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Breast cancer is the deadliest disease among women due to the lack of novel targeted therapies.
Flavonoid compounds like quercetin exhibit excellent anticancer activity. However, quercetin’s high
hydrophobicity, poor solubility, and low bioavailability limit its therapeutic efficacy. Several systems, like
polymeric, metallic, and liposomal nanomaterials, have been designed to enhance quercetin’s
therapeutic efficacy. However, these nanocarrier systems lack colloidal stability and biocompatibility and
have poor drug-loading efficiency. Herein, we have synthesized thermostable quercetin-loaded
nanoarchaeosomes (NAQ) for effective breast cancer treatment. The synthesized NAQ have a size of
535 £+ 1 nm. The drug loading efficiency was 99 + 0.2%, and sustained drug release kinetics was
observed. Furthermore, to determine the in vitro anticancer potential of NAQ, we have used the breast
cancer cell line MCF-7 as a model. The NAQ induced significant cell death in breast cancer cells by
generating reactive oxygen species (ROS), resulting in an ICsq value of 2.5 uM. The observed |Csq value
was thirty-five-fold less than the ICsq value of quercetin alone treated MCF-7 cells. The flow cytometry
and cell cycle analyses confirmed that NAQ induced necroptosis with cell cycle arrest at the GO/G1
phase. The NAs and NAQ exhibit excellent biocompatibility in normal fibroblast cells NIH 3T3. Our
findings suggest that NAQ have good biocompatibility, stability, and drug loading and release kinetics
and can act as an effective alternative anticancer nanotherapeutic agent against breast cancer by
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1. Introduction

Chemotherapy is one of the most common treatments for
breast cancer.! However, it has severe limitations due to
adverse side effects like neutropenia, alopecia, and hypersensi-
tivity reactions. So, researchers are urged to develop novel
alternative strategies to control breast cancer. Quercetin, the
most common flavonoid, possesses many biological activities
such as anticancer, anti-inflammatory, and antioxidant
activities.” Furthermore, several studies have proven that quer-
cetin exhibited an antitumor effect in breast cancer.® However,
the quercetin drug molecules have severe limitations because
of their low bioavailability, instability under physiological con-
ditions, and poor solubility in aqueous solutions like human
serum.®” Therefore, higher quercetin concentrations and fre-
quent drug administration are required for cancer treatment,

Department of Applied Mechanics and Biomedical Engineering, Indian Institute of
Technology Madras, Chennai, India. E-mail: swathi.s@iitm.ac.in

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4ma00258;j

6944 | Mater. Adv., 2024, 5, 6944-6956

which enhances the treatment cost and adverse effects like
nephrotoxicity.® Therefore, effective quercetin delivery at the
target site is a challenging process. Subsequently, a drug
delivery system with polymeric, metallic, and organic nanoma-
terials has recently been used to overcome these effects.”
Specifically, liposomes have been used to improve quercetin
delivery®® due to their biocompatible nature compared to other
nanomaterials. However, liposomes lack colloidal stability,
which leads to uncontrolled drug release at the nontarget site
and decreases the therapeutic effect.’®'" Hence, in our present
study, we have synthesized a highly stable novel drug delivery
system, nanoarchaeosomes (NAs), for effective quercetin deliv-
ery for cancer therapy using highly thermostable archaeal
lipids. Archaeal lipids consist of highly branched isoprenoid
side links and ether bonds linked to the glycerol-1-phosphate
backbone. Because of the ether bonds, they have better stability
at extreme pH and high temperatures (40 °C to 100 °C).***?
Furthermore, archaeal lipids exhibit excellent bioavailability
and controlled drug release mechanisms at the target sites.*
Based on these significant features, we have synthesized NAs
constituted of archaeal lipids to develop an effective quercetin
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delivery system. The quercetin-loaded NAs (NAQ) have been
explored by in vitro anti-breast cancer studies on the MCF-7
breast cancer cell line. The synthesized NAs revealed high
biocompatibility in normal cells. NAQ showed high drug load-
ing efficiency and prolonged drug release over 24 hours.
Furthermore, NAQ exhibited in vitro cytotoxicity against the
MCEF-7 breast cancer cell line with an IC5, value of 2.5 uM. FACS
results also proved that NAQ induced necrosis and late apop-
tosis with cell cycle arrest at the G0/G1 phase. This study
sheds light on utilizing nanoarchaeosomes as novel drug
delivery vehicles, and further investigation in this area can be
aimed at realizing their full potential for cancer therapeutic
applications.

2. Experimental section

2.1. Materials

Quercetin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
(SOPC), archaeal lipids, propidium iodide and ethidium bro-
mide (EtBr) were purchased from Sigma-Aldrich. Acridine
orange (AO) was obtained from Nalgen. Phalloidin and 2’-7’
dichlorodihydrofluorescein diacetate (DCFDA) were acquired
from Invitrogen and Abcam. Annexin-V APC was obtained from
Biolegend. Hoechst was procured from Thermo Fisher.

2.2. Preparation of nanoarchaeosomes (NAs)

NAs were synthesized as described previously by Kaviya et al..'®

Briefly, SOPC and archaeal lipids were dissolved in a ratio of
80:20 in chloroform solvent to reach a final concentration of
1 mg ml™"' and then subjected to vacuum drying. Then, the
dried lipid was reconstituted with Milli-Q water and vortexed
for 5 minutes. Next, the prepared sample was sonicated at 45 °C
for 30 minutes using an ultrasonic bath sonicator (B.R. Bio-
chem Life Sciences). Then, the sample mixture was centrifuged
(Eppendorf Centrifuge 5415C) at 13 000 rpm for 30 minutes.

2.3. Dynamic light scattering (DLS) and zeta potential

The size and surface charge of synthesized NAs were evaluated
using a DLS (Horiba Scientific DLS) and zeta analyzer (Horiba
Scientific Zeta Analyzer). NAs were diluted in a 1: 100 ratio. This
dispersed suspension was taken for analysis, and the hydro-
dynamic diameter and surface charge of NAs were measured.

