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Background: Niosomes, bilayer vesicles formed by the self-assembly of nonionic surfac-
tants, are receiving increasing attention as potential oral drug delivery systems but the impact
of niosomal formulation parameters on their oral capability has not been studied system-
atically. The aim of this study was to investigate the impact of surfactant composition and
surface charge of niosomes in enhancing oral bioavailability of repaglinide (REG) as a BCS
I model drug.

Methods: Niosomes (13 formulations) from various nonionic surfactants having HLB in the
range of 4-28 (Tweens, Spans, Brijs, Myrj, poloxamer 188, TPGS and Labrasol) were
prepared and characterized concerning their loading efficiency, hydrodynamic diameter,
zeta potential, drug release profile, and stability. The oral pharmacokinetics of the selected
formulations were studied in rats (8 in vivo groups).

Results: The results revealed that type of surfactant markedly affected the in vitro and
in vivo potentials of niosomes. The C,,,, and AUC values of REG after administration of the
selected niosomes as well as the drug suspension (as control) were in the order of Tween 80>
TPGS> Myrj 52> Brij 35> Span 60~Suspension. Adding stearyl amine as a positive charge-
inducing agent to the Tween 80-based niosomes, resulted in an additional increase in drug
absorption and values of AUC and C,,x were 3.8- and 4.7-fold higher than the drug
suspension, respectively.

Conclusion: Cationic Tween 80-based niosomes may represent a promising platform to
develop oral delivery systems for BCS II drugs.

Keywords: repaglinide, niosome, oral bioavailability, surfactant type, surface charge, BCS
I, HLB

Introduction
Oral administration of Biopharmaceutics Classification System (BCS) II drugs
generally suffer from low and variable bioavailability owing to poor water solubi-
lity, efflux by gut wall transporters and first pass metabolism.' To overcome these
drawbacks, a variety of formulation strategies, such as polymer- and lipid-based
nanoparticles,” solid dispersions,® nanoemulsions,” and nanosuspentions® have
been developed.

Various studies have shown that the composition of nanocarriers is a key factor
for their physicochemical characteristics and in vivo performance. For instance, as
we have reported previously, the in vivo behavior of liposomes following

peritoneal,” intravenous (IV)® or local intramural® administration is influenced by
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both lipid composition and surface characteristics of the
vesicles. For the oral route, multiple physiological barriers
restrict the absorption of drugs, thus the role of carrier
composition and surface characteristics is expected to be
more critical.

Niosomes, bilayer vesicles formed by the self-
assembly of nonionic surfactants, are biocompatible,
non-immunogenic, flexible in their composition and
have the potential to encapsulate both hydrophilic and
lipophilic drugs. Niosomes are structurally similar to
liposomes, however, in recent years, they have attracted
high attention as alternative drug carriers to liposomes
due to their higher chemical stability and lower produc-
tion cost.'®'? Niosomes have shown promising results
in improving the oral bioavailability of drugs.'*™'°
After oral administration, the small size of vesicles
could provide a large interfacial surface area for intest-
inal absorption. Furthermore, the surfactant components
of the formulations could improve drug solubility, may
suppress P-glycoprotein (P-gp)-mediated efflux and
inhibit activity of CYP enzymes which are responsible
for first pass metabolism of drugs.'® The P-gp inhibition
effects of nonionic surfactants have been attributed to
the modulation of membrane fluidity. For instance, the
inhibitory activity of three nonionic surfactants, Tween
80, Cremophor EL and vitamin E TPGS on
P-glycoprotein in Caco-2 cell monolayers was demon-
strated by Rege et al.'” Their further mechanistic stu-
dies revealed that Tween 80 and Cremophor EL
fluidized cell lipid bilayers, while vitamin E TPGS rigi-
dized lipid bilayers.'’

