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Abstract

Background: Breast cancer (BC) remains one of the most prevalent forms of cancer globally,
presenting significant challenges in its treatment. The development of combination therapy
utilizing nanoparticles (NPs) shows great promise in overcoming these complexities.

Methods: In our study, a composition of bovine serum albumin nanoparticles (BSANPs) loaded
with paclitaxel (PTX) and silver nanoparticles (SNPs) was prepared and characterized to explore
the therapeutic potential of combination drug therapy. The SNPs and PTX were incorporated
into BSA NPs (SNPs-PTX@BSA) using a modified nanoprecipitation technique, resulting in
uniformly sized, spherical NPs.

Results: Upon evaluating dose dependency and cytotoxicity, SNPs-PTX@BSA treatment
significantly increased levels of early and late apoptosis, caused a strong arrest in the S/G2/M
phases, and elevated the subG1 cell population.

Conclusion: The findings indicate that SNPs-PTX@BSA markedly affect cell death mechanisms
and cell cycle regulation. Our results suggest that co-loaded delivery systems like SNPs-PTX@
BSA hold significant promise as a therapeutic strategy to enhance clinical outcomes in the
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treatment of MDA-MB-231 invasive BC cells.

Introduction

Chemotherapy is the primary treatment for several types
of cancers, but it is known for its limited effectiveness
and significant systemic side effects.! Furthermore, drug
resistance in tumors is a significant factor contributing
to the limited antitumor efficacy of many drugs.?
Tumor resistance mechanisms encompass obstacles
such as high interstitial fluid pressure, which impedes
the proper uptake of anticancer medications, genetic
mutations that interfere with cell cycle regulation, and
the active expulsion of drugs by ATP-binding cassette
transporters like P-glycoprotein (P-gp).>* Overexpression
of the P-gp receptor has been associated with a negative
prognosis in a range of cancers, including breast, ovarian,
lung, and bone carcinoma.”® Therefore, combination
chemotherapy has been adopted to improve the efficacy
of drugs while reducing side effects and showing
effectiveness in treating drug-resistant cancers.” Breast
cancer (BC) is one of the most commonly diagnosed
cancers globally and a leading cause of cancer-related

mortality among women. It arises from the uncontrolled
growth of breast cells and can be classified into various
subtypes based on hormone receptor status and genetic
characteristics.’ Despite the advancements in treatment
options, a significant challenge remains the development
of resistance to chemotherapy'*'? particularly to drugs
like paclitaxel (PTX), which is commonly used in BC
treatment." Resistance to PTX can be attributed to several
mechanisms, including the overexpression of drug efflux
transporters such as P-gp, which actively removes the
drug from cancer cells, and alterations in microtubule
dynamics affecting the PTX mechanism of action.”*
Simultaneously = administering drugs effectively
addresses pharmacological and genetic barriers, including
mutations and adaptations in tumor cells, and inhibiting
drug transport.’® PTX is a potent chemotherapy agent
for solid tumors, stabilizing microtubules and causing
cancer cells to arrest at the G2/M phase and triggering
apoptosis.''® Nevertheless, the P-gp substrate property of
PTX continues to pose challenges regarding side effects
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and hence induces overexpression of this efflux pump
in patients.’” The PTX action enhancing nuclear factor-
kB (NF-xB) expression can increase the upregulation
of multidrug resistance protein. Conversely, the
upregulation of phosphoinositide-3-kinase (PI3K)/Akt in
various malignant tumors supports cell proliferation and
survival.” These processes can restrict the effectiveness
of drug and chemotherapeutic applications of PTX.*
Furthermore, nanoparticles (NPs), such as bovine serum
albumin NPs (BSANPs), as biodegradable, biocompatible,
and non-toxic particles with no immunogenic protein
effect, have been demonstrated to enhance PTX

efficacy.?*
Silver nanoparticles (SNPs), an FDA-approved
nanomaterial, demonstrate anticancer activity by

triggering various apoptotic signaling pathways that
promote programmed cell death.* To this end, SNPs
can induce apoptosis in NIH3T3 cells by increasing
reactive oxygen species (ROS) generation and activating
the c-Jun NH2-terminal kinase (JNK) pathway, which
leads to mitochondria-dependent apoptosis.”> Numerous
studies have demonstrated that nanocarriers can improve
the delivery of chemotherapeutic agents, increase their
bioavailability, and enable targeted delivery to tumor sites.
For example, the integration of SNPs with chemotherapy
agents has shown promising results in the efficacy of
cancer treatment.”® Studies show that SNPs improve the
effectiveness of cisplatin,”’ and doxorubicin® in cancer
models, enhancing apoptosis in cancer cells. Moreover,
combination studies demonstrate that SNPs improve
the anticancer activity of PTX in several tumors, leading
to greater efficacy and reduced tumor sizes in animal
models.?* In light of the apoptotic role of SNPs and
our prior research on utilizing BSA NPs-loaded SNPs
to improve antitumor effectiveness, cellular uptake, and
drug release.’» We have designed a novel research study
that focuses on delivering a combination of hydrophobic
chemotherapy agent (PTX) and hydrophilic silver agents
using BSANPs. This formulation, SNPs-PTX@BSA, is
specifically aimed at targeting MDA-MB-231 invasive BC
cells.

