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ABSTRACT

Doxorubicin (DOX) is one of the common anticancer agents used for treating various types of cancer. One
limitation of DOX is the development of cancer cell resistance and its wide range of toxicity. Niosomes are type
of nanoparticles that consist of non-surfactants and cholesterol in the form of a bilayer structure. The aim of the
present study was to develop and optimize DOX-loaded niosomes using microfluidic mixing through buffer
exchange strategy to overcome DOX limitations such as unwanted distribution and toxicity. Two niosome
formulations (F1 and F2) were prepared using T85 as a non-ionic surfactant. F1 was composed of TW85: CHOL
(40:60)/DOX, while F2 was composed of TW85: CHOL: DDAB (40:40:20)/DOX. F1 had an anionic surface
charge of around -13 mV, while F2 had a cationic charge of around +20 mV. DOX was successfully entrapped
in both formulations with entrapment efficiencies of approximately 11% for F1 and 79% for F2, respectively.
Loading DOX into F1 resulted in a significant reduction in the 1C50 value in both MCF7 and A549 cells.
However, loading DOX into F2 resulted in a higher 1C50 in both cell lines compared to the free DOX. In
conclusion, the optimized DOX niosomes formulation F1 improved the anticancer activity of DOX compared to
free DOX drug. These results demonstrate that optimized niosomes can be effective tools for delivering DOX to

target breast and lung cancer cells.
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INTRODUCTION

Cancer arises due to the irregular and uncontrolled
growth of abnormal cells, and these malignant cells have
the ability to spread in the affected organ and in other
parts of the body [1]. Cancer is a global health problem
and is considered the second leading cause of death in the
United States of America [2]. With around 10 million
new cases annually, the World Health Organization
estimates cancer-related deaths to reach around 13.1
million by 2030 [1]. Many strategies have been
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developed for cancer treatment, such as chemotherapy,
which utilizes various anti-cancer drugs including
Docetaxel, Bleomycin, Fludarabine, Hydroxyurea,
Cisplatin, and Doxorubicin (DOX).

Doxorubicin (DOX) has been used for a long time to
treat tumors [3]. It is effective against various types of
malignant solid eaneers and hematologic cancers [4]. Cell
death occurs due to the strong interaction of DOX with
cellular nuclei and its intercalation with DNA base pairs,
forming anthracycline-DNA  complexes [5]. This
interaction halts the transcription process and inhibits
RNA and DNA synthesis. DOX also inhibits the enzyme
topoisomerase 1l, which leads to DNA damage and
induces cell apoptosis through oxidative stress caused by
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free radicals [6].

Unwanted and harmful side effects of DOX include
cardiotoxicity, hepatotoxicity, myelosuppression,
vomiting, and diarrhea [7]. Additionally, chemotherapy
failures can occur due to the development of multidrug
resistance associated with DOX use. Consequently,
delivery systems have emerged to enhance DOX
effectiveness, overcome cancer cell resistance, and
improve targeted delivery to reduce side effects [8].

A drug delivery system is a technique used to deliver
drugs to specific cells and organs to achieve desired
therapeutic outcomes [9]. Nanoparticles (NPs) serve as
effective drug carriers due to their small size (1-1000
nm). NPs offer promising prospects in cancer treatment
by overcoming drug resistance, reducing toxicity, and
enhancing drug efficacy [10, 11]. Various types of NP
systems exist, including vesicle carriers like liposomes
and niosomes, and both types play crucial roles in drug
delivery [12, 13]. Niosomes, composed of non-ionic
surfactants and cholesterol in bilayer vesicles, can
encapsulate both lipophilic and hydrophilic drugs [14].
Compared to liposomes, niosomes are advantageous due
to their low production cost, high stability, ease of
manufacture, biodegradability, and non-immunogenicity
[15] [16].

