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ABSTRACT: Nanoparticles have been suggested as drug-delivery systems for

chemotherapeutic drugs to allow for controlled drug release profiles and selectivity MR e A
to target cancer cells. In addition, nanoparticles can be used for the in situ 7 T

generation and amplification of reactive oxygen species (ROS), which have been T
shown to be a promising strategy for cancer treatment. Thus, a targeted nanoscale .
drug-delivery platform could be used to synergistically improve cancer treatment by
the action of chemotherapeutic drugs and ROS generation. Herein, we propose a
promising chemotherapy strategy where the drug-loaded nanoparticles generate high g
doses of ROS together with the loaded ROS-generating chemotherapeutic drugs, '
which can damage the mitochondria and activate cell death, potentiating the
therapeutic outcome in cancer therapy. In the present study, we have developed a
dual-targeted drug-delivery nanoassembly consisting of a mesoporous silica core
loaded with the chemotherapeutic, ROS-generating drug, paclitaxel (Px), and coated

with a liposome layer for controlled drug release. Two different lung cancer-targeting ligands, folic acid and peptide GE11, were used
to target the overexpressed nonsmall lung cancer receptors to create the final nanoassembly (MSN@Px) L-GF. Upon endocytosis by
the cancer cells, the liposome layer was degraded by the intracellular lipases, and the drug was rapidly released at a rate of 65% within
the first 20 h. In vitro studies confirmed that this nanoassembly was 8-fold more effective in cancer therapy compared to the free
drug Px.

B INTRODUCTION

Cancer is a major global health concern with a global incidence
rate of nearly 18.1 million new cases per year.' According to
the American Lung Cancer Association, 154,050 Americans are
. 2 .
expected to die from lung cancers each year.” The growing

proliferation, differentiation, and migration.g’10 Furthermore,
excessive amounts of ROS can damage lipids, proteins, and
DNA, which is associated with changes of mitochondrial
functions.'” It has been reported that some drugs and
nanoparticles can induce ROS inside cells.'" Therefore, loading

incidence of cancer causes a significant healthcare burden, with
initial treatments costing upward of 20,000 USD.? Hence, it is
imperative to explore more treatment options that increase
cancer survivorship and are cost-effective. Current treatments
for cancer include surgery, radiation therapy, immunotherapy,
and chemotherapy.” Chemotherapy remains one of the most
common methods of cancer treatment despite its limitations.
The shortcomings of the chemotherapeutic drugs include not
only their severe side effects but also many characteristics of
the chemotherapeutic drugs, such as their lack of water
solubility, low circulation time in the bloodstream, and inability
to directly target the cancer cells.” Nanotechnology-based
approaches of drug delivery offer solutions to these problems
through their tunable properties.””’ Nanoparticles can be
designed as drug-delivery systems that increase the solubility
and the circulation time of the chemotherapeutic drugs, and
additionally, nanoparticle therapies can incorporate ligands
that allow for precise targeting of the cancer cells.”*

Reactive oxygen species (ROS) are reactive chemical species
that act as a redox signaling messenger for many normal
physiological functions of the cells, such as cellular
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an ROS-generating chemotherapeutic drug inside mesoporous
nanoparticles will synergistically induce an ROS burst, leading
to cell death in the cancer cells.

Mesoporous silica nanoparticles (MSNs) have been
suggested as drug-delivery vehicles due to their large surface
area and porous structure, which make them ideal carriers for
various pharmaceuticals and biological molecules."*™"* MSNs
have many advantages over other nanomaterials, such as their
stability under biological conditions, biocompatibility, and
capability to be loaded with both hydrophilic and hydrophobic
drugs."”” MSNs can also be modified with stimuli-responsive
groups to achieve controlled drug delivery.'® Due to their
unique structural properties and capacity for modification with
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a variety of functional groups, MSNs have been suggested as
drug-delivery systems for chemotherapeutic drugs.'” Paclitaxel
(Px), sold under the brand name Taxol, is a chemotherapeutic
drug that promotes the polymerization of tubulin to form
microtubules and directly inhibits the disassembly of micro-
tubules, causing cell death by interfering with the normal
microtubule dynamics that are required for cell division."*"” It
is reported that a 3-weekly Px schedule is the most common
regimen for the treatment of advanced nonsmall cell lung
cancer cells.”’ Additionally, Px has been shown to promote the
generation of the ROS, which can lethally damage the nearby
cancer cells that have not been exposed to Px.”' Hence, cancer
cell survival critically depends upon the ROS levels, which at
low concentration can increase tumorigenesis but at high
concentration increases apoptosis.22 Due to its effectiveness
against a wide range of cancers, chemotherapy with Px has
become a common treatment for cancer, despite its
disadvantages, namely, its insolubility in water and its toxicity
at high doses.'”**

Nanoparticles have previously been shown to be effective
drug-delivery glatforms for Px, with some formulations used in
clinical trials.”> The previous formulations of nanoparticle
carriers for Px have been mostly polymer-based**** or lipid-
based.”® However, recently, inorganic nanoparticles have
drawn increased interest as carriers for Px for their various
unique properties. MSNS, in particular, have been suggested as
the ideal carrier systems for Px due to their low toxicity and
their ability to increase the solubility and adsorption of Px.””*"
Furthermore, the release of Px from the MSNs can be
controlled by tailoring the pore size of the nanoparticles or by
coating the MSNs with a protective liposome layer, which
controls the dru§ release through the gatekeeping action of the
lipid layer.'>*”*” MSN’s have also shown effective coloading of
Px and other chemotherapeutic agents, which reduces the
chances of drug resistance.”””" Yan et al. have reported Px and
doxorubicin-coloaded mesoporous nanoparticles for chemo-
therapy.”” Coating the Px-loaded MSNs with a liposome layer
further facilitates the attachment of the targeting ligands for
specific cell recognition and improves biocompatibility. This
drug-delivery strategy is designed to reduce the lethality of
high doses of chemotherapeutic drugs required in the
treatment and the incidence of multidrug resistance. Hence,
we developed a nanoassembly that simultaneously acts as a
controlled and targeted drug-delivery vehicle, which effectively
inhibits lung cancer cells compared to that by free Px itself.
The mechanism of Px-related cell death in the nanoassembly
was further studied.

Herein, we report the synthesis of MSNs loaded with Px and
further coated with a liposome (L) layer, which acts as a gate
keeper for drug release. The nanoassembly was further
functionalized with a folate receptor-targeting folic acid (FA)
and epidermal growth factor receptor (EGFR)-targeting
peptide (GE11) as a dual target to create the final
nanoassembly, (MSN@Px) L-GE.""***7% These receptors
are popular biomarkers of cancerous cells.”>”” Furthermore,
this nanoassembly was used to study the mechanistic effects of
ROS-induced lung cancer cell death with (MSN@Px) L-GF
compared to that with free Px. Px was rapidly released from the
nanoassembly through the degradation of the liposome layer
triggered by the intracellular lipases. The release of Px leads to
enhanced ROS generation and oxidative stress, which lead to
mitochondrial dysfunction and ultimately induce apoptosis
through caspase activation. It has been found that this

nanoassembly has an 8-fold increase in effectiveness compared
to that of the free drug Px. This versatile nanocomposite-
promoted therapeutic efficacy through controlled release of the
chemotherapeutic drug at the targeted cancer cells with
negligible systemic toxicity makes it a potent candidate for
enhancing tumor suppression while reducing the incidences of
multidrug resistance.