Materials and Methods

Materials

PTX was purchased from Jiangsu Yew Pharmaceutical Co.,
Ltd. (China). BSA (MW =66000), FBS, and Dulbecco’s
modified eagle medium (DMEM) were obtained from
Gibco (United States). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), 4',6-Diamidino-
2-phenylindole (DAPI), 7-Amino-actinomycin (7-AAD),
Propidium iodide (PI), Penicillin, and Streptomycin were
sourced from Sigma (United Kingdom). Silver nitrate
(AgNO,) was supplied by Merck Chemicals (Germany).
The MDA-MB-231 BC cells were obtained from the
National Cell Bank at the Pasteur Institute of Iran.

Methods
Preparation and characterization of SNPs
The silver colloid was synthesized using a chemical

reduction approach.”” Briefly, 50 mL AgNO, (1 mM)
was boiled, then 5 mL of 1% trisodium citrate was added
dropwise until the solution color changed to pale yellow.
The sample was then removed from the heat and stirred
until it cooled to room temperature (RT). Characterization
was performed using a dynamic light scattering (DLS)
analyzer (90Plus PALS, Brookhaven, USA) to measure
hydrodynamic size, polydispersity index (PDI), and zeta
potential (ZP). ZP measurements were conducted with a
Brookhaven 90 Plus phase analysis light scattering (PALS)
instrument (Brookhaven Instruments Corporation, USA)
using Particle Sizing & PALS analyzer software, which
calculates the ZP from the PALS data. Additionally,
scanning electron microscopy (SEM) (Zeiss, DSM-960A)
and transmission electron microscopy (TEM) (JEOL JEM
1400 equipped with a TVIPS TemCam-F216 camera)
were utilized for high-magnification imaging of the SNPs.

PTX and SNPs synergism

A design of experiment (DOE) model was employed
for data analysis, as well as to determine the optimal
concentrations of SNPs and PTX. A full second-order
polynomial model was developed using multiple
regression techniques for three factors with Design Expert
software (Minneapolis, USA, Version 7.0). This statistical
package was utilized to describe the response surface
methodology (RSM).

Preparation and characterization of SNPs-PTX@BSA NPs
According to the DOE, the ratio of PTX to SNPs was fixed
within the range of 1.03 to 5.75 across all experiments
(Table S1D). Additionally, the concentration of BSA
(1-5%), the ratio of BSA to anticancer agents (1-9%),
and pH (5.4-7.7) were considered variable factors
(Table S2). SNPs-PTX@BSA NPs were synthesized
using two solutions, designated A and B. Solution A was
prepared by dissolving BSA and SNPs in 1000 pL of a
PBS:dichloromethane (DCM) mixture (99:1 v/v). The
concentrations of BSA and SNPs are detailed in Table S2B.
Solution B was prepared by dissolving PTX in a mixture
of 20 uL of absolute ethanol and 230 puL of DCM, with the
PTX concentration also specified (Table S2B).

Solution B was added dropwise to solution A, and
the mixture was gently agitated for 5 min. Once a crude
emulsion formed, the material was transferred to a high-
pressure homogenizer (Bandelin Sonopuls, Germany).
The emulsification was conducted at 20 kHz at RT until
a milky suspension was achieved. Subsequently, the
mixture was moved to a rotary evaporator, and DCM was
rapidly evaporated for 20-30 min at 40 °C (30 mm Hg).
The ZP of the suspended particles was determined using
a Zetaplus ZP analyzer (Brookhaven Instruments). At the
same time, the morphology of SNPs-PTX@BSA NPs was
analyzed using a TEM instrument (80 kV voltage).

Spectrophotometry
UV-Vis spectroscopy was conducted using a Carey 100
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Bio instrument from Varian, Australia, with Cary WinUV
software. Before measurement, the SNPs-PTX@BSA NPs
were diluted to a final concentration of 40 mM in 0.1 M
pH 7.4 PBS. Absorbance spectra were recorded over a
wavelength range of 200-800 nm with a scan speed of 600
nm/min, using a quartz cuvette with a path length of 1 cm
for all measurements. Baseline correction was performed
with a blank sample containing only 0.1 M PBS (pH 7.4)

In vitro cytotoxicity assay

The MDA-MB-231 cells were cultured in a DMEM
medium  containing 10% FBS, penicillin, and
streptomycin in a cell incubator (5% CO, and 37 °C).
The MTT assay involved seeding 1x10* cells (in 100 pL
of growth medium in a 96-well plate) were treated by the
concentrations (0, 0.6, 3, 6, 7, 12, 25, 50 and 100 pM) of
either PTX or SNPs and (0, 0.05, 0.3, 0.6, 1, 2 and 5 uM)
of SNPs-PTX@BSA NPs. 10 uL of MTT reagent (5 mg/
mL) was added to each well, and the samples were then
incubated in the dark (37 °C and 2 h). The cells were then
lysed, and formazan crystals were dissolved in 100 uL of
DMSO. The absorbance was measured at 570 nm using a
microplate reader (BioTek, Power Wave XS). The LD50
concentrations of PTX, SNPs, and SNPs-PTX@BSA were
subsequently determined.*

Cytomorphological and nuclear morphology changes
MDA-MB-231 cells (5x10°) were treated with SNPs,
PTX, and SNPs-PTX@BSA NPs at LD, concentration
and incubated. Following the incubation period, the cells
were examined for gross morphological changes using
inverted phase-contrast microscopy (Axiovert 2 plus,
Zeiss, Germany) using the acridine orange (AO)/ethidium
bromide (EB) double staining approach.** Briefly, cells
were cultured in 6-well plates with overnight incubation.
The cells were then treated with SNPs, PTX, and SNPs-
PTX@BSA NPs at LD, concentration. Following harvest
and washing twice with PBS, the AO/EB solution was
added to the cell suspension. The nuclear morphology
was evaluated by fluorescence microscopy.