2.4. SEM, TEM, EDX, AFM, and Raman spectroscopy analyses

The morphological examination and elemental analysis of the
NAs were performed using a scanning electron microscope
(S-4800, Hitachi) and transmission electron microscope (JEOL
JEM 3010, filament-LaB6). For SEM analysis, NAs were drop-
cast onto a pre-cleaned glass slide, and the sample was allowed
to dry at room temperature, followed by gold sputter coating at
2.5 kv and 20 mA at a rate of 10 nm per minute (Polaran SC7640
gold sputter). Then, morphological characterization was per-
formed using a scanning electron microscope operated at the
voltage of 1-5 kV. Following this, 10 pL of NAs was spotted on
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the TEM copper grids, dried at room temperature overnight,
and the image was acquired using a transmission electron
microscope. Furthermore, elemental analysis of NAs was per-
formed using the energy dispersive X-ray (EDX) method. Sub-
sequently, atomic force microscopy (Bruker, OTESPA-R3)
measurements were carried out for NAs. In this study, NA
suspension was placed on a glass slide (1 x 2 cm) and air-
dried overnight to form a thin film over the glass slide. The
dried film was scanned using an atomic force microscope
(AFM) in tapping mode. Finally, images were analyzed using
Nano analyzer 3.0 software. Furthermore, confocal Raman
spectroscopy (WITec alpha 300R) was performed for the physi-
cal characterization of NAs. For this study, the NA suspension
was drop-cast onto a pre-cleaned glass slide, and the sample
was allowed to air dry for 3 hours at room temperature. Then,
the Raman spectrum was collected in the range of 100 cm ™' to

3500 cm ™ L.

2.5. Drug loading efficiency

NAQ were prepared by adding equal amounts of NAs
(1 mg ml™") and quercetin (Q) (100 uM ml™") kept at 300 rpm
for 12 hours in a ThermoMixer (Eppendorf). After incubation,
NAQ were subjected to the freeze-thaw method as described in
a previous study.'” Briefly, the sample was centrifuged at
13 000 rpm for 30 minutes. Then, the supernatant was collected
and quantified using a UV-visible spectrophotometer (Nano-
drop one, Thermo Scientific) by measuring its absorbance at
375 nm. Furthermore, high-performance liquid chromatogra-
phy (HPLC) (Shimadzu LC-2050C) analysis was also performed
to accurately determine the free drug concentration. The HPLC
analysis was carried out by injecting 25 UL of the sample in the
C18 column at a 1 ml minute " flow rate and a column
temperature of 37 °C. Methanol and water (HPLC grade) in
the ratio of 60:40 (v/v) were used as a mobile phase, and a
detection wavelength of 370 nm was used with a total run time
of 16 minutes per injection. Data were obtained and processed
using LC solution software. The standard curves were plotted
using different concentrations of free quercetin (20, 40, 60, 80,
and 100 pM) under the same chromatographic conditions as
mentioned above. Free drug concentration was quantified from
the analysis, and the drug loading efficiency (DLE%) was
determined using the following formula.

Total concentration of drug — concentration of free dru,
DLE% = £ g

Total concentration of drug
x 100

After drug loading, NAQ were characterized using SEM,
TEM, zeta potential, AFM, and Raman spectroscopy, as
described above.

2.6. Fourier transform infrared (FTIR) spectroscopy

To confirm the entrapment of quercetin on NAs, Fourier trans-
form infrared (FTIR) spectroscopy was performed (Nicolet iS5
FT-IR). The sample pellets were prepared using KBr in a ratio of
1:100 (% w/w) using a pressure mold (0.5-1 Pa). The FTIR

Mater. Adv,, 2024, 5, 6944-6956 | 6945


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00258j

Open Access Article. Published on 05 August 2024. Downloaded on 11/15/2025 2:18:41 PM.

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

(cc)

Materials Advances

spectra were collected in the transmission wavelength ranges of
500-4000 cm ™.

2.7. Invitro drug release at different pH values

The drug release kinetics of NAQ was determined by the
dialysis membrane method.' In brief, the NAQ filled dialysis
membrane (12-14 kDa, Himedia) was submerged in a small
glass bottle containing 1x phosphate buffered saline (PBS) at
different pH values (7.4 and 4.5) with continuous stirring at
150 rpm for 24 hours. Finally, samples were collected at
different time intervals of 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 and 24 hours
and the samples were analyzed using the high-performance liquid
chromatography (Shimadzu LC-2050C) technique.

2.8. Invitro cell culture studies

2.8.1. Cell line and cell culture. The human breast cancer
cell line MCF-7 and the embryonic mouse fibroblast cell line
NIH 3T3 were procured from National Centre for Cell Science
(NCCS), Pune. The cells were free of mycoplasma contamina-
tion, as confirmed by a negative result from the agar culture
method. Both cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin solution (10 000 units
of penicillin and 10 mg of streptomycin in 0.9% NaCl) (Himedia) in
a humidified atmosphere of 5% CO, at 37 °C.

2.8.2. Cell viability assessment using MTT. NA and NAQ
biocompatibilities were assessed on the NIH 3T3 cell line.
Furthermore, the cytotoxic effect of NAQ was evaluated on the
MCF-7 breast cancer cell line through MTT assay, which
determines the cell viability based on mitochondrial dehydro-
genase enzyme activity.'® Briefly, NIH 3T3 and MCF-7 cells were
seeded in 96 well tissue culture plates at the density of 5 x 10°
cells per well and allowed to attach overnight at 37 °C in a CO,
incubator. After incubation, the cells were treated with different
concentrations of NAs (0.01, 0.025, and 0.05 mg mL ') and
NAQ (0.05, 0.1, 0.5, 1, 2, 3, 4, 5, 7.5, and 10 pM) for 24 hours.
Following this, 100 pL of MTT (0.5 mg mL™ ") was added into
the cells and incubated for 4 hours under dark conditions. After
incubation, MTT was removed, and 100 pL of DMSO (0.1%)
(dimethyl sulfoxide) was added to dissolve the formazan crys-
tals. Finally, the absorbance was recorded at 570 nm using a
microplate reader (Biotek Him synergy). The percentage of cell
viability was calculated using the following formula.