B MATERIALS AND METHODS

Cetyltrimethylammonium bromide (CTAB, >99%), tetraethyl
orthosilicate (TEOS, 98%), phosphate-buffered saline (PBS,
0.5x), ammonium hydroxide (NH,OH, 25%), hydrochloric
acid (HCl, >99%), sulfo-N-hydroxysuccinimide (sulfo-NHS,
99%), wortmannin, chlorpromazine, nystatin, folic acid, and
rhodamine B isothiocyanate (RITC) were purchased from
Sigma-Aldrich (St. Louis). 1,2-Dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine (DOPE), cholesterol (ovine), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[amino(polyethylene gly-
col)-2000] (ammonium salt) [DSPE-PEG(2000) amine],
and the mini-extruder kit were purchased from Avanti Polar
Lipids (Alabama). 1-Ethyl-3-(3-(dimethylamino)propyl)-car-
bodiimide (EDC) was obtained from Alfa Aesar. GE11 peptide
(Tyr-His-Trp-Tyr-Gly-Tyr-Thr-Pro-Gln-Asn-Val-Ile) was ob-
tained from Phoenix Pharmaceuticals Inc. (California). AS49
lung cancer cells were purchased from the American Type
Culture Collection (ATCC, CCL-18S5) (Virginia). The
CellEvent caspase 3/7 green detection reagent, live/dead
viability kit, MitoProbe JC-1 assay kit, Tubulin Tracker, Green
detection kit, micro-BCA protein assay kit, and Scientific and
Invitrogen ATP Determination kits were purchased from
Thermo Fisher Scientific (Massachusetts). The fluorometric
intercellular ROS kit was purchased from Sigma-Aldrich
(Missouri). The GSH-Glo Glutathione assay was purchased
from Promega Corporation (Wisconsin). (3-(4,5-Dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) cell
proliferation kit, Hoechst, 4’,6-diamidino-2-phenylindole
(DAPI), and calcein AM were purchased from Thermo Fisher
Scientific (Massachusetts). Ham’s F-12K nutrient mixture with
L-glutamine (F-12K, 1X), fetal bovine serum (FBS, 10%),
trypsin EDTA (2.21 mM), and penicillin—streptomycin (Pen-
Strep), 1X were obtained from Corning (New York). The
particle hydrodynamic diameter was evaluated by dynamic
light scattering (DLS) using a Malvern Zetasizer (Malvern
Panalytical Inc., Massachusetts). Nitrogen adsorption—desorp-
tion was performed using an Autosorb iQ-C-MP/XR surface
area and porosity analyzer (Quantachrome Instruments,
Florida). Thermogravimetric analyses were performed on a
Discovery QSS0 (TA Instruments, Massachusetts). The
absorbance and fluorescence measurements were recorded
with a SpectraMax M2 multimode microplate reader
(Molecular Devices, California). Drug-release studies were
conducted using high-performance liquid chromatography
(HPLC) using a Hitachi Primaide Separation module and a
1430 diode array detector.”® Fluorescence microscopy images
were recorded by a CKXS3 inverted fluorescence microscope
(Olympus, Pennsylvania). The transmission electron micros-
copy (TEM) images were recorded by an FEI Tecnai Osiris
operating at 200 kV (SelectScience, UK). The Fourier
transform infrared (FT-IR) spectra were recorded with a
Nicolet iS50 attenuated total reflection Fourier transform
infrared spectrometer(Thermo Fisher Scientific, Massachu-
setts). The mammalian cells were grown in a CO, incubator,
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and PA14 was cultured in a class II biological safety cabinet
(Thermo Fisher Scientific, Massachusetts). Sterile medium,
sterile glassware, and sterile disposables were used for all
experiments. Unless specifically mentioned otherwise, all
media and glassware were sterilized using a Benchmark
benchtop liquid sterilizer (BioClaveTN, New York). The
viable bacteria count was determined from a CytoSMART
automated cell counter (Corning, New York).

Synthesis of the MSNs. The MSNs were prepared using a
previously reported protocol with some modifications, using
CTAB as the porous template.”> TEOS is used as the silica
source. CTAB (4 mmol) was dissolved in 140 mL of water,
and TEOS (1688 uL, 7.6 mmol) was added dropwise to the
mixture. NH,OH (25 v/v %, 1688 uL) was then added to the
mixture and stirred overnight at room temperature. On the
following day, the white turbid solution was separated by
centrifugation at 12,000 rpm for 10 min. After removing the
supernatant, the solid precipitate (MSNs) was resuspended in
water and centrifuged at 12,000 rpm for 10 min. This was
repeated three times. To remove the excess CTAB, the MSNs
were centrifuged and resuspended in 50 mL of ethanol and 200
uL of concentrated HCIL. This mixture was stirred at 60 °C for
12 h. The resulting product was purified three times with
ethanol by centrifuging at 12,000 rpm for 10 min. The sizes of
the MSNs were characterized through DLS and TEM.

Px Encapsulation in MSNs (MSN@Px). MSNs (5 mg/
mL) were loaded with Px (10 pg) in S mL of DMSO. This was
stirred overnight at 37 °C. The unconjugated Px was removed
by centrifugation at 12,000 rpm for 10 min, yielding MSN@Px.

Liposome Preparation. Liposomes were prepared as
described by Rathnayake et al. with minor modifications."
Briefly, DPPC (15 mg, 20 ymol), DOPE (1.25 mg, 1.7 umol),
cholesterol (7.5 mg, 3.2 umol), and DSPE-PEG(2000) amine
(1.25 mg, 0.45 pumol) were dissolved in 3 mL of chloroform
and evaporated in a rotary evaporator, which yielded a thin
lipid film. The lipid film was rehydrated in 2.5 mL of PBS (pH
7.4) at a lipid concentration of 10 mg/mL and extruded 1S5
times through a polycarbonate membrane (pore size 400 nm)
using the mini extruder. The resultant liposomes were stored at
4 °C for further use.

Modification of Liposomes with GE11 and FA. GE11
and FA were conjugated to the exterior of the liposomes by
EDC activation chemistry. GE11 (100 pg) and FA (30 ug) ata
molar ratio of 90:10 were activated with EDC (3.29 umol) and
sulfo-NHS (8.24 umol) for 2 h at 37 °C. Thereafter, the
liposomes containing DSPE-PEG(2000) amine (1.25 mg, 0.45
umol) were added to the activated GE11 and FA mixture and
incubated overnight at 37 °C. At the end of the incubation
period, the GE11- and FA-modified liposomes were purified by
centrifugation at 12,000 rpm for 30 min at 4 °C and
resuspended in PBS (pH 7.4). The purified product was
lyophilized and stored at —20 °C until further use. The amount
of conjugated FA was determined by analyzing the supernatant
after conjugation by UV—vis spectroscopy at 310 nm. Also, the
conjugated GE11 was assessed using micro-BCA protein assay
(Supporting Information Figure S4).

Encapsulation of MSN@Px into the Liposomes
((MSN@Px) L). To prepare liposome-coated MSN@Px, 25
mg of MSN@Px was resuspended in the liposomes (2 mL, 25
mg/mL) in PBS and mixed for 20 min on ice. The liposome-
coated nanoassembly (MSN@Px) L was separated from the
empty liposomes by centrifugation at 12,000 rpm for S min

and repeatedly washed in PBS. The resultant (MSN@Px) L
was lyophilized and dried at —20 °C until further use.

Characterization through TEM and DLS. The ultra-
structure of bare MSNs, MSN@Px, and (MSN@Px) L was
examined through TEM. Carbon thin-film-coated Cu grids
(200 mesh) were drop-cast using a diluted solution (100 uL, S
mg/mL) of the material and left to vacaum-dry overnight. The
nanoassemblies were visualized using a transmission electron
microscope operating at 200 kV. The liposomal layer was
examined through TEM following staining with 10% uranyl
acetate. The hydrodynamic size and zeta potential were
measured using DLS.

