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A B S T R A C T   

The present investigation aims at encapsulating donepezil (DNP) in a niosomes to avert the side effects and to 
deliver the intact carrier across the skin barrier by modulating its physicochemical properties. The finding 
conclusively demonstrated that entrapment efficiency and the alteration in the niosome size are associated with 
the change in the span 60: cholesterol ratio, sonication, and hydration volume. The addition of 5 mM of solulan 
C24 to the optimized formulation (NSV5SolC24) formed stable niosomes with a mean particle size of 180.1 ± 1.83 
nm and entrapment efficiency of 82.15% ± 1.54%. The cryo-SEM image and in vitro drug release profile revealed 
that the NSV5SolC24 is pH-sensitive. FTIR spectral analysis of NSV5SolC24 suggested that the ether and ester group 
in the NSV5SolC24 complex undergoes SN2 cleavage and hydrolysis at lower pH, thus enhancing DNP release. The 
microneedle (MN)-assisted studies with MN1200 showed a 29-fold increase in transdermal permeation of intact 
NSV5SolC24 against the passive method in porcine skin. The intact NSV5SolC24 carrying DNP was translocated 
across the skin barrier successfully at a steady flux rate of 9.89 ± 0.923 μg/cm2/h. Nevertheless, further in vivo 
studies are recommended to elucidate the pH sensitivity and clinical efficacy of the prepared drug delivery 
system.   

1. Introduction 

Alzheimer’s disease (AD) is a multifactorial progressive neurological 
disorder, principally characterized by cognitive and behavioral abnor
malities due to cholinergic dysfunction. Thus, restoration of cholinergic 
neurotransmission may help to ameliorate impaired memory in AD pa
tients [1]. Donepezil (DNP), a cholinesterase inhibitor, is known to 
reduce/prevent rapid hydrolysis of acetylcholine esterase and restore 
cholinergic synapses [2]. Although DNP is not a permanent cure, 
encouraging results were obtained by significantly improving the in
tellectual capacity of AD patients on oral administration of film-coated 
tablets of 5–10 mg dosage per day [3,4]. 

A successful oral administration, however, is not pragmatic in pa
tients with impaired cognitive function [5]. The patient may either skip 
or overdose with the drug. Overdosing may lead to the accumulation of 
the drug in the systemic circulation (half-life, t1/2: 70h), thereby esca
lating DNP concentration above its therapeutic level. The oral intake of 

DNP is known to increase gastric acid secretion and lead to adverse ef
fects due to the non-specific interaction of DNP with the peripheral 
cholinergic nerves [2,6]. Hence many attempts were made to deliver 
DNP to the brain through alternate route and delivery systems. Reports 
suggested that nasal delivery of DNP in chitosan nanosuspension [7], 
liposome [8], thiolate-chitosan hydrogel [9], and solid lipid nano
particle [10] enhanced the mean DNP content in the brain. The nasal 
route bypasses the limitation of the blood-brain barrier (BBB) as there is 
a unique connection between the olfactory lobes and the brain. How
ever, the quantity of the drug delivered does not exceed beyond 0.01%– 
0.1% at the nanomolar level due to limited surface area, and the pres
ence of the mucous layer negates the bioavailability [11]. Also, the 
intravenous administration of polysorbate coated DNP- poly 
lactic-co-glycolic acid (PLGA) nanoparticles significantly improved the 
specificity to target the brain [12]. Undoubtedly, the results demon
strated by the nanoparticle were promising in brain targeted delivery. 
However, the patient’s compliance with the prescribed dosage is a 
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critical bottleneck. Hence, the route of administration is pivotal while 
addressing AD patients. 

Transdermal administration of DNP was well tolerated in healthy 
human subjects and proven to be an effective route for the administra
tion of DNP [13]. The use of chemical enhancers in a transdermal system 
is known to promote drug permeation. The non-ionic surfactant, 
Brij®30, combined with Brij®52 in an acrylic rubber matrix, is an 
exemplar for increased DNP permeation [14]. The literature emphasizes 
that the microneedle (MN) system, which is minimally invasive, can be 
used in overcoming the skin barrier and enhance transdermal delivery of 
the drug, including macromolecules [15–18]. Synthesis of hydrogel MNs 
(600 μm) integrated with the plasticized film of DNP emerged as a 
promising prototype for transdermal delivery of the drug across the 
porcine skin with a steady release of 854.71 ± 122.71 μg of DNP over 24 
h [19]. The dissolving microneedle tip of DNP in combination with 
hydroxy-propyl-methyl-cellulose (HPMC)–ethanol/water mixture 
demonstrated good mechanical strength when inserted into porcine skin 
and 95% of the drug was released after 5 min of insertion [20]. The 
reports suggested that MN-assisted transdermal delivery can stand in 
lieu of oral dosage. 

Undoubtedly, the MNs, coupled with chemical enhancers, can boost 
the drug permeation across the skin barrier and facilitate systemic ab
sorption of the drug. However, if the drug is intended for the skin to 
brain delivery, then the drug must be encapsulated in a carrier that can 
breach the skin barrier and then release the drug at the target site based 
on either the stimulus-response model or receptor-mediated targeting 
[21]. This unique challenge can be effectively tackled by applying MNs 
with a hollow bore to disrupt the physical barrier [15,18] and dispense 
the nanocarriers to the viable epidermis, which can then navigate in the 
systemic circulation to reach the target site. 

To date, there are no studies reported on transdermal delivery of 
intact DNP loaded nanocarrier to target the brain. Among the nano
carrier, niosomes composed of non-ionic surfactants have received sig
nificant attention in recent years as a promising drug delivery system 
due to its chemical and biological stability and that its ability to deliver 
the drug across the skin barrier [22–26]. Hence, the present study 
focusses on the synthesis of stable niosomes by modulating the process 
and formulation variable to explore its interdependence on the physi
cochemical properties and investigate its effect on MN-assisted 
permeation. 

Furthermore, the structural transition of Aβ amyloids by Cu (II) in the 
AD brain alters the physiological pH between 6.6 and 6.8 inducing ce
rebral acidosis [27,28]. Hence developing a pH-sensitive carrier 
(response-stimulus model) that can bypass the skin and reach systemic 
circulation can pave the way for site-directed drug delivery. Reports 
revealed that the addition of surfactant, Solulan™ C24 (Sol C24), a 
lanolin derivative emulsifier, into the niosomal formulation improves 
the membrane fluidity and elasticity to produce a homogenous spherical 
niosomes [29–32]. Sol C24 is a complex of ethoxylated cholesterol and 
ethoxylated vegetable fatty alcohol with ether as one of the functional 
groups. Theoretically, at acidic pH, ether undergoes acidic cleavage by 
an SN2 mechanism [33,34]. Hence, we assume that the addition of Sol 
C24 to the niosome could impart pH sensitivity and aid in drug release at 
lower pH. 

Consistent with this concept, the present investigation emphasizes 
on evaluating the process and formulation parameters that critically 
affected the physicochemical properties of the niosomes. The optimized 
niosomal formulation with membrane additive is assessed for pH 
sensitivity by in vitro release kinetic studies, scanning electron micro
scope (SEM) imaging, and Fourier-transform infrared spectroscopy 
(FTIR). The feasibility of MN-assisted transdermal delivery of intact DNP 
niosomes across porcine skin is also investigated. 

2. Materials and methods 

2.1. Chemicals 

Span 60 (S60), Cholesterol (CHOL) ≥99% purity, and Dicetyl Phos
phate (DCP) were procured from Sigma Aldrich. Donepezil hydrochlo
ride (DNP) >98%, HPLC grade, and Phosphate Saline Buffer (PBS) (10X) 
were purchased from TCI and Himedia, respectively. Solulan C24 (Sol 
C24), a lanolin derivative, was a generous gift from Lubrizol (Brussel, 
Belgium). The organic solvent used were of analytical grade. 

2.1.1. Simulated body fluid (SBF) preparation 
SBF was prepared by adding NaCl: 8.035g, NaHCO3:0.355g, KCl: 

0.225g, K2HPO4.3H2O: 0.231g, MgCl2.6H2O: 0.311g, 1.0 M HCl: 39 ml, 
CaCl2: 0.292g, Na2SO4: 0.072g in 700 ml of ion-exchanged distilled 
water. The pH of the obtained solution is 2.0 ± 1.0. Tris (tris-hydroxyl 
methyl aminomethane): 6.118g was slowly added to get a solution of pH 
7.45 ± 0.01 and made up to 1000 ml. The pH was adjusted to 5.4, 6.8, 
and 7.4 using 1 N HCl/NaOH to stimulate the skin, brain, and body fluid, 
respectively [35]. 

2.2. Methods 

2.2.1. Formulation of DNP loaded niosomes 
The conventional thin-film hydration (TFH) method was employed 

to synthesize niosomes. Accurately weighed quantities the drug DNP, 
S60, CHOL, and the membrane additives (DCP/Sol C24) were dissolved 
in chloroform (CHCl3) in the round bottom flask (Table 1), and the 
solvent was evaporated under vacuum at 60 ◦C using a rotary flash 
evaporator (Buchi Rotavapor® R-215, Bangalore, India). 

The thin film layer, once formed, was then subjected to vacuum to 
remove the residual CHCl3 under the inert environment, which was then 
hydrated for 45 min with PBS (pH 7.4) under rotation at 65 ◦C (above 
the phase transition temperature, Tc) [36,37]. The formulation was then 
subjected to sonication (20 kHz, 40% amplitude, 500W Ultrasonic Probe 
Ultrasonicator, India) based on the experimental design. During soni
cation, the niosomal suspension container was covered by aluminum foil 
to prevent evaporative loss and immersed in the ice-salt bath to diminish 
temperature-driven side effects. The sonicator was operated in pulsed 
mode to retard the rate of temperature increase and to allow for better 
temperature control. 

2.2.2. Gas chromatography for analysis of CHCl3 in thin film 
The thin film layer was analyzed for traces of CHCl3 by gas chro

matography (Trace Ultra, DB-5 column: 30 m × 0.25 mm x 0.25 μm, 
Detector: Electron capture detector, Auxillary detector: Flame ionization 
detector, carrier gas flow rate: 1.2 ml/min and acquisition time: 16 min). 
Thin-film prepared was subjected to vacuum for 0, 3, and 12 h. The thin 
film was then dissolved in carbon tetrachloride (CCl4) and analyzed for 
residual CHCl3. CCl4 was selected as a solvent-based on its miscibility 
with CHCl3 and the difference in retention times. 

