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Abstract

Development of nanocarriers for drug delivery has received considerable attention due to their
potential in achieving targeted delivery to the diseased site while sparing the surrounding
healthy tissue. Safe and efficient drug delivery has always been a challenge in medicine. During
the last decade, a large amount of interest has been drawn on the fabrication of surfactant-based
vesicles to improve drug delivery. Niosomes are self-assembled vesicular nano-carriers formed
by hydration of non-ionic surfactant, cholesterol or other amphiphilic molect!!cs that serve as
a versatile drug delivery system with a variety of applications ranging fron acrinal delivery to
brain-targeted delivery. A large number of research articles have been publisiiad reporting their
fabrication methods and applications in pharmaceutical and cosmetic fields. Niosomes have
the same advantages as liposomes, such as the ability to incorpoiate both hydrophilic and
lipophilic compounds. Besides, niosomes can be fabricatec with siiple methods, require less
production cost and are stable over an extended period, thus overcoming the major drawbacks
of liposomes. This review provides a comprehensive summiary of niosomal research to date, it
provides a detailed overview of the formu'aucn components, types of niosomes, effects of
components on the formation of niosories, fabrication and purification methods, physical
characterization techniques of niosonias, irccent applications in pharmaceutical field such as in
oral, ocular, topical, pulmonary, parental and transmucosal drug delivery, and cosmetic
applications. Finally, limitations ana the future outlook for this delivery system have also been

discussed.
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1. Introduction

Conventional drug delivery systems face some significant challenges, such as unfavorable
pharmacokinetics and distribution, which can lead to unwanted side effects (1). Drug
degradation in blood circulation by the reticuloendothelial system and insufficient drug uptake
at the target site can reduce drug efficacy (2). Nanocarriers have been extensively investigated
in the past decades to overcome the challenges associated with conventional drug delivery
systems, due to the following advantages: a) facilitate targeted drug delivery to the diseased
site; b) enhance absorption as surface area increases and hence increase binavailability; c)
improve pharmacokinetics and biodistribution of therapeutic agents; d, incicase retention in
biological systems and prolong the efficacy of drugs (2,3). Numerous papers have been
published regarding the development of different types of nanocerriers, such as polymeric
nanoparticles, solid lipid nanoparticles, liposomes, micelles, dendrimers, carbon tubules,

rd

mesoporous silica and quantum dots. However, only ¢ few of them have demonstrated
significant clinical potential (2,4). The ultimate goels tf¢r designing an effective nano drug
delivery system include formulation with biocompatitie and biodegradable materials;
achieving target delivery of therapeutics G the pathoiogical site without affecting the
surrounding healthy tissue or organs; no preimature or burst release; ability to load a significant
amount of drug in order to achicve (he uesired therapeutic effect; controlled release of drug
over an extended period to reduce fuse frequency and improve patient compliance (1). Among
the different drug delivery systems, niosomal delivery systems can achieve majority of the

goals listed above.

Niosomes are formed by self-assembly of non-ionic surfactants. They are structurally similar
to liposomes 2nc were developed as an alternative delivery system to liposomes, as niosomes
can overcome the problems associated with large-scale production, sterilization and physical
stability (5,6). Also, the raw materials for niosomes are relatively cheaper and more readily
availab!e than phospholipids used for liposomes. Niosomes can be prepared as unilamellar or
multitamellar vesicles following similar preparation methods as liposomes (7,8). They were
first reported by researchers from L’Oréal (Clichy, France) for cosmetic applications in the
1970s and 1980s. Since then, niosomes have been extensively investigated for multiple
applications in different fields including pharmaceutical, cosmetic and food sciences, leading
to a large number of publications and patents (2). Niosomes can enhance drug delivery across
the skin barrier — stratum corneum (SC) (9,10). Some mechanisms have been proposed to

explain their penetration-enhancing effects (2). Topical vaccine delivery using niosomes as



carriers have been reported in the literature, where the antigen remains intact in the aqueous
core while the niosomal components enhance penetration across the skin and initiate an
immunological response. Niosomes are also studied for the ocular delivery of therapeutics due
to their low toxicity and penetration enhancing effects (11-13). In anti-cancer research,
niosomes can achieve targeted delivery of anti-cancer agents and decrease toxicity to reduce
side effects associated with these drugs (4,14). Proniosomes are of particular interest in the
pulmonary delivery of aerosol drugs through nebulization devices, where drug loaded
proniosomes can be deposited into the deep lung and achieve a better therapeutic response (15-
17).

This up-to-date review of niosome drug delivery systems covers the elemenial composition of
niosomes, recent advances of new materials, functionalized ligands for targeted delivery,
fabrication methods and different types of niosomes. Characterization studies, applications in
various fields including pharmaceutical and cosmetic and commiciiis on limitations and future

directions of the niosomal system are also presented.

2. Types of niosomes

Various kinds of niosomes have becn reported in the literature. These are classified into
different groups according to their size or number of lamellar layers. Based on the size, there
are small unilamellar vesicles (SUV) and large unilamellar vesicles. Based on the number of
bilayers, there are multilarcllai vesicles (MLV) and small unilamellar vesicles (SUV) (2). The
size of niosomes is also = crucial factor that affects the choice of administration route.
Submicron size vesicles are suitable for intravenous or transdermal applications, whereas those
up to 10 micrens are often used for intraperitoneal, intramuscular, nasal and oral administration
(18). Cmall unilamellar vesicles (SUVs) are produced from multilamellar vesicles by methods
such as sonication, extrusion under high pressure and high shear homogenization. The size of
SUVs isaround 10 to 100 nm (Fig. 5a). They are thermodynamically less stable compared with
other types of niosomes and have poor drug loading capacity for hydrophilic drugs as well as
a higher tendency to form aggregates (2,3). Large unilamellar vesicles (LUVs) comprise a
single bilayer surrounding the aqueous core and are around 0.1 to 1 um in diameter (Fig. 5b).
LUV niosomes have a large agueous compartment, can be used for encapsulation of
hydrophilic drug molecules (2). Multilamellar vesicles (MLV) comprises several bilayers
surrounding the aqueous lipid compartments separately. The diameter of these vesicles ranges



from 0.5 um to 10 um (Fig. 5¢). MLVs can be easily prepared without complex techniques and
are more stable compared to the other two types of niosomes under normal storage conditions.
Also, they are favorable in the loading of lipophilic drugs due to the presence of multiple

bilayer membranes (2,3).

2.1 Types of specialized niosomes

2.1.1 Proniosomes

Proniosomes are produced by coating a thin layer of non-ionic surfactant cn a water-soluble
carrier (2,11,19). To make proniosomes, the water-soluble carriers need tc he ricii-toxic, safe,
free-flowing and have good water solubility to allow easy hydration. Mgltodextrin, sorbitol,
mannitol, glucose monohydrate, lactose monohydrate, and sucrose stealaie have been used to
prepare proniosomes (2,19). Proniosomes present in a dry powde: form and have several
advantages over the conventional niosomes such as heticr stability, less likely to form
aggregates as well as reduced drug leakage (3). Fioniosomes can be prepared by various
methods such as slurry method, slow spray coating inethcc! and coacervation phase separation
method. They exist in two forms, dependinc on the method of preparation, which are dry
granular proniosomes and liquid crystaliine proniosomes (17,18,20-22).

2.1.2 Elastic niosomes

Elastic niosomes are flexihle niosoriies, which can pass through pores that are smaller than
their size without destroying thair structure. The components of these vesicles are surfactants,
cholesterol, water, and cthanol (Fig. 6b). They are commonly used in topical or transdermal
drug delivery owing o their ability to pass through small pores and therefore improve
penetration (" rough the skin barrier. Manosroi and colleagues prepared elastic niosomes for
transd=rmai delivery of diclofenac diethylammonium; the deformability index was around 14
times higher than conventional niosomes (23). Another study carried out by the same group of
researchiers found that elastic niosomes prepared by addition of sodium cholate improved

tiansdermal delivery of papain for scar treatment (24).

2.1.3 Discomes

Discomes are a large disc-like niosomes. In previous work by Uchegbu and co-workers,
discomes were prepared using hexadecyl diglycerol ether, cholesterol and dicetyl phosphate by
mechanical agitation and sonication (25). In the study, they found the size of discomes were

large (11 to 60 wm) and further increased in size after sonication. Discomes are also



thermoresponsive; their structure becomes less organized when the temperature increases
above 37 °C. Abdelkader et al. investigated discomes for ocular delivery of naltrexone for the

treatment of diabetic keratopathy (26).

2.1.4 Bola niosomes

Bola niosomes are made of bola surfactants. This particular type of surfactants was found in
the membrane of archaebacteria in the early 1980s. They have two hydrophilic heads that are
connected by one or two lipophilic linkers. Zakharova (2010) has shown that bola surfactants
have a strong assembling ability, which was demonstrated by their much higher surface tension
and lower critical micelle concentration than the conventional surfaciaris, turther research

revealed their tolerability both in vitro and in vivo (27).

2.1.5 Transfersomes

Transfersomes are novel deformable vesicular carrier systems primarily composed of
phospholipids, which self-assemble into a lipid bilayer in an 2queous environment and close to
form a vesicle. A lipid bilayer softening component ic addec to increase lipid bilayer flexibility
and permeability. This is known as an edge activatoi. A edge activator usually consists of a
single chain surfactant of non-ionic naturc that causes destabilization of the lipid bilayer,
thereby increasing its fluidity and clasticity (Fig. 6c). Transfersomes comprise both
hydrophobic and hydrophilic roieties and &as a result can accommodate drug molecules with a
wide range of solubilities. They ccn act as a carrier for low as well as high molecular weight
drugs (28).

2.1.6 Aspasomes

Ascorbyl palmitate nias peen explored as bilayer forming material; it forms vesicles with
cholesterol, ascorby! palmitate and a negatively charged lipid (dicetyl phosphate). Aspasomes
are prepared by 7ilm hydration method followed by sonication. They have been studied for the
transderinal delivery of active ingredients, and it was found that aspasomes can enhance
transdermal penetration across the skin barrier. Gopinath and co-workers developed
azidothymidine (AZT) loaded aspasomes for topical application. Transdermal permeation of
AZT loaded in aspasomes was much higher than AZT solution and ascorbyl palmitate aqueous
dispersion. Although no study was conducted to determine the mechanism by which aspasome
is enhancing the permeation of AZT, it is speculated that due to its lipophilicity it partitions
into lipids of the skin and by its amphiphilic character alters the intercellular space and thus

improve permeation. This study also revealed that the antioxidant potency of ascorbyl moiety



is retained after converting ascorbyl palmitate been into vesicles, aspasome rendered much
better antioxidant activity compared with ascorbic acid. The antioxidant property and skin
permeation enhancing property indicate a promising future for aspasome as a transdermal drug
delivery system (29).

3. Formulation components and their effects

The components for niosomes include surfactants (generally non-ionic surfactants), cholesterol
and charge inducing agents (3,30,31). Understanding the physicochemica! propgerties of these
formulation components as well as their effects on niosomes is essentia! for preparing niosomes
with desired properties (32,33). Formulation components such as surfactants, cholesterol,
charge inducing agents, the effect of hydrophilic-lipophilic balance (HLB) value, liquid gel

transition temperature will be discussed in the following sectioric (2,3).

3.1 Surfactants

Surfactants are amphiphilic molecules, which comprise a lipophilic tail and a hydrophilic head.
They are classified according to e ciarges on their hydrophilic head groups, which are
cationic, anionic, amphoteric and non-ionic (Fig. 1) (1). The tail group of surfactants can be
alkanes, fluorocarbons, aromatics or other non-polar groups. Non-ionic surfactants are the
major components of ninsorins due to their low toxicity and biocompatibility compared with
the other types of suriactanis. A variety of non-ionic surfactants have been commonly used in
the preparation of nicsorics. For example, derivatives of alkyl ethers, alkyl esters, and sorbitan
fatty acid esters (1-3,34).

Alkyl asters include sorbitan fatty acid esters (Span) (Fig. 2) and polyoxyethylene sorbitan fatty
aciu csterc (1'ween), these surfactants are non-toxic and non-irritating. Tween surfactants are
acrived from a reaction between polyoxyethylene and sorbitan fatty acid esters. They have
higher HLB values compared with surfactants in the Span family (2). Brij surfactants are an
example of alkyl ethers. Among the members of the Brij family is Brij 30 (Polyoxyethylene (4)
lauryl ether) with a phase transition temperature less than 10 °C and able to form large

unilamellar with high drug loading (35).



Sucrose esters (SEs) are another group of non-ionic surfactants, they have a sugar substituent,
sucrose, as the polar head group and fatty acids as non-polar groups (36). As sucrose contains
eight hydroxyl groups, compounds ranging from sucrose monoesters to octaesters can be
produced. These esters contain different fatty acids (stearic, palmitic, myristic and lauric acid)
in different ratios (37). The type of fatty acid and the degree of esterification determines the
hydrophilic lipophilic balance (HLB) value and the melting point of these materials. They have
HLB values from 1 to 16, because of this variety, they are applied in many areas of
pharmaceutical and cosmetical technology as emulsifiers, solubilizing agents, lubricants,
penetration enhancers and pore forming agents (38,39). SEs have 'ow toxicily, they are
biocompatible, are less hemolytic and irritating than other surfactants, and finally, they have
excellent biodegradability (40). SEs have drawn a worldwide interest as permeation enhancers
of reduced irritation potentials; they are approved by Food ainc Agriculture Organization
(FAO), World Health Organization (WHO), in Japan, USA and Furope, as food additives
owing to their high safety and excellent properties. Sucrose ctearate and sucrose palmitate are
approved as inactive ingredients by the Food and Drug Adninistration (FDA) and listed in the
Inactive Ingredients Database for oral dosace forms ¢nd sucrose distearate and sucrose
polyesters are listed for administration by topicai route (39). Most applications of SEs are found
in transdermal drug delivery while (hay are also studied for oral administration of antigens and
sucrose stearate-based pronicsomes have been investigated for pulmonary delivery of
cromolyn sodium (20).

Bola and Gemini surfactanic are the newer generations of surfactants that have been
synthesized to produce ri1osoimes with optimal properties (2). Gemini surfactants have a low
critical micelle conceitration and are non-toxic, non-irritating and non-hemolytic (2,10,41).
Bola surfactants are of higher solubility and higher critical micelle concentration (1). Another
new type oi suriactant is tyloxapol, which is composed of ethylene oxide and formaldehyde
anu formis niosomes in water. It is a non-ionic biological surfactant of alkyl aryl polyether
alcohol type that has been used in ophthalmic preparations and as a mucolytic agent for
pulmonary diseases (2). Sucrose stearate-based proniosomes derived from niosomes have also

neen explored for pulmonary delivery of cromolyn sodium (20).
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3.2 Additive agents

Various additives have been used for niosome membrane among which the most common and
important of these agents is cholesterol (Fig. 3) (25). Cholesterol interacts with surfactant by
forming a hydrogen bond between its hydroxyl groups and the alkyl chain of surfactant
molecules. It increases the transition temperature of vesicles and hence can improve stability
by altering the fluidity of chains in bilayers. When present in sufficient concentration, it
abolishes the gel to liquid phase transition endotherm of surfactant bilayers (12,42-46).
Cholesterol also improves EE due to its membrane stabilizing effect, as it distributes between
the bilayer, occupying otherwise void space and decreasing membrane fluidity, thius enhancing
stability (3,5,47-49). On the other hand, increasing cholesterol above a certain poiiit may inhibit
the formation of the regular linear structure of the vesicular membrarie, as it competes with the

drug molecules for space and excludes them (44,50).

Cholesterol influences other properties such as membrane rigidity, permeability, and ease of
hydration (51-53). The fluidity of the niosomal niembiane is one of the critical factors
governing the release of drug molecules. The differeicc in release behavior is due to the
variation in cholesterol content in different niosomes. The amount of cholesterol required in a
particular formulation is dependent on the !B value of the surfactants; when the value is
greater than 6; cholesterol must e used to Torm niosomes. For Span niosomes, Span 60 and 80
can form niosomes requiring liti.e or no addition of cholesterol due to their low HLB values.

Tween 60, with a higher +!B, needs imore cholesterol to maintain membrane rigidity (8).

Drug loading capacity can ce iniiuenced by cholesterol, the addition of cholesterols delays drug
release by abolishiing ge! to liquid phase transition and improving drug loading hydrophilic
drugs (20). Ori thic other hand, for lipophilic drugs, decreasing the concentration of cholesterol
in the forinulation lead to an increase in EE as cholesterol disrupts the regular linear structure
of the niosorial membrane, which does not allow more entrapment for lipophilic drugs (54-

£5).

Charge inducing agents also play an essential role in stabilizing bilayer membranes by
iimparting either a negative charge or positive charge to the surface of the niosomes, preventing
aggregation by electrostatic repulsion (57). Negatively charged ionic compounds such as
dicetyl phosphate (DCP) and positively charged compounds like stearyl amine (STR) or stearyl
pyridinium chloride are commonly used charge inducing agents in the preparation of niosomes.

Generally, these charged molecules are added to the formulation in an amount of 2.5 to 5 mol %

11



(17,25,58,59). However, increasing amount of the charge inducing agents beyond the limit will

prevent the formation of niosomes (3).

