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inflammatory properties. Ascorbic acid (AA) is reported to inhibit the formation of
reactive oxygen species, sensitize cancer cells, and induce apoptosis. In this context, AA, %
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ABSTRACT: Geranium oil (GO) has antiproliferative, antiangiogenic, and anti- <, @
g i i Ascorbicacid (AA]
"'\Qfs

GO, and AA-GO were loaded into niosomal nanovesicles to ameliorate the
physicochemical properties of GO and improve its cytotoxic effects using the thin-

film hydration technique. The prepared nanovesicles had a spherical shape with average o 627 52
diameters ranging from 200 to 300 nm and exhibited outstanding surface negative
charges, high entrapment efficiencies, and a controlled sustained release over 72 h.
Entrapping AA and GO in niosomes resulted in a lower ICs, value than free AA and GO
when tested on MCF-7 breast cancer cells. In addition, flow cytometry analysis showed @ @
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higher apoptotic cells in the late apoptotic stage upon treating the MCF-7 breast cancer
cells with AA-GO niosomal vesicles compared to treatments with free AA, free GO, and  Ascorbicacid-Geranium Enhanced apoptotic effects against
AA or GO loaded into niosomal nanovesicles. Assessing the antioxidant effect of the free cHtesames (SO Heres

drugs and loaded niosomal nanovesicles showed enhanced antioxidant activity of AA-

GO niosomal vesicles. These findings suggest the AA-GO niosomal vesicles as a potential treatment strategy against breast cancer,
possibly through scavenging free radicals.

1. INTRODUCTION significant stimulation of the cellular antioxidant system and
the generation of other low-molecular-weight antioxidants.”
Some studies have shown the synergistic effects of AA in
combination with other natural products in inducing cancer
cell death. Even though the mechanism by which AA induces
apoptosis is still not fully understood, some studies reported
that AA treatment increased Bax (proapoptotic) protein
expression and upregulates pS3 (tumor suppression) gene
expression, which induces apoptosis.

Despite the broad therapeutic activities of essential oils, their

Essential oils demonstrate various therapeutic activities,
including antimicrobial, anti-inflammatory, anticancer, and
antioxidant properties, owing to their high contents of
monoterpenes and sesquiterpenes. Geranium oil (GO),'
obtained by steam distillation of the leaves of Pelargonium
graveolens, is one of these promising medicinal essential oils.
Previous studies reported the antiproliferative, antiangiogenic,
and anti-inflammatory properties of GO in metastatic cancer

cell lines.” The main constituents of GO, including geraniol,

citronellol, and citronellyl formate, were reported to have chmc?al. application is ch:jlller.lged by their limited wa'ter
antioxidant activity and remarkable antiproliferative activity solubility, poor pharmacokinetics, and low potency resulting
3,4 from nonselective delivery to the target tissue. Thus, various

against different cancer cell lines.™ 3 B .
o o . . nanocarrier systems were developed for encapsulating essential
Ascorbic acid (AA, vitamin C) is a necessary human nutrient ¢ ) )
oils and other natural compounds to improve their water

with pronounced antioxidant activity that shields cellular o . . .
. . ) . solubility and therapeutic activities. These include supra-
constituents from the devastating effects of free radicals and is 910 ) R L
molecules,””" polymeric nanocomposites, and lipid nano-

a cofactor in various enzymatic reactions.” In addition, AA has . ’ . . . 1314 +o.

. . o vesicles (including liposomes and niosomes).”'* Niosomes
been reported to selectively kill cancer cells in vitro and slow

the growth of a variety of human tumor xenografts in

’

immunocompromised mice.® Additionally, AA functions as a Received: March 13, 2023
chemosensitizer that sensitizes cancer cells to different Accepted: May 12, 2023
synthetic and natural anticancer drugs, enhancing their Published: June 13, 2023