2.2.3. Physicochemical characterization of niosomes 
The mean particle size, zeta potential, and PDI of the formulation 

were estimated by differential light scattering at 25 ◦C using Zetasizer 
(Malvern Instruments, UK). PDI is the determinant of the degree of 
homogeneity [37]. The surface morphology was studied using scanning 
electron microscopy (SEM, JEOL/JSM 6380, LA), cryo-SEM (JEOL/JSM 
7600, Quorum PP3000T, Japan) and high-resolution transmission 
electron microscope (HR-TEM, Jeol/JEM 2100, LaB6). 

2.2.4. Determination of entrapment efficiency 
The intact DNP loaded niosomes were purified by Sephadex G50 

mini-column centrifugation technique with suitable modifications [38, 
39]. 250 μl of PBS of pH 7.4 was added to the column and centrifuged at 
200xg for 10 min (Remi C-24 plus, Bangalore, India) to replace the water 
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in the resin. Approximately 200 μl of DNP free niosomes were loaded 
over the Sephadex G50 resin and centrifuged again for pre-saturation. 
DNP loaded niosomes were then added to the column, followed by 
centrifugation to evade void volume and remove non-associated DNP. 
The resin was then eluted with PBS thrice. The eluate was combined 
with an equal amount of 100% methanol to facilitate the disruption of 
the niosomes and complete solubilization of the DNP. Solvent treated 
niosomal suspension was then subjected to centrifugation at 21000xg at 
4 ◦C for 30 min. 

The amount of DNP in the supernatant was quantified using the RP- 
HPLC system (Waters e2695 system) consisting of a UV detector (Waters 
2489 UV/Vis Detector) [40]. Phenyl RP column (25 cm × 4.6 mm, 5 μ) 
set at 40 ◦C was used as the stationary phase. The separation was ach
ieved using a solvent mixture of methanol:20 mM phosphate buffer (pH 
7.4): triethylamine (60: 40: 0.5, v/v) as the mobile phase by isocratic 
elution at the flow rate of 1 ml/min. The wavelength of the UV detector 
was tuned to 268 nm, and 20 μl of the filtered, degassed sample was 
injected. The peaks for DNP were detected at a retention time of 6.8 min 
and compared with the standard calibration curve. Entrapment effi
ciency was calculated based on the equation given below. 

Entrapment Efficiency=
DNP entrapped
Total DNP loaded

× 100 (1)  

2.2.5. In vitro drug release studies and kinetic modeling 
The in vitro release studies from the niosomes were carried out by 

bulk-equilibrium reverse dialysis method to prevent drug saturation 
using a visking tube in different pH medium [41,42]. The release me
diums SBF 5.4, SBF 6.8, and SBF 7.4 were maintained at 37 ◦C with a 
stirring speed of 100 rpm to simulate the pH of the skin, brain, and blood 
plasma, respectively. Dialysis membrane (Dialysis membrane 110, 
LA-395, Himedia) of 12k-14kDa MWCO was equilibrated with 3 ml of 
release medium of different pH (receiver compartment-visking tube) 
and placed in the donor compartment for 12 h before the experiment. 5 
ml of the DNP-loaded niosomes was added directly into 500 ml of the 
donor compartment. At a regular interval, samples were withdrawn 
from the visking tube and replenished with the fresh SBF medium of 
appropriate pH. The samples withdrawn were treated with an equal 
volume of 100% methanol, and DNP content was determined by the 
HPLC method. Cumulative DNP release percentage was calculated as: 

Q=
(VoCt) + V

∑t− 1
n− 1C

W
× 100 (2)  

Where Q, V0, Ct, V, C, and, W were a cumulative percentage of drug 
released, the total volume of release medium, DNP concentration at time 
t, the volume of release medium withdrawn at each interval, cumulative 
DNP concentration and weight of the total drug, respectively. 

The data obtained were fitted into time-dependent model equations 
such as zero-order, first-order, Higuchi, Hixson-Crowell, and Korsmeyer- 
Peppas model to assess the mechanism of drug release. Linear regression 
analysis of the above curves determined the r2 values and release 

exponent (n) value from the Korsmeyer-Peppas model defined the 
release mechanism. 

2.2.6. Evaluation of pH sensitivity 
The optimized blank niosomes were purified by mini-column 

centrifugation and were eluted by PBS. The eluate was then adjusted 
to pH 7.4, 6.8, and 5.4 using HCl and NaOH and then lyophilized (FD5 
series Freeze Dryer, Bangalore, India) to comprehend the effect of pH on 
the niosome structure. The IR spectra of the freeze-dried niosomes were 
recorded using FTIR (Bruker Alpha II, Bangalore, India) operated in 
attenuated total reflection (ATR) mode with 12 scans in the wavelength 
range of 4000 cm− 1 to 500 cm− 1 and resolution of 4 cm− 1 to study their 
possible interactions. Also, the morphological changes in the niosomes 
with the change in pH at hydrated conditions were captured using field 
emission gun (FEG) -SEM (Jeol/JSM 7600, Japan) equipped with the 
cryo unit (Quorum, PP3000t, UK). 

2.2.7. Ex-vivo permeation studies of niosomes through MN 
White porcine ear auricles were obtained from the abattoir for 

transdermal permeation studies as a substitute for human skin due to its 
permeability characteristics and its histological and biochemical simi
larities [43,44]. Ear epidermis was separated using a scalpel, and excess 
subcutaneous fat was removed carefully. The skin was then mounted on 
jacketed vertical Franz diffusion cell (Orchid Scientific, Nasik, India) 
and clamped between the receptor (20 ml of 20 mM PBS, pH 7.4) and 
donor cell (2 ml) with its stratum cornea facing towards the donor cell. 
The stirring speed of the receptor cell was fixed to 600 rpm, and the 
permeation studies were carried out at 32 ± 0.5 ◦C using a 
temperature-controlled water circulation system. The surface area of 
2.5 cm2 was available for permeation. DNP concentration equivalent to 
1.66 mg/ml was loaded in the donor cell either in the form of free DNP in 
PBS or as DNP loaded in niosomes based on the experimental design. 

The permeation studies for niosomes were carried by the active 
method and then compared with the passive method [15,45]. The active 
method involved the application of MN array: 600, 777, and 1200 
(AdminPatch® Microneedle Arrays, nanoBioScience LLC, CA, USA) 
individually on the skin by applying steady pressure, manually and then 
loaded with the DNP niosomes. The MN array system applied were kept 
undisturbed during permeation studies. Samples from the receptor cell 
were collected at an interval of 2, 4, 8, 12, and 24 h and replenished with 
the fresh medium. The sample was subjected to centrifugal filtration 
(Amicon® Ultra-3K device) at 5000xg for 10 min to remove the free DNP 
and residual niosomal components. The intact DNP niosomes were 
collected from the retentate, and an equal volume of methanol was 
added to disrupt the niosomes. The treated niosomal suspension was 
then subjected to centrifugation at 21000xg at 4 ◦C for 30 min (Remi 
C-24 plus, Bangalore, India). The free DNP in the supernatant was 
determined by HPLC analysis. 

The permeation profile for intact niosomes carrying DNP as a func
tion of time was plotted for both passive, and MN treated active method. 
Apparent permeation coefficient (Kp) was computed using Fick’s first 

Table 1 
The composition of niosomal formulationa.  

Formulation Code S60 (mM) CHOL (mM) S60: CHOL Formulation Code S60 (mM) CHOL (mM) S60: CHOL 

NSV1 0 10 0 NCV1 10 0 – 
NSV2 3 10 0.3 NCV2 10 3 3.33 
NSV3 6 10 0.6 NCV3 10 6 1.66 
NSV4 9 10 0.9 NCV4 10 9 1.11 
NSV5 12 10 1.2 NCV5 10 12 0.83 
NSV6 15 10 1.5 NCV6 10 15 0.66 
NSV7 18 10 1.8 NCV7 10 18 0.55 
NSV8 21 10 2.1 NCV8 10 21 0.47 
NSV9 24 10 2.4 NCV9 10 24 0.41 
NSV10 27 10 2.7 NCV10 10 27 0.37  

a Constant Parameter: DNP loading: 5 mg, Hydration Time:45 min, and Hydration Volume: 10 ml. 
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law of diffusion: 

1
A

(

dM/dt

)

= Js=KpΔC (3) 

Js is the flux (μg/cm2/h), M is the cumulative amount of drug in the 
intact niosome permeated across the skin (μg/cm2), A is the active area 
of the skin (2.5 cm2), Kp is the apparent permeability coefficient (cm/h), 
and ΔC is the difference in concentrations of DNP in the donor and 
receiver. 

Enhancement ratio (ER) was computed to evaluate the relative effi
ciency of different MN in translocating the intact niosomes across the 
skin. The enhancement ratios were calculated as: 

Enhancement Ratio (ER)=
Flux obtained after MN application
Flux obtained without MN application

(4)  

2.2.8. DNP content in porcine skin 
The porcine skin was minced and homogenized (Omni Tissue Master 

125 Homogenizer, Bangalore, India) in 50% methanol in PBS. The ho
mogenate was centrifuged at 18700xg, and the supernatant was 
analyzed for DNP content by HPLC. 

2.2.9. Stability studies 
Optimized DNP loaded niosomes stored in a refrigerator were sub

jected to long term and accelerated stability studies as per ICH Q1A(R2) 
(CPMP/ICH/2736/99) guidelines [46]. DNP loaded niosomes were 
stored in refrigeration and in a programmable chamber at 5 ◦C ± 3 ◦C 
and 25 ◦C ± 2 ◦C/60% RH ± 5%RH respectively. The samples were 
drawn at a regular time interval and assessed for changes in mean par
ticle size, PDI, zeta-potential, and entrapment efficiency to evaluate the 
stability of the formulation. 

2.2.10. Statistical analysis 
Data obtained were analyzed with Origin Pro 8.0 and Microsoft Excel 

2016 package. The experiments were carried out in triplicates, and the 
results were expressed as mean ± SD. The group of data obtained was 
subjected to regression analysis to determine the p-value. The signifi
cance threshold of 0.05 was fixed. 

