ-glucospanlastics can
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Fig. 4 FT-IR spectra of itraconazole, Span 60, ascorbyl glucoside, Pcgl, Pcg2, Pca3, Pcgd, Pcs5 and Pcgb. Pcgl: plain glucospanlastics con-
taining 10 mg AA-2G. Pcg2: ITZ-glucospanlastics containing 10 mg AA-2G and 10 mg ITZ. Pcg3: ITZ-glucospanlastics containing 10 mg AA-2G
and 20 mg ITZ. Pcg4: plain glucospanlastics containing 20 mg AA-2G. Pcg5: ITZ-glucospanlastics containing 20 mg AA-2G and 10 mg ITZ. Pcg6:

ITZ-glucospanlastics containing 20 mg AA-2G and 20 mg ITZ.

be attributed to the small size of the nano formulation,
enhancing their intracellular uptake, and hence their cytotoxic
effect.**®” It is worth noting that pure AA-2G exhibited an
inhibitory effect on the proliferation of A431 cells (IC50 = 167.3
+ 8.39 pug mL™ "), showing moderate cytotoxicity according to
the above-mentioned values (IC50 range = 100-1000 pg
mL )%

3.2.8. Ex vivo drug deposition in skin. In this study, the
deposition of ITZ-loaded glucospanlastics containing two
different amounts of AA-2G (P2 and P¢g5 containing 10 and
20 mg AA-2G, respectively) was evaluated qualitatively using
confocal scanning laser microscopy (CLSM). To mimic the
presence of ITZ in the glucospanlastic vesicles, the lipophilic Dil
dye (logp = 20) was utilized, ensuring its high entrapment in
the vesicles, low dispersal in aqueous solution and stability.*

26534 | RSC Adv, 2024, 14, 26524-26543

Microscopic visualization of cross-sectional skin cuts using
confocal laser scanning microscopy was performed. After
applying the fluorescently labeled formulas for 24 h, the fluo-
rescence intensity and depth of penetration of the Dil dye
within different skin strata were measured.

The untreated skin exhibited no autofluorescence score
(Fig. 7(A)). In contrast, Fig. 7(B) and (C) show the distribution of
the Dil-loaded glucospanlastics, which contained 10 mg AA-2G
(Pcg2) and 20 mg AA-2G (Pcg5), respectively, in the different
mice skin strata. It is noticeable that both formulae accumu-
lated deeply into the skin layers, yet a higher significant inten-
sity (p < 0.05) was noticed in skin layers in the case of the Dil-
loaded glucospanlastics containing 20 mg AA-2G, Pcg5,
compared with that containing 10 mg AA-2G, P2, (values for
stratum corneum, epidermis and dermis were 34.98 + 3.39 pixel

© 2024 The Author(s). Published by the Royal Society of Chemistry
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per um?, 76.86 =+ 5.84 pixel per um* and 87.36 + 2.34 pixel per
um? for Peg5 versus 80.41 + 1.98 pixel per um?, 21.41 + 1.23
pixel per um” and 20.52 + 3.20 pixel per pm?> for Pcg2),
respectively.

These findings indicate the boosted permeation of both
glucospanlastics containing 10 mg and 20 mg AA-2G through
the mouse skin, with the latter being superior (Pcg5). The
greater degree penetration of the Dil-loaded glucospanlastics
containing 20 mg AA-2G was probably due to higher fusion of
the glucospanlastic content with the cutaneous layers, allowing
their disruption and heightened fluidity. Consequently, their
distribution through the interstitial cutaneous gaps and inter-
nalization in deeper skin strata could be accomplished.

3.3. Preparation and evaluation of O/W cream as a matrix for
the incorporation of glucospanlastics

Regarding the cream assessment, the cream formulation
demonstrated favorable characteristics, including appropriate
consistency, aesthetically pleasing homogeneity, absence of
grittiness (smooth texture), appealing odor, and visually
attractive whitish color. The average pH value of the cream was
determined to be 6.94 + 0.31, indicating an acceptable range
that minimizes the risk of skin irritation upon application. This
finding confirms the suitability of the cream for topical use,
given that its pH closely aligns with the physiological pH of the
skin, ensuring the good tolerability of the cream.®® The prepared
cream also demonstrated satisfactory drug content values of
97.12% =+ 0.25%, providing evidence that the active ingredient,
ITZ, was uniformly distributed within the cream matrix. It also
possessed high spreadability and extrudability values of 542.5%
+ 6.5% and 98.2% =+ 0.90%, respectively, with pseudoplastic
(shear-thinning) behavior, facilitating its topical application,
covering greater skin surface and promoting the available area
for drug permeation.”*

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.4. Invivo anticancer efficacy using Ehrlich carcinoma
model

Experimentally, Ehrlich tumor cells are substantially utilized for
the elucidation of the antitumor effectiveness of various drugs
and that enclosed in nanoplatforms. This is due to the facility
and promptness of both their implantation in mice, regardless
of their strain, and their development and recession. Besides,
the duration of the in vivo experiment was greatly shortened
compared to other approaches of cancer modeling.** Accord-
ingly, the formation of apparent and rapidly developed solid
tumors can be noticed.

