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ABSTRACT: Chemotherapy is widely used for cancer therapy; however, its
efficacy is limited due to poor targeting specificity and severe side effects.
Currently, the next generations of delivery systems with multitasking
potential have attracted significant attention for cancer therapy. This study
reports on the design and synthesis of a multifunctional nanoplatform based
on niosomes (NIO) coloaded with paclitaxel (PTX), a chemotherapeutic
drug commonly used to treat breast cancer, and sodium oxamate (SO), a
glycolytic inhibitor to enhance the cytotoxicity of anticancer drug, along with
quantum dots (QD) as bioimaging agents, and hyaluronic acid (HA) coating
for active targeting. HN@QPS nanoparticles with a size of ~150 nm and a
surface charge of —39.9 mV with more than 90% EE for PTX were Apoptoss
synthesized. Codelivery of SO with PTX remarkably boosted the anticancer

effects of PTX, achieving ICs, values of 1—5 and >0.5 ppm for HN@QP and

HN@QPS, respectively. Further, HN@QPS treatment enhanced the apoptosis rate by more than 70% in MCEF-7 breast cancer cells
without significant cytotoxicity on HHF-2 normal cells. Also, quantification of mitochondrial fluorescence showed eflicient toxicity
against MCF-7 cells. Moreover, the cellular uptake evaluation demonstrated an improved uptake of HN@Q in MCF-7 cells. Taken
together, this preliminary research indicated the potential of HN@QPS as an efficient targeted-dual drug delivery nanotheranostic
against breast cancer cells.

1. INTRODUCTION NIO have no charge, resulting in safe and nontoxic vesicles.’”
Other properties of NIO that make them distinctive from
common nanocarriers are their high physical and chemical
stability, size, shape, entrapment, and bioimaging ability, which
can be modified by different parameters such as additives,
component ratio, or ingredient combination.'’ Studying NIO-
containing quantum dots (QD) for targeting cancer cells
proved that their combination elevates the therapeutic targets
as well as application potential for the imaging of target cancer
cells.""'* QD are nanoscale semiconductors that can emit glow
or fluorescence light when receiving different light sources like
a laser.”'" QD display excellent properties such as the
emission of a broad range of colors based on size from the
same materials that are being excited, narrow emission,
photobleaching resistance, and great photochemical stability."”

Drug protection from degradation by the reticuloendothelial
system, enhanced uptake of drugs by target sites, and reduction
of unwanted side effects with the aim to improve anticancer
efficacy are goals pursued by the design of nanocarriers."”> The
stability of nanocarriers such as liposomes and niosomes
(NIO) depends on the used lipids (e.g., cholesterol, L-a-soya
phosphatidylcholine, etc.) in their structure.” These nano-
vesicles have unique properties including high entrapment
efficiency as well as simultaneous delivery of hydrophobic and
hydrophilic drugs, which maintain drugs within carriers for a
long time, resulting in drug safety and efﬁcacy.“’5 For the first
time, Banghami in 1995 described liposomes as a vesicular
drug delivery system (DDS). Then, numerous liposomal
vesicles prepared with different phospholipids were employed
as drug carriers.”” With all of the merits, liposomes have
several disadvantages such as low stability in a variety of pH,
toxicity, and high cost. Hence, phospholipids were replaced by
nonionic surfactants that realized NIOs as new nanocarriers
with unique properties.” NIO are prepared by the hydration of
nonionic surfactants with a specific ratio of cholesterol. The
hydrophilic heads on nonionic surfactants in the structure of
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Paclitaxel (PTX) is one of the major chemotherapy drugs
approved in many countries to treat broad-spectrum cancer
such as breast cancer.'® PTX disrupts the dynamics of
microtubules by binding to the # subunit of tubulin, disrupts
the cytoskeletal structure, and induces cell cycle arrest in the
G2 and M phases. PTX is hydrophobic, so to overcome this
problem, the use of NIO can aid PTX delivery to the target
site.'”'® In addition, combining PTX with sodium oxamate
(SO) can promote the antitumor effects of PTX."? As cancer
cells predominately use glycolysis to achieve energy, SO
inhibits lactate dehydrogenase (LDH) activity, the enzyme that
converts lactate to pyruvate, and thus cancer cell growth while
enhancing the generation of reactive oxygen species (ROS) in
mitochondria, which elevates apoptosis and induces autophagy
in cancer cells.”” It is demonstrated that the release of PTX
from pH-sensitive NIO has no significant effects on the
HUVEC cells as a normal cell line compared to MCF-7 cancer
cells.”! In addition, the coadministration of PTX with
curcumin into the NIO nanoparticles (NPs) improves their
synergetic effects and indicates a more toxic effect on MCF-7
cancer cells in comparison to the HHF-2 normal cells.”* The
high expression of CD44" as an HA receptor on the surface of
MCEF-7 breast cancer cells can be used for active targeting of
nanocarriers by HA coating on the niosome surface.”””*