3. Results and discussion 

In the present study, DNP niosomes were prepared and attempted to 
deliver through the MN approach across the skin. The suitability of any 
nanocarrier system depends on the physicochemical properties and 
stability. Hence, a framework to assess the characteristics of the niosome 
was designed by controlling the formulation and process variables. 

Fig. 1 graphically illustrates the TFH method used to prepare the 
niosomes. The primary objective in this investigation was to determine 
the optimum experimental conditions which would yield the best re
sponses, including mean particle size under 200 nm with excellent 
entrapment efficiency, homogeneity, and stability. 

3.1. Analysis for traces of CHCl3 in the thin film by gas chromatography 

Elimination of CHCl3 from the thin-film is a critical stage as it can 
destabilize the niosomes by solubilizing the membrane components and 
increase the cytotoxicity of the formulation. Reports suggested that 
placing the thin-film formed in a vacuum desiccator [47,48] or an inert 
nitrogen environment [36] overnight can effectively eliminate the re
sidual CHCl3. However, it is a time-consuming process that can exert 
influence on upscaling and production efficiency in an industrial setting. 
Hence, it is vitally important to curtail the process-time in the TFH 
method used for the synthesis of niosomes. 

Accordingly, the thin film (S60-CHOL) formed by the solvent 

Fig. 1. Schematic representation of the TFH method employed to synthesize DNP niosomes.  
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evaporation was subjected to a vacuum for a discrete-time length to 
optimize the vacuum time. The thin-film deposited was then solubilized 
in CCl4 based on its miscibility with CHCl3 and distinct retention time. 
The resultant mixture was then analyzed for traces of CHCl3 in CCl4 by 
gas chromatography. The chromatogram obtained is presented in Fig. 2. 

Both CHCl3 and CCl4 registered characteristic peaks at a retention 
time of 3.2 min and 3.6 min, respectively. Also, substantial changes in 
the peak were noted at different vacuum time. Analysis of the chro
matogram showed that thin-film subjected to 3 h and 12 h of vacuum 
under inert environment showed no traces of CHCl3. However, at 0th h 
(after the formation of the thin film), a small peak of CHCl3 was recorded 
at a retention time of 3.2 min (Fig. 2a). From the preliminary results, it 
appears that a vacuum time of 3 h is adequate to eliminate CHCl3, thus 
curtailing process time. On this basis, further formulations were syn
thesized by the TFH method with 3 h of vacuum time. 

3.2. Effect of S60 concentration 

Ten different molar concentrations of surfactant, S60 was considered 
for the synthesis of niosomes, and S60 concentration was varied from 
0 to 27 mM, as shown in Table 1. All the other parameters, such as DNP 
loading (5 mg), CHOL concentration (10 mM), hydration time (45 min), 
and hydration volume (10 ml), were kept constant in the study. Non- 
ionic surfactant, S60 with a hydrophilic-lipophilic balance (HLB) value 
of about 4.7, was considered for the study owing to its hydrophobicity 
and high phase transition temperature (Tc = 53 ◦C), which enables 
better entrapment of the drug [49]. Over and above, S60 is an 
ester-linked surfactant which degrades into nontoxic triglycerides and 
fatty acid catalyzed by esterase [50] and hence biocompatible. As shown 
in Fig. 3, the variation in S60 concentration significantly affects the 
mean particle size and entrapment efficiency of the prepared niosomes, 
and the higher concentration of S60 resulted in smaller mean particle 
size and greater entrapment efficiency. 

In this investigation, the mean particle size of the DNP loaded nio
some reduced significantly (p < 0.05) by 42% with an increase in S60 
concentrations from 3 mM to 21 mM. The stability and the PDI of the 
formulation too improved with increasing S60 strength. NSV1 was not 
considered for physicochemical evaluation as no niosomes can be 
formed without non-ionic surfactant in the formulation. 

At a lower concentration of S60 (NSV2 and NSV3), the surfactant 
molecules may not stabilize the membrane of the niosome [51,52], 
which could have led to the formation of a larger niosome and formed 
sediments on storage (Fig. 4 b,c). These niosomes thus formed were 
unstable. From the investigation, it was observed that when the con
centration of CHOL is much higher than the S60 concentration, the 
excess CHOL precipitated out. The CHOL, which is represented by an 
inverted cone shape, acts as mortar in the bilayer and functions coop
eratively with the surfactant monomers by virtue of its molecular shape 
to form stable niosomes. However, CHOL molecules are comparatively 
rigid molecules too and possess head groups too small to pack into an 

organized conformation [53,54]. As a result, the excess CHOL precipi
tated due to its inability to accommodate the acyl chained lipid in the 
bilayer leading to the formation of unstable niosomes. 

With further increase in S60 concentration, the transition of the S60- 
CHOL molecule from a dispersed lamellar layer to the vesicular system 
might have attributed to the formation of thermodynamically stable 
niosomes of smaller size [55] (Fig. 4 d,e). Additionally, the low HLB 
value of S60 and surface free energy leads to relatively less uptake of 
water in the core and thus forming smaller niosomes [56]. The NSV8 
formulation with an S60 concentration of 21 mM recorded the smallest 
mean particle size of 264.25 ± 6.4 nm. The formulations NSV4 to NSV7 
showed a remarkable degree of homogeneity with PDI≤0.5 and stability 
when stored at 4 ◦C for 30 days with no signs of sedimentation. 

However, beyond the S60 concentration of 21 mM, the stability and 
the homogeneity of the niosomal formulation declined, and increasing 
S60 concentration showed no effect on the mean particle size (Fig. 3). 
The observed results could be attributed to the formation of w/o/w 
vesicles from excess S60 moieties along with the stable DNP loaded 
niosomes. Fig. 4f shows the cryo-SEM images captured for NSV10 
formulation containing 27 mM of S60 and 10 mM of CHOL. The findings 
exhibit the formation of other smaller vesicles along with the stable 
niosomes, despite purification of the formulation by mini-column 
centrifugation. The observations made were also ascertained by the 
HR-TEM image (Fig. 4a), which featured the formation of the spherical, 
bilayered, and hydrated vesicle when 10 mM of S60 was added to the 
PBS (pH 7.4). These translations proposed that the exclusion of these w/ 
o/w vesicles from the formulation is indispensable to improve the sta
bility and the homogeneity of the niosomal formulations. 

Another possible explanation for the change in the mean particle size 
with variation in S60 concentration is based on critical packing 
parameter (CPP) which is given as the ratio of volume to the surface area 
as shown in Equation (5) 

Critical Packing Parameter (CPP)=
ϑ
aolc

(5)  

Where a0 stands for the minimum interfacial area occupied by the hy
drophilic head group, ʋ is the lipophilic tail volume, and lc is the lipo
philic tail length. 

CPP is a useful value as it allows the prediction of the molecular 
geometry of the aggregate complex formed by the monomers [57]. The 
predicted shape of the vesicle formed by S60 is spherical as the CPP 
value of the surfactant, S60, is between 0.5 and 1.0 [58]. Experimen
tally, the morphology of the vesicle system was observed by hydrating 
10 mM of S60 in PBS at 65 ◦C, which corresponds to NCV1 formulation. 
The HR- TEM imaging revealed that the vesicles formed were spherical 
and bilayered (Fig. 4a). 

However, the addition of other compatible lipophilic components 
into the formulation may alter the number of lipophilic groups, chain 
unsaturation, chain branching, and chain penetration affecting the 
parameter, ʋ. The electrostatic interactions and head group hydration 

Fig. 2. Gas chromatogram of CHCl3 (retention time = 3.2min) and CCl4 (retention time = 3.6min). (a) Analyzed at 0th h of formation of the thin film. (b) 3 h of 
vacuum. (c) 12 h of vacuum. 
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may also modify the ao value. The variations in these parameters can 
directly influence the CPP value and alter the morphology of the orga
nized aggregate [59]. Although the mean particle size of the DNP nio
somes decreased with an increase in the S60 concentration, the 
cryo-SEM images revealed that the conformation of the niosomes to be 
spherical, irrespective of the S60 concentration (Fig. 4). This structural 
elucidation implied that CPP value, even if altered, remained within the 
range of 0.5–1, thus forming spherical niosomes. 

The investigation conclusively demonstrated that with the increase 
in S60 concentration, the mean particle size of the DNP niosomes scales 
down owing to the reduction in surface tension and stabilization on the 
niosome membranes. The results were in agreement with the findings 
reported by Essa (2010), where the niosome size reduced, irrespective of 
some differences in the surfactants used [51]. Similar results for S60 
based spherical niosomes were reported by Khan et al. (2015) for 
diacerein, which exhibited a reduction in the mean particle size by 40% 
when S60 was increased by two times [60]. 

The effect of S60 concentration on entrapment efficiency was also 
investigated by varying the S60 molar concentration from 0 mM to 27 
mM, and the results are represented in Fig. 3. The entrapment efficiency 
boosted significantly by 43.66% when S60 concentration was increased 
from 3 mM to 27 mM (p < 0.05). NSV9 formulation with 24 mM of S60 
concentration registered an excellent entrapment of 81.62% ± 2.76%. 

It is well accepted that water-insoluble drugs are preferentially taken 
up by the hydrophobic shell comprising of fatty acyl hydrocarbon 
chains, which provides an excellent solubilizing environment for the 
drug considered for the study. With the increase in S60 concentration, 
the volume of the hydrophobic domain increases, and the surface ten
sion decreases, leading to the formation of smaller niosomes as well as 

increase the niosomes count. Hence, the active surface available to 
accommodate the DNP too increases, resulting in higher entrapment 
efficiency. Similar results were reported by S60 niosomes of acetazol
amide [61], carboxyfluorescein [56], and doxorubicin [30], indicating 
that lower the HLB value better is the entrapment efficiency. The find
ings may also be correlated to the hydrophobicity, alkyl chain length, Tc 
of the S60, and the ordered gel state system of the bilayer shell formed in 
the niosome [62]. At a much higher concentration of S60, it can be 
contemplated that the S60 monomers may associate with themselves to 
form w/o/w vesicles entrapping the drug [63,64] along with the stable 
DNP niosomes, escalating the entrapment efficiency. Hence, it is crucial 
to eliminate the w/o/w vesicles formed for precise assessment of the 
entrapment efficiency of the stable DNP niosomes developed. 