anticancer effects.'’ AA is a low-molecular-weight antioxidant
that inhibits the formation of reactive oxygen species (ROS)
levels. Another way that AA prevents oxidative stress is the
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(NSs) are amphiphilic nanostructures designed by the self-
assembly of nonionic surfactants and cholesterol in an aqueous
medium, forming bilayer-closed nanovesicles.'* Several meth-
ods are used to generate niosomes; however, thin-film
hydration followed by sonication is commonly used due to
its simplicity.”> Using niosomes to deliver various therapeutic
drugs offers many advantages as they are stable, affordable,
biocompatible, and biodegradable.'”'> Previous studies
reported using niosomal vehicles to deliver several chemo-
therapeutics and antioxidant drugs.'®'” Targeted delivery of
drugs using niosomes can be achieved passively (due to
enhanced permeation and retention of niosomes in tumors) or
actively by modifying the surface of niosomes to release their
payloads in response to different stimuli such as a magnetic
field or pH."®

This study aimed to explore the enhanced anticancer and
antioxidant activities of GO and AA when they are coloaded in
niosomal nanovesicles. In this regard, AA/NSs, GO/NSs, and
AA-GO/NSs were prepared using the thin-film hydration
method. Then, the prepared niosomes were characterized in
terms of size, PDI, surface charge, morphology, and entrap-
ment efficiency. In addition, the in vitro release profiles of the
prepared niosomal formulations were investigated at low pH
typical of the cancer microenvironment. Moreover, the effects
of free AA, free GO, AA/NSs, GO/NSs, and AA-GO/NSs on
MCE-7 cells were investigated. The apoptotic and antiox-
idative stress effects of the niosomal formulations on MCEF-7
cells were assessed.

2. MATERIALS AND METHODS

2.1. Materials. Cholesterol, Span 60, and Tween 60 were
acquired from Biosynth Carbosynth, Berkshire, UK. Geranium
oil was purchased from a local company (Imtenan, Cairo,
Egypt). Ascorbic acid was obtained from Sigma-Aldrich (St.
Louis, MO, USA). Dulbecco’s modified Eagle’s medium
(DMEM) containing glucose (4.5 g/L), trypsin (0.05%), and
phosphate-buffered saline (PBS, pH 7.4), penicillin—strepto-
mycin, and 3-(4,5-dimethylthiazol-2-y1)-2,5 diphenyltetrazo-
lium bromide (MTT) were purchased from Lonza Bioscience
(Walkersville, MD, USA). Fetal bovine serum (FBS) was
obtained from Gibco (Waltham, MA, USA). Dimethyl
sulfoxide (DMSO) was acquired from Serva (Heidelberg,
Germany). 2’,7’-Dichlorodihydrofluorescein diacetate
(H2DCFDA) was purchased from Invitrogen-Thermo Fisher
Scientific (Waltham, USA), and an Annexin V-FITC/7-AAD
apoptosis detection kit (cat. no. E-CK-A212.50) was purchased
from Elabscience (Wuhan, China). Propidium iodide (PI) was
purchased from Invitrogen (Waltham, MA, USA). All other
chemicals were purchased from Sigma-Aldrich. The MCE-7
cell line (cat. no. HTB-22) was purchased from ATCC
(Manassas, VA, USA).

2.2. Preparation of Niosomes (NSs). NSs loaded with
AA (AA/NSs), GO (GO/NSs), or AA-GO (AA-GO/NSs)
were prepared usin%_the thin-film hydration technique with
some modifications. ™"’ In order to prepare AA-GO/NSs, a
total of 120 mmol of cholesterol, Span 60, and Tween 60 was
used in a molar ratio of 2:1:1. Briefly, the cholesterol,
surfactants, and GO were dissolved in chloroform. The organic
solvent was then evaporated under reduced pressure for 60
min at 60 °C, utilizing a rotary evaporator (Laborota 4000,
Heidolph Instruments, Schwabach, Germany) equipped with a
vacuum pump (KNF Neuberger GmbH, Freiburg, Germany),
leaving a thin lipid film. AA was dissolved in phosphate-

buffered saline (PBS, pH 7.4) and then was used to hydrate the
thin film in a rotary evaporator under normal pressure at the
same temperature for 60 min. The obtained suspension was
sonicated for S min using a bath sonicator (Elmasonic P30 H,
Elma Hans Schmidbauer, Singen, Germany). Blank NSs were
prepared using the same method without adding GO or AA.
Then, the prepared suspensions were left for 45 min at room
temperature and then kept at 4 °C for further investigation.