Absorbance of test samples

Cell Viability % = Absorbance of control

x 100

Furthermore, morphological changes of cells were examined
under an inverted phase contrast microscope (Magnus Invi).

2.9. Stability of NAQ

To evaluate the stability of NAQ, we have used different
physiological media such as Dulbecco’s Modified Eagle’s Med-
ium (DMEM), 10% FBS (fetal bovine serum), 50% FBS, 1x PBS
(phosphate buffered saline) pH 7.4, and 1x PBS pH 4 with an
incubation period of 72 hours. Furthermore, the stability of
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solutions was assessed by using a DLS (Horiba Scientific DLS)
and zeta analyzer (Horiba Scientific zeta analyzer).

2.10. Hemolysis assay

To assess the blood compatibility of nanoformulation, the
hemolytic assay was performed using different concentrations
of NAs and NAQ using the method reported by Preedia et al.'”
with some modifications. For this study, goat blood was freshly
collected from a slaughter shop near the Indian Institute of
Technology Madras (IITM), Chennai. The blood sample was
centrifuged at 2500 rpm for 5 min, and RBC was separated from
plasma and washed with 1x PBS two times. The purified RBCs
were suspended in 1x PBS in a ratio of 1:9. Different concen-
trations of NAs (0.01 and 0.02 mg mL™ ") and NAQ (10, 50, and
100 uM) were added to 0.2 ml of diluted RBC (1 x 10°/mL) and
made up to 1 ml with 1x PBS. Distilled water and 1 x PBS were
used as a positive and negative control, respectively. Samples
were mixed gently and incubated at 37 °C for 4 h. After
incubation, the mixture was centrifuged at 3000 rpm for
3 min, 100 pl of the supernatant was collected in 96 well plates,
and absorbance was read at 570 nm using a microplate reader
(Biotek H1m synergy). The hemolysis percent of RBCs was
calculated using the following formula,

SA — NCA

pCA —Nca <100

Percent hemolysis of RBC % =
(S.A. - sample absorbance; NCA - negative control absorbance;
and PCA - positive control absorbance).

2.11. Cytoskeleton analysis by phalloidin-Hoechst staining

To understand the effect of NAQ on F-actin cytoskeleton
derangement, MCF-7 and NIH 3T3 cells were seeded onto the
6-well plate at a density of 2 x 10" cells per mL and incubated
for 24 hours. After incubation, both the cells were treated with
NAs (0.05 mg) and NAQ (2.5 uM) (selected based on the ICs,
concentration) and kept overnight. After the treatment, the
cells were fixed with 4% paraformaldehyde (PFA) and 0.5%
Triton-X for 15 minutes. After fixation, the cells were washed
with 1x PBS buffer. Following this, the cells were stained with
50 pul of phalloidin and incubated for 1 hour. Then 10 pl of
Hoechst (10 ug ml™') nuclei counter stain was added into the
cells and images were taken under a fluorescence microscope
(Nikon Inverted Ti U Eclipse), and a merged image profile of
phalloidin and Hoechst-stained cells was analyzed using Ima-
ge] software.

2.12. Determination of the intracellular ROS level

Next, intracellular ROS (Reactive Oxygen Species) levels were
determined using the DCFDA staining procedure.'® Oxidation
of DCFDA through ROS converts it to 2’-7’- dichlorofluorescein
(DCF), which emits green fluorescence at 530 nm. Briefly, MCF-
7 cells were treated with NAQ (2.5 puM) and then kept for
24 hours at 37 °C followed by incubation with 5 pL of DCFDA
(20 uM) for 30 minutes in the dark. After incubation, the cells
were washed with 1x PBS twice and imaged under a fluores-
cence microscope (Nikon Inverted Ti U Eclipse) by capturing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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emission at 530 nm with a magnification of 20 x. Furthermore,
fluorescence intensity was evaluated using Image] software.

2.13. Cell morphological evaluation by the acridine orange
(AO)/ethidium bromide (EtBr) dual staining method

The AO/EtBr dual staining method was performed based on the
protocol of Gohel et al.."® Using this method, the cells under-
going apoptosis are differentiated from the viable cells through
the morphological variation of apoptotic nuclei. AO and EtBr
are DNA intercalating dyes. AO will be taken up by both viable
and non-viable cells and stains double-stranded and single-
stranded DNA, emitting green fluorescence at an excitation
wavelength of 490 nm. EtBr is taken up by non-viable cells and
emits red fluorescence. Furthermore, AO/EtBr-stained cells
were categorized as viable (green fluorescence), early apoptotic
(bright green fluorescence with condensed chromatin), late
apoptotic (orange/yellow fluorescence) and non-viable cells (red
fluorescence).?° Briefly, MCF-7 and NIH 3T3 cells were seeded
in 6 well plates at a density of 2 x 10* cells per mL and treated
with NAs alone (0.05) and NAQ (2.5 uM) (selected based on the
IC5, concentration) and incubated for 24 hours. After incuba-
tion, the existing medium was aspirated, and the cells were
gently washed with 1x PBS (pH 7.4) and equal volumes of
fluorescent dyes AO/EtBr (100 ug mL ') were added into the
cells and incubated for 30 min at 37 °C. Subsequently, the
stained cells were washed with 1x PBS and immediately the
cells were viewed under a fluorescence microscope (Nikon
Inverted Ti U Eclipse) at 20x magnification. Furthermore,
fluorescence intensity was quantified using ImageJ software.

