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Abstract

Cisplatin (CIS) remains a cornerstone of chemotherapy but is limited by resistance
and systemic toxicity. Combining DNA-damaging agents with epigenetic modulators
such as vorinostat (VOR) offers a promising strategy to enhance efficacy. However,
the co-delivery of these drugs is challenging due to their distinct physicochemi-

cal properties. The aim was to develop and characterize niosomal nanoparticles
co-loaded with CIS and VOR (NIO-CIS-VOR) and to assess their physicochemical
characteristics and in vitro anticancer activity. Niosomes were prepared using eth-
anol injection, with CIS entrapped in the aqueous core and VOR in the lipid bilayer.
Characterization included particle size, polydispersity index (PDI), and zeta potential
by DLS, morphology by TEM, and encapsulation confirmation by FTIR. Encapsu-
lation efficiency (EE%) and drug release were determined by HPLC. Cytotoxicity,
caspase-3/7 activation, colony formation, and wound healing assays were conducted
in HT-29, A549, and PANC-1 cancer cell lines. Optimized NIO-CIS-VOR nanoparti-
cles exhibited a mean diameter of 152.7 nm, PDI of 0.12, and zeta potential of —9.79
mV, with spherical morphology. Encapsulation efficiency of NIO-CIS-VOR reached
89.3% for CIS and 52.1% for VOR. The formulation showed sustained release over
72h, with cumulative release of 62% (CIS) and 38% (VOR) at 6 h. Cytotoxicity assays
demonstrated markedly reduced IC50 values for NIO-CIS-VOR compared with free
drugs: 1.8 yM vs. 4.47 uM (CIS) and 3.4 pM (VOR) in HT-29; 0.95 uM vs. 3.8 yM and
3.1 yM in A549; and 2.37 uyM vs. 13.9 uM and 3.66 uM in PANC-1. Enhanced apop-
tosis and reduced colony formation further confirmed superior anticancer activity.In
Conclusion the Co-loaded niosomes achieved efficient co-delivery, sustained release,
and synergistic anticancer effects, highlighting NIO-CIS-VOR as a promising nano-
carrier for combination cancer therapy.
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1. Introduction

Cisplatin (CIS) remains one of the most widely used chemotherapeutic agents;
however, its clinical success is hindered by resistance and dose-limiting toxicity

[1]. Recent approaches suggest that combination therapy with histone deacetylase
inhibitors (HDACIs), such as Vorinostat (VOR), may overcome these limitations by
modulating epigenetic pathways and sensitizing cancer cells to chemotherapy [2,3].
Despite the therapeutic potential of CIS-VOR combination, their concurrent delivery
remains a challenge due to differences in solubility and pharmacokinetics (Fig 1) [4].
Nanocarrier systems, particularly niosomes, non-ionic surfactant-based vesicles, offer
a promising platform for simultaneous delivery of hydrophilic and lipophilic agents.
Niosomes provide biocompatibility, enhanced stability, and the ability to encapsulate
multiple drug types [5]. Niosomes are nanoscale spherical vesicles capable of load-
ing a diverse range of drugs. Composed of amphiphilic molecules, they can encap-
sulate both hydrophilic and hydrophobic drugs [6,7]. These amphiphilic molecules
form bilayer membranes, which allow the niosomes to exist either as unilamellar (with
a single bilayer) or multilamellar (with multiple bilayers forming concentric spheres)
depending on the synthesis method used [8]. To enhance the stability and other prop-
erties of the vesicles, non-ionic surfactants, cholesterol, or their derivatives are often
incorporated during synthesis [8]. Various molecules, including amides, amino acids,
alkyl ethers, alkyl esters, and fatty acids, along with surfactants such as alkyl esters
(e.g., Tweens, Spans) and alkyl ethers (e.g., Brij), are used to create niosomes are
able to trap hydrophilic drugs in their aqueous core and lipophilic drugs within their
bilayer structure, making them versatile carriers for the delivery of drugs, hormones,
and antigens [9].

Although niosomes share many similarities with liposomes, they differ in several
key aspects. Both are spherical vesicles that can be unilamellar or multilamellar,
formed by amphiphilic molecules, and their size typically in the same size ranges.
Both are biocompatible and widely used in drug delivery systems [10,11].

This study focuses on the formulation, characterization, and anticancer evalua-
tion of niosomal nanoparticles co-loaded with CIS and VOR. The hypothesis is that
co-loaded niosomes can improve drug solubility, sustain release, and enhance thera-
peutic efficacy across multiple cancer cell lines.

2. Materials and methods
2.1 Materials

Cisplatin Powder (CAS No. 5663-27-1) and Vorinostat (N1-Hydroxy-
NB-Phenyloctanediamide CAS No. 149647-78-9) powder were purchased from
certified commercial suppliers (Sigma-Aldrich, St. Louis, MO, USA). Both com-
pounds were of analytical grade and were used without further modification. Non-
ionic surfactants (Tween 80), cholesterol, ethanol, and analytical-grade solvents
were used for formulation. Cell culture media (DMEM), FBS, antibiotics, and other
reagents were obtained from standard biological suppliers. The Cell Lines used

in this study were obtained from ATCC, Lung Carcinoma, Non-small Cell Lung
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Fig 1. Chemical structures of CIS and VOR.
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Cancer (A549 with ATCC No. CCL-185), Colorectal Adenocarcinoma (HT-29 with ATCC No.HTB-38) and Pancreatic
Cancer, Ductal Adenocarcinoma (Panc-1, with ATCC No. CRL-1469)

2.2. Preparation of niosomal nanoparticles

Niosomal nanoparticles were prepared using the ethanol injection method, a widely employed technique known for its sim-
plicity and effectiveness in producing uniform vesicles. The formulation process began by preparing the organic phase of
(surfactant: cholesterol, 1:3.25), which consisted of 25mg (19.1 pmol =24 L) of the non-ionic surfactant tween and 24 mg
(62.1 ymol) of cholesterol, both dissolved in 1 mL of ethanol. This mixture was subjected to vigorous vortexing to ensure
complete homogenization. Following this, the organic mixture was gently heated on a hotplate maintained at a tempera-
ture range of (50-70) °C, monitored using a calibrated laboratory thermometer. The heating step was essential to enhance
the miscibility of the lipid components and promote uniform vesicle formation upon contact with the aqueous phase
[12—-15]. The preheated organic phase was then added dropwise into 3mL of Phosphate-Buffered Saline (PBS) contained
in a rounded-bottom flask. This was carried out under continuous magnetic stirring to facilitate the spontaneous forma-
tion of niosomal vesicles as the ethanol diffused into the aqueous medium. The dropwise addition allowed for controlled
mixing and efficient self-assembly of the amphiphilic molecules into bilayer vesicular structures. The mixture was left to stir
until the complete diffusion of Ethanol was achieved, and the dispersion became visually uniform, indicating successful
formation of niosomal nanoparticles. For the preparation of drug-loaded formulations, same approach was followed. In
the case of NIO-CIS, 0.5mg of CIS (1.67 mM) was dissolved in 0.5mL of normal saline to ensure complete solubilization.
This solution was then added to the suspension of PBS and organic phase. On the other hand, for NIO-VOR, 0.5mg
of VOR (1.89mM), being a lipophilic compound, was incorporated directly into the organic phase by dissolving it in the
ethanol-tween-cholesterol mixture. This approach facilitated the localization of VOR within the lipid bilayer of the resulting
niosomes. To develop a dual-loaded niosomal formulation (NIO-CIS-VOR), 0.5mg of each drug, CIS and VOR, was used.
The same respective procedures were applied;

VOR was introduced into the organic phase then injected into the PBS while the CIS solution was then added to the
PBS-organic phase mixture. After completion of the injection, the resulting dispersion was stirred further to ensure unifor-
mity and allow for full vesicle maturation (Fig 2).

2.3. Fourier-Transform Infrared (FTIR) spectroscopy

To investigate the potential interactions between the encapsulated drugs and the niosomal matrix, FTIR analysis was
performed on the blank formulation (NIO) and the NIO-CIS-VOR. Prior to analysis, both formulations were mixed with an
appropriate amount of sucrose to serve as a cryoprotectant and stabilizer during lyophilization. The samples were vor-
texed thoroughly to ensure uniform mixing and subsequently stored at =70 °C for at least 12 hours to allow for complete
freezing. The frozen mixtures were then subjected to freeze-drying for 24 hours to obtain powdered samples suitable
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Fig 2. Schematic illustration of Niosomes and their components.
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for IR Analysis. The freeze-dried powders were analyzed using FTIR spectroscopy to detect any characteristic shifts or
changes in peak positions that could indicate chemical interactions between the niosomal components and the loaded
drugs. The measurements were conducted at ambient room temperature. The resolution for these measurements was set
at 8cm™ and 32cm™, scanning the range between (400-4000) cm™. This range covers most of the infrared region and,
thus, captures various functional groups that may be present in the samples. The resulting data were compared with the
spectra of individual components, including blank niosomes, CIS, VOR, and Sucrose, to confirm successful encapsulation
and compatibility of the drug within the vesicular matrix [16].

2.4. Transmission Electron Microscopy (TEM) analysis

Following the characterization of the niosomal NPs using Zetasizer, Transmission Electron Microscopy (TEM) was
employed to further investigate the morphology and structural details of the nanoparticles. For TEM Analysis, a drop of
the freshly prepared niosomal suspension was placed onto a carbon-coated copper grid using a micropipette. The sample
was allowed to settle for 2—3 minutes to enable adequate adsorption of the vesicles onto the grid surface. Excess fluid
was carefully removed using filter paper without disturbing the settled particles. The grid was then negatively stained by
adding a drop of 2% (w/v) Phosphotungstic Acid (pH adjusted to 6.8) to enhance the contrast of the vesicle outlines. After
staining, the grid was left to air-dry completely at room temperature in a dust-free environment. The dried samples were
then examined using a TEM operating at an accelerating voltage of 80—-120kV. Images were captured at various magnifi-
cations to assess vesicle morphology and size consistency. The micrographs confirmed the spherical shape and smooth
surface of the niosomal nanoparticles, as well as the absence of aggregation, indicating successful formulation and sta-
bility at the nanoscale. This analysis provided direct visual evidence supporting the formation of well-dispersed, spherical
niosomal vesicles and complemented the findings from Size and Zeta Potential measurements [17].