2.3. Characterization of the Niosomal Preparations.
The average particle size, PDI, and zeta potential were
measured employing a Zetasizer Nano ZS equipped with a
10 mW HeNe laser (Malvern Instruments, Worcestershire,
UK). Size measurement was conducted in triplicate at 25 °C.
The morphological features of the GO/NSs, AA/NSs, and
GO/AA/NSs were evaluated using high-resolution field
emission scanning electron microscopy (FESEM, LEO
SUPRA 5SS, Carl Zeiss, Oberkochen, Germany) using an
acceleration voltage of 1.00 kV. All freeze-dried samples were
subjected to gold sputtering at 10 mA for 2 min under nitrogen
before carrying out FESEM analysis. The FTIR spectra of AA,
GO, plain niosomes, AA/NSs, GO/NSs, and AA-GO/NSs
were studied utilizing attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR) using an FTIR
Nicolet 380 spectrometer (Thermo Scientific, Waltham, MA),
equipped with a ZnSe flat crystal (in the range of 4000 and 650
cm_l).

2.4. Niosome Entrapment Efficiency. The entrapment
efficiency percentages (EE %) of the loaded AA and/or GO
into niosomes (AA/NSs, GO/NSs, and AA-GO/NSs) were
determined as described previously with minor modifica-
tions.” Briefly, 1 mL of each formula was centrifuged at 10,000
rpm and 4 °C for 2 h to remove free AA and/or GO. Then, the
supernatant was aspirated and used to measure the free AA and
GO using a UV—vis spectrophotometer (FLUOstar Omega
microplate reader, BMG Labtech, Offenburg, Germany) at 252

and 244 nm, respectively. The EE % was computed using eq
1.20

the initial amount of the drug or oil — the amount of oil

EE% = X 100

(1)
2.5. In Vitro Release Study. The release rates of AA and
GO from AA/NSs, GO/NSs, and AA-GO/NSs were studied
employing the dialysis membrane approach at pH 7.4 and 5.5.
Briefly, 0.5 mL of the niosomal preparation was pipetted into a
dialysis bag (12—14 KD cutoff), which was then placed in a
beaker containing 25 mL of PBS (adjusted at pH values of 7.4
or 5.5). Then, the beaker was placed in a shaking incubator
(Jeio Tech SI-300, Seoul, Korea), rotating at 150 rpm at 37 +
0.5 °C. At specific time points, 1 mL aliquots of the sample
were withdrawn for quantification of AA and GO by UV—vis
spectrophotometry (at 252 and 244 nm, respectively) and
immediately replaced with another 1 mL of warmed buffer.
The release % of AA and GO was determined using eq 2.

the initial amount of oil

the amount of released oil
release% = X 100

the initial amount of loaded oil ()

2.6. Cell Viability Assay. MCF-7 breast cancer cells were
cultured in DMEM at 37 °C in a 5% CO, humidified
incubator. DMEM was supplemented with 1% pen—strep (100
units/mL penicillin and 100 pg/mL streptomycin) and 10%
heat-inactivated FBS. MCEF-7 cells were then seeded in a 96-
well plate at a density of 10,000 cells/well. The next day,
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Table 1. Characteristics of Different Niosomal Formulas®

samples diameter (nm) PDI
plain NSs 2312 + 41.3 0.21 + 0.17
GO/NSs 210.3 + 35.0 0.24 + 0.16
AA/NSs 204.5 + 29.8 0.19 + 0.13
GO-AA/NSs 2194 + 44.5 0.23 + 0.20

EE (%)
¢ potential (mV) GO AA
—6.39 + 1.96
—9.81 + 1.12 98.1 + 5.1
=745 +£1.23 99.5 + 2.3
—-11.1 =+ 1.39 98.3 + 4.2 98.7 + 3.1

“All experiments were conducted in triplicate, and the results were expressed as means + standard deviations. AA: ascorbic acid, GO: geranium oil,

and NSs: niosomes.