3.3. Effect of CHOL concentration 

CHOL is a lipid membrane additive that influences the shape, size, 
ion permeability, and elasticity of the niosomes [65]. The effect of CHOL 
on the physicochemical properties of the niosome was studied by syn
thesizing DNP loaded niosomes by varying CHOL concentration (0–27 
mM), as shown in Fig. 5. 

NCV1 formulation, with only S60 as the niosomal component, 
formed w/o/w vesicles (Fig. 4a) of 226.8 ± 2.28 nm in the aqueous 
dispersion entrapping 28.73% ± 2.78% of DNP. From the data, it was 
observed that the mean particle size of the DNP niosomes reduced by 
15.8% when CHOL concentration was varied from 3 mM to 12 mM 
(NCV2 to NCV5). A further rise in CHOL concentration till CHOL:27 mM, 
the mean particle size increased linearly by 38.4%. The formulation, 
NCV4, with a mean particle size of 288.71 ± 2.1 nm and NCV5, with a 

Fig. 3. Effect of S60 concentration on the mean particle size and entrapment efficiency. 
Constant parameters: DNP loading:5 mg, CHOL concentration:10 mM, Hydration time:45 min, and Hydration Volume:10 ml. 
Labels:*** PDI ≤ 0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation observed on storage after 30 days at 4◦C: +++ no sedimentation, ++ partial sedimentation 
(1–25%) and + near to complete sedimentation (1–70%). 
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mean particle size of 288.3 ± 5.73 nm, demonstrated good homogeneity 
and stability. It was observed that the CHOL molecules behaved 
distinctively at varied concentrations. Therefore, understanding the 
mechanism by which CHOL incorporates in the bilayer is crucial to 
decipher the role of CHOL concentration in controlling the mean particle 
size of the DNP niosomes. 

Being amphipathic, CHOL can incorporate itself into the bilayer 
membrane with its hydrophilic head oriented towards aqueous core and 
external phase while the aliphatic chain lines up parallel to the hydro
carbon chain in the center of the bilayer [66]. With the initial increase in 
the CHOL concentration, the CHOL molecules functioned as vesicular 
cement mortaring the cavities in the bilayer shell and strengthened the 
non-polar tail of the S60 monomers thereby, improving the chain order 
of the liquid state bilayer [24,66]. Hence, it is feasible to expect that the 
inclusion of optimum CHOL in the bilayer would result in close packing 
of S60 monomers, thus increasing curvature and reducing the mean 
particle size. However, at higher CHOL concentration, the gel state is 
transformed into a liquid order phase imparting disturbance in the ar
chitecture of the vesicular membrane, thus forming larger niosomes. The 
increase in the mean particle size may be ascribed to a dramatic alter
ation in the orientation order of the lipid hydrocarbon chains and 
associated thickening of the bilayer [67,68]. 

CHOL molecules are known to govern the membrane fluidity and 
elasticity by regulating the lipid organization and phase transition 
behavior. The four fused hydrocarbon ring in the steroid skeleton acts as 
a mortar in the membrane, thereby enhancing the entrapment efficiency 
and abolishes gel to sol transition [69]. It was observed that with the 
initial rise in CHOL concentration till CHOL: 9 mM, the entrapment 

efficiency improved linearly. However, a further increase in CHOL 
concentration, above 9 mM, reduced entrapment efficiency by 44.5% 
(Fig. 5). The initial improvement in the entrapment efficiency with the 
increase in CHOL concentration may be attributed to the increase in 
hydrophobicity and stability of the niosomes formed [70] and a decrease 
in the permeability of the membrane [71]. 

In contrast, with further increase in CHOL concentration, the rigidity 
of the membrane increases, and the CHOL molecule may compete with 
the drug to orientate space within the bilayers, thereby excluding the 
drug from the vesicular membrane and reducing entrapment efficiency 
significantly [36,72]. The concentration of the CHOL molecule above 
the optimum concentration can disrupt the membrane and largely in
fluence the entrapment efficiency [73]. Similar findings were reported 
for minoxidil niosomes [72], and colchicine niosomes [74], which 
demonstrated an initial increase in the entrapment efficiency followed 
by a reduction in entrapment efficiency upon the further increase in 
CHOL concentration. The reports suggested that a 1:1 M ratio of S60 and 
CHOL would be optimal to obtain the highest drug entrapment effi
ciency, which justifies our observation for NCV4 (S60:10 mM: CHOL: 9 
mM) and NCV5 (S60:10 mM: CHOL:12 mM) formulations which 
demonstrated an excellent entrapment efficiency. The investigations 
revealed that fine-tuning CHOL concentration could significantly 
modify the entrapment efficiency of the DNP loaded niosomes. 

3.4. Effect of sonication 

Sonication is one of the most popular approaches applied to reduce 
the niosome size. Exposing the aqueous dispersion system to ultrasound 

Fig. 4. (a) High-resolution TEM image of bilayer vesicles formed by hydrating 10 mM S60 in PBS, corresponds to NCV1 formulation. (b) Cryo-FEG-SEM image of 
NSV2 niosomal formulation (S60:3 mM: CHOL: 10 mM). (c) SEM image of Sediments of CHOL displaced from NSV2 niosomal formulation. (d) Cryo-FEG-SEM image 
of NSV5 niosomal formulation (S60:12 mM: CHOL: 10 mM). (e) Cryo-FEG-SEM image of NSV8 (S60:21 mM: CHOL: 10 mM) demonstrates non-homogeneity of the 
niosomal formulation. (f) Cryo-FEG-SEM image of NSV10 niosomal formulation (S60:27 mM: CHOL: 10 mM) vividly showcases the difference in the formation of 
stable niosomes along with w/o/w vesicles in the background. 
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generates cavitation, thereby altering the physical properties of the 
membrane to produce a homogenous population of niosomes [75]. 
However, sonication is a highly system-specific dispersion technique 
that involves concomitant complex physicochemical interactions that 
can result in either cluster breakdown or further agglomeration. Hence, 
in this investigation, we elucidate the effect of sonication to efficiently 
produce a homogenous population of DNP niosomes and its corre
sponding consequences on mean particle size and entrapment efficiency. 
The obtained results for probe sonicated DNP loaded niosomes were 
then compared with the non-sonicated niosomes. 

3.4.1. Effect of sonication on increasing S60 concentration 
The effect of sonication on the physicochemical characteristics with 

increasing S60 concentration was assessed in conjunction with S60: 
CHOL ratio (Fig. 6). In comparison with the non-sonicated niosomal 
formulation, the probe sonicated formulations with the S60/CHOL ratio 
in the range of 0.9–2.7 demonstrated a superior effect on reducing the 
mean particle size of the DNP loaded niosomal formulations (NSV4- 
NSV10) while improving the homogeneity. The NSV4-NSV6 formulation 
exhibited a 30%–35% reduction in the mean particle size with narrow 
size distribution and registered an improvement in the PDI value and 
stability. 

Analysis of the data in Fig. 6 reveals that S60 concentration and 
probe sonication influence the mean particle size of the DNP niosomes. 
The reduction in the mean particle size is attributed to the cavitation 
energy waves generated by the probe ultrasonicator. The cavitation 
energy produces vibrational shock waves to raise the pressure and shear 
stress due to which the membrane of larger niosomes breaks into smaller 
fragments, which folds up into thermodynamically stable niosomes of 
smaller size [76,77]. The cavitation energy also imparts high kinetic 
energy, which increases the collision frequency of the suspended 

niosomes in the aqueous dispersion [78,79]. In principle, higher colli
sion frequency enhances particle-particle impact event, which can per
turb the bilayer organization leading to fragmentation or local increase 
in the curvature to form smaller niosomes. It can also result in the 
delamination of the outer shell by abrasion and erosion undergoing a 
transformation from larger multilamellar niosomes to small unilamellar 
niosome [76,80,81]. Conversely, probe sonication on NSV2 and NSV3 
with S60/CHOL ratio of 0.3 and 0.6, exhibited a negligible effect on the 
reduction of mean particle size. The higher molar concentration of 
CHOL molecules in the niosomal formulation imparted membrane ri
gidity to subjugate the effect of sonication on reducing the mean particle 
size. The effect of sonication on increasing CHOL concentration is 
further discussed in Section 3.4.2. 

In the context of entrapment efficiency, at S60/CHOL ratio of 0.3 
(NSV2), entrapment efficiency reduced by 18.2%, while the S60/CHOL 
ratio from 0.6 to 1.2 showed no such deviations. The entrapment effi
ciency trendline diverged and established a continuing decline with a 
further increase in the S60/CHOL ratio. This gradual decline in the 
entrapment efficiency on sonication supported our conception of w/o/w 
vesicle formation at higher S60 concentration along with the stable 
niosomes, thus affecting the PDI and the stability. The probe sonication 
aided in the disruption of the w/o/w vesicle entrapping the drug 
fostering precise assessment of entrapment efficiency for the stable 
niosomes. Formulation NSV5 recorded a maximum entrapment effi
ciency of 73.3% ± 2.13% with a mean particle size of 240.3 ± 2.738 nm 
to form a stable niosome. 

It is well accepted that under the influence of probe sonication, for 
that S60-CHOL concentration, the larger bilayers may break up and 
upon self-assembly yield niosomes of smaller mean particle size [80,82, 
83]. The rapid re-equilibration of the S60 and CHOL molecules relieves 
the system of intra-bilayer tension and reduces the bending energy. As a 

Fig. 5. Effect of CHOL concentration on the mean particle size and entrapment efficiency. Constant parameters: DNP loading:5 mg, S60 concentration:10 mM, 
Hydration Time:45 min, and Hydration Volume:10 ml. 
Labels:*** PDI ≤0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation observed on storage after 30 days at 4 ◦C: þþþ no sedimentation, þþ partial sedi
mentation (1–25%) and þ near to complete sedimentation (1–70%). 

A.S. Nayak et al.                                                                                                                                                                                                                                



Journal of Drug Delivery Science and Technology 60 (2020) 101945

9

consequence, thermodynamically stable vesicles are formed probably by 
flip-flop of S60 monomers to develop w/o/w vesicular system or form 
niosomes with an influx of CHOL molecules between the S60 molecules. 