The formation of a solid tumor was initiated by the subcu-
taneous injection of EAC cells into the upper dorsal area of the
left hind leg. The tumor induction method was effective and
verified, as stated in our previous report.” All the groups ach-
ieved an appreciable tumor volume (more than 100 mm?)
within nine days following the subcutaneous injection of cancer
cells. Subsequently, the treatments were administered by
applying 0.5 g of cream twice daily for the following eight days.

It should be noted that throughout the experiment, the body
weight of the mice was monitored as an indicator of cream
toxicity.”*** Fig. 8(A) demonstrates that no significant weight
loss was observed in any of the groups in the current study (p
value > 0.05).

Following the induction of a solid tumor, the tumor volume
was assessed in all groups, and all groups demonstrated
significantly lower tumor volumes compared to the cancerous
untreated group (p value < 0.05), as depicted in Fig. 8(B). The
greatest inhibition of solid tumor progression was noticed in
group VI treated with P¢g5 containing a higher ascorbyl gluco-
side concentration. The considerable tumor regression
demonstrated in groups III and IV receiving the plain formulae
(PcG1 and Pcg4, respectively) highlights the anticancer effect of
the enclosed ascorbyl glucoside in the proposed formulae.

RSC Adv, 2024, 14, 26524-26543 | 26535
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Fig. 6 Cytotoxicity of (A) itraconazole, (B) ascorbyl glucoside, (C) Pcg2 and (D) Pcg3 on A431 cells at 24 h using MTT assay. Pcg2: ITZ-gluco-
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Fig. 7 CLSM images of a cross-section of abdominal mouse skin incubated on a Franz diffusion cell with Dil-loaded glucospanlastics by (10x)
objective lens showing penetration and distribution of Dil fluorescent dye. (A) Control skin, (B) Dil-loaded glucospanlastics containing 10 mg
ascorbyl glucoside Pcg2 and (C) Dil-loaded glucospanlastics containing 20 mg ascorbyl glucoside Pcg5. Scale bar (250 um).

Following the completion of the study, the tumor weight was
measured. Interestingly, the tumor weight followed the order of
PG5 < Peg2 < Pogé < Pogl < conventional ITZ cream < cancerous
untreated group, as illustrated in Fig. 8(C). These promising
verifications motivated us to conduct histological analysis of the
tumor tissues to visualize and quantify the extent of necrosis
present in each treatment group as an indicator of tumor
regression.

3.4.1. In vivo histopathological study. The histopatholog-
ical examination conducted after the end of the study yielded
noteworthy results, offering valuable insights into the confir-
mation of Ehrlich solid tumor progression and the potential
therapeutic effects of the various treatments on the induced
solid tumor. Fig. 9 displays the photomicrographs of the
histological examinations conducted on the solid tumor tissues

26536 | RSC Adv, 2024, 14, 26524-26543

from the treated groups and the cancerous untreated group. In
Fig. 9(A), group I (cancerous untreated control group) showed
a subcutaneous wide thick zone of viable, pleomorphic and
basophilic tumor cells (red star) with abundant mitotic figures
(red arrows) and minimal central records of necrotic tissues
(black star). The histopathological examination findings of the
group treated with the conventional ITZ cream (group II), as
shown in Fig. 9(B), depict minimal improvement with a mild
increase in central necrotic mass (black star) compared with the
model samples. Moreover, persistent higher records of thick
viable tumor mass sheets were observed (red star) with many
mitotic figures (red arrows).

Alternatively, the histopathological micrographs of the
group treated with the plain glucospanlastics cream containing
10 mg of ascorbyl glucoside (group III, Pcgl), as shown in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9(C), showed the same results as the conventional ITZ
cream group. Interestingly, group IV treated with the plain
glucospanlastic cream containing a higher concentration of
ascorbyl glucoside (20 mg, Pcg4), as shown in Fig. 9(D), revealed
moderate protective efficacy with persistent figures of viable
tumor cells sheets (red star), moderate increase in central
necrotic tissue debris (black star), many mitotic figures (red
arrows) and moderate subcutaneous inflammatory cells infil-
trates. These findings can be attributed to the significant role of
ascorbyl glucoside, a hydrophilic derivative of vitamin C, in
preventing skin oxidation and modulating the cellular signaling
pathways involved in cell growth, differentiation, and cancer
progression. Ascorbyl glucoside demonstrates the ability to
reduce cancer cell viability and invasiveness, indicating its
potential as a valuable component in skin cancer
management.”>’