2.5. HPLC method for quantification of CIS and VOR

To quantify the amount of CIS and VOR encapsulated within the niosomal NPs, a High-Performance Liquid Chromatog-
raphy (HPLC) Method was developed and optimized. To establish this HPLC Method, a calibration curve was prepared
using different concentrations of CIS and VOR. For both CIS and VOR, the concentration range was set between 0.015
and 1mg/mL. Each concentration in the calibration curve was analyzed using HPLC. The resultant data, specifically the
peak areas corresponding to each concentration, were then used to construct calibration curves, plotting concentration
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against peak area for both CIS and VOR. The linearity of these curves was critically assessed to confirm the reliability
and accuracy of the HPLC method as per the International Council for Harmonisation (ICH) guidelines [18]. For the HPLC
analysis, conditions were optimized using a C18 reverse phase column. The flow rate was consistently set at 0.7 mL/
min, and the column temperature was maintained at 40°C. Each run involved a 10 yL sample injection and lasted for 6
minutes. For CIS, the mobile phase comprised a mixture of 80% methanol and 20% saline. On the other hand, for VOR
detection, the mobile phase comprised of 80% methanol and 20% deionized water. The detection was carried out at a
wavelength of 243 nm for VOR and at 204 nm for CIS. To quantify the Encapsulation Efficiency (EE%) within the niosomal
formulations, a volume of 200 uL of the niosomal NPs suspension was mixed with 800 yL of methanol and subjected to
constant sonication for 10 minutes at a temperature of 35°C ensuring the breakdown of the nanoformulations and com-
plete release of the encapsulated drug(s). Following sonication, the mixture was subjected to high-speed centrifugation
at 12,000 RPM to separate the released drug content from insoluble components. Finally, the supernatant was analysed
using HPLC at a wavelength of 243nm for VOR and at 204 nm for CIS.

The EE% was calculated according to the equations detailed below:

weight of the entrapped drug (s)

EE% = drug mass added to the formulation

X 100%

2.6. Stability of Niosomal Formulations at 4 °C

To evaluate the physical stability of the prepared niosomal formulations over the time of experiment, a short-term stability
study was conducted under refrigerated conditions (4£1 °C) for a period of 60 days. Three formulations were assessed:
NIO-CIS, NIO-VOR, and NIO-CIS-VOR. Freshly prepared formulations were stored in tightly sealed glass vials and kept in a
refrigerator (4 °C) protected from light. At predefined time intervals (day 0, 1, 3, 7, 14, 21, 30, 45, and 60), aliquots were with-
drawn and analyzed for size, PDI, and zeta potential. All measurements were carried out at 2511 °C after equilibrating the
samples for 2 minutes. The stability of the formulations was assessed based on changes in particle size and zeta potential
over time, with significant fluctuations suggesting potential aggregation, vesicle fusion, or surface charge destabilization.

2.7. In vitro drug release at physiological conditions

The in vitro drug release from the drug-loaded niosomal NPs was methodically examined using a Dialysis Method. To initiate
the study, 0.25mg of the freeze-dried drug-loaded niosomal NPs suspension was resuspended in 500 uL of PBS or saline and
then placed inside a dialysis tubing cellulose membrane with a molecular weight cut-off (MWCO) of 100kDa, corresponding to
an estimated pore diameter of approximately 10nm. the dialysis membrane was then immersed in 40 mL of PBS under constant
stirring. Free drug(s) were used as a control. To monitor the drug release over time, 50 uL samples were withdrawn from the
reservoir at predetermined time intervals (0, 30 minutes,1, 2, 3, 4, 5, 6, 24, 26, 28, 48 and 72 hours) and immediately replaced
with an equal volume of fresh PBS to maintain sink conditions. The withdrawn samples were subsequently analysed using
HPLC to quantify the cumulative released drug. The release percentage was calculated using the following formula:

Cumulative amount of drug released at time t

1009
Total drug amount) x %

Cumalative Release % =

2.8 Cytotoxicity study (MTT Assay)

A total number of 5x102 cells in 100 pL of growth media were seeded in a 96-well plate and incubated overnight to allow
cells adherence on the plate. Next day, cells were treated in triplicates with various concentrations (1.6—100 uM) of free
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CIS, free VOR, NIO-CIS, Nio-Vor, CIS-VOR, or the NIO-CIS-VOR formulation with an ultimate volume of 200 uL in each
well. Also, appropriate control wells were included and consisted of untreated cells as a negative control. The cells were
left in the incubator for a period of 72 hours. The cell viability was assessed using MTT Assay. At the 72 hours designated
time point, the cells were treated with 0.05mg/mL of MTT Reagent and left inside incubator for 4 hours in order to allow
formation of formazan crystals. In the subsequent phase, the old media was discarded, and formazan crystals were dis-
solved in 150 yL of DMSO and left in the shaker in order to have all formazan crystals fully solubilize. Finally, the absor-
bance was read at 590 nm on BioTek Cytation 5 multi-mode plate reader. The absorbance at 630 nm was also measured
and used as a background reference wavelength. The normalized Optical Density (OD) value was calculated as follows:

The Cell Viability was expressed as viability percentage relative to untreated control cells according to the following
equation:

OD of treated cells

Viability % = 1009
iability % OD of untreated control cells X 100%

2.9 Apoptotic Caspase Activity Assay (Caspase-3/7)

2.9.1 Protein extraction and protein quantification. 1x10° of HT-29, A549, and Panc-1 cells were seeded inside
6-well culture plates and incubated overnight to allow cell adhesion. Next day, cells were treated with free and niosomal
formulations as follows: 2 uM of CIS, 1 yM of VOR, or equivalent concentrations of the mix for 72-hours. At the designated
time-point, the cells were washed, trypsinized, and transferred into 15ml falcon tubes along with the old media containing
the dead cells. After that, cells were centrifuged at 500g for 5 minutes and the supernatant was discarded. The remaining
cell pellet was lazed by applying a customized amount of ice-cold Radio-immunoprecipitation (RIPA) Buffer fortified with
Protease Inhibitor Cocktail Tablet (Roche, UK). Finally, cell lysates were transferred into new Eppendorf Tubes and stored
at —80 C for future use.

In order to gauge the protein concentration in disintegrated cells, Bicinchoninic Acid (BCA) Assay (Pierce, UK) was
employed. 2 yL of the protein was added in triplicate into a clear 96-well plate along with serial dilutions of Bovine Serum
Albumin (BSA) (Category NO: SV30160.03) with concentrations of (0.125-2 ug/ml). Following that, each well received
200 pL of BSA Reagent (Reagent A to B 50:1) and later the plate was incubated under the temperature of 37 °C for 30
minutes. At the end, UV absorbance was measured at 570 nm employing a BioTek Cytation 5 multi-mode plate reader tool
and the protein make up was calculated through comparison with BSA standard.

2.9.2 Caspases-3/7 activity. The cells were lysed, and the protein was extracted and quantified as previously discussed.
The activity of Caspase-3/7 was measured using the Caspase-3/7 Calorimetric Assay Kit. Briefly, 50 ug of protein was
transferred into a 96-well plate. On top of that, 50 pL of 2X reaction buffer (containing 100mM of DDT) and 5 uL of the 4 mM
DEVD-p-NA substrate (200 uM final concentration) were added. The mixture was mixed well and incubated at 37°C for 60
minutes. Eventually, the absorbance was read at OD of 400 nm on a BioTek Cytation 5 multi-mode plate reader [19].

2.10 Cell migration assay

The cell migration assay was conducted to evaluate the potential therapeutic effects of the niosomal formulations on cell
migration process over a 48-hour period. Cells were seeded at a density of 2x10° cells per well into a 12-well plate under
standard conditions until they reached confluency. A scratch was then introduced across the cell monolayer using a sterile
pipette tip to create a wound. The cells were then treated with free drugs, drug-loaded niosomes, or empty-niosomes.
After treatment, the cells were incubated for 48 hours, during which images of the wound area were captured at regular
intervals of 24 hours using an Inverted Microscope. Finally, images of the scratches were captured before and during cell
treatment using a Phase Contrast Microscope (model P. MICRO-001, Nikon) equipped with a 4 x magnification objective
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(Alquraishi et al., 2023). The Motic Images Plus version 2.0 software was employed to calculate the wound closure area
(um?). The wound closure was calculated as follows:

Area at time (0)—Area at time (t)

- X 100%
Area at time (0) °

Wound closure (%) =

3.18 Data analysis

The findings were expressed as the meantstandard deviation of a minimum of three independent experiments. Significance was
assessed using various statistical tests Paired t Test and one-way ANOVA. A value of <0.05 was deemed indicative of a statistically
significant distinction. The analyses were conducted utilizing GraphPad Prism 9 (GraphPad Software Inc., USA). CompuSyn.exe
(Version 1) and Microsoft Office Excel (Microsoft, USA). The Motic Images Plus version 2.0 software for migration assay calculation.

3. Results
3.1. High-Performance Liquid Chromatography (HPLC)

The linearity of the developed method was also validated by creating calibration curves using standard solutions across a
concentration range of 0.015 and 1 mg/mL for both CIS and VOR. Linearity testing is essential to establish that the response
of the detector (i.e., the peak area) is directly proportional to the concentration of the analyte within this range. The method
demonstrated excellent linearity, with correlation coefficients (R?) of 0.995 for CIS and 0.9999 for VOR (Figs 3A,3B,3C, 3D).
This high degree of linearity indicates that the method can reliably quantify varying concentrations of the analytes, which is
critical for accurately determining the encapsulation efficiency and release profiles in subsequent experiments [18].

3.2. Evaluating the encapsulation efficiency of CIS and VOR

After developing and validating the method, the Encapsulation Efficiency (EE%) for CIS and VOR in the niosomal formu-
lations was determined using the previously established calibration curves to determine the effectiveness of the nanopar-
ticle formulations in incorporating these therapeutic agents. As depicted in (Fig 3E). The encapsulation efficiency (EE%) of
cisplatin (CIS) in NIO-CIS was 91.35%, whereas a slightly lower value (89.3%) was observed in the co-loaded NIO-CIS-
VOR formulation. For vorinostat (VOR), the EE% in NIO-VOR was 58.1%; however, upon co-encapsulation with CIS in
NIO-CIS-VOR nanoparticles, the EE% of VOR decreased marginally to 52.1%.

3.3. In vitro drug release

The release profile of therapeutic agents from nanocarrier systems plays a pivotal role in determining their pharmacokinet-
ics, therapeutic efficacy, and safety. In this study, the in vitro release behavior of CIS and VOR was systematically investi-
gated in both their free forms and when co-encapsulated within niosomal vesicles (NIO-CIS-VOR) (Fig 3F).