Surface Area and Pore Volume Determination of the
MSNs and MSN@Px. The surface areas of the MSNs and
MSN@Px were determined using the Brunauer—Emmett—
Teller (BET) method using a surface area and porosity
analyzer. The cumulative pore volume was calculated from the
adsorption branch of the isotherm using the Barrette—Joyner—
Halenda (BJH) model.

TGA of the Px Content in MSN@Px and (MSN@Px) L-
GF. Thermogravimetric analysis (TGA) was carried out under
an argon atmosphere (99.999%) where dried MSN@Px (ca. 1
mg) was heated at a rate of 5 °C/min up to 100 °C and then
kept isothermal for 15 min followed by a 5 °C/min ramp up to
700 °C. The amount of Px encapsulated in MSN@Px was
calculated by analyzing the percentage weight loss difference
between MSN and MSN@Px.

Stability of the Nanoparticles. The stability of the
(MSN@Px) L-GF was evaluated by monitoring the changes in
particle size, zeta potential, and turbidity in a cell culture
medium. (MSN@Px) L-GF (S mL, 10 ug/mL) was kept in the
cell culture medium for S days at 37 °C to mimic the static
conditions for in vitro experiments. The particle size and zeta
potential were determined using DLS at the same time on all
the S days.

Px-Release Studies from (MSN@Px) L-GF. 5 mL of
(MSN@Px) L-GF (S mg/mL) was dispersed in 10 mL of PBS
buffer containing 0.1% Tween 80 at pH 5.5 and pH 7.4 and
incubated while being shaken at 200 rpm at 37 °C. An aliquot
of 1 mL of solution was withdrawn at predetermined time
intervals and replaced with an equivalent amount of fresh
medium. The removed sample was then centrifuged at 10,000
rpm for 10 min. Following that, the pellet was resuspended in
fresh PBS buffer containing 0.1% Tween 80 at respective pH
values (pH $.5 and pH 7.4). Then, the sample was filtered
through a 0.5 ym nylon syringe filter. The release profile of Px
from (MSN@Px) L-GF was observed through reverse-phase
[Welch C-18 column; dimensions 4.6 mm, 200 mm; and
particle size (dp): S yum] HPLC. The mobile phase consisted
of a mixture of acetonitrile and HPLC-grade water (W)
containing 0.1% trifluoroacetic acid (TFA) in a ratio of 70:30.
The pH of the mobile phase was adjusted to 5 with acetic acid
and filtered through a 0.22 mm nylon filter. The HPLC
measurements were carried out in an isocratic mode. The
injection volume was 20 mL with a flow rate of 1 mL/min. The
column temperature was maintained at 25 °C, and elution
absorbance was monitored at 227 nm using a photo diode
array detector. The released Px concentrations were quantified
by preparing a standard calibration curve. The drug-loading
capacity (DLC) and encapsulation efficiency (EE) of Px in
(MSN@Px) L-GF were also determined through HPLC.

The percentages of DLC and EE of Px were calculated
according to the following formula

https://doi.org/10.1021/acsomega.3c02901
ACS Omega 2023, 8, 34481—-34498


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02901/suppl_file/ao3c02901_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

total mass of drug added — mass of unencapsulated drug N

EE % = 0

total mass of drug added

total mass of drug added — mass of unencapsulated drug 1
total mass of MSNs

DLC % = 00

A549 Cell Proliferation. A549 cells were grown in T75
flasks in a complete growth medium. The complete growth
medium was prepared by mixing Ham’s F-12K nutrient
mixture with L-glutamine (F-12K) (445 mL), FBS (10%, SO
mL), and Pen-Strep (S mL) followed by sterile filtration. The
cells were grown in 20 mL of fresh and prewarmed medium at
37 °C in a humidified atmosphere of 5% CO,. Cell viability
was assessed by the Trypan blue assay, and the cells were
counted using an automatic cell counter.

In Vitro Cellular Uptake. A549 cells were seeded on 24-
well plates (10° cells per well) for 24 h. The cells were
cocultured with RITC-conjugated MSNs, MSN@Px, (MSN@
Px) L, or (MSN@Px) L-GF containing the encapsulated Px
equivalent of 10 ug/mL for 6 h. Thereafter, the cells were
washed with PBS three times. The nuclei were then stained
with DAPI (blue) for 10 min and fixed with 4%
paraformaldehyde for 30 min and washed with PBS. The
cellular uptake ability was examined by an inverted
fluorescence microscope.

Cellular Uptake Mechanism of (MSN@Px) L-GF. Red
fluorescent dye RITC-labeled MSN@Px and (MSN@Px) L-
GF were used to quantify the internalization in the presence of
various endocytosis inhibitors. AS49 cells (10° cells per well)
were treated with chlorpromazine (20 pg/mL), nystatin (20
ug/mL), and wortmannin (1 pg/mL) for 1 h prior to the
addition of the RITC-labeled nanoassemblies. Following that,
the cells were vigorously washed with PBS to remove any free
particles, and the cells were stained with calcein AM and DAPIL
The cells were then examined by fluorescence microscopy. The
fluorescence intensity of the internalized nanoassemblies was
measured from a microplate reader at 576 nm.

Determination of Intracellular ROS Levels. Intracellular
ROS levels were quantified using a fluorescent probe following
the manufacturer’s instructions. The AS549 cells were seeded
into 24-well plates at a density of 10° cells per well, incubated
overnight, and then treated with the MSNs, MSN@Px,
(MSN@Px) L, or (MSN@Px) L-GF (encapsulated Px
equivalent to 10 ug/mL) for 4 h. Then, the cells were
incubated with the ROS detection reagent for 1 h at 37 °C and
5% CO,, and the fluorescence intensity was measured with a
Aex 0f 490 nm and a 4., of 520 nm using the microplate reader.

Mitochondrial Membrane Potential Assay. The JC-1
probe was employed to evaluate the mitochondrial depolariza-
tion in the AS49 cells. Briefly, the cells were cultured in a 24-
well plate with a cell density of 10° cells per well and then
incubated for 24 h. Following that, the cells were washed with
PBS and treated with MSNs, MSN@Px, (MSN@Px) L,
(MSN@Px) L-GF, or the free drug Px at a Px equivalent of 10
ug/mL for about 6 h. The cells were washed, treated with an
equal volume of serum-free medium containing JC-1 dye (S
mg/L), and incubated at 37 °C for 20 min. This was again
rinsed twice with PBS and then replaced with fresh medium
without serum. Finally, the fluorescent images were taken using
an inverted fluorescent microscope. The images were obtained
at 488 nm excitation and 530 nm emission to visualize the
green JC-1 monomers and 543 and 590 nm excitation for the
red fluorescent JC-1 aggregates.

Intracellular GSH Measurement. The levels of intra-
cellular reduced glutathione (GSH) were quantified using a
luciferin derivative. Briefly, the A549 cells were seeded on 24-
well plates (10° cells per well) overnight and were incubated
with 25 uL of different nanoassemblies [MSNs, MSN@Px,
(MSN@Px) L, and (MSN@Px) L-GF] or free drug Px having
a Px concentration equivalent to 10 ug/mL for 4 h. Following
that, the cells were washed with PBS three times and incubated
with the GSH-Glo reagent and luciferin detection agent for 30
and 15 min, respectively, according to the manufacturer’s
instructions. The luminescence intensity was measured after 15
min at 37 °C from a microplate reader. The intracellular GSH
levels were expressed in yM and were calculated based on the
calibration curve.

Measurement of the Cellular ATP Levels. The intra-
cellular ATP levels were measured using an ATP determi-
nation kit. The AS49 cells were seeded at a density of 10° cells
per well and then incubated for 24 h prior to experiments.
Then, the cells were treated with MSN@Px, (MSN@Px) L,
(MSN@Px) L-GF, or the free drug Px at a Px equivalent to 10
pug/mL for about 6 h in a growth medium supplemented with
10% FBS and 1% pen-strep at 37 °C and 5% CO,. Thereafter,
the cells were washed with PBS and harvested with trypsin
EDTA (200 uL) for 5 min at 37 °C. Cold PBS was added to
terminate the reaction, and the cells were collected by
centrifugation at 10,000 rpm for 10 min. Following that, 30
uL of each sample was mixed with 270 uL of buffer and
checked for luminescence. The ATP level was assessed based
on the calibration curve.