In this study, a new design of NIO was engineered to
achieve a multifunctional-targeted theranostic nanosystem. To
this end, NIO were coated with an HA shell as a targeting
agent, while QD were loaded in their hydrophilic core as
imaging moieties. SO and PTX were coencapsulated into NIO
NPs to achieve HN@QPS for combination and dual organelle
targeting, namely, mitochondria and nucleus by the unique
action of SO and PTX. While SO uniquely directs targeting of
LDH and mitochondria pathways, PTX inhibits microtubule
polymerization and thus induces cell cycle arrest and hamper
cell division. Multitasking HN@QPS realizes combination
chemostarvation therapy for enhanced and selective killing of
MCE-7 breast cancer cells but their nonsignificant effects on
HHF-2 normal cells.

2. MATERIALS AND METHODS

2.1. Materials. Span 60, Tween 80, cholesterol, MTT, and
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI) were purchased from Sigma-Aldrich (St. Louis,
MO). PTX was purchased from Sobhan Drugs (Tehran,
Iran). All of the solvents (ethanol, methanol, and chloroform)
were purchased from Merck Co. (Darmstadt, Germany). The
MCF-7 human breast cancer cell line and the HHF-2 cell line
were obtained from the National Cell Bank of Iran, Pasteur
Institute (Tehran, Iran). RPMI 1640 medium and fetal bovine
serum (FBS) were purchased from Gibco, Invitrogen (Paisley,
UK.). An Annexin V-FITC apoptosis detection kit was
provided by eBiosciences (MA). The mitochondrial staining
kit (ab112145) was supplied by Abcam (Cambridge, U.K.).

2.2. Synthesis of HN@QPS by the Thin-Film Hydra-
tion Method. NIO were synthesized by the thin-film
hydration method.”>> Briefly, Span 60 (8 mg), Tween 80
(18 mg), cholesterol (8 mg), and PTX (2 mg) were dissolved
in chloroform and methanol. Then, the solution was put into a
round-bottom flask, and a lipid film (proNiosome) was formed
after removing the solvent phase in the vacuum by a rotary for
1 h at a 120 rpm rate. The source of InP/ZnS QD was from
our previous work."” The lipid film was hydrated with 10 mL
of PBS containing QD (2 mg), SO (2 mg), and HA (2 mg),

and finally, the prepared NIO were sonicated for 7 min to
obtain HN@QPS.

2.3. Characterization of HN@QPS. The hydrodynamic
diameter (particle size distribution) and surface charge (¢-
potential) were assessed by using dynamic light scattering
(DLS) and a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Malvern, U.K.). The structural analysis of synthesized NPs was
carried out by FT-IR measurement (FT-IR Tensor 27
spectrometer). The emission and photoluminescence spectra
of QD-loaded NIO were gained by a Cytation S cell imaging
multimode reader. Also, the morphology of NIO was analyzed
by cryogenic transmission electron microscopy (Cryo-TEM).