The unencapsulated forms of CIS and VOR served as controls and exhibited a rapid release pattern consistent with
typical burst kinetics. This behavior reflects the unrestricted diffusion of free drug molecules in the absence of a car-
rier system. CIS displayed a pronounced burst release, with approximately 65% of the drug released within the first 30
minutes. This value increased to nearly 98% within 3 hours, and complete release (~100%) was observed by 6 hours.
The rapid release is primarily attributed to the high aqueous solubility of CIS and low molecular weight, facilitating rapid
diffusion across the dialysis membrane. In contrast, free VOR exhibited a slightly slower yet still rapid release profile.
Approximately 55% was released within 30 minutes, rising to about 85% at 3 hours, and reaching complete release by
24 hours. The marginal delay in release may be attributed to the amphiphilic nature of VOR and relatively lower solubil-
ity compared to CIS. The NIO-CIS-VOR formulation, wherein both CIS and VOR were co-encapsulated within niosomal

PLOS One | https://doi.org/10.1371/journal.pone.0342344  February 6, 2026 7125




mn

mn

A C E
4x107 1.5%107
— Formulations CIS (EE%) VOR (EE(VO)
e g 1x107
: 2x107 E 0,
: R - 0.9999 > P— NIO-CIS 91.35% = 4.4 .
o o 5x108-
1%107+ Y = 35574769*X - 30727 Y = 10863496*X + 291342
NIO-VOR - 58.1% +5.2%
0P ey 1 0 TYTTrTrrrT (LR REAREE) 1
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
-CIS- % + % =+
Vorinostat Concentration (mg/mL) Cisplatin Concentration (mg/mL) NIO-CIS-VOR 89.3% % 6.1 52.1% +3.8
B T PDA Multi 1 20¢nm 4o D .§ POAMulb 2 243rm 4om F
\"‘ VOR xo! Un c1s S 100 o+ S
200; \l 3 80 -+ VOR
- “ " ‘ - ~+ NIO-CIS-VOR (CIS)
| | % f ~+ NIO-CIS-VOR (VOR)
I ‘ 2 40
100 ’ | - ‘ 8
l I g 20
i | =
' N 3
I\ e 0 T T o 1
: | : 0 24 48 72
0 2 3 5 1 1 2 : ; Time (hrs)

Fig 3. Characterization of CIS and VOR formulations. (A) Calibration curve of vorinostat showing linearity between concentration and peak area.
(B) Representative HPLC chromatogram of vorinostat. (C) Calibration curve of cisplatin showing linearity between concentration and peak area. (D)
Representative HPLC chromatogram of cisplatin. (E) Encapsulation efficiency (EE%) of CIS and VOR in single- and co-loaded niosomal formulations
(NIO-CIS, NIO-VOR, NIO-CIS-VOR). (F) In vitro cumulative release profile of free drugs (CIS, VOR) and drug-loaded niosomal formulations (NIO-CIS-

VOR)(Data are presented as mean+SD (n=3).

https://doi.org/10.137 1/journal.pone.0342344.9003

vesicles, exhibited a distinctly controlled release behavior. This profile contrasts sharply with the free drug counterparts
and highlights the capability of niosomal carriers to modulate drug release. At 0.5 hours, only 18% of CIS and 12% of VOR
were released, indicating the initial protective effect of the niosomal bilayer, which limits the immediate diffusion of encap-
sulated agents. By 6 hours, cumulative release had progressed to 62% for CIS and 38% for VOR, signaling the onset of

a sustained release phase. At 24 hours, the release reached 75% for CIS and 58% for VOR. By the end of the 72-hour
study, cumulative release values approached 94% and 80% for CIS and VOR, respectively. This biphasic release behav-
ior—characterized by an initial limited burst followed by a prolonged sustained phase—is typical of vesicular systems. It
reflects the dual nature of drug localization: loosely bound or surface-associated molecules contribute to the initial release,
while more deeply embedded or bilayer-integrated drug fractions are released gradually over time. The comparatively
slower release of VOR may be attributed to its greater lipophilicity, which promotes its integration into the hydrophobic
regions of the niosomal bilayer. These stronger drug—membrane interactions hinder its diffusion and prolong its release.
Conversely, CIS, being hydrophilic, is likely distributed in the aqueous core or near the vesicle surface, allowing for faster
release despite encapsulation. A clear distinction was observed between the release kinetics of the free drugs and the
NIO-CIS-VOR formulation. While the free forms of CIS and VOR were rapidly and completely released within hours, their
encapsulated counterparts exhibited a prolonged release over 72 hours. This confirms the capability of the niosomal
carrier to modulate and extend the drug release profile. Notably, the co-encapsulation of CIS and VOR did not result in
antagonistic release behavior. Instead, the dual-drug formulation supported a complementary and temporally coordinated
release, which is particularly important in combination chemotherapy. Synchronized drug release can enhance synergistic
interactions between agents and improve therapeutic outcomes.
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3.4. Niosomal hydrodynamic diameter, zeta potential and stability

The prepared niosomal nanoparticles were characterized for their size, PDI, and zeta potential to evaluate their physical
properties and stability. The average particle size of the blank niosomes (NIO) was 156.9 nm+6.25nm. For the NIO-CIS,
the average particle size was found to be 157.1 nm+5.3nm. NIO-VOR had an average size of 179.1 nm+1.27 nm, while
the NIO-CIS-VOR exhibited an average size of 152.7 nm+1.5nm. the statistical analysis revealed no significant difference
in the size of niosomes among samples (Fig 4A).

The PDI values, which indicate the uniformity of the nanoparticle size distribution, were 0.14 +0.04 for NIO,
0.14+£0.025 for NIO-CIS, 0.09+0.045 for NIO-VOR, and 0.12+0.03 for NIO-CIS-VOR. parallel with the size results,
there was no significant difference in the PDI values among all samples where all formulations demonstrated PDI
values below 0.2, indicating a narrow size distribution, which is desirable for maintaining consistent behaviour in
biological systems. Zeta potential is a key physicochemical parameter used to assess the surface charge, colloi-
dal stability, and potential interfacial interactions of nanocarrier systems. In this study, the Zeta Potential values
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Fig 4. Characterization and Stability of Niosomal Formulation Encapsulating Cisplatin and Vorinostat (NIO-CIS-VOR). (A) Size distribution by
intensity showing a narrow peak around ~150 nm, indicating uniform particle size. (B) Zeta potential distribution demonstrating surface charge stability
with values near —10 mV. (C) Transmission electron microscopy (TEM) image confirming spherical morphology of niosomes with sizes ranging from
~120-173nm. (D) Stability profile at 4°C over 60 days, showing consistent hydrodynamic diameter (blue) and zeta potential (red), indicating good physi-
cal stability of the formulation.

https://doi.org/10.1371/journal.pone.0342344.9004
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of blank NIO, NIO-CIS, NIO-VOR, and NIO-CIS-VOR were evaluated to determine how drug incorporation alters
vesicle surface characteristics. The measured zeta potential of the empty niosomes was moderately negative,
averaging -13.13+0.21 mV (Fig 4B). This negative surface charge is characteristic of non-ionic surfactant-based
vesicles and can be attributed to several factors. Although Tween is non-ionic by nature, slight anionic behaviour
may arise due to residual fatty acid impurities or the orientation of polar head groups at the bilayer interface. cho-
lesterol, which was used to stabilize the bilayer structure, also plays a role in modulating surface potential through
its impact on membrane packing and rigidity. Following drug encapsulation, a marked decrease in the magnitude

of the zeta potential was observed across all formulations. The reduction in zeta potential upon drug loading indi-
cates significant interactions between the encapsulated agents and the niosomal bilayer. Each formulation dis-
played distinct zeta potential shifts, reflecting the chemical nature and localization of the respective drugs within
the vesicular structure. NIO-CIS exhibited a substantially less negative zeta potential (-4.50+0.21 mV), which may
be attributed to the hydrophilic and ionic characteristics of CIS. The drug likely interacts electrostatically with polar
head groups at the bilayer surface or within the aqueous core, resulting in partial neutralization of the vesicle’s sur-
face charge. Similarly, NIO-VOR demonstrated a zeta potential of -3.66 £0.61 mV. Given VOR’s amphiphilic nature,
it is presumed to integrate within the hydrophobic region of the bilayer. This bilayer incorporation likely alters the
surface electrostatics through changes in membrane organization and hydrophobic interactions, resulting in a pro-
nounced decrease in net surface charge. Interestingly, the NIO-CIS-VOR exhibited an intermediate zeta potential of
-9.79+0.91 mV. This value, more negative than those of the single-drug formulations but less than that of the blank
niosomes, suggests a synergistic or compensatory effect between the two drugs. While VOR may embed within the
lipid bilayer, CIS likely remains in the aqueous compartments or interfaces with polar regions, leading to a moder-
ated impact on surface charge relative to single-drug systems. The physical stability of the prepared niosomal for-
mulations—NIO-CIS, NIO-VOR, and the dual-loaded NIO-CIS-VOR—was evaluated over a 60-day storage period at
4 °C by monitoring changes in hydrodynamic diameter and zeta potential. The NIO-CIS formulation exhibited good
stability, with only minor fluctuations in hydrodynamic diameter over the 60-day period. The particle size remained
fairly consistent around 145—-160 nm during the initial days, followed by a gradual increase reaching approximately
190 nm by day 60. This slight increase may be attributed to limited vesicle swelling or mild aggregation over time
but remained within a tolerable range for nanoscale formulations. The zeta potential of NIO-CIS ranged between
—10 and —15 mV, showing moderate surface charge stability. Although a zeta potential above +30 mV is typically
considered optimal for electrostatic stability, the maintained negative charge within this range, combined with the
steric stabilization imparted by Tween 80, supported the physical integrity of the system. The NIO-VOR formulation
demonstrated comparable stability. The initial particle size was slightly larger, around 180-200 nm and remained
relatively stable throughout the 60-day period, with minor fluctuations and a gradual decrease to ~170 nm by the
end of storage. This slight reduction may reflect minor compaction or vesicle rearrangement. Zeta potential values
in this formulation were also modest, initially near —10 mV and remaining stable over time. Despite the relatively low
surface charge, the formulation did not exhibit signs of aggregation, again suggesting that steric stabilization played
a key role in preserving the nanoscale. The dual-loaded formulation, NIO-CIS-VOR, showed a slightly different
pattern. The initial hydrodynamic diameter was approximately 150 nm and progressively increased to nearly 200 nm
by day 30, after which the size plateaued and remained stable. This trend may be due to the combined physico-
chemical effects of co-encapsulating two drugs with different properties, leading to initial vesicle rearrangement or
swelling. Nevertheless, the stabilization of the particle size after day 30 indicates that the system reached equilib-
rium and maintained its structural integrity. The zeta potential of NIO-CIS-VOR varied from —10 mV to -5 mV across
the study period (Fig 4D). Although lower than ideal for electrostatic repulsion, the consistent negative charge

and lack of dramatic size increase or precipitation suggest that the formulation remained physically stable under
refrigeration.
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3.5. Transmissions Electron Microscopy (TEM) Analysis

Transmission Electron Microscopy (TEM) was employed to further characterize the morphology and size of the NIO-CIS-
VOR nanoparticles. The TEM images revealed that the NIO-CIS-VOR nanoparticles exhibited a spherical shape with a
size of the nanoparticles, as observed under TEM, comparable to that measured by DLS. The TEM analysis showed that
the NIO-CIS-VOR had an average size of 176.4nm (Fig 4C).

3.6. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectroscopy was employed to investigate potential molecular interactions between CIS, VOR, and the components
of the niosomal matrix, as well as to confirm the successful encapsulation of the drugs. Spectra were obtained for the
individual drugs (CIS and VOR), their physical mixture (CIS-VOR), blank niosomes (NIO), and the NIO-CIS-VOR. The
comparative FTIR spectra are presented in (Fig 5A). The FTIR spectrum of free cisplatin displays a distinctive N-H asym-
metric stretching vibration around 3300 cm-*, alongside bending vibrations observed in the 1000—1100 cm-" region. These
peaks are consistent with previously reported spectral characteristics of amine groups in platinum-based compounds. In
addition, a C-N stretching vibration was evident near 1300 cm-", further confirming the molecular fingerprint of CIS. VOR,
in contrast, showed characteristic O—H stretching bands cantered around 3400 cm-", which may be attributed to both the
hydroxamic acid functional group and residual Tween 80, known for contributing broad hydroxyl stretches. Additionally,
prominent absorption bands were observed in the region of 1600—-1700 cm-", representing the C=0 and C=C stretching
vibrations of the hydroxamic acid and aromatic ring structures in VOR. The spectrum also exhibited strong C—OH stretch-
ing vibrations in the 1000—-1100 cm-" range, typical of phenolic hydroxyl groups.