Fluorescent microscopy

The assessment of apoptotic induction (condensation and
fragmentation of nucleic DNA) by SNPs-PTX@BSA NPs,
DAPI staining, and a DNA-specific dye, using the DOE
model, was utilized.® The cells (1x10%) were seeded in
100 pL complete medium in a 96-well plate. Following 24
h of treatment and removing media, the cells were washed
(PBS) and fixed in 4% paraformaldehyde (PFA) for 10
min. Finally, the cells were permeabilized with buffer
solution (3% PFA and 0.5% Triton X-100) and stained
with 50 uL. DAPT at an ultimate concentration (1 pg/mL).
After 1 h, cell fragmentation, and nuclei condensation
images were captured using a fluorescent microscope.

DNA fragmentation assay
MDA-MB-231 cells (1x10°) were seeded and treated

with LD, of SNPs, PTX, and SNPs-PTX@BSA NPs. The
extracted DNA was electrophoresed on a 2% agarose
gel (20 min at 100 V). Subsequently, it was stained with
EB, and the bands were visualized using an ultraviolet
transilluminator (Analytik and Jena GmbH).

Cell apoptosis assay

MDA-MB-231 cells (5x10°) were seeded in 6-well
plates and incubated overnight. They were treated with
SNPs, PTX, and SNPs-PTX@BSA NPs at LD, for 24 h.
After harvest and washing (PBS), the staining was done
according to the manufacturer’s procedure (Keygen
Biotech Co., Nanjing, China). After the cell incubation
(15 min at RT and dark), 200 pL binding buffer (BB)
containing Annexin V-PE (10 pL) and AAD (5 pL)
was added. After that, 300 pL of BB was added to each
sample, and the cells were placed on ice. An argon ion
laser operating at a 488 nm wavelength was employed for
excitation. PE fluorescence was detected in FL-1 using
a 525/30 BP filter. In contrast, 7-AAD fluorescence was
detected in FL-2 using a 575/30 BP filter. Data analyses
were conducted using the FACSDiva software from BD
Biosciences Co. (Franklin Lakes, New Jersey, USA).

Cell cycle analysis

MDA-MB-231 cells (5x10%) were cultured in six-well
plates overnight. Then, they were treated with SNPs, PTX,
and SNPs-PTX@BSA NPs at LD, concentration for 24
h. Next, the cells were harvested through trypsinization
and centrifuged at 2000 rpm (5 min at 4 °C). After being
washed twice with ice-cold PBS and fixed with 70% cold
ethanol, the cells were incubated on ice for 1 h. The cells
were then exposed to 5 pL of ribonuclease solution (10
mg/mL) and stained with 10 puL PI (1 mg/mL) for 30
min at 37 °C in the dark. The DNA content of cells was
assessed through flow cytometry, and the percentage of
cells in each cell cycle phase was analyzed using BD FACS
Comp™ software.

Results and Discussion
Spectroscopic characterization of SNPs and SNPs-PTX@
BSANPs
UV-Vis spectroscopy using a Cary 100 Bio instrument
(Varian, Australia) showed a broad peak around 430 nm,
confirming the formation of SNPs*** and their colloidal
dispersion.** TEM and SEM images revealed that the
SNPs were found to be spherical and sized at less than
20 nm. This observation aligns with the particle-size
distribution obtained through DLS analysis (Plus PALS
90, Brookhaven, USA), revealing that SNPs ranged in size
from 4.1 to 7.7 nm with a mean diameter of 4.6 nm.
Then, optimization of the synthesized SNPs-PTX@
BSA NPs was performed, and this is based on the
hydrodynamic size of the NPs. The fate of NPs within
the body largely depends on their size. Common barriers
to the effective delivery of NPs, especially those sized
between 10 nm, include their entry into lymphatic

Pharmaceutical Sciences. 2025;31(4) | 427



Azizi et al

capillaries following interstitial injection, phagocytosis in
lymph nodes, and rapid renal clearance. These factors can
hinder the ability of NPs to effectively reach cancer cells
and solid tumors.””** Tumor micro-vessels typically have
pore sizes ranging from 120 to 1200 nm in diameter,***
enabling particles smaller than 100 nm to extravasate into
the tumor tissue through these openings.

The probability of extravasation decreases as particle
size increases, particularly for particles larger than 100
nm. In contrast, SNPs-PTX@BSA NPs ranging from 10
to 250 nm can facilitate extravasation into tumor tissue
while minimizing uptake by normal tissues, even without
opsonization. Therefore, optimizing the size, the 50 nm
SNPs-PTX@BSA NPs, which exhibit a uniform spherical
morphology, are expected to enhance extravasation and
transvascular transport to leaky tumor microvasculature
via the enhanced permeability and retention (EPR) effect.'

The magnitude of the ZP may influence the optimization
process. Negatively charged particles may prevent the
aggregation of the NPs. On the other hand, positively
charged particles enhance their binding to negatively
charged opsonin molecules, resulting in their clearance
from the bloodstream.**! Hence, a study that provided
BSA-coated PTX nanoemulsion with a ZP of -31 mV,*
SNPs-PTX@BSA NPs with higher ZP (-53 mV) will be
further stabilized. This difference between Abraxane and
SNPs-PTX@BSA NPs can be due to SNPs in SNPs-PTX@
BSA NPs because the surface charge of SNPs individually
is -10 mV. Therefore, the presence of SNPs in SNPs-
PTX@BSA NPs makes them more stable. The UV-Vis,
fluorescent, and circular dichroism (CD) were conducted
with a sample concentration of 40 mM in PBS (0.1 M, pH
7.4).