Caspase Activity Assay. A CellEvent caspase-3/7 assay kit
was used to evaluate membrane permeability and caspase
activation. The AS549 cells (1 X 10° cells/well) were seeded in
a 24-well plate, and following 24 h, MSNs, MSN@Px, (MSN@
Px) L, (MSN@Px) L-GF, or the free drug Px was added at a Px
equivalent to 10 pg/mL and incubated for 6 h. A volume of
100 uL of the caspase 3/7 reagent was added into each well
and incubated for 30 min at 37 °C in 5% CO, protected from
light. The cells were then observed using an inverted
fluorescence microscope. Finally, the fluorescence intensity
was measured with a micro plate reader using excitation at A,
360 nm and A,,, 460 nm.

Tubulin Polymerization Fluorescence Assay. The
direct effect of the nanoassemblies on tubulin polymerization
was determined in a biochemical fluorescence-based detector
(Thermo Fisher) according to the manufacturer’s protocol.
The cells (10° cells per well) were incubated with MSNs,
MSN@Px, (MSN@Px) L, (MSN@Px) L-GF, or the free drug
Px at a Px equivalent to 10 ug/mL for 6 h. The culture
medium was removed, washed twice with PBS, and stained
with the diluted Tubulin Tracker Green reagent for 30 min at
37 °C and 5% CO,. The nuclei were stained with DAPI for 15
min. Blue fluorescence (DAPI) and green fluorescence
(Tubulin Tracker Green reagent) were observed using a
fluorescence microscope.

Live—Dead Assay. A live/dead assay was performed for
the analysis of cell viability after the activation of the apoptosis
pathways upon the treatment with the synthesized nano-
assembly. The cells (1 X 10° cells per well) grown in a 24-well
plate were treated with MSNs, MSN@Px, (MSN@Px) L,
(MSN@Px) L-GF, or the free drug Px at a Px equivalent to 10
pug/mL for 6 h. Following that, the wells were washed twice
with cold PBS and incubated for 30 min with the live/dead
reagent (2 M calcein AM and 4 uM ethidium bromide)
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Scheme 1. Synthesis of (MSN@Px) L-GF

Px loading

——

" GE1 1”§ &FA
attachment

Liposome (L)

7 (MSN@PX)L-GF

according to the manufacturer’s instructions. The samples were
washed twice with PBS and imaged by fluorescence
microscopy.

In Vitro Cytotoxicity Assays. Mammalian cell viability
was evaluated using an MTT assay. The A549 cells were
seeded onto 24-well plates at a density of 10° cells per well.
After 24 h, they were incubated with different nanoassemblies
[MSN@Px, (MSN@Px) L, and (MSN@Px) L-GF] and free
drug Px having Px concentrations equivalent to 1, 5, 10, 25, 50,
or 100 pg/mL for 24 h. Then, 100 uL of the MTT solution (1
mg/mL) was added to each well, and the cells were further
incubated for 4 h. Afterward, the culture medium was
discarded, and 150 L of DMSO was added to each well.
The absorbance intensity was determined at 540 nm with a
microplate reader. The results were presented as the
percentage of the viable cells with respect to the untreated
control cells.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Nanoassem-
blies. The synthesis of the final nanoassembly is shown in
Scheme 1. The MSNs were prepared following the previously
reported surfactant-template method."* The synthesized MSNs
were purified and redispersed in water. The TEM images
confirmed the mesoporous structure of the bare MSNs (Figure
la). The widely used tumor agent, Px, was loaded into the
mesoporous particles (see Supporting Information Figure S1
for the Paclitaxel structure). This drug is used in cancer
chemotherapy for breast, ovarian, and lung cancers, melano-
mas, and lymphomas. Px promotes tubulin dimerization and
inhibition of the depolymerization of the microtubules,
resulting in the formation of abnormally stable and nonfunc-
tional microtubules.” Px is incorporated into the pores of
MSN using solvent evaporation.”’ Different solvents were
utilized to study their drug-loading capacity (see Supporting
Information). DMSO was used as the preferred drug-loading
solvent as it yielded the highest loading of Px. Px is loaded into
the mesoporous nanoparticles via an adsorption mechanism.
Px-loaded MSN (MSN@Px) was then encapsulated within a
liposome layer (MSN@PX) L. The liposome coating
(especially the cholesterol components in the liposome)
further prevents the leakage of Px and facilitates Px retention.
The liposomes were synthesized via an extrusion method using
these phospholipids: DPPC, DOPE, and DSPE-PEG(2000)
amine and cholesterol. The prepared MSN@Px was encapsu-
lated within the liposome in a low-temperature ice bath, where

the amphiphilic phospholipids self-assemble around the
MSN@Px to create a spherical lipid layer (LL) (Figure 1a).
The —NH, moieties of the lipid DPPC provide hydrophilicity
to the bilayer, which allows the encapsulation of hydrophilic
MSNs."® The cholesterol in the lipid layer enhances the
membrane fluidity and Px retention.*” The phospholipids,
DPPC and DOPE, cause hydrophilicity in the liposome.”' The
large PEG group of the DSPE-PEG(2000) amine is known to
reduce immunogenicity and antigenicity and facilitates the
targeting peptide binding onto the liposome.”> The liposome
layers act as a gatekeeper and restrict the premature release of
Px. The exterior of the liposome was tagged with two different
cancer-targeting ligands to enhance the effectiveness of the
targeting affinity. FA and the peptide GE11 were conjugated
onto the surface of the liposome layer with the help of EDC
and sulfo-NHS chemistry (see Supporting Information Figure
S2 for FA structure). The folate receptors (such as FR-at) are
known to be overexpressed on the surface of the cancer cells
with an epithelial origin such as the breast, lungs, and ovary.*®
Therefore, these FRs are commonly used cancer biomarkers.*®
Nonimmunogenicity, stability, tissue permeability, and the ease
of bioconjugation chemistry make FA an ideal cancer-targeting
agent.”> FA conjugation facilitates cell internalization through
receptor-mediated endocytosis.** Using a second targeting
moiety such as epidermal growth factor receptor (EGFR)
increases the drug carrier’s interaction with the cancer cells.
GE1l1 (YHWYGYTPQNVI) is a dodecapeptide that binds
specifically to EGFR, which is overexpressed in a number of
tumors of epithelial origin, such as the breast, ovary, and
lungs.”” This small peptide is also nonimmunogenic and
facilitates good penetration into the tumor tissues. Also, it has
been found that GE11 possesses a high potential to accelerate
endocytosis through an alternative EGFR-dependent actin-
driven pathway.” Our study confirms the successful attach-
ment of both the targeting ligands (FA and GE11) on the
nanoassembly. (MSN@Px) L-GF was qualitatively character-
ized by DLS, TEM, and FT-IR and quantitatively by BET and
TGA." The synthesis of the nanoassembly was monitored by
TEM (Figure 1a). Upon Px loading, there is a clear reduction
of porosity of the MSN (Figure 1a). This reduction in porosity
was confirmed by BET analysis (see Supporting Information
Table S1). Following Px loading, the MSN’s were coated with a
liposome layer. A single layer of lipids around each MSN@Px
is clearly observed as shown in Figure la. The size of the
nanoassemblies was determined by both DLS and TEM. As
shown in Figure 1b, the diameter from TEM was 83 + 4 nm,
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Figure 1. Characterization of the nanoassemblies. (a) TEM image of (A) MSNs, (B) MSN@Px, and (C) (MSN@Px) L (scale bar = 100 nm). (b)
Dried (TEM) and hydrodynamic (DLS) size of the nanoassemblies. (c) Zeta potential change in various steps of the synthesis of the
nanoassemblies. (d) N, adsorption—desorption isotherms for MSNs and MSN@Px. (e) FT-IR spectra of MSNs, MSN@Px, Px, and (MSN@Px) L.
(f) FT-IR spectra of dual targets showing FA, GE11, and (MSN@Px) L-GF. (g) TGA curves recorded for MSNs, MSN@Px, (MSN@Px) L, and