2.14. Fluorescence-activated cell sorting (FACS) analysis

The FACS analysis of NAQ in MCF-7 was carried out using flow
cytometry according to the manufacturer’s instructions. Apop-
tosis is the mechanism of programmed cell death, which is a
common mechanism for the elimination of unwanted cells
from the immune system. During apoptosis, phosphatidylser-
ine will be released through membrane blebbing (loss of
membrane phospholipid asymmetry) from the inner plasma
membrane to the outer membrane leaflet.”* So, phosphatidyl-
serine expression at the cell surface plays a vital role in
recognizing and removing apoptotic cells. Thus, apoptotic cells
will be quantified by flow cytometry using the binding of
allophycocyanin-labeled Annexin to phosphatidylserines. For
this FACS analysis, MCF-7 cells were seeded in 6 well plates at a
density of 1 x 10° cells per well and incubated for 24 hours, and
the incubated cells were treated with 2.5 pM NAQ for 24 hours.
Then, non-adhered and adhered cells were collected through
centrifugation at 1500 rpm for 5 min. Then, the collected cells
were washed with cold 1x PBS twice and stained with 2 pl of
Annexin V-APC (allophycocyanin 4 pg ml™") and 2 pl of
propidium iodide (PI) (1 mg mL™") in 1x binding buffer
(10 mM HEPES, 140 mM sodium chloride and 2.5 mM
calcium chloride) for 15 min at room temperature in the dark.
Initially, unstained control samples and single control samples
(Annexin and propidium iodide-stained cells) were analyzed
for fluorochrome compensation. Subsequently, apoptotic and

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

View Article Online

Materials Advances

necrotic cells were quantified by flow cytometry (Beckman
Coulter), and the results were analyzed using CytExpert soft-
ware version 2.4.

2.15. Cell cycle analysis

The diverse phases of the cell cycle were analyzed using a
Beckman Coulter flow cytometer equipped with CytExpert soft-
ware version 2.4. In this analysis, MCF-7 breast cancer cells
were treated with NAQ (2.5 pM) and incubated for 24 hours.
Subsequently, the cells were harvested through centrifugation
and washed with ice-cold 1x PBS. Then, the cells were fixed
with 70% cold ethanol at —20 °C for at least 2 hours. Then, the
cells were rinsed with 1x PBS by centrifuging at 1500 rpm for
5 min. Finally, the cells were stained with propidium iodide
(12 pg ml™") and ribonuclease A (RNAase A) (10 ug ml ') in
0.1% Triton X buffer at 4 °C for 15 minutes before the experi-
ment using flow cytometry.

2.16. Statistical analysis

All data are expressed as mean + S.D. SPSS software was used
for the statistical valuation of data. Statistical analysis was
executed with one-way ANOVA. P < 0.05 was considered
statistically significant.

3. Results and discussion

3.1. Preparation and characterization of NAs

NAs were prepared according to the protocol mentioned in the
Experimental section. Furthermore, size and charge character-
ization studies were carried out using DLS, SEM, TEM, and zeta
potential analyses. From the DLS analysis, we observed that the
size of the NAs was around 53.5 + 0.9 nm (Fig. 1A). The SEM
and TEM images of NAs showed a spherical shape with a size of
50 &+ 2 nm (Fig. 1B and C), which was in agreement with DLS
results. The zeta potential was then analyzed to determine the
net surface charge of the NAs. The surface charge of the NAs
showed —55 + 1 mV (Fig. S1, ESIf). A negative zeta value
indicates the NAs can exhibit high colloidal stability and less
aggregation due to increased electrostatic repulsion between
the colloids. Several studies stated that nanomaterials with
extreme surface charges (zeta potential ranges higher than
30 mV or less than —30 mV) are highly stable and highly
dispersed in the aqueous solution.”*® Previous studies
reported that nanomaterials with a size less than 100 nm have
a higher cellular uptake rate through endocytosis, receptor-
mediated endocytosis, and passive diffusion.?””*® Therefore, we
speculate that NAs with a size less than 100 nm accumulate at
target sites with increased half-life in the blood.

3.2. Drug encapsulation efficiency

After the size and stability characterization, quercetin was
loaded into NAs using the freeze-thaw method as described
previously. The quercetin loading efficiency of NAs was found
to be 99 £ 0.2%, which was confirmed by the HPLC technique.
Furthermore, TEM and SEM (Fig. 2A and B) were performed for

Mater. Adv., 2024, 5, 6944-6956 | 6947
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Fig. 1 Physicochemical characterization of nanoarchaeosomes (NAs). (A) Average hydrodynamic size of NAs measured by the DLS method. (B) SEM

image of NAs. (C) TEM image of NAs.

NAQ. There were no significant changes in the size and shape
of NAQ compared to NAs. The TEM and SEM images of NAQ
showed a smooth spherical shape with a size of 50 &+ 3 nm
(Fig. 2B). Next, the zeta potentials of NAs, quercetin, and NAQ
were measured and found to be —55 + 1 mV, +4.66 mV, and
—42.1 mV (Fig. S1, ESIt). We observed that there was a
significant reduction in the surface charge of NAQ compared
to that of NAs, confirming that quercetin was effectively loaded
into the NAs. The high drug encapsulation efficiency was
achieved by the freeze-thaw method, where the ice crystals
formed during freezing may induce temporary pores within the
NAs, which may lead to passive diffusion and encapsulation of
quercetin inside NAs. Furthermore, favorable interaction with
both the acyl group and the head group of the phospholipid
and hydrophobic-hydrophobic interaction between quercetin
and NAs might contribute to higher encapsulation efficiency.>
Next, the three-dimensional surface contour of NAQ (100 uM)

2852 1739

Transmittance (%)