From skin health perspectives, crucially, ascorbic acid
possess the following attributes: (i) formation of collagen in the
dermis, (ii) photoprotection and prevention of skin oxidation
(damage from ultraviolet radiation that is considered a risk
factor for cutaneous malignancy development), (iii) modulation
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Fig. 8 (A) Body weight of all mouse groups in the EAC model, (B)
tumor volume in all mouse groups, and (C) tumor weight after sacri-
fice. Values shown are mean + SD (n = 6). *Significant at p < 0.05, and
***significant at p < 0.001 using one-way ANOVA followed by Tukey—
Kramer post hoc test.
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of pathways of cell growth and differentiation, and (iv) allevia-
tion of inflammatory conditions.>**>%%%

Optimally, the histopathological images of group V receiving
P2 formula (containing 20 mg AA2G and 10 mg ITZ), as shown
in Fig. 9(E), showed a small-sized total tumor mass with a rela-
tively significant higher necrotic tissue debris area percentage
(black star) compared with the model group. Moreover,
minimal mitotic tumor cells were observed among the periph-
eral viable tumor cells (red star).

Furthermore, the histopathological examination of group VI,
as shown in Fig. 9(F), treated with formula Pg5 showed almost
the same results as group V together with a mild increase in
necrotic tissue debris. This result is in good agreement with the
evaluation of the tumor volume difference.

It is important to highlight that although the results
regarding tumor volume did not provide sufficient evidence of
efficacy, it is possible that specific regions within the tumor
experienced cell death without a significant reduction in overall
tumor volume. This occurrence is commonly observed as
necrotic cell death within the core region of solid tumors.*®

Interestingly, the percentage of necrosis increased with an
increase in the amount of the incorporated AA2G. Both
formulae (Pgs2 and Pcg5) containing the same amount of ITZ
(10 mg) with different amounts of AA2G (10 and 20 mg,
respectively) showed a considerable percentage of necrosis
(48.4% + 0.56%, and 57.85% = 0.21%, respectively, as shown in
Fig. 9(G)) with the relevant superiority of the latter containing
a higher amount of AA2G (P¢g5, 20 mg). The presence of AA2G
could potentiate the effect of ITZ, verifying its in vitro cytotoxic
potential. Importantly, the nano size of ITZ-glucospanlastics
could contribute to their improved permeation and localiza-
tion within the target area, particularly when combined with the
potent antioxidant properties of AA2G.**°

Observing the necrosis index of the tested plain formulae
further evidenced the competent anticancer effect of AA2G.
Comparing the plain formulae (Pggl and P¢g4) containing two
different amounts of AA2G (10 and 20 mg in group III and IV,
respectively), it was found that there was a significant difference
in the necrotic index (p value > 0.0001) between group III
receiving the lowest amount of AA2G and group IV receiving the
highest amount of AA2G, with the necrotic index of 40.45 £
0.35% and 44.90 + 1.27%, respectively as shown in Fig. 9(G).
These values were almost 3-fold and 1.5-fold higher than that of
the untreated group I (13.25 + 0.63%) and conventional ITZ
cream (28.25 + 0.35%), respectively.

There was a remarkable difference observed in the tumor
necrosis index for all the tested groups compared to the
cancerous untreated group (p value < 0.0001). These findings
are consistent with the results obtained from the reduction in
tumor weight. The obtained results provide an explanation for
the superiority of the plain glucospanlastic cream over the
conventional ITZ cream, as evidenced by the reduction in tumor
weight and the increase in tumor necrosis percentage. These
findings underscore the significant role of the antioxidant AA-
2G in promoting tumor cell death and improving the thera-
peutic outcomes.
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Fig. 9 Histopathological examination of tumor tissues of different animal groups at the end of in vivo study: untreated cancerous control (A),
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the processed histopathological samples of different animal groups. Results are expressed as mean + SD, (n = 6) **significant at p < 0.01,
***significant at p < 0.001 and ****significant at p < 0.0001 using one-way ANOVA followed by Tukey—Kramer post hoc test.