2.4. Drug Loading Capacity and In Vitro Drug Release
Studies. HN@QPS were placed into a dialysis membrane bag
(molecular weight cutoff of 12000 Da) and sunk in 50 mL of
PBS (pH = 7.4) at 4 °C on a magnetic stirrer for 30 min. Then,
the released drug was analyzed with a UV—vis spectropho-
tometer at 230 nm using a calibration curve. Drug loading
(LE) and drug encapsulation (DE) efficiency were calculated
using the following formulae.

initial drug concentration — unload drug concentration

EE (%) = X 100

initial drug concentration

amount of drug in carrier (mg/mL)

LE (%) = X 100

weight of nanoparticle (mg/mL)

To study the drug release, the NP suspension was
transferred into SO mL of PBS (pH = 7.4 and 5.8) in a shaker
incubator at 37 °C and 80 rpm. At the designated time
intervals, 2 mL of the dialysis medium was replaced with 2 mL
of fresh PBS (pH = 7.4, 5.8). Then, the release amount of PTX
was evaluated by using a UV spectrophotometer at 230 nm. All
in vitro release measurements were done in triplicates, and the
amount of drug release was estimated by

the amount of drug released (%)
_ Cz‘/; + Z:lzl (Ci—l‘/s)

my

X 100

where m;, is the amount of drug released at time ¢, V, is the total
volume of the release environment, and V; is the specified
volume removed from the release medium.

2.5. Drug Release Kinetics. The drug kinetic behavior of
HN@QP under normal and acidic pH was determined using
different mathematical models for drug kinetics, including
zero-order, first-order, Higuchi, Hixson—Crowell, and Peppas—
Korsmeyer.

2.6. Cytotoxicity Assessment. The MTT assay was used
to measure the cytotoxicity and biocompatibility of synthesized
NPs. To this, MCF-7 breast cancer cells and HHF-2 fibroblast
cells were cultivated at a seeding density of approximately 5.0
X 10* cells per well in a 96-well plate supplemented with RPMI
medium with 10% FBS, and then, the cells were incubated at
37 °C and 5% CO,. After 24 h, the culture medium was
removed, and the cells were treated with 200 uL of the
medium containing different concentrations of the drug and
synthesized NIO. Subsequently, the cells were incubated for 48
and 72 h at 37 °C, and then, 100 L of MTT solution (1 mg/2
mL in PBS) was added to each well. After 4 h, the MTT
solution was removed and replaced with 200 yL of DMSO.
The viability of the cells was measured by an ELISA reader at
570 nm absorption wavelength (BioTek Instruments,
Winooski).
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Figure 1. Design concept of multitasking HN@QPS for combination cancer starvation chemotherapy.

2.7. Cellular Uptake. To analyze the cellular uptake of
NPs, MCF-7 and HHEF-2 cells were seeded at a density of 5.0
X 107 cells in six-well plates in the culture medium. After 24 h,
the cells were treated with N@Q and HN@Q and incubated at
37 °C for 4 h. Afterward, the cells were washed with PBS,
trypsinized, and centrifuged at 160 g for S min. Finally, the
uptake of NPs was analyzed by FACS Calibur flow cytometry
(Becton Dickinson, San Jose, CA).

2.8. Assessment of Apoptosis/Necrosis by Flow
Cytometry. To assess the cell apoptosis/necrosis, the MCE-
7 breast cancer cells were seeded at a density of 5.0 X 107 cells
in six-well plates in the culture medium. After 24 h, the
medium was removed, and the cells were treated with fresh
medium containing the drug and drug-loaded NIO complex
and incubated for 72 h. All treated cells were trypsinized,
centrifuged at 1000 rpm for 5 min, and washed with 500 L of
PBS. Finally, 100 L of diluted Annexin V, binding buffer, and
PI were added to the cells and incubated in a dark room for 20
min. Then, the samples were centrifuged at 1000 rpm for 5
min, the solution was removed, and 100 xL of binding buffer
was added. Finally, the samples were evaluated via the FITC-
Annexin V apoptosis detection kit (FACS flow cytometry, BD
FACS Calibur, BD Bioscience, CA) to detect the apoptotic
cells.