Furthermore, as shown in Figure 1A, the native BSA
absorption peak is presented at 280 nm, attributed to
the phenyl group of tryptophan (Trp) and tyrosine (Tyr)
residues.” Two peaks at 208 nm and 230 nm (Figure 1A,
bold dashed line) depict PTX. The UV-Vis analysis of
SNPs in PBS indicates the silver surface plasmon position
at A\ around 420 nm (Figure 1A dotted line). A
comparison of the absorption spectra of naked SNPs
and PTX with SNPs-PTX@BSA NPs revealed that the
absorbance intensity of SNPs and PTX was reduced. This
may be ascribed to the increasing compactness of SNPs
and PTX and the change of their microenvironment so
that the value of the extinction coefficient of the surface
plasmon peak is reduced.

The fluorescence spectrum (Cary Eclipse, Varian,
CA, USA) obtained upon excitation at 295 nm provides
valuable insights into the molecular environment
surrounding the Trp residue.” Figure 1B illustrates the
emission spectra of BSA and SNPs-PTX@BSA NPs when
excited at 295 nm. The results displayed a decrease in
fluorescence intensity, likely attributed to the burial of the
Trp residue.

Figure 1C indicates that SNPs-PTX@BSA NPs vary in
size from 45 to 75 nm (mean particle size 50 nm and PDI

0.4). According to the literature, the effective Z-average
diameters of BSA, PTX, and SNPs are 7.2, 11, and
4.6 nm,"” respectively. Therefore, it can be assumed that
SNPs-PTX@BSA NP species form clusters with a diameter
of around 50 nm.

Far- and near-CD spectroscopic analyses (Aviv
model 215, Lakewood, NJ, USA) confirmed structural
alterations in BSA during the preparation of the NPs,
using a sample concentration of 40 mM in PBS (0.1
M, pH 7.4). This suggests that Gp60 mediates BSA
transcytosis* and can potentially be used to treat cancer
cells. Additionally, CD spectroscopy examined the
conformational changes in BSA during the synthesis of
the NPs. The far-UV CD spectrum shows that the overall
peak of the a-helix structure in native BSA is similar to
that observed in SNPs-PTX@BSA NPs (Figure 1D).*” This
descriptive interpretation was confirmed through spectral
deconvolution using the convolutional-deconvolutional
neural network (CDNN) software (version 2). The
findings show a 1% increase in {-strand content and
a 3% decrease in a-helix content when the protein is
encapsulated in NP assemblies, as indicated in the inset
table of Figure 1D. Therefore, during the fabrication of
SNPs-PTX@BSA NPs, the BSA structure is expected to
remain largely unchanged, with stability predicted to be
around 96%. Tertiary structural alterations were assessed
using near-UV CD spectroscopy in the 250-320 nm
range. Figure 1E illustrates a characteristic CD spectrum
of BSA, consistent with the spectrum reported.” It can
be observed from Figure 1E that this spectrum remains
unchanged, mainly in SNPs-PTX@BSA NPs.

A distinctive peak at 255-265 nm in the CD spectrum,
indicative of the BSA tertiary structure, is observed. This
unique feature is present in both native BSA and SNPs-
PTX@BSA, suggesting minimal changes in the tertiary
interactions involving Tyr and Trp residues. However, the
molar ellipticity of SNPs-PTX@BSA NPs showed a slight
increase after high-pressure homogenization, indicating a
minor unfolding of the BSA tertiary structure.

TEM images of negatively stained SNPs-PTX@BSA
NPs (Figure 1F and 1G) revealed a spherical shape of
SNPs-PTX@BSA NPs with relatively smooth borders and
uniform particle size, even though they were all around
50 nm. Due to their metallic condensed nature, SNPs
are seen as black spots. However, the PTX and the BSA
protein coated around them were relatively transparent.
The ZP of SNPs-PTX@BSA NPs is -53 mV, indicating the
degree of electrostatic repulsion between adjacent charged
clusters. The high ZP value helps stabilize the NPs and
prevents them from electrostatically aggregating.”* The ZP
of the BSA NPs and SNPs-PTX@BSA NPs were measured
at -7 mV, and -10 mV, respectively.

Dose dependency and cytotoxicity effect

The cell viability assay is a critical procedure in toxicology
analysis as it elucidates the cellular response to toxic
substances. This assay offers insights into cell death,

428 | Pharmaceutical Sciences. 2025;31(4)



Azizi et al

Mt a sty e s e e raa

200 250 300 50 400 450 500 5§50 600

Wavelength (nm)
38000 -
BSA SNPs-PTX@ BSANPs|
Helix 66 63
28000
RBeta sheet 6 7
'g 18000 4 Turn 27 30
£
8
g 2000 4
=

L

-12000 4

(=

b
lé

Wavelength (nm)

Fluorescence Intensity

= . : 2
200 350 400 450 500
Warvelength (nm)

Abundancy (%)
sS85 2238&8:2

45 54 63 75
Particle size{nm)

