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Nanoniosome-based drug codelivery systems have become popular therapeutic instruments, demonstrat-
ing tremendous promise in cancer therapy, infection treatment, and other therapeutic domains. An emer-
ging form of vesicular nanocarriers, niosomes are self-assembling vesicles composed of nonionic surfac-
tants, along with cholesterol or other amphiphilic molecules. This comprehensive review focuses on how
nanosystems may aid in making anticancer and antibacterial pharmaceuticals more stable and soluble. As
malleable nanodelivery instruments, the composition, types, preparation procedures, and variables affecting
the structure and stability of niosomes are extensively investigated. In addition, the advantages of dual nio-
somes for combination therapy and the administration of multiple medications simultaneously are high-
lighted. Along with categorizing niosomal drug delivery systems, a comprehensive analysis of various prepa-
ration techniques, including thin-layer injection, ether injection, and microfluidization, is provided. Dual nio-
somes for cancer treatment are discussed in detail regarding the codelivery of two medications and the
codelivery of a drug with organic, plant-based bioactive compounds or gene agents. In addition, niogelo-
somes and metallic niosomal carriers for targeted distribution are discussed. The review also investigates
the simultaneous delivery of bioactive substances and gene agents, including siRNA, microRNA, shRNA,
IncRNA, and DNA. Additional sections discuss the use of dual niosomes for cutaneous drug delivery and
treating leishmanial infections, Pseudomonas aeruginosa, and Mycobacterium tuberculosis. The study con-
cludes by delineating the challenges and potential routes for nanoniosome-based pharmaceutical codeliv-
ery systems, which will be useful for nanomedicine practitioners and researchers.

1. Introduction
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Cancer remains a pressing health concern worldwide, but
recent advancements in medicine and other fields show prom-
ising strides in revolutionizing treatment approaches.’”
Nanotechnology finds diverse applications, from enhancing
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drug delivery systems in medicine to revolutionizing elec-
tronics and materials science for smaller, more efficient
devices.*® Over the past few years, nanomedicine has made
significant progress.”® Nanoparticles (NPs) are solid colloidal
particles with a diameter between 10 and 200 nm and a high
surface area-to-volume ratio.” ' Due to these characteristics,
NPs can assimilate and transport a variety of anticancer
agents, including proteins, DNA,"> RNA," and chemothera-
peutic drugs."*'® NPs offer precise targeting, improved per-
meability, a retention effect, the ability to overcome cancer-
related drug resistance, increased biocompatibility and stability,
the ability to protect normal cells from drug toxicity, the
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ability to prolong the half-life of drugs, and the ability to
accumulate in tumor tissues over conventional drugs.”'®'
Microspheres, erythrocyte immunoglobulins, blood proteins,
artificial polymers, liposomes, and niosomes have been used
as drug delivery systems.'®"?

An emerging form of vesicular nanocarriers, niosomes, are
self-assembling vesicles composed of nonionic surfactants,
along with cholesterol or other amphiphilic molecules.”**!
These vesicles have a bilayer hydrophobic membrane and a
central cavity containing an aqueous phase, allowing them to
encase both hydrophilic and hydrophobic substances.?*™>*
Niosomes are typically formulated with nonionic surfactants,
cholesterol, a charge inducer, and a hydration medium, and
are primarily composed of amphiphilic nonionic surfactants
with a polar head and nonpolar tail.>® Nonionic surfactants
are more stable, compatible, and less toxic than anionic, cat-
ionic, and amphoteric surfactants due to their lack of
charge.”® By inhibiting p-glycoprotein,*” these agents improve
the absorption and delivery of numerous anticancer medi-
cations, such as doxorubicin (DOX),*® curcumin (CUR),>
morusin,*® hydrocortisone steroids,>" HIV-protease inhibitors
such as ritonavir,** as well as beta-blockers.*

Niosome rigidity can be increased by the incorporation of
cholesterol into the bilayer structure to decrease membrane
permeability, improve membrane stability, and decrease
membrane permeability.*® Electrostatic repulsion inhibits
coalescence via charge inducers in niosome preparations,
contributing to the stability of the niosomes.>> When nio-
somes are constructed, dicetyl phosphate and phosphatidic
acid are among the most commonly used negatively charged
inducers, while stearyl amine and stearylpyridinium chloride
are frequently used positively charged inducers.*® Usually,
phosphate buffered saline (PBS) is used for niosome
hydration, and their pH changes depending on the solubility
of the drug.?®

Niosomes are divided into three classes with corres-
ponding references based on the size of their compart-
ments.?” It is possible to categorize niosomes into three types
according to the size of their vesicles, such as multilamellar
vesicles bigger than 0.05 mm, large unilamellar vesicles
bigger than 0.10 mm, and small unilamellar vesicles bigger
than 0.025 mm.*® The production of niosomes involves a
variety of techniques, such as the microfluidization tech-
nique, reverse phase evaporation technique, ether injection
technique, trans-membrane pH gradient (inside acidic) tech-
nique, bubble method, supercritical carbon dioxide fluid
method, and ball milling technique.””*° Niosomes have
different physicochemical properties influenced by different
variables.”® The additives and surfactants used in the
niosome preparation affect their stability and permeability.*!
By altering how surfactants are assembled into vesicles, the
hydration temperature, volume, and duration of niosome
hydration can affect their morphologies.** A slow release of
the medication is caused by difficulty eluting fluid from vesi-
cles, and a rapid release is caused by the mechanical disinte-
gration of vesicles under osmotic stress.>”*”*?

2714 | Nanoscale, 2024, 16, 2713-2746

View Article Online

Nanoscale

Nanoniosomes, liposomes, and micelles share a common
ground in their role as carriers for drug delivery and thera-
peutic applications, yet each possesses distinct characteristics.
Nanoniosomes exhibit enhanced stability and improved drug
encapsulation efficiency compared with conventional lipo-
somes."* They harness the advantages of both liposomes and
micelles, combining the structural integrity of liposomes with
the amphiphilic properties of micelles. While liposomes
consist of phospholipid bilayers and micelles form single-
layered structures, nanoniosomes strike a balance between
these, offering a versatile platform for targeted drug delivery,
promising both stability and increased bioavailability.*> Their
innovative nature propels advancements in pharmaceuticals,
offering a potential breakthrough in precision medicine and
therapeutics.*®

Numerous advantages of niosomes, such as their capacity
to transport multiple drugs at once and reduced systemic tox-
icity of the drugs in cancer treatments, have prompted
researchers to use these nano-carriers for the codelivery of
drugs.””*® Combination therapy can lead to stronger synergis-
tic effects and greater efficacy.”® It reduces the risk of severe
adverse effects, so it would be more effective than single-agent
therapy in inhibiting cancer growth.’® Niosomes enable the
combination of anticancer therapeutics, including chemo-
therapy, genes, herbal remedies, photodynamic sensitizers,
inhibitors of small molecules, classic antineoplastics, and
small interfering RNAs (siRNA) in order to block tumor resis-
tance to multiple drug cytotoxicity (MDR) and effectively regu-
late multiple signaling pathways.’’” Using anticancer agents
with various mechanisms of action concurrently enhances the
therapeutic effects by encompassing more than one mecha-
nism of action, thereby increasing the efficacy of the
treatment.”

Developing innovative, personalized pharmaceutical pro-
ducts based on novel niosomes will require further research
and investigation into formulation, preparation, and modifi-
cation methods. A concise description of the composition, var-
ieties, and preparation techniques of niosomes is presented in
this article, along with examples of how niosomes can be used
for targeted delivery, and the simultaneous delivery of several
substances. Examples include the codelivery of drug and gene
agents, two gene agents, bioactive compounds, and genes,
antioxidants, drug niogelosomes, and other therapeutic appli-
cations, including in infections, cutaneous drug delivery, and
others.

2. Classification of niosomal drug
delivery systems (DDSs)
2.1. Niosome composition

Niosomes consist of pharmaceuticals, cholesterol or its deriva-
tives, nonionic surfactants, and frequently amphiphilic ions.
In niosomes, both hydrophilic and hydrophobic drugs can
become confined. Hydrophilic pharmaceuticals are encapsu-
lated in a two-layer hydrophobic zone, whereas hydrophobic
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pharmaceuticals are encapsulated in a similar core. Due to its
interaction with nonionic surfactants, adding the correct
amount of cholesterol to niosomes produces a stable formu-
lation.”® Niosome formulation essentials include non-ionic
surfactants, cholesterol, charge inducers, and a hydration
medium.”® Within the intricate framework of a niosome each
component plays a pivotal role, contributing to its functional-
ity and stability. Composed primarily of non-ionic surfac-
tants, cholesterol, and other additives, these components
synergize to orchestrate the niosome’s properties and appli-
cations. The non-ionic surfactants, often the backbone of nio-
somes, are fundamental in shaping the vesicular structure.
They self-assemble to form bilayers, constructing the spheri-
cal enclosure that holds aqueous substances within. These
surfactants determine crucial aspects such as vesicle size,
membrane fluidity, and permeability. Their selection influ-
ences the niosome’s stability, its ability to encapsulate
different payloads like drugs or genetic material, and even its
biocompatibility. Cholesterol contributes significantly to the
structural integrity of the vesicle. It intervenes in the regu-
lation of membrane fluidity, improving stability by modulat-
ing the packing of surfactant molecules. By reducing per-
meability and enhancing rigidity, cholesterol aids in control-
ling the drug release kinetics and preventing the premature
leakage of encapsulated compounds. Additional additives,
including stabilizers or modifiers, can further refine niosome
properties. These substances might augment vesicle stability,
enhance drug-loading capacity, or promote targeted delivery
by altering surface properties. Modifiers like polyethylene
glycol (PEG) can confer stealth characteristics, reducing
immune recognition and prolonging the circulation time in
the body.*®%°

2.1.1 Non-ionic surfactants. Non-ionic surfactants are
necessary for the formation of niosomes, which are vesicles
used to encapsulate drugs. These surfactants have several
advantageous characteristics, such as natural biodegradability,
amphiphilicity, nonimmunogenicity, and biocompatibility.
Non-ionic surfactants lack an electrical charge, unlike cationic,
anionic, and amphoteric surfactants, rendering them less
toxic, compatible, and stable. The additives, composition, size,
surface charge, and lamellarity of niosomes are dependent on
the specific types and combinations of non-ionic surfactants
employed. Tween (20, 40, 60, and 80) and Span (60, 40, 20, 85,
and 80) are examples of frequently utilized non-ionic surfac-
tants. Non-ionic surfactants interact with cellular surfaces with
less hemolysis and irritation compared with other surfactant
varieties. They play a crucial role in the formulation of numer-
ous physical, chemical, and organic compounds. Due to their
efficacy in producing synthetic lipid bilayer membranes, sur-
factants and phospholipids, including non-ionic surfactants,
are frequently used in the administration of medications. The
ability of non-ionic surfactants to inhibit p-glycoprotein is an
essential characteristic. This inhibition can improve the
absorption and targeting of certain drugs, such as steroids
(e.g., hydrocortisone), anticancer drugs (e.g., daunorubicin,
morusin, DOX, and CUR), cardiovascular medications (e.g.,
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beta-blockers, digoxin), and HIV protease inhibitors (e.g:, rito-
navir). Therefore, non-ionic surfactants substantially improve
the therapeutic efficacy of these medications.”” Table 1 lists
the various varieties of non-ionic surfactant utilized in the pro-
duction of niosomes.®*

The production of bilayer vesicles is affected by the critical
packing parameter (CPP), the hydrophilic-lipophilic balance
(HLB) scale, the constituents’ chemical composition, and the
gel liquid transmission temperature. Longer alkyl chains
increase the entrapment efficiency of non-ionic surfactants.
The Tween series of surfactants containing cholesterol and an
extended alkyl chain with an enlarged hydrophilic moiety has
the highest entrapment efficiency for water-soluble medi-
cations. The HLB value of a surfactant is essential for control-
ling drug entrapment in the vesicle it creates. The CPP value of
a surfactant can be calculated using the length and volume of
the non-polar component and the head area of the polar com-
ponent. Fig. 1 illustrates how CPP parameters can be used to
predict the type of vesicle that will form, and eqn (1) can be
used to calculate the CPP. It is anticipated that the surfactant
property will play a significant role in the in vivo performance
of these drug delivery methods, as it is a crucial component
that affects the physicochemical properties of niosomes,
such as particle size, two-layer strength, drug release, and
consistency.®

|4
I. X ay

CCP =

(1)

Table 1 Examples of the various types of surfactant used to develop
niosomes®!

Non-ionic surfactants Surfactant examples

Alkyl esters:
(i) Spans® Span 20, Span 40, Span 60, Span 65,
Span 80, Span 85

Tween 20, Tween 60, Tween 60, Tween

40, Tween 80, Tween 85

(ii) Tweens”

Alkyl ethers:

(i) Alkyl glycerol ethers
(ii) Polyoxyethylene glycol
alkyl ethers (Brij)

Crown ethers Bola
Alkyl amides:

Hexadecyl diglycerol ether
Brij30, Brij52, Brij72, Brij76, Brij78

(i) Glycosides

(ii) Alkyl polyglucoside
Fatty alcohols or fatty acids
(i) Fatty alcohols

(ii) Fatty acids

Block copolymer: (i) Pluronic
Lipidic components:
cholesterol

l-a-Soya phosphatidyl
choline

Charged molecule:

Negative charge

Positive charge

C-glycoside derivative surfactant
Octyl-decyl polyglucoside

Stearyl alcohol, acetyl alcohol, myristyl
alcohol

Stearic acid, palmitic acid, myristic
acid

Pluronic L64, Pluronic 105

Dicetyl phosphate, phosphatidic acid,
lipoamino acid, dihexadecyl phosphate
Stearyl amine, stearyl pyridinium
chloride

“Sorbitan fatty acid esters. ” Polyoxyethylene sorbitan fatty acid esters.
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Chain Length (Ic)

Area (3)) —»

Volume (V)

Hydrophilic end Hydrophobic end

Fig. 1 Schematic representation of an amphiphile: ao, hydrophilic head
group area: v, hydrophobic chain volume; and [., hydrophobic chain
length. Reproduced from ref. 63 with permission from [MDPI], copyright
[2022].

where I.: non-polar group’s critical length, V: non-polar
group’s volume, a,: polar head group’s area.