Currently, several liposomal DOX formulations are
available under brand names such as Doxil®, CaelyxTM,
Myocet®, and Zolsketil® [17]. Despite their availability,
these formulations suffer from limitations related to the
physicochemical stability of liposomes, which are
influenced by the stability of their phospholipid
constituents. Phospholipids forming liposomes are prone
to degradation reactions such as oxidation and hydrolysis
necessitating special formulation and storage conditions
like preparation using lyophilization technique and
storage under low temperatures.[18, 19]. Moreover,
liposomal formulations are typically expensive due to the
high cost of phospholipids and the need for specialized
preparation techniques and storage [20].

Niosomes, similar to liposomes, are vesicular delivery
systems consisting of a membrane bilayer encapsulating
an aqueous core. However, niosomes are composed of
non-ionic surfactants known for their high stability and
low production cost [19].

Other types of nanocarriers have been employed for
DOX loading and delivery. Kayani et al. prepared B-
lactoglobulin NPs integrated with folic acid and loaded
with DOX to enhance DOX efficacy against breast cancer
cells. B-lactoglobulin NPs achieved a DOX encapsulation
efficiency (EE) of approximately 68.82% + 1.76% and
demonstrated significant inhibition of cancer cell growth
compared to free DOX [21]. In another study by Verma
et al.,, pegylated liposomal DOX formulations were
developed, resulting in improved efficacy and a
significantly reduced risk of cardiotoxicity compared to
free DOX, whether used alone or in combination with
trastuzumab [22, 23].

This study aims to explore the possibility of loading
DOX into niosome nanoparticles to develop cost-
effective and stable vesicular formulations of DOX.
Niosomes were prepared using microfluidic mixing for
DOX encapsulation, and the prepared niosomes were
evaluated for their physicochemical properties, DOX
encapsulation efficiency (EE%), and their cytotoxicity
against MCF7 breast cancer cell lines and A549 lung
cancer cell lines.

MATERIALS AND METHOD

Materials:
Polyoxyethylene  sorbitan  trioleate  (TWS85),
cholesterol (Chol), didodecyldimethylammonium

bromide (DDAB), ethanol, phosphate-buffered saline
(PBS) tablets (pH 7.4), and ammonium sulfate (pH 4.5)
were purchased from Sigma Aldrich, UK. DOX was
purchased from TCI Chemicals, Japan. Dulbecco's
Modified Eagle Medium (DMEM), fetal bovine serum
(FBS), and trypsin EDTA were purchased from Hiclon,
Europe.  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-

- 1007 -



Formulation, Characterization ...

tetrazolium bromide (MTT) powder was purchased from
TCI Chemicals, Japan. Dimethyl sulfoxide (DMSO) was
purchased from GHTECH, China. The lung cancer cell
line (A459) and breast cancer cell line (MCF7) were
obtained from the American Type Culture Collection
(ATCC) and gifted by Dr. Walhan Alshaer, University of
Jordan.

Preparation of blank niosome

Niosome formulations comprising of TW85 and
CHOL with or without DDAB were prepared using the
microfluidic mixing technique with a pH gradient to
enhance drug loading, as previously described in the
litrature [24]. F1 niosomes are composed of
TW85:CHOL in a 60:40 molar ratio and F2 niosomes are
composed of TW85:CHOL: DDAB in a 40:40:20 molar
ratio.

Each component of the niosomes was prepared
separately as a stock solution. These components were
then mixed together at the desired molar ratio to form the
lipid phase for the microfluidic system. The prepared
lipid phases were mixed with 250 mM ammonium sulfate
at pH 4.5 as the aqueous phase using microfluidic chips
with dual inlets obtained from Precision NanoSystems,
Canada. Both phases were mixed at a flow rate ratio
(FRR) of 3:1 (aqueous:lipid) and a total flow rate (TFR)
of 8 mL/min. These mixing parameters were achieved by
passing the two phases through the microfluidic chips
using non-peristaltic syringe pumps obtained from VWR,
USA.