2.9. Mitochondria-Targeting Evaluation. The effect of
different nanoformulations as well as free drugs on the
mitochondrial activity of MCF-7 cancer cells was studied
using a mitochondrial staining kit (Abcam, Cambridge, U.K.).
Briefly, the cells were seeded at 5.0 X 10° cells per well in a 96-
well plate and after 24 h treated with free PTX and different
niosome formulations for 72 h. Next, the treated cells were
stained with 100 uL of dye-working solution and incubated at
37 °C in a 5% CO, incubator for 1 h. Then, the dye-working
solution was removed, and PBS buffer and growth medium at a
1:1 concentration were added. Finally, the fluorescence images
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of stained cells were set to a Cytatio S cell imaging multimode
reader (Ex/Em = 585/610 nm).

2.10. Statistical Analysis. ANOVA followed by Tukey’s
post hoc multiple comparison test was used to assess the mean
difference among experimental groups. All statistical analyses
were performed in triplicates and analyzed by GraphPad Prism
software version 9.3. p values < 0.05 were considered
statistically significant. ImageJ software was used to quantify
the fluorescence intensity.

3. RESULTS AND DISCUSSION
3.1. Characterization of HN@QPS NPs. NIO are self-

assembling nonionic vesicles that entrap the hydrophilic drugs
into the aqueous core of vesicular particles or adsorb them on
the bilayer surfaces, whereas lipophilic drugs are entrapped
into the lipophilic domain of NIOs.”*° In the current study, to
realize a novel targeted theranostic system, HN@QPS was
fabricated to target CD44" on MCF-7 breast cancer, where the
QD were used as an imaging agent to monitor cellular uptake,
and PTX and SO as therapeutics agents (Figure 1). It is
reported that parameters such as cholesterol amount and type
of nonionic surfactant significantly affect the size and surface
charge of NIOs.””*® That is, having high stability and capacity
for loading incompatible drugs renders NIO unique NPs for
drug delivery purposes. Also, NIO with a hydrophilic
headgroup and a hydrophobic tail can entrap the hydrophobic
and hydrophilic drugs simultaneously.”” The size of NPs is one
of the important factors in their application because very small
or large sizes lead to difficulty in their performance regardin%
the capability of drug entrapment and drug release behaviors.’

Besides, the (-potential of NPs can indicate the physical
stability of NPs in biological situations. It has been reported
that {-potential values in the range from —30 to +30 mV are
usually considered a suitable repulsive force to provide physical
stability.31 As shown in Figure 2a, the size distribution and the

https://doi.org/10.1021/acsomega.3c09782
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Figure 2. Synthesis process and the DLS analysis of HN@Q_(a). Size distribution by number and {-potential distribution (b). TEM images of

HN@Q_for morphological analysis (c).

{-potential of HN@QPS were 228 nm and —39.9 mV,
respectively. This indicates that HN@QPS has a negative
surface charge due to the free carboxylic groups of HA.

TEM analysis showed spherical shapes with a size of around
150 nm for the prepared NPs (Figure 2b). Morphological
characterization of NIO obtained by TEM analysis showed less
amount than the DLS measurement, as the zetasizer indicates
the hydrated diameter form of NPs that is regularly larger than
NPs’ genuine diameters.”>** In general, fenestrations in the
spleen can trap the NPs >250 nm, and the liver can accumulate
the NPs <70 nm. So, NPs within the range of 70—250 nm are
more suitable for drug delivery with high stability in the
bloodstream.**

The FT-IR spectra were used to determine and analyze the
chemical structure of the prepared NPs (Figure 3). The blank
NIO structure indicated characteristic peaks at 1738 cm™
attributed to (S-membered ring of cholesterol) groups,35 2854