(MSN@Px) L-GF.

while the hydrodynamic diameter was around 310 + 5.2 nm.
The increased hydrodynamic size measured by the DLS was
probably due to particle swelling and agglomeration in the

34486

liquid media, where the dried size of one individual particle
was measured from the TEM images. Upon liposome coating,
the diameter of the MSNs had increased from 83 + 4 to 99 +
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Figure 2. Targeting ability of nontargeted MSN@Px and single-ligand-targeted (MSN@Px) L-FA compared to that of the dual-targeted (MSN@
Px) L-GF. The nanoparticles were conjugated with RITC (red), and the AS49 cells and the nuclei were stained with calcein AM and DAP]I,

respectively (scale bar, SO um).

1.3 nm, as determined by the TEM analysis. Upon conjugation
of the targeting ligands, the size increased further up to 133 +
4.5 nm (Figure 1b).

The surface electrical potential was determined by
measuring the zeta potential in each step to confirm the
successful synthesis of the nanoassembly (Figure 1c). The
MSNs showed a negative zeta potential (—31 + 1.6 mV),
indicating the presence of negatively charged silicate ions on
the surface of MSNs (Figure 1c). With Px loading, the zeta
potential was slightly increased to —26.9 + 1.1 mV, indicating
that the Px loading did not affect the surface charge of the
MSNG.*® The zeta potential of the bare liposomes was analyzed
before incubation with MSN@Px and ranged from 0 to 6.5 =+
1.1 mV. After incubation with the liposomes, the zeta potential
increased to 4.7 + 1.8 mV in (MSN@Px) L, which confirmed
the presence of positively charged phospholipid heads in the
liposome layer. With the conjugation of the targeting moieties,
the zeta potential of the nanoassembly further increased up to
9.8 + 0.8 mV. The increase in the positive zeta potential was
probably due to the protonation of the amino groups on GE11
(at pH 7.4), increasing the positive charge on the final
nanoassembly. Moreover, the isoelectric point (pI) of GE11
was found to be 7.67." This depicts the successful conjugation
of FA and GEl1 onto the liposome (Figure 1c).”*** The
change in the porosity of the MSN and MSN@Px was assessed
by N, adsorption—desorption isotherms (Figure 1d). The
reduction in the surface area, pore volume, and pore size in Px-
loaded MSNs compared to those of the bare MSNs further
confirmed the successful Px loading (Supporting Information
Table S1).

This depicts the successful conjugation of FA and GE11
onto the liposome (Figure 1c).”*** The change in the porosity
of the MSN and MSN@Px was assessed by N, adsorption—
desorption isotherms (Figure 1d). The reduction in the surface
area, pore volume, and pore size in Px-loaded MSNs compared

to that in the bare MSNs further confirmed successful Px
loading (Supporting Information Table S1).

FTIR spectroscopy was conducted after each step in the
nanoassembly synthesis to confirm the chemical characteristics
of the nanoassembly (Figure le). FTIR of MSN displayed a
characteristic absorption peak at 1020—1110 cm™’, which can
be assigned to the Si—O-Si bending and the Si—OH
stretching vibration, and a peak at 960 cm™', indicative of
the asymmetric bending.'”> FTIR analysis was also used to
confirm the removal of toxic CTAB during the MSN
purification. The spectrum of CTAB was compared to the
spectrum of MSN, demonstrating the successful elimination of
CTAB during MSN synthesis (see Figure S7 of the Supporting
Information). Upon Px loading, the MSN@Px FTIR spectrum
indicated the corresponding Px peaks.”” The asymmetric and
symmetric stretching vibrations of the CH, groups can be seen
at 2976—2885 cm™". The peak at 1734 cm™" corresponds to
the C=O stretching vibrations of the ester groups.
Furthermore, the C—N stretching vibration is located at
1276 cm™". The absorption peaks at 1647 and 709 cm™" are
associated with the aromatic bonds.””*° The liposome layer on
(MSN@Px) L was identified by the presence of very strong
peaks at 2918 and 2850 cm™' corresponding to the
antisymmetric and symmetric C—H stretching, respectively,
in the long carbon chains of the lipids used.”’ Also, the C=0
stretching vibration around 1735 cm™' and the PO,
symmetric stretching vibration around 1090 cm™' are from
the Ehospholipids, confirming the successful liposome coat-
ing."” The specific C=O absorption at 1500 cm™" in (MSN@
Px) L-GF was similar to the C=O absorption of GEll,
indicating the presence of GE11.°> The characteristic IR
absorption peaks of FA can be seen at 1605, 1693, and 1485
cm ™" which correspond to the amide N—H bending, the C=0
stretching of the a-carboxyl group, and the absorption band of
the phenyl ring, respectively, and are also represented in
(MSN@Px) L-GF. Furthermore, the FTIR spectra of (MSN@

https://doi.org/10.1021/acsomega.3c02901
ACS Omega 2023, 8, 34481—-34498


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02901/suppl_file/ao3c02901_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02901/suppl_file/ao3c02901_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c02901/suppl_file/ao3c02901_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02901?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02901?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02901?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c02901?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c02901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

a

Calcein- cytoplasm DAPI- nucleus

b %0
80
70
g
o 6
1]
©
2 50
[
2 4w
k5
2 30
E ——pH 5.5
© 2 ——pH 7.4
10
0
0 10 20 30 40 50 60
Time (h)

Calcein - Cytoplasm DAPI - Nucleus

Chlorpromazine

Wortmannin

Nystatin

RITC-NPs Merge

| .

£ MSN@Px
= (MSN@PX)L-GF
__ 1004 _
X
2 80 _
g =
]
2 60
3
5 40
3
fb’i’\& ‘}0@‘ 'bé\\o
& N &
&© ~ &
o N
o‘(‘
RITC-NPs Merged

Figure 3. Evaluation of the nanoparticle internalization and drug-release profiles. (a) Internalization of (MSN@Px) L-GF into the A549 cells. (b)
Cumulative release of Px from (MSN@Px) L-GF at pH 5.5 and pH 7.4. (c) Percentage of (MSN@Px) L-GF cytoplasmic delivery after treatment
with various inhibitors. (d) Fluorescence microscopy images of the AS49 cells treated with various inhibitors showing the difference in cellular

internalization (scale bar, 100 ym).