Mixing of the two phases through the microfluidic
chip resulted in the self-assembly of the lipid components
into a bilayer structure with an aqueous core containing
250 mM ammonium sulfate at pH 4.5. To create
niosomes with a pH gradient, the prepared niosomes were
dialyzed against 10X volume of PBS at pH 7.4 using a
dialysis bag (molecular weight cut-off 14 kDa) to replace
the external ammonium sulfate with PBS. This process
resulted in niosomes with an acidic aqueous core and a
neutral external pH [25, 26].
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DOX loading into niosomes

For loading DOX into niosomes, a stock solution of
DOX was prepared and mixed with the two niosome
formulations (F1 and F2) to achieve a final DOX
concentration of 0.25 mg/mL, which is equivalent to 10%
of the total lipid concentration (2.5 mg/ml). The
formulations were then incubated in a water bath at 60°C
for one hour to facilitate the diffusion of the drug inside
the niosomes.

Niosomes charactarisation

The average particle size, polydispersity index (PDI),
and zeta potential (ZP) of niosomes with and without
DOX were measured using Zetasizer Nano ZSP system
(Malvern Instruments) at 24°C.

Niosomes morphology

Morphological examination of both blank niosome
formulations F1 and F2 was conducted using
transmission electron microscopy (TEM) with a JEOL
JEM-1200EX TEM (JEOL, Tokyo, Japan) operating at an
accelerating voltage of 80 kV. For sample preparation,
carbon-coated copper grids (400 mesh, Agar Scientific)
were glow discharged in air for 30 seconds. Three
microliters of samples were drop-cast onto the grids and
negatively stained using uranyl acetate. Subsequently, the
samples were allowed to dry in a dust-free environment
before TEM imaging.

Doxorubicin Encapsulation Efficiency (EE%0)

After incubating niosomes with DOX, unencapsulated
DOX was removed by dialysis against 10X volume of
PBS at room temperature under continuous stirring.
Niosomes were then lysed with an equal volume of
methanol to release the encapsulated DOX for
quantification.

The absorbance of DOX was measured using a
microplate reader at a wavelength of 480 nm. The
concentration of DOX was determined by constructing a
standard curve using known concentrations of DOX and
measuring their absorbance at 480 nm using PBS as a
blank.
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The encapsulation efficiency (EE%) of DOX was
calculated using the following equation:

EE % = Encapsulated DOX/Total DOX %100

Where total DOX is the total amount of DOX added
during niosome preparation and encapsulated DOX is the
amount of DOX that were encapsulated into niosomes.

Anticancer activity of DOX loaded niosomes

The anticancer activity of DOX-loaded niosomes was
evaluated on human breast cancer cell lines (MCF-7) and
human lung cancer cell lines (A549). The cancer cell
lines were seeded in 96-well plates at a concentration of
5000 cells/well in RPMI media supplemented with 10%
FBS and 1% Pen/Strep, and incubated at 37°C, 5% CO2,
and 100% humidity. F1 and F2 niosomes, both as blank
and DOX-loaded formulations, were applied to each cell
line, and the plates were further incubated at 37°C and
5% CO, for 24 hours.

Cytotoxicity was assessed using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay, which relies on the conversion of
MTT to formazan crystals by mitochondrial reductases in
viable cells [27]. This transformation results in a color
change that correlates with the percentage of living cells.
Twenty pL of MTT solution was added to each well of
the treatment plate, and the plates were returned to the
incubator for 4 hours at 37°C. Subsequently, the media
was carefully removed, and the formazan crystals were
dissolved in 180 pL of dimethyl sulfoxide (DMSO).
Absorbance was measured using a plate reader at a
wavelength of 570 nm, and the IC50 values of each
formulation were calculated.

Results and discussions

Recent advancements in nanotechnology drug
delivery have enabled the specific and targeted delivery
of various therapeutic molecules, particularly crucial in
the context of chemotherapeutic agents [28, 29]. Among
the diverse nanoparticle (NP) delivery systems, liposomes
have been pivotal in the field of anticancer drug delivery,

representing the earliest investigated nanocarrier for this
purpose. Niosomes, bilayer vesicles composed of non-
ionic surfactants rather than phospholipids, offer
advantages over liposomes in terms of chemical stability
and production costs [24, 30].