The FTIR spectrum of the CIS-VOR incorporated all the key absorption bands of both CIS and VOR, with no significant
shifts in their positions. This suggests the absence of strong chemical interactions or bonding between the two drugs in
their free form. However, slight broadening and overlapping of the O—H and N-H bands were noted, possibly indicating
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Fig 5. FTIR spectral analysis of cisplatin (CIS), vorinostat (VOR), and their formulations. (A) FTIR spectra of pure CIS, pure VOR, and physical
mixture (CIS-VOR), showing characteristic functional group peaks including NH, bending, OH stretching, and C=0 vibrations. (B) FTIR spectra of CIS—
VOR, plain niosomes (NIO), and drug-loaded niosomes (NIO-CIS—VOR), demonstrating characteristic peak shifts and changes in intensity, confirming
successful encapsulation of CIS and VOR within the niosomal carrier system.

https://doi.org/10.1371/journal.pone.0342344.9005

PLOS One | https://doi.org/10.1371/journal.pone.0342344  February 6, 2026 11/25



https://doi.org/10.1371/journal.pone.0342344.g005

PLO\Sﬁ\\.- One

weak intermolecular hydrogen bonding between functional groups of CIS and VOR. Fig 5B provides insight into the
spectral profiles of NIO, the CIS-VOR physical mixture, and the NIO-CIS-VOR. The spectrum of blank niosomes exhibited
a broad and intense O—H stretching peak around 3400 cm-", which can be attributed to the hydrophilic polyoxyethylene
chains of Tween 80 and the hydroxyl groups of cholesterol. Peaks observed in the 2850-2920 cm-" region were assigned
to the symmetric and asymmetric stretching vibrations of CH, and CHj; groups, indicative of aliphatic chain structures

in the surfactant and cholesterol components. These bands were slightly shifted in comparison to the free surfactant,
reflecting structural reorganization upon vesicle formation. Furthermore, a C—OH stretching band appeared around 1050
cm-', characteristic of the ether and alcohol groups in the niosomal bilayer. Upon drug loading (NIO-CIS-VOR), distinct
modifications in the spectral pattern were observed. The O-H stretching band remained broad but showed decreased
intensity, suggesting hydrogen bonding interactions or encapsulation of VOR within the niosomal matrix. The CH, and
CH; stretching bands were also slightly shifted, indicating successful interaction of the hydrophobic chains of the niosomal
bilayer with the encapsulated drugs. Notably, the C=0 and C=C stretching vibrations of VOR (~1650-1600 cm-") and the
N-H bands of CIS (~3300 cm-" and ~1000 cm-") were preserved but appeared broadened and less intense compared to
their free forms. These spectral changes imply that both drugs are incorporated within the bilayer or aqueous core of the
vesicles, possibly through hydrophobic interactions, hydrogen bonding, or entrapment in the bilayer domains.

3.7. In vitro Cytotoxicity of niosomal formulations of CIS and VOR

To evaluate the anticancer efficacy of CIS and VOR, IC, values were calculated for VOR, CIS, and their combination,

in both free and niosomal forms, across three human cancer cell lines: colorectal (HT-29), lung (A549), and pancreatic
(Panc-1). These values, derived from dose—response curves, provide a quantitative comparison of the potency of the indi-
vidual drugs and their combinations, as well as insight into the impact of vesicular encapsulation on cytotoxic activity.

In HT-29 cells, both VOR and CIS demonstrated improved cytotoxicity upon encapsulation within niosomal vesicles.
The IC,, of free VOR was 3.4 uM, which decreased to 2.22 uM when delivered via niosomes. Similarly, the IC,, of CIS
dropped from 4.47 uM in its free form to 2.48 yM upon encapsulation.

This enhancement is likely attributed to improved membrane permeability, protection from degradation, and prolonged
intracellular retention provided by the vesicular system. Notably, the combination therapy yielded further improvements.
The IC,, of the free VOR-CIS mixture was 2.6 uM, while the dual-drug-loaded niosomal formulation reduced it to 1.8 uM.
These results suggest a synergistic effect between the two agents, further potentiated by co-delivery within a single car-
rier, likely due to synchronized drug release and uptake kinetics (Fig 6A,6B).

In A549 cells, the effects of niosomal encapsulation were even more pronounced. Free VOR exhibited an IC,; of 2.92
UM, which was significantly reduced to 1.1 uM in the niosomal form. Similarly, CIS’s IC, decreased from 3.8 uM to 1.68
MM upon encapsulation. These findings indicate that A549 cells are particularly responsive to niosomal delivery, possibly
due to enhanced cellular uptake or favorable intracellular trafficking of the vesicles. The most notable effect was observed
in the combination therapy. The free VOR-CIS combination displayed an IC,, of 2.45 uM, whereas the dual-loaded nioso-
mal formulation exhibited a remarkably low IC,, of 0.98 uM. This substantial reduction supports the hypothesis that simul-
taneous delivery of both agents through a nanocarrier enhances their synergistic interaction and intracellular coordination,
thereby maximizing cytotoxic potential (Fig 6B,6E).

Panc-1 cells showed a similarly favourable but more nuanced response to the niosomal formulations (Fig 6C,6F).

The IC,, of free CIS was relatively high at 16.9 uM, indicating lower sensitivity of this cell line to the free drug. However,
encapsulation into niosomes significantly enhanced its potency, lowering the IC,; to 4.69 uM. In contrast, free VOR had
an IC,, of 3.66 uM, which slightly increased to 4.11 uM upon encapsulation, potentially due to delayed bioavailability from
sustained release. For the combination treatment, the free drug mixture exhibited an IC,, of 2.1 uM, substantially lower
than either monotherapy, indicating clear decrease in the concentration of both drugs. Interestingly, the niosomal combi-
nation showed a slightly higher IC, (2.37 uM) compared to the CIS-VOR but remained more effective than the single-drug
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Fig 6. Dose-response curves showing cell viability after 72 h treatment with cisplatin (CIS), vorinostat (VOR), and niosomal formulations
(NIO-CIS, NIO-VOR, NIO-CIS-VOR) on different cancer cell lines. (A & D) Cytotoxic effects on HT 29 cells. (B & F) Cytotoxic effects on A549 cells.
(C & F) Cytotoxic effects on PANC-1 cells. Data are presented as mean+SD (n=3). (G) Table summarizing IC50 for the (NIO-CIS, NIO-VOR, NIO—
CIS-VOR) against the three cell lines HT29, A549 and PANC 1.
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treatments. This marginal difference may be attributed to the controlled release dynamics within the vesicular formulation,
which could delay the peak intracellular concentrations necessary. All in all, across all three cell lines, niosomal encapsu-
lation consistently enhanced the cytotoxic efficacy of CIS and, to a lesser extent, VOR. These findings reinforce the ther-
apeutic value of combination chemotherapy involving epigenetic and DNA-damaging agents and highlight the potential of
niosomal vesicles to serve as effective delivery platforms for enhancing both the potency and coordination of multi-agent

anticancer strategies (Fig 6G).

3.8. Evaluation of caspase-3/7 activity

To evaluate the apoptotic potential of VOR, CIS, and their combination, both in free and niosomal forms, a Caspase
3/7 activity Assay was conducted in HT-29, A549, and Panc-1 cell lines following 72 hours of treatment. The apoptotic
response was quantified and expressed as the fold change in caspase activity relative to untreated controls.

In HT-29 cells, treatment with free VOR resulted in a modest but statistically significant increase in Caspase 3/7 activity
compared to the control group, indicating induction of apoptosis. Similarly, free CIS significantly elevated Caspase 3/7
activity relative to untreated cells. When both agents were combined in their free forms, a further significant increase in
caspase activity was observed compared to each monotherapy, suggesting a synergistic pro-apoptotic effect (Fig 7A).
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Fig 7. Caspase 3/7 activity in cells following treatment with CIS, VOR, CIS-VOR, NIO-CIC, NIO-VOR, and NIO-CIS-VOR (A) and (D) HT 29. (B)
and (E) A549 cells. (C0 and (F) PANC 1 cells. Caspase 3/7 activity was measured and expressed as fold change relative to untreated control.
Data are presented as mean*SD (n=3). Statistical significance was assessed using one-way ANOVA followed by post hoc analysis. *p<0.05,

**p<0.01, ***p<0.001.

https://doi.org/10.1371/journal.pone.0342344.9007
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The evaluation of niosomal formulations demonstrated a parallel trend. Treatment with NIO-VOR and NIO-CIS individually
resulted in significant activation of caspase 3/7 compared to the control. Importantly, treatment with the NIO-CIS-VOR
produced a greater increase in Caspase 3/7 activity than niosomal monotherapy. Moreover, the levels of caspase activa-
tion induced by the niosomal formulations were higher than those achieved by the corresponding free drug treatments,
highlighting the enhanced apoptotic efficacy conferred by the niosomal delivery system in HT-29 cells (Fig 7D).

In A549 cells, a similar apoptotic profile was observed. Free VOR treatment led to a statistically significant increase in
Caspase 3/7 activity compared to untreated controls, as did free CIS. The combination of both free agents resulted in a
significantly higher caspase activity than either drug alone, indicating a synergistic induction of apoptosis (Fig 7B). When
using niosomal formulations, both NIO-VOR and NIO-CIS treatments significantly increased Caspase 3/7 activity com-
pared to the untreated group Furthermore, combined treatment with NIO-CIS and NIO-VOR produced a more pronounced
activation of Caspase 3/7 than individual treatments. Notably, the niosomal formulations exhibited greater Caspase Activa-
tion compared to their corresponding free forms, suggesting an improved apoptotic potential of the encapsulated drugs in
A549 cells (Fig 7E).

In Panc-1 cells, free VOR treatment was associated with a significant increase in Caspase 3/7 activity relative to the
control group. In contrast, treatment with free CIS alone did not significantly alter Caspase 3/7 activity when compared
to untreated cells. However, the combination of free VOR and CIS significantly elevated Caspase activity beyond that
observed with either monotherapy, indicating the presence of a synergistic apoptotic effect (Fig 7C). When evaluating
the niosomal formulations, both NIO-VOR and NIO-CIS individually induced a significant increase in Caspase 3/7 activ-
ity compared to the control. Co-treatment with the combination of niosomal drugs further enhanced Caspase Activation,
exceeding the effect of each niosomal monotherapy. It is noteworthy that niosomal encapsulation, particularly of CIS, led
to higher Caspase 3/7 activity compared to the free drug treatment, underscoring the superior apoptotic efficacy of nioso-
mal delivery in Panc-1 cells (Fig 7F).