2.1.2. Cholesterol. Cholesterol is an oily steroid that is pri-
marily used to produce niosomes and is essential for the rigid-
ity, flexibility, and permeability of cellular membranes. In
addition to being necessary for niosome synthesis, cholesterol
also influences several of their characteristics.®* By stabilizing
the membrane by incorporating cholesterol into the bilayer
structure of the niosomes, the permeability of the cell mem-
brane is reduced, and the entrapment effect of the niosomes is
typically enhanced. It is well known that cholesterol prevents
the transition of the niosomal system from the gel to the
liquid phase, resulting in niosomes that are less likely to
escape. Because a substantial quantity of cholesterol affects
the permeability or penetration of niosomal vesicles, chole-
sterol is only sparingly introduced to niosomes. This demon-
strates how free-dried niosomes can be rehydrated by enhan-
cing the permeability, encapsulation efficiency (EE), and rigid-
ity. Cholesterol promotes vesicle stability when combined with
low HLB surfactants, and when the HLB value exceeds 6, it
aids in the formation of bilayer vesicles. In addition, the
addition of cholesterol increases the formulation’s viscosity
and, consequently, its rigidity.>”

2.1.3. Charge inducers. A charged molecule is introduced
to the formulation of niosomes in order to prevent aggrega-
tion. To increase the stability of niosomes through electrostatic
repulsion and prevent coalescence, charge inducers are added
to the formulation. Most frequently employed as negatively
charged compounds are lipoamino acid, dihexadecyl phos-
phate, phosphatidic acid, and dicetyl phosphate (DCP).
Similarly, positively charged inducers utilized in niosomal
compositions consist of stearyl pyridinium chloride and
stearyl amine (STR).®> Concentrations of charged inducers
between 2 and 5 mole percent are permissible but concen-
trations greater than this can inhibit the formation of nio-
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somes. In order to create a niosome, the charged molecule
must be present at a concentration of 2.5% to 5% by mole.®®

2.1.4. Hydration medium. The hydration medium is one of
the most significant factors in niosome formation. Phosphate
buffer saline is the most commonly used hydration medium in
the production of niosomes. The solubility of the substance
within the capsule determines the pH of the hydration
environment.®”

2.2. Types of niosome based on the lamellarity

As previously mentioned, niosomes may be categorized into
three groups depending on their size or the number of lamel-
lar layers [i.e., small unilamellar vesicles (SUVs), large unila-
mellar vesicles (LUVs), and multilamellar vesicles (MLVs) var-
iants] (Fig. 2). SUVs range from 10 to 100 nm in length.
Typically, they are created from multilamellar vesicles utilizing
sonication, French press extrusion, homogenization, or micro-
fluidic techniques. In addition, they are more susceptible to
fusion and aggregation and thermodynamically less stable
than other types of niosome. Their entrapped volume is
modest, and their drug-loading capacity for hydrophobic sub-
stances is modest.®® The lengths of the large unilamellar vesi-
cles range from 100 to 3000 nm. Unilamellar vesicles with a
colossal diameter and a single bilayer membrane are found on
LUVs. Compared with other types, this vesicle contains a
greater quantity of drugs. This type of niosome has a high
aqueous/lipid section ratio, allowing for the extremely efficient
use of membrane lipids to encapsulate greater quantities of
bioactive compounds.®® Typically, reverse-phase evaporation
and ether injection techniques are used to produce these vesi-
cles. LUVs are more advantageous than MLVs due to their pre-
dictable drug release rates, ability to encapsulate more water-

O MLV
LUV  (1000-more)
o (1000-3000)
Suv
(10-1000)

Fig. 2 Types of niosomes based on their size or number of lamellar
layers. Reproduced from ref. 27 with permission from [Society of
Pharmaceutical Tecnocrats], copyright [2021].
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soluble medications, and use of fewer lipids.”® Multiple lipid
layers divide the water-filled spaces within MLV. They have a
width greater than one micron. MVVs are a type of MLV con-
sisting of tiny vesicles contained within a larger one. MLVs are
simpler to produce and maintain compared with other nio-
somes, and no special techniques are required. They can also
store more fat-soluble medications as they possess larger lipid
membranes.””

Additional niosome varieties include bola surfactant-nio-
somes, proteasomes, aspasomes, niogelosomes, and vesicle-in-
water-and-oil systems (v/w/o). To develop novel niosomal for-
mulations, new surfactants have been created. Nonionic sur-
factants known as bola-form amphiphiles consist of two iden-
tical aza-crown ether groups that function as polar centers and
are connected by a prolonged alkyl chain. When they are in
close proximity to cholesterol, they can form colloidal
systems.”® Proniosomes are produced through straightforward
formulation processes that can be avoided by retaining the
composition and known properties of niosomes. They are sur-
factant-coated carrier granules that can be rehydrated in
aqueous dietary materials just before use to produce nio-
somes. Proniosomal granules have several advantages over
their liquid counterparts, including a reduced risk of bacterial
contamination and easier administration and transport.”
Aspasomes are novel nanovesicles composed of one or more
ascorbyl palmitate (AP) layers. These bilayer vesicles are advan-
tageous for transdermal drug delivery because they improve
percutaneous absorption and stability. Niogelosomes are
double-delivery systems (consisting of niosomes and gel) that
differ from conventional niosomes in terms of their release
characteristics and pharmacokinetics. Researchers are creating
niosomal gel for a variety of applications.*® A vesicle-in-water-
in-oil (v/w/o) combination describes the aqueous suspension
of niosomes emulsified in another oil component. It is poss-
ible to alter the characteristics of the surfactant used to
produce the vesicles, the surfactant or combination of surfac-
tants used to immobilize the emulsion, and the composition
of the oil component to produce systems with variable limits
for drugs or antigens and variable release properties.”

2.3. Methods of niosome preparation

Various techniques for producing niosomes have been
described in the literature. Methods include thin-film
hydration, ether injection, microfluidization, transmembrane
pH gradient, bubble method, supercritical carbon dioxide
fluid, reverse-phase evaporation, and ball milling (Fig. 3). Each
technique may generate niosomes with varying size distri-
butions and sizes. The sections that follow provide an overview
of several methods for preparing niosomes.

2.3.1. Thin layer hydration method. Thin-film hydration,
or TFH, is one of the most widely used methods for producing
liposomes. In a flask, it is straightforward to combine the
membrane-forming compounds with an organic solvent. A
layer of the desiccated thin film is produced in the flask follow-
ing the removal of the organic solvent via vacuum evaporation.
After disintegrating in an aqueous solution, such as buffer or

This journal is © The Royal Society of Chemistry 2024
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pH gradient
TFH
Niosomes
3 Ether
preparation injection

Supercritical
fluids

Reverse
phase
evaporation

Fig. 3 Preparation methods for niosome formulations using various
techniques (such as TFH, ether injection, microfludization, reverse phase
evaporation, supercritical fluids, bubbles, ball milling, and pH gradient).
The figure is self-drawn.

water, to rehydrate the desiccated film, the drug is adminis-
tered. To generate niosomes, it is incubated in a bath of water
at a temperature higher than the surfactant’s transition point.
The TFH technique generates MLVs as a form of niosome.
This method is occasionally combined with sonication to
generate niosomes with a specific size distribution. This
method is frequently used to create niosomes containing
drugs such as DOX, insulin, and other derivatives.”* Waqas
et al. created a fusidic acid niosomal gel by using the thin layer
hydration method. Multiple forms of niosomes of fusidic acid
were produced by altering the ratio of cholesterol to surfactant.
Niosomes carrying fusidic acid were examined for their mor-
phology using a scanning electron microscope (SEM). SEM
micrographs revealed that fusidic acid-loaded niosomes had
spherical vesicles with many layers and fluid nuclei.”

2.3.2. Ether injection method (EIM). EIM was utilized to
create a variety of niosomal designs. The EIM is able to
prepare SUVs and LUVs spanning in capacity from 50 to
1000 nm. Cholesterol, surfactant(s), and other compounds are
dissolved in an organic solvent, such as diethyl ether, in a
rotary evaporator vessel. This solution is maintained at a temp-
erature of at least 60 degrees celsius. Under these conditions, a
drug-containing water solution is injected slowly, and SUVs or
LUVs are produced after the organic solvent evaporates. This
method is a viable strategy for the scalability of niosome
formulation.”*”® Using the EI technique, Alkilani et al. devel-
oped several alendronate sodium (ALS)-loaded niosome formu-
lations. The diameters of the niosomes ranged between 99.6 +
0.9 and 464.3 + 67.6 nm. The spherical shape of the niosomes
was revealed by transmission electron microscopy (TEM)
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imaging, which was used to investigate their morphology.””
Shewaiter et al. developed an EIM-based niosomal formula for
acemetacin (ACM). Using TEM images, the morphology of nio-
somes was investigated. TEM was used to validate the morpho-
logical characteristics of the niosomal formulation. TEM
images of the optimal niosomal composition revealed the mor-
phology and spherical shape of the niosomes. In addition,
TEM analysis revealed that ACM-loaded niosomes were distrib-
uted throughout the cell as spherical NPs with distinct bound-
aries and a porous vesicular shape. The findings had a nearly
spherical shape and a polished exterior. Vesicles also dis-
persed closely at a size of 200 nm, indicating that the particle
production factors effectively produced an aggregated and
spherical structure.”®

2.3.3. Microfluidization method. This newly discovered
method produces unilamellar vesicles that are smaller, more
uniform, and have a narrow size distribution. Based on the
submerged jet hypothesis, this process involves two fluidized
streams traveling at extremely high velocities in the interaction
chamber’s microchannels. This method forces the surfactant/
additives mixture into an ice-filled container using high
pressure (100 mL min~"). In order to reduce the heat generated
by microfluidization, the sample is refrigerated upon exiting
the chamber.”® To achieve the desirable niosomal diameter,
the material is reintroduced into the process as often as
necessary. This strategy has the benefits of increased hom-
ogeneity, reduced size, and unilamellar vesicles.*® Microfluidic
manufacturing was used to create TPT (topotecan)-containing
niosomes, according to Seleci and colleagues. By mixing two
soluble phases of an aqueous solution with an organic one
(lipids dissolved in alcohol) in a microchannel, this technology
permits their reproducible fabrication without the need for a
subsequent size reduction step. The morphology of the nio-
somes was determined using TEM imaging and a negative
staining technique involving a phosphotungstic acid solution
containing 2 percent water. Niosomes appear to have spherical
morphologies in the photographs, which may be maintained
following specimen processing.®°

2.3.4. Transmembrane pH gradient method. Surfactant
and cholesterol are combined and dissolved in chloroform
using the transmembrane pH gradient in the round-bottom
flask. As a result of the decreased pressure, the organic dissol-
vant is eradicated. This resulted in the formation of a thin
lipid layer on the interior surface of the circular-bottomed
flask. This film is hydrated using vortex mixing and a 4 pH
citric acid solution. After the completed product has under-
gone a freeze-thaw cycle, an aqueous pharmaceutical solution
is added and agitated using a vortex. This method involves
delivering the drug “actively”, which captures the pH gradient
difference between the basic exterior and acidic interior of the
external phase of the ethosomal process. This technique is
superior for producing niosomes and encasing fatty sub-
stances (such as bud oil and turmeric o0il) within niosomes.®'

Utilizing the transmembrane pH gradient method,
Kalaiselvi et al. synthesized clove bud oil (CBO)-loaded nio-
somes with cholesterol and Span 20, 60, and 80 surfactant
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types. Niosome aggregation was stopped by the addition of
dicetyl phosphate. SEM, FT-IR, and zeta potential examin-
ations were used to analyze the produced niosomes’ appear-
ance, functional characteristics, size, and charge. The zeta
potential was used to look at the durability of CBO-loaded nio-
somes and the mean dimension of the particles. The gener-
ated CBO-loaded niosomes had a median particle size of
417 nm, and the manufactured niosomes showed excellent
stability, according to the data. SEM analysis was used to
assess the dimensions and form of the created CBO-loaded
niosomes. The results demonstrated the presence of CBO-
loaded niosomes in their distinct spherical form. Particle
aggregation was absent from the flat surfaces of the CBO-
loaded niosomes.®”> Furthermore, Jeno et al. produced nio-
somes encased in Indian plant-based oils by using the trans-
membrane gradient of pH strategy. Utilizing SEM, FT-IR, zeta-
sizer, and zeta-potential, the obtained niosomes were exam-
ined and described. Eucalyptus, neem, and rosemary oils were
discovered to contain niosomes with average sizes of
869.64 nm, 693.25 nm, and 912.36 nm, respectively. This
suggests more stability. Neem oil was used to create the nio-
somes, and SEM examination of those niosomes showed
similar-sized NPs with a circular structure as well.*

2.3.5. The bubble method. Using the novel and exclusive
“bubble” method, it is possible to create liposomes without an
organic solvent. This frothing apparatus has a vessel with a
spherical bottom and three stems, and it is submerged in
water to regulate the temperature. The thermometer is located
in the second neck, water-cooled reflux in the first, and nitro-
gen supply in the third. Before frothing at 70 °C with nitrogen
gas, the surfactant and cholesterol were mixed for 15 seconds
at 70 °C in a pH 7.4 buffer.”®

2.3.6. Supercritical carbon dioxide fluid method. Many
bilayer vesicles have recently been created using supercritical
fluids as an innovative one-step method at low temperatures. A
component more than its critical pressure (P.) and critical
temperature (7T.) is referred to as a supercritical fluid.
Supercritical fluids possess the characteristics of density as a
liquid and lower viscosity with improved flow characteristics as
a gas at the critical point. Due to its high critical pressure (P, =
73.8 bar) and low critical temperature (7. = 31.1 °C), carbon
dioxide is a gas that is frequently utilized to create supercritical
fluid. At the close-to-critical point, CO, exhibits significant sol-
vating power characteristics. They can be modified by adjust-
ing the pressure or temperature, precisely as non-polar sol-
vents. Supercritical carbon dioxide (scCO,), which is environ-
mentally safe, non-toxic, non-flammable, and economically
useful, can be utilized to create bilayer vesicles in place of
organic solvents. Water-soluble and thermally unstable sub-
stances can be trapped in bilayer vesicles thanks to the low
working conditions of scCO,. The solvating ability of CO,
does, nevertheless, have some restrictions for polar com-
pounds and the majority of lipophilic medications when it
comes to critical points.®* Baldino et al. produced both empty
and theophylline-loaded niosomes using a continual cycle sup-
ported by supercritical CO,. The excellent outcomes were con-
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firmed for up to 30 days in terms of niosome stability and
nanometric measurement. While employing a water flow rate
of 1 mL min™" during the supercritical procedure, a drug
encapsulation effectiveness of 85 percent was observed. This
series of tests also reliably produced nanometric niosomes,
with mean vesicle dimensions between around 160 and 171 nm.*

2.3.7. Reverse phase evaporation method. The surfactant
and cholesterol are dissolved using this approach in a 1:1
ether/chloroform mixture. Then, at 4-5 °C, these two phases
are sonicated. The niosome suspension has been diluted in
PBS and heated to 60 °C in a water bath for 10 to 15 minutes
to produce niosomes. The aforementioned organic phase is
removed at 40 °C by introducing a hydration medium and
then sonicating the mixture. Niosomes are produced by
heating the niosome mixture to 60 °C for 10 minutes, then
diluting it with a phosphate-buffered saline solution.*® Zhang
et al. manufactured niosomes using a reverse-phase evapor-
ation technique in this situation. Ovalbumin was encapsulated
using this method into niosomes composed of Span 80, chole-
sterol, and stearylamine. The evaluation of the generated nio-
somes’ sizes was conducted using atomic force microscopy
(AFM). According to the findings, the effective width of nio-
somes is around 300 nm. The niosomes have an ellipsoidal
form as opposed to being spherical. On the other hand,
200 nm-sized spherical vesicles were shown to exist.?”