In this study, two types of niosome formulations were
prepared using microfluidic mixing with a pH gradient to
facilitate the loading and delivery of DOX to cancer cells.
The F1 formulation consisted of TW85 and CHOL in a
60:40 molar ratio, while the F2 formulation included
TWS85, CHOL, and DDAB in a 40:40:20 molar ratio.

Microfluidic mixing has recently gained widespread
adoption for NP preparation due to its ability to rapidly
develop particles with precise size and low size
distribution, suitable for scalable production of NPs [31,
32].

Niosomes were initially prepared using ammonium
sulfate (pH 4.5), followed by replacement of the external
buffer with PBS (pH 7.4) after vesicle formation. This
created niosomes with a pH gradient, where the internal
aqueous compartment of the vesicles maintained pH 4.5
while the external environment was neutral. DOX was
then incubated with these particles at approximately
60°C. Initially, DOX is un-ionized when exposed to the
external neutral pH, facilitating its diffusion through the
niosome bilayer membrane. Upon encountering the acidic
pH of the niosome's internal aqueous compartment, DOX
becomes ionized, effectively trapping it inside the
niosomes where it cannot diffuse back out. This
technique, extensively reported in literature for DOX
loading into liposomes, was applied here for DOX
loading into niosomes [33, 34]. The pH gradient method
enhances DOX encapsulation into niosomes and
minimizes drug leakage over time [35].

Niosomes characterization

Figure 1 presents the size, PDI, and ZP of niosomes
as blank and DOX-loaded, measured by dynamic light
scattering (DLS).
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Figure 1. (A) size and PDI values and (B) ZP for both blank and DOX loaded niosomes. Results represent average +
standard deviation (SD) of three measurements.

As indicated in Figure 1, the size of the prepared
formulations (F1 and F2) with or without DOX was
uniform and monodisperse, as evidenced by the low PDI
values for all formulations. Additionally, loading DOX
into both formulations resulted in a significant increase in
particle size due to the diffusion of DOX into the aqueous
core of the niosomes.

Regarding surface charge, F1 exhibited a slightly
negative charge, attributed to its composition of
surfactant and cholesterol only, while F2 exhibited a
cationic charge due to the presence of the cationic lipid
DDAB. Loading DOX into F1 and F2 did not
significantly alter the surface charges compared to blank

200 nm

particles, as DOX is encapsulated within the aqueous core
of the particles and does not affect the surface charge.
These size, PDI, and ZP results were monitored over
three days, showing no significant changes (. These
findings align with previous literature on niosome
preparation using TW85 and DDAB via microfluidic
mixing [31, 36-38].

Regarding particle morphology, TEM images in
Figure 2 illustrate that blank particles of F1 and F2 were
spherical in shape. Furthermore, TEM images clearly
demonstrate that F1 niosomes were notably smaller than
F2 niosomes.

200 nm

Figure 2. The TEM images presenting the morphology of blank F1 and F2 niosomes.
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Doxorubicin Encapsulation Efficiency (EE%0) DOX, as shown in Figure 3. The percentages of DOX
The EE% was calculated using the previously encapsulation efficiency in the niosome formulations are
mentioned equation after constructing a standard presented in Figure 4.

calibration curve of absorbance versus concentration

0.9 - y =4.6198x+0.0549
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Figure 3. DOX standard curve measured by a plate reader at 480nm
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Figure 4. Percentage of encapsulation efficiency of DOX loaded in F1 and F2.
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The efficacy of a NPs delivery system can be
predicted based on several factors such as particle size,
stability, and drug EE%. For niosomes prepared using
microfluidic mixing and employing a pH gradient
technique for DOX loading, the EE% determined using a
DOX standard curve was approximately 11% for F1 and
79% for the cationic niosomes, F2.