Nonionic surfactants can also affect the metabolism of
active drugs. CYP3A is a major subfamily of CYP
enzymes responsible for drug first pass metabolism and
bioavailability. Si and co-workers evaluated the effects of
four common pharmaceutical surfactants on the metabolic
activity of CYP3A in both in vitro and in vivo systems by
using midazolam as a metabolic probe.'® Their results
revealed that nonionic surfactants influence CYP3A activ-
ity with a mixed-type inhibitory pattern. They suggested
that nonionic surfactants could bind to both the active and
allosteric sites on CYP. Interfering with the active site on
CYP3A results in decreased maximal velocity (V,.x) and
binding to an allosteric site on CYP3A could change the
conformation of CYP3A leading to a decrease in drug
binding and its metabolism. Moreover, the ability of
these excipients to alter the conformation of the microso-
mal monooxygenase’s components and consequently

destroying their function'® may also contribute to nonionic
surfactants mixed type inhibition on CYP3A.

A number of nonionic surfactants, such as polysor-
bates, alkyl esters and alkyl ethers are typically used for
preparation of niosomes in drug delivery. The nature of the
surfactant is an important factor affecting physicochemical
characteristics of niosomes, namely, bilayer rigidity, parti-
cle size, stability and drug release rate, therefore, it is
expected to play an important role in in vivo behavior of
these drug delivery systems. Motivated by the advantages
associated with niosomal drug delivery systems and also
our previous results on the desirable influence of positively
charged liposomes in improving oral drug absorption of
a BCS 1II drug,?® the aim of this study was to investigate
the impact of surfactant composition of niosomal formula-
tions as well as positive surface charge of vesicles on the
oral absorption of repaglinide (REG) as a BCS class 11
model drug. REG is an effective orally administered anti-
hyperglycemic drug and is widely used in the treatment of
type II diabetes mellitus.?' > In spite of having excellent
anti-diabetic activity and several advantages, REG suffers
from low and variable oral bioavailability. REG has a low
water solubility (approximately 15 pg/mL) and high lipo-
philicity (log P=3.97).>-** Moreover, it undergoes signifi-
cant first pass metabolism by the cytochrome P450
system.25

REG-loaded niosomes with various nonionic surfac-
tants having hydrophilic lipophilic balance (HLB) in the
range of 4-28 (Tween 20, Tween 60, Tween 80, Span 20,
Span 40, Span 60, Brij 35, Brij 72, Brij 78, Myrj 52,
TPGS, Labrasol or poloxamer 188) were prepared and
thoroughly characterized for their in vitro properties.
Subsequently, the pharmacokinetics of the selected formu-
lations and controls were studied in eight groups of rats
(n=6 in each group). MTT assay and tissue histology
studies were performed to study possible cellular toxicity
or tissue inflammation. To date, as far as the literature
shows, the impact of the surfactant composition as well
as positive surface charge of niosomes on the oral absorp-
tion of drugs has not yet been reported.

Materials and Methods

Materials

Brij 35, Brij 72, Brij 78, Span 20, Span 40, Span 60,
Tween 20, Tween 60, Tween 80, D-a-tocopheryl polyethy-
lene glycol 1000 succinate (TPGS), Myrj 52, poloxamer
188, stearyl amine (STA), cholesterol (Chol), sodium
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taurocholate and 3-(4,5- Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were purchased from
Sigma Chemical Co. (Germany). Labrasol was kindly
gifted by GATTEFOSSE Company (France). REG was
a kind gift from Darupakhsh Pharmaceutical Company
(Iran). All organic solvents and the other chemicals were
analytical grade and obtained from Merck (Germany).

Preparation of Niosomes

Different niosomal formulations (Table 1) composed of var-
ious nonionic surfactants were prepared using thin film
hydration technique.”® The drug (1 mg/mL) and appropriate
amount of surfactants and Chol (65:35, mol ratio) were
dissolved in a mixture of methanol and chloroform (1:1 v/
v) in a round bottom flask. In the case of positively charged
niosomes, STA was also added to the related niosome com-
position. The organic phase was removed at 60°C under
vacuum by rotary evaporator (Heidolph, Germany), yielding
a thin film on the wall of the flask. The film was maintained
under vacuum for at least 2 hours for removing the last traces
of the organic solvent. The dried thin film was hydrated with
5 mL of deionized water at 65°C and was simultaneously
bath sonicated (405, Hwashin Liarre, Korea) for 30 minutes
(3 cycles of 10 minutes) to obtain niosomal dispersion.