2.3.8. Ball milling method. Ball milling (BM) is a top-down
approach for constructing nanostructures that use mechanical
forces to reduce particulate size. This method, which has
recently garnered a great deal of interest, can generate numer-
ous nanomaterials in an efficient, repeatable, and scalable
manner. Utilizing a BM strategy, the creation of niosomes for
capturing poorly soluble drugs with enhanced drug release
patterns is a potential strategy. It provided superior stability, a
reduced mean particle size, and a limited dispersion of par-
ticle sizes.®® A superior niosome formulation was created by
Temprom et al. for the BM method of encapsulating melato-
nin. The physical properties and stability of the melatonin-
loaded and empty niosomes were examined using TEM,
dynamic light scattering, and FT-IR analysis. The results
showed that the BM method provided excellent stability, a
lower mean size, and a narrower size dispersion when nio-
somes were prepared. Each and every niosomal formulation
generated spherical particles with decreased polydispersity
index values that were between 250 nm and 600 nm in size.
Increasing cholesterol levels were followed by a decrease in the
mean size of the niosomes. Additionally, TEM analysis
revealed that niosomes are spheres with well-defined walls in
both the empty and melatonin-loaded states.®*

2.3.9. Other preparation methods. There are various other
methods for preparing niosomes. The freeze and thaw
methods are among this approach. These are niosome formu-
lation techniques that have been enhanced over the TFH tech-
nique. Liquid nitrogen is used to freeze the TFH-prepared MLV
niosome suspension and this is then thawed in a water bath
for only a few minutes for a series of repeated cycles.”*
Mokhtar et al. developed proniosomal gels or flurbiprofen
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solutions. The freeze-thawing/centrifugation procedure for
synthesized niosomes outperformed the exhaustive dialysis
method in terms of determining the drug entrapment per-
formance.”® Another method of producing niosomes is the de-
hydration-rehydration vesicle (DRV) method. Kirby and
Gregoriadis provided the first explanation of the DRV
approach, which utilized SUVs created using the TFH tech-
nique to produce MLVs.”' In summary, SUVs that had been
prepared via the TFH approach were extracted using centrifu-
gation. SUVs were then mixed with the drug-containing
aqueous phase, and the solution was freeze-dried during the
night. Multilamellar DRVs were produced following the rehy-
dration of the final product.”® The heating method (HM),
newly invented by Mozafari for creating nanocarrier structures,
is another technique for making niosomes. In a phrase, the
medication, cholesterol, and surfactants are introduced to an
aqueous phase, like PBS. The aqueous phase is heated and
stirred to create the mixture. Next, the solution is given a 3%
v/v polyol addition, including glycerol. This approach, which is
described as a simple one-step procedure, uses no hazardous,
flammable chemical solvents. Table 2 summarizes various
methods used so far for preparing niosomal formulations.

3. Dual niosomes for cancer therapy

Recent advancements in cancer therapy underscore the crucial
role of combination therapies, blending different approaches
to enhance effectiveness while reducing the chances of resis-
tance development in cancer cells.”® It has been noted that
recent advancements in chemotherapy have shifted towards
utilizing combined dynamic compounds, as they are believed
to exhibit enhanced activity compared with a single com-
pound. As a result, the efficacy of treatment may improve, and
the side effects on other tissues may be decreased because of
combination therapy of an anticancer agent with a herbal bio-
active component.”> The combination strategy of chemosensi-
tizers and chemotherapeutic agents can now be obtained as
one nano-transporter. Likewise, the ratiometric load of the
drugs had a major impact on their efficiency.
Chemosensitizers act on a potency effect and improve the sen-
sitivity of tumor cells to chemotherapy agents.”® Several efflux
pump inhibitors and regulators of MDR proteins like CUR,
cyclosporine, and verapamil are now co-administered with
chemotherapy drugs to increase their potency.”” Combination
therapy with two or more medicines that promote synergy and
multi-functional nano-transporter delivery has proved to be
very promising for cancer treatment. Applying two anticancer
drugs simultaneously with diverse mechanisms of action can
enhance the therapeutic effects, including multiple mecha-
nisms of action.”” Consequently, it is necessary to formulate
such DDS with many anticancer drugs to discover the
optimum dual-delivery systems strategy. For instance, DOX
efficacy, an anthracycline antibiotic, has been shown to
increase if given with antioxidant agents because this medi-
cation supposedly induces oxidative stress.”® To decrease the
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Table 2 Summary of the methods of niosome preparation applied to drug delivery purposes
Niosome size
Composition of niosome En-capsulated agent Preparation method (nm) Key feature Ref.
Span 60, cholesterol, Methylene blue TFH 292.4 Production of stable niosomes with optimal 93
Cremophor® ELP or lipid content for optimal EE
Lauroglycol® 90
Span 60, TWEEN 60, Fusidic acid TFH 377.2-725.4 The produced fusidic acid-laden niosomes 75
chloroform, dihexadecyl micropowder improved the penetration of fusidic acid via
phosphate chloride, and the skin
Carbopol 934
Span 60, Tween 60, Tween Alendronate sodium EIM 99.6-464.3 Successfully prepared ALS niosomes for 77
80, cholesterol and diethyl transdermal delivery to offer the prolonged
ether release of ALS and reduce GI negative
impacts, and create a replacement
production for oral ALS administration
Cholesterol, Span 60, Acemetacin EIM 315.23 Examination of the utilization of 131I-ACM 78
diethyl ether niosomes as a potentially effective dual
anticancer therapy to combine the
chemotherapeutic impacts of ACM and the
radiotherapeutic impacts of 1311 in a single
treatment cycle
Span 60, cholesterol, Topotecan Microfluidization 128.5 Improving anti-glioma treatment with tLyp- 80
chloroform and DSPE-PEG 1-functionalized TPT-loaded niosomes
(2000) maleimide
Span 20, 60, and 80, Clove bud oil Transmembrane pH 417 The larvicidal higher performance of the 82
cholesterol, chloroform gradient tested mosquito species with the clove bud
oil-loaded niosomes and employing these
niosomes as possible mosquito repellents
Span 60, chloroform, Indian herb oils Transmembrane pH  912.36, Niosomes that include neem oil and those 83
dicetyl phosphate (DCP), (neem, eucalyptus, gradient 693.25, and made from Indian plant oils may be used
and cholesterol and rosemary) 869.64 instead of commercial mosquito larvicides
and have higher rates of larval death
Span 80, theophylline Theophylline Supercritical carbon 160 and 171 Getting longer theophylline release time of 85
powder, Tween 80, dioxide fluid about 5-fold
cholesterol
Span 80, cholesterol, Ovalbumin Reverse phase ~300 nm Increasing the niosomal hydrogel 87
stearylamine evaporation platform’s antigen delivery in comparison
with niosomal elastic gel and taking into
account niosomal hydrogel as an excellent
transcutaneous antigen delivery carrier
Span 60, cholesterol Melatonin BM 533-266 Exploration of the BM approach as a 89

>92.5%, melatonin >98%,
and phosphate-buffered
saline (PBS)

potentially effective way to create niosomes
for the encapsulation of poorly soluble
medicines with better drug release profiles

TFH; thin-film hydration, EIM: ethanol injection method, BM: ball milling, TPT: topotecan, ACM: acemetacin, ALS: alendronate sodium, MB:

methylene blue, EE: encapsulation efficiency.

side effects and increase the availability of chemotherapeutic
drugs, encapsulation of these agents with a nanometric
vehicle can be the best or most promising approach. In the fol-
lowing sections, we describe the different drugs that are
loaded on various niosomal formulations to discover their
effects on cancerous cell lines.

3.1. Niosomal codelivery of two drugs

DOX is commonly used in combination with tamoxifen (TAM),
which is a nonsteroidal selective estrogen receptor modulator
applied for the treatment of estrogen receptor-positive breast
cancer.”” On this background, Kulkarni et al. entrapped TAM
(lipophilic) and DOX (hydrophilic) in a niosome delivery
vehicle to attain a combined strategy based on nanomedicines
for breast cancer treatment.”” The combination index (CI)
values of free drug and double-charged niosomes results

2720 | Nanoscale, 2024, 16, 2713-2746

suggested a significant synergistic impact of niosomes com-
pared with the combination of free drugs. The in vitro cytotoxic
results show that the double-drug niosomes have improved
cytotoxicity for free drugs with significant dose-dependent cell
inhibition.”” This preliminary study showed that the co-loaded
niosomes lead to MCF-7 cell inhibition more notably than free
drugs or their combination. The ICs, value of the developed
co-loaded niosomes was multiplied by 15 in contrast to the
free drugs (Table 3). Optimized niosomes exhibited reasonable
EE (>70%) with prolonged drug release patterns of up to
72 hours. A bursting effect was first observed due to the pres-
ence of a free drug adsorbed onto the external surface of the
nano-carrier. It was followed by a controlled diffusion mecha-
nism from the core caused by the gentle erosion of the bilayer
membrane or hydrolysis.”®'°" Additionally, due to cholesterol
addition, surfactants are known to become more hydrophobic.
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As a result, compact niosomes are formed, which support sub-
sequent drug release. When the length of the alkyl chain is
enhanced, the drug release rate declines.'®® On the other
hand, drug uptake and in vitro cytotoxicity results have shown
that the optimized DDS has shown more effective tumor inhi-
bition and considerable localization than any other single
therapeutic agent. These findings suggest a deep therapeutic
application of dual-loaded (TAM + DOX) niosomes with modi-
fied cholesterol formulations (without any surface functional-
ities) for combined breast cancer treatment.’’

In another study for the breast cancer therapy field, Sahrayi
and co-workers have developed nanoscale niosome-based
transporters as targeted delivery systems.'”” The developed
platform is composed of dual-loaded niosomes with letrozole
(Let) and cyclophosphamide (Cyclo) (NLC), and folic acid (FA)
functionalized on the surface (NLCPFA) and can activate apop-
tosis, reduce Bcl-2 expression, and increase Bax expression by
targeting the PTEN/AKT/P53 signaling pathway.'®” Niosome
NPs contain an equal amount of both drugs, and formulation
optimization features have been investigated using various sur-
factant-cholesterol molar proportions of 1:1 and 2:1 and
lipid-drug molar proportions of 10:1 and 20:1, that affected
the EE.'®® EE values of samples improved by 2-3% for each
drug at the greater surfactant:cholesterol and lipid:drug molar
proportions. It was suggested that the thicker bilayer could
have greater encapsulation potential for hydrophobic
drugs,'®™"" and also the presence of FA may increase the EE.
Additionally, the mean size of the modified NPs was lower
than that of the NLC. According to the CI, both drugs have
considerable synergistic effects against MDA-MB-231 and
SKBR3, but the NLCPFA group had a higher cytotoxic effect on
the cancer cells, which was probably caused by the interaction
of FA-coated niosomes with folate receptors on breast cancer
cells, leading to the active transportation of niosomes within
cells.">'"3 Based on ICs, values (Table 3), a synergistic effect
was evident when both drugs were administered, which had a
far more toxic effect than each single drug for both cell lines.
Furthermore the cytotoxicity effect was enhanced by the
addition of FA to the functionalized niosome, perhaps due to
folate receptor-mediated endocytosis, which increased the cel-
lular uptake of drugs. FA plays a vital role in cell growth, differ-
entiation, repair, and host defence, as demonstrated in
Fig. 4A. NLCPFA significantly enhanced total apoptosis in both
cancerous cells, and cell cycle analysis in Fig. 4B and C
showed a strong synergic effect and niosomal co-loaded deliv-
ery of both drugs causing a shift toward the sub-G1 phase in
each cancerous cell. NLCPFA produced a greater change in the
effectiveness of the drugs.'®® This study showed that, along
with the synergistic effect of dual-drug niosomes, coated FA
can inhibit the activity of breast cancer cells by promoting the
apoptosis of both MDA-MB-231 and SKBR3 cells.