Figure 1. Scanning electron microscopy (SEM) micrographs of (A) plain NSs, (B) AA/NSs, (C) GO/NSs, and (D) AA-GO/NSs.

cultured cells were treated with free AA dissolved in PBS, free
GO dissolved in DMSO, AA/NSs, GO/NSs, AA-GO/NSs,
plain niosomes, or doxorubicin (DOX) as a positive control
with increasing concentrations in basal media. After another 24
h, the supernatant was discarded, and MTT solution (1 mg/
mL) was added to cells and left for 2 h at 37 °C and then
discarded. DMSO (100 L) was added to the cultured cells to
solubilize the formed formazan crystals. Finally, absorbance
was measured at 540 nm using a TECAN microplate reader
(Infinite 200 Pro, Mannedorf, Switzerland). As compared to
the control, the percentage of viable cells in treated wells was
calculated. The viability inhibition concentrations at 50%
(ICsy) were then calculated using GraphPad Prism 9.0 (San
Diego, CA, USA) by plotting absorbance data against the
concentrations tested for each sample.

2.7. Cell Apoptosis Assay Using Flow Cytometry.
MCEF-7 cells were seeded in T-25 flasks (S X 10> cells per
flask) and incubated at 37 °C for 24 h. The next day, cultured
cells were treated with ICy, concentrations of different
treatments, as prepared above, in basal media. After another
24 h of treatment, cells were collected and prepared for flow
cytometry measurements using an Annexin V-FITC/7-AAD
apoptosis detection kit according to manufacturer’s proce-
dures. MCEF-7 cell apoptosis was evaluated using flow
cytometry (Attune NxT, Thermo Fisher Scientific).”’ Analysis

of flow cytometry data was performed using FlowJo software
version 10.6.2 (Ashland, OR, USA).

2.8. Reactive Oxygen Species Assay. A fluorometric
assay was used to measure ROS levels induced by AA, GO,
AA/NSs, GO/NSs, AA-GO/NSs, and plain niosomes by using
the intracellular oxidation of 2’,7’-dichlorofluorescein diacetate
(DCF-DA). MCE-7 cells were seeded in 96-well plates at a
density of 1 X 10° cells/well and left overnight. The cultured
cells were then pretreated with 100 uL of 5 uM DCF-DA in
basal medium for 2 h. Then, 100 uL of each treatment was
added at a concentration half that of the IC;, value bringing
the total volume of 200 uL. After 24 h of incubation in the
dark, fluorescence was measured using excitation and emission
wavelengths of 485 and 535 nm, respectively. Fluorescence
measurement was performed using a TECAN microplate
reader Infinite 200 Pro (Mannedorf, Switzerland).

2.9. Statistical Analysis. All measurements were per-
formed in triplicates, and standard deviations (SD) were
calculated. One-way ANOVA was performed using GraphPad
Prism v 8.0 (GraphPad, San Diego, CA, USA). A P-value of
<0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION

3.1. Characteristics of the Prepared Niosomal
Formulations. The average diameters and PDI of AA/NSs,
GO/NSs, and AA-GO/NSs were measured using dynamic

https://doi.org/10.1021/acsomega.3c01681
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light scattering (Table 1). The average diameters of all
fabricated niosomal nanovesicles were between 200 and 300
nm, which agrees with a previous study that reported the
formulation of various nanostructures loaded with anticancer
drugs and exhibited potent anticancer activities.”” This
nanoscale range aids the passive accumulation of the loaded
drugs into cancer cells via preferential diffusion through the
leaky vasculature of cancer tissues.”> As shown in Table 1, the
surface charges of the designed nanovesicles were —6.39 +
1.96, —=9.81 + 1.12, =7.45 + 1.23, and —11.1 + 1.39 mV for
plain NSs, AA/NSs, GO/NSs, and AA-GO/NSs, respectively.
These negative surface charges minimize the nanovesicles’
agglomeration and prolong their shelf lives. The entrapment
efficiency percentages (EE %) of the three prepared nano-
vesicles demonstrate the capability of niosomal vesicles to
encapsulate large amounts of either AA, GO, or AA-GO (Table
1). These findings showed that the hydrophilic AA and the
hydrophobic GO are well-settled in the aqueous niosomal core
and the outer niosomal lipid bilayer, respectively.