3.3 Critical packing parameter

Nonionic surfactants are composed of both polar and non-polar parts. The formation of bilayer
vesicles instead of micelles depends on the HLB of the surfactant, chemical structure of
surfactants and the critical packing parameter (CPP) (Fig. 4) (2). CPP can be expressed by the
following equation:

CPP = V/aolc

Where V is hydrophobic group volume, ag is the area of hydrophilic heac group and I is the
critical hydrophobic group length.

From the CPP value, the type of micellar structure formed can be ascertained. A CPP of less
than 0.5 suggests the formation of spherical miceiles, wiereas a CPP between 0.5 and 1
suggests the formation of bilayer micelles. A CPP ot greater than 1 suggests the formation of
inverted micelles. A comparison between T'ween surfactants confirmed the influence of the
surface area of the polar head. Tweeri 21 anu 20 have the same alkyl chain but different
hydrophilic head groups, which influcnces the HLB value, the former being HLB 13.3 and the
latter being HLB 16.7 (3).

3.4 Hydrophilic-!ipophilic balance (HLB)

HLB is an empirical expression for the relationship of the hydrophilic and the hydrophobic
groups of surfactants (2). Surfactants with a higher HLB value are more water-soluble than
surfactants with a lower HLB (8,42-44). HLB value affects the size of the niosomes as well as
E = of (he active ingredient (35,60,61). It has been reported that surfactants with an HLB value
beirvecn 4 and 8 can form niosomes, whereas surfactants with an HLB value of 6 or higher
require the addition of cholesterol to form niosomes. Surfactants with an HLB outside of this
range do not form niosomes (62,63).

12



3.5 Gel liquid transition temperature (Tc)

Gel liquid transition temperature (Tc) of the surfactants is an essential factor that influences
the formation of niosomes. It affects EE, membrane fluidity, membrane permeability, and
stability. Tc and the length of the alkyl chain of non-ionic surfactants are correlated with each
other. Shorter alkyl chains have a lower Tc, which leads to the formation of “leaky” niosomes.
Surfactants with a higher Tc are more likely to be in an ordered gel form, reducing bilayer
leaking compared with surfactants that have a lower phase transition temperature (19,43). Tc
is dependent on the degree of the unsaturated alkyl chain. Lack of saturation in the alkyl chain
lowers Tc and increases chain fluidity and membrane permeability. Studies have shown that
niosomes formed by surfactants with lower Tc are more flexible than tiiose icimed with a
higher Tc. The temperature of the hydration medium should be higher than the Tc of the
surfactant, as this affects the formation of niosomes and could 1iiduce modifications in the
bilayer (64-66).

4. Methods of preparation

There are multiple methods for preparinig riosormes. These include the thin film hydration
(hand shaking) method, ether irijection imethod, reverse phase evaporation method, trans-
membrane pH gradient drug upici<= process, emulsion method, lipid injection method, micelle
solution and enzyme method, bubule method, microfludization method, the formation of
niosomes from pronioscines end supercritical reverse phase evaporation method. Some new
methods have been developed in the past decade; for example, the supercritical reverse phase
evaporation method was described by Manosroi and colleagues using supercritical carbon
dioxide fluid (60). /nother microfluidization method was introduced recently, which is rapid
and provides coiitrolled mixing of surfactant cholesterol solution and an aqueous solution in
miciochanneis (3). Also, proniosome methods have been proposed to overcome physical
instability issues. Niosomes obtained as a dry powder provide easy unit dosing and can also be
applied in pulmonary delivery (61). The advantages and disadvantages of the different
preparation methods are summarised in Table 1. Niosomes prepared by different method yield

difference sizes of vesicles. The methods of preparation are detailed below.
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4.1 Thin film hydration (hand shaking) method

The thin film hydration method is a simple technique (Fig. 7); however, it requires the use of
organic solvents to dissolve surfactant and cholesterol. Surfactants and cholesterol are
dissolved in a round-bottomed flask followed by evaporation of the organic solvent to form a
thin film on the bottom of the flask. Addition of aqueous medium swells the film from the wall
of the round bottom flask at a temperature above the transition temperature of the surfactant
for a specified period with constant mild agitation to produce multilamellar vesicles, which are

then treated to produce unilamellar vesicles (2,3,67,68).

4.2 Ether injection method
In this method, surfactant and drug are dissolved in diethyl elnei and injected slowly to an
aqueous phase, then heated above the boiling point of the orgariic solvent (Fig. 8). This method

produces LUVs and can be further treated to reduce the size (2,46).

4.3 Reverse phase evaporation methc

In this method, surfactants are cissolved in an organic solution of ether and chloroform,
followed by addition of an aqucous f'rug solution (Fig. 9). The two immiscible phases are then
homogenized, and organic solvenis are removed under reduced pressure to form a niosome
suspension. This method is considered ideal for preparation of hydroxychloroquine niosomes,
due to high EE, large particles size with a small variation (73). The reverse phase method has
been reported to cncapsulate large hydrophilic macromolecules with relatively higher EE than

other methoc's (69)

4.4 Trans-membrane pH gradient drug uptake process

In (his method, surfactants and cholesterol are dissolved in an organic solvent. This solution is
then evaporated under reduced pressure to obtain a thin film on the wall of the round bottom
flask (Fig. 10). Hydration of this film is carried out with a citric acid solution at pH 4 by vortex
mixing. The resultant vesicles then undergo a freeze and thaw process for three cycles and
sonication. An aqueous drug solution is then added and vortexed. The pH of this solution is

adjusted to 7 and heated at 60 °C to produce multilamellar vesicles (70).

14



4.5 Emulsion method
With the emulsion method, surfactant and cholesterol are dissolved in organic solvent and then

added to an aqueous drug solution to form an oil in water emulsion (Fig. 11). The organic

solvent is then evaporated to obtain niosomal suspension in an aqueous medium (2).

4.6 Lipid injection method

This method does not require the use of organic solvents. Surfactant and cholesterol are melted

and then injected into a highly agitated heated aqueous phase containing cissolved drug

molecules to form a niosomal suspension (Fig. 12) (2).

4.7 Niosomes prepared using micelle solution and cnzymes

Niosomes can be prepared with a mixed micellar solutici hy (he use of enzymes. For example,
esterases break the ester links of polyethylene steary! derivatives leading to the formation of
breakdown products such as cholesterol and nalyoxyethylene, which can form multilamellar
niosomes with the addition of dicetyl phosphate and other lipids (Fig. 13) (1).

4.8 The bubble method
The bubble method is a single step technique that does not require the use of organic solvents.
Surfactants and cholestercl are added to a buffer solution at 70°C, the dispersion is mixed for

fifteen seconds vvith ¢ higli shear homogenizer, and nitrogen gas is passed through this solution
leading to the forrmation LUVs (Fig. 14) (71).

4.9 Microfluidization

This newly developed method produces smaller unilamellar vesicles with narrow size
cistribution. A solution of surfactants and drug is pumped through an interaction chamber
under pressure at a rate of 100 ml/min. The solution is then passed through a cooling loop to

remove the heat produced during microfluidization to form niosomes (Fig. 15) (2).
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4.10 Proniosomal method

Proniosomes are produced by coating a water-soluble carrier material with non-ionic
surfactants, such as water-soluble materials including sucrose stearate, maltodextrin or
mannitol. The water-soluble carriers are covered by a thin layer of surfactant and are rehydrated
under agitation in hot aqueous media to form a niosomal suspension. Proniosomes are obtained
as a dry powder, thus eliminating the physical instability issue of niosomes, such as aggregation,
fusion, and leaking. Proniosomes made from this method are stable during storage and transport;

the dry powder also allows easy unit dosing for patients (2,20,21).

Proniosomes can also be obtained using the coacervation phase separatici meuiod (Fig. 16). A
mixture of surfactant, cholesterol, drug and phosphatidylcholine arc (isscived in absolute
ethanol in a wide mouth glass tube. The open end of this tube is coverad with a lid and warmed
in a water bath at 70°C for 5 minutes. An aqueous phase is then added and warmed on a water
bath until a clear solution is observed. The mixture is allowe! to cooi down at room temperature

until the dispersion is converted into a proniosomal a2l (12

4.11 Supercritical reverse phase evaporation method

This method involves supercritical fluid as described by Manosroi and colleagues (60). It does
not require the use of organic soiverit, which can be difficult to remove and toxic. This method
can also be easily scaled up to producc a large number of niosomes. However, large unilamellar
niosomes are obtained wiih a size between 100 to 500 nm. Sonication or extrusion method can

be combined with this method to produce smaller niosomes (2,72).

5. Ninsori2 purification

Furification of niosomes is an essential step, as complete encapsulation of drug molecules in
nicsories is seldom possible regardless of optimization of the drug loading processes. The free
drug must be removed to prevent the burst release of niosomes when applied in in vitro and in
vivo experiments (67). Purification methods used to remove unentrapped drug molecules
include dialysis, gel filtration, and centrifugation. The dialysis method is based on the diffusion
of the solute through a semi-permeable membrane, which is frequently used by researchers to
remove free drug. Niosomes are filled into a dialysis bag and then dialyzed against a saline

solution. The concentration of the drug in the saline solution is determined by
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spectrophotometry (2). Purification of niosomes from the unencapsulated drug can be carried
out by gel filtration chromatography on Sephadex G75, G50 or G25, which allows efficient
separation of free drug molecules (2,72). Centrifugation and ultracentrifugation have also been
used to purify niosomes. These methods can be applied to a variety of solutes and more than

90% recovery can be achieved without dilution of niosome preparation (62,74,75).

6. Characterization studies

The characterization of niosomes includes parameters such as size, distrihution, zeta potential,
morphology, EE, and in vitro release behavior. These are studied to d=terriine the quality of
the niosomes in formulation development and their applications in future clinical studies. These
parameters have a direct impact on stability and in vivo performance (2,3). They are

summarized in Table 2 and discussed in more detail belovs

6.1 Niosome particle size and size distrihution

Particle size is a fundamental parameter in tiie characterization of niosomes as it provides
information on physical propertics and stability of the formulation (3). The size of niosomes
can be measured by techniques such as dynamic light scattering (DLS) and microscopy. DLS
is also known as photon correlation spectroscopy (2). This method is rapid and non-destructive,
and only a small amount of cample is required. It can be used to measure particles in the size
range of 3 to 3000 nri. This tachnique is based on the principle of random Brownian motion
of small particles dicpersed in a medium. A laser generated by the equipment irradiates the
niosome suspensicn and the niosomes scatter light. This is detected at either a fixed or variable
scattering angle, with the intensity of the fluctuations in scattered light from the collision of
particles arising from random Brownian motion as a function of time. Smaller particles produce
higher intensity fluctuations due to their higher diffusion coefficient, whereas larger particles
move relatively slowly and cause a lower intensity of fluctuations. The polydispersity index
(#DI) is an indication of the distribution of niosome size, with PDI value of less than 0.5
indicating a monodispersed sample. The limitation of DLS is that it does not provide any
information on the shape of the niosomes (1). Electronic microscopic techniques are also used
to determine the size of niosomes, DLS and microscopic techniques are sometimes used in

combination to produce more reliable results (3).
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6.2 Morphology

Microscopic techniques are used to study the morphology of niosomes. Electronic microscopic
methods including transmission electronic microscopy (TEM), negative-staining transmission
electronic microscopy (NS-TEM) and freeze-fracture transmission electronic microscopy (FF-
TEM) are used preferentially for liquid state samples, whereas scanning electron microscopy
(SEM) is used for solid samples. Atomic force microscopy (AFM) and scanning tunneling
microscopy (STM) were used by Binnig’s group in 1982 for characterization of micro- and
nano-scale structures. STM is useful in determining the bilayer thickness of liposomes and

niosomes due to its analytical ability in the vertical axis (2,23,76).

6.3 Zeta potential

The zeta potential, which is also known as surface charge. provides essential information in
determining the physical stability of niosomes. The surface potential can be measured by laser
Doppler anemometry and the magnitude of zeta poteiitial provides an indication of the degree
of electrostatic repulsion between two adjacent narticles. iliosomes with a zeta potential higher

than +30 mV or lower than —30 mV are consiclerec to have acceptable stability (3,77,78).

6.4 Bilayer characterization

Niosomes are either present in a single layer (unilamellar) or multiple layers (multilamellar)
(3). The number of lamciice can be determined by small angle X-ray scattering (SAXS),
nuclear magnetic resonaiice spectroscopy (NMR) and AFM. The SAXS can be coupled with
energy-disparsive X -ray diffraction (EDXD) to characterize the thickness of niosomal bilayer.
The fluiaity ol the niosomal membrane allows membrane deformation without changing
bilaver integrity and can be measured by the mobility of the fluorescent probe as a function of
time and temperature. Microviscosity of niosomal membranes can be determined by

fluorescent polarization to study the packing structure of the lipid bilayer (60).

6.5 Niosome stability

Stability of the vesicular system is an issue and concerns not only physical and chemical but
also biological stability. This fundamental parameter is used to determine the potential in vivo

and in vitro application of the niosomes (64). Stability is generally determined by monitoring
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particle size and zeta potential over time, with variations in these two parameters indicating
possible instability. Stability is often determined over three months in different conditions, such
as 4°C, 25°C, 40°C at 75% relative humidity, to assess the effect of temperature on stability
(20,49,55,67,79).

6.6 Entrapment efficiency (EE)

EE is described as the number of drug molecules that have been successfully entrapped within

the vesicles and in this case the niosomes, and can be expressed by the following cauation:
EE = (Amount of drug entrapped + Total amount of drug aded) x 100%

The amount of drug entrapped refers to the actual amount of dri:g moiecttcs been successfully
enclosed in the vesicles and the total amount of drug refers to the amount of drug used in
preparation (2). The free drug molecules need to be sepaiated from the entrapped drug by
methods such as dialysis, filtration or centrifugatic (86,£7). The EE can be determined by
spectrophotometry, or by gel electrophoresis fo!'owec by UV densitometry for genetic
materials (88). Moreover, this parameter can a'so he determined using a fluorescence marker

such as calcein to evaluate the number 07 maricr molecules entrapped (80-82).

6.7 In vitro drug releass

In vitro release behavior of the iniosomes is a fundamental parameter, which can be affected by
many factors such as drua concentration, hydration volume, and nature of the membrane. The
release of drug rinlecuies from niosomes is generally studied using a dialysis membrane. This
is where purriied niosomal suspension without free drug is filled into a dialysis bag, then tied
at botii ands e11d placed in a beaker of phosphate buffered saline (PBS) at a constant temperature
al 37°C and under magnetic agitation. Samples are taken at predetermined time intervals and
replaced with the same amount of fresh medium. These samples are then analyzed using
appropriate assays to determine the concentration of drug released over time (34,76,78). Franz
diffusion cells have also been used to study the release behavior of niosomes. This is where the
dialysis membrane is placed between the donor and receptor compartment of the apparatus; the
niosomal suspension is filled into the donor compartment. The receptor compartment contains

PBS at pH 7.4 and the whole system is maintained at 37°C. Samples are collected from the
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receptor compartment at defined time intervals and replaced with the same amount of release
medium (22,25,83-85).

7. Applications of niosomes in drug delivery

Applications of niosomes can be found in areas such as drug delivery and cosmetics, they are
suitable for the delivery of many pharmaceuticals and have been studied for various routes of
administration including oral, topical, transdermal, ocular, intravenous, ntlmonary and
transmucosal; the design of the formulation is influenced by the route ¢ adriinistration of the
niosomal formulation (56,57,69,84,89,90).

7.1 Oral delivery

Oral delivery is widely regarded as the most accessible and convenient route of drug
administration, especially when repeated administraticn is required. However, there are several
challenges to consider when formulating ora!l drugs, sucii as the acidic environment of the
stomach, enzymatic degradation in the gastiointestinal tract, first pass metabolism, poor
absorption and variable drug bicavailabiiity. Niosomes have been explored to overcome these
challenges by improving absorgtion and bioavailability (3,91,92). Examples of niosomes that

have been developed for oral delivery are outlined in Table 3.

The first application of mniosonies in oral delivery was reported in 1985 by Azmin et al., who
found that the niosomal formulation significantly improved the bioavailability of methotrexate
(93). Niosomes modificd with polysaccharide o-palmitoyl mannan have also been studied for
oral genetic immuriization of hepatitis B (69). Niosomes have been investigated for oral
delivery of iipophilic drugs such as diacerein, which has limited bioavailability due to low
solubility aind belongs to Class Il of the Biopharmaceutical Classification System (BCS).
Researchers investigated sorbitan monolaurate and Poloxamer 184 based niosomes for oral
delivery of diacerein and found improved in vitro dissolution profiles of the niosomal
formulations compared with diacerein aqueous suspension (57). Paclitaxel (PCT) is an
anticancer drug used to treat several types of cancers including ovarian, breast, lung, cervical
and pancreatic cancer. Bayindir and co-workers have successfully encapsulated this drug in
various niosomal formulations. Niosomes composed of Span 40, cholesterol and DCP showed
a high EE and better stability of PCT against gastric enzymatic degradation than other
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formulations prepared with Span 20, 60, Tween 20, 60 and Brij 76, 78, 72. PCT released from
niosomes by a diffusion-controlled mechanism and the resulting sustained release could be
beneficial for reducing the adverse effects associated with PCT (91). Tramadol HCI
encapsulated niosomes have been investigated for extending the analgesic effect following oral
administration. Tramadol has poor bioavailability due to first pass metabolism, with only 68%
of the administered dose reaching the blood circulation following a single oral dose, and
patients often experience adverse side effects such as sedation. In order to improve
bioavailability and reduce side effects, an oral dosage form was developed using niosomes.
Proniosome gel and solution were prepared with Span and Tween surfactanis, then niosomes
were formed by mixing the heated phosphate buffered saline to the gels or soluticii of tramadol
proniosomes. Oral administration of tramadol loaded niosomes to mice showed extended

analgesic effects compared to tramadol solution (94).