In another study on the effects of FA-coated niosomes and
the codelivery of cisplatin (CIS) and epirubicin (EPI), two che-
motherapeutic drugs for breast cancer treatment, Moammeri
and his colleagues designed an FA-PEGylated niosome
(FPNCE) to produce a functionalized DDS based on co-loaded
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niosomes to increase endocytosis and finally injected it into
BALB/c mice (Fig. 5A)."® The formulation was pH-responsive
because hypoxia in cancerous cells and tumor tissue usually
causes a decrease in pH value. CIS is an effective hydrophilic
drug for human cancer treatment because it can cause apopto-
sis and DNA damage in cancerous cells.'** EPI, which has
reduced cardiotoxicity and is a semisynthetic analog of DOX,
is a hydrophobic functional drug used to treat breast cancer.
EPI can inhibit topoisomerase II and plays a vital role in
cancer therapy by inhibiting DNA replication and lipid
peroxidation.'*>''® The in vitro release profile results indicated
that the release of drugs from NCE and FPNCE samples at a
pH of 5.4 is remarkably higher than the release at pH 7.4, indi-
cating that the designed DDSs are pH-responsive. This can be
attributed to the electrostatic interaction between the positively
charged drugs and PEG chains, and the ionization state at
physiological pH. Additionally, the obtained data indicated
that the delayed drug release of FA-PEGylation caused greater
drug aggregation in target cells and that an acidic pH ruptured
the niosome structure, which led to enhanced toxicity.'” The
increase in vesicle size and poly-dispersity index (PDI), as well
as the reduction rate in EE for the FPNCE, was lower than that
for the NCE throughout the shelf life. Therefore, the data show
that FA-PEGylation can also stabilize the DDS formulation
because the polymer-coated niosomes decreased systematic
phagocytosis.”* Based on the in vivo results shown in Fig. 5B
and C, the number of tumors decreased significantly in
BALB/c mouse in FPNCE-treated tumors and the anticancer
efficacy of FPNCE also significantly mitigated tumor size and
enhanced body weight mass, as FA inhibited the expression
of anti-apoptotic genes such as Bcl2. Following FPNCE treat-
ment, invasion, mitosis, and nuclear polymorphism were
reduced. Local drug delivery, cytotoxicity efficacy, and apopto-
tic body creation showed that nano-niosome FA-PEGylated
was an appropriate nano-based delivery system for dual drug
delivery.'® The addition of FA to the surface of niosomes has
been shown to induce apoptosis in breast cancerous cell
lines, as indicated by the results of the last two studies. The
amount of FA receptors on the surface of normal cells is less
than that on cancerous cells, so it can be hypothesized that
the surface modification of niosomes can play a key role in
the cellular uptake of the drugs and targeted delivery. Table 3
summarizes the details of the studies on dual delivery nioso-
mal systems.

Recent research has aimed to formulate and characterize
an advanced system of pH-responsive drug administration
based on farnesol-gingerol-loaded (N-Far/Gin) niosomes
(without surface modification) as a new method for breast
cancer treatment.'® N-Far/Gin showed outstanding biocom-
patibility with the control human foreskin fibroblast (HFF)
cells, indicating remarkable cytotoxicity against SKBR3 and
MCF?7 cell lines. Similar to other loaded niosomal DDSs, endo-
cytosis is the penetration method of entrapped drugs into can-
cerous cells, and internalization is facilitated by the hydro-
phobic surface and smaller size of the niosome. N-Far/Gin
causes apoptosis in SKBR3 and MCF?7 cells through the syner-
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Fig. 4 (A) Analysis of the total apoptosis of cancer cell lines (MDA-MB-231 and SKBR3) after treatment by free drugs and various niosomal struc-
tures. NLCPFA significantly increases total apoptosis in cancerous cells treated in increments of 21.9% for MDA-MB-231 and 24.5% for SKBR3, as
opposed to NLC formulations. The cell cycle analysis graphs of (B) MDA-MB-231 and (C) SKBR3 cancer cells after treatment with a variety of nioso-
mal and free drug formulations. Reproduced from ref. 102 with permission from [MDPI], copyright [2021].

gistic effect of the drugs, as reported by apoptosis tests, by
increasing the expression of anti-apoptotic genes (Table 3).***

To produce another niosomal formulation for co-loading
treatment using the ecological probe sonication approach,
Khan et al'® utilized rifampicin (Rif), a biopharmaceutics
classification system (BCS) class II drug with low water solubi-
lity, and ceftriaxone sodium (Cfx), a BCS class III drug with
poor permeability."*®'*® Owing to the undesired free-form
characteristics of these drugs, they have been chosen as appro-
priate candidates for DDS encapsulation. To increase niosome
function as nano-carriers, a combination of non-ionic surfac-
tants from Pluronic L121 and Span 60 was considered for the
niosome structure. By adding two or more non-ionic amphi-
philes, more stable, monodisperse, and smaller niosomes with
improved drug release profiles and a high EE% can be
achieved.'?® Cellular uptake can be improved by smaller nio-
somes, which results in greater anticancer effectiveness.

A combination of CIS and gemcitabine (GEM) for lung
cancer therapy via aerosolization against normal (MRC5) and
cancerous (A549) lung cell lines was studied by Mohamad
Saimi et al.**® The results from this study showed that the opti-
mized formulation of niosomes with a low dose of CIS and
Gem (NGC), small particle size, and three-month stability can
be applied for cancer therapy. CIS and Gem have shown good
interaction in a dual delivery experiment for lung cancer cell
treatments, with the potential to be more effective towards

This journal is © The Royal Society of Chemistry 2024

cancerous cell lines and the ability to decrease side effects in
comparison with systemic drug release due to their low toxicity
in neutral blood conditions."*' The EE% results demonstrated
that CIS entrapment efficiency was greater than that of Gem.
This was caused by the polarity of the drugs, where CIS was
less polarized than Gem. As a result, CIS can easily cross the
lipid bilayer membrane and Gem is expected to pass passively
through the lipid bilayer membrane and become entrapped in
the aqueous core.'°® The ability to inhale the niosome formu-
lation is a patient-friendly method that has the potential for
further lung cancer treatment studies. Such research is based
on the low surface tension of the formulations and high
electrostatic charge, which can result in a high aerosol output.

3.2. Niosomal codelivery of a drug and natural plant-based
bioactive compounds

Plants with significant chemical diversity have been widely
studied for centuries for their anticancer potential. For
instance, CUR, a hydrophobic polyphenol bioactive com-
pound, is produced by the rhizome of Curcuma longa. CUR has
a wide range of pharmacological potential, including anti-
inflammatory, antioxidant, and anti-tumor effects, and is pre-
sently administered in the early phase of a clinical trial as a
potential chemo-preventive component. Due to its immensely
low instability, aqueous solubility, high metabolic rate, and
poor bioavailability, the pharmacological application of CUR
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Fig. 5 (A) lllustration of a diagram showing the simultaneous injection of CIS and EPI into a BALB/c mouse. (B) Mass of the animal body during the

course of therapy compared with days (i), and the mouse body weight heat

map (ii). The weight of the mouse after 20 days of treatment (iii). (C) The

heat mapping of the volume of the tumor (ii) and the observation of tumor volume during therapy versus time (i). The volume of the tumor on day
20 of treatment (iii). (D) Malignant breast tumors are examined under a microscope; the malignant control, CIS + EPI, NCE, and FPNCE are stained
with H&E. Nuclear polymorphism is shown by arrowheads, and cancer tissue by arrows (magnification 400x; scale bar equals 50 pm). Reproduced
from ref. 103 with permission from [American Chemical Society], copyright [2022].

has been hindered."*'** CUR has also been utilized against
cancers by blocking the nuclear factor kappa B (NF-kB) signal-
ing pathway and downregulating the overexpression of Bcl-2
and P-glycoprotein.'® The co-encapsulation of CUR along with

2724 | Nanoscale, 2024, 16, 2713-2746

other agents in niosomes has been widely investigated, such
as human glioblastoma (U87)"*° and tamoxifen against
MCF-7,"*7"*® and DOX-LipoNiosome loaded against Saos-2,
KG-1, and MG-63 cell lines,”* which are listed in Table 4. In

This journal is © The Royal Society of Chemistry 2024
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the DOX-CUR LipoNiosome pH-responsive study, different cell
lines were used in a delivery system to demonstrate the anti-
proliferative performance of these drugs (Fig. 6A-E). The
enhanced release profile was influenced by various conditions
such as temperature, pH, and the structure of the
LipoNiosome membrane (Fig. 6F and G). A cytotoxicity assay
confirmed the pH-responsive nature of the designed formu-
lation. The anticancer action of DOX was effectively enhanced
by concentrating CUR in cancerous cells using a carrier. Both
the drugs were delivered sustainably through the prepared for-
mulations. Due to the low pH value of the lysosome, which
causes the carrier membrane to loosen, drug release in cells is
enhanced.

The other herbal product, paclitaxel (PTX), an essential
antineoplastic drug, is extracted from Taxus brevifolia bark.
PTX shows effective chemotherapeutic and cytotoxic potential
against many types of cancer. However, the overall therapeutic
effects of PTX are restricted due to poor water solubility and
low therapeutic index."**'*® To overcome these limitations
and improve the therapeutic potency of cancer therapies,
Alemi et al.®® developed a DDS to co-administer PTX and CUR
in PEGylated niosomal formulations for increased effective-
ness in MCF-7 cells. The system remarkably decreased MCF-7
cell growth to a greater extent than the free PTX/CUR combi-
nation (Table 4). The combination of PTX with niosomes and
another anticancer drug, oxaliplatin (OXP), has been studied
by El-Far et al'*® to encapsulate drugs in an optimized
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niosome and develop their therapy results against colorectal
cancer. Delivering dual drug-loaded niosomes altered the
release profile compared with that of their free drugs, as they
revealed a widened drug release, causing a reduction in their
toxicity. The encapsulation of OXP and PTX into the niosome
significantly increased their cytotoxicity and apoptosis activity
by up to two-or threefold compared with the free drugs.
Adding p-tocopheryl polyethylene glycol 1000 succinate (TPGS)
to the niosome preparation can affect the apoptotic activity of
drug-loaded niosomes through different mechanisms, such as
the participation of TPGS in the inhibition and destruction of
the mitochondrial respiratory complex'*® and the induction of
DNA damage or oxidation of proteins, enzymes, and lipids,
which lead to cell destruction.’®” In other words, TPGS could
increase bioavailability and reverse MDR."**"*® PTX was also
co-encapsulated with DOX and delivered via niosomes to study
the DDS in MCF-7 and PC3-MM2 cancer cell lines. The nio-
somes revealed a high EE and a synergistic effect due to the
presence of both drugs, which can overcome MDR.'* Let is
co-administrated with a supplementary and natural drug
ascorbic acid (AA) by Bourbour and her colleagues'*® to
decrease the side effects of Let, and both are loaded on a
similar folate-PEGylated niosome®” (i.e., folate-PEGylated Let-
AA-niosomes). It was found that the remarkable anti-cancer
activity of the niosomal DDS was due to the dual-loading of
Let and AA. In addition, investigations have shown that PEG
has no cytotoxic potential. Thus, the increase in cytotoxicity
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Fig. 6 Cellular uptake images of MG-63, KG-1, and SaOs2 osteosarcoma cancerous cell lines, treated with free DOX and CUR and drugs entrapped
into LipoNio carriers. For staining the nuclei, DAPI was applied. DOX and CUR have red and green fluorescence, respectively. (A) The comparison
between the cellular uptake of free drugs after 8 h-treatment in the KG-1 and MG-63 cell lines; (B) cellular uptake results of MG-63 and KG-1 cells
treated with LipoNio-DOX-CUR; (C) cellular uptake of SaOs2 cells treated with LipoNio-DOX—-CUR for 3 and 8 hours; (D) cellular uptake of SaOs2
and KG-1 cells treated with LipoNio-DOX—-CUR for 3 hours; (E) typical features on merging. Treated cells with entrapped drugs have shown more
violet and turquoise blue color intensity than free drug-treated cells. Entrapped drugs could penetrate cells by endocytosis, while the diffusion
mechanism transported free drug molecules. (F) and (G) The drug release profiles in PBS at pH 7.4, 6.5, 5.4, and a temperature of 42 °C. Reproduced
from ref. 54 with permission from [Royal Society of Chemistry], copyright [2017].
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activities in cancerous cells by the FA-Let-AA-niosome is due to
the release of both loaded drugs inside the cells (good cellular
uptake) and not to the components of the niosomal formu-
lation itself.”**'*° In Fig. 7, the invasion (A) and (D), migration
(B) and (E), and scratch (C) results are demonstrated. The
FA-LA-niosome and FA-niosome effectively inhibited migration
in both cancerous cells, which could potentially lead to FA
cytotoxicity by upregulating Bax, PTEN, and p53, as previously
mentioned in FA-surface-functionalized studies.

FA-functionalized niosomes have been optimized and co-
loaded with CUR and Let as a promising DDS for breast
cancer cell therapy.’” Both drugs are anticipated to exist
chiefly in the niosome lipid bilayer, depending on their
hydrophobic nature. These results revealed that the niosomal
formulation utilizing a lipid/drug proportion of 10 was con-
siderably smaller than the same formulations with a lipid/
drug proportion of 20. A greater amount of lipids in the nio-
somal formulation could form larger NPs and a thicker lipid
bilayer."*" In addition, the mean size of niosomes was signifi-
cantly increased, which was confirmed by drug encapsula-
tion.*” Owing to the presence of FA in the formulation, the
niosomal formulation had significant inhibitory effects on
both the MDA-MB-231 and MCF-7 cell lines, which is consist-
ent with the results of Sahrayi et al.'°® The details of recent
studies on the codelivery of drugs and herbal-based mole-
cules are listed in Table 4.