em™ for C—H symmetric stretch, 1639 cm™ for C—N
asymmetric stretching, 1382 cm™ for C—N stretching, and
3417 cm™" as well as 1106 cm™" attributed to the asymmetric
stretch of C—O—C groups. 2937 For N@PTX, the peaks were
observed at 1646 cm™" for C=0 amide stretching, 1249 cm™"
for ester bond stretching, and 951 cm™" for aromatic bonds.>®
N@Q have gained peaks at 1639 cm™" corresponding to the
stretching vibration of C—O and 1560 cm™" belonging to the
N-H bending of carboxylic groups that confirmed the
existence of QD in the NIO compound without chemical
interaction.'” The peak at 2922 cm ™ belongs to the alkyl cham
that confirms the presence of HA in HN@QP components.*”
The slight shifts of some peaks in the spectra of HN@Q and
HN@QP indicated that NIO has only a physical interaction
with other encapsulated moieties. As shown in Figure 4, HN@
Q indicated the characteristic photoluminescence emission
peak at 450 nm.” These data confirm that QD are not

10878 https://doi.org/10.1021/acsomega.3c09782
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Figure 4. Photoluminescence emission spectra of HN@Q.

quenched during preparation of HN@Q and can be used for
cellular bioimaging.

3.2. pH-Responsive Behavior of HN@QP. The balance
between the hydrophilic and lipophilic values of a surfactant
has a key role in controlling drug loading.” The addition of
cholesterol causes the formation of vesicles from hydrophobic
surfactants, increases their stability, and also improves drug
loading.* Also, the synthesis of NIO by thin-film hydration
methods results in a higher drug-loading content.*"*'

The %EE values of PTX in N@Q and HN@Q_were 98.5
and 93.5%, respectively, indicating the NIO capability in
efficient entrapment of the hydrophobic chemotherapeutics.
Also, the encapsulation of PTX and SO might occur via a
physical interaction between NIO and drugs. As a result, the
drug could be protected from hydrolytic or enzymatic
degradation; meanwhile, the chemotherapeutic drug’s side
effects could be minimized. The decrease in %EE of PTX in
HN@Q in comparison with N@Q_could be due to the steric
hindrance. Also, the %LC values of PTX in N@Q and HN@Q
were found to be 7.54 and 10.76%, respectively.

Amphiphilic surfactant moieties can promote the dru
release and permeation profiles of NIO-based carriers.”**>*
The cumulative in vitro release profile of PTX from HN@QP
at pH = 7.4 and 5.8 at 37 °C shown in Figure 5 demonstrates a
sustained drug release in both pH, with a higher release rate
under an acidic environment. Tumor cells have significantly
high acidic cytoplasmic pH compared to normal cells. Hence,
NPs are more efficient with higher drug release in acidic pH in
comparison to physiologic conditions (pH = 7.4).** These data
demonstrate the pH-sensitive behavior of synthesized multi-
tasking HN@QPS NPs for controlled and selective drug
release in the tumor milieu. For the other drug, SO, as there is
no specific Amax, the drug release profile is not reported.

3.3. Drug Release Kinetics. The best-fitted model with
the highest coefficient of determination (R?) for release curves
at normal and acidic pH for HN@QP was Higuchi’s model,
indicating that as the diffusion distance increases, drug
diffusion occurs at a slower rate (Table 1). Our results are in

90

HN@QP

80
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w ey wv ()]
o o o o

N
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20 40

Figure 5. Cumulative in vitro release of PTX from HN@QP NPs.
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Table 1. Drug Release Kinetics of HN@QP
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Figure 6. Cytotoxicity of free PTX and niosomal formulations on the MCF-7 and HHF-2 cells after 48 and 72 h. Two-way ANOVA, *, #¥¥ sk

represent p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.

line with a previous study that described melatonin release
from niosome NPs synthesized by the ball milling method.*®

3.4. Effect of HN@QPS on Breast Cancer Cell Survival.
The cell cytotoxic evaluation of free drug (PTX) and NIO
formulations including HN@Q, N@QP, HN@QP, N@QPS,
and HN@QPS was assessed by the MTT assay after 48 and 72
h treatments with 0.5, 1, 5, and 10 ppm concentrations of PTX
(Figure 6). Our results showed that HN@Q_ displayed no
significant toxicity on MCEF-7 cells as well as HHF-2 cells,
confirming the biocompatibility of the synthesized NIO-based
NPs. Also, the cellular toxicity of HN@QP was significantly
higher than the free PTX in all concentrations in a dose- and
time-dependent manner. Also, the cytotoxicity on MCF-7 cells
showed an increasing trend in the order of N@QP < HN@QP
< N@QPS < HN@QPS. The major impact on MCF-7 cells
was observed after 72 h of treatment at a concentration of §