7.2 Topical and transdermal delivery

Topical drug delivery has several advantages, such =5 loca'ized drug release at the site of action
and reduced side effects by minimizing cystemic absorption (9,10). In transdermal drug
delivery, the active ingredients are c'elivered acioss the skin for systemic circulation, which has
several advantages compared with olher routes of administration. Transdermal delivery has
higher bioavailability as first-pass hepatic metabolism can be avoided, is non-invasive as no
needle is required, avoids acidic and enzymatic degradation in the gastrointestinal tract and
eliminates potential drug-7ood interaction. However, use of the transdermal route is limited due
to the poor penetiaion rate of drug molecules, with the primary barrier for drug absorption
across the skin being the stratum corneum (SC) (97,98). Low molecular weight (500 Da),
lipophilicity, and effectiveness at low dosage are the ideal characteristics of the drugs for
transdermal delivery (40). However, many drugs do not possess ideal physicochemical
properties; only a minimal number of drugs have been successfully formulated into transdermal
nreparations. Topical applications of niosomes have been widely reported due to their ability
to enhance cutaneous drug delivery to the epidermis and dermis layer (24,76,99-102). Several
mechanisms have been proposed to explain their penetration-enhancing effects. Firstly,
adsorption and fusion of drug-loaded vesicles onto the surface of the skin leads to a high
thermodynamic activity gradient of the drug at the surface of vesicles and SC, which acts as a
driving force for the penetration of drugs across the SC (55,58,103-106). Secondly, disruption
of the densely packed lipids that fill extracellular spaces of the SC, enhance the permeability
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of drugs through structural modification of SC. Thirdly, the non-ionic surfactants play a crucial
role in improving penetration by acting as penetration enhancers. Wherein vesicle bilayers
enter the SC with subsequent modification of the intercellular lipids, which increases overall
membrane fluidity (50,55,58,84,104,105,107-112). Lastly, niosomes cause an alteration in the
SC properties through a reduction in the trans-epidermal water loss, thus leading to an increase

in SC hydration with the loosening of its closely packed cellular structure (55,104).

An important research contributes to the evaluation of niosomes as permeation enhancers for
transdermal delivery was made in 2011. It aimed to evaluate if the increased hvdrophilic drug
permeation across the skin, which is always observed with vesicular sy:stems. is acpendent on
the structural organization of niosomes, that are used to transport the active moiccule, or it is
only dependent on the dual nature of surfactant. The study was designed ‘o examine the real
role of surfactant molecule and the influence of its structurai oiganization on the ex vivo
permeation of a hydrophilic drug. The percutaneous permeation profiles of sulfadiazine sodium
salt were obtained, according to the following experimeciiial conditions: a drug-loaded niosome
formulation, drug solubilized in a sub-micellar solution of surfactants, a drug aqueous solution
after skin pretreatment with empty niosomes. a drug aqucous solution after skin pretreatment
with the sub-micellar solution of surfactants. The results showed that the permeation of
sulfadiazine was not increased aftcr pretreatmeint with sub-micellar solutions of surfactants or
direct treatment with a sub-micellar solution of surfactant containing the drug respect to the
control. Only the direct treatment ¢ € the skin with loaded niosomes gave a relevant increase of
the percutaneous permeatioun of the drug, confirming their role as permeation enhancers. It has
been reported that the intercelluiar lipid barrier in the SC would be dramatically changed to be
more permeable by treaiment with non-ionic surfactants in the form of niosomes that act as
penetration enhancers (113). The possible mechanisms of action of niosomes to enhance skin

penetration arc shown in Fig. 17a-e.

Moreover, topical application of niosomes is limited by its liquid nature of the preparation;
when zpplied they may leak from the application site. This challenge is overcome by

'corporation gelling agents to niosomal dispersion, thereby forming a niosomal gel. Niosomal
gels can provide a reservoir of drugs in SC for the sustained release, which leads to high
accumulation of drugs in the dermis and epidermis. The gel can also promote the penetration
of drug across the SC owing to the occlusion effects from the gel formation which can enhance
skin hydration and subsequently increase the absorption and penetration of drug across the skin
(24,40). The most recent development in vesicle design for transdermal delivery is the use of
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elastic vesicles, which differ from conventional niosomes by their characteristic fluid
membrane with high elasticity. This feature enables them to squeeze themselves through the
intercellular regions of the SC under the influence of transdermal water gradient upon
application on the skin surface (24,107). Ethanol used in the preparation of elastic niosomes is
known as an efficient permeation enhancer, it can interact with the polar head group region of
the lipid molecules, resulting in the reduction of the melting point of the SC lipid, thereby
increasing lipid fluidity, and cell membrane permeability (10). Penetration can also be due to
the adhesion of the vesicle to the skin surface followed by the destabilization and finally the
fusion with the SC lipid matrix. Studies have demonstrated that elastic vesicles were often
localized and accumulated in the channel like regions which are located w/ithin the intercellular
lipid lamellae of the skin surface (24). Manosroi and co-workers devcloped novel elastic
niosomes entrapped with the non-steroidal anti-inflarumaiory  drug, diclofenac
diethylammonium for topical application. Various formulation composing of
dipalmitoylphosphatidylcholine, Tween 61, or Span 60 mixed with different molar ratios of
cholesterol and ethanol at 0%-25% (v/v) were prcpared. Elastic Tween 61 niosomes were
selected due to their better stability. The deformability 1:dex values for elastic niosomes were
significantly higher than for the convention:i enipty or loaded niosomes, indicating the higher
flexibility of the elastic vesicles, especially when entrapped with the drug. Gels containing
elastic niosomes demonstrated cnhancad transdermal absorption through rat skin by exhibiting
higher fluxes of diclofenac in e SC, viable epidermis and dermis and receiver chamber
compared to commerciai @amulgel containing an equivalent amount of drug. Diclofenac
entrapped in the elastic riinsoines and incorporated in the gel also demonstrated good anti-

inflammatory effect in the rat ear edema assay (23).

Drugs with aifferant physicochemical properties have been investigated for topical and
transdermc! delivery include diacerein (53), itraconazole (114), tretinoin (115), salidroside
(104) and finasteride are listed in Table 4 (116). An exciting area in dermal drug delivery is a
topical vvaccine, niosomes have been studied in this area for delivery of antigens. The topical
racciile has the advantages of safety and flexibility. The skin acts as a barrier to protect from
foreign invaders; there are specialized cells of the immune system throughout the layers of the
skin, e.g., Langerhans cells, dendritic cells, and epidermotropic lymphocytes. Hepatitis B
infection remains a significant worldwide health problem. Vyas and co-workers investigated
niosomes for a non-invasive topical genetic vaccine against hepatitis B virus (69,117). DNA
encoding hepatitis B surface antigen (HBsAQ) were loaded in niosomes composed of Span 85

and cholesterol. The immune-stimulating activity was determined by measuring hepatitis B
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surface antigen titer and cytokine levels following topical application of antigen-loaded
niosomes in Balb/c mice. Results were compared with naked DNA and liposome encapsulated
DNA applied topically, naked DNA and pure recombinant HBSAg administered
intramuscularly. Topical niosomes elicited a similar serum antibody titer and endogenous
cytokine levels when compared to intramuscularly injected recombinant antigens (107,117).
Gupta et al. also studied the topical delivery of tetanus toxoid for non-invasive immunization
using transfersomes, niosomes, and liposomes. The in vivo study found that transfersomes
elicited a higher immune response in comparison to niosomes and liposomes due to its elastic
bilayer, which allows transfersomes to deform and pass through the minute porcs present in
the skin (107,117). Niosomes have been studied to deliver antioxidant erizyme calalase (CAT)
for wound healing. Researchers used biocompatible non-ionic sugar ester surfactants to deliver
enzyme catalases. The mean diameter of the resulting niosomes was arcund 222-275 nm and
the catalytic activity of enzymes was improved after encapsu'ation by a factor of 1.7-fold.
Further, the niosomes were able to preserve the catalytic aciivity for 180 days when stored at
4°C. The in vivo studies showed a significant improvcment of the prepared CAT niosomes on
wound healing (118). A hybrid system of moxif'oxacin-!'oaded niosomes incorporated into
chitosan gel was studied for preventing burni infection by Sohrabi et al. The optimized
niosomal formulation showed 749 C= aind approximately 50% of the drug released in 8 hours.
The gel embedded niosomes siiower! pseudoplastic flow behavior and more sustained release
compared with niosomes. Both of tiie formulations were found efficiency against common skin

bacteria, while the hybrid formulation was more superior against Staphylococcus aureus (119).

7.3 Ocular uelivery

Conventicnal ccular drug delivery preparations such as eye drops, ointments, and suspensions
are unav'e to achieve high bioavailability due to physiological barriers in the eyes, such as the
barrier properties of retinal pigment epithelium and the endothelium lining the inner side of the
atinal blood vessels. Also, a significant amount of the dose is usually washed away into the
nasolacrimal ducts (56). Studies have shown that niosomes can overcome some of these
barriers and may be suitable carriers for ocular delivery. Firstly, the nano-sized niosomes can
resist drainage by reflex tearing and blinking. Secondly, niosomes are better retained on the
eye surface compared to other carriers (12). Zeng and co-workers have investigated hyaluronic
acid (HA) coated niosomes. HA is a linear polymer composed of long chains of repeating

disaccharide units of N-acetyl glucosamine and glucuronic acid has attracted more attention in
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ocular delivery as it is a natural component of the vitreous body and aqueous humor of the eye.
The mucoadhesive property of HA facilitates ocular contact time of the formulation and hence
improves drug absorption and bioavailability. This study demonstrated that HA-coated
niosomes were able to prolong pre-corneal retention, increase aqueous humor
pharmacokinetics and bioavailability of tacrolimus (11). Chitosan-coated niosomes were
studied by Zubairu and his team for trans-corneal delivery of gatifloxacin. Niosomes were
prepared with Span 60 by the solvent injection method and coated with different concentrations
of chitosan. Permeation studies showed that the chitosan coated niosomes increased
transcorneal permeation of gatifloxacin by more than two-fold when compered with the drug
solution. The uncoated niosomes showed longer retention, which was iurther enhanced in
coated niosomes (77). Abdelkader and co-workers investigated niosomes and discomes for
delivery of naltrexone hydrochloride. They evaluated spreadiiig, rhecicgical properties and
their ability to prevent autoxidation of naltrexone hydrocliioride in aqueous solutions. The
prepared niosomes showed better wetting and spreading ahnities than aqueous drug solutions.
Niosomes were also significantly more viscous than the aqueous drug solution. The lipid
content, size, and composition of niosomes are thie main factors affecting the viscosity of
niosomal dispersions. The stability of naltrexone hydrochloride was evaluated by exposing it
to artificial daylight illumination; (he riiosomai dispersion was able to protect the extensive
degradation of naltrexone from photo-inauced oxidation compared with free naltrexone
solution (26). Recently, proniosoine-derived niosomes were developed for topical ocular
delivery of tacrolimus; these niosomes were prepared with poloxamer 188, lecithin and
cholesterol. Proniosores were reconstituted to form niosomes with ethanol and a small amount
of water before use. 'n vitro permeation studies were performed on freshly excised rabbit
cornea, and it was determined that the cumulative permeation amount of tacrolimus from
niosomes and the drug retention in the cornea was significantly increased compared with the
comme:cial ointment. An In vivo ocular irritation test in rat eyes showed no irritation and good
biocompatibility with the cornea. In vivo anti-allograft rejection assessment was performed in
) rat corneal xenotransplantation model. The results showed that treatment with 0.1%
tacrolimus loaded niosomes delayed the occurrence of corneal allograft rejection and
significantly prolonged the median survival time of corneal allograft to approximately of
fourteen days as compared with those treated with 1% cyclosporine eye drops, plain niosomes
or untreated. The investigated niosomes showed a potential for ocular delivery of tacrolimus
(12).
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Cationic lipids have been used with non-ionic surfactants to fabricate cationic niosomes for
gene delivery, as cationic lipids form complexes by electrostatic interactions upon the addition
of negatively charged genetic materials. Cationic lipids are considered as “helper” lipids and
have a marked influence on both the physio-chemical and biological properties of niosome
gene carriers. Mashal et al. investigated the retinal gene delivery enhancement by lycopene
incorporated into cationic niosomes based on N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride (DOTMA) and Tween 60. Niosomes were prepared by the
reverse phase evaporation method and characterized for size, zeta potential, PDI and capacity
to condense, release and protect the DNA against enzymatic degradation. The results showed
the incorporation of a natural lipid — lycopene to the niosome forriulation significantly
increased transfection efficiency in human retinal pigment epithelial cells without
compromising cell viability. In vivo administration to the rat retiia showed the niosomes were
able to transfect the outer segment of the retina and indicated their potential application in

retinal gene delivery (56). Table 5 lists the uses of niocomes in ocular delivery.

7.4 Pulmonary delivery

Pulmonary drug delivery is preferred over the oral route when treating diseases such as lung
infection, inflammatory diseascs of tiie respiratory tract, or lung cancer, as drugs are directly
administered to the site of action 10r either local or systemic treatment. The lung contains the
equivalent of approximateiy 2400 kilometers of airways and 700 million alveoli, with an
estimated surface are: of around 50 to 75 square meters (18,124). This large surface area is
ideal for drug absorgtion, and drug delivery devices such as inhalers and nebulizers have been
used for deciades (0 treat various lung diseases. However, there are some limitations, such as
the low eificiency of the inhalation systems and uneven drug loading per inhalation from the
inhaler. Various drugs have been studied for pulmonary delivery including steroids, anti-
tuberculosis drugs, antifungal drugs and antibacterial drugs (18,124-126). Table 6 lists the
2opiication of niosomes in pulmonary delivery. Proniosomes have been investigated for
nulmonary delivery of beclomethasone dipropionate. This technique allows the preparation of
drug in a powder form, which forms niosomes by hydration before administration to patients
(18). Amphotericin B-loaded niosomes have been studied both in vitro and in vivo for treating
leishmania and aspergillosis. Researchers found a significant reduction in fungal lung burden
in a rat model of invasive pulmonary aspergillosis and significant suppression of Leishmania

donovani liver parasite. These results indicate that amphotericin B loaded niosomal
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formulations enhanced pulmonary delivery while reducing toxicity by minimizing systemic

exposure (124).

7.5 Parenteral delivery

The parenteral route is the most common and efficient way to administer drugs with poor
bioavailability and narrow therapeutic index (2). Parenteral administration has additional
advantages, such as a reduction in fluctuation of the steady-state plasma drug level, and
maximum utilization of medicine. On the other hand, drawbacks includ= reduced potential for
dosage adjustments, retrieval of the drug is difficult in case of toxicity, aiic injections can lead
to low patient compliance due to needle phobia (69). Some progress hias been made using
nanocarriers, which are capable of achieving targeted drug de!ivery and sustained release, to
overcome the problems associated with conventional parcnicral delivery formulations (3).
Niosomal formulations have been reported for parentera! delivery of a variety of drugs (Table
7). Mukherjee and colleagues compared liposomes and niosomes for parenteral delivery of
acyclovir. This study aimed to determine whether drug-loaded nanocarriers could achieve
sustained release to reduce dose-related systemic toxicity. The results indicated that niosomes
are better carriers for acyclovir as they chowed wetter stability and achieved sustained release
when compared to liposomes (127). Nystatin is a potent antifungal drug for the treatment of
fungal infections on the skin and c¢ral cavity. One study encapsulated nystatin in niosomes to
obtain a safe and effective formulation for parenteral administration for patients with
neutropenia. Niosomes weie prepared with Span 40, Span 60, cholesterol, and positive and
negative charge inducing agents. Neutral and positively charged niosomes showed the highest
EE, but in vitro release studies showed that both types of niosomes had sustained release profile.
In vivo siidies demonstrated that nystatin loaded niosomes showed less nephrotoxicity,
hepatotoxicity and pronounced efficacy in the elimination of fungal burden in experimental
enimais infected with Candida albicans compared with those treated with a drug solution

injecicd intraperitoneally (128).