3.3. Niosomal codelivery of drug/bioactive compounds and
nucleic acids

Discovering and regulating the genes responsible for cancer
pathology is of continuous interest in discovering new
approaches to cancer therapy.'*>'** An increasing number of
investigations have revealed that RNA interference (RNAi) is a
favorable gene manipulation method with therapeutic potency
when administered alone or in combination with other treat-
ments, and is a tumor-selective gene silencing approach.'**'**
In addition, the therapeutic effectiveness of anticancer drug
molecules can be remarkably enhanced by the additive or
synergistic effects induced by siRNA and combination
methods.>® Oncogenes play a vital role in various stages of cell
growth in cancerous cell lines and may be considered targets
of these types of RNA.'° siRNA is a well-known RNAi specifi-
cally designed to silence the gene expressions implicated in
drug resistance®* and chemotherapy inactivity. It has also been
extensively studied for combination therapies.*>'*” Because of
their size and negative charge, siRNAs cannot cross the cell
membrane;'*® consequently, there are problems in the sys-
temic in vivo delivery of bare siRNA to targeted sites because of
limited blood stability, poor intracellular uptake, and nonspe-
cific immune stimulation, which restrict the siRNAs’ thera-
peutic development.'*®

In this regard, to enhance the inherent therapeutic efficacy
of siRNAs, it has been demonstrated that nano-DDS improves
the stability of siRNA, increases selectivity to the target, pre-
vents premature degradation, and enables fast in vivo clearance
of siRNAs. One of the most interesting delivery systems in the

This journal is © The Royal Society of Chemistry 2024
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study of niosomes and siRNAs is the possibility of loading
various drug molecules into niosomes to increase the efficacy
of cancer treatments. To prove this, Hemati and her colleagues
developed cationic PEGylated niosomes that could co-encapsu-
late siRNA and DOX against cell division cycle 20 (CDC20).>">*
At the cell-cycle checkpoint (G2/M), CDC20 is a regulatory
protein that interacts with an anaphase-promoting complex/
cyclosome (APC/C), initiating anaphase. In cancerous cells,
CDC20 upregulation has been shown to result in increased cell
proliferation, tumor initiation, and cancer development;'*®
hence, CDC20 siRNA can suppress cell growth and target the
G2/M phase. The first study was conducted in three cancerous
cell lines: human gastric cancer (AGS), human adeno-
carcinoma prostate cancer (PC3), and MCF7. The drug release
profile showed sustained release, and cellular uptake data via
endocytosis revealed that the number of cancerous cells
treated with Nio-DOX was higher than that in the group
treated with the free drug. Additionally, it has a key function
in delivering the combination of DOX and siRNA through cell
membranes, compared with free drugs that penetrate through
a diffusion mechanism. The results indicated that the dual
encapsulation of drugs and siRNA in cationic PEGylated nio-
somes showed an enhanced anti-cancer potential against the
death of tumor cells.”

The second study by the same team focused on gastric
cancer treatment with CDC20 siRNA and anticancer drug
molecules to target cell cycle proteins, as previously men-
tioned.> Quercetin (QC) is an herbal drug and chemo-sensi-
tizer. It can also prevent tumor proliferation by activating the
intrinsic path of apoptosis and blocking the phase S during
the progression of the cellular cycle.">>'*" DOX/QC/siRNA was
loaded into a different niosomal formulation. The various
molar ratios of dioleoyl-3-trimethylammonium propane
(DOTAP) were evaluated to optimize the niosomes for advan-
cing the loaded siRNA. The DOTAP addition leads to a
reduction in the vesicle size, which was discovered by
Campbell et al.,'*> and PDI, which is related to the reciprocal
repulsion force existing among the particles with the same
charge in a suspension system.'**"*> Also, the cellular uptake
results indicated that the DOTAP addition improved the DOX/
QC/siRNA transfection potential.’**'** This resulted in cat-
ionic lipids that improved the optimized niosome transfection
potential. Apoptosis analysis revealed that there was a remark-
able increase in the cell death rate when DOX and siRNA
were co-delivered due to a synergistic effect on apoptosis
induction. These results demonstrated that the synergistic
antitumor activities and controlled release of siRNA/
anticancer drug-encapsulated niosomes could downregulate
the expression of CDC20 with high efficiency, resulting in a
synergistic therapeutic reaction, ultimately causing gastric
cancer elimination.”

Many studies have shown that the addition of DOTAP
improves the niosome characteristics and the release of loaded
drugs and nucleotide acids. The DOTAP presence in gene and
bioactive compound niosomal formulations to boost transfec-
tion efficacy and stability has been followed by Abtahi and her
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Fig. 7 (A) and (D) Invasion, (B) and (E) migration, and (C) and (F) scratch results (i) microscope images (ii) for the MDA-MB-231 cells and SKBR3 cells
(control) after treatment with an aqueous solution of (Let + AA), FA-Let-AA-niosome, FA functionalized bare niosomes (FA-niosome), and bare
niosome. Magnification: 10x. Bar chart showing the average number of cells that invaded through the pores during the Matrigel experiment. The
results are shown concerning values measured in cells with no treatment (blank group) and depict average values +SD from at least three indepen-
dent experiments. The inhibition in the SKBR3 cells was higher than in the MBR-MB-231 cell line. Reproduced from ref. 133 with permission from
[Royal Society of Chemistry], copyright [2022].
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colleagues.'® MicroRNA-34, a member of the p53 network, is
one of the tumor-inhibiting microRNAs. A potential target of
miR-34a in breast cancer is regulating the type of silent mating
information 2 homolog 1 (SIRT1) oncogene."”” Down-regu-
lation of miR-34a in various tumors has been proved. Many
studies have revealed the potential of miR-34a in cancer
therapy by targeting nano-DDS. Based on the results (Fig. 8),
after two months of storage, the vesicle size, PDI, and percen-
tage of EE of the optimized niosomal structure demonstrated
no remarkable changes in comparison with the synthesized
samples, which verifies the physical stability of niosome-CUR
for up to two months (Fig. 8A). To investigate the impact of
extended storage on miR-34a leakage from the outer surface of
the niosomes, samples were stored at 4 °C for up to four
months. Fig. 8B demonstrates that even after four months, the
structures were stable with the lowest leakage. The reason for
this stability is the presence of DOTAP in the niosomal formu-
lations. In a previous study,'®® the stability of niosomes was
measured for three months, but in the formulation, sodium
dodecyl sulfate (SDS) was used instead of DOTAP. To stabilize
the niosomes, the particle size is reduced, and the negatively
charged zeta potential is increased, which leads to electrostatic
repulsion between the niosome particles and prevents aggrega-
tion. Furthermore, the graph in Fig. 8C illustrates that DOTAP
is not cytotoxic. Consequently, the incorporation of DOTAP
into niosomes has both physical and physiological benefits.
According to the tumor growth graph (in vivo), the niosome
codelivery system could increase the tumor inhibition activity
and present a synergetic therapeutic impact higher than that

150 =
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of co-delivering or free structures of both miR-34a and CUR
(Fig. 8D and E). The results from the curve (Fig. 8F) indicated
that the mice treated with a co-delivery system (loaded with
miR-34a and CUR) showed a slight change in body weight. The
data showed that niosomal codelivery did not enhance the tox-
icity compared with niosome-miR-34a and niosome-CUR.">®
Similarly, the impact of DOTAP on the niosomal delivery
system, transfection efficiency in MCF-7 cells, vesicle size, and
PDI were investigated in a recent study by Abtahi and co-
workers."”® miR-34a was loaded alone on novel PEGylated nio-
somes in different formulations. Following the addition of
5-15% DOTAP, the zeta potential increased, and there was a
reduction in the PDI and average size. Also, the findings indi-
cated that the presence of PEG on the niosome surface along
with DOTAP resulted in increased stability and reduced
average diameter. The in vivo study revealed that the body
weight of niosomal miR-34a-treated mice decreased slightly
after three weeks. These findings are consistent with those of
niosome-miR-34a-CUR-delivery in their previous study.'>®

3.4. Niosomal codelivery of two gene agents

As discussed earlier, RNAi therapy in the field of gene treat-
ment has become a special and promising technique that
involves gene expression modulation and silencing of genes at
the transcriptional level. Co-loaded niosomes have been uti-
lized to enhance the transfection efficiency and control restric-
tions in gene treatment. Newly designed delivery strategies for
miRNAs to tumor sites to eliminate them have attracted atten-
tion and have been applied in both in vitro and in vivo
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Fig. 8 (A) Physical stability of niosome-CUR after 15, 30, 45, and 60 days, (B) time-dependent stability of miR-34a loaded niosomes, (C) cytotoxic
effect of DOTAP addition to the niosome structure, (D) impact of different structures on mouse weight, measured every 3 days, (E) effect of different
structures on the tumor size (cm?) of the mouse models of breast cancer (cases treated with the structures for 21 days. A digital vernier caliper
measured the tumor volumes. In the 2nd and 3rd weeks after therapy tumor volumes were remarkably less than that of the control groups), (F)
mouse body weight graph (data were presented as the mean + SD, and P < 0.05 was considered a significant statistical difference). Reproduced from
ref. 156 with permission from [Elsevier], copyright [2022].
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investigations.">% ¢!
miR-15a and miR-16-1, can regulate a group of oncogenes.
However, they may be downregulated or eliminated in many
types of cancer, such as chronic lymphocytic leukemia
(CLL),'®* gastric cancer,'®® and breast cancer.'®® miR-15a and
miR16-1 have the potential to target different genes, including
MCL-1, WNT3A, CCND1, and Bcl-2.'°®'®” Therefore, they can
inhibit cell growth, induce apoptosis, and target malignant
cell proliferation by silencing anti-apoptotic genes. The exten-
sive diversity of cancerous cells, including PC3 cells, uses
various scenarios to break apoptosis. As the simultaneous use
of miR-16-1 and miR-15a revealed the strong activity of the
onco-suppressor, the synergistic application of both miRNAs
may significantly impact the suppression of cancerous cell
growth. In this regard, the co-delivery of these two miRNAs
could represent a promising treatment approach for prostate
cancer in its progressive stages, which was studied by Ghaffari
et al.>® Consistent with other studies,">*"*® the presence of
DOTAP in the niosomal formulation led to the enhancement
of positively charged particles. Additionally, PDI and vesicle
size were linearly reduced with an increase in DOTAP molar
levels. The cytotoxicity assay data showed that miR-15a/
miR-16-1 co-loaded on niosomes considerably decreased the
survival of PC3 cells, indicating that therapy with free miRNAs
and the niosome-loaded system led to the inhibition of PC3
cell growth depending on the dosage. Also, fluorescent micro-
scopic analysis (Fig. 9) showed that the niosome-labeled DIL
was delivered successfully to the cancer cells. Fluorescent
imaging findings suggested that niosomes with minimal cyto-
toxicity can increase cellular uptake as well as electrostatic
interactions with the cell membrane. According to transfection
efficiency data, miRNAs significantly decreased the expression
of Bel-2 after 48 hours at the first level of gene expression (tran-
scription) compared with the single niosome-treated cells.
These results are consistent with those of Bonci et al.,, who
investigated the expression of Bcl-2 in the same cancer cell
lines.'®® Additionally, cells transfected with the co-loaded
niosome and miR15a-/miR16-1 delivery system showed a
marked decrease in Bcl-2 expression compared with those
transfected with miR15a-niosome and miR16-1-niosomes.>”
Another study on the dual-gene-loaded niosome field was
conducted by Gharbavi and his co-workers.'®® NANOG, a
homeobox protein, is an important transcription factor and
has an essential involvement in stem cell mitosis.
Furthermore, it has been discovered that it is a key player in
maintaining the carcinogenic properties of various cancer
types and glioblastomas.’”>'”" Additionally, by upregulating
the multidrug resistance mutation (MDR1), NANOG can
increase chemoresistance, which makes it an optimistic target
for cancer treatment.”’> The decoy oligodeoxynucleotides
(decoy ODNSs), a class of nucleic acid-based drugs, are short
double-stranded DNA molecules. This therapeutic method can
be a safe, efficient, and promising approach for eliminating
cancerous cells."”® Previously, BSA-coated niosomes (NISM@B)
were synthesized through a thin-layer hydration approach by
the same researchers, and the obtained data revealed that

Tumor suppressor micro-RNAs, including
162
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NISM@B has efficient therapeutic agent binding potency, high
uptake efficiency, and low cytotoxicity.'’* In this regard,
NANOG decoy ODNs were loaded into NISM@B to form
NISM@B-decoy ODN complexes (NISM@B-DEC) to study the
capacity of the delivery system for the cancerous cell line U87.
A steady DDS was successfully prepared with a regular spheri-
cal form and narrow size distribution with acceptable zeta-
potential results and biocompatibility. The ODNs released
from the DDS demonstrated a controlled and pH-responsive
profile as the best model for explaining the ODN release
pattern. Finally, NISM@ B-DEC efficiently reduced tumor for-
mation, was taken up by the U87 cell line, and markedly inhib-
ited cell growth.'®® According to a small number of studies,
this codelivery system may be promising for cancer treatment.
However, due to the complicated method and gene loading,
the obtained studies are insufficient and warrant further
investigation.

3.5. Niogelosomes

Niogelosomes, produced from polymeric gels and niosomes,
are dual-loaded delivery systems, and their pharmacokinetics
and release characteristics vary from those of free niosomes.'”>
The presence of polymeric gels such as PEG*”'*® and hyaluro-
nic acid'’® could increase their bioavailability and loading
efficiency, preventing drug leakage from the niosome and
therapeutic applications for different treatments. In addition,
other polymers, such as chitosan, which has mucoadhesive
potential, can offer multiple benefits to delivery systems by
enabling a targeted delivery and guiding niosomes toward
MUC1-overexpressing tumor cells.">"”” Polymeric gels can
protect niosomes against fluctuations in external tonicity and
prevent uncontrollable and early niosome bursts and drug
release. However, in the delivery site, polymeric gels may
reduce drug release ability. This restriction can be controlled
by utilizing agents that respond to pH reduction or tempera-
ture enhancement in the cancerous sites. This leads to the
preparation of smart stealth niosomes, which can release most
loaded drugs at their delivered cancerous site instead of other
healthy tissues.’”® Double packaging by applying gel as the
outer layer stabilizes the niosomes’ surface, modulating the
cargo release over time.'”® To observe the advantage of poly-
meric gels in niosomal delivery, Wiranowska et al. studied the
estimation of a chitosan-based DDS by applying a new in vitro
model to compare the potential of targeting carcinoma cells to
IMMC3 and IOSE-121 epithelial normal cells."”® This system
contains fluorescence-labeled PTX encapsulated in niosomes
incorporated into a thermosensitive cross-linked chitosan
hydrogel and constructed for the controlled, prolonged, and
localized delivery of loaded drugs. Outside of the treated epi-
thelial origin carcinoma cells (OV2008), the fluorescence
intensity was measured at various diffused distances at three
different sites, inhibiting the difference in fluorescence inten-
sity averages in those sites with the highest fluorescence inten-
sity around the cell surface showing a concentration gradient,
most probably guided by the high affinity of chitosan to the
MUC1 receptors.'”®
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Fig. 9 Fluorescent microscopic images of the uptake of free miRNAs, bare niosomes, and co-loaded DDS 3 hours after transfection. miRNAs co-
loaded niosomes showed a greater cellular uptake rate and higher turquoise-blue and purple intensity compared with free miRNA-treated cells. The
average fluorescence intensity and the greatest percentage of cellular uptake belong to miR15a-/miR16-1 loaded niosomes. DAPI was used to stain
cell nuclei (blue), and 4% paraformaldehyde was utilized to fix transfected cells (960 magnification). Fluorescence intensities were calculated by
ImageJd and plotted as mean fluorescence intensity. *p < 0.05. Reproduced from ref. 52 with permission from [Springer], copyright [2021].