10880

ppm. Meanwhile, niosomal formulations were highly biocom-
patible, as there was no significant cytotoxicity on the HHE-2
normal cells at studied concentrations. Our results indicated
that the combination of PTX with SO boosted the anticancer
effects of PTX, as IC;, values for HN@QP and HN@QPS for
48 h were determined 1—5 ppm (ppm = gg/mL) and 0.5—1
ppm, respectively. After 72 h of treatment, ICy, values for
HN@QP and HN@QPS declined to 1-5 and >0.5 ppm,
respectively. Thus, SO combination favorably reduces the drug
dosing of PTX, potentiating its anticancer response.

3.5. Active Targeting and Targeted Drug Delivery
Potential of HN@Q. Active targeting of cancer cells by
tumor-specific ligands (such as HA) coated on the NP surface
promotes the selective uptake of NPs by target cells through
receptor-mediated endocytosis, which increases the intra-
cellular concentration of drugs, as P-glycoprotein cannot
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Figure 8. Apoptotic cell death analysis of MCF-7 cells by flow cytometry: (a) untreated group, (b) treated by HN@Q, (c) PTX, (d) N@QP, (e)
HN@QP, (f) N@QPS, and (g) HN@QPS. One-way ANOVA, *, *%, sk ok represent p < 0.05, p < 0.01, p < 0.001, and p < 0.0001,

respectively.

recognize the drugs loaded in NPs to pump them out.*
Tumor cells have different microenvironments compared with
those of normal cells. This difference is related to several
aspects such as pH, oxygenation, perfusion, and also metabolic
activity."” Due to a high rate of angiogenesis, solid tumors
display abnormal leaky vasculature with an irregular shape and
the lack of a smooth muscle layer. These characteristics can be
harnessed to increase NP penetration from the blood
circulation to the tumor tissues through enhanced permeability
and retention (EPR)."® Though EPR-mediated passive
targeting, which arises from the nanosize scale of NPs, allows
them to pass 10—1000 nm pores of endothelial cells, delivery
efficiency is barely 0.7—0.0001%;**° thus, the use of active
ligand-based targeting is vital to ensure high NP localization
and penetration within heterogeneous solid tumor tissue.”' >’

In our study, not only does HA coating on NIO avoid
protein corona formation to enhance the long circulation of
NPs, it also promotes active targeting of NPs toward high
CD44 expressing MCF-7 breast cancer cells. Plus, this
formulation promoted higher cellular uptake of quantum-dot-
loaded NPs (HN@Q) and thus compensated for the high
negative surface charge of developed niosomes of ~—30 mV to
avoid their electrostatic repulsion by the negatively charged

cancer cell membrane.”* Many studies have indicated that PTX
is an antimiotic drug that disrupts cell division to inhibit tumor
cell growth.55 As the main PTX limitation in clinical
applications is its low solubility, hopefully, PTX-loaded NIO
can overcome this obstacle. Further, to overcome PTX drug
resistance, its effects were combined with mitochondria-
targeting SO, which significantly improved cell mortality by
generation of more reactive oxygen species and cancer cell
starvation therapy via targeting glycolysis enzyme, lactate
dehydrogenase.'”