Mullaicharam et al. investigated lung accumulation of rifampicin loaded niosomes following
intravenous infusion in rats. Niosomes were prepared with Span 20, 40, 60 and 80 by thin film
hydration method. The in vivo organ distribution pattern following intravenous injection was
studied in albino rats to determine the potential of the delivery system for the site targeted
delivery of rifampicin. A significant difference in the total drug concentration in the lung, liver,
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kidneys and blood serum was found between the rifampicin loaded niosomes and free
rifampicin solution (80). Pardakhty and co-workers prepared positively charged niosomal
formulations containing sorbitan esters, cholesterol and cetyl trimethyl ammonium bromide by
film hydration method for entrapment of autoclaved Leishmania major (ALM). Niosomes
containing ALM and free ALM were subcutaneously injected to balb/c mice. Results showed
that the ALM loaded niosomes had a moderate effect in the prevention of cutaneous
leishmaniasis and can successfully delay the development of papules in studied animals (129).
The parenteral route is commonly used in chemotherapy to administer antineoplastic drugs.
Using niosomes as carriers could achieve selective drug delivery to the turnor site, lience reduce
toxicity and side effects. For instance, intravenous administration of nycroxycamptothecin
loaded niosomes to sarcoma 180 ascites tumor-bearing mice lead to = totai regression of tumor
and a slower elimination from the systemic circulation (130). A-censilive niosomes are also
studied for parenteral delivery of anticancer drugs. The tumor targeting effect of these
niosomes loaded with 5-fluorouracil was demonstratec hv accumulation at the tumor site of
mice transplanted with tumor cells (131). Cisplatin iiiosonies (CP-NMs) were prepared with
Span 40 and cholesterol, and their anticancer efficacy was investigated in vivo using rabbits
bearing VX2 sarcoma. Rabbits were locally injected with either CP-NMs or a drug solution, a
significant inhibition of tumor grov.th with mucn lower mortality, as well as inhibition of tumor
metastasis to liver and inguinai 'ymp' nodes were observed in the group treated with CP-NMs.
The results indicated that CP-NMs could be developed as an effective anticancer preparation
with low toxicity (132). kecently, Shaker investigated tamoxifen citrate (TMC) loaded
niosomes for localized! cancer therapy through in vitro cancer cytotoxicity as well as in vivo
solid anti-tumor crhicacy. INiosomal formulations were prepared with Span 40, 60, 80, Tween
20 and cholesterc! at different molar ratios using the thin film hydration method. Niosomes
prepared with cpan 60 were spherical with an EE up to 92.3%. Sustained release of TMC was
observed! from the optimized niosomal formulation and in vitro studies showed enhanced
cellular uptake and greater cytotoxicity. In vivo studies were performed using the Ehrlich
"arciiioma mice model and a reduced tumor volume of niosomal TMC was observed when
compared to the free TMC solution (43).

7.6 Transmucosal drug delivery

Bioadhesion has been widely studied in the development of pharmaceutics to improve local

and systemic absorption. Transmucosal drug delivery has gained impressive momentum in the
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past decade, especially with nano drug delivery systems (133-135). Transmucosal drug
delivery routes include ocular, nasal, oromucosal (buccal, sublingual and gingival), pulmonary,
gastrointestinal and vaginal sites. When considering the potential of these sites for drug
administration, each has distinct features. When designing a suitable drug delivery system,
these features need to be considered. Niosomes are a versatile drug delivery system and due to
their advantages, they have been studied for transmucosal delivery of various compounds
through the oral, nasal and vaginal mucosa (Table 8). Benzocaine proniosomal gel formulations
were prepared by El-Alim and co-workers using Span 80, Span 80, Span 85, and combinations
of the three to achieve effective buccal delivery of benzocaine for local anasthcsia. EE was
found to improve with increasing ratio of Span 80 or Span 85, and in vitro crug rclease studies
showed an initial burst release followed by a slower release. Formulations prepared with Span
80 and 85 showed better rate and extent of benzocaine perrieation wiien examined using
chicken pouch as a model mucosal membrane. Physical stzbility stucies showed more than 90%
of drug remaining after storage for one month at 4-C°C. 2enzocaine loaded proniosomes
improved permeation through the mucosal membrane and could be used for managing mucosal
pain (133). There is increasing interest in the estabiishment of protective mucosal immunity,
which could be achieved by vaccination via mucosal routes. Oral immunization is the safest
and most convenient means to incuce inucosal immunity (3). Orally delivered antigens are
taken up through the specialized epithelial cells. The selected antigen is then transported into
the regional lymphoid tissue, stimulating specific B lymphocytes in the germinal canter (136).
Most antigens are poorly mmunogenic when processed through the mucosal surface,
stimulating only weak or nc immunoglobulin response (137). The effective mucosal response
can be elicited with the use of adjuvants or novel carrier systems. Polysaccharide capped
particles have several advantages such as increased stability against enzymatic attack and
improved biociiemical stability. Katare and co-workers developed polysaccharide-capped
niosomes for oral mucosal vaccination of tetanus toxoid. In this study, niosomes were prepared
by the reverse phase evaporation method using Span 60, Tween 20, stearylamine, and
holesterol, before being coated with pullulan derivative (O-palmitoyl pullan). Serum
irnmunoglobulin level was measured to assess the immune stimulating effect of the niosomes
following oral administration. The coated niosomes were able to produce an immune response

equivalent to injected tetanus toxoid (96).

Transmucosal delivery through the nasal mucosa has been studied in order to bypass the blood-

brain barrier for brain delivery. The use of this route will eliminate first pass metabolism,
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reduce side effects as a result of systemic circulation, and improve bioavailability. Niosomes
that are less than 300 nm can cross the blood-brain barrier; as niosomes can carry both
hydrophilic and hydrophilic compounds, they have been investigated for delivery of various
active agents. The study conducted by Abdelrahman et al. formulated elastic niosomes known
as spanlastics for brain delivery of risperidone. These are sorbitan-based nano particles,
modified from conventional niosomes by incorporating an edge activator to impart flexibility
to their membranes. The spanlastics were prepared with Span 60 and polyvinyl alcohol using
the ethanol injection method. Ex vivo permeation was conducted using sheep nasal membrane
to investigate the effect of spanlastics to improve permeation. The optiniized Tarmulation
showed significantly higher transnasal permeation and better distribution to tiic brain when
compared with the drug solution. The improvement in brain targeting anc percentage of drug
transported through the olfactory pathway suggests this may he a proinising system that can

effectively carry drug from nose to brain (134).

Chattaraj and colleagues investigated the nasal mucosal celivery of influenza antigens using
niosomes. The dehydration-rehydration method was uscd to encapsulate vital influenza antigen,
and the influence of the different proportion ci surfactant, cholesterol and dicetyl phosphate on
morphology, particle size, EE and in vitio relcase was studied. Stability of the antigen
encapsulated in the vesicles was coniirmed by using SDS-polyacrylamide gel electrophoresis
and immunoblotting. Span 60 basac niosomes were found to be best for antigen encapsulation
(135). Zidan and co-workers investigated the vaginal delivery of an anti-AIDS niosomal gel.
This study aimed to improve mucoadhesion and skin permeation. According to the (BCS),
tenofovir is a drug substance with high solubility and low permeability (BCS Class 3). Its poor
permeation limits its antiretroviral potency. Chitosan was used as a mucoadhesive agent in the
formulation, and a full factorial design was used to optimize the transmucosal delivery and
mucoadhesion characteristics. The niosomal gels were characterized by investigating their
vesicular size, shape and surface charge, drug EE, in vitro release and skin permeation. An ex
vivo study using porcine vaginal tissue was also assessed. It was found that the mucoadhesion
percentage was increased by five-fold and was further improved by decreasing the niosomal
vesicular size and by increasing the surface charge. The formulation did not affect the viability
of Lactobacillus crispatus, a common commensal bacterium found in the vagina, suggesting
the niosomal gel could be promising for vaginal delivery of antiviral drugs (138). Another
study investigated cationic niosomes for intravaginal administration of metformin

hydrochloride for the treatment of polycystic ovary syndrome (PCOS). In this study, the
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niosomes were loaded with thermosensitive gel to improve mucoadhesion on the vaginal
mucosa. Oral administration of metformin is limited by impaired bioavailability and frequent
dosing for patients with PCOS is required to maintain therapeutic effects, which can ultimately
influence patient compliance and treatment outcomes. In this study, metformin loaded
unmodified and cationic small unilamellar niosomes were incorporated with thermosensitive
gel through the vaginal route. Both types of niosomes were prepared by the reverse phase
evaporation method and characterized to determine gelation time, gelling temperature,
viscosity, mucoadhesiveness, and drug release. In vivo studies were conducted on PCOS rats,
under a scheduled dosage regimen with oral metformin solution or intraveainal gels loaded
with either small unilamellar niosomes or cationic small unilamellar niosoriies. Results showed
that the gels offered similar advantages as compared to oral metformin solution in the treatment
of PCOS at lower dose-dosage regimen with negligible side efiec(s. riowever, no significant

difference was detected between the gels (28).

A clinical trial was conducted on niosomal propolis as an oromucoadhesive film for the
treatment of recurrent aphthous ulceration (RAU). The {i!ms were prepared by loading propolis
in niosomal vesicles and then incorporated iriio oromucoaanesive films. A total of 24 patients
suffering from RAU were divided equal’y inio medicated and placebo groups and participated
in this study to examine the onsct ot ulcer size duration, complete healing and pain relief for
two weeks. Results revealed the c'uration of film adherence lasted from 2 to 4 hours in the two
groups. The onset of ulcer size reauction in the medicated group was observed within the
second and third day, nain reiiaf lasted for more than 4 to 5 hours after application, and five
patients reported complcte healing within the five days of treatment, and seven patients had
complete ulcer healing within the period from day 5 to day 10 of treatment. On the other hand,
no patients 11 the piccebo group reported healing of ulcer during the first five days of treatment,
and eiaht pctienis had complete ulcer healing from day 10 to day 15 of the treatment (139).
Prigiem andl co-workers conducted a clinical trial to investigate the pharmacokinetics of a
nielatorin niosomal oral gel in human subjects. Melatonin loaded niosomal oral gel has been
1ormulated in order to overcome the problems associated with poor drug absorption and
stability. This randomized, double-blind, three phase crossover design recruited 14 male
volunteers. Melatonin oral gel was applied topically on labial mucosa at doses of 2.5, 5 and 10
mg with seven days washout for each period. The pharmacokinetic parameters that were
determined included the maximum plasma concentration (Cmax), area under the curve (AUC),

time to peak concentration (Tmax) and elimination half-life (t12). Possible side effects including

31



nausea, vomiting, headache, and irritability were also evaluated in the study. Results showed
that the three different doses of melatonin niosomal oral gel provided dose-proportional
pharmacokinetic profiles, extended the absorption process and improved plasma concentration,
time to maximum plasma concentration and half-life compared to conventional immediate

release oral dosage forms (140).

7.7 Cosmetic applications of niosomes

Niosomes were first developed and patented by a cosmetic company L’Oréa! (Clichy, France)
in 1975, and products were launched under the trade name of Lancoéme (Fzris, France) in 1987.
Since then, a wide range of pharmaceutical applications and a varicty of cosmetic products
were developed and marketed with various functions, such as anti-wrinkle, skin whitening,
moisturizing and sunscreen (141,142). Some examples of cormercialized cosmetic products

containing bioactive compounds loaded in niosomes are listed in Table 9.

Niosomes have been widely investigated as a carriei systen for cosmetic actives because of
their advantages such as improved stability of enirappec active ingredients, enhanced skin
penetration, bioavailability, improved surface adhesion and sustained release properties (143).
The usefulness of niosomes in ccemetic formulations has been evaluated with respect to
conventional formulations such as emulsions. Niosomes showed lower toxicity, allowing
controlled delivery of the loaded active ingredients that exhibit useful properties for skin
moisturizing and tannina pioducts (144). Some bioactive ingredients extracted from plant
materials are of particular interest in cosmetic research; these compounds possess beneficial
effects such as antoxidaiit and anti-aging. A large number of plant-based bioactive compounds
have been investigated using niosomes to improve their effects on the skin. Pando and co-
workers pieparcd liposomes and niosomes for topical delivery of resveratrol; olein was used
as a penetration enhancer for both vesicles. Negatively charged vesicles with a mean size
around 200 nm were obtained. Results showed high accumulation and low transdermal delivery
f resveratrol for both vesicles when compared with the control; this phenomenon was more
significant for niosomes, which showed better behavior for cutaneous delivery of resveratrol
(145). Curcuminoids found in turmeric are major bioactive substances that possess antioxidant,
anti-inflammatory and anti-cancer properties. These were encapsulated in niosomes for
enhancement of skin permeation and an EE of 83% was obtained. An in vitro penetration study
showed that niosomes significantly enhanced permeation of curcuminoids when compared

with the control solution. The fluxes of curcumin, desmethoxycurcumin, and bis-

32



desmethoxycurcumin were 1.117, 0.273 and 0.057, consistent with the lipophilicity of the three
compounds, showing improved properties of curcuminoids by encapsulation in niosomes for
skin delivery (146). Elastic and non-elastic niosomes loaded with gallic acid isolated from
Terminalla chebula galls were investigated for transdermal absorption. Both niosomes showed
negative zeta potential in the size range of 200 to 400 nm. The percentages of gallic acid in
non-elastic niosomes were higher than in elastic niosomes. An in vivo penetration study showed
elastic niosomes exhibited higher percentages of gallic acid through rate skin than non-elastic
niosomes. The authors concluded that niosomes, especially elastic niosomes, were able to
enhance chemical stability and skin penetration of gallic acid and coulc be useful carriers for
skin anti-aging molecules (65). Niosomes loaded with caffeine for treatinent of cellulite were
formulated and evaluated by Mahmoud and co-workers for the treatnient of celiulite. Histology
revealed a significantly greater reduction in the size and thickncss of tic iatty layer of rat skin
for the niosomal gel containing system, when compared 0 the commercial product Cellu
Destock®. Further, a higher plasma concentration of caffeii= was observed in the niosomal
group, indicating that incorporation of caffeine into ¢ niosomal system improved penetration
through the skin and into the underlying fatty laver. 1 his prasents a promising approach for the
formulation of a transdermal anti-cellulite product of caffeine in a niosomal gel system with
improved transdermal bioavailabi'ily (147). Similarly, a transdermal gel prepared with elastic
niosomes loaded with papain has been investigated in comparison with polymeric
nanoparticles. Elastic nicsomes deitinnstrated enhanced penetration of papain in rat skin, better
transdermal absorption, and reduced scar formation when compared with polymeric
nanoparticles (24). Ellagic acid (EA) is a potent antioxidant. However, its application is limited
by poor solubility aind lcw permeability. EA niosomes prepared with Span 60 and Tween 60
have been investinated in transdermal delivery. The results showed that the niosomal
formulaticn cou'd enhance skin penetration when compared to the EA solution, by improving

its distribution in the human epidermis and dermis layer (120).

7.8. Targeted drug delivery

Targeted drug delivery by niosomal systems can be achieved by two approaches. Firstly,
passive targeting of the reticuloendothelial system (RES), which is a part of the immune system
that comprises phagocytic cells located in reticular connective tissue. The circulating serum
factor, opsonin, marks the niosomes for clearance by macrophages (114). Agrati et al. showed

that Tween 20 niosomes have intrinsic selectivity to phagocytic cells such as macrophages. For
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this reason, niosomes can be used to treat infectious diseases in which the infecting organism
resides in the RES. Secondly, niosomes can be conjugated with functionalized ligands to
achieve targeting to specific organs or tissues (148). Bragagni and colleagues developed a
brain-targeted delivery system loaded with doxorubicin for cancer. Niosomes prepared in this
work were conjugated with a glucose derivative N-palmitoyl glucosamine ligand. Intravenous
injection of this formulation to rats resulted in reduced drug accumulation of doxorubicin in
other organs such as the heart, longer blood circulation time and an increased brain
concentration with respect to the commercial formulation of the drug (149). The same
functionalized niosomes were also studied for brain-targeted delivery for dynornhin-B. In vivo
studies in mice by intravenous injection of the niosomal formulation shcwed o significantly
higher antinociceptive effect compared with the drug solution at the same concentration (47).
Another study explored the possibility of a combination of the PEC ylaicd niosomes and active
targeting function of transferrin by transferrin receptor-meciated enclocytosis to promote drug
delivery to solid tumor following intravenous injection with riydroxycamptothecin as the model
drug. Niosomes were prepared by thin film hydration method, and periodate-oxidated
transferrin was coupled to polyethylene glycol to pioduce the active targeting niosomes (Tf-
PEG-NS). The strongest cytotoxicity tc three carcinomatous cell lines in vitro was
demonstrated by Tf-PEG-NS whcn comparea with drug solution, non-stealth niosomes,
PEGylated niosomes, Tf-PEC-NS <hiowed the most powerful anti-tumor activity with the
inhibition rate of 71% against S18U fumor in mice, suggesting transferrin modified PEGylated

niosomes could be promising for delivering anti-tumor drugs to tumor (150).