=50

g

[6] (deg cm’mol)
2

12
2

-250 T T T
2 310
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survival, and metabolic activities, providing valuable
information for toxicological studies. In Figure 2, the
cytotoxic effect of SNPs was compared with the PTX-
induced apoptotic response for MDA-MB-231 cells.
As indicated, the cell line shows the pattern of dose-
dependent responses for SNPs and PTX, while PTX

showed a more significant cytotoxic effect than SNPs. PTX
has shown excellent efficacy for BC as a monotherapy or
in combination with other cytotoxic drugs like Gefitinib.
As shown in Figure 2, the LD, of PTX was obtained to be
3 uM, which agrees with the data reported from PTX in
combination with Gefitinib. They showed that the LD,
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Figure 2. Cell viability of MDA-MB-231 treated with SNPs (dotted line), PTX (solid line), and SNPs-PTX@BSA NPs (dashed line) for 24 h

of PTX against the human BC cells of MDA-MB-231 was
3+0.3 UM,

On the other hand, LD, of SNPs against MDA-MB-231
was 7 uM (Figure 2, dotted line). SNPs (LD, 4 pg/mL)
induced a dose-dependent cytotoxicity in human (Chang)
liver cells.®®* The study showed that SNPs damage
the cellular components via the induction of ROS and
intracellular suppression of reduced glutathione (GSH).
This leads to apoptosis through pathways dependent on
mitochondria and caspases, mediated by JNK. The treated
cells with SNPs exhibited reduced metabolic activity, with
this effect varying depending on the cell type and the
size of the NPs.* It was also reported that SNPs at higher
concentrations than 20 pg/mL, and in the size range
from 10 to 50 nm, show cytotoxicity against MCF-7 BC
cells after 24 h.*' Based on the data provided, it can be
concluded that PTX exhibits greater cytotoxicity than
SNPs. Finally, Figure 2 indicates SNPs, PTX, and SNPs-
PTX@BSANPs induced dose-dependent cytotoxicity
on MDA-MB-231 with LD, of 0.64, 0.11, and 0.75 uM,
respectively.

Combination of PTX and SNPs
The statistical design with different ratios of PTX and
SNPs for the combination treatment was carried out using
RSM (Table S1). To obtain the best concentration of SNPs
and PTX in co-treatment, the experimental results of RSM
(Table S1B) were analyzed by Design Expert Software.
The concentrations of 1.03 uM for PTX and 5.75 uM for
SNPs were selected as the best co-treatment concentration,
leading to 50% cytotoxicity in MDA-MB-231 cells. As
seen in Figures S1 and S2, the higher ratio of PTX:SNPs
exhibited a superior cytotoxic effect. In contrast, the lower
ratio of PTX:SNPs exhibited lower toxicity than 50%. The
LD,, value of the co-treatment was notably lower than
that of the individual treatments, suggesting a synergistic
effect in the co-treatment process.
Anticancer effect of SNPs-PTX@BSA NPs
We have already shown that coating SNPs with BSA,

improves the anticancer effect, cell uptake, and release
profile of SNPs."® It has already been reported that
BSA coating increases the anticancer effect of PTX
remarkably.?**>** Therefore, based on these experiences,
SNPs-PTX@ BSA NPs were designed. The SNPs-PTX@
BSA NPs formulation was prepared using a modified
nanoprecipitation technique. To synthesize the SNPs-
PTX@BSA NPs, the ratio (PTX:SNPs) was selected based
on the data reported in Table S1D. The concentration of
BSA, the ratio of BSA to anticancer agents, and pH were
regarded as influential factors in optimizing the SNPs-
PTX@BSA NPs preparation (Table S2). RSM designed
optimization as a statistical design of the experiment.
Then, the data was analyzed using Design Expert software.

As seen in Table S2, the best-obtained size for SNPs-
PTX@BSA NPs was 50 nm (containing 1.42% of BSA),
which is big enough to evade opsonization and small
enough to extravasate into tumor tissue. As shown in
Figure S3 and S4, increasing the BSA concentration
resulted in larger SNPs-PTX@BSA NPs. This finding
has also been confirmed by other studies for PTX@BSA
NPS.38’39

The studies showed that increasing the BSA
concentration (1-4%) led to larger BSA NPs with
decreased ZP. Because BSA is a negatively charged
molecule, raising the BSA amount in the initial solution
encourages the creation of more intermolecular disulfide
bonds. This process induces protein aggregation, resulting
in the formation of larger SNPs-PTX@BSA NPs. The
optimum ratio of BSA to anticancer agents was 6.43. The
particle size is mainly controlled by the initial anticancer
agents in the emulsion. A decrease in the anticancer agent
concentration will decrease the final particle size.” This
finding supports the results represented in Figure S3 and
S4.

Apoptosis induction

The cells were treated with SNPs, PTX, and SNPs-PTX@
BSA NPs at their LD, concentrations to explore the cell
death mechanism. After 24 h treatment, the cells were
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investigated using an inverted confocal microscope, AO/
EB staining approach, and DNA fragmentation assay.
Figure 3, A-D, indicate s the morphological alteration in
MDA-MB-231 cells induced by SNPs-PTX@BSA NPs,
PTX, and SNPs, compared with untreated cells. Cell growth
inhibition, cytoplasmic condensation, creation of curved
forms, loss of membrane integrity, and apoptotic bodies
were observed in the cells treated with SNPs-PTX@BSA
NPs. However, these alterations were not observed in the
treated cells (PTX and SNPs) or the untreated cells. These
observations indicate that SNPs-PTX@BSA NPs induce
cell death, whereas the treated cells (PTX and SNPs), and
non-treated cells remained active. Consequently, 0.11

Control (A)

m— 50 pm

PTX (C)

— 50 pm

uM PTX and 0.64 pM SNPs did not show distinguishable
morphological changes individually, but when they were
embedded in SNPs-PTX@BSANPs, synergistically, they
affected the cell morphology.