Recently, a new study aimed to design a novel smart nano- a niosomal encapsulating CUR as an anticancer agent and is
DDS with anticancer and antibacterial properties that can be embedded in a chitosan gel structure containing Rose Bengal
used for lung cancer treatment.'®® This DDS is prepared from (RB) as a dye with photodynamic antibacterial capability. The
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fabricated system exhibited a high EE% for both drugs and
temperature- and pH-sensitive release profiles. The antibacter-
ial activity of carriers was evaluated using the colony formation
technique and was applied against a Gram-negative (E. coli)
and a Gram-positive (S. aureus) bacterium. RB inhibited the
antibacterial effects against both bacterial strains, but pre-
pared DDS only showed bacterial inhibition and antibacterial
activity against E. coli. The designed DDS might be acceptable
for lung cancer treatment because Gram-negative bacteria
could promote cancer development alongside the synergetic
effect of the two drugs and other good properties.’®® Another
study presented an advanced dual-loaded delivery system for
intravesical application prepared from CUR/gentamicin sulfate
(GS)-loaded niosomes embedded in thermo-responsive in situ
gels (CUR/GS-co-loaded niosomes).”> The main portion of the
chosen gel was Poloxamer 407, with adequate mucoadhesive
and reversible gelation (depending on temperature) properties.
The thermosensitive behavior of the in situ gel DDSs has been
investigated by oscillation tests in time sweep mode. The test
is applied to discover the required time for transition from a
liquid state (room temperature 25 °C) to gel form (body temp-
erature 37 °C) after administration in the body. This transition
initiated within 20 seconds, whereas the gel state appeared
after 35 seconds. This is a typical gel-dominated behavior by
the elastic portion and shows a sufficient transition time in
the body. The results depicted that adding niosomes to in situ
gels did not change the physical stability; only a small
enhancement in size (less than 10%) was observed due to
polymer deposition on the niosomal surface. The results
showed that the CUR/GS compound in the niosomal-
embedded gel was more conserved at the end of the study
compared with those in niosomes without gel.”®

To evaluate chitosan hydrogel, in another experiment, chit-
osan-coated niosome (ChN) was utilized to increase the bio-
availability of both boswellic acid (BA) and CUR drugs.'®!
Many studies have suggested different medicinal effects of BA,
which include anti-carcinogen, anti-inflammatory, anti-arthri-
tis, and memory impairment features. However, there are dis-
advantages, including low solubility and low bioavailability."®>
The characteristic analysis of samples showed that at low
levels of chitosan, the average particle size of ChN was reduced
compared with bare niosomes (BN). It has been suggested that
ultrasound processing after the adhesion of chitosan to the
outer layer of niosomes caused this reduction. Moreover,
increasing the concentration of chitosan enhanced the average
vesicle size. The creation of a thicker chitosan coat and chito-
san bridges among particulates caused an increase in particle
size at higher chitosan levels."®" In advanced technologies, the
prototyping method and nanotechnology have opened novel
cancer cell treatment areas.'®* The emergence of the 3D-print-
ing method has produced numerous updated possibilities for
polymer hydrogel-based drug administration approaches, par-
ticularly for cancer therapy.'®*'%> 3D-printing prepares control-
lable and organized scaffolds with excessive precision, which
might give rise to the prolonged and mediated release of
various agents and molecules, such as proteins and different
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types of drugs in a possible and acceptable procedure.'®®
Hosseini et al. recently presented a novel DDS based on 3D-
printed gelatin-alginate biodegradable scaffolds incorporating
paclitaxel-loaded niosomes (Nio-PTX@GT-AL) for breast cancer
therapy.'®® Due to the presence of alginate, the printed
scaffolds are pH-sensitive DDSs for cancer treatment.
According to the mechanical properties (tensile and compres-
sive states) of Nio@GT-AL and Nio-PTX@GT-AL, the existence
of drug-containing niosomes leads to a slight enhancement in
modulus and strength in both the compressive and tensile
states, which may lead to prolonged stability. The activity of
caspase-3, caspase-8, and caspase-9 has been demonstrated in
Fig. 10. Treated cells with free-PTX, Nio-PTX, Nio@GT-AL, and
Nio-PTX@GT-AL markedly enhanced the activity of the three
caspases. However, niosome-containing samples, mostly Nio-
PTX@GT-AL, have improved the activity of caspase consider-
ably more than free-PTX.'®3

Various parameters must be considered when designing
an efficient dual delivery niosome system. The use of material
combinations, such as surfactants, is necessary to translate
the niosome formulation method. The characteristics of
these materials include size, morphology, stability, PDI, EE,
zeta potential, and even cytotoxicity, and gene induction,
such as DOTAP, as previously mentioned. The therapeutic
impact of these materials is both dual and effective. Also,
drug properties, such as hydrophobic and hydrophilic pro-
perties, as well as their molecular size, play a crucial role in
achieving a high EE%. Surface modification is another solu-
tion to optimize niosome characteristics. (i) Using polymers
with different molecular weights and characteristics has a
considerable effect on niosome properties. The stability of
niosomes is facilitated by PEGylation, a biocompatible bio-
material. Niogelsomes, such as chitosan, can also cause sus-
tained drug release or aid in targeted delivery. (ii) Various
agents, such as FA (vitamin B9), may have dual impacts in
optimizing DDS by increasing EE and biological effects by
attaching cancer cell receptors to increase endocytosis.
Therefore, there are different methodologies to prepare tar-
geted DDSs along with the synergistic effects of dual drugs.
To examine the efficacy and therapeutic dose of dual drugs, it
is necessary to conduct more in vivo experiments because the
pharmacokinetic and pharmacodynamic effects are measur-
able in a body condition.

4. Dual-niosomes for other
therapeutic purposes
4.1. Cutaneous drug delivery

Incorporating antioxidants into sunscreens is a logical step to
capture free radicals generated by UV light that penetrates the
skin’s outer layers. As a result, the co-delivery of these antioxi-
dants and UV filters has become a challenge. Niosomes, which
increase permeation and facilitate direct vesicle fusion with
the stratum corneum, can enhance the permeation of encapsu-
lated drugs. Arslan Azizoglu et al. proposed a combination
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Fig. 10 The comparison of activity of caspase-3, caspase-8, and caspase-9 in niosome-containing scaffold therapies and free-drug (PTX). An
enhancement in the activity and expression of three caspases can be observed as an index of the capability of the cancer therapy system. (A)
Caspase-3; (B) caspase-8; and (C) caspase-9. Nio-PTX@GT-AL has distinctly shown the most increase in the activity of all three types of caspase,
leading to a 5-fold improvement in comparison with the control group (P-value = P, *P < 0.05, **P < 0.01, ***P < 0.001). Reproduced from ref. 183

with permission from [Elsevier], copyright [2023].

therapy where octyl methoxycinnamate, a chemical UV filter,
accumulates on the skin’s upper layers, and melatonin, an
antioxidant, penetrates deeper into the epidermis layers to
exhibit its antioxidant, photoprotective, and anticarcinogenic

activities.'®”

They developed a new dual-niosomal formulation
by combining melatonin-encapsulated elastic niosomes and a
Pickering emulsion of octyl methoxycinnamate stabilized by
silica particles. The elastic niosomes were uniformly sized in
the nanometer range, while the Pickering emulsions contained
octyl methoxycinnamate in micrometer-sized droplets. Ex vivo
permeation studies showed that 7.40% of octyl methoxycinna-
mate and 58% of melatonin permeated through rat abdominal
skin, with 27.6% of octyl methoxycinnamate and 37% of mela-
tonin accumulating in the skin after 24 hours. The safety of
the proposed dual formulation was assessed using a real-time

This journal is © The Royal Society of Chemistry 2024

cell analyzer, and it was found to have no negative impact on
cell proliferation or viability. The antioxidant activity of the for-
mulation was studied using 1,1-Diphenyl-2-picrylhydrazyll
(DPPH) free radical scavenging experiments, which confirmed
its high antioxidant activity. These results suggest that the
dual-niosomal formulation has potential applications in deli-
vering multiple therapeutic agents with high efficacy and
safety.

Psoriasis is an immune-mediated skin disorder.
Methotrexate is often the first line of treatment, but its low
solubility and systemic toxicity can limit its use. Yang et al
addressed this issue by using ceramide-based niosomes (cero-
somes) to dual load methotrexate and nicotinamide (NIC) to
reduce toxicity and increase treatment efficiency.'®® The com-

bination of methotrexate and nicotinamide can synergistically
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influence psoriasis treatment. Nicotinamide’s hydrotropic and
anti-inflammatory properties can enhance the solubility and
efficacy of methotrexate and decrease the production of pro-
inflammatory factors. In their study, cerosomes were used to
deliver methotrexate and nicotinamide to deeper skin layers.
This reduced the skin thickness and the expression of pro-
inflammatory cytokines in psoriatic skin. In vitro and in vivo
permeation studies showed that the cerosomes significantly
increased methotrexate and nicotinamide permeation and
retention in the skin. Methotrexate/nicotinamide cerosomes
demonstrated potent anti-proliferative effects on HaCaT cells
irritated by lipopolysaccharide by arresting the cell cycle at the
S phase and inducing apoptosis. In imiquimod (IMQ)-induced
psoriatic mouse model, using methotrexate/nicotinamide
niosomes improved skin lesions compared with the oral
administration of methotrexate. This approach also reduced
the spleen index and epidermal thickness while down-regulat-
ing the expression levels of pro-inflammatory cytokine mRNA
(Fig. 11).

Nevertheless, the application of dual-niosomes, a specific
category of drug delivery system, faces significant obstacles,
specifically in the context of cutaneous drug delivery. A signifi-
cant concern pertains to the efficacy of drug delivery systems,
as certain medications may accumulate prior to permeating
their intended site or fail to reach the epidermis. Moreover,
the assertions regarding the effectiveness of dual-niosomes
have yet to undergo replication or peer review by other scien-
tists, which presents a substantial barrier to their acceptability.
Additionally, the potential systemic toxicity of particular medi-
cations, such as methotrexate, may impose restrictions on
their usage. While there have been suggestions to enhance
treatment effectiveness and mitigate toxicity through the use
of ceramide-based niosomes, the extent of their potential
adverse effects and long-term ramifications has yet to be
investigated.

5. Treatment of infections

Bacterial resistance to multiple antibiotics is one of the global
public health concerns which causes infectious diseases and
also leads to the failure of many antibacterial treatments.
Hence, developing novel procedures to treat bacterial infec-
tions has received much attention.

5.1. Tuberculosis

Mycobacterium tuberculosis (MT) causes a highly dangerous
disease due to factors such as its lengthy diagnosis process,
ease of transmission, therapeutic adherence, resistance, and
prevalence. The prevention of tuberculosis has become a sig-
nificant concern for global control. Kulkarni et al. developed
dual niosomes for the co-delivery of p-cycloserine and ethiona-
mide, creating a novel formulation to combat drug-resistant
MT.'®" They used the Box-Behnken experimental design to
determine the optimal formulation variables. The optimized
formulation showed over 70% entrapment efficiencies, an
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ideal particle size of 137.4 nm, and sustained release for up to
3 days. It also demonstrated good stability over six months.
Antimicrobial investigations further confirmed the synergistic
effect of the p-cycloserine/ethionamide niosome compared
with the free combination of drugs. This suggests that the pro-
posed formulation could be an effective therapeutic approach
for tuberculosis treatment.

In another study, Khan and colleagues examined the encap-
sulation of ceftriaxone sodium and rifampicin in niosomes
using the eco-friendly probe sonication procedure for tubercu-
losis treatment.’® The optimized formulations showed very
high drug entrapment efficiencies for ceftriaxone sodium and
rifampicin, with values exceeding 96%. Additionally, some
drug release studies revealed that the niosomal formulations
had faster in vitro ceftriaxone sodium and rifampicin release
rates than pure ceftriaxone sodium and pure rifampicin.

5.2. Pseudomonas aeruginosa and Staphylococcus aureus

Pseudomonas aeruginosa (PA) is an opportunistic pathogen that
can cause infections primarily in individuals with compro-
mised immune systems. This bacterium forms biofilms, which
can lead to prolonged medical treatments and even fatalities
among patients. Biofilms act as barriers, making it difficult for
antibiotics to penetrate and leading to a persistent immune
response and chronic infections. High doses of drugs are often
required to effectively treat PA infections associated with bio-
films. In response to this, various researchers have proposed
the use of combination therapy, where two or more drugs are
used, to combat the antibiotic resistance displayed by biofilm-
forming bacteria. Mahdiun et al. used niosomes as a self-
assembled dual drug delivery carrier to load tobramycin and
bismuth-ethanedithiol for the treatment of PA. This approach
aimed to inhibit the formation of biofilm and the production
of N-acyl homoserine lactone by PA.>* The study specifically
investigated the effects of several combinations of bismuth-
ethanedithiol, tobramycin, and niosomal formulations on the
growth of Agrobacterium tumefaciens strain. The results showed
that the combination of niosomal tobramycin and niosomal
tobramycin incorporated with bismuth-ethanedithiol was the
most effective in inhibiting the growth of different PA strains.
This significantly decreased the minimum inhibitory concen-
tration of tobramycin, leading to a reduction in the rate of
biofilm formation and inhibiting the production of the N-acyl
homoserine lactone molecule. Therefore, encapsulating tobra-
mycin and bismuth-ethanedithiol in niosomes can increase
antibacterial activity and reduce antibiotic resistance.