SEM analysis showed a spherical morphology for plain
niosomes, AA/NSs, GO/NSs, and AA-GO/NSs (Figure 1).
Loading either AA, GO, or AA-GO inside the niosomes has
not impacted their spherical shape.

FTIR spectra of GO, AA, empty NSs, GO/NSs, AA/NSs,
and AA-GO/NSs are presented in Figure 2. The ATR-FTIR
spectrum of GO (Figure 2A) revealed three main peaks at
3373.7 (—OH stretching), 2925.9 (—CHj; stretching), and
1729.7 cm™ (C=O stretching). Furthermore, the ATR-FTIR

A
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Figure 2. FTIR spectra of (A) GO, (B) AA, (C) plain niosomes, (D)
AA/NSs, (E) GO/NSs, and (F) AA-GO/NSs.

spectrum of AA (Figure 2B) demonstrated four distinct peaks
at 3410.2 (—OH stretching), 1416.5, 1321.6 (—CH bending),
and 1199.0 cm™' (C—O—C stretching). The spectrum of plain
NSs (Figure 2C) exhibited three major peaks at 3423.2 (—OH
stretching), 2098.5, and 1638.7 cm™ (C=C stretching). On
the other hand, the spectra of GO/NSs, AA/NSs, and AA-
GO/NSs demonstrated the disappearance of three character-
istic peaks of GO, which are at 29259 (—CHj stretching),
1729.7 (C=0 stretching), and 1453.8 cm™ (C—H bending).
Also, the disappearance of AA’s characteristic peaks, 1416.5
and 1321.6 cm™' (—CH bending), confirms the GO’s and AA’s
successful entrapment within the niosomal matrix.>®

3.2. In Vitro Release Study. The release study was
conducted in acidic media (pH of 5.5) to simulate the acidic
conditions inside the tumor microenvironment and/or intra-
cellular endosomes. The release percentage of AA and GO
from the niosomal nanovesicles was studied at 37 °C and pH
5.5 (tumor cells’ extracellular pH), as presented in Figure 3.
The release % values of AA and GO from AA/NSs and GO/
NSs, after 72 h in acidic media, were 80.85 + 2.8 and 76.80 +
1.79, respectively. On the other hand, the release % values of
AA and GO from AA-GO/NSs were found to be 76.1 + 3.1
and 71.83 + 1.87, respectively. The release study showed that
the release % values of the coloaded drugs (AA-GO) from AA-
GO/NSs (80.85 + 2.8 and 76.80 = 1.79, respectively) were
not decreased significantly (p < 0.5) as compared to that of AA
(76.1 + 3.1) and GO (71.83 + 1.87) from AA/NSs and GO/
NSs, respectively. In addition, all formulations have shown a
sustained release behavior where about 72—80% of the loaded
drugs were released over a period of 72 h. This sustained
release manner is attributed to the presence of cholesterol,
which improves the stability of the outer bilayer membrane of
the niosomes and, thus, minimizes the leakage of the entrapped
AA or GO outside the niosomal membranes.”* Therefore, high
amounts of loaded AA and GO could be delivered to the site of
action over a prolonged time, supporting the anticancer
potential of the developed niosomal preparations.