8. Delivery o1 hioactive compounds

Nanocarrieis such as liposomes, solid lipid nanoparticles and niosomes have been investigated
to cdeliver vitamins, plant constituents and other bioactive compounds. Modifying the
pharmacokinetics of phytochemicals may enhance or modulate delivery to the target site and
achieve better effect upon administration. Various natural products have been loaded into
i1mosomes, such as ginkgo biloba extract, curcumin, rutin, and rice bran extract. Table 10 lists
the application of niosomes in bioactive delivery (24,72,109,151-154). These formulations
were prepared for various routes of administration, including dermal, oral, subcutaneous and
rectal. Ginkgo biloba extract (GbE) loaded niosomes showed improved in vivo distribution
after oral administration when compared to conventional GbE tablets (151). Silymarin is an
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active extract from milk thistle, a complex of flavonolignans and polyphenols that has poor
bioavailability. A niosomal formulation was developed and in vivo studies performed in albino
rats showed a significant reduction in both transaminase level as well as in serum alkaline
phosphatase level after subcutaneous injection when compared with silymarin suspension
(154). Moreover, the biochemical markers assessed showed an excellent antioxidant activity

of the niosomal formulation (155).

9. Limitations and perspectives

Niosomes have attracted a great deal of attention in controlled drug de'ivery hecause of many
advantages, such as biodegradable, biocompatible, chemical stability, able to improve the
therapeutic performance of drug molecules by modulating crug rclease. Despite numerous
studies and with respect to the fact that niosomes have a long way to become a clinical reality,
there are still multiple and serious challenges regardirig tiic mosomes. The major obstacle that
hinders the utilization of niosomes as potential drug de'ivery system is sterilization. Heat
sterilization such as dry heat and steam steri'ization are inappropriate and destructive for lipid
or surfactant-based formulations with 2 ge! licuid transition temperature lower than the
temperature used in the sterilization process, as heat can cause extensive drug leakage from the
vesicles due to the destruction ¢ the bilayer membranes (3). Similarly, membrane filtration is
not suitable for niosomes that are laiger than the pore size (0.22 um) of the membrane filters.
Preparation under aseptic conditions could be a possible solution, as well as methods that
generate minimal heat such as gamma irradiation. Niosomes can be prepared under aseptic
conditions by fi'iaring 2ll organic solvent, buffer, surfactant solution, and drug solution through
anti-bacteric! filterc, autoclaving glassware and working under aseptic conditions in a laminar
fume hooa that produces sterile airflow. The gamma sterilization process uses Cobalt 60

raciation to Kill microorganisms, which yields quick turnaround time and can easily penetrate
packaging and products as a minimal amount of heat is generated. Many marketed
pharmaceutical products such as eye ointments, drops and injectable preparations are gamma
radiation sterilized (157). This method could potentially be applied onto niosomes, and hence
the effect of gamma irradiation on the physical and chemical stability of niosomes can be

studied in future work.

Surfactants as building components of niosomes have the most critical role in the formation

and properties of these carriers, and potential toxicity of surfactants is another limitation.
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Segregation of surfactants may cause some degree of toxicity; there is not enough research
about the toxicity of niosomes as minimal studies have been conducted on this topic. Hofland
et al. evaluated the inhibition of human keratinocyte cell proliferation by different niosomal
formulations, in particular, the effect of surfactants and concentration of cholesterol. The
surfactants were of different hydrocarbon chain length and polyoxyethylene chain length.
Ether- and ester-type surfactants were also investigated. The study reported that both the
hydrocarbon chain and the polyoxyethylene chain length had minor effects on cell proliferation.
However, the bond by which the alkyl chain was linked to the polyoxyethylene head group
significantly influenced cell proliferation. Ester-type surfactants were !zss toxic compared to
the ether-type surfactants, which was attributed to enzymatic degradatioit of ¢ ester bond.
Cholesterol in the bilayers has not been found to affect cell proliferetion (158,159). Niosomes
prepared using Bola-surfactants showed safety and tolerabiiity hcli in vitro on human
keratinocytes up to incubation of 72 hours and on human voluntee's, with no skin erythema
observed when topically treated with drug-free Bola nioscmes (160). Recently, the ocular
toxicity of niosomes has been investigated by measuring conjunctival and corneal irritation
potential of Span 60 niosomes and surface mocdiiied Span 60 niosomes using hen’s egg
chorioallantoic membranes and excised hovine corneal opacity and permeability models. The
study showed minimal ocular irrit2lions and suggesting good ocular tolerability for niosomes
(26). Currently, data related to the cviotoxicity of niosome as well as surfactant molecules have
been reported by many napers; however, there are no specific studies aimed to investigate
toxicity after administration in animal models, particularly in long term studies. Filling the gap
in research on long term ‘oicrability of using surfactant-based systems would be fundamental

before reaching clinical reaiity.

From the vast literature on niosomes, it appears that not much attention was focused on
exploring tie possibility of using amphiphilic molecules are biologically active or can serve as
targetabic licands, into bilayer vesicles. However, very few materials with dual qualities such
as amphiphilicity and biological activity may be available. Therefore, it would be useful to
svnthesize such amphiphilic materials which can be converted into bilayer vesicles for drug
selivery. Uchegbu and co-works were working on these compounds; for example, they
synthesized palmitoyl muramic acid and N-palmitoyl glucosamine and prepared niosomes with
these materials (161). 1-O-Alkyl glycerols isolated from shark liver oil have several biological
activities, including macrophage activation and natural killer cell activation. They also have a
prominent effect on blood barrier permeability and studies have shown that they markedly

improve brain uptake of anti-cancer agents (162). Due to their surface-active properties,
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Gopinath and his group have converted them into bilayer vesicles called algosomes. These
vesicles are spherical and are capable of encapsulating drugs in the aqueous regions of the
bilayer. However, they are osmotically sensitive, vulnerable to electrolytic destabilization and
are stable for only a few days. Later, the same group developed ascorbyl palmitate vesicles
(aspasomes) using ascorbyl palmitate. Several eater derivatives of ascorbic acid were
synthesized to transfer the peculiar antioxidant properties of ascorbic acid in lipophilic media
and to improve its stability, all of them retained the antioxidant property of the ascorbyl moiety
and are amphiphilic. Ascorbyl palmitate is one of the derivatives, more stable than ascorbic
acid and its lipophilic character is beneficial for skin penetration. Aspasomes prepared with
this compound showed better antioxidant property when compared fo ascorbic acid, and
enhanced penetration of across the rat skin (29). The antioxidant property and skin permeation
enhancing properties of aspasomes indicate a promising future for application as transdermal
drug delivery systems in disorders implicate with reactive oxyen spccies. Thus, vesicles with
biological activity or with a targeting function in addition to carrier properties will have an
added advantage to increase the efficiency of niosomes, which can be an exciting area to study

in the future.

Currently, there are four main approaches 0 dcvelop and extend the application of niosomes
in the pharmaceutical field. The first approach aims to enhance the efficiency of targeted drug
delivery by decorating niosoriias withi liganids. Encapsulation of drug in nano-vesicles is not
enough for the successful delivery of drugs to areas such as the central nervous system; specific
targeting is required to elevate the specific uptake and permeability of drugs across the blood-
brain-barrier. The second approach focuses on developing and optimizing novel techniques
that improve the quality oi niosomes and provide the possibility for scale-up in industrial
production. Most niosomes are prepared by traditional methods, such as thin film rehydration,
reverse piiase ¢vaporation, and ether injection method. These methods require the removal of
organic solveris and they are expensive and time-consuming. To overcome these problems,
Khan ¢t al. developed a simple probe sonication method, which is an eco-friendly green
teciinique with no addition of organic solvents (163). Besides, it is a low-cost and straight
forward technique. In this method, only aqueous phase of the drug is mixed with surfactant,
cholesterol and other surface additives, and subjected to ultra-sonication with a probe.
Niosomes prepared by this technique were smaller with higher monodispersity and faster drug
release as compared to niosomes prepared by traditional methods. By the third approach, new
generations of niosomes for drug delivery and development of cosmeceutical products in

practice have been continuously discovered and introduced with numerous outstanding features:
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better stability, deformability, elasticity, enhanced skin permeation, the newer generation of
niosomes including proniosomes, aspasomes, elastic niosomes and cationic niosomes.
Proniosomes exhibits excellent stability owing to its potential to surmount physical instability
including aggregation or fusion, leaking of entrapped drugs and sedimentation. They provide
an additional convenience of transportation, distribution, storage and dosing. However, most
of publications were focused on the utilization of proniosomes in transdermal drug delivery.
Application of proniosomes can be further explored in areas such as aerosol drug delivery due
to their unique properties. Elastic niosomes formed with the addition of edge activators such
as sodium cholate and ethanol, they are superior to conventional niosomes for iransdermal
delivery due to its flexibility and deformability of being able to squeeze iisc!f thicugh pores on
the skin which are much smaller than its diameter. The fourti approach involves the
development of hybrid systems consists of niosomes and vehiciec sucii as gel matrices. The
hybrid system not only aims to improve drug release profiie but also to obtain an adequate
formulation with better patient acceptability. These four cnproaches of development will
continuously be developed to adapt to the higher advancement of the pharmaceutical industry;
more advanced niosomes will continuously be introducea in order to achieve targeted and site-

specific drug delivery.

10. Conclusion

In recent years, niosomea: have heen extensively studied for various applications, from topical,
transdermal, oral to brair-targeted drug delivery. They are easy to prepare at a low cost as well
as being able to achiee higher EE than their analog system, liposomes. This versatile drug
delivery system has great potential in the fields of pharmaceutical and cosmetic sciences.
Niosomes are promising delivery systems, their potential can be further enhanced by novel
preparation, modification methods and novel formulation components, which allow them to
achieve targeted delivery, better drug entrapment efficiency and develop vesicles with special

structures.
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38



References

(1) N.B. Mahale, P.D. Thakkar, R.G. Mali, D.R. Walunj, S.R. Chaudhari, Niosomes: novel
sustained release nonionic stable vesicular systems--an overview, Adv. Colloid Interface Sci.
183 (2012) 46-54.

(2) C. Marianecci, L. Di Marzio, F. Rinaldi, C. Celia, D. Paolino, F. Alhaique, S. Esposito, M.
Carafa, Niosomes from 80s to present: the state of the art, Adv. Colloid Interface Sci. 205
(2014) 187-206.

(3) S.Moghassemi, A. Hadjizadeh, Nano-niosomes as nanoscale drug delivery systems: an
illustrated review, J. Controll. Release 185 (2014) 22-36.

(4) V. Sharma, S. Anandhakumar, M. Sasidharan, Self-degrading niosoi2s Tor encapsulation
of hydrophilic and hydrophobic drugs: An efficient carrier for cancer mu'ti-ariig delivery, Mat.
Sci. Eng. C-Mater. 56 (2015) 393-400.

(5) T.T. Pham, C. Jaafar-Maalej, C. Charcosset, H. Fessi, Liposome and niosome preparation
using a membrane contactor for scale-up, Colloid. Surface. 8. 94 (2012) 15-21.

(6) S.K. Mehta, N. Jindal, Formulation of Tyloxapol riiosomes for encapsulation, stabilization
and dissolution of anti-tubercular drugs, Colloid. Suriace. E. 101 (2013) 434-441.

(7) D. Pando, G. Gutiérrez, J. Coca, C. Pazos, Prcparaticn and characterization of niosomes
containing resveratrol, J. Food Eng. 117 (2012) 227-234.

(8) A.Y. Waddad, S. Abbad, F. Yu, \W.L.I.. Munyendo, J. Wang, H. Lv, J. Zhou, Formulation,
characterization and pharmaco«inetics of Morin hydrate niosomes prepared from various non-
ionic surfactants, Int. J. Pharm. 456 (2013) 446-458.

(9) A.H. Alomrani, M.H. A!-Agamy, M.M. Badran, In vitro skin penetration and antimycotic
activity of itraconazolc ioaded niosomes: Various non-ionic surfactants, J. Drug Deliv. Sci.
Technol. 28 (2015) 37-45.

(10) R. Muzzalupo, L. Pérez, A. Pinazo, L. Tavano, Pharmaceutical versatility of cationic
niosomes derived irom amino acid-based surfactants: Skin penetration behavior and controlled
drug release, Iint. J. Pharm. 529 (2017) 242-252.

(A1) W. Zeng, Q. Li, T. Wan, C. Liu, W. Pan, J. Pan, M. Qin, Y. Lin, C. Wu, Hyaluronic acid-
coated niosomes facilitate tacrolimus ocular delivery: Mucoadhesion, precorneal retention,
agueous humor pharmacokinetics, and transcorneal permeability, Colloid. Surface. B. 141
(£016) 28-35.

(12) Q. Li, Z. Li, W. Zeng, S. Ge, H. Lu, C. Wu, L. Ge, D. Liang, Y. Xu, Proniosome-derived
niosomes for tacrolimus topical ocular delivery: in vitro cornea permeation, ocular irritation,
and in vivo anti-allograft rejection, Eur. J. Pharm. Sci. 62 (2014) 115-123.

(13) E. Ojeda, G. Puras, M. Agirre, J. Zarate, S. Grijalvo, R. Eritja, G. Martinez-Navarrete, C.
Soto-Sanchez, A. Diaz-Tahoces, M. Aviles-Trigueros, E. Fernandez, The influence of the polar

39



head-group of synthetic cationic lipids on the transfection efficiency mediated by niosomes in
rat retina and brain, Biomaterials 77 (2016) 267-279.

(14) L. Tavano, M. Vivacqua, V. Carito, R. Muzzalupo, M.C. Caroleo, F. Nicoletta,
Doxorubicin loaded magneto-niosomes for targeted drug delivery, Colloid. Surface. B. 102
(2013) 803-807.

(15) M. Nasr, In Vitro and In Vivo Evaluation of Proniosomes Containing Celecoxib for Oral
Administration, AAPS Pharm. Sci. Tech. 11 (2010) 85-89.

(16) S. Yeom, B.S. Shin, S. Han, An electron spin resonance study of non-ionic surfactant
vesicles (niosomes), Chem. Phys. Lipids 181 (2014) 83-89.

(17) M. Mokhtara, O.A. Sammourb, M.A. Hammada, N.A. Megiab, Citect of some
formulation parameters on flurbiprofen encapsulation and release rates of iosomes prepared
from proniosomes, Int. J. Pharm. 361 (2017) 104-111.

(18) A. Elhissi, K. Hidayat, D.A. Phoenix, E. Mwesigwa, S. Creail, W. Ahmed, A. Faheem,
K.M. Taylor, Air-jet and vibrating-mesh nebulization of niosomes generated using a
particulate-based proniosome technology, Int. J. Pharm. 444 (2013) 193-199.

(19) N. Yuksel, Z.S. Bayindir, E. Aksakal, A.T. Ozcclikay, In situ niosome forming
maltodextrin proniosomes of candesartan cilexetil: I viiro and in vivo evaluations, Int. J Biol.
Macromol 82 (2016) 453-463.

(20) A. Abd-Elbary, H.M. El-laithy, M.I. Tadros, Sucrose stearate-based proniosome-derived
niosomes for the nebulisable delivery of cromolyn sodium, Int. J. Pharm. 357 (2008) 189-198.

(21) M.M. lbrahim, T.M. Shenicta, The enhancement of transdermal permeability of water
soluble drug by niosome-emulgel ccmbination, J. Drug Deliv Sci Technol. 22 (2012) 353-359.

(22) C. Csongradi, J. Du Plessis, M.E. Aucamp, M. Gerber, Topical delivery of roxithromycin
solid state forms entrapped in vesicles, Eur. J. Pharm. Biopharm. 114 (2017) 96-107.

(23) A. Manosroia, F. Jantrawuta, J. Manosroia, Anti-inflammatory activity of gel containing
novel elastic niostmes entrapped with diclofenac diethylammonium, Int. J. Pharm. 360 (2008)
156-163.

(24) A. Margsroi, C. Chankhampan, W. Manosroi, J. Manosroi, Transdermal absorption
ernhancement of papain loaded in elastic niosomes incorporated in gel for scar treatment, Eur.
J. Pharm. Sci. 48 (2013) 474-483.

(“5) H. Abdelkader, S. Ismail, A. Kamal, R.G. Alany, Design and Evaluation of Controlled-
Release Niosomes and Discomes for Naltrexone Hydrochloride Ocular Delivery, J. Pharm. Sci.
100 (2011) 1833-1846.

(26) H. Abdelkader, Z. Wu, R. Al-Kassas, R.G. Alany, Niosomes and discomes for ocular
delivery of naltrexone hydrochloride: morphological, rheological, spreading properties and
photo-protective effects, Int. J. Pharm. 433 (2012) 142-148.

40



(27) D. Paolino, D. Cosco, R. Muzzalupo, E. Trapasso, N. Picci, M. Fresta, Innovative bola-
surfactant niosomes as topical delivery systems of 5-fluorouracil for the treatment of skin
cancer, Int. J. Pharm. 353 (2008) 233-242.

(28) N. Saini, R.K. Sodhi, L. Bajaj, R.S. Pandey, U.K. Jain, O.P. Katare, J. Madan, Intravaginal
administration of metformin hydrochloride loaded cationic niosomes amalgamated with
thermosensitive gel for the treatment of polycystic ovary syndrome: In vitro and in vivo studies,
Colloid. Surface. B. 144 (2016) 161-169.

(29) D. Gopinath, D. Ravi, B.R. Rao, S.S. Apte, D. Renuka, D. Rambhau, Ascorbyl palmitate
vesicles (Aspasomes): formation, characterization and applications, Int. J. Pharm. 271 (2004)
95-113.