The chances of S60 monomer to form to w/o/w vesicular system or 
stable niosomes by incorporating the CHOL molecule largely depends 
upon S60 and CHOL concentration. Lasic (1995) postulated that at a 
higher level of S60 in the formulation, due to the asymmetric in
teractions across the bilayer, the monomers may detach from the bilayer 
and associate themselves to form w/o/w system by budding off mech
anism [76]. The intrinsic ability of the S60 monomers, owing to its 
hydrophobicity coupled with hydrogen bonding and Van der Waals 
force, invokes the formation of w/o/w system. The vesicular system so 
formed also carries the ability to entrap DNP and hence are analog to 
DNP loaded niosomes. As a result, the entrapment efficiency for the DNP 
amplified with an increase in S60 concentration [84], as shown in Fig. 6. 

As stated earlier, for the precise assessment of entrapment efficiency, 
it is vital to exclude the w/o/w vesicular system to improve the stability 
of the formulation. Hence, the formulation was subjected to sonication 
for 2 min. Sonication perturbs the bilayer organization of w/o/w vesi
cles resulting in fragmentation. And, in a temperature-controlled soni
cation system with temperature below the Tc, the inelastic bending 
prevents these small fragments from bending as the energy required to 
stretch/compress and fuse to form a vesicle is substantial [76]. The 
active surface areas available for drug entrapment dropped abruptly. As 
a consequence, the entrapment efficiency for DNP declined linearly with 
increasing S60 concentration beyond 12 mM. The percentage change in 
the entrapment efficiency between the sonicated and the non-sonicated 
formulation increased gradually with the increase in the S60/CHOL 

ratio beyond 1.2, as shown in Fig. 6. Accordingly, probe sonication for 2 
min, followed by mini-column centrifugation for purification of nioso
mal formulation, successfully demonstrated the removal of such vesicles 
formed and aided in precise evaluation of entrapment efficiency for DNP 
in the stable niosomes. The findings implied that the physicochemical 
properties of the synthesized niosome are accredited to the S60/CHOL 
ratio, as long as the amount of S60 is sufficient to amalgamate with the 
CHOL molecules to form stable niosomes. 

3.4.2. Effect of sonication on increasing CHOL concentrations 
CHOL molecules in niosomes are known to regulate the membrane 

elasticity and permeability. The effect of sonication on the physico
chemical characteristics with increasing CHOL concentration was 
assessed in conjunction with S60: CHOL ratio (Fig. 7). The data shows 
erratic variations in the mean particle size distribution when compared 
to its corresponding non-sonicated formulations. 

The analysis of data revealed that the effect of sonication on size 
reduction minimized with an increase in CHOL concentration. NCV1 
formulation formed unstable vesicles (w/o/w system), which were 
reduced by 46.7% to produce smaller vesicles of 142.2 ± 2.36 nm. For 
NCV4 (S60/CHOL ratio: 1.11) and NCV5 (S60/CHOL ratio: 0.83) for
mulations, the mean particle size diminished by 11% on sonication and 
displayed excellent stability and homogeneity (PDI≤ 0.2). The findings 
revealed that for every fraction of CHOL added, the effect of sonication 
on mean particle size reduced gradually. However, the impact of soni
cation on mean particle size was insignificant at higher CHOL 
concentration. 

Generally, the larger niosomes are thought to be sheared into smaller 

Fig. 6. Effect of sonication on varying S60 concentration 
Constant parameters: DNP loading:5 mg, CHOL concentration:10 mM, Hydration Time:45 min, Hydration Volume:10 ml and sonication time: 2mins. 
Labels: *** PDI value ≤ 0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation observed on storage after 30 days at 4 ◦C: þþþ no sedimentation, þþ partial 
sedimentation (1–25%) and þ near to complete sedimentation (1–70%). 
Abbreviations:: PS: mean particle size and EE: Entrapment efficiency. 
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ones under the influence of sonication due to their sensitivity to the 
applied frequency. Despite, subjecting the formulation to sonication, 
larger niosomes were formed contradicting our intuitive expectations. 
The data analysis ascertained that the effect of sonication on the mean 
particle size gradually reduced with an increase in CHOL concentration. 
At a low concentration of CHOL, the niosome membranes are more 
flexible and more liable to the effect of ultrasound waves, resulting in a 
smaller size. At CHOL concentration ≥21 mM, sonication showed no 
effect on size reduction. The derived results could be explained based on 
the membrane rigidity resulting from CHOL inclusion. It is well estab
lished that the incorporation of CHOL diminishes the membrane flexi
bility and micro fluidity, which imparts physical stability to the 
niosomal systems [32,85]. 

Furthermore, it is known that CHOL increases the chain order of the 
liquid-state bilayer and strengthens the nonpolar tail of the surfactant 
[66]. The increase in the rigidity of the membrane offers resistance to 
sonication, thus showing no changes in the niosomal size at higher 
CHOL concentration. The increase in CHOL concentration can also 
dampen the cavitation process due to higher acoustic attenuation [79]. 
Hence it is recommended to synthesize niosomes with S60: CHOL ratio 
of 0.9–1.2 to form a homogenous population of stable niosomes. 

From the perspective of entrapment efficiency for DNP, for the non- 
sonicated formulation NCV1, NCV2, and NCV3, the concentration of S60 
was more than CHOL, which prompted for the formation of unstable 
vesicles along with the stable niosomes entrapping the DNP, the fact 
being validated by the poor PDI value and stability (as discussed earlier, 
Section 3.4.1). Sonication disrupted these unstable vesicles and 

plummeted the entrapment efficiency by 67.5%, 45.6%, and 23.5% for 
NCV1, NCV2, and NCV3, respectively. For S60: CHOL ratio of 1.11 and 
0.83, sonication boosted entrapment efficiency by 6% and 11% 
distinctively. Further increase in CHOL concentration converged the 
entrapment efficiency trendline of sonicated and non-sonicated formu
lation and exhibited a negligible effect on entrapment efficiency owing 
to the membrane rigidity conferred by the increased CHOL concentra
tion. Such an influx of the CHOL molecules can displace the drug from 
the niosome shell adversely, effecting the entrapment efficiency. Of all, 
NCV4 exhibited excellent entrapment efficiency of 72.84% ± 1.56% 
with the mean particle size of 212.37 ± 1.76 nm and hence considered 
for further optimization. 

In all, it brought to view that the S60: CHOL ratio is of utmost 
importance, which has to be operated within the design space for the 
formulation of stable niosomes of optimum size and excellent entrap
ment efficiency. The investigations revealed that the energy input by 
sonication and S60/CHOL ratio, which determines the bending elasticity 
and mechanical cohesivity of the niosomal shell, steers the physico
chemical characteristic of the DNP loaded niosomes. Based on the sta
bility, PDI, mean particle size and entrapment efficiency, NSV5 (S60/ 
CHOL ratio: 1.2) and NCV4 (S60/CHOL ratio: 0.83) formulation was 
considered for further investigations. 

3.5. Effect of hydration volume 

Hydration volume and hydration time are also the critical parame
ters that define the shape and size of the niosomes. Improper selection of 

Fig. 7. Effect of sonication on vary CHOL concentration. 
Constant parameters: DNP loading:5 mg, S60 concentration:10 mM, Hydration Time:45 min, Hydration Volume:10 ml and sonication time: 2mins. 
Labels: *** PDI value ≤ 0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation observed on storage after 30 days at 4◦C: +++ no sedimentation, ++ partial sedimentation 
(1–25%) and + near to complete sedimentation (1–70%). 
Abbreviations:: PS: mean particle size and EE: Entrapment efficiency. 
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these parameters may result in the formation of fragile and leaky nio
somes. The hydration time was fixed at 45 min as the uniformity of 
niosome shape depends on hydration time [86]. Four groups of formu
lation were considered for the study viz., blank niosomes of NSV5, DNP 
loaded niosomes of NSV5, blank niosomes of NCV5, and DNP loaded 
niosomes of NCV4, to understand the effect of hydration volume on the 
physicochemical characteristics of the niosomes. The hydration volume 
was varied from 2.5 to 30 ml, while the drug loading (5 mg), hydration 
time (45 min), and probe sonication time (2 min) were kept constant. 

Analysis of the data revealed that at the hydration volume of 2.5 ml, 
larger niosomes were formed with relatively low entrapment efficiency, 
as shown in Fig. 8a and b. The particle size analyzer recorded a mean 
particle size of 288.7 ± 7.36 nm and 275.3 ± 5.78 nm for DNP loaded 
niosomes of NSV5 and NCV4, respectively. The formulations were un
stable, and drug precipitated within 6 h of annealing time. From the 

result, it appears that low hydration volume hinders the association of 
the S60 and CHOL to form stable niosome. Also, low hydration affects 
the hydrophilic head area (ao) value adversely, leading to the increase 
CPP value and formation of niosomes of non-uniform shape and size, 
which primarily affects the PDI and stability of the formulation. 

With the increase in hydration volume above 5 ml, the mean particle 
size of DNP loaded niosomes of NCV4 and NSV5 increased (p < 0.05). 
From the preliminary studies, it appears that with the increase in hy
dration volume, either the water molecules intercalated between the 
bilayer in the shell increasing the hydrodynamic diameter of the nio
some or it is likely to restructure the bilayers to form the multilamellar 
niosome. Presuming that multilamellar niosomes are developed, then 
the entrapment efficiency of the niosomes is bound to increase as the 
drug preferentially partitions into the multi-bilayer of the niosomes, 
thereby increasing the surface area available for drug incorporation. On 

Fig. 8. (a) Effect of hydration volume on the mean particle size and entrapment efficiency of NSV5-loaded and NSV5-Blank. (b) Effect of hydration volume on mean 
particle size and entrapment efficiency of NCV4-loaded and NCV4-Blank. 
Abbreviations:: PS: Mean particle size and EE: Entrapment efficiency. 
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the contrary, DNP loaded niosomes of NSV5 and NCV4 displayed a 
significant reduction in the entrapment efficiency (p < 0.05) with the 
increase in hydration volume. Hence, the theory of water inclusion 
theory in the membrane is proposed. 