3.3. Cell Viability Assay. Breast cancer is one of the most
commonly diagnosed cancers in women worldwide, accounting
for approximately 30% of all cancer diagnoses.”” MCE-7 cells
are a well-established and widely used breast cancer cell line
that has been extensively characterized and validated for
studying breast cancer.”® On the other hand, GO has been
reported previously to suppress tumor progression in breast
cancer and enhance the cytotoxicity of tamoxifen.””**
Additionally, AA has been reported to promote apoptosis in
breast cancer cells.”’ In this regard, MCF-7 cells were treated
for 24 h using increasing concentrations (1.25, 2.5, S, 10, 20,
40, 80, 160, and 320 ug/mL) of free AA, free GO, or AA and
GO loaded in AA/NSs, GO/NSs, or AA-GO/NSs, in addition
to plain niosomes and DOX. The cell viability assay was
evaluated using the MTT assay. Figure 4 illustrates that AA
dissolved in PBS alone had an ICs, value of 20.5 + 13 ug/mL.
However, when AA is entrapped into noisome nanovesicles,
the ICy, value slightly decreases (18.97 + 6 ug/mL). GO
dissolved in DMSO alone had an IC, value of 65.63 + 14 ug/
mL. However, when GO was encapsulated in niosomal
nanovesicles, the ICs, significantly decreased to 47.46 + 11
ug/mL (P < 0.01), indicating higher potency in reducing the
viability of cancer cells. The combination of AA and GO in
niosomes showed the lowest ICs, of 9.2 + 8 ug/mlL, thus
indicating the highest anticancer potential. Lastly, to ensure
that the cytotoxicity is due to the active ingredient and not

https://doi.org/10.1021/acsomega.3c01681
ACS Omega 2023, 8, 22774—-22782


https://pubs.acs.org/doi/10.1021/acsomega.3c01681?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01681?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01681?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01681?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
80 4
60
x
Q
©
D 1
g —B-AA/NSs —-GO/NSs
—8-AA-GO/NSs (AA)  —A—AA-GO/NSs (GO)
20 A ‘
0 . T T T
0 20 40 60 80
Time (h)

Figure 3. In vitro release profile of AA and GO from AA/NSs, GO/NSs, and AA-GO/NSs at 37 °C and pH 5.5. Concentrations were deduced from
eq 2 after measuring the absorbance of AA and GO at 252 and 244 nm, respectively.

attributed to the nonionic surfactant content of the niosome
carrier, the effect of blank niosomes was tested on cellular
viability. Plain NSs had an ICy, of 125.25 + 9 pug/mL, which
was significantly higher than the loaded nanocarriers, AA/NSs,
GO/NSs, and AA-GO/NSs. In addition, plain niosomes
exhibited minimal or no cytotoxicity on the MCF-7 cells
compared to untreated cells (negative control). These results
agree with a previous report concerning the minimal cytotoxic
effects of niosomes on MCF-7 cells.”” Lastly, to ensure that the
assay is functioning correctly and provides a reference point for
interpreting the results of the test compound, we tested DOX
cytotoxicity and calculated its IC5, (Table 2). Our results
demonstrated that DOX had an ICy, value of 3.48 pg/mL. Our
results are consistent with previously published reports in
which DOX had an IC;, value ranging from 1.2 to 5.1 ug/
mL.>" The encapsulation of AA and GO in the niosomes
would lead to enhanced accumulation of the AA and GO
inside cancer cells.”> The combination of AA and GO
encapsulated in niosomes showed enhanced cytotoxicity
against MCEF-7 cells, suggesting an enhanced anticancer
activity that may be due to a synergistic effect of the active
ingredients in comparison to AA/NSs and GO/NSs alone.”
Encapsulation of AA in niosomes has led to increased toxicity
(lower ICy;) as compared to AA in PBS. This may be due to
the fact that niosomes facilitate cellular uptake of their contents
due to their lipid-based structure that can easily fuse with cell
membranes. This leads to improved intracellular accumulation
of loaded drugs and a consequent increase in their cytotoxicity.
Also, niosomes could facilitate the controlled release of their
payloads within the MCF-7 cells. This can cause a sustained
and prolonged effect of either AA or GO, contributing to its
increased cytotoxicity.”” ' On the other hand, niosomes can
improve the stability of their cargos, protecting them from
degradation by enzymes and other factors, resulting in higher
concentrations of either active AA or GO being available to
exert its cytotoxic effect.”* >