1364 4%
36 1741 1095

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

500

Fig. 2 (A) TEM image of NAs. (B) SEM image of NAs. (C) FTIR spectra of
NAs, quercetin loaded nanoarchaeosomes (NAQ) and quercetin alone at
25 °C.
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was analyzed by AFM (Fig. S2, ESIt). The results implied that
the shape of the NAs (1 mg ml™") (Fig. S2A and B, ESI{) and
NAQ (Fig. S2C and D, ESIt) was spherical, with height distribu-
tions of around 86.2 nm and 56.8 nm, respectively. These
results indicate that NAs are highly stable after being loaded
with quercetin. The NAQ and NA diameter size may be higher
than the size recorded using DLS. This could be attributed to
flattening of vesicles and their interaction with the substrate
surface.*®

In addition, Raman spectroscopic analysis was performed to
evaluate further quercetin-loaded NAs. In this study, the repre-
sentative Raman spectra of NAs and NAQ are presented in
Fig. S3 (ESIT). The characteristic peaks of NAs were observed at
567 cm ', 1098 cm ™', and 2897 cm " (Fig. S3A, ESIt). The
absorption at 1098 cm ™" is attributed to C-C stretching and
that at 2894 cm™ " corresponds to anti-symmetric CH, stretch-
ing vibration.

Next, the characteristic peak of NAQ was analyzed (Fig. S3B,
ESIt). NAQ showed OH phenolic bending at 1454 cm ™", which
represents the lipids and flavonoid interaction,*! confirming
the quercetin loading into NAs.

3.3. Fourier transform infrared spectral analysis of NAQ

Next, the FTIR analysis was performed to investigate the
molecular interactions between quercetin and NAs (Fig. 2C).
The FTIR spectrum of NAs showed peaks at 2925 cm™ " corres-
ponding to C-H stretch, 1741 cm ™' corresponding to the ester
bond linkage, 1464 cm ™" corresponding to C=0 stretching and
1239 em ™" corresponding to PO, antisymmetric stretching. The
FTIR spectrum of NAs was well correlated with our previous
report.'® The FTIR spectrum of quercetin showed characteristic
peaks at wavelengths of 3481 cm ' corresponding to OH
stretching, 1378 cm ™' corresponding to OH bending of phenol,
1607 cm ™' and 1560 cm ™" corresponding to C—=C aromatic
ring stretching, 1312 cm™ ' corresponding to C-H aromatic
hydrocarbon bending and 1200 cm ™' corresponding to CO
stretching in phenol.?” Next, the analysis of the FTIR spectrum
of NAQ exhibited peaks of both NAs and quercetin, confirming
the quercetin loading in NAQ, with peaks at 2922 cm ™" corres-
ponding to C-H stretch, 1741 cm ™" corresponding to the ester

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Drug release kinetics of NAQ under neutral (pH 7.4, black) and
acidic conditions (pH 4.5, red). The data represent mean + S.D.

bond linkage, and 1239 cm ™' indicating PO, anti-symmetric

stretching. A few pure quercetin bands disappeared in the
spectrum of NAQ, which specified that quercetin could be
loaded well in the lipid bilayers due to hydrophobic interac-
tions or hydrogen bonds.*®* Furthermore, EDX analysis was
performed to confirm quercetin’s entrapment in NAs and the
results are illustrated in Table S1 and in ESI} (Fig. S4).

The weight percentage of carbon (C) and oxygen (O) in NAs
were found to be 87.74% and 12.26%, respectively. The atomic
percentages of C and O in NAs were found to be 90.51% and
9.49%. The weight percentages of C, O, and Na in quercetin
were found to be 11.54%, 55.47%, and 32.99%, respectively,
and atomic percentages of C, O and Na in quercetin were
16.39%, 59.14%, and 24.47%, respectively. Similarly, the weight
percentages of C, O, and Na in NAQ were 12.91%, 47.58%, and
39.51%, respectively, and atomic percentages of C, O, and Na in
NAQ were 18.63%, 51.57%, and 29.80%, respectively. NAQ
showed higher weight and atomic percentages (47 to 52%) of
O element and reduced weight and atomic percentages (12 to
18%) of C element compared to NAs. We speculate that the
shift in weight% and atomic% of elements in NAQ may be due
to the presence of quercetin.

3.4. Drug release study

Next, the drug release study was performed at pH 7.4 and pH
4.5, representing physiological and tumor conditions. From the
drug release profile (Fig. 3), we observed that the quercetin
release was 20 + 2.3, 35 + 3.5, 50 &+ 4.2, 70 & 3.36, 90 =+ 3.12,
100 = 3.8, 100 + 3.33, 100 =+ 2.8, and 100 + 3.65% at 0.5, 1, 1.5,
2, 4, 6, 8, 12, and 24 h at acidic pH. At neutral pH, the drug
release of 12 + 1.13, 22 + 2.24, 34 + 3.23, 48 + 3.83, 52 + 4.12,
68 + 5.5, 78 £+ 5.83, 92 + 4.53, and 100 + 4.8% was observed at
0.5,1, 1.5, 2,4, 6, 8,12, and 24 h. It was noted that 100% of the
drugs were released within 6 hours at acidic pH while at neutral
pH, it took more than 18 hours to achieve 100% quercetin
release from NAs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The drug release rate was higher at an acidic pH of 4.5, and
this fast release of quercetin at pH 4.5 may be due to the
protonation of the hydroxyl group of quercetin inducing repul-
sive forces, leading to increased drug release at acidic pH.**
This result also correlates well with the previous report pub-
lished by Ferreira et al,* where the B-cyclodextrin delivery
systems show significant quercetin release at an acidic pH.