3.6. Cellular Uptake. As mentioned before, NP con-
jugation with HA can improve the targeting activity by the
enhancement of NPaffinity to tumor cells via CD44" mediated
receptors.56 In this line, the cellular uptake of N@Q and HN@
Q was evaluated in the MCF-7 and HHF-2 cells (Figure 7).
The results demonstrated the higher cellular uptake efficiency
of HA-decorated N@Q_ compared to N@Q, confirming the
HA role in the targeted delivery and its impact on increasing
the therapeutic efliciency by possible targeting of CD44, which
is a tumor marker of stem cell-like tumor cells (cancer stem
cells).” Also, cellular uptake analyses of N@Q and HN@Q_in
HHF-2 as normal cells were similar, which confirmed the
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Figure 9. Effect of HN@QPS on mitochondrial integrity. (a) Fluorescence intensity and (b) microscopy images of the (a) untreated group, (b)
HN@Q, (c) PTX, (d) N@QP, (e) HN@QP, (f) N@QPS, and (g) HN@QPS. One-way ANOVA, *, #¥ %% sk repregent p < 0.0S, p < 0.01, p

< 0.001, and p < 0.0001, respectively.

notion that HA coating has no beneficial effects on the uptake
of NIO by the HHF-2 cells, which lack the CD44 receptor.
3.7. Effect of HN@QPS on Induction of Apoptotic
Death. We next examined the effect of free PTX and HN@QP
on MCEF-7 cancer cells with a concentration of 5 ppm after 72
h by FITC-labeled Annexin V/PI flow cytometry analysis
(Figure 8). The results showed that the apoptosis rates (the
late plus early apoptosis) were 9.95, 18.64, 39.32, 39.94, 53.78,
71.32, and 72.07% for untreated control, HN@Q, PTX, N@
QP, HN@QP, N@QPS, and HN@QPS, respectively. These
results confirmed the enhanced anticancer efficacy of PTX
combined with SO and also confirmed the role of HA in
increased penetration into cancer cells, which resulted in
increased apoptosis of HA-modified niosomes. PTX is shown
to induce apoptosis in human lymphoid leukemia cells. It also
inhibits the MCF-7 cell proliferation and invasion and
increases apoptosis by downre%ulating the expression of the
PI3K/AKT signaling pathway.”” Mansoori et al. showed that
coated liposomes with HA increased the apoptosis in
colorectal cancer cells, which overexpressed CD44 and also
promoted selective cancer cell mortality.”® In line with the
MTT assay, HN@QPS significantly enhanced induction of

apoptosis by more than 70% compared to ~38% for free PTX
and ~50% for HN@QP, resulting from the combination effect
of SO, which inhibits the LDH enzyme, which is key to aerobic
glycolysis by cancer cells.”

3.8. Mitochondria-Targeting Potential. The potential of
HN@QPS to target the mitochondria activity of cancer cells
was analyzed using CytoPainter staining for 5 ppm
concentration after 72 h of treatment (Figure 9). The
quantification trend of mitochondrial fluorescence illustrated
the maximum decrease in the mean fluorescence intensity of
cells treated with HN@QPS compared to control (~3.5-fold)
and HN@QP (~2-fold). Our results are in line with a previous
study that indicated that the combination of PTX with SO
formulated in the MUCI1 aptamer-functionalized QD/nano-
hydrogel composite resulted in a remarkable reduction in
mitochondrial fluorescence compared to MCF-7 cells treated
with free PTX." In addition, the combination of SO with
other chemotherapy drugs such as doxorubicin has shown
synergetic anticancer effects by influencing LDH and
disrupting the mitochondria pathways.*
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4. CONCLUSIONS

Targeted drug delivery systems appear as a promising strategy
to increase the effects of conventional chemotherapy drugs on
cancer cells via decreasing side effects on normal cells.
Multitasking drug carriers with controlled stimuli-responsive
drug release, active targeting, and recognizing ability, as well as
simultaneous imaging ability, provide ideal nanocarriers for
biomedical purposes. The current study attempted to
synthesize and characterize NIO with ideal physicochemical
properties to achieve an efficient targeted theranostic nano-
system. The modification of NIO by QD and HA realizes a
novel nanocarrier that possesses simultaneous imaging,
targeting, and dual drug delivery potential. Moreover, designed
HN@QPS has a high drug loading capacity for the codelivery
of PTX with SO to afford combination effects for enhanced
chemostarvation therapy of CD44" cancer stem cell-like
tumors in the absence of off-target effects.
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