The AO/EB staining method was employed to observe
nuclei alterations indicative of apoptosis. In Figure 4, a
fluorescence microscope contrasts the stained treated cells
with the control cells. The orange spots correspond to the
nuclei of apoptotic cells (Figure 4D), while the green spots
represent viable cells.

Approximately 50% of the cells treated with SNPs-
PTX@BSANPs displayed orange spots. However, the
treated cells by PTX, SNPs, and non-treated cells did not

SNPs (B)

Figure 3. Inverted microscopic images of MDA-MB-231 cells. The normal cells as control (A) are compared with the cells treated with SNPs (B), PTX (C), and

SNPs-PTX@BSA NPs (D) for 24 h

Control (A)

— 20 pm

— 10 pm

SNPs (B)

— 2 pm

SNPs-PTX@ BSANPs (D)

= 8

Ld
9
’ B

— 20 pm

Figure 4. Fluorescent microscopic images of MDA-MB-231 cells stained with a mixture of AO and EB. The control or normal cells indicate (A) the cells treated

with SNPs (B), PTX (C), and SNPs-PTX@BSA NPs (D) for 24 h
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show significant symptoms of apoptosis in the nuclei.
This result verified that the combination of PTX and SNPs
with embedding in BSA NPs synergistically increased
anticancer properties.

During apoptosis, there is an increase in cell membrane
permeability, leading to enhanced uptake of DAPI,
resulting in a more intense blue fluorescence.” The cells
were treated with SNPs, PTX, and SNPs-PTX@BSA
NPs. The non-treated cells were also stained by DAPI
fluorescent dye (Figure 5). It is shown that only cells
treated with SNPs-PTX@BSA NPs displayed apoptosis
(cells with bright fluorescence and fragmented nucleus).

In contrast, the cells treated with PTX, SNPs, or non-
treated cells presented no apoptosis. It suggests that 0.75
uM SNPs-PTX@BSA NPs induce cell apoptosis and DNA
fragmentation. However, the cells treated with 0.11 uM
PTX and 0.64 uM SNPs or non-treated cells did not
exhibit bright fluorescence and a fragmented nucleus.
This is another document on this claim that verified
the combination of PTX and SNPs with embedding in
BSANPs synergistically increased apoptotic properties.

A necessary confirmation of the activation of the

Contral (A)

UL

apoptosis pathway was the detection of the DNA ladder
fragmentation pattern, which results from endonuclease
cleavage during apoptosis.”” The DNA of MDA-MB-231
cells treated with LD,  concentrations of SNPs-PTX@BSA
NPs was extracted and checked from horizontal agarose
gel electrophoresis (GE) (agarose 1.5%, 70 V, 20 min).
The results of the DNA “laddering” pattern (extracted
from the cells) treated with SNPs-PTX@BSA NPs, PTX,
and SNPs, are shown in Figure 6. The DNA ladder
fragmentation pattern was only present in cells treated
with SNPs-PTX@BSA NPs.

The quantification of the apoptosis stage with SNP, PTX,
and SNPs-PTX@BSA NPs-treated cells was conducted by
flow cytometry using Annexin V-PE and 7-AAD staining
dyes. Early apoptosis was identified using Annexin V-PE,
which attaches to externalized phosphatidyl serine (PS)
ligands on apoptotic cell surfaces. 7-AAD fluorescent dye,
which recognizes early apoptosis, can only enter dead and
damaged cells through the disrupted membrane. Figure 7
shows the SNPs-PTX@BSA NPs induced apoptosis in the
cells after 24 h of treatment at LD, . However, mortality
occurrence in PTX and SNPs-treated cells was negligible.

SNPs (B)

Figure 5. Fluorescent microscopic images of DAPI stained MDA-MB-231 cells treated with SNPs (B) PTX (C) and SNPs-PTX@BSA NPs (D). The untreated cells

were used as control (A) for 24 h

Figure 6. GE of DNA extracted from MDA-MB-231 cells. Lane A: 1 kB ladder, Lane B: Untreated cells (control), Lanes C, D, and E sand for treatment of the cells

with SNPs, PTX, and SNPs-PTX@BSA NPs, respectively 24 h

432 | Pharmaceutical Sciences. 2025;31(4)



Azizi et al

at Control (A) Q2

4
10 4p.078% 0.026%

107 o

..‘
1 L0
10-@

a4 a3
10° | 9.0% 0.00%
Ll L] T (] T T T
1'00 101 ‘Il.'l2 103 10
Annexin-PE
0 o PTX(C) Q2
0.618% 0.566%
10°
2
10
2 '

Annexin-PE

4 301 SNPs Q2
10 39278% () 3.18%
103 -
3 10?4 _
o 4 7 ! !?:'.:‘5‘5:'- b

Q3
1.64%
T T T T T
102 103 10
Annexin-PE
104 i« SNPs-PTX@ BSANPs G2
0.584% i) 10.7%

Annexin-PE

Figure 7. Two-dimensional contour density plots by flow cytometry. Figures A-D depict treated cells with SNPs, PTX, and SNPs-PTX@BSA NPs, respectively (Vs
the control). Cell necrosis and apoptosis levels were assessed using Annexin V-PE and 7-AAD dyes for 24 h

Results of inverted microscopic images, AO/EB and DAPI
staining methods, DNA fragmentation assay, and flow
cytometry confirmed that apoptosis is the mechanism
of cell death following treatment with SNPs-PTX@BSA
NPs. Since symptoms of apoptosis in all four other tests
in the treated cells by 0.11 pM PTX and 0.64 uM SNPs,
which exist in SNPs-PTX@BSA NPs were not significant.
Therefore, it can be concluded that co-treatment of PTX
and SNPs with embedding in BSANPs synergistically
induces apoptotic properties. SNPs-PTX@BSA NPs,
when compared to PTX and SNPs used individually,
maybe a more compelling candidate for chemotherapy
due to the lower concentration required of each agent
when combined.