Px) L-GF showed an intense broad peak at 1650 cm™" (Figure
1f), which can be attributed to the new carbonyl (C=0)
stretching of amide I absorption of the newly formed amide
bond with the NH, of the liposomes and COOH of FA and
GE11.7>

Quantitative ligand analysis of the nanoassembly after each
step of synthesis was performed using TGA (Figure 1g).
Percentage (%) weight loss at each step was calculated to
determine the amount of ligand conjugated. The Px loading in

34488

the MSNs was found to be 98 + 1.9 mg/g of MSNs, which
corresponds to 9 + 0.5% loading. Also, the percentage weight
loss between (MSN@Px) L and MSN@Px indicated that the
coated lipid layer constituted 6 + 0.8% of (MSN@Px) L. The
TGA analysis results of (MSN@PX) L-GF and (MSN@Px) L
revealed a total percentage weight loss of 4 + 0.4%, indicating
that the total targeting ligand (GE11 and FA) content was 38
+ 4 ug/g in (MSN@Px) Ln (Figure lg). The FA
quantification using the absorbance assay provided a value of
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Figure 4. Mitochondrial damage-induced apoptosis of the A549 cells by (MSN@Px) L-GF. (a) Schematic showing the relationship among ROS,
GSH, and ATP levels upon (MSN@Px) L-GF endocytosis by the cancer cells and (b) production of intercellular ROS upon nanoassembly
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cells after different nanoassembly treatments. The fluorescence transition from red (live) to green (dead) indicates significant mitochondrial
damage (scale bar, 20 ym). (d) Cellular GSH level after treatment with different nanoassemblies. Data are presented as the mean + SD (n = 3,
ki indicates p < 0.0001). (e) Concentration of the ATP after treatment with different nanoassemblies. Data are presented as mean + SD (n = 3,

k% jndicates p < 0.001).

20 ug/g (see Supporting Information Figure S3 for the FA
calibration curve). Hence, the GE11 content can be assumed
to be 18 ug/g (see Supporting Information Figure S4 for the
GE11 calibration curve).

The stability of the nanoparticles is crucial as it impacts
essential qualities required for their therapeutic applications,
such as long-term storage stability, prolonged biological
activities at the tumor site, and circulation in body.54 The

liposomal coating affords stability to the nanoparticles. The
stability of (MSN@Px) L was tested against the uncoated
nanoparticles of MSN@Px (Supporting Information Figure
S8) by monitoring the changes in size, zeta potential, and
turbidity of the particles in the AS49 growth medium. The
results confirmed that the zeta potential and the size were quite
stable in the liposome-coated particles compared to those in
the uncoated particles throughout the S days at 37 °C under
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pH 7.4 (SI). (MSN@Px) L with a positive surface charge
might bind strongly to the negatively charged cancer cell
membrane by electrostatic interaction and facilitate a high
cellular uptake and high stability.>”

EE and DLC are two important parameters in determining
the drug release. EE and DLC were quantified by RP-HPLC.
EE % was calculated to be 89.4 + 1.2% and 85. 2 +3.5% for
MSN@Px and (MSN@Px) L-GF, respectively, which was
conducive to drug delivery. The DLC was calculated to be 27.8
+ 3.2 and 24.5 + 2.1% for MSN@Px and (MSN@Px) L-GF,
respectively. The targeting affinity of the nanoassemblies was
further determined using fluorescence microscopy (Figure 2).
The higher red fluorescence was present with (MSN@Px) L-
GF when compared to that with the single-ligand-targeted
(MSN@Px) L-FA and nontargeted MSN@Px confirmed a
higher internalization, which is possibly due to the addition of
both the targeting ligands, FA and GE11.

Cellular Uptake and Drug Release. The cellular uptake
and intracellular distribution of the nanoparticles were further
studied by fluorescence microscopy (Figure 3a). After 6 h of
treatment with RITC-conjugated (MSN@Px) L-GF, the
internalization of particles was observed through fluorescence
microscopy (Figure 3a). As shown in Figure 3a, there is an
increase in the red fluorescence surrounding the DAPI-stained
nucleus, confirming that (MSN@Px) L-GF internalized into
the cells. This will ultimately enhance the satisfactory
therapeutic results.

The in vitro drug-release profiles of Px from (MSN@Px) L-
GF were determined using RP-HPLC analysis at pH 5.5 and
7.4, as shown in Figure 3b. The cumulative Px release at pH
5.5 was remarkably higher than that at pH 7.4. The release of
Px was affected by the pH, which can be attributed to the acid-
catalyzed dissociation of the hydrophobic interactions of Px
within the mesoporous core.”**® The pH of the extracellular
tumor environment (6.5—6.8) tends to be more acidic than
that of the normal tissues and further decreases to 4.5—35 in the
lysosomes and 5.5—6.0 in the endosomes.”” In addition,
(MSN@Px) L-GF presented a rapid release (65%) in the first
20 h at pH S.5 compared to that at pH 7.4 (40%) at the same
time period. After around S5 h, the release at pH 5.5 reached
more than 80% (Figure 3b). This confirms that (MSN@Px) L-
GF exhibits a pH-dependent and rapid drug release in the
acidic tumor microenvironment. Furthermore, degradation of
the liposome layer can be attributed by the intracellular
enzymes, such as lipases, upon endocytosis into the cancer
cells.”®

To understand the mechanistic pathway of cellular internal-
ization, an endocytosis inhibitor study was conducted. AS49
was treated with a clathrin-mediated endocytosis inhibitor—
chlorpromazine (Cpz), caveolin-medicated endocytosis inhib-
itor—nystatin (Nys), or macropinocytosis inhibitor—wortman-
nin (Wort) for 1 h prior to the addition of RITC-labeled
(MSN@Px) L-GF.*® After incubation for 6 h, the cells were
vigorously washed to remove the free particles and then
examined by fluorescence microscopy and quantified using the
fluorescence intensity from a spectrophotometric plate reader.
The quantitative analysis results confirmed a significant
reduction in uptake in the presence of Cpz compared to that
in both Nys and Wort (Figure 3c,d). Therefore, it is possible
that the internalization mechanism occurs through a clathrin-
mediated pathway.

Intracellular ROS, Mitochondria Damage, GSH, and
ATP. ROS are generated as a result of the reduction of oxygen

during aerobic respiration and by various enzymatic systems
within the cell.? It has been reported that the nanoparticle-
induced toxicity will lead to ROS generation and consequent
oxidative stress.”’ The physiological levels of ROS mediate
crucial intracellular signaling pathways and are essential for cell
survival. However, excess of ROS formation generates cell
damage and death.”” Hence, the production and role of ROS
in apoptosis were investigated (Figure 4a).

Once the (MSN@Px) L-GF nanoassemblies are internal-
ized, the intracellular enzymes will degrade the protective lipid
layer and permit the release of Px.”> The release of Px
following the internalization of the nanoassemblies produces
ROS, such as intracellular O, and H,0,.°* These ROS cause
mitochondrial membrane depolarization, impair the ability of
mitochondria to synthesize ATP, and cause DNA damage and
cell membrane destruction, which ultimately result in
apoptosis.”’ The production of ROS was determined using
an ROS-specific dye, H,DCFDA. Following 1 h of incubation,
H,DCFDA penetrates the cellular membrane and is enzymati-
cally cleaved by esterase. Upon deacetylation, H,DCFDA is
converted into nonfluorescent H,DCF, which is then rapidly
oxidized to highly fluorescent 2’,7'-dichlorofluorescein (DCF)
in the presence of ROS and can be detected by the plate reader
at 520 nm (Figure 4b).°° As shown in Figure 4b, the ROS
levels increase with each nanoassembly from MSNs to
(MSN@Px) L-GF. This confirms that as more particles are
internalized and more Px is released inside the cells, the levels
of ROS inside the cells increase.

The intrinsic apoptotic pathway is mainly activated by an
ROS burst, which induces the opening of the mitochondrial
permeability transition pore, which may cause the release of
the proapoptotic molecules, such as cytochrome c—an
intermembrane space protein, to the cytosol.”” The mitochon-
drial release of cytochrome c is required for caspase activation
and mitochondrial membrane depolarization, which further
leads to the apoptosis of the cells."” The nanoassemblies were
investigated for excessive ROS-induced mitochondrial dys-
function by evaluating the mitochondrial membrane potential
using JC-1 staining (Figure 4c)."” JC-1 dye has long been used
to examine the mitochondrial status in apoptosis studies.’® The
green fluorescent monomer of JC-1 can enter the cytoplasm
and aggregate in normal mitochondria, forming the red
fluorescent J-aggregate, which emits orange-red fluorescence
with a maximum at 595 nm.°® Hence, the fluorescence
transition from red to green suggests a loss of membrane
potential and significant mitochondrial damage (Figure 4c).
After 12 h of exposure to (MSN@Px) L and (MSN@Px) L-
GF, the appearance of the green fluorescence indicates
damaged mitochondria (Figure 4c). These data indicated a
considerable mitochondrial dysfunction, which ultimately leads
to the development of apoptosis.