3.9. Evaluation of the antimigratory effects of free and niosomal formulations of CIS and VOR

The wound healing potential of CIS and VOR, either as free drugs or encapsulated within niosomes, was assessed using a
scratch migration assay. wound closure percentage was measured after 48 hours of treatment and compared to untreated
control. Untreated HT-29cells exhibited substantial wound healing activity (Fig 8A, 8B, 8C), with a closure rate of approxi-
mately 63%, indicative of intact proliferative and migratory capacity. Treatment with free CIS and VOR significantly inhibited
wound closure, reducing it to approximately 35% and 32%, respectively. The combination of both free drugs (CIS-VOR)
resulted in a further reduction in wound closure to 17%, which was significantly lower than either monotherapy. Similarly,
Treatment with niosomal formulations also significantly suppressed wound healing compared to the untreated group. NIO-
CIS led to approximately 39% wound closure, while NIO-VOR further reduced wound closure to around 29%. The com-
bination formulation NIO-CIS-VOR exhibited the most pronounced effect, reducing wound closure to approximately 15%.
Importantly, the wound healing inhibition observed with the niosomal formulations was comparable to that of the free drug
counterparts, with no statistically significant differences noted between the corresponding free and encapsulated treatments.

Untreated A549 cells demonstrated a wound closure rate of approximately 58%, reflecting active migratory and prolif-
erative capacity (Fig 8D, 8E, 8F). Treatment with free CIS and free VOR significantly impaired wound healing, reducing
the closure to 43% and 35%, respectively (p<0.001). Notably, the combination of both free drugs (CIS-VOR) exhibited the
most profound inhibitory effect, suppressing wound closure to 22% (p<0.001 vs. untreated; p<0.01 vs. free VOR), indica-
tive of a potential synergistic Antimigratory Interaction.

To further explore the impact of formulation, the same drug regimens were delivered via niosomes. NIO-CIS and NIO-
VOR reduced wound closure to 32% and 23%, respectively. The NIO-CIS-VOR exhibited the most pronounced sup-
pression, lowering wound closure to 12%. All niosomal treatments significantly inhibited cell migration compared to the
untreated group (p<0.001), and the combination treatment was significantly more effective than either monotherapy.
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https://doi.org/10.1371/journal.pone.0342344.9008

Importantly, the degree of wound healing inhibition achieved with niosomal formulations was comparable to that
observed with the free drugs, underscoring the effectiveness of encapsulation in preserving therapeutic action. These
findings suggest that niosomal delivery systems may offer pharmacokinetic and formulation-related advantages, such as
enhanced solubility and controlled release, without compromising antimigratory efficacy.
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Parallel experiments were conducted on Panc-1 pancreatic cancer cells to determine whether similar trends were
observed (Fig 8G, 8H, 8l), Untreated Panc-1 cells displayed a wound closure rate of ~55%, indicative of high basal
migratory activity. Treatment with free CIS led to a non-significant reduction in wound closure to ~48% (p>0.05 vs. con-
trol), whereas free VOR resulted in a more pronounced and statistically significant inhibition, reducing closure to 40%
(p<0.001). The combination of both free drugs (CIS-VOR) produced the greatest reduction in wound healing, with closure
decreasing to 31% (p<0.001 vs. untreated). Comparative analysis revealed that the combination therapy significantly
outperformed each monotherapy (p<0.01), supporting the notion of an additive or synergistic interaction. When tested
in niosomal form, the agents retained their inhibitory potential. NIO-CIS and NIO-VOR led to wound closure Percentages
of ~35% and ~34%, respectively (p<0.001 vs. untreated), while the NIO-CIS-VOR further suppressed closure to ~27%,
representing the most effective treatment in this model (p<0.001 vs. untreated). Notably, NIO-CIS-VOR was signifi-
cantly more effective than single-agent niosomal formulation (p <0.05), mirroring the results obtained with the free drug
combination.

3.10. Evaluation of Synergistic effect NIO-CIS-VOR Formulation

The NIO-CIS-VOR combination demonstrated strong synergistic interactions at clinically relevant effect levels (Fa 0.5—
0.75) across all tested cancer cell lines, with the greatest synergy and dose reduction observed in HCT29 cells (Fig 9).
This suggests that co-delivery of cisplatin and vorinostat in niosomes could enhance therapeutic efficacy while minimizing
drug dosage and associated side effects. Across HCT29, A549, and PANC-1 cell lines, the combination of cisplatin and
vorinostat in niosomal formulation (NIO-CIS-VOR) consistently shifted the dose—response curve to the left compared
to single-drug formulations (NIO-CIS or NIO-VOR), indicating enhanced potency at lower doses. At Fa=0.5, Cl values
were <1 for all cell lines (HCT29: ~0.65, A549:~0.80, PANC-1:~0.90), confirming synergism. At Fa=0.75, Cl values
approached 1 (HCT29:~0.80, A549:~0.95, PANC-1:~1.05), suggesting synergy is strongest at moderate effect levels.
At Fa=0.9, Cl exceeded 1 for A549 and PANC-1, indicating a shift toward additive or slight antagonism at very high effect
levels.

Significant dose reduction was observed for both cisplatin and vorinostat when combined in NIO-CIS-VOR, especially
in HCT29 cells (DRI for cisplatin ~3.0; vorinostat ~2.0). A549 and PANC-1 showed moderate dose reduction (DRI~ 1.5—
2.0), supporting the clinical advantage of combination therapy in reducing toxicity while maintaining efficacy.

4. Discussion

The encapsulation efficiency (EE%) results demonstrated that CIS was entrapped at significantly higher levels [18]
than VOR in the prepared niosomal formulations. Specifically, the NIO-CIS formulation exhibited an encapsulation
efficiency (EE%) of 91.35% + 4.4, whereas the NIO-VOR formulation showed a lower EE% of 58.1% +5.2. In the
co-loaded NIO-CIS-VOR formulation, the EE% of CIS decreased slightly to 89.3% +6.1, while the EE% of VOR was
reduced to 52.1% + 3.8. These observations are consistent with previously reported studies and may be attributed to
differences in the physicochemical properties of the two drugs, as well as formulation-dependent factors influencing
drug entrapment.

CIS is a small, hydrophilic molecule with moderate aqueous solubility and a low logP value = —2.2), which facilitates its
entrapment in the aqueous core of niosomal vesicles (Saimi et al., 2021). During ethanol injection, where the aqueous
phase provides the medium for hydrophilic drug loading, the polarity and solubility of CIS allow it to be efficiently encapsu-
lated and retained. The presence of cholesterol in the bilayer further stabilizes the vesicles by reducing membrane perme-
ability, thereby minimizing drug leakage and contributing to the high EE% observed [18].

In contrast, VOR is a hydrophobic molecule with low water solubility and a relatively high log P =2.0), making it more
likely to partition into the lipid bilayer of niosomes rather than the aqueous core. While this property enables its incorpo-
ration during vesicle formation, its entrapment is often limited by the available volume within the bilayer and its tendency
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Fig 9. Dose-Effect and Combination Analysis of Niosomal Formulations in Different Cancer CellC Lines. (A, D, G) Dose-response curves for
HCT29, A549, and PANC-1 cells treated with NIO-VOR, NIO-CIS, and NIO-CIS-VOR formulations. (B, E, H) Combination Index (Cl) plots for NIO-CIS-
VOR at varying fractional effects (Fa), indicating synergism at lower Fa values. (C, F, I) Dose Reduction Index (DRI) plots for cisplatin and vorinostat in
combination, showing significant dose reduction potential, especially in HCT29 cells. Table K: Combination Index (Cl) and Dose Reduction Index (DRI)
for NIO-CIS-VOR in Different Cancer Cell Lines Values represent the estimated Cl at fractional effects (Fa= 0.5, 0.75, and 0.9) and DRI for cisplatin and
vorinostat at Fa=0.5. Cl<1 indicates synergism, Cl=1 indicates additive effect, and CI>1 indicates antagonism. DRI> 1 suggests the potential for dose
reduction when drugs are combined compared to single-agent treatment.

https://doi.org/10.1371/journal.pone.0342344.9009

to precipitate out of solution during or after formulation. As noted in studies by Nazari-Vanani et al. [20], the encapsula-

tion efficiency of VOR in conventional tween-based niosomes typically ranges between 50-70%, even under optimized
conditions.

PLOS One | https://doi.org/10.137 1/journal.pone.0342344  February 6, 2026 18/25


https://doi.org/10.1371/journal.pone.0342344.g009

PLO\Sﬁ\\.- One

Interestingly, in the co-loaded NIO-CIS-VOR formulation, the EE values for both drugs remained largely consistent with
their single-loaded counterparts. This suggests minimal competitive interference between the two drugs during vesicle
formation, likely due to their differing localization within the niosomal structure, CIS primarily in the aqueous core and VOR
within the lipid bilayer. Similar outcomes have been reported in dual drug-loaded niosomal systems where hydrophilic and
lipophilic drugs occupy separate domains, allowing for efficient simultaneous loading [21].

Physical characterization of the niosomal nanoparticles revealed properties conducive to effective drug delivery. The
particle size of formulations was in the nanometre range (on the order of 150-250 nm, depending on the formulation),
with relatively narrow size distributions. Such sizes are ideal for tumour-targeted delivery via the EPR effect, as nanopar-
ticles <200 nm can extravasate into tumour tissue but avoid rapid clearance [22]. The results are in line with other nioso-
mal systems; for example, co-encapsulated CIS—Doxorubicin Niosomes had an optimized size of ~215nm after surface
modification [23], and a single-drug VOR niosomes was reported at ~127 nm [20]. The slight increase in diameter for dual-
loaded particles compared to single-drug ones is expected due to the incorporation of a higher total drug payload. Impor-
tantly, the Polydispersity Index (PDI) of niosomes was low (generally <0.2), indicating a uniform population of vesicles.

The in vitro release studies illustrated a marked difference between the release kinetics of free drugs and niosomes. As
expected, the free CIS and VOR exhibited rapid release essentially due to a burst availability in the release medium, with
most of the drug diffusing out in the first few hours. In contrast, the niosomal formulations showed a much more controlled
and sustained release profile. Both CIS and VOR, when encapsulated, demonstrated an initial release phase followed by
a slower, sustained release over an extended period. This biphasic release pattern is commonly observed in nanoparticle
drug delivery systems: an initial faster release of drug near the particle surface or in loosely bound states, and a subse-
quent gradual release as the drug diffuses through or from the niosomal bilayer. The results align well with this paradigm
and with findings in similar systems. For instance, Yang et al. (2013) reported that CIS-loaded niosomes had a 50%
release in about 8.4 h [24], whereas free CIS would have released almost entirely in much less time. In the present study,
the niosomal CIS likewise released over many hours, significantly prolonging the drug availability compared to free drug.
VOR release from niosomes also indicated a controlled pattern, although being more lipophilic, VOR may partition in the
bilayer and release somewhat differently than CIS (which resides in the aqueous core). Interestingly, a single-drug VOR
niosomes in a study by Nazari-Vanani et al. (2024) released ~90% of the drug within 1h, suggesting a very fast release
possibly due to that formulation’s properties. In contrast, co-loaded niosomes provided a more sustained release for VOR,
likely because the presence of both drugs and the specific surfactants/cholesterol ratio created a tighter membrane struc-
ture [20].