3.4. Apoptosis Assay. The apoptotic effects of the tested
compounds on MCEF-7 cells were examined using flow
cytometry. In the cell viability assay, encapsulating AA and
GO in niosomal nanovesicles, either alone or in combination,
showed enhanced cytotoxic effects against MCF-7 cells. It was
important to test whether free AA, GO, or AA and AA/NSs,
GO/NSs, AA-GO/NSs, and plain niosomes could exhibit
similar behavior in the apoptosis assay. ICg, concentrations
that were determined by the MTT assay were used for the cell
apoptosis assay. Percentages of apoptotic cells were deter-
mined using flow cytometric analysis by Annexin/PI staining as
previously described.”” Results show that treatment with the
niosomal active ingredients exhibited variable effects on the
percentages of early and late apoptotic cells. After 24 h of
treatment, AA alone induced mostly late apoptosis. The
percentages of viable, early apoptotic, and late apoptotic cells
were 3.79, 0, and 80.7%, respectively (Figure 5). AA/NSs also
showed similar percentages of viable, early apoptotic, and late
apoptotic cells (3.85, 0, and 79.1%, respectively). For GO
alone, the percentages of viable, early apoptotic, and late
apoptotic percentages were 2.19, 0.03, and 84.1%, respectively.
For GO/NSs, the results for the cell apoptosis assay were also
similar with 2.12, 0, and 87.3% of viable, early apoptotic, and
late apoptotic cells, respectively. However, when AA and GO
were combined and encapsulated into niosomal nanovesicles,
the percentage of viable cells decreased to 0.52%, and that of
late apoptotic cells increased to 93.8%, compared to the
control, which had a cell viability of 98.8%. The percentage of
early apoptotic cells for all tested samples remained close to
0%. This may be attributed to the long treatment strategy so
that the late apoptosis stage was greatly increased.”® Plain
niosomes induced the least apoptotic effect of 61.2% for late
apoptotic cells. In a previous study, AA has been shown to
induce intrinsic apoptotic pathways in colorectal carcinoma
cells.*” In addition, GO in a previous study repressed cell
viability in MCF-7 cells and induced apoptosis.”” The results

https://doi.org/10.1021/acsomega.3c01681
ACS Omega 2023, 8, 22774—-22782


https://pubs.acs.org/doi/10.1021/acsomega.3c01681?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01681?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01681?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01681?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
Doxorubicin AAin PBS GO in DMsSO
- IC50=3.48 pg/mL 3 1€50=20.5 g/ml. 3 IC50=65.63 pug/mL
g 150 = ::: 150+ E 150
c ) o
8 = 100¢_ . .=
w100 o — © 100+ —
= 2 | S
95 8- z 501 ¢ g‘ 50
: 3 o —t—— 3 :
3. TRy § ey
= 00 05 10 15 20 25 T % Gontrel 3
3 o 05 10 15 20 2 : o o i
O  Log [concentration] (ug/mL) v Log [concentration] (ug/mL) Log [concentration] (ug/mL)
Plain NSs GO/NSs _ AA/Nss
= = _ © -
S 1C50=125.5 pg/mL 2 1C50=47.46 pg/mlL 2 IC50=18.97 pg/mL
€ 150+ 5 180+ s '
o ] s}
e . w S 1004e
O 100+ ! ‘ © 1004 =
® L) 8 I =
> | > > 504
Z 50+ £ 501 =
E— == L
o = w0 s
g 0 T T ? 1 g 0 T T T T I 1 ; 1' 5 i ]3
[ 1 2 3 = 05 10 15 20°% 25 =
3 < n) s
O -50- O .s0- )
Log [concentration] (ug/mL) Log [concentration] (ug/mL) Log [concentration] (ug/mL)
_ AA-GO/NSs
£ 1C50=7.69 pg/mL
5 1009
£ .
ks —
S
z i S
:r.; 0 T —-I 1
s 2 1 3
3
o Ep -

Log [concentration] (ug/mL)

Figure 4. Determination of ICg, values of geranium oil (GO), ascorbic acid (AA), and doxorubicin (DOX) on MCF-7 cells. Increasing
concentrations (1.25, 2.5, 5, 10, 20, 40, 80, 160, and 320 ug/mL) of free AA, free GO, or AA and GO loaded in AA/NSs, GO/NSs, AA-GO/NSs,
and plain niosomes (NSs) were prepared for calculations of ICs, values. The MTT assay was used for cellular viability measurements. Values are

means + SD (n = 3).