Cell cycle analysis

The cell cycle evaluation investigated the cytotoxic
potential of each SNPs, PTX, and their combination SNPs-
PTX@BSA NPs on MDA-MB-231 cells. PTX attaches to
the o,p-tubulin dimer located within the microtubules.
Hence, exposing a cell to the LD, concentration of PTX
results in G2/M arrest in rapidly dividing cells, ultimately
triggering apoptosis. However, the treatment of cells at
LD, concentrations of SNP induces cell cycle arrest at the
S/G2/M phase due to DNA damage and improper DNA

repair.”® Figure 8 indicates the S/G2/M phase arrest and
the presence of a subG1 cell population induced by SNPs-
PTX@BSA NPs. Treatment with PTX (0.11 uM) led to
7.72% of cells being in the subG1 phase with negligible
changes in cell cycle phases. In support of our data, other
researchers have shown that low concentrations of PTX
cause subGl1 cell populations to be without G1 arrest and
cell prevention from passing through the S phase and
entering mitosis.** Demidenko et al** argued thata subG1
peak in cells treated with low concentrations of PTX exists
because of prolonged mitosis. However, the cells continue
to divide, resulting in the production of either two cells
or three cells (tripolar mitosis). In the subGl1 stage, the
cells display viable and non-apoptotic forms. Certain
cells fused back together and then proceeded to mitosis,
frequently resulting in three cells before being arrested in
the following cell-cycle interphase.’*

On the other hand, treatment with 0.64 uM SNPs
resulted in no significant changes in cell cycle phases. The
cocktail of PTX and SNPs with embedding in BSANPs
induced a subGl cell population (7.97%), which was
slightly higher than PTX-treated cells (7.72%) as single
drugs. In contrast to PTX, SNPs-PTX@BSA NPs induced
31% S and 26% G,/M cell population, significantly higher
than treatment with PTX (0.11 uM) and SNPs (0.64 uM).
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Figure 8. Flow cytometry analysis of the cell cycle profile through treatment of A) control B) SNPs C) PTX to, and D) SNPs-PTX@BSA NPs for 24 h

Formation and toxicity mechanism of SNPs-PTX@
BSANPs

The severe side effects of anticancer drugs limit their
dosages, impacting chemotherapy efficacy. Exposure
to both normal and cancer cells is the key limitation.
Successful cancer treatments rely on targeting rapidly
dividing cancer cells for selective destruction.®** To
address this issue, various combinations of anticancer
drugs have been explored to improve the efficacy of tumor
chemotherapy.®*¢* Due to each chemotherapeutic agent’s
distinct mechanisms and side effects, each drug has an
upper concentration limit to inhibit cancer cell growth
while reducing harm to normal cells. Therefore, selecting
the appropriate combination of chemotherapeutic agents
can optimize treatment effectiveness and minimize
adverse effects.® %

The experimental findings demonstrated that
combining  drugs  enhanced  chemotherapeutic
effectiveness compared to using single drugs. PTX, a
commonly utilized anticancer chemotherapy, attaches
to the B-subunit of tubulin, causing stability induction
in microtubule function and mitosis. A high dose of PTX
can harm both normal and cancer cells, while a low dose
of SNPs enhances cell sensitivity to PTX, promoting cell
death and improving anticancer outcomes. The synergy
between PTX and SNPs is likely due to silver ions’
cytotoxic impact on tumor cells through ROS generation,
complementing the anti-proliferative properties of

PTX‘67-69

The formation mechanism of SNPs-PTX@BSANPs
involves the encapsulation of SNPs and PTX within the
BSA matrix, stabilized by intermolecular thiol-silver-thiol
bonds between cysteine residues of BSA molecules. This
encapsulation is supported by the high affinity of PTX
for albumin and the relative sizes of the components
involved. Our earlier publication delves into four of these
scenarios extensively.”” The beginning of these scenarios
is the formation of superoxide radicals and ions due to the
application of ultrasonic force and the increase of pressure
and temperature at a point in the solvent. Superoxide
attacks BSA by disrupting existing disulfide bonds between
cysteine residues of each BSA and the production of
cysteinyl radicals. Given the high probability of SNPs and
PTX being buried inside the BSA NPs, the encapsulation
mechanism ensures that these components are effectively
integrated within the BSA matrix, enhancing the stability
and functionality of the NPs.