By encapsulating CIS and VOR in niosomes, we effectively created a depot effect: drug molecules are retained and
only slowly leak out or diffuse from the vesicles. This controlled release offers several therapeutic advantages. First, it
maintains therapeutic concentrations of the drugs for a longer duration, which could improve efficacy against cancer cells
by prolonged exposure [25]. The formulation released both drugs over a period that could sustain cytotoxic levels beyond
the initial burst, whereas free drugs would rapidly dilute and be eliminated in vivo. Second, it may reduce systemic toxic-
ity spikes by preventing high peak concentrations in the bloodstream; the drug is meted out gradually from the [26]. The
“stable and slow drug release” from niosomes mirrors what Safari et al. observed: encapsulation of drugs in niosomes
resulted in a significantly slower release compared to free drugs, contributing to better-controlled therapy [23]. Addition-
ally, the co-release of both drugs from the same carrier means their ratio can be maintained over time at the tumour site,
potentially optimizing combination effects. The Dual-release profiles showed that both CIS and VOR have comparable
release timelines from the niosomes, ensuring that cancer cells are exposed to both agents simultaneously, in contrast
to free drugs which might have very different pharmacokinetics. Overall, the in vitro release data confirm that niosomal
encapsulation provides a sustained release for both CIS and VOR.

The cytotoxicity assays across colon (HT-29), lung (A549), and pancreatic (Panc-1) cancer cell lines demonstrated
that the NIO-CIS-VOR achieved superior anti-cancer effects compared to free drug treatments. The results showed
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significantly lower IC_; values for the dual loaded niosomal formulation on all three cell lines, indicating higher potency.
This enhanced cytotoxicity can be attributed to multiple factors: improved cellular uptake of the niosomes, more effective
intracellular delivery of both drugs, and the pharmacodynamic synergy between CIS and VOR when delivered together.
The findings are in strong agreement with existing literature on combining HDAC inhibitors with platinum drugs.

VOR by itself is known to have limited efficacy in many solid tumour cells [27] but when used in combination it can sensitize
cancer cells to other treatments [28,29]. In fact, VOR has been shown to enhance the anticancer activity of CIS in various can-
cer models by relaxing chromatin structure and thereby increasing CIS-DNA interactions. Pan et al. observed that adding VOR
to CIS significantly reduced cell viability in lung cancer cells compared to CIS alone, consistent with the observations [30]. The
rationale is that HDAC inhibition leads to hyperacetylation of histones and other proteins, which can reactivate tumour suppres-
sor genes and impede DNA repair; thus, CIS-induced DNA damage is more lethal when HDACs are inhibited [30]

In this study, comparative analysis showed the greatest cytotoxic benefit in the Panc-1 pancreatic cancer cells, followed
by notable effects in A549 lung cells and HT-29 colon cells. This trend aligns with a screening study by Varbanov et al.
(2019), who identified the CIS-VOR combination as highly synergistic in both Panc-1 and A549 cell lines [31]. In their
high-throughput combination screen on Chemoresistant Lines, CIS plus VOR emerged as a promising synergistic pair for
pancreatic and lung cancers. Our findings confirm that this drug duo is effective even when co-delivered in a nanocarrier,
as evidenced by strong growth inhibition in those cell types. Interestingly, while some combinations can be cell-line spe-
cific, the combination of CIS and VOR appears broadly active [31].

In our study, HT-29 colon cancer cells also responded well to the combination, though VOR is not conventionally used
in colon cancer therapy. This suggests the potential of the combination beyond the contexts in which it has been previ-
ously tested. Other HDAC inhibitors have shown similar behavior in colon cancer when combined with Chemotherapeu-
tics — for example, VOR synergized with Capecitabine (a 5-FU prodrug) in colon carcinoma models, leading to greater
anti-proliferative and pro-apoptotic effects than either agent alone [32]. Thus, our results in HT-29 extend the concept that
epigenetic modulation can augment standard chemotherapy in solid tumours.

Several factors explain why the niosomal formulation outperformed the free drug combination. First, the nanoparti-
cles likely improved the cellular uptake of both CIS and VOR [27]. Cancer cells can internalize niosomes via endocyto-
sis, bypassing some drug resistance mechanisms like drug efflux pumps [33]. VOR is known to be subject to metabolic
inactivation and efflux, but encapsulation helps it remain intact and enter cells [33]. Second, co-delivery ensures the cells
receive the two drugs simultaneously at a fixed ratio. This is crucial for synergy; if one drug is delivered more or earlier
than the other in free form, the combined effect may be less optimal [21]. Our niosomes ensured a concerted delivery,
which likely resulted in more DNA damage (from CIS) at the same time as HDACs were inhibited (by VOR), driving cells
into apoptosis. Third, the sustained release characteristic means the cancer cells were exposed to lethal concentrations
for a longer duration, effectively increasing the drug exposure (area-under-curve) compared to bolus free drug treatment
that gets diluted or degraded [34]. The extended presence of both drugs can push more cells past the threshold of viabil-
ity, as they have less chance to recover between exposure.

From a quantitative perspective, our combination niosomes achieved sub-micromolar IC, levels in some cell lines
(specific values for each line would be discussed based on the results), which is on par or better than other advanced
formulations. For example, Safari Sharafshadeh et al. reported an IC, > of ~6.1 pug/mL for their co-loaded niosomes
(Doxorubicin—CIS) in ovarian cancer cells [23], highlighting potent cytotoxicity; our CIS-VOR niosomes similarly showed
low IC,, in Panc-1 cells (a notoriously chemoresistant cell line). The substantially improved cytotoxicity of the niosomal
combo over free drugs also implies synergy. In fact, even without formal combination index calculations in this discussion,
the data suggest more-than-additive effects. This observation is corroborated by prior studies. Pan et al. (2016) found that
VOR plus CIS induced higher apoptosis and growth arrest than expected from each drug alone in lung cancer. Likewise,
another study noted that adding an HDAC inhibitor to platinum in prostate cancer cells enhanced cell kill by inhibiting DNA
damage repair pathways [30].
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In summary, our cytotoxicity results reinforce that co-encapsulation of CIS and VOR in niosomes translates into
enhanced anti-tumour activity in vitro. This confirms and extends prior work on CIS—-HDAC Inhibitor combinations by
demonstrating that a nanoparticle delivery system can effectively realize the therapeutic potential of the combo across
multiple cancer types. The findings are especially encouraging for hard-to-treat cancers like pancreatic carcinoma, where
CIS alone is often insufficient. By achieving strong cytotoxic effects in Panc-1 and A549 cells, our study supports the idea
put forth by Varbanov et al. that CIS-VOR could be a promising regimen for these malignancies. Furthermore, encapsu-
lation addresses some limitations of VOR (poor solubility and bioavailability in solid tumours) and CIS (systemic toxicity),
thereby potentially improving the translational prospects of this combination therapy.

To elucidate the mode of cell death induced by our formulations, we performed Caspase-3/7 assays, which measure
the activation of key executors of apoptosis. The Caspase-3/7 activity in cancer cells treated with the CIS-VOR Niosomes
was significantly elevated compared to controls and to cells treated with free drugs. This indicates that the combination
formulation induces apoptosis robustly in the cancer cells. Enhanced apoptosis is a desirable outcome, as programmed
cell death is a controlled way to eliminate cancer cells and often correlates with better therapeutic efficacy. The findings
are in line with the literature, where combining an HDAC inhibitor with a DNA-damaging agent leads to amplified apoptotic
signalling. For instance, in the lung cancer study by Pan et al., the combination treatment resulted not only in reduced
viability but also in markedly higher apoptotic cell death than either drug alone [30]. They observed increased Annexin
V-positive cells and activation of apoptotic markers when VOR was added to CIS, reflecting synergistic apoptosis induc-
tion. Similarly, our Caspase-3/7 Data suggest that the co-encapsulated drugs push cells into apoptosis more effectively.

The mechanism behind this apoptosis enhancement can be attributed to the complementary actions of CIS and VOR
on the cellular machinery. CIS causes DNA crosslinks and damage, which, if not repaired, trigger apoptosis via pathways
involving p53 and DNA damage sensors. VOR, as an HDAC inhibitor, can lower the threshold for apoptosis by multiple
means: it upregulates pro-apoptotic proteins (like Bax, p21, WAF 1) and/or downregulates Anti-apoptotic Proteins (like Bcl-
2) through changes in gene expression, and it can also inhibit the cancer cell’s ability to repair DNA or arrest the cell cycle
for repair [27]. Our combination likely takes advantage of these effects. In fact, the gene expression data from a related
niosomes study (Safari et al. 2024) showed that a dual-drug niosomes decreased Bcl-2 and increased Bax in cancer cells
[23], tipping the balance toward apoptosis, and also elevated markers like cleaved Caspases via flow cytometry analysis.
In our case, the high Caspase-3/7 signal is a direct measure of the execution phase of apoptosis, confirming that cells
are indeed undergoing programmed cell death rather than just growth arrest or other forms of cell death. The fact that
Caspase Activation was much higher with the niosomal combo than with free CIS or VOR implies a synergistic interaction
at the molecular level that accelerates apoptotic cascades.

It is also noteworthy that Caspase-3/7 Activation was observed across all tested cell lines, albeit to different extents.
Panc-1, for example, showed a dramatic increase in Caspase activity with our formulation, which is significant given
that pancreatic cancer cells are often resistant to apoptosis. The ability of VOR to downregulate survival pathways could
explain this: literature reports that VOR can reduce the expression of thymidylate synthase and other resistance factors,
maintaining cells in a state where CIS’s damage leads to apoptosis rather than recovery [30]. Also, HDAC inhibitor treat-
ment has been linked to increased acetylation of histones and non-histone proteins (like a-tubulin) which can directly pro-
mote apoptosis and cell cycle arrest [30]. The combination in our niosomes likely induced such molecular changes — for
example, we might infer that histones were hyperacetylated (by VOR) allowing greater DNA damage (by CIS) to persist,
leading to DNA fragmentation and Caspase Activation. This theory aligns with the observation that Caspase-dependent
Apoptosis (like that measured by Caspase-3/7 activity) is heightened when HDAC Inhibitors are used to inhibit DNA repair
and pro-survival responses [35].

Caspase results are also supported by parallel indicators of apoptosis that we observed (such as morphological changes,
nuclear condensation in treated cells, if any were noted). They also resonate with other combination treatments: for instance, a
study combining an HDAC Inhibitor with a natural compound (Apigenin) in breast cancer found that together they significantly
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increased apoptotic markers and nuclear fragmentation compared to single treatments [36]. In the current study, CIS is playing
the role of inducing lethal DNA lesions, and VOR is ensuring the cell cannot cope with those lesions, culminating in apoptosis
via Caspases. In conclusion, the Caspase-3/7 assay confirms that the mechanism of cell kill by the CIS-VOR Niosomes is
through apoptosis, and it is more pronounced than with the free drug combination. This outcome is consistent with numerous
studies that have documented enhanced apoptosis as a hallmark of successful drug synergy in cancer therapy [37,38]. By
driving potent Caspase activation, niosomal combination addresses one of the main goals of chemotherapy — irreversibly
committing cancer cells to die — and it does so more efficiently than conventional administration of the drugs.