Drug Entrapment Efficiency

To determine entrapment efficiency (EE), separation of
free drug from niosomal formulation was performed by
the dialysis method. Samples of niosomal dispersion
(equivalent to 1 mg/mL of REG) were placed in

Table | Composition of the Prepared Niosomes (Mean * SD,
n=3)

Formulation Composition L/D Molar Ratio
T80 Tween 80:Chol 30 65:35
T60 Tween 60:Chol 30 65:35
T20 Tween 20:Chol 30 65:35
S60 Span 60:Chol 30 65:35
S40 Span 40:Chol 30 65:35
S20 Span 20:Chol 30 65:35
B78 Brij 78:Chol 30 65:35
B72 Brij 72:Chol 30 65:35
B35 Brij 35:Chol 30 65:35
TP TPGS:Chol 30 65:35
M52 Myrj 52:Chol 30 65:35
Lab Labrasol:Chol 30 65:35
Pol Poloxamer188:Chol 30 65:35
T80-STA Tween 80:Chol:STA 30 61:35:4

a dialysis bag (cut-off of 12,000 Da) and extensively
dialyzed against 500 mL of deionized water at 4°C for 8
hours. At various time intervals (2, 4, 6 and 8 hours),
aliquot samples of dialysate were withdrawn and subjected
to drug content analysis. A small fraction of the dialysate
(100 puL) was completely disrupted using a mixture of
methanol and isopropanol (50:50, v/v; 900 uL) and bath-
sonicated for 10 minutes. The obtained solution was cen-
trifuged at 3000 rpm for 5 minutes. The supernatant was
decanted off, and the entrapped REG was determined
spectrophotometrically at the wavelength of 242 nm. The
dialysis continued until the drug content did not change
(6-8 hours). The EE% was calculated by the following
equation:

Amount of drug entrapped

Entrapment efficiency(EE%) = Total amount of drug
u u

x 100

Hydrodynamic Diameter and Zeta

Potential

The hydrodynamic diameter, size distribution and zeta
potential (ZP) of the prepared niosomes were determined
by Zetasizer (Malvern Instruments, UK). Before perform-
ing the measurements, the formulations were diluted 100
times with deionized water and mixed thoroughly, and
then measurements were done in triplicate at 25 + 1°C
with a scattering light angle of 90°.

Drug Release Studies

The in vitro drug release was carried out by dialysis
method in different biorelevant media including simulated
gastric fluid (SGF, pH=1.2), simulated intestinal fluid (SIF,
pH=6.8) containing 0.1% (w/v) Tween 80 and SIF contain-
ing 0.1% (w/v) Tween 80 and 10 mM sodium taurocholate
(B-SIF, pH=6.8). Freshly made niosomes were put in the
dialysis bags (molecular mass cut-off of 12,000 Da). The
bags were suspended in glass beakers containing each
release media stirring at 37°C and 100 rpm. The total
amount of drug inside the suspended vesicles was less
than 10% of its solubility limit in the respected medium
to maintain the sink condition. At regular time intervals
(0.25, 0.5, 0.75, 1, 1.5 and 2 hours for SGF medium; 0.25,
0.5,0.75,1,1.5,2, 4, 6, 8 and 10 hours for SIF and B-SIF
media), 100 pL aliquots of release media were withdrawn
and replaced by the same volume of a fresh medium. After
sampling at 4 and 6 hours the release medium was com-
pletely replaced with a fresh one to maintain the perfect
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sink condition. The drug concentration in each sample was
quantified by a validated HPLC method.

Stability of Niosomes in the Biorelevant

Media

The physical stability of niosomes in SGF, SIF and B-SIF,
was determined by measuring the particle size, PDI and
ZP. For this, the prepared formulations were incubated
with each release medium at 37°C and stirred at
100 rpm. Samples were withdrawn at times 0 and 2
hours (SGF medium) or 0 and 10 hours (SIF and B-SIF
media) and analyzed in terms of the above-mentioned
characteristics.