3.4.2. Biochemical assessment of antioxidant markers in
tumor mass. Essentially, the excessive accumulation of reactive
oxygen species (ROS) surpassing the capacity of the natural
antioxidant defense system leads to a condition known as
oxidative stress. This oxidative stress is primarily responsible for
chronic inflammation, which disrupts cellular function and
promotes the proliferation of cancer cells.”* According to the
current theories of biomedicine, oxidative stress is one of the
crucial pathophysiological processes involved in major stress-
and age-associated diseases, including cancer. Consequently,
antioxidants are usually thought to be a nearly universal defense
that can avoid or even fight cancer. Glutathione (GSH) is the
most abundant non enzymatic intracellular defense system,
which is responsible for the elimination of damaging lipid
peroxides and other ROS species. In this respect, the reduction in
GSH (glutathione) content signifies the occurrence of cellular
oxidation processes and lipid peroxidation.'**'*® The concentra-
tion of GSH was measured in the tumor homogenate and was
found to be considerably heightened to variable degrees in all the
treatment groups relative to the cancerous untreated group, as
shown in Fig. 10(A). The drug-loaded glucospanlastic formulae
(Pcg2 and Pc5) yielded a significant improvement in GSH levels
by 2.63- and 3.5-fold vs. the cancerous untreated group and 1.68-
and 2.26-fold vs. the conventional ITZ cream, respectively (p value

26538 | RSC Adv, 2024, 14, 26524-26543

<0.0001). Interestingly, the plain glucospanlastics Pcg4 and Pgl
increased the content of GSH by 1.84- and 2.03-fold vs. the
cancerous untreated group, respectively. Thus, the effect of the
glucospanlastics formulated with a higher concentration of
AA2G was more pronounced.

Malondialdehyde (MDA) is a prominent byproduct generated
through the breakdown of peroxidized polyunsaturated fatty
acids. Consequently, it serves as a commonly employed marker
for assessing lipid peroxidation following damage caused by
oxidative stress induced by free radicals. It is widely recognized
that increased levels of MDA, observed in various pathological
conditions including cancer, are closely associated with damage
caused by free radicals. Conversely, a decrease in MDA levels can
be expected following treatment with antioxidants, given that
they mitigate oxidative stress and its detrimental effects. In our
study, we detected a dramatic decrease in MDA content in
response to the antioxidant effect induced by the Pcg2 and Pgg5
treatment groups (2.59- and 2.94-fold reduction vs. cancerous
untreated group and 1.78- and 2.03-fold decrease vs. conventional
ITZ cream group, respectively). This effect was also significantly
attenuated by the incorporation of AA-2G given that the levels of
MDA were significantly decreased in the plain glucospanlastic
formulae (Pcg4 and Pcgl, p value < 0.001) in comparison to the
conventional ITZ cream group, as shown in Fig. 10(B).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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test.

The total antioxidant capacity (TAC) is a measure of the
overall antioxidant capacity in biological systems, including
tissues and body fluids. It provides an assessment of the collec-
tive capacity of various antioxidants. The measurement of TAC
considers the cumulative effect of different antioxidants,
including enzymatic antioxidants (such as superoxide dis-
mutase, catalase, and glutathione peroxidase) and non-
enzymatic antioxidants (such as vitamins C and E, carotenoids,
flavonoids, and polyphenols). TAC assays involve measuring the
ability of a biological sample to scavenge or neutralize free
radicals. According to the data presented in Fig. 10(C), notably all
the treatment groups demonstrated significantly increased TAC
values compared to the cancerous untreated group (p value <
0.0001), showing the same trend noticed with GSH. Groups V
and VI receiving the drug-loaded glucospanlastic formulae (P¢g2
and Pg5) displayed the highest TAC with values of 1.795 £+ 0.077
and 3.045 + 0.233 mM L' (3.01- and 5.51-fold increase vs.
cancerous untreated group and 1.67- and 2.84-fold increase vs.
conventional ITZ cream group), respectively. This indicates that
the treatments had a positive impact on enhancing the overall
antioxidant capacity in the tested groups.

The data suggest that the encapsulation of ITZ in the glu-
cospanlastics with a higher concentration of AA2G provided
better antioxidant activity together with an anticancer effect
compared to the conventional ITZ cream and cancerous
untreated groups.

4. Conclusion

In the present investigation, we designed and explored new
vesicles by combining surfactant base vesicles, spanlastics (made
of Span 60 and Tween 80), with AA-2G (glucospanlastics). The
proposed vesicles showed nano-dimensions, noticeably affected
by the AA-2G and Tween 80 ratio, negative surface charge,
heightened solubilisation efficiency and ITZ entrapment coupled
with antioxidant and cytotoxic effects. More specifically, they
could permeate the deep skin strata. The formulated O/W cream
enclosing the proposed glucospanlastics possessed the capability

© 2024 The Author(s). Published by the Royal Society of Chemistry

of suppressing an induced subcutaneous Ehrlich tumor, as re-
flected in the reduction in tumor size and weight and the boost
in necrosis percentage and antioxidant levels. The newly devel-
oped glucospanlastics utilizing AA-2G as an ascorbic acid deriv-
ative represent antioxidant and anticancer nanovesicles,
possessing the ability to maintain the features of AA, and also
enhance the solubility of the hydrophobic ITZ. These promising
attributes can yield nanoplatforms for anticancer topical therapy,
which requires clinical verification.
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