The change in the intracellular reduced GSH levels is also an
important test of the mitochondrial dysfunction since reduced
GSH is an indicator of oxidative stress in a toxicological
response that leads to apoptosis.”” Oxidative stress refers to the
elevated intracellular levels of ROS.”” Among the enzymatic
systems involved in the maintenance of the intracellular redox
balance, a main role is played by GSH as a nonenzymatic
antioxidant that maintains healthy levels of ROS.”" Hence, the
levels of intracellular GSH were quantified using the GSH-Glo
glutathione assay, which involves a luciferin derivative that is
capable of conversion into luciferin in the presence of GSH
(Figure 4d). This assay was used to determine the GSH levels
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Scattered cytoskeleton with the fragmented and blebbed nuclei upon treatment with (MSN@Px) L-GF for 24 h.

in the A549 cells exposed to different nanoassemblies with
equal encapsulated Px concentrations. Here, the conversion of
a luciferin derivative to luciferin in the presence of GSH is
determined using luminescence. As shown in Figure 4d, the
GSH level in the MSNs was 5.99 & 0.3 mM. The GSH content
declined with the exposure to MSN@Px, (MSN@Px) L, and
(MSN@Px) L-GF. Higher intracellular GSH levels in the
MSNs have been related to apoptosis resistance, and it has
been reported that the higher GSH levels are needed for tumor
initiation and proliferation.””’” The GSH content in the
presence of (MSN@PX) L-GF is as low as 1.4 + 0.2 mM
(Figure 4d). It has been reported that the GSH levels are
reduced during oxidative stress.”” This depletion of GSH levels
indicates cell conditions close to apoptosis.”

To further demonstrate the apoptotic pathway mediated by
the mitochondria, we tested the cellular ATP levels. The ATP
levels of the A549 cells treated with the nanoassemblies were
tested and compared with a known ATP series. The results
from Figure 4e exhibited a significant loss of ATP levels with
the (MSN@Px) L-GF. It showed up to 83.4, 76.7, 49.1, and
26.4% reduction of ATP for Px, Px@MSN, (MSN@Px) L, and

(MSN@Px) L-GF, respectively, when compared to a control
(Figure 4e). Apoptosis requires energy since it is dependent on
a few highly regulated processes involving a number of ATP-
dependent steps, such as caspase activation, enzymatic
hydrolysis of macromolecules, chromatin condensation, bleb
formation, and apoptotic body formation.”* These data
indicate that the more damaged the mitochondria are, the
less ATP they produce.

Taken together, the data from these assays of mitochondrial
dysfunction confirm that the level of apoptosis is high with
(MSN@Px) L-GF compared to that with the free drug, Px
itself. These results verify that the mitochondrion-mediated
apoptotic pathway is triggered by (MSN@Px) L-GF. Based on
these results, we can conclude that the increase in the ROS
levels (Figure 4b) induces ROS-triggered in situ mitochondrial
damage (Figure 4c). This results in the decrease of the
mitochondrial membrane potential (Figure 4c). The break-
down of the mitochondria further amplifies the oxidative stress,
decreasing the GSH levels (Figure 4d), which initiates cell
death by consuming more intracellular ATP (Figure 4e)."
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Detection of Microtubules Using Tubulin Assay.
Assessment of the microtubule structure of the AS49 cells
following the nanoassembly treatment was used to further
follow the apoptosis process (Figure S). The microtubules are
important structural components of the cytoskeleton. They are
composed of polymerized a-tubulin and p-tubulin subunits
organized to form protofilaments, which associate to form
hollow cylindrical polymers of the microtubules. Taxanes,
specially Px, are well-known microtubule-targeting agents that
promote the disassembly of the microtubules.”® Px can
stabilize the microtubule polymers by binding to S-tubulin
and inducing apoptosis by disrupting the dynamic remodeling
of the microtubules during mitosis.””

34492

As a result, monitoring Px and Px-loaded nanoassemblies for
microtubule polymerization is essential to assess their
anticancer activity (Figure $). The microtubules were
visualized by fluorescence microscopy using a fluorescent
staining agent. This fluorescent agent is capable of permeating
the live cells and staining the tubulin in the cells with green
fluorescence.”® Fine slender microtubule strands that resemble
the cytoskeletal network covering the entire cytoplasmic area
were clearly observed when the cells were treated with control
MSNs (Figure Sa). However, when treated with (MSN@PX)
L-GF, the cells clearly displayed a loss of the structured
microtubular network with more scattered microtubules and
condensed nuclei (Figure Sa,b). This demonstrates the ability
of Px to disrupt the microtubular network. The more scattered
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Figure 7. In vitro cytotoxicity analysis. (a) Fluorescence images of the AS49 cells treated with different nanoassemblies. The live cells were stained
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concentrations of different nanoassemblies for 12 h. Data are presented as the mean + SD (n = 3, * indicates p < 0.05).

tubular network that was observed in the cells treated with
(MSN@PX) L-GF can be explained by the fact that the
nanoassemblies were targeted properly and more Px is released
from the targeted nanoassembly than by Px alone. Px (10 ug/
mL treatment) led to greater thickening of the microtubule
fibers compared to that by the control with only MSNs, which
was indicated by a weaker green fluorescence in the cytoplasm.
When comparing the cells treated with (MSN@Px) L-GF to
those treated with MSN@Px, the nuclei became rounder in
shape, indicating condensed nuclei, which suggests that
apoptosis could be taking place (Figure 5).””’? Moreover,
those cells showing condensed nuclei appeared had a tubulin
structure that was completely collapsed and damaged, with a
more scattered and disrupted surrounding, suggesting that
these cells died from severe toxicity due to the inhibitory
effects of (MSN@Px) L-GF in preventing microtubule

depolymerization (Figure 5b).”””” After 24 h of interaction
with (MSN@Px) L-GF, the nuclei showed fragmentation, and
the tubulin structure appeared to be more scattered and
destroyed (Supporting Information Figure S9). Overall, the
results indicate that the different nanoassemblies produced a
qualitatively distinguishable tubulin structure.”” This further
validates the fact that (MSN@Px) L-GF is capable of
delivering more Px to the A549 cells compared with the free
drug, Px.

Assessment of Caspase 3/7 Activation. The next step
was to evaluate the activation of caspase-3 and caspase-7
enzymes, which are key executioner enzymes in apoptosis
(Figure 6).* Figure 6a clearly shows the A549 cell shrinkage
and blebbing due to the interaction with our targeted
nanoassembly. Direct visualization and quantification of
apoptosis in the tumor cells have been utilized for assessing
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the anticancer efficacy of the nanoassembly. Quantitative and
qualitative expressions of caspase 3/7 activity were assessed to
delineate the role of the effector caspase activity in the AS549
cells in response to the nanoassemblies (Figure 6b,c). Caspase-
3 (Cas-3) and caspase-7 (Cas-7) are cysteine—aspartic acid
proteases, which can directly execute apoptosis followed after
the sequential activation from activation of caspase-8 (Cas-8)
or caspase-9 (Cas-9).*" Activation of the caspases is the initial
stage of the apoptotic process and is responsible for the cell
changes during apoptosis, such as DNA fragmentation, nuclear
chromatin condensation, and plasma membrane blebbing.*”
Thus, a Cas-3/7-specific cleavable peptide (DEVD) has been
extensively used as a caspase-cleavable imaging probe for
apoptosis imaging by monitoring caspase activity in the tumor
cells in vitro and in vivo.