(30) S. De, R. Kundu, A. Biswas, Synthesis of gold nanoparticles in iiinsomes, J. Colloid
Interface Sci. 386 (2012) 9-15.

(31) G. Gutiérrez, M. Gutiérrez, P. Barrero, D. Pando, O. Iglesias, C. Pzzos, Iron-entrapped
niosomes and their potential application for yogurt fortification, LW - Food Sci. Technol. 74
(2016) 550-556.

(32) T. Shehata, T. Kimura, K. Higaki, K. Ogawara, I11-vivo disposition characteristics of PEG
niosome and its interaction with serum proteins, Int. J. Pharm. 512 (2016) 322-328.

(33) A. Ritwiset, S. Krongsuk, J.R. Johns, viclacular structure and dynamical properties of
niosome bilayers with and without cholestarol incorporation: A molecular dynamics simulation
study, Appl. Surf. Sci. 380 (2016) 22-31

(34) Y. Hao, F. Zhao, K. Li, N. i, Y. Yang, Studies on a high encapsulation of colchicine by
a niosome system, Int. J. Pharm. 244 (2002) 73-80.

(35) P. Balakrishnan, S. Stiacnmugam, W.S. Lee, W.M. Lee, J.O. Kim, J.S. Kim, B.K. Yoo,
H.G. Choi, J.S. Woo, Forniulation and in vitro assessment of minoxidil niosomes for enhanced
skin delivery, Int. 1. Pharm. 377 (2009) 1-8.

(36) G. Csoka, &. Marten, R. Zelko, N. Otomo, I. Anta, Application of sucrose fatty acid esters
in transdermia! therapeutic systems, Eur. J. Pharm. Biopharm. 65 (2007) 233-237.

(37) .M. Ahdel-Mageed, H.M. El-Laithy, L.G. Mahran, A.S. Fahmy, K. Mader, S.A.
Maohamed, Development of novel flexible sugar ester vesicles as carrier systems for the
entioxicant enzyme catalase for wound healing applications, Process Biochem. 47 (2012)
1153-1162.

(38) H.M. El-Laithy, O. Shoukry, L.G. Mahran, Novel sugar esters proniosomes for
transdermal delivery of vinpocetine: Preclinical and clinical studies, Eur. J. Pharm. Biopharm.
77 (2011) 43-55.

(39) K. Valdés, M.J. Morilla, E. Romero, J. Chavez, Physicochemical characterization and
cytotoxic studies of nonionic surfactant vesicles using sucrose esters as oral delivery systems,
Colloid. Surface. B. 117 (2014) 117:1-6.

41



(40) J. Manosroi, A. Manosroi, W. Manosroi, P. Khanrin, W. Lohcharoenkal, R.G. Werner, F.
Gotz, Transdermal absorption enhancement through rat skin of gallidermin loaded in niosomes,
Int. J. Pharm. 392 (2010) 304-310.

(41) R. Muzzalupo, L. Tavano, S. Trombino, R. Cassano, N. Picci, C. La Mesa, Niosomes from
a,m-trioxyethylene-bis(sodium  2-dodecyloxy-propylenesulfonate): ~ Preparation  and
characterization, Colloid. Surface. B. 64 (2008) 200-207.

(42) L. Basiri, G. Rajabzadeh, A. Bostan, a-Tocopherol-loaded niosome prepared by heating
method and its release behaviour, Food Chem. 221 (2017) 620-628.

(43) D.S. Shaker, M.A. Shaker, M.S. Hanafy, Cellular uptake, cytotoxicity and in-vivo

evaluation of Tamoxifen citrate loaded niosomes, Int. J. Pharm. 493 (2015) “85-204.

(44) M.A. Kassem, H.S. El-Sawy, F.l. Abd-Allah, T.M. Abdelahaiy, K.M. El-Say,
Maximizing the Therapeutic Efficacy of Imatinib Mesylate-Loac2d Niosomes on Human
Colon Adenocarcinoma Using Box-Behnken Design, J. Pharm Sci. 106 (2017) 111-122.

(45) M.L. Gonzélez- rodriguez, I. Mouram, M.J. Cézar- beimal, S. Villasmil, A.M. Rabasco,
Applying the taguchi method to optimize sumatriptan succinate niosomes as drug carriers for
skin delivery, J. Pharm Sci. 101 (2012) 3845-3863.

(46) G.N. Devaraj, S.R. Parakh, R. Devraj, S.S. Apte, B.2. Rao, D. Rambhau, Release Studies
on Niosomes Containing Fatty Alcohols as Rilayer Stabilizers Instead of Cholesterol, J. Colloid
Interface Sci. 251 (2002) 360-365.

(47) M. Bragagni, N. Mennini, o Furlanetto, S. Orlandini, C. Ghelardini, P. Mura,
Development and characterizaiion of iunctionalized niosomes for brain targeting of dynorphin-
B, Eur. J. Pharm. Biopharm. 87 (2014) 73-79.

(48) R. Muzzalupo, L. Tavain, C.L. Mesa, Alkyl glucopyranoside-based niosomes containing
methotrexate for pharrnaccuticai applications: evaluation of physico-chemical and biological
properties, Int. J. Pharm. 455 (2013) 224-229.

(49) J. Patel, S. Ketkar, S. Patil, J. Fearnley, K.R. Mahadik, A.R. Paradkar, Potentiating
antimicrobia! efficacy of propolis through niosomal-based system for administration, Integr.
Med. Res. 4 (2015) 94-101.

(50) M. Jamal, S.S. Imam, M. Aqil, M. Amir, S.R. Mir, M. Mujeeb, Transdermal potential and
enti-arthritic efficacy of ursolic acid from niosomal gel systems, Int. Immunopharmacol. 29
(2015) 361-369.

(51) L. Basiri, G. Rajabzadeh, A. Bostan, Physicochemical properties and release behavior of
Span 60/Tween 60 niosomes as vehicle for a-Tocopherol delivery, LWT - Food Sci. Technol.
84 (2017) 471-478.

(52) L. Tavano, C.O. Rossi, N. Picci, R. Muzzalupo, Spontaneous temperature-sensitive
Pluronicl based niosomes: Triggered drug release using mild hyperthermia. Int. J. Pharm. 511
(2016) 703-708.

42



(53) S.R.M. Moghddam , A. Ahad, M. Agqil, S.S. Imam, Y. Sultana, Formulation and
optimization of niosomes for topical diacerein delivery using 3-factor, 3-level Box-Behnken
design for the management of psoriasis, Mat. Sci. Eng. C-Mater. 69 (2016) 789-797.

(54) J.Y. Fu, D.M.Y. Tan, H.M. Er, Y.S. Chen, K. Nesaretnam, Tumor-targeted niosome as
novel carrier for intravenous administration of tocotrienol, Asian J. Pharm. Sci 11 (2016) 79-
80.

(55) A.A. Kassem, S.H. Abd EI-Alim, M.H. Asfour, Enhancement of 8-methoxypsoralen
topical delivery via nanosized niosomal vesicles: Formulation development, in vitro and in
vivo evaluation of skin deposition, Int. J. Pharm. 517 (2017) 256-268.

(56) M. Mashal, N. Attia, G. Puva, G. Martinez-navarrete, E. Fernandez, J.I.. Pedraz, Retinal
gene delivery enhancement by lycopene incorporation into cationic niosomes based on
DOTMA and polysorbate 60, J. Controll. Release 254 (2017) 55-64.

(57) M.I. Khan, A. Madni, L. Peltonen, Development and in-vitro chiaractcrization of sorbitan
monolaurate and poloxamer 184 based niosomes for oral delivary oi diacerein, Eur. J. Pharm.
Biopharm. 95 (2016) 88-95.

(58) J. Fang, C. Hong, W. Chiu, Y. Wang, Effect o1 'ipcsomes and niosomes on skin
permeation of enoxacin, Int. J. Pharm. 219 (2001) 61-72.

(59) M. Alam, S. Zubair, M. Farazuddin, E. Aliiiiad, A. Khail, Q. Zia, A. Malik, O. Mohammad,
Development, characterization and efficacy of niosomal diallyl disulfide in treatment of
disseminated murine candidiasis, Nanoinadicliic. NBM 9 (2013) 247-256.

(60) J. Manosroi, A. Manosroi, R. Chiutoprapat, M. Abe, Characteristics of niosomes prepared
by supercritical carbon dioxide (scCO 2) fluid, Int. J. Pharm. 352 (2008) 248-255.

(61) Z.S. Bayindir, N. Yukeel, Characterization of niosomes prepared with various nonionic
surfactants for paclitaxel oral aclivery, J. Pharm. Sci. 99 (2010) 2049-2060.

(62) L. Tavano, ™. A'fann, R. Muzzalupo, B. De Cindio, Niosomes vs microemulsions: New
carriers for tepical delivery of Capsaicin, Colloid. Surface. B. 87 (2011) 333-339.

(63) A. Girigoswami, S. Das, S. De, Fluorescence and dynamic light scattering studies of
niosomes-membrane mimetic systems, Spectrochim. Acta A 64 (2006) 859-866.

(54) P. Arunothayanun, M. Bernard, D.Q.M. Craig, I.F. Uchegbu, A.T. Florence, The effect of
piocessing variables on the physical characteristics of non-ionic surfactant vesicles (niosomes)
iormed from a hexadecyl diglycerol ether, Int. J. Pharm. 201 (2000) 7-14.

(65) A. Manosroi, P. Jantrawut, H. Akazawa, T. Akihisa, W. Manosroi, J. Manosroi,
Transdermal absorption enhancement of gel containing elastic niosomes loaded with gallic acid
from Terminalia chebula galls, Pharm. Biol. 49 (2011) 553-562.

(66) A.R. Mullaicharam, R.S.R. Murthy, Lung accumulation of niosome entrapped gentamicin
sulfate follows intravenous and intratracheal administration in rats, J. Drug Deliv. Sci. Technol.
16 (2006) 109-113.

43



(67) M. Manconi, C. Sinico, D. Valenti, G. Loy, A.M. Fadda, Niosomes as carriers for tretinoin.
|. Preparation and properties, Int. J. Pharm. 234 (2002) 237-248.

(68) I.F. Uchegbu, R. Duncan, Niosomes containing N-(2-hydroxypropyl)methacrylamide
copolymer-doxorubicin (PK1): effect of method of preparation and choice of surfactant on
niosome characteristics and a preliminary study of body distribution, Int. J. Pharm. 155 (1997)
7-17.

(69) S. Jain, P. Singh, V. Mishra, S.P. Vyas, Mannosylated niosomes as adjuvant—carrier
system for oral genetic immunization against Hepatitis B, Immunol. Lett. 101 (2005) 41-49.

(70) S. Bhaskaran, P.K. Lakshmi, Comparative evaluation of niosome formulations prepared
by different techniques, Acta Pharm. Sci. 51 (2009) 27-32.

(71) R. Rajera, K. Nagpal, S.K. Singh, D.N. Mishra, Niosomes: A Controlicd and Novel Drug
Delivery System, Biol. Pharm. Bull. 34 (2011) 945-953.

(72) W. Manosroi, J. Manosroi, A. Manosroi, W. Ruksiriwanic'i, M. Aue, H. Sakai, Biological
activities of the rice bran extract and physical characteristics of its entrapment in niosomes by
supercritical carbon dioxide fluid, J. Supercrit. Fluid. 54 (2010) 137-144.

(73) E.R. Bendas, H. Abdullah, M.H.M. EI-Komy. M.A A. Kassem, Hydroxychloroquine
niosomes: a new trend in topical management of ora! lichien planus, Int. J. Pharm. 458 (2013)
287.

(74) M. Qumbara, S.S. Imamc, J. Alia, J. Ahmacd, A. Ali, Formulation and optimization of
lacidipine loaded niosomal gel for tianscermal delivery in-vitro characterization and in-vivo
activity, Biomed. Pharmacother. 93 (2017) 255-266.

(75) P. Negia,, M. Aggaiala, G. Siiarmab, C. Rathorea, G. Sharmac, B. Singhb, O.P. Katare,
Niosome-based hydrogel o1 resveratrol for topical applications: An effective therapy for pain
related disorder(s), Biomed. Pharmacother. 88 (2017) 480-487.

(76) S.F. EI-Mensiiane. A riovel approach to topical acetazolamide/PEG 400 ocular niosomes,
J. Drug Deliv. Sci. Teciinol. 22 (2012) 295-299.

(77) Y. Zubairu, L.M. Negi, Z. Igbal, S. Talegaonkar, Design and development of novel
bioad!esive niosomal formulation for the transcorneal delivery of anti-infective agent in vitro
anc ¢x vivo investigation, Asian J. Pharm. Sci. 10 (2015) 322-330.

(/2) 1. izscudero, R.M. Geanta, M.O. Ruiz, J.M. Benito, Formulation and characterization of
'ween 80/cholestherol niosomes modified with tri-n-octylmethylammonium chloride
" OMAC) for carboxylic acids entrapment, Colloid. Surface. A. 461 (2014) 167-177.

(79) M. Manconi, D. Valenti, C. Sinico, F. Lai, G. Loy, A.M. Fadda Niosomes as carriers for
tretinoin. Il. Influence of vesicular incorporation on tretinoin photostability, Int. J. Pharm. 260
(2003) 261-272.

44



(80) A.R. Mullaicharam, R.S.R. Murthy, Lung accumulation of niosome-entrapped rifampicin
following intravenous and intratracheal administration in the rat, J. Drug Deliv. Sci. Technol.
14 (2004) 99-104.

(81) M. Hong, S. Zhu, Y. Jiang, G. Tang, Y. Pei, Efficient tumor targeting of
hydroxycamptothecin loaded PEGylated niosomes modified with transferrin, J. Control.
Release 133 (2009) 96-102.

(82) S.K. Mehta, N. Jindal, G. Kaur, Quantitative investigation, stability and in vitro release
studies of anti-TB drugs in Triton niosomes, Colloid. Surface. B. 87 (2011) 173-179.

(83) A. Dwivedi, A. Mazumder, L.T. Fox, A. Brimmer, M. Gerber, J.L. Du Pree7, R.K. Haynes,
J. Du Plessis, In vitro skin permeation of artemisone and its nano-vesicular formulations, Int.
J. Pharm. 503 (2016) 1-7.

(84) L. Tavano, R. Muzzalupo, N. Picci, B. De Cindio, Co-encapsu'ation of lipophilic
antioxidants into niosomal carriers: percutaneous permeation studies for cosmeceutical
applications, Colloid. Surface. B. 114 (2014) 144-149.

(85) R. Muzzalupo, L. Tavano, R. Cassano, S. Trombirio, T. Ferrarelli, N. Picci, A new
approach for the evaluation of niosomes as effective transc'eriial drug delivery systems, Eur.
J. Pharm. Biopharm. 79 (2011) 28-35.

(86) L.H. Chuah, L. De Silva, M. Saravaiiai, J.Y. Fu. Preparation and optimization of
tocotrienol rich fraction (TRF)-loaded niosomes, Asian J. Pharm. 11 (2016) 56-57.

(87) A. Dwivedi, A. Mazumder, L. Lu Flessis, J.L. Du Preez, R.K Haynes, J. Du Plessis, In
vitro anti-cancer effects of artemisone nano-vesicular formulations on melanoma cells,
Nanomedicine: NBM. 11 (2015) 2041-2050.

(88) G.K. Pillai, M.L.D. calim, Enhanced inhibition of platelet aggregation in-vitro by
niosome-encapsulatec indometiacin, Int. J. Pharm. 193 (1999) 123-127.

(89) C. Ingallina, i-. Rina!di, A. Bogni, J. Ponti, D. Passeri, M. Reggente, M. Rossi, A. Kinsner-
Ovaskainen, D. Mehn, . Rossi, B. Botta, Niosomal approach to brain delivery: Development,
characterization anc in vitro toxicological studies, Int. J. Pharm. 511 (2016) 969-982.

(90) T. Shehata, T. Kimura, K. Higaki, K. Ogawara, In-vivo disposition characteristics of PEG
niosome and its interaction with serum proteins, Int. J. Pharm. 512 (2016) 322-328.

(Y1) Z 5. Bayindir, N. Yuksel, Characterization of niosomes prepared with various nonionic
curfactants for paclitaxel oral delivery, J. Pharm. Sci. 99 (2010) 2049-2060.

(92) A. Gurrapu, R. Jukanti, S.R. Bobbala, S. Kanuganti, J.B. Jeevana, Improved oral delivery
of valsartan from maltodextrin based proniosome powders, Adv. Powder Technol. 23 (2012)
583-590.

(93) S.N.H.M. Azmin, N.A. Yunus, A.A. Mustaffa, S.R.W. Alwi, L.S. Chua, Computer-Aided
Approach for Designing Solvents Blend for Herbal Phytochemical Extraction, Comput. Aided
Chem. Eng. 37 (2015) 1427-1432.

45



(94) M.M. lbrahim, T.M. Shehata, Tramadol HCI encapsulated niosomes for extended
analgesic effect following oral administration, J. Drug Deliv. Sci. Technol. 46 (2018) 14-18.