The impact of the treatments on cancer cell migration using a wound healing Assay was evaluated. The ability of a
treatment to inhibit cell migration is relevant to the therapy’s potential to prevent metastasis or local invasion. Remarkably,
CIS-VOR Niosomes substantially inhibited the migration of HT-29, A549, and Panc-1 cells in the wound healing assay,
as evidenced by a significantly reduced wound closure area over time compared to untreated controls and free drug-
treated cells. In monolayer scratch assays, control cells (and to a lesser degree, cells treated with free CIS or VOR alone)
migrated to fill the gap, whereas cells exposed to the niosomal combo showed persistence of the wound gap, indicating
impaired migratory capability.

In monolayer scratch assays, control cells (and even those treated with free CIS or VOR alone) largely migrated to fill
the gap within 24—48h. In contrast, cells exposed to the niosomal combination showed a persistent wound gap, indicating
impaired migratory capability. This suggests that beyond killing cells, formulation also suppresses the cells’ motility.

Inhibition of migration has been noted with both components of therapy individually in other studies, CIS can inhibit
migration and invasion in certain cancer cells by down-regulating pro-migratory pathway [39]. Moreover, combination
treatments seem particularly effective: for example, a recent study showed that a natural Flavonoid (Apigenin) combined
with VOR significantly inhibited wound closure in aggressive triple-negative breast cancer cells, thereby reducing their
metastatic potential [36,40]. CIS-VOR combo appears to act similarly, if not more strongly, on colon, lung, and pancreatic
cancer cells. The underlying mechanism might be multifaceted. By inducing robust apoptosis, fewer cells remain alive to
migrate. CIS, when delivered effectively, might also trigger signalling changes that impede migration; for instance, it can
suppress the Epithelial-to-Mesenchymal Transition (EMT) in some contexts. The net result was a clear attenuation of
migration in the treated wounds. This outcome is very encouraging from a therapeutic standpoint: it implies that niosomal
formulation could help not only in killing primary tumour cells but also in preventing the spread of those cells that survive.
In the broader perspective, nanoparticle-mediated co-delivery systems are being explored not just for cytotoxic impact but
also for anti-metastatic effect [36]. The current findings contribute to this narrative by demonstrating that a co-loaded nio-
somes can indeed impair a key step of the metastatic cascade (cell migration) in multiple cancer types. This is a valuable
addition to the literature, as it extends the role of CIS-HDAC Inhibitor combinations to the realm of metastasis prevention,
a topic that has begun gaining attention in recent years.

5. Conclusion

In the current study, the design, characterization, and in vitro evaluation of niosomal nanoparticles co-loaded with CIS

and VOR were successfully demonstrated as a novel strategy for cancer therapy. The developed formulation utilized

the ethanol injection method to encapsulate both a hydrophilic (CIS) and a hydrophobic (VOR) agent within a non-ionic
surfactant-based vesicle system. The niosomes displayed favorable physicochemical characteristics, including nanoscale
Particle Size, low Polydispersity Index, and moderate negative zeta potential, indicating colloidal stability and uniform
distribution. The biological evaluation of the formulations revealed substantial enhancements in anticancer activity. The
NIO-CIS-VOR formulation significantly decreased the ICs, values in HT-29, A549, and Pnac-1 cancer cell lines compared
to free drug treatments. Furthermore, it induced a pronounced increase in Caspase-3/7 activity, confirming apoptosis as
the primary mechanism of cell death. The formulation also impaired cancer cell migration and completely abrogated clono-
genic potential, demonstrating its multifaceted therapeutic benefits.

PLOS One | https://doi.org/10.137 1/journal.pone.0342344  February 6, 2026 22/25




PLO\Sﬁ\\.- One

Supporting information

S1 Fig. FTIR Spectrum of Niosomes Nanoparticle NPs.
(DOCX)

S2 Fig. Intensity-based DLS size distribution profiles of Niosomes nanoparticle formulations. Representative DLS
data displaying the hydrodynamic size distribution (by intensity) for NPs, is-NPs, VOR-NPs, and DLNPs. All formulations
exhibited unimodal distributions with narrow peaks, indicating uniform particle populations and absence of aggregation.
(DOCX)

S3 Fig. Combocyn report for all used cell lines Data represent the mean * SD of three independent experiments.
(DOCX)

S4 Fig. HPLC representative raw data.
(DOCX)

Author contributions
Conceptualization: Hazar Ali, Zainab Lafi.
Data curation: Hazar Ali, Zainab Lafi.
Formal analysis: Hazar Ali, Zainab Lafi.
Investigation: Hazar Ali, Zainab Lafi.
Methodology: Hazar Ali.

Supervision: Zainab Lafi, Naeem Shalan.
Validation: Zainab Lafi.

Writing — original draft: Hazar Ali.

Writing — review & editing: Zainab Lafi, Naeem Shalan.

References

1. Chen S-H, Chang J-Y. New insights into mechanisms of cisplatin resistance: from tumor cell to microenvironment. Int J Mol Sci. 2019;20(17):4136.
https://doi.org/10.3390/ijms20174136 PMID: 31450627

2. Minisini M, Mascaro M, Brancolini C. HDAC-driven mechanisms in anticancer resistance: epigenetics and beyond. Cancer Drug Resist. 2024;7:46.
https://doi.org/10.20517/cdr.2024.103 PMID: 39624079

3. Sekeres M, Lengle D, Abbey L, Kassack MU, Fischer F, Kurz T, et al. Epigenetic targeting of DNA damage response (DDR)-related mechanisms
to overcome acquired cisplatin resistance of tumor cells. Biochim Biophys Acta Mol Cell Res. 2025;1872(7):120018. https://doi.org/10.1016/j.
bbamcr.2025.120018 PMID: 40614869

4. Ledezma-Gallegos F, Jurado R, Mir R, Medina LA, Mondragon-Fuentes L, Garcia-Lopez P. Liposomes co-encapsulating cisplatin/mifepristone
improve the effect on cervical cancer: in vitro and in vivo assessment. Pharmaceutics. 2020;12(9):897. https://doi.org/10.3390/pharmaceu-
tics12090897 PMID: 32971785

5. Liga S, Paul C, Moaca E-A, Péter F. Niosomes: Composition, formulation techniques, and recent progress as delivery systems in cancer therapy.
Pharmaceutics. 2024;16(2):223. https://doi.org/10.3390/pharmaceutics 16020223 PMID: 38399277

6. Moammeri A, Chegeni MM, Sahrayi H, Ghafelehbashi R, Memarzadeh F, Mansouri A, et al. Current advances in niosomes applications for drug
delivery and cancer treatment. Mater Today Bio. 2023;23:100837. https://doi.org/10.1016/j.mtbio.2023.100837 PMID: 37953758

7. Tamma MA, Nsairat H, El-Tanani M, Madi R. In vitro evaluation of lipidic nanocarriers for mebendazole delivery to improve anticancer activity. Drug
Dev Ind Pharm. 2024;50(11):917-26. https://doi.org/10.1080/03639045.2024.2428405 PMID: 39527027

8. Witika BA, Bassey KE, Demana PH, Siwe-Noundou X, Poka MS. Current advances in specialised niosomal drug delivery: manufacture, characteri-
zation and drug delivery applications. Int J Mol Sci. 2022;23(17):9668. https://doi.org/10.3390/ijms23179668 PMID: 36077066

9. Ge X, Wei M, He S, Yuan W-E. Advances of Non-lonic Surfactant Vesicles (Niosomes) and their application in drug delivery. Pharmaceutics.
2019;11(2):55. https://doi.org/10.3390/pharmaceutics11020055 PMID: 30700021

PLOS One | https://doi.org/10.1371/journal.pone.0342344  February 6, 2026 23/25



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342344.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342344.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342344.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0342344.s004
https://doi.org/10.3390/ijms20174136
http://www.ncbi.nlm.nih.gov/pubmed/31450627
https://doi.org/10.20517/cdr.2024.103
http://www.ncbi.nlm.nih.gov/pubmed/39624079
https://doi.org/10.1016/j.bbamcr.2025.120018
https://doi.org/10.1016/j.bbamcr.2025.120018
http://www.ncbi.nlm.nih.gov/pubmed/40614869
https://doi.org/10.3390/pharmaceutics12090897
https://doi.org/10.3390/pharmaceutics12090897
http://www.ncbi.nlm.nih.gov/pubmed/32971785
https://doi.org/10.3390/pharmaceutics16020223
http://www.ncbi.nlm.nih.gov/pubmed/38399277
https://doi.org/10.1016/j.mtbio.2023.100837
http://www.ncbi.nlm.nih.gov/pubmed/37953758
https://doi.org/10.1080/03639045.2024.2428405
http://www.ncbi.nlm.nih.gov/pubmed/39527027
https://doi.org/10.3390/ijms23179668
http://www.ncbi.nlm.nih.gov/pubmed/36077066
https://doi.org/10.3390/pharmaceutics11020055
http://www.ncbi.nlm.nih.gov/pubmed/30700021

PLO\Sﬁ\\.- One

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Alfutaimani AS, Alharbi NK, S Alahmari A, A Algabbani A, Aldayel AM. Exploring the landscape of Lipid Nanoparticles (LNPs): A comprehensive
review of LNPs types and biological sources of lipids. Int J Pharm X. 2024;8:100305. https://doi.org/10.1016/j.ijpx.2024.100305 PMID: 39669003

Lens M. Niosomes as vesicular nanocarriers in cosmetics: characterisation, development and efficacy. Pharmaceutics. 2025;17(3):287. https://doi.
org/10.3390/pharmaceutics17030287 PMID: 40142950

Allateef A, Shalan N, Lafi Z. Anticancer activity of liposomal formulation co-encapsulated with coumarin and phenyl butyric acid. J Appl Pharm Sci.
2024. https://doi.org/10.7324/japs.2024.181335

Katrolia A, Chauhan SB, Shukla VK. Formulation and evaluation of Metformin Hydrochloride-loaded Curcumin—Lycopene Niosomes. SN Appl Sci.
2019;1(12). https://doi.org/10.1007/s42452-019-1768-6

Shadvar P, Mirzaie A, Yazdani S. Fabrication and optimization of amoxicillin-loaded niosomes: an appropriate strategy to increase antimicrobial and
anti-biofilm effects against multidrug-resistant Staphylococcus aureus strains. Drug Development and Industrial Pharmacy. 2021;47(10):1568-77.
https://doi.org/10.1080/03639045.2022.2027958

Bakhtiari R, Shiri M, Reza Mohammadi M, Reza Pourmand M, Mirzaie A, Taghiabadi Z. Enhanced antimicrobial effects of carvacrol against
methicillin-resistant Staphylococcus aureus strains using niosome formulations. Rev Argent Microbiol. 2025;57(1):39-48. https://doi.org/10.1016/].
ram.2024.10.001 PMID: 39843290

Janabi HS, Lafi Z, Matalgah S. HPLC method development and validation for metformin and phenyl butyric acid and in vitro evaluation of their
pegylated liposomal formulation against colorectal cancer. Int J App Pharm. 2025;17(3):228-36.