Tevano et al. reported the preparation of niosomes
composed of Pluronic L64 and Tween 60, resulting in
DOX EE% of 55% and 64% for Tween 60 niesemes and
L64 niosomes, respectively [39]. Here, it is evident that
the inclusion of DDAB resulted in significantly higher
DOX encapsulation compared to niosomes prepared
using TW85 and cholesterol without DDAB. The primary
distinction between the two formulations is the presence
of DDAB, which had a pronounced effect on the final
DOX encapsulation. The incorporation of DDAB likely
facilitates the diffusion of the neutral form of DOX into

Mohammad A. Obeid et al.

the aqueous compartment of the niosomes, where it
becomes protonated and trapped inside, preventing its
leakage from within the particles [35].

Cytotoxicity effects of DOX loaded niosomes:

The use of niosomes for DOX delivery aims to reduce
the side effects associated with DOX by enhancing its
accumulation in  cancer cells while minimizing
distribution to normal cells. To assess the cytotoxicity of
various DOX formulations, the biological activity of
DOX-loaded niosomes was compared to free DOX
against A549 and MCF7 cell lines using the MTT assay.
Prior to DOX loading, the cytotoxicity of blank niosome
particles was evaluated to determine non-toxic
concentrations of each niosome formulation, ensuring any
observed toxic effects on cells were attributable to DOX
rather than the niosomes themselves. The 1Cso values of
free and loaded DOX were calculated using biograph
software and are presented in Table 1.

Table 1. ICso values of free and loaded DOX on A549 and MCF7 cells.

Treatment | 1Cso on A549 (ug/ml) | 1Cso on MCF7 (ug/ml)
Free DOX | 0.369+0.090 0.214+0.080
F1/DOX 0.060+0.005 0.055+0.004
F2/DOX 1.622+0.096 3.282+0.104

The ICso values of free DOX on both A549 and
MCF7 cells were significantly reduced by loading DOX
into F1 niosomes composed of TW85 and CHOL,
indicating improved uptake of DOX by the cancer cells.
However, loading DOX into F2 niosomes, composed of
TW85, CHOL, and DDAB, resulted in a significant
increase in the ICso values of DOX on both cell lines.
One possible explanation is the slow release of DOX
from these cationic niosomes, implying that not all
loaded DOX is readily available to induce cell death at
the time of the MTT assay [40]. This slower response of
cells to DOX loaded into F2 niosomes could potentially
contribute to the long-term management of cancer.
Despite the increased ICso values observed for F2-loaded
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DOX, there remains a clear advantage in using niosomes
for DOX delivery. They improve DOX targeting to
cancer cells through passive targeting mechanisms and
enhance permeability and retention effects, while
mitigating the unwanted cardiac toxicity associated with
free DOX. These observations warrant further
investigation and experimentation to elucidate these
results

The same ICsy values of free DOX have been
consistently reported in the literature by several studies
[41-43]. Furthermore, the enhancement of DOX efficacy
by reducing its 1Cso through loading into different types
of nanocarriers has also been extensively documented.
For instance, gold NPs have been utilized for DOX
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loading and delivery, resulting in significantly greater
activity against fibrosarcoma cancer. Gold NPs loaded
with DOX achieved 81% tumor suppression, whereas
free DOX achieved 48% tumor suppression in an in vivo
model at a dose of 2.5 mg/kg, highlighting the potential
for reducing DOX-associated cardiac toxicity [44, 45].

CONCLUSIONS

In conclusion, this study highlights the potential of
niosomes as effective nanocarriers for the delivery of
DOX in cancer therapy. Utilizing microfluidic mixing
enabled the successful preparation of niosomes capable of
encapsulating DOX and delivering it to A549 and MCF7
cancer cells. The findings demonstrate that niosomes can
significantly reduce the concentration of DOX required
for effective cancer cell suppression, thereby potentially
mitigating its systemic toxicity. This approach not only
enhances the therapeutic efficacy of DOX but also
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