To further validate, blank niosomes for NSV5 and NCV4 were syn
thesized, and its mean particle size was compared with its corresponding 
DNP loaded niosomes. Analysis of the data in Fig. 8 shows that the mean 
particle size of the DNP loaded niosomes increased linearly from 205.22 
± 3.8 nm to 423.7 ± 2.78 nm for NSV5 and 204.5 ± 5.34 nm to 412.34 
± 3.28 nm for NCV4 with an increase in the PDI. Essa (2000) postulated 
the drug inclusion theory into the membrane, suggesting that the drug 
partitions into the membrane, increasing the hydrodynamic diameter by 
approximately 30% [51]. On that account, with the increase in the hy
dration volume, the DNP concentration should reduce. And hence, the 
DNP molecule available for accommodating into the shell is narrowed. 

As a consequence, the bulkiness of the niosome shell should have 
been contracted, producing niosomes of smaller size. On the contrary, 
the mean size of the DNP loaded niosomes increased despite the 
reduction in entrapment efficiency. Similar trends were observed for the 
blank niosomes of NSV5 and NCV4, which ascertained our hypothesis 
that the water molecule intercalates between the membrane by replac
ing the drug and lead to the swelling of the lipid layer to form entro
pically stable hydrated niosomes. The results were in agreement with 
the investigations carried out by Claessens et al. to study the effect of 
ionic strength on the membrane rigidity, size, and the stability of the 
lipid vesicles who reported that negatively charged niosomes of phos
pholipids continuously swell in pure water [87]. 

At a hydration volume of 5 ml, entrapment efficiency of 79.13% ±
2.63% (NSV5) and 77.15% ± 2.14% (NCV4) was recorded, which ex
plains the fact that optimum DNP concentration is achieved in the 
bilayer shell of the niosomes. Further increase in the hydration volume 
diluted the drug concentration in the suspension and incorporated the 
water molecule in the bilayer, thus reducing the EE proportionately. 
Ruckmani and Sankar reported that the increase in the hydration vol
ume formed leaky niosomes [36]. Similar results were reported for 
ketorolac liposomes [88], confirming that entrapment efficiency de
creases with the increase in hydration volume. 

Of the two, NSV5 formulation loaded with 5 mg of DNP hydrated in 
5 ml of PBS for 45 min recorded a good entrapment efficiency of 79.13% 
± 2.63% and a mean particle size of 205.4 ± 2.7 nm, and hence 
considered for further studies. 

3.6. Effect of membrane additives and stability studies 

Theoretically, niosomes require of a particular class of amphiphile to 
prevent aggregation. Therefore, a membrane additive is often included 
in the formulation to alter the biodistribution or to improve the stability 
of the formulation via electrostatic means or stearic stabilization. 
Bilayer membrane additives are lipid excipients or edge activators 
which are incapable of forming surfactant vesicle on their own but can 
be integrated into the bilayer shell. Hence, to study the effect of 

membrane additives on the characteristic of the niosomes, commonly 
used DCP and SolC24 was considered for the study. The chemical 
structure of the DCP and SolC24 is given in Fig. 9. DCP, an anionic 
surfactant, is known to enhance the stability of the formulation [36,89, 
90] while SolC24, a non-ionic molecule, is known to enhance the bio
distribution of the niosomes in brain tissue [30,91–94]. The concen
tration of the edge activator was selected based on our preliminary 
studies. The data is included in supporting information (Fig. S3). 

The permissible limit of 10 mM of SolC24 was suggested by Marco 
Bragagni et al. (2012) based on the cytotoxicity studies while Aruno
thayanun et al. (2000) proposed the addition of 10% SolC24 to the 
formulation [29,30]. Hence, experiments were conducted to study the 
effect of SolC24 concentration by varying the concentration from 1 to 
10 mM. Considering the parameters such as optimum niosome size and 
entrapment efficiency, the SolC24 concentration was fixed to 5 mM. 
Hence, 5 mM of the edge activator, Sol C24, was added individually into 
the optimized NSV5 formulation to get NSV5SolC24. Similarly, 5 mM of 
DCP was added to NSV5 formulation to form NSV5DCP niosomes. 
Comparative studies for the variation in its physicochemical properties 
are presented in Table 2 and Fig. 10. 

Analysis of the data revealed that the inclusion of membrane addi
tives into the NSV5 formulation influences the mean particle size. 
Finding demonstrated an 18.7% increase in the mean particle size of 
NSV5DCP, while the mean particle size of NSV5SolC24 reduced by 12.2% 
when compared to that of NSV5 formulation. Of the three, the 
NSV5SolC24 formulation demonstrated a higher degree of homogeneity 
with a PDI value of 0.12 and a mean particle size of 180.1 ± 1.83 nm. In 
comparison, NSV5DCP formed larger niosomes with a mean particle size 
of 243.8 ± 2.76 nm. 

The increase in the mean particle size of the NSV5DCP niosomes can 
be explained based on a different mechanism. Firstly, the assimilation of 
DCP into the bilayer can build up the volume of aqueous compartment 
between the adjacent bilayer membrane in multilamellar niosomes by 
charge repulsion and induce the formation of larger NSV5DCP niosomes 
[95,96]. Secondly, the interplay between the two cetyl chain of DCP and 

Fig. 9. Chemical structure of (a) SolC24 (Mol.Wt:1442.71) (b) DCP (Mol.Wt:546.48).  

Table 2 
Physicochemical characterization of the niosomal formulations to study the ef
fect of membrane additives.  

Formulations 
code 

Mean Particle 
Size (nm) 

PDI Zeta- 
potential 
(mV) 

Entrapment 
efficiency (%) 

NSV5 205.4 ± 2.7 0.19 ±
0.046 

− 24.7 ±
3.16 

79.13 ± 2.63 

NSV5DCP 243.8 ± 2.76 0.315 ±
0.041 

− 40.9 ±
2.73 

61.62 ± 1.73 

NSV5Sol C24 180.1 ± 1.83 0.12 ±
0.007 

− 32.7 ±
1.17 

82.15 ± 1.54 

The data reported is an average of 3 measurements (mean ± SD). 
Formulations stored at 4 ◦C and the measurement were carried out after 24 h of 
synthesis. 
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stearyl chain of S60 reduces the ability of the surfactant to curve and 
split, which might result in less tightly packed bilayer membranes pro
ducing larger NSV5DCP niosomes [96–98]. Another possible interpreta
tion could be the inclusion of DCP molecules into bilayer could have led 
to mutual repulsion between the charged moiety and the S60 head 
groups, thereby increasing the hydrodynamic diameter of the niosome 
[51,99]. 

Intriguingly, the addition of SolC24 into the formulation decreased 
the mean particle size despite its massive structure, as compared to 
NSV5 formulation. Similar findings were reported by Junyaprasert et al. 
(2008), who demonstrated that the inclusion of SolC24 into the nio
somes could reduce the mean particle size [89]. The reduction in the 
NSV5SolC24 can be attributed to its hydrophobicity of SolC24. The 
decline in the mean particle size of NSV5SolC24 can be elucidated based 
on SolC24 positioning within the bilayer, as proposed by Abdelkader 

et al. (2011). The hypothesis states that the SolC24 molecule embeds 
between the aliphatic stearyl chains of S60 molecule within the bilayer 
resulting in a tightly packed bilayer due to the strong interactions of Sol 
C24 with S60 and CHOL. While the two-chained DCP molecule which 
traverses through the breadth of the bilayer with the -HPO4 head group 
facing the aqueous phase producing larger NSV5DCP niosome [99,100]. 
The results revealed that the nature and structure of membrane addi
tives could critically influence the membrane fluidity, rate of curving, 
and splitting of the bilayer membrane, which in turn regulates the mean 
particle size. 

The significance of the zeta potential is that its values can be corre
lated to the electrophoretic movement of the particles and stability of 
the formulation. The zeta potential value of NSV5, NSV5DCP, and 
NSV5SolC24 are presented in Table 2 and Fig. 10 (b, d, and f). Despite S60 
being non-ionic, the NSV5 formulation registered a negative charge of 

Fig. 10. (a) Size distribution of NSV5 formulation (b) Zeta potential of NSV5 formulation (c) Size distribution of NSV5DCP formulation (d) Zeta potential of NSV5DCP 
formulation (e) Size distribution of NSV5Sol C24 formulation (f) Zeta potential of NSV5SolC24 formulation. 
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− 24.7 ± 3.16 mV, which can be ascribed to the preferential adsorption 
of counterions or the hydroxyl ions on the niosome shell. 

Inclusion of DCP, increased the charge density of the bilayer mem
branes in NSV5DCP due to ionization of the acidic (-HPO4) as reflected by 
the high zeta potential value of − 40.9 ± 2.73 mV. Similar studies were 
reported for zidovudine niosomes [36], β-estradiol niosomes [51], and 
salicylic acid niosome [89], which implied that the formulations were 
stabilized by electrostatic repulsion. With regard to SolC24, despite 
being a non-ionic molecule, the zeta potential of NSV5Solc24 improved by 
32.4%. The improvement in the zeta-potential is attributed to the 
entropic stabilization of the long hydrophilic polyoxyethylene chain of 
SolC24 and a shift in the shear plane, which hinders the association of 
vesicles [32,89]. The improved electrophoretic mobility of the particles 
confers it with a stearic shield, which prevents the particle from ag
gregation, thus improving the stability of the NSV5SolC24. 

Concerning the entrapment efficiency, NSV5DCP exhibited a 

reduction in the entrapment efficiency by 22.13%, while NSV5SolC24 
showed a nominal increase in entrapment efficiency by 3.82% 
(Table 2). The possible explanation for low entrapment efficiency in 
NSV5DCP can be ascribed to the electrostatic repulsion force between the 
DCP, S60, and CHOL head groups within the bilayer membrane, which 
squeezes out the drug from the membrane, thereby reducing the 
entrapment efficiency [56,72,101]. However, NSV5DCP was stable over 
three months of storage with approx. — 7% of the DNP leaching out. On 
the other hand, NSV5SolC24 exhibited a negligible effect on entrapment 
efficiency and recorded an entrapment efficiency of 82.15% ± 1.54%. 
The NSV5SolC24 formulation was stable over six months with approx. — 
3% leaching out of the drug. The higher entrapment efficiency may be 
attributed to the affinity of the SolC24 molecule to associate with S60 
and CHOL reducing the membrane permeability and elasticity, conse
quently retaining more drugs. Similar results were reported for niosomes 
bearing transferring and glucose ligand [102] and vasoactive intestinal 

Fig. 11. Stability studies for NSV5, NSV5DCP, and NSV5Sol C24 formulations stored at 4 ◦C and 25 ◦C (a) Mean particle size (b) Entrapment Efficiency (c) Zeta 
potential. 
Labels: *** PDI value ≤ 0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation observed on storage after 30 days at 4◦C: +++ no sedimentation, ++ partial sedimentation 
(1–25%) and + near to complete sedimentation (1–70%). 
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peptide-loaded niosomes [93] and doxorubicin niosomes [30]. 