Morphology of Niosomes

Atomic force microscopy (AFM, Nanowizard II) was used
for visualization of niosomes. The niosomes were diluted
with deionized water, spread thinly onto the glass slide and
air-dried. For imaging, the microscope was operated in
contact mode under ambient conditions employing low
stress silicon nitride cantilevers (AppNano, Mountain
View, CA, USA).

In vivo Studies

Male Wistar rats weighing 200 to 230 g were obtained
from the Pasteur Institute (Tehran, Iran) and kept under
controlled temperature (22°C), humidity (55%) and 12
hour-light, 12 hour-dark cycles. Before the experiments,
the animals were fasted overnight with free access to
water. The animal protocols were approved by the
Institutional Research Ethics Committee of School of
Shahid Beheshti University of Medical
Sciences (Approval No. SBMU.PHARMACY.
REC.1396.044) which is based on “Guideline to care and
use of laboratory animals in scientific research” released
by Iran Ministry of Health and Medical Education.”” The
rats were randomly divided into eight groups (n=6 in each

Pharmacy,

group) and received either the various drug-loaded nio-
somes (6 groups), or controls (the drug suspension or
a mixture of drug suspension and empty niosomes of the
optimum formulation (T80-STA)). REG suspension was
prepared by using 0.5% w/v sodium carboxymethyl cellu-
lose as vehicle. All formulations were administered as
a single-dose equivalent to 1 mg/kg of drug by oral
gavage. Immediately before dosing and then at specified
time intervals (0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 10 and 12 hours)
after drug administration, blood samples were withdrawn

from the tail vein and immediately centrifuged at
10,000 rpm for 10 minutes. Plasma samples were then
collected and stored at —20°C until HPLC assay.

Analysis of Drug in Plasma

The HPLC method was conducted using a Knauer HPLC
system (Germany). Chromatographic separation was per-
formed on a PerfectSil RP-18 (150 mm x4.6 mm i.d., MZ-
Analysentechnik GmbH, Germany) at ambient temperature.
The optimal mobile phase was a mixture of acetonitrile and
phosphate buffer 0.05 M (60:40 v/v) and delivered at a flow
rate of 1 mL/min. The detection wavelength was set at 242
nm and the injection volume at 100 uL. For sample pre-
paration an aliquot of 30 pL of naproxen methanolic solu-
tion (1 pg/mL) as internal standard, 1 mL of methanol:
phosphate buffer (60:40, pH =4.0) and 50 uL of ethyl
acetate was added to 100 uL of plasma sample and thor-
oughly vortex-mixed for 10 minutes. After centrifuging
(10,000 rpm, 10 minutes), the supernatant was evaporated
to dryness under a nitrogen stream, reconstituted in 100 pL
of the mobile phase and analyzed by HPLC. The average
absolute recovery of REG and naproxen (I.S.) from the
spiked plasma samples was more than 90%. The calibration
curves were linear over the concentration range of
100-1000 ng/mL (R*> 0.994), and the lower limit of quan-
tification was 10 ng/mL. The intra-day and inter-day coeffi-
cients of the variation (CV) were all less than 5%.

Pharmacokinetic Analysis

Pharmacokinetic analysis was performed by using
a noncompartmental method. All pharmacokinetic para-
meters including maximum plasma concentration (C,ay),
time to reach maximum plasma concentration (T,.y), area
under the drug concentration-time curve (AUC) and mean
residence time (MRT) were calculated from the plasma

concentration—time data.

Evaluation of Formulations
Biocompatibility

In vitro Cytotoxicity Evaluation of Niosomes

The effect of the empty niosomal formulations on cell
growth was measured using the MTT assay. Caco-2 cells
(obtained from Pasture Institute National Cell Bank of Iran
in Tehran) were cultured in a medium consisting of RPMI
1640, Dulbecco’s modified Eagle medium (DMEM) and
fetal bovine serum (FBS) (all from Gibco) in a ratio of
50:35:15 and maintained at 37°C at an atmosphere of 5%
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CO, incubator. Cells were cultured for 48 hours and incu-
bated with 500 uM and 1000 uM niosomal formulations
for 3 hours at 37°C. Then, cells were washed twice with
growth medium and the MTT solution (20 pL, 5 mg/mL)
was added. Cells were maintained for another 4 hours at
37°C followed by addition of DMSO. UV absorbance of
each well was measured on an Elisa Plate reader at
a wavelength of 570 nm. Cell viability was calculated as
a percentage of the optical density values relative to con-
trol cells treated with growth medium.