Table 2. IC,, Values of Free and Encapsulated Geranium
Oil and Ascorbic Acid

sample name

ICs, (ug/mL)

AA in PBS 20.5 + 13
AA/NSs 1897 + 6
GO in DMSO 65.63 + 14
GO/NSs 47.46 + 11
AA-GO/NSs 7.69 + 8
plain NSs 1255 +9
DOX 348 + 17

confirmed that MCF-7 cells treated with AA/NSs and GO/
NSs had significantly higher apoptotic cells (p < 0.001) than
those observed in cells treated with plain niosomes or
untreated control cells. In addition, our results indicated that
a combination of AA and GO encapsulated in niosomal

nanovesicles significantly (p < 0.01) enhanced their apoptotic

effect as compared to the effects of either AA or GO
encapsulated in niosomes.

3.5. Determination of ROS. ROS production was
determined using the fluorogenic dye H2DCFDA (Figure 6).
The dye diffuses typically into the cell, where it is deacetylated
by cellular esterases into a nonfluorescent compound.
Afterward, intracellular ROS oxidizes the compound into
2',7'-dichlorofluorescein (DCF).*”*' Treatment of MCE-7
with half of ICs of free AA or GO or AA and GO encapsulated
in AA/NSs, GO/NSs, AA-GO/NSs, and plain niosomes for 24
h was conducted to determine the ability of the tested
compounds to convert H2DCFDA to its fluorescent product
DCEF. The tested compounds caused a significant decrease in
fluorescence in comparison to the control, indicating a
reduction in ROS production after treatment. A combination
of AA and GO encapsulated in niosomal nanovesicles showed
the most significant decrease in fluorescence in comparison to
the other treatments. Empty niosomes showed the least
decrease in fluorescence, indicating the lowest antioxidative
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Figure S. Cell apoptosis assay using flow cytometry of free and encapsulated ascorbic acid (AA) and geranium oil (GO). MCF-7 cells were treated
for 24 h with IC;, concentrations of free AA, free GO, AA/NSs, GO/NSs, AA-GO/NSs, and empty niosomes. Percentages of viable cells and early
and late apoptotic cells were then determined using Annexin/PI staining.
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Figure 6. Evaluation of ROS level production using the fluorogenic
dye H2DCFDA. MCF-7 cells were treated for 24 h with free AA, GO,
AA/NSs, GO/NSs, AA-GO/NSs, or plain niosomes using concen-
trations half those of respective IC, values. Fluorescence intensity
was then measured upon excitation at 485 and measuring emission at
535 nm. Data are presented as means + SD. *p < 0.01, **p < 0.05,
and ***p < 0.001.

stress properties against MCF-7 cells. It is of note that AA was
reported to reduce ROS levels.*””

4. CONCLUSIONS

Niosomal nanovesicles encapsulating AA and/or GO were
fabricated by the thin-film hydration method. All formulas
showed a nanoscale size range of 200—300 nm, low PD],
outstanding zeta potential, and high EE %. The ability to
entrap high concentrations of AA and GO supports the
improved anticancer and antioxidant activities of the prepared
niosomes. In vitro release studies demonstrated the capability
of the prepared nanovesicles to sustainably release their cargo
in the acidic microenvironment of cancer tissues (pH $.5) over

22780

72 h. Combining AA and GO in niosomal nanovesicles led to
enhanced cytotoxicity and an increased early apoptotic effect
on MCEF-7 cells. In addition, AA-GO niosomal nanovesicles
exhibited enhanced antioxidative activity in comparison to free
AA, free GO, and AA and GO loaded individually or in
combination in niosomal nanovesicles. Loading GO and AA in
niosomes showed enhanced anticancer properties against
MCE-7 breast cancer cells, which warrants further inves-
tigations of its possible utility for the treatment of breast
cancer.
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