3.7. Stability studies 

During storage, swelling of the membrane bilayer, drug leakage, and 
loss in the number of vesicles can alter the physicochemical character
istics of the niosome and influence the stability of the formulation. 
Niosomes are self assembles of S60, CHOL, and membrane additives 
entrapping drug into closed bilayers structures. However, hydrated 
niosomes are not considered to be thermodynamically stable and can 
undergo chemical degradation, such as oxidation and hydrolysis, to 
form leaky niosomes. The electrophoretic mobility conferred to the 
niosomes can also lead to the fusion of the niosomes to form aggregates 
during storage. 

Hence, the long-term stability of all the formulations was assessed for 
its transition in the physicochemical properties. The formulation, 
NSV5DCP, and NSV5SolC24 were stored at 4 ◦C and 25 ◦C and samples 
were withdrawn after a period of one, three, and six months to evaluate 
mean particle size, PDI, zeta potential, and entrapment efficiency as 
shown in Fig. 11. The degree of sedimentation of the prepared formu
lations was recorded based on its physical appearance. 

The analysis of the data (Fig. 11a) revealed that the mean particle 
size of the NSV5DCP increased by 13.2% (stored at 25 ◦C) and 6.02% 
(stored at 4 ◦C) over six months of storage. The entrapment efficiency of 
the formulation too reduced by 31.2% when stored at 25 ◦C and by 
13.6% when stored at 4 ◦C over a storage time of 6 months. The increase 
in the mean particle size and reduction in the entrapment efficiency is 
attributed to charge repulsion, as mentioned previously. The NSV5 
formulation stored at 25 ◦C showed a 5.8% increase in the mean particle 
size, while storage at 4 ◦C displayed a negligible effect. However, the 
entrapment efficiency reduced irrespective of storage temperatures. 
Similar results were observed concerning the degree of sedimentation 
and homogeneity. Both NSV5DCP and NSV5 registered near to complete 
sedimentation and inferior PDI value. 

In comparison, NSV5SolC24 showed a negligible effect on the mean 
particle size, zeta-potential, entrapment efficiency, or the homogeneity 
irrespective of the storage temperature or storage duration. The 
observed effect can be attributed to the steric stabilization endowed by 
the SolC24 molecules lowering the prospect of niosome aggregation. 
Additionally, the Tc of SolC24 is 50 ◦C [99] and hence exist in the gel 
phase at a lower temperature after hydration. The gel phase of SolC24, 
coupled with S60 and membrane-stabilizing effect of CHOL, binds the 
drug molecules together and prevents drug leakage. Also, NSV5SolC24 
formulation showed good PDI value < 0.2 and no signs of sedimentation 
despite extended storage time. 

3.8. Release kinetic studies for DNP from NSV5SolC24 at different 
physiological pH 

Niosomal formulation, NSV5SolC24 with a DNP loading of 5 mg, was 
subjected to in vitro release studies at pH 5.4 (topical skin), pH 6.8 
(brain), and pH 7.4 (blood plasma) to evaluate its response to pH vari
ations. From the data obtained, it was observed that at pH 7.4, the drug 
release lasted till 105 h, with 95.7% ± 0.986% of the entrapped DNP 
being released. At pH 6.8 simulating the brain, the NSV5SolC24 demon
strated sustain release profile with 98.17% ± 1.65% of the drug being 

released over 6 h. While at pH 5.4, burst release was observed, and 
98.17% ± 1.65% of the drug was released within 3 h. The results re
flected the pH sensitivity of NSV5SolC24. 

In an attempt to understand the drug release mechanism at different 
pH, the in vitro release studies data were fitted into the kinetic model. 
The correlation coefficients for zero order, first order, Higuchi matrix, 
Hixson-Crowell, and Korsmeyer-Peppas equation were calculated 
(Table 3). The Fickian diffusion mechanism best expressed overall curve 
fitting for DNP release from the NSV5SolC24formulations at pH 7.4 and 
pH 5.4. 

At pH 7.4, the DNP release for the formulation fitted in a zero-order 
model, releasing 0.953% of the drug/h with high linearity and r2 =

0.991. While the formulation at pH 5.4, followed the first-order model 
with r2 = 0.969 with initial burst release of the drug. At pH 6.8, the 
release kinetics fitted well in the Korsmeyer-Peppas model with release 
exponent, n = 1.35, and corresponded to non-fickian diffusion with 
super case-II anomalous transport/relaxation [103]. At pH 5.4 simu
lating the topical skin, the 92.59% ± 1.311% of DNP was released within 
3 h, which implies that NSV5SolC24 can be effectively used for topical 
treatment such as allergy, burns, wounds, and skin cancer. However, 
embedding the formulation into a MN system could bypass the pH 
barrier and stratum cornea of the skin to facilitate transdermal delivery 
of intact NSV5SolC24 into the systemic circulation, thereby aid in the 
controlled and sustained release of DNP at the target site. 

3.9. Evaluation of pH sensitivity 

The surface morphological changes of NSV5SolC24 induced by pH 
change were evidenced by cryo-SEM imaging in Fig. 12. To further 
validate the structural change in the NSV5SolC24 niosomes, FTIR spectral 
peaks of the functional groups were recorded for the niosomes at 
different pH, as shown in Fig. 13. 

At pH 7.4, FTIR spectra for blank niosomes of NSV5SolC24 showed 
characteristic peaks for –OH broad spectra at 3471.49 cm− 1, strong 
asymmetric stretching of aliphatic –CH at 2922.82 cm− 1 and 2854.39 
cm− 1, in-plane bending vibration of C––O at 1737.78 cm− 1 and rocking 
vibration of -O-CH2 at 1643.96 cm− 1 corresponded to the ester group of 
S60. Deformation vibration at 1464.47 cm− 1 corresponded to C––C 
while bending at 1344.46 cm− 1 corresponded to O–CH of the tetrahy
drofuran of S60. Out of plane bend at 1280.90 cm− 1 and 1244.2 cm− 1 

was registered for –CH of alcohol groups. Furthermore, out of plane 
angular deformation vibrations for C–H was noted at 948.44 cm− 1 and 
845.43 cm− 1 [104,106]. The interplay between the glycerol oxygen of 
S60 and β-OH of the CHOL is the basis for membrane stabilization in the 
niosome membrane [106,107]. The sharp stretching peak for the ether 
group of Sol C24 was recorded at 1092.48 cm− 1, indicating the 
compatibility of SolC24 with other excipients and its successful assimi
lation into the membrane bilayer. The niosome, NSV5SolC24 formed were 
spherical, as demonstrated by the cryo-SEM imager. 

At pH 6.8, a protruding peak was registered at 3359.31 cm− 1 for 
alkane attached alcohol within the broad spectrum of the hydroxyl 
group. There was a shift of ester peak from 1737.78 cm− 1 to 1709.19 
cm− 1, which corresponds to C––O weak stretching vibration of saturated 
carboxylic acid. The transition in the peak may be attributed to the acid 
hydrolysis of the ester molecule of S60 to form diols and carboxylic acid. 
A diol is a compound containing two hydroxyl groups reflected by its 

Table 3 
Determination of the order of DNP release from NSV5SolC24.   

Zero-order First-order Higuchi Hixson-Crowell Korsmeyer Peppas Release mechanism 

r2 K0% mg/h r2 K1 h− 1 r2 KH r2 K%mg/h r2 n  

Plasma pH 7.4 0.991 0.953 0.925 0.026 0.882 8.17 0.883 0.029 0.412 NA FD 
Brain pH 6.8 0.985 16.36 0.845 0.586 0.941 36.53 0.946 0.486 0.996 1.35 NFD Supercase-II 
Skin pH 5.4 0.774 28.21 0.969 0.829 0.949 58.53 0.875 1.006 0.959 1.85 FD 

Abbreviations: NA= Not Applicable, FD= Fickian Diffusion, NFD=Non Fickian Diffusion. 
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corresponding two peaks in the range of 3000 cm− 1 to 3500 cm− 1 [108]. 
The observed spectral peak at 1344.46 cm− 1, which corresponds to the 
O–CH of the tetrahydrofuran of S60, showed no deviations. The finds 
suggested that the 5-membered cyclic ring of the S60 was structurally 
intact and did not undergo any cyclic transition. 

At pH 5.4, the retraction of ether spectra from 1092.48 cm− 1 was 
seen evidently, and the peak shifted by 36 cm− 1. The vibration regis
tered at 1056 cm− 1 corresponds to the C–C skeleton of the cyclohexane. 
The addition of acid catalyzes ether cleavage and activates SN2 reaction 
to form alkyl halide and alcohol [109]. Angular deformation vibration 
for C–Cl was observed at 719.91 cm− 1 and that for alcohol overlapped 
with the hydroxyl spectrum at 3375.94 cm− 1, in the presence of 
nucleophile (water). The morphological changes over pH change pro
duced evidence for aberrations in the NSV5SolC24 at pH 6.8, while at pH 
5.4, the shell surface ruptured (Fig. 12), hence the burst in the DNP 
release profile. 

The finding proposed that the NSV5SolC24 developed being pH- 
sensitive, cannot bypass the skin barrier as intact niosomes. The acidic 
pH of the skin protonates the carbonyl oxygen of the S60 ester group and 
the ether oxygen of the SolC24 and ruptures the niosome to facilitate 
drug release at the skin surface. To overcome this critical bottleneck, the 
solid MNs can be effectively employed not only to bypass this pH barrier 
but also to the skin barrier owing to its mechanical strength. 