Histological Evaluation of Small Intestine Segments
Histological studies were conducted to evaluate any pos-
sible morphological damages caused by the optimal nio-
some formulation in the small intestine. For this purpose,
rats were sacrificed 4 hours after administration of the
niosomes. Tissue samples were taken from different parts
of small intestine, fixed in buffered formalin, embedded in
paraffin, sectioned at 5 pm and stained with hematoxylin
and eosin (H&E) according to standard methods.

Statistical Analysis

All statistical analyses were performed using analysis of
variance (ANOVA) and post hoc Bonferroni testing with
SPSS version 22 (IBM Corporation, Armonk, NY, USA).
Statistical significance was set at p < 0.05. Data were
expressed as the mean + SD (for 3 or 6 independent
samples).

Results

Niosome Characteristics

To evaluate the effect of surfactant composition on in vitro
and in vivo characteristics of REG-loaded niosomes, at the
first step a variety of commonly used surfactants having
HLB in the range of 4.5-27.8 (Tween 20, Tween 60,
Tween 80, Span 20, Span 40, Span 60, Brij 35, Brij 72,
Brij 78, Myrj 52, poloxamer 188, TPGS and Labrasol)
were investigated for preparing formulations (Table 1).
Chol content of 35% and lipid-to-drug (L/D) molar ratio
of 30 were kept constant in all formulations. The physico-
chemical properties of the prepared vesicles are shown in
Table 2. Among the investigated surfactants, poloxamer
188 vesicles were not formed and the hydrodynamic dia-
meter of the Brij 78 niosomes was much larger (around
892 nm) than the other niosomes. Therefore, these two
excluded from further
Z-average size of the other niosomes was suitable for

formulations were studies.

oral administration ranging from 119.1 (T20) to 236.9

nm (TP). In all niosomal formulations, with the exception
of B78, the average PDI values were less than 0.5 and
ranged between 0.18+0.13 and 0.48+0.20. The values
than 0.7  are
measurements.”*?° The lower PDI values indicate more

less considered as  suitable
uniformity of the dispersion. With regard to the REG
loading, the average EE values varied between 52.8% (S
40 formulation) and 77.1% (TP formulation) indicating
good niosomal entrapment of the drug. The exceptions
were Labrasol- and Span 20-based vesicles which showed
obviously low EE values (less than 50%). ZP of all the
niosomal formulations were also determined which varied

from —8.13 mV to —34.05 mV (Table 2).

In vitro Drug Release

The niosomes with appropriate hydrodynamic diameter
and EE higher than 50% underwent the drug release test
(10 out of 13 formulations). The percentages of released
drug in different simulated media (SGF, SIF and B-SIF)
are shown in Figure 1. As illustrated, overall, niosomes
showed markedly faster drug release than drug suspension.
However, most of the formulations could retain more than
60% of their content after respectively 0.5 hours and 4
hours incubation in SGF (Figure 1A and B) and SIF
(Figure 1C and D), respectively. Adding bile salt to simu-
lated intestinal media (B-SIF), slightly increased drug
release rate. Regarding Span surfactants, S60 showed sig-
nificantly lower release rate compared to its class counter-
parts. Tween-based formulations showed nearly similar
release rate and considering Brij class, the drug release
from B72, particularly in SIF and B-SIF was obviously
faster than B35. Both M52 and TP showed controlled
release rates and were able to retain their encapsulated
drug appropriately.