Ultrasonication removes the citrate layer on SNPs,
leading to silver oxidation by citrate ions. With ultrasonic
forces, silver ions break disulfide bonds to create cysteinyl
radicals. Certain cysteinyl radicals are inhibited from
converting into SH groups within the cysteine residues
of BSA molecules. In the initial pathway, thiol cysteine
free radicals are oxidized with peripheral electrons
and protons, resulting in free SH groups. The second
possibility is that by joining two cysteinyl radicals,
the intramolecular disulfide bonds could be reformed
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between cysteine residues of each BSA. In the second
pathway, thiol cysteine radicals can create intramolecular
bonds and attach to other cysteines in albumin. In the
third pathway, cysteines from separate albumin molecules
form intermolecular bonds. These NPs do not contain
PTX or SNPs. Due to the intense attraction between
cysteinyl radicals and silver ions, some cysteinyl radicals
from neighboring BSA molecules may connect through
a silver bridge (thiol-silver-thiol). This means that in the
fourth pathway, SNPs@BSA are formed (Figure 9). This
theory aligns with findings from other studies.®*** BSA can
interact with heavy metals like silver because of the BSA
thiol functional group, and the interaction can disrupt
disulfide bonds and cause protein denaturation.”” A cryo-
TEM image of PTX@BSANPs reveals that PTX is attached
to BSA through non-covalent hydrophobic interactions
and is surrounded by alayer of BSA crosslinked to a certain
extent.”*”> A prior X-ray powder diffraction analysis has
shown that PTX inside the NPs is amorphous and lacks
a crystalline structure.”” This finding suggests that PTX
is likely located within the core of the nano-composite
through hydrophobic interactions rather than covalent
bonding. The presence of PTX in the reaction creates a
hydrophobic cavity due to ultrasonic force application,
supporting arguments from a recent study.® The sixth
pathway involves the creation of thiol-silver-thiol bonds
in the presence of SNPs, resulting in the development of a
hydrophobic cavity containing PTX. This process leads to

$ PTX@BSANP&‘
1ormat|on

SNPs-PTX@BSANPs, as illustrated in Figure 9.

Toxicity of SNPs-PTX@BSA NPs against MDA-
MB-231 cells was 27 times higher than that of PTX (LD,
3 uM) alone and roughly 11 times higher than that of
SNPs (LD, 7 uM) alone in the treatment. The LD_ value
of SNPs-PTX@BSANPs is notably lower than that of
each drug, indicating that co-delivery of PTX and SNPs
with BSANPs enhances chemotherapeutic effectiveness
compared to single drug treatments.*® Moreover, the BSA
uptake also increases due to the higher metabolism rate
of cancer cells.”* Hence, BSA multiplies the synergistic
anticancer efficacy of PTX and SNPs.

Given the absence of apoptosis symptoms in cells
treated with 0.11 uM PTX and 0.64 uM SNPs, which
are components of SNPs-PTX@BSA NPs, we propose
that the combined administration of PTX and SNPs
encapsulated in BSANPs synergistically induces apoptotic
characteristics. SNPs-PTX@BSA NPs triggered substantial
apoptosis (both early and late stages) and led to a cell
cycle arrest at the S/G2/M phase, accompanied by a rise
in the subG1 population. The elevated G2/M phase arrest
suggests suppression of cell division and proliferation,”
probably due to PTX binding to tubulin and increased S
phase arrest, which could be derived from DNA damage
caused by SNPs. The quantitative results confirm that
the apoptotic effect of SNPs-PTX@BSANPs is due to the
synergistic interaction (between PTX and SNPs) within
the BSANPs.

BSA with
cvstemvl radical

Intramolecular ‘ir"t;-,
ﬁ
disulfide bonds i

Figure 9. Schematic representation of the various reaction paths for the proposed mechanisms for the formation of SNPs-PTX@BSANPs
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The toxicity mechanism of SNPs-PTX@BSA NPs
entails mitochondrial apoptotic induction by both SNPs
and PTX. It is postulated that following internalization of
SNPs-PTX@BSA NPs mediated by specific BSA-binding
receptors, BSA dissociates from SNPs and PTX.

BSA re-enters circulation through the lymphatic system,
while internalized SNPs disrupt mitochondrial function,
triggering ROS production. ROS and silver ions released
from SNPs induce DNA damage by crossing the nuclear
membrane. This damage can lead to chromosomal
abnormalities, cell cycle arrest in the S/G2 phase, and
apoptosis. In parallel, PTX binds to microtubules, halting
the cell cycle in the G2 phase and inducing cell death via a
caspase-independent apoptotic pathway.

Alternatively, mitochondrial activation through death
receptor-independent  cytoplasmic  signals
cytochrome C and the formation of the apoptosome,
comprising cytochrome C, ATP, APAF-1, and
procaspase-9. This apoptosome formation initiates
caspase-9 activation, activating effector caspase-3 and

releases

subsequent processing and activation of procaspase-8.
The processing of caspase-8 can occur through auto-
catalysis. Caspase-3 can
apoptosis. The synergistic anticancer effect of SNPs-
PTX@BSA NPs is demonstrated by their cellular uptake
via BSA receptor-mediated internalization, inducing
mitochondrial apoptosis through SNPs and PTX. SNPs
increase ROS production, while PTX initiates death
receptor-independent cytoplasmic signaling and activates
the Caspases-3 and -8 pathways, collectively promoting
apoptosis.

reactivate mitochondrial

Conclusion

The nanoprecipitation method successfully synthesized
SNPs-PTX@BSANPs with a size of 50 nm and a
surface potential of -56 mV. During this process, BSA
encapsulated SNPs and PTX. These NPs were tested for
their anticancer efficacy against MDA-MB-231 invasive
BC cells (LD50 0.75 pM). Experimental findings indicate
that the combined ratio of PTX and SNPs displayed
more significant cytotoxicity than the individual drugs.
Notably, the NPs loaded with both drugs showed
superior cytotoxicity at a significantly lower dose than
the cocktail combination. The SNPs-PTX@BSANPs
showed enhanced efficacy compared to individual
drugs, resulting in accelerated and prolonged apoptosis
induction. Moreover, they induced a more potent cell
cycle arrest in the S/G2/M phase and increased the subG1
population. The combination of SNPs and PTX within
albumin-based NPs improved the efficacy of treatment
for BC cells. As a result, we propose that SNPs-PTX@BSA
NPs hold promise for in vivo evaluation of the treatment

of invasive BC.
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