Sohrabi et al prepared and characterized chitosan gel-
embedded moxifloxacin-loaded niosomes as a potential drug
carrier for topical antimicrobial delivery.'®® The designed mox-
ifloxacin niosomal gel hybrid system showed sustainable
release behaviors. The antibacterial efficacy of various formu-
lations was studied by evaluating the minimal concentrations
for inhibition, minimal concentrations for a bactericidal
effect, and an assay of agar diffusion by PA and Staphylococcus
aureus (SA). The results of antimicrobial experiments exhibited
that niosomal formulation played a remarkable role in
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Fig. 11 (A) A schematic illustration of the procedure for the animal model and treatment of IMQ-induced psoriasis. (B) Photographs of the dorsal
epidermis of rodents treated with various formulations for 1, 3, 5, and 7 days. (C) Throughout the investigation, each group’s physical weight
changed. (D) PASI of epidermis on days 1, 3, 5, and 7 (&&p = 0.01). (E) The scores are added together and reported as cumulative scores. Spleen
index following seven days of therapy. No statistically significant difference between the normal and model groups; ***P < 0.001 between the MTX
(oral) and model groups; ***P < 0.001 among the normal and histological groups. Reproduced from ref. 188 with permission from [Elsevier], copy-
right [2021].

increased anti-PA efficacy. Chitosan gel-embedded moxifloxa- release, and bioadhesive behaviors. Therefore, the hybrid
cin niosomes could guarantee an extended local retention and system has potential as an efficient novel platform for the con-
better effectiveness due to high drug loading, prolonged drug trolled delivery of antimicrobial agents.
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Targhi and co-workers have investigated the synergistic
effect of silver/copper NPs and CUR against PA and SA.**° The
niosomal formulations and their hydrogel counterparts were
evaluated to study their antibacterial activity against SA and PA
using disk diffusion, and assays for the minimum concen-
tration for an inhibitory effect, and minimum concentration
for a bactericidal effect. Furthermore, to study the anti-biofilm
effect of the samples, anti-biofilm assay and biofilm-associated
gene expression by real-time PCR have been used. The nioso-
mal formulations exhibited high drug entrapment efficiencies
with a prolonged release of drug patterns over 72 hours. A
crystal violet assay was used to study the anti-biofilm perform-
ance of the materials. The results of the crystal violet assay dis-
played that CUR-AgNP-loaded niosomes, CUR-CuNP-loaded
niosomes, CUR-AgNP-loaded niosomal hydrogel, and
CUR-CuNP-loaded niosomal hydrogel significantly reduced
biofilm formation in the strains compared with free forms of
metal NPs and CUR. Interestingly, compared with niosomal
formulations, hydrogel-embedded niosomal formulations
enhanced the inhibition zone and significantly decreased the
minimal inhibitory and bactericidal concentrations. The cyto-
toxicity of the samples was analyzed by the tetrazolium (MTT)
assay. The findings indicated that CUR-loaded niosomes
exhibited the most negligible toxicity compared with the
CUR-AgNP-loaded niosomal hydrogel and CUR-CuNP-loaded
niosomal hydrogel at the same concentration. Moreover, the
formulations of CUR-AgNP-loaded niosomes and CUR-CuNP-
loaded niosomes displayed higher cytotoxicity than their
hydrogel-incorporated counterparts (Fig. 12). It is worth noting
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that niosomal CUR demonstrated lower cytotoxicity than free
CUR, possibly attributed to variances in intracellular traffick-
ing or diverse cellular uptake mechanisms between niosomal
and free forms.

5.3. Leishmania

Leishmaniasis is one of the commonly neglected health pro-
blems caused by various species of Leishmania, and is
endemic in the tropics and sub-tropics region. Pentavalent
antimonials (SbV) are the first-line therapy for treating all
forms of Leishmania. On the other hand, all current treatments
have different drawbacks, such as high cost, severe side effects,
drug resistance, dosage and duration of drug therapy, subopti-
mal treatment, and pharmacological deficiencies. Therefore,
these limitations emphasize a requirement for more impress-
ive treatment conditions and the progress of novel drugs or
combination treatments against leishmaniasis. Mostafavi et al.
investigated the loading of amphotericin B (AmB) and
Glucantime in niosomes to treat cutaneous leishmaniasis
through in vitro and in vivo studies."”" In this research, the
efficacy of the niosomal formulations of Glucantime and AmB,
simple forms alone and in combination, were compared with
free solutions of drugs. An MTT assay, gene expression profil-
ing flow cytometry, and macrophage model were used to
examine the as-prepared niosomal formulations’ efficacy. The
spleen’s lesion size and parasite number were evaluated to
assess the therapeutic influence of dual drug niosome on the
lesion induced using Leishmania major in inbred BALB/c mice.
Compared with free solutions of drugs, the niosomal formu-
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Fig. 12 (A) S. aureus (left) and Pseudomonas aeruginosa (PA) (right) inhabit drug-free and drug-loaded zones. Left side: (a) pure curcumin, (b) cur-
cumin-AgNP-laden niosomal hydrogel, curcumin-CuNP-containing niosomes, (d) copper NPs, (e) curcumin-laden niosomes, (f) niosomes laden
with curcumin-AgNPs, (g) NPs of silver, and (h) curcumin-CuNP-infused niosomal hydrogel. The right side: (a) curcumin-AgNP-laden niosomal
hydrogel, (b) copper NPs, (c) curcumin-CuNP-laden niosomal hydrogel, (d) curcumin-laden niosomes, (e) silver NPs, (f) free curcumin, curcumin-
AgNP-laden niosomes, as well as curcumin-CuNP-containing niosomes. (B) In vitro cytotoxicity of HFF cells. FreeNio: niosomes that have been
loaded with curcumin, Cur-AgNPs-Nio: niosomes that have been loaded with curcumin and AgNPs, Cur-CuNPs: niosomes that have been loaded
with curcumin and CuNPs, niosomal hydrogel containing curcumin-CuNPs is known as MGel-Cur-AgNPs-Nio. Results are presented as mean, and
standard deviation, with n = 3. ***P < 0.001, **P < 0.01, *P < 0.05. Reproduced from ref. 190 with permission from [Elsevier], copyright [2021].
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lations exhibited more significant inhibitory influences. The
niosomal formulation of Glucantime and AmB exhibited an
enhancement in the number of apoptotic cells and the levels
of gene expression of IL-12 and metacaspase and a decline in
IL-10 levels with a dose-response influence.

In other research, Mostafavi et al. reported selenium and
Glucantime-loaded niosomes as a novel niosomal formulation
against Leishmania tropica."® The efficacy of dual drug-loaded
niosomes was compared with their simple forms alone. For
evaluation of the effectiveness of novel niosomal formulations,
an in vitro MTT test, gene expression profile, and intra-macro-
phage model were used. The results showed that no cyto-
toxicity effect has appeared for niosomal formulations of sel-
enium and Glucantime, alone and in combination, and simple
forms of selenium and Glucantime. Furthermore, niosomal
formulations of the forms of selenium and Glucantime exhibi-
ted more inhibitory effects than the simple forms of selenium
and Glucantime. Also, the levels of gene expression of interleu-
kin (IL-10) reduced, while the level of IL-12 and metacaspase
enhanced. Bahraminejad et al. prepared a dual zirconium/tiox-
olone niosomal formulation via a film hydration procedure,
and its leishmanicidal performance against amastigotes and
promastigotes was evaluated by MTT and flow cytometry
methods."®* Furthermore, apoptosis, gene expression levels,
superoxide dismutase activity, the production of reactive
oxygen species, and nitrite generation were studied to evaluate
the mechanism of action niosomal formulation. The niosomal
formulation of zirconium/tioxolone exhibited no cytotoxic
effect. It increased the interleukin (IL)-12 expression level and
inducible nitric oxide synthase and remarkably decreased the
IL-10 gene expression level, which confirms the immunomodu-
latory role of zirconium/tioxolone niosomes.

Hakimi Parizi et al. reported niosomal formulations of tiox-
olone coupled with benzoxonium chloride against Leishmania
tropica.'®* This research evaluated the leishmanicidal activity
against amastigotes and promastigotes, apoptosis, gene
expression levels of free tioxolone and benzoxonium chloride,
and dual niosomal formulations of tioxolone and benzoxo-
nium chloride. The niosomal formulations of tioxolone and
benzoxonium chloride were more efficient than Glucantime on
promastigotes and amastigotes. Furthermore, the toxicity of
the prepared niosomal formulation was remarkably less than
Glucantime. Also, the flow cytometry test on the dual niosome
of tioxolone and benzoxonium chloride exhibited a higher
number of early apoptotic events as the principal mode of
action. Furthermore, the niosomal formulations enhanced the
IL-12 expression level and metacaspase genes and reduced the
IL-10 gene expression level. Anjum et al. designed AmB/penta-
midine (PTM) niosomes and optimized them by the Box-
Behnken design method.'®® The optimized AmB/PTM nio-
somes were incorporated into the chitosan. The as-synthesized
AmB/PTM/niosome/gel increases the retention time of nano-
carriers at the infection site and enables AmB/PTM niosomes
to penetrate layers of skin. To analyze the release pattern of
AmB and pentamidine, their in vitro release from AmB/PTM
niosomes and AmB/PTM/niosome/gel was performed. The
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results showed a prolonged release property compared with
their respective drug solution. The results of the ex vivo per-
meation study showed a greater percentage inhibition, higher
skin penetration, and lower IC;, against the promastigotes of
AmB/PTM niosomes, confirming its better antileishmanial
activity.

5.4. Klebsiella pneumoniae

Klebsiella pneumoniae is a Gram-negative bacterium causing
catheter-related biofilm infections. Antimicrobial resistance in
Klebsiella pneumonia is a major therapeutic challenge that
needs to be resolved. Akbarzadeh et al. loaded gentamicin and
ethylenediaminetetraacetic acid (EDTA) into niosomes to
investigate the antibacterial performance and biofilm inhabi-
tation against Klebsiella pneumoniae strains.'®® Various formu-
lations of gentamicin/EDTA niosomes were fabricated by a
thin-film hydration procedure. The properties of gentamicin/
EDTA niosomes were optimization by Design-Expert software.
Also, molecular docking was applied to assess the antibacterial
activity of gentamicin. The niosomal formulation exhibited a
prolonged drug release and high stability. The agar well
diffusion method, minimum inhibitory concentration, and
minimum bactericidal concentration were applied to evaluate
the antimicrobial activity of gentamicin and EDTA-loaded nio-
somes. The results showed a good antimicrobial performance
of niosomal formulations. Also, the crystal violet assay, biofilm
gene expression assay, and minimum biofilm eradication con-
centration showed good anti-biofilm inhibitory influences of
niosomal formulations.

5.5. Acinetobacter baumannii

Acinetobacter baumannii is one of the worldwide health pro-
blems because of its high antibiotic resistance and capability
to create biofilms. Shamkani et al. loaded minocycline and
gallium nitrate into niosomes and validated the anti-biofilm
activity toward Acinetobacter baumannii.*®” In order to form an
aqueous polymer solution, polyethylene glycol and polyvinyl-
pyrrolidone were incorporated into the as-prepared niosomal
formulation. Entrapment efficiencies for gallium nitrate and
minocycline niosomal formulations were 42.5 and 81.5%,
respectively. The obtained release rate of niosomes containing
gallium nitrate and minocycline was 20 and 50%, respectively.
In vitro and in vivo analysis confirmed the superior anti-
biofilm activity of the dual niosomes compared with non-nio-
somal compounds. Their livers and spleens were examined to
determine whether the materials used were harmful to mice.
Despite the excellent biofilm performance, niosomal formu-
lations have a lower cytotoxic effect than the substances alone.

5.6. Fungal keratitis

El-nabarawi et al. prepared natamycin-loaded niosomes incor-
porated into anti-inflammatory ketorolac tromethamine gel to
improve the natamycin’s clinical efficacy by increasing its
penetration via corneal tissue and decreasing the inflam-
mation associated with fungal keratitis.'®® The as-prepared
niosomes showed a high entrapment efficiency of up to
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96.43%. Compared with the marketed product and/or natamy-
cin entrapped in niosomal formulations, the natamycin/nio-
somes/ketorolac tromethamine gel exhibited in vitro retar-
dation of release. In vivo studies revealed the superiority of the
niosomal formulation entrapped in ketorolac tromethamine
gel and better effects on corneal infiltration and hypopyon
level.

Bacterial resistance to multiple antibiotics is a significant
concern in the field of global public health. This resistance
causes antibacterial treatments to fail and infectious diseases
to develop. Innovative approaches have been investigated to
address bacterial infections. These include the co-adminis-
tration of p-cycloserine and ethionamide, the encapsulation
of ceftriaxone sodium and rifampicin within niosomes,
and the utilization of chitosan gel-embedded niosomes
laden with moxifloxacin for topical antimicrobial delivery.
Notwithstanding this, the efficacy and enduring conse-
quences of these methodologies remain incompletely com-
prehended."®® The management of diseases such as MT, PA,
SA, and leishmaniasis represents an additional obstacle.
Although niosomes and combination therapies have been
suggested as potential approaches to address the issue of
antibiotic resistance exhibited by biofilm-forming bacteria
and drug-resistant MT, PA, and SA, respectively, the effective-
ness of these treatments is still being studied.>*° The existing
therapeutic approaches for leishmaniasis, a prevalent health
concern induced by diverse species of leishmania, are
accompanied by several limitations: exorbitant expenses,
severe adverse effects, drug resistance, suboptimal treatment
efficacy, prolonged therapy duration, and pharmacological
inadequacies. The injection of amphotericin B (AmB) and
Glucantime into niosomes for the treatment of cutaneous
leishmaniasis has been the subject of research. However, the
precise inhibitory effects of these treatments remain to be
determined.”! Finally, antimicrobial resistance poses a sig-
nificant therapeutic challenge for Klebsiella pneumoniae.
Although scientists have loaded niosomes with gentamicin
and ethylenediaminetetraacetic acid (EDTA) to examine their
biofilm inhabitation and antibacterial activity against
Klebsiella pneumoniae strains, the antimicrobial and anti-
biofilm inhibitory effects of these niosomal formulations
have not yet been validated.**>

6. Other therapeutic purposes

In recent years, niosomes have been extensively investigated to
treat various diseases, including Alzheimer’s disease, diabetes,
and HIV. For example, Kulkarni et al. loaded rivastigmine and
N-acetyl cysteine into a niosomal nanocarrier to treat
Alzheimer’s disease.”® The Box-Behnken experimental design
was used to optimize the nanoniosomal formulations.
Rivastigmine/N-acetyl cysteine niosomes exhibited a prolonged
release of drug pattern for up to 2 days. DPPH radical scaven-
ging and acetylcholinesterase enzyme inhibition tests revealed
a better combinative influence than the free solution of drugs.
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A 2-day nasal permeation confirmed the efficiency and bio-
compatibility of the prepared niosomal formulations. In vivo
pharmacokinetic and organ biodistribution investigations
showed a better drug profile and greater niosome distribution
in the brain than in other organs. Developing efficient DDSs
for treating diabetes is still in progress.’®* The most crucial
factor in treating diabetes is maintaining blood glucose levels
in a healthy range, regulated either through the direct entry of
the hormone insulin into the body or through the consump-
tion and injection of drugs. Using drugs in high dosages is
necessary for a better control of the blood glucose level, which
leads to harmful side effects on the human body. Therefore,
the application of nanotechnology for the development of
various formulations is essential. Samed et al. prepared novel
niosomes for loading glipizide and metformin HCI to treat dia-
betes.””> The niosomes were synthesized by thin film
hydration procedure. Metformin HCl was entrapped in the
inner core of the niosomes as a hydrophilic drug, while glipi-
zide was encapsulated in the bilayers of the niosomes as a
hydrophobic drug. The results of drug release studies showed
a linear profile up to 8-10 h and lasting for about 12-14 hours
for both metformin HCI and glipizide and drugs.