Stability of Niosomes in

Gastrointestinal-Simulated Media

To investigate the potential of niosomal formulations in
improving the oral bioavailability of REG as well as to
evaluate the effect of surfactant type, as the main component
of niosomes, the formulations containing one member of each
surfactant class were chosen for in vivo studies. For this, T80,
SP60, Bj35, Mj52 and TP formulations, which had more
appropriate physicochemical characteristics (hydrodynamic
diameter < 250 nm, PDI < 0.5 and EE > 50%) and almost
sustained release profile, were chosen. Stability under gastro-
intestinal (GI) conditions is a major concern for the orally
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Table 2 9%EE,
Polydispersity Index and Zeta Potential of the Prepared
Niosomes (Mean +SD; n =3)

Particle Size, Hydrodynamic Diameter,

Formulation | %EE Z-Average PDI ZP(mv)
(nm)

T80 715+ 221 £ 11 032 + -303 %
4.1 0.06 2.5

T60 66.3 + 212 = | 0.28 + -34.1
1.2 0.03 6.8

T20 67.3 119+ 16 032 + -173 %
5.1 0.03 1.4

S60 749 + 21210 038 + -254 +
32 0.17 3.1

S40 528 + 210 £ 4 033 + —-18.0 =
2.0 0.03 0.9

S20 459 £ 186 + 11 0.18 + -25.6 =
1.9 0.13 5.5

B78 573 892 + 221 0.60 -309 +
7.1 0.27 3.8

B72 56.2 + 153 + 4 0.20 + —8.1+22
1.8 0.03

B35 54.7 + 162 +2 0.48 + -309
32 0.20 1.4

TP 77.1 = 237 = 36 0.36 -279
5.9 0.02 1.8

M52 54.7 + 172 + 14 031 + -323 %
32 0.09 2.4

Lab 386 * 150 + 4 031 -16.2 =
2.6 0.20 5.6

Pol N.F N.F N.F N.F

T80-STA 73.1 = 160 + 14 036 19.7 £ 3.6
3.8 0.00

Abbreviation: N.F, the niosome was not formed.

administered nanocarriers. Therefore, prior to in vivo studies,
the stability of the selected REG niosomes was studied in the
Gl-simulated media. The size, PDI and ZP of the niosomes
were measured before and after 2 hours and 10 hours incuba-
tion in SGF and B-SIF, respectively (Figure 2). There was no
significant difference in size, PDI and ZP before and after
incubation in the biorelevant media, implying that niosomes
preserved their structure without any significant differences in
their physical characteristics. Maximum increase in the size of
the formulations after incubation time belonged to B35 for-
mulation in SGF (16%) and S60 formulation in SIF-B (22%)).

In vivo Studies

As mentioned in previous sections, the formulations of
T80, S60, B35, M52 and TP which had more desirable
physicochemical characteristics and release profiles were
their were evaluated

chosen and pharmacokinetics

following oral administration to rats. The plasma concen-
tration vs time curves are shown in Figure 3 and the
obtained pharmacokinetic parameters including T,ax,
Cmaxs MRT and AUC,,_,,, are presented in Table 3.
Significantly higher C,.x and AUCy_, values of
REG were found in rats given drug-loaded niosomes
than in rats given drug suspension, with the exception
of S60 niosomes. The highest drug systemic exposure and
maximum plasma concentration were achieved by T80
niosomes followed by TP vesicles. The C,. and
AUC,_,,, values of REG following oral administration
of Tween 80-based niosomes (T80) were 1414 + 247
ng/mL and 3832 + 505 ng.h/mL, respectively which
were about 4- and 2.8-fold more than the values calcu-
lated for the drug suspension (the respective values were
354.2 £26.3 ng/mL and 1384 + 266 ng.h/mL). Statistical
analysis through ANOVA and post hoc Bonferroni testing
showed that T80 niosomes resulted in significantly higher
Cmax and AUC values when compared with the other
( < 0.001
Regarding TP vesicles, almost 2-fold enhancement was
shown for both C.,, and AUC,_,.. However, for S60,
there was no significant difference in the AUCy_,., of

niosomes and control in all cases).

REG compared to the drug suspension, indicating lack
of the influence of this formulation on the extent of
absorption of REG. For all preparations, the values of
Tmax» Which is a valid indicator of absorption rate, were
significantly higher than those obtained with suspension
(0.5 £ 0.0 h, p< 0.05).