3.5. Biocompatibility of NAs in NIH 3T3 cells

To understand the effects of NAs and NAQ on normal cells, the
biocompatibility assay was performed using different concen-
trations of NAs (0.01, 0.025, and 0.05 mg) and NAQ (2.5 uM) on
normal fibroblast NIH 3T3 cells. The cell viability assay results
clearly showed that the NIH 3T3 cells treated with different
concentrations of NAs did not show any toxicity, nuclear
damage, or cell death (Fig. 4A). From the microscopic image
(Fig. 4B(i) and (ii)), it was observed that the NA-treated cells
showed (Fig. 4B(ii)) intact cellular morphology similar to con-
trol cells (Fig. 4B(i)). Next, AO/EtBr staining was performed, and
the results are shown in Fig. 4C(i) and (ii). The NA-treated cells
(Fig. 4C(ii)) emit green fluorescence, representing the viability
of cells. The treated cells showed no apoptotic cell death and
retained their intact nuclear structure like untreated control
cells (Fig. 4C(i)). Furthermore, the effect of NAs on actin
cytoskeleton organization of NIH 3T3 was studied, and the
results are shown in Fig. S7 (ESIt). Fig. S7A (ESIf) presents
control cells, and Fig. S7B (ESI{) presents NA-treated cells,
where (i) implies phalloidin stained cells, (ii) represents
Hoechst-stained cells and (iii) represents merged cells. From
the figure, control cells showed cellular morphology with
normal actin cytoskeleton organization. Furthermore, NA trea-
ted NIH 3T3 cells showed no noticeable actin cytoskeleton
disorganization. So, we confirm that the drug delivery system
NAs could not have any adverse effects on normal cells.

Then, we tested the cell viability of NAQ (2.5 uM) treated NIH
3T3 cells. No significant decrease in viability was noticed
between control and NAQ-treated cells (Fig. 4D). Fig. 4E(i)
and (ii) shows the microscopic images, and Fig. 4F(i) and (ii)
presents AO/EtBr staining of control and NAQ-treated NIH 3T3
cells. The microscopic and AO/EtBr assay results with green
fluorescence intensity confirmed that NAQ (2.5 pM) did not
cause significant cellular changes in NIH 3T3 cells and they
were similar to untreated cells. The results confirmed that NAQ
were biocompatible and didn’t affect normal cells. We have also
confirmed that NAQ exhibited excellent stability in different
physiological media and usage of the medium didn’t induce
any aggregation in NAQ (Fig. S5, ESIt). Next, we investigated the
hemolytic effect of NAs and NAQ at 37 °C for 4 h. In this study,
NAs and NAQ did not show any hemolytic effect (Fig. S6, ESIT).
The results obtained from our study indicate that NA and NAQ
formulations are compatible with blood, and they may be used
for intravenous administration.

3.6. Invitro anticancer effect of NAQ on the breast cancer cell MCF-7

3.6.1. In vitro cytotoxicity analysis. Next, we evaluated the
in vitro anticancer effect of different concentrations of NAQ
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Fig. 4 Cell toxicity effect of NAs on normal fibroblast NIH 3T3 cells at 24 hours. (A) The MTT assay showing the cell viability of NA-treated NIH 3T3 cells
at various concentrations of NAs (0.01, 0.025, and 0.05 mg). The values are shown as mean + S.D (ns represents not significant). (B) Optical microscopic
images of (i) untreated cells and (ii) NA (0.05 mg) treated cells at 10 x magnification. (C) Fluorescence microscopic images of (i) untreated cells, (i) NA
(0.05 mg) treated cells using the AO/EtBr staining method at 20 x magnification. (D) Graph presenting the toxic effect of NAQ (2.5 uM) on NIH 3T3 cells by
the MTT method. (E). Microscopic images of (i) untreated cells and (i) NAQ (2.5 uM) treated cells at 10 x magnification. (F) Fluorescence microscopic
images of (i) untreated cells and (i) NAQ (2.5 uM) treated cells (green color fluorescence indicates normal healthy cells without any nuclear damage). The
values are shown as mean =+ S.D. (ns represents no significant difference between control and treated cells).

(0.05, 0.1, 0.4, 1, 2, 3, 4, 5, 7.5, and 10 pM) on MCF-7 cells
through the MTT method and the results are illustrated in
Fig. 5. We observed that the cell viability decreased with
increasing concentration of NAQ. The cell viabilities of 100 +
3,99.2 + 4,98.6 &+ 3, 82.4 £+ 4, 61.5 £ 3%, 39.6 + 2%, 18.5 £+
1%, 4.3 + 1%, and 0.8 + 0.01% were observed for untreated
cells and NAQ treated cells at concentrations of 0.05, 0.1, 1, 2, 3,
4 5 and 10 pM (Fig. 5A). Then, the inhibitory concentration
(IC50) of NAQ was found to be 2.5 uM (Fig. 5A). The ICs,
concentration of NAQ is very low when compared to the
quercetin alone treated breast cancer cells. The ICs, concen-
tration of quercetin alone treated breast cancer cells was found
to be 88 uM, which was 35-fold higher than that of NAQ (Fig. S8,
ESIT). The ICs, value of free quercetin is in agreement with the
previous report.>®

Hence, it is found that NAs improved the therapeutic
efficacy of quercetin by enhancing its delivery. As previously
discussed, NAs alone didn’t exhibit any cytotoxicity on normal
fibroblast cell lines. However, to prove that the cytotoxic effect