Porkolab et al. examined the loading of alanine and gluta-
thione in niosomes to deliver a protein cargo into cultured
cells of the neurovascular unit.>®® In this study, the results
demonstrated that using alanine/glutathione niosomal formu-
lations led to increased cargo delivery into the neurovascular
unit and astroglial cells. Moreover, when metabolic and endo-
cytic inhibitors were employed, it was observed that the cellu-
lar uptake of niosomal formulations was partially mediated
through endocytosis. Among the alanine transporter genes,
the small neutral amino acid transporter SNAT2 (SLC38A2)
exhibited high expression in all cell types except for SH-SY5Y
neurons. The neutral amino acid transporter genes ASCT1
(SLC1A4) and ASCT2 (SLC1A5), as well as SNAT1 (SLC38A1),
showed moderate expression levels. On the other hand, SNAT5
(SLC38A5) expression was found to be low-to-moderate in all
tested cell types.

In another report, Mészaros et al. loaded glutathione and
solute carrier ligands, including alanine and glucopyranose,
into niosomes.>”” Loading targeting ligands on the niosomal
formulations enhanced the cargo molecule uptake in cultured
brain endothelial cells. The cellular uptake depends on temp-
erature and is reduced by endocytosis blockers and metabolic
inhibitors. The niosomal formulations enhanced the plasma
membrane fluidity, revealing the fusion of nanovesicles with
endothelial cell membranes. The application of cell-penetrat-
ing peptides like TAT ((AYGRKKRRQRRR)) for cellular trans-
portation improvement has been widely considered. Yadavar-
Nikravesh et al. loaded an anti-HIV drug (tenofovir) into a
PEGylated niosomal formulation by a thin-film hydration pro-
cedure.”*® After that, the TAT peptide is embedded in the nio-
somal formulation. The as-prepared niosomal formulation
exhibited a good entrapment efficiency of 75 + 2.516%. The
MTT assay was employed to analyze the cytotoxic effects of
different formulations, namely the PEGylated NP, tenofovir-
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loaded PEGylated NP, free drug, tenofovir-loaded TAT-conju-
gated NP, and TAT peptide. All the treatments demonstrated
concentration-dependent cytotoxicity on HeLa cells. Notably,
the tenofovir-loaded TAT-conjugated NP exhibited a higher
cytotoxic effect than the tenofovir-loaded PEGylated NP.
Furthermore, the inhibitory effects of the samples against HIV-
infected HeLa cells were investigated at various non-toxic
dosages. The anti-Scr HIV-1 effects of all treatments followed a
concentration-dependent pattern. Combining both the tenofo-
vir-loaded TAT-conjugated NP and the tenofovir-loaded
PEGylated NP demonstrated more potent inhibitory effects
than free tenofovir at different concentrations. However, it was
observed that the tenofovir-loaded TAT-conjugated NP exhibi-
ted weaker anti-HIV-1 effects than the tenofovir-loaded
PEGylated NP. The results obtained from this study revealed a
lower anti-Scr HIV effect, higher cytotoxicity, and improved
release of tenofovir for the tenofovir-loaded TAT-conjugated
PEGylated NP when compared with the PEGylated NP.

It is critical to emphasize that niosome stability is an
initial consideration. Due to the aggregation, fusion, and
leakage of the encapsulated drug that can occur as a result of
their fluid bilayer structure, their shelf life, storage con-
ditions, and biological activity may be adversely affected.?
Expanding the manufacturing capacity of niosomes poses an
additional obstacle. The preparation methods commonly
employed are intended for laboratory-scale operations and
may not be viable for large-scale manufacturing on account
of cost, yield, and reproducibility concerns.?’® Targeting rep-
resents an additional substantial obstacle in the application
of niosomes. Although medications can be passively targeted
to specific tissues or organs, it may not always be possible to
deliver them specifically and exclusively to the intended
cells or receptors.”™® Lastly, niosome toxicity is a significant
concern. The concentration, charge, and structure of particu-
lar surfactants utilized in niosomes may lead to cytotoxic,
hemolytic, or irritant effects. As a result, a meticulous selec-
tion and optimization of surfactants and their mixtures are
required.”*

7. Challenges and future directions

Nanosomal co-delivery methods have several advantages. They
may target various cancer cell pathways and processes with
several drugs, improving effectiveness and overcoming multi-
drug resistance.”’”> These systems shield the transported
chemicals from degradation and clearance, improve their solu-
bility and permeability, and target the tumor location to
release medications in a controlled manner.”*® This increases
the stability and delivery efficiency and minimizes the thera-
peutic drug dose and frequency, preventing effects on normal
tissues and organs.’” This reduces toxicity and negative
effects.>'* Furthermore, these systems are adaptable. They may
be tailored to treatment drugs, tumor types, and patient con-
ditions. Their functional components might include targeted
ligands, stimulus-responsive materials, and imaging agents.'"?

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

Despite extensive research in the field of dual-niosomes as
a controlled DDS to treat a wide range of diseases due to mul-
tiple advantages such as chemical stability, biocompatibility,
and biodegradability, the application of targeted niosome for-
mulations towards clinical usage has been limited. The
different affinity of the drugs towards the niosomes is one of
the main challenges for the dual-functional drug niosomes.>’>
Therefore, the choice of amphiphilic molecules to prepare nio-
somes is significant because it provides various structural
compartments to interact with the hydrophobic and hydro-
philic drugs.”® Leakage of drugs, a low EE, the short shelf life
of the formulation, aggregation, fusion, hydrolysis of encapsu-
lated drugs, and carrier stability are the other limitations that
hinder the use of dual-niosomes as potential DDSs. Membrane
filtration and heat sterilization are unsuitable for dual-nio-
somes. So, these challenges require further study to prepare
commercially dual-functional drug niosomes. There are two
methods to improve the dual-niosome stability at ambient con-
ditions.*> Dispersing dual-niosomes in a viscous gel is applied
either to decrease the rapid leakage of the loaded drugs from
niosomal formulations or to decrease the effect of a burst
release perceived with dual-niosomes.>'® However, the release
of drugs from this system may be complex because the mole-
cules of drugs have to be released from the bilayer membranes
and diffuse via the viscous gel.

Another procedure for better physical stability is using
freeze-drying or spray-drying methods to convert the dual-nio-
somal liquid dispersion to a powder form. This approach
increases the physical stability of the dual-niosomes and can
also decrease the oxidative instability of oxidizable drug mole-
cules by reducing the formation of hydroxyl free radicals.
Sterilization of lipid-based products such as niosomes is a
challenging effort. Steam sterilization and dry heat are inap-
propriate for lipid-based DDSs, as this may lead to an extensive
leakage of drug molecules from the bilayer vesicles.
Furthermore, membrane filtration is unsuitable for drug deliv-
ery formulations larger than the pore size of the bacterial
filters. Fabrication of dual-niosomes under gas (ethylene
oxide), gamma irradiation, and aseptic conditions can be suit-
able, as minimum heat is produced within the sterilization
procedure. To sterilize the dual-niosomes, all the raw
materials, including drug solutions, organic lipids, and buffer,
are passed from the bacterial filters, and the final formulation
is prepared under aseptic conditions. Gamma irradiation
could be used for a packaged product and is applicable for
heat-sensitive drugs due to its high penetration power. The
sterilization of dual-niosome formulations with gamma
irradiation is a useful method, and thus the influence of
gamma illumination on the physical stability of dual-niosomes
can be a potential investigative line for future work.

The building components of dual-niosomes are surfactants,
which play critical roles in the preparation and properties of
these DDSs. The usage of surfactants can lead to some degree
of toxicity. However, no specific studies have been conducted
to investigate the toxicity of these formulations in animal
models, particularly in long-term investigations. It is crucial to
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Table 5 Nanosomal drug delivery methods' pros, cons, and prospective solutions for drug stability and targeted distribution
Challenge and
future direction Limitations Solutions Ref.
Drug affinity Variability in drug affinity towards Selection of amphiphilic molecules for niosome preparation to 217 and 218
towards niosome niosomes interact with hydrophobic and hydrophilic drugs
Leakage of drugs Low encapsulation efficiency (EE) Incorporating dual-niosomes in a viscous gel to reduce rapid 219 and 220
leakage and burst release, or utilizing freeze-drying or spray-drying
methods to convert liquid dispersion to powder form
Formulation Aggregation, fusion, hydrolysis, and Further research on stability enhancement methods such as 221 and 222
stability short shelf life freeze-drying, spray-drying, and sterility through gamma
irradiation or aseptic conditions
Toxicity of Lack of toxicity studies Thorough investigation of long-term tolerability of surfactant- 209
surfactants based systems in animal models before clinical application
Mass production Infeasibility of mass-producing dual- ~ Establishment of an efficient and cost-effective method for mass- 36

drug carriers using current methods

producing dual-niosomes with uniform size and clinically

acceptable properties

address this research gap and thoroughly examine the long-
term tolerability of surfactant-based systems before they can
be applied in clinical settings. Furthermore, there is a lack of
sufficient attention given to exploring the potential appli-
cations of amphiphilic molecules, which possess biological
activity or can serve as targetable ligands in bilayer vesicles.
However, a few compounds with dual properties like biological
activity and amphiphilicity may be available. So, preparing
these amphiphilic compounds that could be converted into
bilayer vesicles for the simultaneous delivery of two drugs is
effective.

The development of appropriate dual-niosomes requires
deliberation. The formulation of niosomes is influenced by a
variety of factors, including the surfactant employed, the vari-
ables of production, and the method of preparation. Most pre-
sently employed, clinically acceptable nanotherapies have a
simple structure and composition that lends itself well to
mass production methods. The preponderance of dual-nio-
somes has been produced using conventional methods, such
as reverse-phase evaporation, ether injections, and thin-film
rehydration techniques. This method has a number of disad-
vantages, including the need to remove organic solvents,
expensive costs, and a lengthy process. The laboratory pro-
duction and analysis of dual-niosomes are typically performed
on a milliliter scale. These small quantities are adequate for
both in vitro and in vivo research. Dual-niosomes may be chal-
lenging to construct on a large scale due to the impossibility
of mass-producing dual-drug carriers using current production
methods. Therefore, it is essential to establish an efficient and
cost-effective method for mass-producing dual-niosomes that
are uniform in size and possess clinically acceptable pro-
perties. A comprehensive summary of the primary benefits,
drawbacks, and possible remedies of nanosomal drug delivery
systems is presented in Table 5. This entails an exhaustive
examination of the advantages and disadvantages of these
systems, including potential toxicity and difficulties in large-
scale production, in addition to the benefits they provide, such
as enhanced drug stability and targeted delivery. The table
additionally examines possible approaches to surmount these
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obstacles, providing an impartial viewpoint on the implemen-
tation of nanosomal drug delivery systems in therapeutic
contexts.

8. Conclusion

In conclusion, nanoniosome-based medication codelivery
systems have demonstrated therapeutic potential. A review of
recent advancements in this field reveals the growth of nano-
technology in medicine, with a particular emphasis on cancer
therapy. Nanosystems such as niosomes offer significant
benefits for treating cancer and other diseases by increasing
the solubility and stability of entrapped anticancer and anti-
microbial medications. Due to their structure, sensitivity to pH
changes, and ability to be functionalized, niosomes, a type of
nanodelivery technology, have demonstrated great promise in
the delivery of specific pharmaceuticals. The ability of nioso-
mal formulations to permit combination therapy by co-deliver-
ing multiple drugs is one of its primary advantages. This
includes the codelivery of chemotherapeutic agents, bioactive
molecules, organic compounds, DNA, siRNA, and miRNA,
among other substances. Recent research has examined in
depth the use of dual-responsive niosomes for both drug deliv-
ery and cancer therapy. Niosomal DDSs can be classified
according to their various forms, chemical compositions, and
fabrication procedures. Methods for preparing niosomes
include thin layer injections, ether injections, microfluidiza-
tion, transmembrane pH gradients, the “bubble” technique,
and others. These methods offer various advantages and con-
siderations for the stability and structure of niosomal vesicle
membranes. Dual niosomes have been utilized effectively in
treating cancer to deliver two concurrent medications or a
drug containing bioactive compounds derived from plants.
Niosomes have also been utilized to transport drugs alongside
gene agents, including siRNA, microRNA, shRNA, IncRNA, and
DNA. Metallic niosomal carriers are also investigated for tar-
geted distribution to enhance therapeutic efficacy. In addition
to cancer therapy, dual-niosomes have shown promise in treat-
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ing several diseases, including leishmanial infections, PA, and
MT infections. Difficult tasks in the field include optimizing
formulation characteristics, enhancing stability, overcoming
biological barriers, and ensuring safe and efficient distri-
bution. Current advancements in nanoniosome-based drug-
combination systems emphasize their immense potential for
therapeutic applications. Through continued research and
development in this field, it will be possible to address these
issues and pave the way for future advances in drug delivery
and individualized treatment.
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