3.10. Ex-vivo permeation studies of niosomes through MN 

The comparative in vitro porcine skin permeation profile of intact 
NSV5SolC24 for passive (without MN) and active (MN assisted) methods 
are shown in Fig. 14. The possible mechanism of skin permeation of 
intact NSV5SolC24 is illustrated in Fig. 15. 

It is significant to note that the skin treated with NSV5SolC24 by the 
passive method permeated 529.835 ± 88.833 μg of DNP (24 h) in 
overall. Of this, 95.5% of the DNP was released as a free drug from 
NSV5SolC24 (collected as filtrate), thus displaying the evident role of 
surfactant, S60, and CHOL as a permeation enhancer. Surfactants also 
have the potential to solubilize the stratum corneum lipid layer [110]. 
The molecular dispersion of the drug in S60 enhances the partition co
efficient, and the lipophilicity thereby improves the permeability [111]. 
The CHOL is known to facilitate the fusion of the niosome in the lipid 
bilayer of stratum corneum, disruption of the niosome, and increase 
their deposition in the skin [112]. Outwardly, the interaction can occur 
either at the skin surface or in the deeper dermal layers. And, it depends 
on the elasticity and deformability of the niosome. The physicochemical 
characteristic-size, charge, elasticity is also known to have a profound 
effect in enhancing the drug permeation [113]. The synergetic effect 
between NSV5SolC24 formulation and the skin composition is believed to 
be responsible for improved skin permeation. 

In contrast, the skin passive treated with an equivalent amount of 
DNP suspended in PBS, permeated 21.73 ± 2.86 μg for 24 h, which 
confirms that the chemical composition of the NSV5SolC24 dictates the 
permeation parameters. Currently, it is understood that dermal pene
tration of the nanoparticle is size-dependent. The nanoparticles of size 
<20 nm can infiltrate as intact; nanoparticles <45 nm can permeate via 
damaged skin, and larger nanoparticles are freighted via the skin 
appendage [114–116]. Hence, the possible permeation of intact 
NSV5SolC24 of size 180.1 ± 1.83 nm carrying a DNP cargo of 23.436 ±
3.575 μg by the passive method is due to the shunted appendage route 
via the hair follicle canal. The result is in agreement with the research 
reported by the Lademann group for transdermal delivery of fluorescent 
dye loaded particles of 320 nm via the follicular hair route [115]. 

Undoubtedly, the passive treatment of the skin with NSV5SolC24 
would enhance the systemic absorption of the DNP. However, the skin 
with stratum corneum (porcine ear skin:14–30 μm) is a formidable 
barrier for trafficking of intact NSV5SolC24 beyond which systemic 
translocation can manifest itself under specific scenarios. For penetra
tion of NSV5SolC24 measuring 180.1 ± 1.83 nm into the viable epidermis, 
it is imperative to disrupt the physical barrier. Hence, MNs of varying 
length was adopted to subjugate the resistance offered by upper strata. 
The amount of DNP permeated as intact NSV5SolC24, and other perme
ation parameters are presented in Table 4. 

A significant increase in the permeation of intact NSV5SolC24 was 
ascertained for MN assisted active drug permeation when compared 
with the passive method. The cumulative DNP permeated over 24 h 
increased by 2.21, 4.45, and 26.46-fold with MN600, MN777, and 
MN1200, respectively, when compared to the passive permeation. A 
similar trend was demonstrated for Kp, Js, and ER values (Table 4). The 
flux value was found to be in the order of MN1200 > MN777 > MN600 
> Passive. Despite low needle density in MN1200, a 26-fold shoot in the 
flux was observed with MN 1200 over the passive treatment. The 
enhancement in the permeation parameters can be attributed to the 
length of the MNs and not the needle density. The MN1200 with a needle 
length of 1100 μm and needle density of 43 in 1 cm2 showed better 
permeation when compared with MN600 with 500 μm needle length 
and 187 needles in 1 cm2 active area. From the results, it is evident that 
with the increase in the height of the MNs, the penetration depth also 
increased to form micro-conduits, which facilitated enhanced perme
ation of intact NSV5SolC24 across the skin. The result was also supported 
by the overlayed-HPLC chromatogram (Fig. 16) obtained for the filtrates 
from the receptor compartment after 2h of treatment. 

HPLC analysis showed a sharp peak for the free drug from passive 
treated NSV5SolC24 at a retention time of 6.8min. However, MN-assisted 
filtrates showed no signs of free DNP in the filtrate (Fig. 16), which 
validated the fact that MNs can be effectively used in the translocating 
the intact NSV5SolC24. Besides, the stability, the charge (− 32.7 mV), and 

Fig. 12. Comparative cryo-SEM image of hydrated NSV5SolC24 at different physiological pH. (a) At pH 7.4 simulating blood plasma (b) At pH 6.8 corresponding to AD 
brain (c) At pH 5.4 simulating skin. 
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the size (180.1 nm) of NSV5SolC24 favored MN assisted transdermal de
livery beyond stratum cornea. The observation suggested that the pH- 
sensitive NSV5SolC24 can be effectively used to deliver the DNP across 
the skin barrier and efficiently translocate intact pH-sensitive 
NSV5SolC24 when assisted with MNs, thus promoting the release of 
DNP when countered by the acidic microenvironment. 

An improved retention of such intact niosome in the brain blood 
capillaries joined with an adsorption to the capillary wall, both 
concurring would enhance the drug transport across the endothelial cell 
layer by increasing the concentration gradient [117]. A possible sur
factant effect could be also considered, characterized by a solubilization 
of the endothelial cell membrane lipids, leading to membrane fluidiza
tion and increased drug permeation through the BBB [117]. A further 
possibility could be the endocytosis of intact niosome by the endothelial 
cells, followed by the delivery of the drug within these cells and then 
delivery to the brain [118]. All of these mechanisms also could operate 
in combination. Hence, MN-assisted transdermal administration of DNP 

niosomes can be a practical approach for delivering drugs to the brain by 
crossing BBB, and thus can be used in the treatment of brain-related 
disorders. 

In the frame of reference to the DNP content in the treated skin, 
analogy for the translocation intact NSV5SolC24 within/across the skin 
could not to established as there was no means to isolate the intact 
NSV5SolC24 from the free DNP. However, a significantly higher amount 
of DNP was found to be deposited in the skin treated with the MNs at the 
end of 24 h and is a testimony to potential DNP skin deposition. 

4. Conclusions 

The study demonstrated the interdependence of process and 
formulation variables on the physicochemical properties of the niosome. 
The in vitro release studies, FTIR studies, and the morphological 
conformation of NSV5SolC24 constituted evidence that the optimized 
formulation is pH-sensitive. The prolonged circulation of niosomes in 

Fig. 13. Comparative FTIR spectra of lyophilized NSV5SolC24 at different physiological pH.  
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Fig. 14. Comparative DNP permeation profile of intact NSV5SolC24 for passive and MN-assisted active methods.  

Fig. 15. Schematic representation for (A) in vitro porcine skin permeation studies using Franz Diffusion Cell. (B) the mechanism involved in the MN-assisted active 
method. (C) the mechanism involved in the passive method. (D) MNs used for the transdermal studies. 
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the blood helps in distributing the drug to the brain wherein the rapid 
release of the DNP is expected. MNs fostered improvement in trans
dermal permeation of intact NSV5SolC24 across porcine ear skin, irre
spective of MN length. It may be inferred that it is feasible to deliver the 
intact NSV5SolC24 using MNs across the skin by a rather painless and non- 
invasive method, thereby improving patient compliance. These positive 
results also suggest that the proposed MN-assisted DNP niosome delivery 
method could be successfully used to deliver niosomes to the brain 
through systemic circulation and can be used as an alternative to current 
therapy. Further preclinical and clinical studies are to be carried out to 
prove the in vivo efficacy. 
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Figure S1 (a) The cryo-SEM imaging of the NCV1 formulation. (b) The high-resolution TEM 
imaging of the NCV1 formulation. 

 

 

Figure S2 (a): In vitro drug release profile at blood plasma pH 7.4. 
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Figure S2 (b): In vitro drug release profile at AD brain pH 6.8. 

 

 

Figure S2 (c): In vitro drug release profile at skin pH 5.4. 

 



  

Figure S3. Effect of increasing Solulan C24 concentration on niosomes size, entrapment 
efficiency, and zeta potential. 

 

 

 

 

 

 



 

Figure S4: FTIR spectra of Span 60  

 

Table S1: Characteristic FTIR peaks of Span 60 

Wavenumber 
cm-1 

Characteristic peaks 
 

Wavenumber 
cm-1 

Characteristic peaks 
 

3371.38  OH broad spectra 1467.22 Deformation peak 
corresponds to C=C 

2955.72 
2916.45 
2849.36 

Strong assymetric stretching 
of aliphatic -CH 

1381.40 Bend corresponds to O-
CH of the tetrahydrofuran 
ring 

1735.57 
1643.96 

In-plane bending vibration of 
C=O and rocking vibration of 
-O-CH2 corresponds to the 
ester  

1174.62 
1099.24 

Corresponds to the CH of 
alcohol group 

 
 



 

Figure S5: FTIR spectra of Cholesterol and Solulan C24  

 

Table S2: Characteristic FTIR peaks of Cholesterol and Solulan C24 

Wavenumber 
cm-1 

Characteristic peaks 
 

Wavenumber 
cm-1 

Characteristic peaks 
 

22926.55 
2886.18 
2865.65 

strong peaks with three bands 
for –CH3 and -CH2 
 

1361.21 O-H deformation 
 

1645.60 Weak C=C stretching vibration 
peak 

1343.39 C-O stretching vibration 
 

1464.59 
1108.15 

Medium band and a sharp 
stretching 
Ether of solulan C24 

958.36  
840.69 

Out of plane angular 
deformation for C-H 

 

 

 

 

 



Span 60 (C24H46O6) 

 

Cholesterol (C27H46O) 

 

Solulan C24 (C29H50O2) 

 

Figure S6: Chemical structures of Span 60, Cholesterol and Solulan C24. 
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Table S3: Zeta potential of NSV5SolC24 at different physiological pH. 

pH Zeta potential (mV) 

Plasma, pH 7.4 -32.7±1.17 

Brain, pH 6.8 -28.5±2.33 

Skin, pH 5.4 -21.42±1.86 
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