6950 | Mater. Adv., 2024, 5, 6944-6956

on MCF-7 cells was only exhibited by NAQ, the cytotoxic effect
of NAs at different concentrations of 0.01, 0.025, and 0.05 mg
was assessed on MCF-7 cells. The results showed that NA-
treated MCF-7 cells exhibited cell viability similar to untreated
cells (Fig. S9A, ESIt), and no morphological changes in the
cellular structure were observed (Fig. S9B, ESIt). The morphol-
ogy of the untreated cells and NAQ-treated cells at IC5, concen-
tration after 24 hours is depicted in Fig. 5. The untreated
control cells showed healthy normal cell structures with intact
nuclear morphology (Fig. 5B). The NAQ (2.5 uM) treated cells
showed distinctive attributes of cell death (indicated by red
arrows), including loss of cell membrane integrity, cell shrink-
age, chromatin condensation and cell detachment as compared
to untreated cells (Fig. 5C). The optical microscopic images of
the MCF-7 cells treated with NAQ of different concentrations
are presented in Fig S10 (ESIT). With an increase in the NAQ
concentrations, the MCF-7 cells exhibited morphological
changes with cell death. The enhanced cytotoxicity effect of
NAQ on MCF-7 cells may be related to the NA’s lipophilic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cell cytotoxic effect of NAQ at different concentrations (0.05, 0.1,
0.4,1,2,3,4,5 75and 10 uM) on MCF-7 at 24 hours by MTT assay. (A) ICsg
determination of NAQ. (B) Optical images of untreated (control) MCF-7
cells. (C) NAQ (2.5 pM) treated MCF-7 cells at 20x magnification (red
arrows indicate morphological changes and cell death). Data were
expressed as mean + S.D.

properties, which endorses quercetin’s intracellular uptake.
Furthermore, NAs markedly increased the quercetin solubility
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Fig. 7 The effect of NAQ on ROS production of MCF-7 cells observed
using a fluorescence microscope using DCFDA assay at 20 x magnifica-
tion. (A) Untreated cells. (B) NAQ (2.5 puM) treated cells, (C) Graph showing
the fluorescence intensity of intracellular ROS. The values indicate mean +
standard deviation of three independent tests. * represents the level of
significance difference at P < 0.05 as compared to the control.

and stability in MCF-7. Next, a further study was carried out at
ICso concentration of NAQ to elucidate possible modes of
action in breast cancer treatment.

Merge

Fig. 6 Effect of NAQ on cytoskeleton disruption of MCF-7 cells. (A) The upper panel shows untreated control cells, and (B) the lower panel shows NAQ
(2.5 pM) treated cells at 20 x magnification. (i) The red channel specifies the cytoskeleton stained with phalloidin, and (ii) the blue channel indicates the
nuclei stained with Hoechst. (iii) A merged image of stained cells is shown (white arrows indicate cytoskeleton damage).
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3.6.2. Effect of NAQ on actin-cytoskeleton organization of
MCF-7. Next, to determine the effect of NAQ on actin cytoske-
leton arrangements, we performed a phalloidin-Hoechst stain-
ing assay on MCF-7 cells. The results are illustrated in Fig. 6.
From Fig. 6A, we observed that the untreated cells showed
normal actin-cytoskeleton organization (Fig. 6A(i)) and intact
nuclear structure (Fig. 6A(ii)). However, the NAQ-treated MCF-7
cells at IC5, concentration showed a disorganized structure of
actin-microfilaments (indicated by white arrows) and nuclei
(Fig. 6B(i)-(iii)) compared to untreated breast cancer cells.
We speculate that the cytoskeleton damage in the NAQ-
treated MCF-7 cells may be due to increased oxidative
stress caused by NAQ. Commonly, a perfect redox balance is
prominent for maintaining normal cellular physiology. So, a
physiological quantity of ROS levels is vital for the maintenance
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of cytoskeleton remodeling. In contrast, any abnormalities
in the ROS level induce actin filament disorganization and
chromatin condensation, leading to cellular death.?”8
Generally, actin acts as a contractile protein, supporting the
maintenance of cell shape, morphology, and motility in normal
cells. In contrast, it regulates tumor cell progression in cancer
cells by affecting cell proliferation and migration of cancer
cells.**™*' From the results, we confirmed that NAQ, at a
concentration of 2.5 uM, considerably affects the actin filament
architecture of MCF-7 cells by inducing intracellular ROS
formation.

3.6.3. Effect of NAQ on intracellular ROS generation. Next,
we determined the intracellular ROS production in MCF-7 cells
using a DCFDA staining assay. The fluorescence microscopic
imaging showed that untreated cells showed less green

EtBr

Merge

Fig. 8 Acridine orange (AO) and ethidium bromide (EtBr) staining of MCF-7 cells after 24 h of treatment with NAQ: (A) untreated cells. (B) NAQ (2.5 uM)
treated cells (yellow arrows indicate dead cells with the uptake of EtBr); (i) AO stained, (i) EtBr stained, and (i) merged image of cells stained with AO/EtBr.
(C) Graph showing the fluorescence intensity of AO and EtBr. * denotes the significance level at P < 0.05 as compared to the control.
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fluorescence due to a lower ROS level (Fig. 7A). The NAQ-treated
MCF-7 cells showed bright green fluorescence (Fig. 7B) as
compared to untreated MCF-7 cells due to a high intracellular
ROS level. Furthermore, fluorescence intensity was quantified.
Fig. 7C presents the NAQ-treated MCF-7 cell-induced ROS
formation; a 2-fold increase in the ROS level was observed
compared to untreated cells. ROS are effective mediators of
apoptotic cell death in cancer cells. The excess intracellular
ROS level leads to DNA damage.?® This result demonstrates that
NAQ induced more ROS generation, leading to apoptotic-
related cell death due to the pro-oxidant effect of quercetin.
Biswas et al.** and Gibellini et al.*’ reported that quercetin
exhibited pro-oxidant activity in cancer cells due to its meta-
bolic products of quercetin-semiquinone and quercetin-
quinone, which are highly reactive towards thiols and reduced
glutathione (GSH), causing GSH depletion. So the disruption of
the GSH antioxidant defense system with persistent ROS levels
leads to cellular death in cancer cells. So, we speculate that
quercetin-loaded NAs may diminish the antioxidant defense
and cause cell death by generating superoxide anion radicals**
in cancer cells.