(95) S. Akhter, S. Kushwaha, M.H. Warsi, M. Anwar, M.Z. Ahmad, I. Ahmad, S. Talegaonkar,
Z.1. Khan, F.J. Ahmad, Development and evaluation of nanosized niosomal dispersion for oral
delivery of Ganciclovir, Drug Dev. Ind. Pharm. 38 (2012) 84-92.

(96) R. Katare, P.N. Gupta, S. Mahor, A. Rawat, K. Khatri, Y. Katare, A.K. Panda, S.P. Vyas,
Development of polysaccharide-capped niosomes for oral immunization of tetanus toxoid, J.
Drug Deliv. Sci. Technol. 16 (2006) 167-172.

(97) D. Pando, M. Matos, G. Gutiérrez, C. Pazos, Formulation of resveratrol entrapped
niosomes for topical use, Colloid. Surface. B. 128 (2015) 398-404.

(98) A.A. Abdelbary, M.H.H. AbouGhaly, Design and optimization of tcpicai methotrexate
loaded niosomes for enhanced management of psoriasis: Application of Box—Behnken design,
in-vitro evaluation and in-vivo skin deposition study, Int. J. Pharm. 485 (2015) 235-243.

(99) W. Manosroi, J. Manosroi, A. Manosroi, W. Lohcharoenka!l, F. Gotz, R.G. Werner,
Transdermal Absorption Enhancement of N-Terminal Tat- GFP Fusion Protein (TG) Loaded
in Novel Low-Toxic Elastic Anionic Niosomes, J. Pharm. Sci. 100 (2011) 1525-1534.

(100) S. Jigar, A.B. Nair, S. Hiral, S. Jacob, T.M. Shichata, M.A. Morsy, Enhancement in
antinociceptive and anti-inflammatory effecis of tramadci by transdermal proniosome gel,
Asian J. Pharm. Sci. (2019) https://doi.org/ 10.1015/j.ajps.2019.05.001.

(101) M. Manconi, C. Sinico, D. "Jaienti, i Lai, A.M. Fadda, Niosomes as carriers for tretinoin.
Int. J. Pharm. 311 (2006) 11-19

(102) M. Kong, H. Park, C. Feng, L. Hou, X. Cheng, X. Chen, Construction of hyaluronic acid
noisome as functional transuermal nanocarrier for tumor therapy, Carbohyd. Polym. 94 (2013)
634-641.

(103) G.M. Maghiaby, A .C. Williams, B.W. Barry, Can drug- bearing liposomes penetrate
intact skin? J. Phar. Phamcol. 58 (2006) 415-429.

(104) Y. Zharg, K. Zhang, Z. Wu, T. Guo, B. Ye, M. Lu, J. Zhao, C. Zhu, N. Feng, Evaluation
of transdermi2! salidroside delivery using niosomes via in vitro cellular uptake, Int. J. Pharm.
472 (2015) 1.38-146.

(105) 1 Fang, S. Yu, P. Wu, Y. Huang, Y. Tsai, In vitro skin permeation of estradiol from
various proniosome formulations, Int. J. Pharm. 215 (2001) 91-99.

(106) S. Singh, P. Parashar, K. Kanoujia, I. Singh, S. Saha, S.A Sraf, Transdermal potential
and anti-gout efficacy of Febuxostat from niosomal gel, J. Drug Deliv. Sci. Technol. 39 (2017)
348-361.

(107) P.N. Gupta, V. Mishra, A. Rawat, P. Dubey, S. Mahor, S. Jain, D.P. Chatterji, S.P. Vyas,
Non-invasive vaccine delivery in transfersomes, niosomes and liposomes: a comparative study,
Int J. Pharm. 293 (2005) 73-82.

46



(108) L. Tavano, L. Gentile, C. Oliviero Rossi, R. Muzzalupo, Novel gel-niosomes
formulations as multicomponent systems for transdermal drug delivery, Colloids Surf. B. 110
(2013) 281-288.

(109) V.B. Junyaprasert, P. Singhsa, A. Jintapattanakit, Influence of chemical penetration
enhancers on skin permeability of ellagic acid-loaded niosomes, Asian J. Pharm. Sci. 8 (2013)
110-117.

(110) S. Sambhakar, S. Paliwal, S. Sharma, B. Singh, Formulation of risperidone loaded
proniosomes for effective transdermal delivery: An in-vitro and in-vivo study, Bull. Fac. Pharm.
Cairo Univ. 55 (2017) 239-247.

(111) C. Maheshwari, R.S. Pandey, A. Chaurasiya, A. Kumar, D.T. Selvam, G C. Prasad, S,
V.K. Dixit. Non-ionic surfactant vesicles mediated transcutaneous iriimunization against
hepatitis B, Int. Immunopharmacol. 11 (2011) 1516-1522.

(112) H.O. Ammar, M. Ghorab, S.A. EI-Nahhas, .M. Higazy, Proniocomes as a carrier system
for transdermal delivery of tenoxicam, Int J. Pharm. 405 (2011) 142-152,

(113) R. Muzzalupo, L. Tavano, R. Cassano, S. Trombiio, T. Ferrarelli, N. Picci, A new
approach for the evaluation of niosomes as effective transc'eriial drug delivery systems, Eur.
J. Pharm. Biopharm. 79 (2011) 28-35.

(114) P. Khazaeli, I. Sharifi, E. Talebian, C. Heravi, . Moazeni, M. Mostafavi, Anti-
leishmanial effect of itraconazole niosome ori in vitro susceptibility of Leishmania tropica,
Environ. Toxicol. Pharmacol. 38 (2014, 205-211.

(115) M.L. Manca, M. Mancori:, A. Nacher, C. Carbone, D. Valenti, A.M. Maccioni, C. Sinico,
A.M. Fadda, Development of ncvel diolein-niosomes for cutaneous delivery of tretinoin:
influence of formulation and in vitro assessment, Int. J. Pharm. 477 (2014) 176-186.

(116) M. Tabbakhian, N. Tavakoli, M.R. Jaafari, S. Daneshamouz, Enhancement of follicular
delivery of finasteride by linosomes and niosomes, Int. J. Pharm. 323 (2006) 1-10.

(117) S.P. Vvas, R.P. Singh, P. Singh, S. Jain, V. Mishra, S. Mahor, P.N. Gupta, A. Rawat, P.
Dubey, Noit-ionic surfactant based vesicles (niosomes) for non-invasive topical genetic
immunization against hepatitis B, Int. J. Pharm. 296 (2005) 80-86.

(128) H.\M. Abdel-Mageed, H.M. El-Laithy, L.G. Mahran, A.S. Fahmy, K. Méder, S.A.
Mohamed, Development of novel flexible sugar ester vesicles as carrier systems for the
anuoxidant enzyme catalase for wound healing applications, Process Biochem. 47 (2012)
1155-1162.

(119) S. Sohrabi, A. Haeri, A. Mahboubi, A. Mortazavi, S. Dadashzadeh, Chitosan gel-
embedded moxifloxacin niosomes: An efficient antimicrobial hybrid system for burn infection,
Int. J. Biol. Macromol. 85 (2016) 625-633.

(120) V.B. Junyaprasert, P. Singhsa, J. Suksiriworapong, D. Chantasart, Physicochemical
properties and skin permeation of Span 60/Tween 60 niosomes of ellagic acid, Int. J. Pharm.
423 (2012) 303-311.

47



(121) A. Manosroi, C. Chankhampan, W. Manosroi, J. Manosroi, Transdermal absorption
enhancement of papain loaded in elastic niosomes incorporated in gel for scar treatment, Eur.
J. Pharm. Sci. 48 (2013) 474-483.

(122) H. Abdelkader, S. Ismail, A. Hussein, Z. Wu, R. Al-Kassas, R.G. Alany, Conjunctival
and corneal tolerability assessment of ocular naltrexone niosomes and their ingredients on the
hen's egg chorioallantoic membrane and excised bovine cornea models, Int. J. Pharm. 432
(2012) 1-10.

(123) G. Puras, M. Mashal, J. Zarate, M. Agirre, E. Ojeda, S. Grijalvo, R. Eritja, A. Diaz-
Tahoces, G.M. Navarete, M. Avilés-Trigueros, E. Fernandez, A novel cationic niosome
formulation for gene delivery to the retina, J. Control. Release 174 (2014) 27-30.

(124) M. Alsaadi, J.L. Italia, A.B. Mullen, M.N.V. Ravi Kumar, A.A Cand!ish, R A.M.
Williams, C.D. Shaw, F. Al Gawhari, G.H. Coombs, M. Wiese, A.H. iliomcon. The efficacy
of aerosol treatment with non-ionic surfactant vesicles containing amphotericin B in rodent
models of leishmaniasis and pulmonary aspergillosis infection, J. Contioi. Release 160 (2012)
685-691.

(125) C. Marianecci, D. Paolino, C. Celia, M. Fresta, M. Carafa, F. Alhaique, Non-ionic
surfactant vesicles in pulmonary glucocorticoid delivery: Characterization and interaction with
human lung fibroblasts, J. Controll. Release 147 2010 127-135.

(126) E. Moazeni, K. Gilani, F. Sotoudegen, A. Pardakhty, A.R. Najafabadi, R. Ghalandari,
M.R. Fazeli, H. Jamalifar, Formulation and in vitro evaluation of ciprofloxacin containing
niosomes for pulmonary delivery, J. IMicioencapsul. 27 (2010) 618-627.

(127) B. Mukherjee, B. Patra, £. '-ayek, A. Mukherjee, Sustained release of acyclovir from
nano-liposomes and nano-niosomes. an in vitro study, Int. J. Nanomedicine 2 (2007) 213-225.

(128) M.S. EI-Ridy, A. Abdelbary, T. Essam, R.M. Abd EL-Salam, A.A. Aly Kassem,
Niosomes as a potential crug delivery system for increasing the efficacy and safety of nystatin,
Drug Dev. Ind. Phiaim. &7 2011 1491-1508.

(129) A. Pardakhiy. M. Shakibaie, H. Daneshvar, A. Khamesipour, T. Mohammadi-Khorsand,
H. Forociantar. Preparation and evaluation of niosomes containing autoclaved Leishmania
major: a preiiminary study, J. Microencapsul. 29 (2012) 219-224.

(1.30) 2. sni, C. Fang, M. You,Y. Pei, Tumor targeting effect and anti-tumor activity of
hydroxycamptothecin loaded stealth niosomes with different polyethylene glycol chain length,
chin. J. Clin. Pharm. 1 (2006) 1-4.

(131) M. Wang, Y. Yuan, Y. Gao, H. Ma, H. Xu, X. Zhang, W. Pan, Preparation and
characterization of 5-fluorouracil pH-sensitive niosome and its tumor-targeted evaluation: in
vitro and in vivo, Drug Dev. Ind. Pharm. 38 (2012) 1134-1141.

(132) H. Yang, A. Deng, J. Zhang, J. Wang, B. Lu, Preparation, characterization and anticancer
therapeutic efficacy of cisplatin-loaded niosomes, J. Microencapsul. 30 (2013) 237-244.

48



(133) S.H. Abd EI-Alim, A.A. Kassem, M. Basha, Proniosomes as a novel drug carrier system
for buccal delivery of benzocaine, J. Drug Deliv. Sci. Technol. 24 (2014) 452-458.

(134) F.E. Abdelrahman, I. Elsayed, M.K. Gad, A.H. Elshafeey, M.l. Mohamed, Response
surface optimization, Ex vivo and In vivo investigation of nasal spanlastics for bioavailability
enhancement and brain targeting of risperidone, Int. J. Pharm. 530 (2017) 1-11.

(135) S.C. Chattaraj, S.K. Das. Physicochemical Characterization of Influenza Viral Vaccine
Loaded Surfactant Vesicles, Drug Deliv. 10 (2003) 73-77.

(136) S.J. Challacombe, T.B. Tomasi, Systemic tolerance and secretory immunity after oral
immunization, J. Exp. Med. 152 (1980) 1459-1472.

(137) J. Xu-Amano, H. Kiyono, R.J. Jackson, H.F. Staats, K. Fujihashi, P.C. Burrows, C.O.
Elson, S. Pilai, J.R. McGhee, Helper T cell subsets for immunoglobulin A responses: oral
immunization with tetanus toxoid and cholera toxin as adjuvant selcctively induces Th2 cells
in mucosa associated tissues, J. Exp. Med. 178 (1993) 1309-1320

(138) A.S. Zidan, M.J. Habib, Maximized Mucoadhesion and ckin Permeation of Anti-AIDS-
Loaded Niosomal Gels, J. Pharm. Sci. 103 (2014) 952-964.

(139) M.G. Arafa, D. Ghalwash, D.M. El-Kersh, M./\1. Elimazar, Propolis-based niosomes as
oromuco-adhesive films: A randomized clinical tria! ol a therapeutic drug delivery platform
for the treatment of oral recurrent aphthous t/iccrs, Sci. Rep. 8 (2018) 1-14.

(140) A. Priprem, C. Nukulkit, N.P. Johns, S. !.aohasiriwong, K. Yimtae, C. Soontornpas,
Transmucosal delivery of melatonii-encapsulated niosomes in a mucoadhesive gel, Ther.
Deliv. 9 (2018) 343-357.

(141) A. Azeem, M.K. Anwer, S. Talegaonkar, Niosomes in sustained and targeted drug
delivery: some recent advarices, J. Drug Target. 17 (2009) 671-689.

(142) M. Lucia. Nanccarrieis for skin delivery of cosmetic antioxidants, JPPRes 2 (2014) 73-
92.

(143) S. Kaul, N. Gulati, D. Verma, S. Mukherjee, U. Nagaich. Role of Nanotechnology in
Cosmeceuticais: A Review of Recent Advances, Hindawi Journal of Pharmaceutics (2018) 1-
19.

(1.44) =.M. Handjani-Vila, A. Ribier, B. Rondot, G. Vanlerberghie. Dispersions of lamellar
piases of non-ionic lipids in cosmetic products, Int. J. Cosmetic Sci. 1 (1979) 303-314.

(145) D. Pando, C. Caddeo, M. Manconi, A. M. Fadda, C. Pazos. Nanodesign of olein vesicles
ror the topical delivery of the antioxidant resveratrol, J. Phar. Phamcol. 65 (2013) 1158-1167.

(146) N. Rungphanichkul, U. Nimmannit, W. Muangsiri, P. Rojsitthisak, Preparation of
curcuminoid niosomes for enhancement of skin permeation, Die Pharmazie 66 (2011) 570-575.

(147) M.H. Teaima, S.A. Abdelhalim, M.A. El-Nabarawi, D.A. Attia, D.A. Helal. Non-ionic
surfactant based vesicular drug delivery system for topical delivery of caffeine for treatment of

49



cellulite: design, formulation, characterization, histological anti-cellulite activity, and
pharmacokinetic evaluation, Drug Dev Ind Pharm 44 (2018) 158-171.

(148) C. Agrati, C. Marianecci, S. Sennato, M. Carafa, V. Bordoni, E. Cimini, M. Tempestilli,
L.P. Pucillo, F. Turchi, F. Martini, G. Borioni, Multicompartment vectors as novel drug
delivery systems: selective activation of Tyd lymphocytes after zoledronic acid delivery,
Nanomedicine: NBM 7 (2011) 153-161.

(149) M. Bragagni, N. Mennini, C. Ghelardini, P. Mura. Development and characterization of
niosomal formulations of doxorubicin aimed at brain targeting, J. Pharm. Pharm. SCI 15 (2012)
184-196.

(150) M. Hong, S. Zhu, Y. Jiang, G. Tang, Y. Pei, Efficient tumor (crgeting of
hydroxycamptothecin loaded PEGylated niosomes modified with traisferrin, J. Control.
Release 133 (2009) 96-102.

(151) Y. Jin, J. Wen, S. Garg, D. Liu, Y. Zhou, L. Teng, W. Zhana. Devclopment of a novel
niosomal system for oral delivery of Ginkgo biloba extract, Int. J. Nanomedicine 8 (2013) 421-
430.

(152) M.L. Manca, I. Castangia, M. Zaru, A. Nacher, 1). Valanu, X. Fernandez-Busquets, A.M.
Fadda, M. Manconi, Development of curcumin loaded sodium hyaluronate immobilized
vesicles (hyalurosomes) and their potential on skin 1flammation and wound restoring,
Biomaterials 71 (2015) 100-109.

(153) R. Kamel, M. Basha, A. El-Alim. Uevelopinent of a novel vesicular system using a binary
mixture of sorbitan monostearaie and polycthylene glycol fatty acid esters for rectal delivery
of rutin, J. Liposome Res. 23 (2012) 28-36.

(154) S. Abrol, A. Trehan, O. Katare. Comparative Study of Different Silymarin Formulations:
Formulation, Characterisatic and In Vitro / In Vivo Evaluation, Curr. Drug Deliv. 2 (2005)
45-51.

(155) SM. Alari, A Ahad, L. Abidin, M. Aqil, S.R. Mir. Embelin-loaded oral niosomes
ameliorate strcpiozotocin-induced diabetes in Wistar rats, Biomed. Pharmacother. 97 (2018)
1514-1520.

(156) <. Kumar, A.K. Rai. Proniosomal formulation of curcumin having anti-inflammatory
anc anti-arthritic activity in different experimental animal models, Die Pharmazie 67 (2012)
£52-857.