Effect of Surface Positive Charge

According to our previous experiments and also the litera-
ture-based data,” positively charged carriers may be more
desirable for oral drug delivery. To take possible advantage
of this issue, T80 formulation which showed the highest
oral bioavailability was induced with some grades of posi-
tive charge by adding 4 mol% of STA. The positively
charged niosome (T80-STA) was totally characterized in
terms of in vitro tests and stability in the GI-simulated
media. T80-STA showed about 73% drug entrapment,
51.2% drug release in 8 hours in SIF and was =160 nm
in particle diameter and positively charged (ZP = +18
mV). With regard to morphology as shown in Figure 4
the optimal formulation was found to be dispersed and
have almost spherical particles. T80-STA vesicles were
stable in the GI simulated media and there was no sig-
nificant difference in size, PDI and ZP before and after
incubation in the biorelevant media (Figure 2).
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Figure | In vitro release profiles of REG from the various formulations in SGF (A and B), SIF (C and D) and B-SIF (E and F) at 37°C. Data represent mean + SD (n=3).

REG release rate was influenced by adding STA. For
instance in the SIF medium the drug release rate obviously
decreased in comparison with the related negatively
charged niosomes (Figure 5). In this medium, the cumula-
tive drug released within 10 hours from T80-STA formu-
lation was about 30% lower than that of T80 formulation
(»p < 0.0001). The membrane stabilizing ability of STA
may be the cause of the slower drug release rate. Both
Span 60 and STA are composed of stearyl chain in the
molecule. Consequently, the closely packed bilayers could
be achieved during the formation of vesicles’® leading to
increase of membrane stability. Moreover, REG possesses
one weakly acidic (pKa = 4.19) group,®' therefore could
exhibit electrostatic affinity towards positively charged
STA, resulting in a slower drug release rate.

Subsequent to the in vitro tests, the T80-STA was

orally administered to one group of Wistar
rats (n=6).

The plasma concentration-time profiles of REG fol-
lowing oral administration of positively charged nio-
some and the relevant pharmacokinetic parameters are
shown in Figure 6 and Table 4, respectively. When
compared to drug suspension as well as plain niosome
(niosomes without STA), the presence of positive charge
in T80-STA resulted in significantly higher systemic
availability and peak plasma concentration. For this
formulation the AUCO—w and C,,,, were respectively
3.8-fold and 4.7-fold higher than the drug suspension
and statistical analysis revealed a very significant differ-

ence (p < 0.001).
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Figure 3 The mean plasma concentration of REG after a single oral dose (I mg/kg) of drug suspension and the selected niosomal formulations to rats (n=6, mean * SD).

Evaluation of Formulations
Biocompatibility

Biocompatibility of the niosomal formulations was evalu-
ated by in vitro toxicity (Figure 7) and tissue histological
(Figure 8) analyses. In this study, the biocompatibility of
Tween 80-based niosomes (non-enriched and STA-
enriched) was assessed by the MTT viability test. The
results indicate that neither the non-enriched formulation
(T80) nor the positively charged niosomes (T80-STA)
affected Caco-2 cell growth (Figure 7).

Tissue histological analysis of rat intestine was per-
formed to assess possible pathological changes caused by
the most in vivo effective niosomes in the intestinal
epithelium in different segments (duodenum, ileum and
jejunum) (Figure 8). After administration of T80-STA
niosomal formulations, the pathophysiological analysis of
rat intestine tissue did not show a clinically significant

evidence of histological or morphological changes at the
administered dose compared with the controls.