This Cas-3/7 detection reagent is an intrinsically non-
fluorescent dye as the DEVD peptide restricts the dye from
binding to DNA. However, after the activation of Cas-3/7 in
the apoptotic cells, the DEVD peptide is cleaved. This enables
the dye to bind to DNA, producing bright green
fluorescence.”* This fluorescence can be observed using
fluorescence microscopy and can be quantified at ~530 nm
from a multiplate reader (Figure 6b). The results showed that
the MSNs did not appear to activate Cas-3/7 in the A549 cells
(Figure 6¢). Strong Cas-3/7 activity was observed from
MSN@Px and (MSN@Px) L-GF, as shown by the increased
green fluorescence (Figure 6¢). Furthermore, the increased cell
blebbing and cell shrinkage from MSN@Px to (MSN@Px) L-
GF also indicate apoptosis induction (Supporting Information
Figure $10).*® The Cas-3/7 activities for free Px and (MSN@
Px) L-GF were 414 + 3.5 and 92.4 + 3.7% (Figure 6b),
respectively. These data clearly suggest enhanced apoptotic
induction in the presence of (MSN@Px) L-GF compared to
that in the presence of free Px.

Synergistic Apoptosis and Cytotoxicity. As the
collapsed tubulin structure resulted from the tubulin assay
and the enhanced caspase activation observed from the caspase
assay suggested the apoptotic activation, next, we evaluated the
cancer cell viability via a live/dead cell viability assay. This cell
viability assay can distinguish the live and the dead cells by
simultaneously staining the live cells with green fluorescent
calcein-AM, indicating intracellular esterase activity, and
staining the dead cells with red fluorescent ethidium
homodimer-1(EthD-1), indicating the loss of plasma mem-
brane integrity.”® The nanoassemblies having a Px equivalent
of 10 pg/mL Px were incubated with the AS49 cells for the
assessment of their viability (Figure 7). As clearly observed
from the figure, there is an increase in red fluorescence from
the unloaded nanoparticles to (MSN@Px) L-GF, indicating an
increase in the dead cells. The enhanced green fluorescence
(more live cells) in MSNs indicates that the MSNs are
nontoxic to the cells. Similarly, (MSN@Px) L-GF has
effectively targeted the cancer cells and has efficiently delivered
more drug, killing more cancer cells than that by the free drug,
Px itself (Figure 7a). The MSNs, liposomes (LL), MSN@L,
and MSN@L-GF exhibited low cytotoxicity against A549 at a
concentration of 100 ug/mL (Figure 7b). To evaluate the
cytotoxicity of the Px-loaded nanoassemblies, a standard series
of MSN@Px, (MSN@Px) L, (MSN@Px) L-GF, and free Px
having a Px concentration of 1, 5, 10, 25, 50, and 100 ug/mL
were prepared and cultured with the AS49 cells for 24 h. As
shown in Figure 7c, the cells declined in viability with free Px,
MSN@Px, (MSN@Px) L, and (MSN@Px) L-GF. Among the

nanoassemblies, (MSN@Px) L-GF showed enhanced cytotox-
icity compared to free Px. At 10 ug/mL, (MSN@Px) L-GF
showed 76.6 + 1.2% viability, whereas the free drug Px had
~100% viability, indicating that almost all the cells are viable
(Figure 7c). The in vitro antitumor effects of these
nanoassemblies can be further quantitatively evaluated by
ICyy, which is defined as the drug concentration at which 50%
of the cells have been killed in a designated time period.®” The
50% inhibiting concentration (ICs,) values for free Px, MSN@
Px, and (MSN@Px) L-GF were calculated to be 59.2, 15.7, and
7.8 pg/mL of encapsulated Px, respectively (Supporting
Information Figure S11). These results indicated that the
IC, value of the (MSN@Px) L-GF is 7.6 times lower than that
of the free drug Px. So, (MSN@Px) L-GF is able to inhibit the
AS549 cells ~8X better than Px at the same concentration. The
enhanced inhibition by (MSN@Px) L-GF is attributed (a) the
dual-targeting ligands—which afford increased internalization,
(b) the liposomal shell—which prevents premature drug
release outside the cell, and (c) the mesoporous structure—
which offered high loading of hydrophobic Px.””*

B DISCUSSION

In our study, liposome-coated MSNs were used to improve the
efficacy of Px. Also, the FA and GE11 peptide conjugation with
the MSN assembly was employed to decrease the internal-
ization by the normal cells and enhance their targeting
capability toward the tumor cells. Our findings demonstrate
that the (MSN@Px) L-GF nanoassembly exhibited specific
targeting toward the AS49 cells, leading to the induction of cell
apoptosis and cell cycle arrest. The obtained results show that
the nanoassembly (MSN@Px) L-GF has a superior anticancer
effect on the A549 cells with a 7.6 times lower value than that
of free Px, while no notable toxicity was reported on the A549
cell line. In a previous in vitro study, Wang et al. reported the
use of Px-loaded mesoporous nanoparticles for effective A549
therapy.”” They have reported a 4.10-fold increased efficiency
in Px-loaded mesoporous nanoparticles compared to that of
the free drug, Px, in vitro.*? This depicts the fact that the
enhanced efficacy of our nanoassembly is due to the dual-
targeting affinity and the controlled release of Px in the tumor
vicinity due to the liposome coating.

Moreover, to achieve controlled drug release within the
tumor microenvironment while minimizing the adverse effects
on the normal tissues, the Px-loaded MSN was encapsulated
within a liposome layer to address the poor solubility of PX
and to restrict the premature release of Px. Another study
reported a nanoassembly consisting of lipid-coated hollow
mesoporous silica nanospheres (L-HMSNs) for codelivery of
doxorubicin (DOX) and Px to synergistically inhibit the
proliferation of A549 human lung cancer cells.” In this study,
the drug-loading capacity for Px was reported as 4.5%.”° In the
present study, a high drug-loading efficiency of up to 24.5%
was achieved using the core—shell MSN owing to their large
pore size and high surface area. In addition, the results indicate
that the targeted core—shell MSNs conjugated with FA and
GE11 peptide could induce a higher apoptosis in the cells in
comparison to that of the free drug itself. Based on the
outcomes, our nanoassembly holds promising applications in
the synergistic treatment of cancer and the development of
new antitumor treatments exhibiting a-folate receptor over-
expression. There is still need for some potential assessments
such as in vivo targeting efficacy, tumor-inhibiting potential,
and in vivo biocompatibility of the nanoparticles to investigate
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the nanoparticles’ capability to deliver various active substances
and explore their therapeutic applications for treating different
types of tumors. This comprehensive evaluation will provide
valuable insights into the nanoparticles’ performance and
versatility, paving the way for their broader clinical applications
in the field of cancer treatment.

B CONCLUSIONS

In summary, we have successfully fabricated a very efficient
dual-targeting nanoassembly (MSN@Px) L-GF as a delivery
system for the hydrophobic anticancer drug, Px, for nonsmall
lung carcinoma cells. (MSN@Px) L-GF has good stability,
biocompatibility, and tumor-targeting capability via a folate
receptor and an EGF receptor. (MSN@Px) L-GF also has a
high clathrin-mediated endocytosis rate, controlled drug
release in the acidic tumor environment, and ~8X increased
efficacy compared to that of the free drug Px. After the
treatment with (MSN@Px) L-GF, the cancer cells undergo
apoptosis via the ROS-triggered mechanism. In situ mitochon-
drial damage leads to the amplification of oxidative stress and
finally cell death. (MSN@Px) L-GF is a promising platform for
anticancer drug delivery to improve the therapeutic efficacy of
the anticancer drugs.
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