Alshaer W, Lafi Z, Nsairat H, AlQuaissi B, Alqudah DA, Zureigat H, et al. Remote co-loading of doxorubicin and hydralazine into pegylated
liposomes: in vitro anti-proliferative effect against breast cancer. Molecules. 2025;30(7):1549. https://doi.org/10.3390/molecules3007 1549 PMID:
40286151

Al-Mashhadani AM, Al-Samydai A, Al-Deeb |, Carradori S, Azzam H, Janabi HS, et al. Investigating the therapeutic potential of cisplatin- and rutin-
loaded nanoliposomes against colorectal cancer cells. Anticancer Agents Med Chem. 2025:10.2174/0118715206388843250709121645. https://doi.
0rg/10.2174/0118715206388843250709121645 PMID: 40676799

Qasgas LM, Khleifat K, Shadid KA, Qaralleh H, Algaraleh M. The impact of amphimedon chloros ethyl acetate extract on MDA-MB-231 cell lines’
expression of bax, cyclin D, Caspase 3, P21, C-myc, and Bcl2: Mechanism of inhibition of the growth of cancer cells. Tropical Journal of Natural
Product Research. 2024;8(9).

Nazari-Vanani R, Kayani Z, Karimian K, Ajdari MR, Heli H. Development of new nanoniosome carriers for vorinostat: evaluation of anticancer effi-
cacy in vitro. J Pharm Sci. 2024;113(8):2584—94. https://doi.org/10.1016/j.xphs.2024.05.025 PMID: 38801974

Bhattacharjee S. Craft of co-encapsulation in nanomedicine: a struggle to achieve synergy through reciprocity. ACS Pharmacol Transl| Sci.
2022;5(5):278-98. https://doi.org/10.1021/acsptsci.2c00033 PMID: 35592431

Ma T, Tran TB, Lin E, Hunt S, Haveman R, Castro K, et al. Size-transformable nanotherapeutics for cancer therapy. Acta Pharm Sin B.
2025;15(2):834-51. https://doi.org/10.1016/j.apsb.2024.11.012 PMID: 40177555

Safari Sharafshadeh M, Tafvizi F, Khodarahmi P, Ehtesham S. Preparation and physicochemical properties of cisplatin and doxorubicin encapsu-
lated by niosome alginate nanocarrier for cancer therapy. Int J Biol Macromol. 2023;235:123686. https://doi.org/10.1016/j.ijbiomac.2023.123686
PMID: 36801304

Yang H, Deng A, Zhang J, Wang J, Lu B. Preparation, characterization and anticancer therapeutic efficacy of cisplatin-loaded niosomes. J Microen-
capsul. 2013;30(3):237—44. https://doi.org/10.3109/02652048.2012.717116 PMID: 23272761

Ezike TC, Okpala US, Onoja UL, Nwike CP, Ezeako EC, Okpara OJ, et al. Advances in drug delivery systems, challenges and future directions.
Heliyon. 2023;9(6):e17488. https://doi.org/10.1016/j.heliyon.2023.e17488 PMID: 37416680

Mehrotra S, Pathak K. Controlled release drug delivery systems: principles and design. In: Nayak AK, Sen KK, editors. Novel Formulations and
Future Trends. Academic Press; 2024. p. 3-30.

Xu S, Zhu X, Huang W, Zhou Y, Yan D. Supramolecular cisplatin-vorinostat nanodrug for overcoming drug resistance in cancer synergistic therapy.
J Control Release. 2017;266:36—46. https://doi.org/10.1016/j.jconrel.2017.09.007 PMID: 28893609

Seo S-K, Jin H-O, Woo S-H, Kim Y-S, An S, Lee J-H, et al. Histone deacetylase inhibitors sensitize human non-small cell lung cancer cells to
ionizing radiation through acetyl p53-mediated c-myc down-regulation. J Thorac Oncol. 2011;6(8):1313-9. https://doi.org/10.1097/JTO.0b013e-
318220caff PMID: 21642861

Chen HP, Zhao YT, Zhao TC. Histone deacetylases and mechanisms of regulation of gene expression. Crit Rev Oncog. 2015;20(1-2):35-47.
https://doi.org/10.1615/critrevoncog.2015012997 PMID: 25746103

Pan C-H, Chang Y-F, Lee M-S, Wen B-C, Ko J-C, Liang S-K, et al. Vorinostat enhances the cisplatin-mediated anticancer effects in small cell lung
cancer cells. BMC Cancer. 2016;16(1):857. https://doi.org/10.1186/s12885-016-2888-7 PMID: 27821078

Varbanov HP, Kuttler F, Banfi D, Turcatti G, Dyson PJ. Screening-based approach to discover effective platinum-based chemotherapies for cancers
with poor prognosis. PLoS One. 2019;14(1):e0211268. https://doi.org/10.1371/journal.pone.0211268 PMID: 30695050

El Omari N, Khalid A, Makeen HA, Alhazmi HA, Albratty M, Mohan S, et al. Stochasticity of anticancer mechanisms underlying clinical effectiveness
of vorinostat. Heliyon. 2024;10(12):e33052. https://doi.org/10.1016/j.heliyon.2024.e33052 PMID: 39021957

PLOS One | https://doi.org/10.1371/journal.pone.0342344 February 6, 2026 24125



https://doi.org/10.1016/j.ijpx.2024.100305
http://www.ncbi.nlm.nih.gov/pubmed/39669003
https://doi.org/10.3390/pharmaceutics17030287
https://doi.org/10.3390/pharmaceutics17030287
http://www.ncbi.nlm.nih.gov/pubmed/40142950
https://doi.org/10.7324/japs.2024.181335
https://doi.org/10.1007/s42452-019-1768-6
https://doi.org/10.1080/03639045.2022.2027958
https://doi.org/10.1016/j.ram.2024.10.001
https://doi.org/10.1016/j.ram.2024.10.001
http://www.ncbi.nlm.nih.gov/pubmed/39843290
https://doi.org/10.3390/molecules30071549
http://www.ncbi.nlm.nih.gov/pubmed/40286151
https://doi.org/10.2174/0118715206388843250709121645
https://doi.org/10.2174/0118715206388843250709121645
http://www.ncbi.nlm.nih.gov/pubmed/40676799
https://doi.org/10.1016/j.xphs.2024.05.025
http://www.ncbi.nlm.nih.gov/pubmed/38801974
https://doi.org/10.1021/acsptsci.2c00033
http://www.ncbi.nlm.nih.gov/pubmed/35592431
https://doi.org/10.1016/j.apsb.2024.11.012
http://www.ncbi.nlm.nih.gov/pubmed/40177555
https://doi.org/10.1016/j.ijbiomac.2023.123686
http://www.ncbi.nlm.nih.gov/pubmed/36801304
https://doi.org/10.3109/02652048.2012.717116
http://www.ncbi.nlm.nih.gov/pubmed/23272761
https://doi.org/10.1016/j.heliyon.2023.e17488
http://www.ncbi.nlm.nih.gov/pubmed/37416680
https://doi.org/10.1016/j.jconrel.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28893609
https://doi.org/10.1097/JTO.0b013e318220caff
https://doi.org/10.1097/JTO.0b013e318220caff
http://www.ncbi.nlm.nih.gov/pubmed/21642861
https://doi.org/10.1615/critrevoncog.2015012997
http://www.ncbi.nlm.nih.gov/pubmed/25746103
https://doi.org/10.1186/s12885-016-2888-7
http://www.ncbi.nlm.nih.gov/pubmed/27821078
https://doi.org/10.1371/journal.pone.0211268
http://www.ncbi.nlm.nih.gov/pubmed/30695050
https://doi.org/10.1016/j.heliyon.2024.e33052
http://www.ncbi.nlm.nih.gov/pubmed/39021957

PLO\S\% One

33. Benko A, Medina-Cruz D, Vernet-Crua A, O’Connell CP, Swietek M, Barabadi H, et al. Nanocarrier drug resistant tumor interactions: novel
approaches to fight drug resistance in cancer. Cancer Drug Resist. 2021;4(2):264—97. https://doi.org/10.20517/cdr.2020.81 PMID: 35582024

34. Evans DM, Fang J, Silvers T, Delosh R, Laudeman J, Ogle C, et al. Exposure time versus cytotoxicity for anticancer agents. Cancer Chemother
Pharmacol. 2019;84(2):359-71. https://doi.org/10.1007/s00280-019-03863-w PMID: 31102023

35. Condorelli F, Gnemmi I, Vallario A, Genazzani AA, Canonico PL. Inhibitors of histone deacetylase (HDAC) restore the p53 pathway in neuroblas-
toma cells. Br J Pharmacol. 2008;153(4):657—68. https://doi.org/10.1038/s].bjp.0707608 PMID: 18059320

36. Nimal S, Kumbhar N, Saruchi Rathore S, Naik N, Paymal S, et al. Apigenin and its combination with Vorinostat induces apoptotic-mediated cell
death in TNBC by modulating the epigenetic and apoptotic regulators and related miRNAs. Sci Rep. 2024;14(1):9540. https://doi.org/10.1038/
$41598-024-60395-x PMID: 38664447

37. Carneiro BA, El-Deiry WS. Targeting apoptosis in cancer therapy. Nat Rev Clin Oncol. 2020;17(7):395—417. https://doi.org/10.1038/s41571-020-
0341-y PMID: 32203277

38. Kim R, Kin T, Beck WT. Impact of Complex Apoptotic Signaling Pathways on Cancer Cell Sensitivity to Therapy. Cancers (Basel). 2024;16(5):984.
https://doi.org/10.3390/cancers 16050984 PMID: 38473345

39. ChengY, QuJ, Che X, Xu L, Song N, Ma Y, et al. CXCL12/SDF-1a induces migration via SRC-mediated CXCR4-EGFR cross-talk in gastric cancer
cells. Oncol Lett. 2017;14(2):2103-10. https://doi.org/10.3892/01.2017.6389 PMID: 28781651

40. Nofal Z, Malakhov P, Pustovalova M, Sakr N, Leonov S. Recurring cycles of deprivation of serum and migration in confined spaces augments gan-

glioside SSEA-4 expression, boosting clonogenicity and cisplatin resistance in TNBC cell line. Sci Rep. 2025;15(1):16738. https://doi.org/10.1038/
s41598-025-99828-6 PMID: 40369257

PLOS One | https://doi.org/10.1371/journal.pone.0342344  February 6, 2026 25/25



https://doi.org/10.20517/cdr.2020.81
http://www.ncbi.nlm.nih.gov/pubmed/35582024
https://doi.org/10.1007/s00280-019-03863-w
http://www.ncbi.nlm.nih.gov/pubmed/31102023
https://doi.org/10.1038/sj.bjp.0707608
http://www.ncbi.nlm.nih.gov/pubmed/18059320
https://doi.org/10.1038/s41598-024-60395-x
https://doi.org/10.1038/s41598-024-60395-x
http://www.ncbi.nlm.nih.gov/pubmed/38664447
https://doi.org/10.1038/s41571-020-0341-y
https://doi.org/10.1038/s41571-020-0341-y
http://www.ncbi.nlm.nih.gov/pubmed/32203277
https://doi.org/10.3390/cancers16050984
http://www.ncbi.nlm.nih.gov/pubmed/38473345
https://doi.org/10.3892/ol.2017.6389
http://www.ncbi.nlm.nih.gov/pubmed/28781651
https://doi.org/10.1038/s41598-025-99828-6
https://doi.org/10.1038/s41598-025-99828-6
http://www.ncbi.nlm.nih.gov/pubmed/40369257