(157) M. Silindir, AY. Ozer. Sterilization Methods and the Comparison of E-Beam
Sterilization with Gamma Radiation Sterilization, FABAD Journal of Pharmaceutical Sciences
34 (2009) 43-53.

(158) H.E.J. Hofland, J.A. Bouwstra, M. Ponec, H.E. Boddé, F. Spies, J.C. Verhoef, et al.
Interactions of non-ionic surfactant vesicles with cultured keratinocytes and human skin in
vitro: a survey of toxicological aspects and ultrastructural changes in stratum corneum, J.
Control. Release 161 (1991) 155-167.

50



(159) H.E.J. Hofland, J.A. Bouwstra, J.C. Verhoef, G. Buckton, B.Z. Chowdry, M. Ponec, H.E.
Junginger, Safety Aspects of Non- ionic Surfactant Vesicles: A Toxicity Study Related to the
Physicochemical Characteristics of Non- ionic Surfactants, J. Pharm. Pharmacol. 44 (1992)
287-294.

(160) D. Paolino, R. Muzzalupo, A. Ricciardi, C. Celia, N. Picci, M. Fresta, In vitro and in vivo
evaluation of Bola-surfactant containing niosomes for transdermal delivery, Biomed.
Microdevices 4 (2007) 421-433.

(161) 1. Uchegbu, The biodistribution of novel 200-nm palmitoyl muramic acid vesicles, Int. J.
Pharm. 162 (1998) 19-27.

(162) D. Gopinath, D. Ravi, BR. Rao, SS. Apte, D. Rambhau, 1- O-Alkylalycerol vesicles
(Algosomes): their formation and characterization, Int J. Pharm. 246 (2C02) 187-147.

(163) DH. Khan, S. Bashir, P. Figueiredo, HA. Santos, MI. Khan, L. Peltonen, Process
optimization of ecological probe sonication technique for production ol rifampicin loaded
niosomes, J. Drug Deliv. Sci. Technol. 50 (2019) 27-33.

51



Tables

Table 1. Advantages and disadvantages of niosome preparation methods.

Preparation method Advantages Disadvantages References

Thin film hydration An easy technique for Involves the use of | (3,67,68)

(hand shaking) laboratory researches organic solvents |

method

Ether injection An easy technique for Cannot be used for heat (3,46)

method laboratory researches labile drugs

Reverse phase High drug EE Involes the use of (69)

evaporation method orgaiic solvents

Trans-membrane pH | High drug EE | Invoives the use of (70)

gradient drug uptake organic solvents

process

Emulsion method An ezsy techinique for Involves the use of 2
laboratcry research organic solvents

Lipid injection iNo organic solvents Cannot be used for heat 2

method Rl voived labile drugs

Niosome prepared No organic solvents The active ingredient (1)

using micel's s¢!ution | involved may be degraded by

and enzymes enzymatic degradation

Bubil» met/1nd No organic solvents Cannot be used for heat (71)
involved labile drugs

"Micro fluidization No organic solvents Cannot be used for heat (2

involved labile drugs

Formation of No organic solvents Complex process (2,20,21)

niosomes from

proniosomes

involved

Better physical stability

Complete drug

entrapment may not be
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possible during

hydration

Supercritical reverse
phase evaporation

method

No organic solvents

involved

Special equipment

required for this method

(72)
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Table 2. Characterization techniques for niosomes.

Parameters Applied techniques or methods Reference
Particle size and | Dynamic light scattering, Scanning electron 3)
distribution microscopy (for solid samples), Transmission

electronic microscopy (for liquid samples)
Morphology Transmission electronic microscopy, Negative- (2,23,76)
staining  transmission  electronic  microscopy,
Freeze-fracture transmission electronic microscopy, |
Atomic force microscopy, Scanning electron
microscopy, Cryo-scanning electron microscopy
Zeta potential Laser doppler anemometry (45,77,78)
Bilayer Fluorescence polarization (60)
characterization
Vesicle stability | Dynamic light scattering, microscopic techniques (20,49,55,67,79)
EE UV-spectrometer, High  performance  liquid (80-82)
chromatography and Eluorescence
In vitro release | Dialysis, Franz ditfusion cells (22,25,34,76,78,83-
85)

Table 3. Examples of niosomes that have been investigated for oral drug delivery.
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Drug Surfactant Method of Preparation Reference
Celecoxib Span 60 Proniosome derived niosome (15)
method
Diacerein Sorbitan monolaurate and | Thin film hydration (57)
poloxamer 184
Ganciclovir Span 40 and 60 Reverse phase evaporation (95)
Methotrexate | Tween 80 Thin film hydration (48)
Paclitaxel Span 40 Thin film hydration (92)
Plasmid DNA | Span 60 Reverse phase evaporation (69)
for Hepatitis B
Tetanus toxoid | Span 60 and ween 20 Reverse phase evaporation (96)
Tramadol Tween 80, Tween 40, Proniosome derived niosome (94)
Span 80 and 40 method
Valsartan Span 60 Proniusoine aerived niosome (92)
methcd

Table 4. Examples of niosomes that have been investigated for dermal and transdermal delivery.

Drug

Surfactant

Method of Preparation

Referenc

e

Acetazolamide

Span 60

Thin film hydration

(76)
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Antioxidant enzyme | Sugar ester surfactants | Thin film hydration (118)
catalase
Artemisone Span 60 Thin film hydration (83)
Capsaicin Span 60 Thin film hydration (62)
Diacerein Span 60 Thin film hydration (53)
Diclofenac Tween 61 and Span 60 | Thin film hydration (23)
diethylammonium
Ellagic acid Span 60 and Tween 60 | Reverse phase evaporation (109)
Ellagic acid Span 60 and Tween 60 | Reverse phase evaporation (120)
Enoxacin Span 40 and Span 60 A combination of ethang! (58)
injection and frecze drying
Estradiol Span 40, 60 and 85 Proniosome derivad (105)
niosome meihind
(coacervation phase
separation)
Febuxostat Tween 20 and Span 50 | Thin fiim hydration (106)
Finasteride Brij52,72,97and | Thin film hydration (116)
Span 40
Gallidermin Tween 1 Freeze dried (40)
Hydroxychloroquine | r!uronic 27, Brij 98, Reverse phase evaporation (73)
Tween 20, 40, 65 and
50, Span 20, 40, 60 and
te10)
ltraconazole Span 40 and Span 60 Thin film hydration (114)
Lacidipine Span 60 Thin film hydration (74)
Methotiexale Span 60 Thin film hydration (98)
" Minoxidil Brij 52,76 and Span 20, | Thin film hydration (35)
40, 60 and 80
Moxifloxacin Span 20 and 60, Tween | Thin film hydration (119)
20, 40, 60 and 80
N-terminal Tat-GFP | Tween 61 Freeze dried liposome (99)
fusion protein method
Papain Tween 61 Thin film hydration (122)
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propranolol, tyrosol

bis(2-ethylhexyl)

sulfosuccinate)

Plasmid DNA Span 85 Reverse phase evaporation 117)
(Hepatitis B)
Propolis Span 60 Ethanol injection method (49)
Resveratrol Span 80 Thin film hydration and (75)
ether injection
Resveratrol Gelot 64 Thin film hydration and (97)
ethanol injection
Risperidone Tween 20, 60 and 80, Proniosome derived (110)
Span 20, 40, 60, 80 niosome method
(coacervation phase
separation)
Roxithromycin Span 60 Thin film hydraion (22)
Salidroside Span 40 Thin film hydration (104)
Sulfadiazine sodium | Pluronic L64 and P105 | Maodaiiiad lipid film method (85)
Sumatriptan Brij 72, Eumulgin B2, | Thin film hydration (45)
succinate Span 60 and 80
Tenoxicam Span 80 and 60, Tviecn | Proniosome derived (112)
20 and FC niosome method
(coacervation phase
separation)
Tramadol Soail 20, 40, 60 and 80, | Proniosome derived niosome (100)
Tween 20, 40, 60 and method (coacervation phase
80 separation)
Tretinoin Brij 30, Span 40 and 60 | Thin film hydration (79)
Tretinoin Pluol Oleique CC Thin film hydration (115)
Trotingin Alkyl polyglucoside Thin film hydration (101)
" Ursolic acid Span 60 Thin film hydration (50)
Vitamin E Tween 80 and Span 20 | Emulsion evaporation (102)
38-methoxypsoralen | Span 40 and 60 Thin film hydration (55)
Sulfasalazine, Pluronic L64, sodium Thin film hydration (108)

57



Table 5. Examplas oi

riosomes that have been investigated for ocular delivery.

Drug Surfactant Method of Preparation Reference
| Gatifloxacii Span 60 Solvent injection method (77)
| Naltiexoiie Span 60 Reverse phase evaporation (122)
| Flasmid pCMS- Tween 80 Emulsification and thin film (13)
GFP hydration
Plasmid pCMS- DOTMA and Tween | Reverse phase evaporation (56)
EGFP 60
Plasmid pCMS- Tween 80 Solvent emulsification (123)
EGFP evaporation
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Tacrolimus Poloxamer 188 and | Proniosome derived niosome (11)
lecithin method
Table 6. Examples of niosornes that have been investigated for pulmonary delivery.
Drug Surfactant Method of Preparation Reference
' Amphoteiicin B Tween 80 - (124)
Recloriicthasone Span 60 Thin film hydration and (18)
lipropionate Proniosome derived
niosome method
Ciprofloxacin Span 60 and Tween | Thin film hydration (126)
60
Glucocorticoid Tween 20 Thin film hydration (125)
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Table 7. Examples of nics

oines that have been investigated for parenteral delivery.

surfactants

Drug Surfactant Method of Preparation Reference

Acyclovir - Span 20, 40, 60 and | Thin film hydration (127)
80

Autoclaved Span 20, 40, 60 80 | Thin film hydration (129)

L rishriania Major and Tween 20, 40,
60, 80

Cisplatin Span 40 Emulsion method (132)

5-fluorouracil pH-sensitive Thin film hydration-probe (131)
niosomes ultrasound method

Gentamycin Span and Tween Thin film hydration (66)
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Hydroxycamptothecin | Span 60 Thin film hydration (130)
Nystatin Span 40 and 60 Thin film hydration (128)
Rifampicin Span surfactants Thin film hydration (80)
Tamoxifen Span 40, 60, 80 and | Thin film hydration (43)

Tween 20

Table 8. Examples of niosomes (hat nave been investigated for transmucosal delivery.

Drug Surfactant | Method of Preparation | Target delivery | Reference
site
Benzocaine | Spen 80 and | Reverse phase Buccal mucosa (133)
Zpan 85 evaporation method
Influenz: Dehydration-rehydration Nasal mucosa (135)
antigens method
' Metformin | Span 80 Reverse phase Vaginal mucosa (28)
evaporation method
% Kisperidone | Span 60 Ethanol injection method Nasal mucosa (134)
Tenofovir Span 20, 40 | Proniosome derived Vaginal mucosa (138)
and 60 niosome method
Tetanus Span 60 and | Reverse phase Oral mucosa (96)
toxoid Tween 20 evaporation method
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Table 9. Commercial cosmetic products coniaining niosomes.

Product Name

Marketed by

Functions

Niosome Plus

Niosome Plus perfecter ajn

treatment

Lancome®
(Clinchy, France)

Foundation, clear and

balance skin tone

Lancome®
(Clinchy, France)

Anti-wrinkle

Mayu Nios¢ me £ase Cream

Laon Cosmetics®

(Seoul, Korea)

Whitening and hydrating

Anti-Ape Response Cream

Nouvelle-HAS cosmetics®
(Varese, Italy)

Anti-wrinkle

“'dentik Masque  Floral Identik® Hair repair masque
Repaire (Paris, France)
Indentik Shampooing Floral Identik® Hair repair shampoo
Repair (Paris, France)
Eusu Niosome Makam Pom Eusu® Whitening

Whitening Facial Cream

(Bangkok, Thailand)
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Anne Moller Anti-Fatigue Anne Mol

Eye Contour Roll-On

(Barcelona, Spain) moisturizing

ler® Anti-puffiness and

Table 10. Examples of niosomes that have been investigated for bioactive delivery.

Natural product Surfactant Meti 0o of Preparation Reference
Curcumin Span 60, 80 and Tween | Proiiinsome derived niosome (156)
20 | method

Ginkgo biloba extract | Span 80 and Tweeri 20 | Thin film hydration (151)
Rice bran extract Twee 61 Thin film hydration (72)
Silymarin Span 60 and 40 Thin film hydration (154)
Rutin Span 60 Thin film hydration (153)
Resveratrol TSpan 60and Span 80 | Thin film hydration 7)

Embelin ~ | Span 60 Thin film hydration (155)
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Figure Captions

Figure 1. The different types of surfactants.

Figure 2. The most used surfactants.

Figure 3. Chemical structure of cholesterol.

Figure 4. Schematic structure of a single-chain surfactant, v is the hydrophobic group volume,
Ic is the hydrophobic group length, and a0 is the area of the hydioghilic liead group.

Figure 5. (a) Small unilamellar (SUV) (10 to 100 nm), (b) iarge uniiamellar (LUV) (0.1 to 1
pm) and (c) multilamellar vesicles (MLV) (0.5 pm to 10 11mi)

Figure 6. Schematic representation of the different types of surfactant based vesicular delivery
systems. (a) Niosomes (b) elastic niosomes and (c) (ranstersomes.

Figure 7. Schematic diagram of the preparation of niosomes using thin film hydration (hand
shaking) method.

Figure 8. Schematic diagram ¢! the nieparation of niosomes via ether injection method.
Figure 9. Schematic diagram of the preparation of niosomes via the reverse phase evaporation
method.

Figure 10. Schematic diagiam of the preparation of niosomes via the trans-membrane pH
gradient drug upfake process.

Figure 11. Schemgtic diagram of the preparation of niosomes using the emulsion method.
Figure 12. Schematic diagram of the preparation of niosomes via lipid injection method.
Figure 13. Scnematic diagram of the preparation of niosomes using micellar solution and
€nzymes.

~iguie 14. Schematic diagram of the preparation of niosomes via the bubble method.

Figure 15. Schematic diagram of the preparation of niosomes using the microfludization
method.

Figure 16. Schematic diagram of the preparation of proniosomes via coacervation phase
separation method.

Figure 17. Possible mechanisms of action of niosomes for dermal and transdermal drug

delivery, (A) drug molecules released by a niosome; (B) adsorption of niosome and fusion with
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SC; (C) intact niosome/elastic penetration through intact SC; (D) components of niosomes act
as penetration enhancer to enhance drug absorption; (E) niosome penetration through hair

follicles or pilosebaceous units (not to scale) (modified from El Maghraby et al., 2006 (103).

Figures
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Figure 1. The different types of surfactants.
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Figure 2. The most used surfactants.
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Figure 3. Chemical structure of cholesterol.
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le

Hydrophilic end v Hydrophobic end

Figure 4. Schematic structure of a single-chain surfactant, v is the hydrophobic group volume,

Ic is the hydrophobic group length, and a0 is the area of the hydrophi'ic head group.
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Figure 5. (a) Small unilamellar (SUV) (10 to 100 nm), (b) large unilameilar (LUV) (0.1to 1
pum) and (c) multilamellar vesicles (MLV) (0.5 um to 10 pm).
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Figure 6. Schematic representation of the different types of surfactar based vesicular delivery
systems. (a) Niosomes (b) elastic niosomes and (c) transfersornes.
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Surfactants and lipids
in organic solvents

Hand shaking/ Vacuum
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Figure 7. Schematic diagram of the preparation of niosomes usiiig thin film hydration (hand

shaking) method.
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Figure 8. Schematic diagram of the preparation of niosoriies via ether injection method.
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Aqueous drug
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—
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Figure 9. Schematic diagram of the preparation of niosciies via the reverse phase evaporation

method.
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Hydration

Figure 10. Schematic diagram of the preparation of nicsomes via the trans-membrane pH

gradient drug uptake process.
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Figure 11. Schematic diagram of the preparation of niosomes using the ciiilsion riethod.
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—> Melted surfactant
and cholesterol
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water
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Figure 12. Schematic diagram of the preparation of i1insomes via lipid injection method.
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i Aqueous
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Esterases

Incubation

Micellar solution HSEiAES l?x'eak the Niosomal suspension
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Figure 13. Schematic diagram of the preparation of niosomes using icellar sclution and

enzymes.
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Figure 14. Schematic diagram of the preparation of niosores via ine bubble method.
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Figure 15. Schematic diagram of the preparation of niosomes using the microfludization

method.
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Figure 16. Schematic diagram of the preparation ¢ proniosomes via coacervation phase
separation method.
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Niosome (A)

Drug B) ©
& molecules
o, a

Subcutaneous tissue

Figure 17. Possible mechanisms of action of niosomes ior dermal and transdermal drug
delivery, (A) drug molecules released by a niosome; (P) ¢dsoiption of niosome and fusion with
the SC; (C) intact niosome/elastic penetration througi: intact SC; (D) components of niosomes
act as penetration enhancer to enhance drug absorption; (1) niosome penetration through hair

follicles or pilosebaceous units (not to scale) (1iodified from El Maghraby et al., 2006 (103).
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