3.6.4. Apoptosis and necrosis effects of NAQ on MCF-7
breast cancer cells by AO/EtBr dual staining. AO/EtBr staining
has been generally used to distinguish the cells undergoing
apoptosis from the viable cells through morphological changes
of the nucleus. To find the apoptotic effect of NAQ on MCF-7
cells, AO/EtBr staining was performed. From the analysis, it was
found that the untreated (control) cells showed intact
normal cellular configurations by emitting green fluorescence
(Fig. 8A(i)-(iii)). In contrast, NAQ (2.5 uM) treated breast cancer
cells showed extensive cell shrinkage, nuclear condensation,
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membrane blebbing, and cellular damage through emitting
considerable red fluorescence (Fig. 8B(i)-(iii)). Furthermore,
the fluorescence intensity of AO and EtBr was quantified.
NAQ (2.5 uM) treated breast cancer cells showed significantly
(P < 0.05) decreased AO fluorescence and increased EtBr
fluorescence intensity as compared to the control (Fig. 8C).
Next, the control cells showed higher green fluorescence inten-
sity due to higher normal healthy cells. This outcome revealed
that NAQ-treated cells underwent cell death through apoptosis.
These various nuclear damage processes may be due to the
oxidative stress induced by NAQ* in cancer cells. Hence, this
observation showed that NAQ may cause programmed cell
death in breast cancer cells.

In contrast, NAQ (2.5 uM) did not cause any toxicity in
normal NIH 3T3 fibroblast cells (Fig. 4F), which may be due
to lower basal intracellular ROS levels and a complete antiox-
idant capacity in normal cells.** So, the normal cells are less
vulnerable to the ROS stress induced by quercetin.

3.6.5. FACS analysis of NAQ-induced apoptosis in MCF-7
breast cancer cells. Next, to gain deeper insight into the
NAQ cellular mode of toxicity, FACS-based detection of
apoptosis and necrosis using Annexin V-APC/PI dyes was car-
ried out. The untreated control cells showed 98.34% viability
(Fig. 9A) and, upon NAQ treatment at 2.5 uM, 0.25%, 23.31%,
and 48.48% of the cells exhibited early apoptosis, late apopto-
sis, and necrosis (Fig. 9B). From these results, it was observed
that NAQ could effectively suppress the growth of breast cancer
cells through stimulation of necroptosis signaling pathways.
Studies showed that necroptosis plays a vital role in the
inhibition of the proliferation and viability of breast cancer
cells.*®

NAQ (2.5uM)

= 304(48.48%) 03(23.31%)
‘OQ .
101(27.96%) Q2(0.25%)
rorrrrng ey ey T
102 10° 104 10% 10°
Annexin V APC

Fig. 9 FACS analysis of control and NAQ-treated MCF-7 cells represented as a dot plot in quadrants (Q1, Q2, Q3, and Q4). The left bottom quadrant (Q1)
shows the percentage of live cells; the other three quadrants, Q2, Q3, and Q4, represent early apoptosis, necrosis, and late apoptosis: (A) untreated MCF-

7 cells. (B) NAQ-treated MCF-7 cells.
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Fig. 10 Cell cycle profiles of (A) control (untreated) and (B) NAQ (2.5 uM) treated breast cancer cells MCF-7 through flow cytometry with propidium
iodide staining. (C) Graph showing the percentages of cell cycle distribution between control and treated cells. * represents the significance level at P <

0.05 compared to control.

Moreover, activating necrosis in tumor cells is a potential
approach to evade the failure of cancer treatments due to
apoptosis resistance. Hence, NAQ may provide strategies for
developing effective therapeutic agents against apoptosis-
resistant cancer.

3.6.6. Effect of NAQ on cell cycle arrest. Next, flow cyto-
metry cell cycle analysis was carried out to evaluate the percen-
tage of cells that exist in each phase. Fig. 10A shows around
0.8 + 0.5, 62.8 + 2.5, 12.8 £+ 1.12, and 23.6 + 0.25 of the cell
percentages at sub-G1, G0/G1, S, and G2/M phases for control
cells. In the NAQ-treated cells (Fig. 10B), cell percentages of
1.9 £ 0.02, 84.7 1.3, 5.1 4+ 2.8, and 8.3 + 1.26 were observed at
sub-G1, G0/G1, S, and G2/M phases. The results showed that
NAQ elicited significant cell cycle arrest at the G0/G1 phase
compared to the control. NAQ showed 1.35-fold increased cell
arrest in the G0/G1 phase compared to control cells (Fig. 10C).

6954 | Mater. Adv, 2024, 5, 6944-6956

Additionally, the percentage of cells in the S phase was
significantly lower for the cells treated with NAQ than for the
control. This finding concords with the previous report*” on
arresting the cell at the G0/G1 phase with considerable cellular
apoptosis in breast cancer cells. Our findings agreed with those
of Ranganathan et al,*® who demonstrated that quercetin-
treated MCF-7 cells diminish cell proliferation through G0/G1
phase arrest.

4. Conclusions

Our study emphasizes the significance of nanoarchaeosome
nanoparticles as a promising nanocarrier for cancer treatment
and aids in overcoming the stumbling blocks of quercetin in
cancer treatment. We designed novel and colloidally stable NAs
to deliver the bioflavonoid quercetin for anticancer therapy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The NAs improved quercetin’s loading and release kinetics.
Additionally, NAQ showed excellent in vitro anticancer activity
in MCF-7 cells with an IC5, value of 2.5 uM, which is thirty-five-
fold less than the ICs, value of free quercetin. NAQ-induced
apoptosis and necroptosis-related cell death through ROS
production and by efficiently arresting the cells at G0/G1
phases. Therefore, our findings suggest that NAQ can be a
potent anti-breast cancer agent. Nevertheless, further investiga-
tions must be carried out to evaluate the efficacy of NAQ in the
in vivo breast cancer model.
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