Discussion

Oral administration of BCS II drugs often suffers from low
and variable bioavailability due to low water solubility,
high first pass metabolism and being a substrate for efflux
systems.'”?> To overcome this limitation, various drug
delivery systems have been explored. Among them, nio-
somes, mainly consisting of nonionic surfactants, are
becoming more attractive because of high chemical stabi-
lity, biodegradability, biocompatibility, cost-effectiveness
and easy storage and handling.'®'"** A number of studies
have shown the beneficial effect of niosomal vesicles in
improving the oral bioavailability of BCS II drugs such as

1313 1,15

paclitaxel,'® glimepiride,'* carvedilol,'® telmisartan,>* and

griseofulvin.*> Florence et al. * were the first to attempt

Table 3 Pharmacokinetic Parameters of REG After Oral Administration of Various Niosomal Formulations to Rats (n=6, Mean * SD)

Formulation T max(h) C max(ng/mL) AUC,_..(ng-h/mL) MRT (h) FRr*(%)
Suspension 05+ 00 3542 £ 263 1384 + 266 38+03 —
(Susp)

T80 0.8 + 0.+ 1414.0 + 247 3%+ 3832 + 505%k* 6.1 + 0.2%F* 2.77
S60 0.8 + 0.0%+* 520.5 £ 103.1%* 1475 + 183 42+05 1.07
B35 0.7 £ 0.1*%* 760.1 £ 102. 1% 2021 + 232%* 33+04 |.46
TP 0.8 + 0.0%+* 7785 £ 90.3%F* 2654 + 438+ 4.6 + 0.5% 1.92
M52 0.7 £ 0.1*%* 634.1 + 34.0%* 2372 + 608* 4.1 £04 1.71

Notes: °Fg, the relative bioavailability (%) of REG calculated based on the AUCO—< of the drug suspension as the reference. *p < 0.05; **p < 0.0l and ***p < 0.001

significant difference compared with oral suspension of REG.

Abbreviations: AUC, area under the drug concentration—time curve; MRT, mean residence time.
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Figure 5 In vitro release profiles of REG from the T80-STA formulation in SGF (A),

SIF (B) and B-SIF (C) at 37°C. Data represent mean * SD (n=3).

applying niosomes in oral delivery. They found that the
niosomal formulation significantly improved the bioavail-
ability of methotrexate.*® Paclitaxel is an anticancer drug
used to treat several types of cancers. Paclitaxel-loaded
niosomes were prepared from Span 40 and coated with
bioadhesive carbopol polymers. After oral administration
of formulations to Wistar rats, higher drug plasma concen-
trations were observed for niosomes compared to pacli-
taxel suspension. The relative bioavailability of paclitaxel
was increased 3.8- and 1.4-fold by uncoated and Carbopol
974P-coated niosomes emphasizing the ability of nio-
somes on improving the oral bioavailability of
paclitaxel.'*  Telmisartan-encapsulated niosomes have
been investigated for improving bioavailability and
extending the antihypertensive activity following oral
administration.** Telmisartan has poor bioavailability and
approximately one half of an orally administered dose is
absorbed. In vivo study with niosome formulation showed
that the optimized formulation could reduce the systolic
blood pressure in hypertensive rats and maintain it over an
extended period.>* Niosomes encapsulating griseofulvin
were prepared by using Span-based nonionic surfactants
(span 20, span 40, and span 60). The niosomes prepared
with span 60 which provided higher entrapment efficiency
and indicated controlled in vitro release was tested for
in vivo oral studies. The niosomal dispersion significantly
improved the oral bioavailability of griseofulvin in albino
rats after a single oral dose.>> Although niosomes have
shown promise for enhancing oral absorption, but the
impact of niosomal formulation parameters on their oral
potential has not been studied systematically. In this
regard, we attempted to explore the effects of surfactant
composition and positive surface charge of niosomes on
oral absorption of REG, as a model of poorly soluble
therapeutic agents.

The niosomal formulations were prepared by the thin
film hydration method and downsized by bath sonication.
Chol was added to the formulations as a membrane stabi-
lizing agent. To find an appropriate niosomal formulation
with acceptable EE (higher than 50%), nearly similar
average particle size (< 250 nm) and narrow distribution
range, the effect of Chol content (from 0% to 50) and L/D
molar ratio (from 10 to 30) were preliminarily evaluated
(data not shown). The results showed that, for most of the
surfactant compositions, a surfactant to Chol molar ratio of
65:35 and L/D of 30 can meet these criteria and therefore
were chosen for preparation of all formulations. The
in vitro properties of the formulations (hydrodynamic
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Figure 6 The mean plasma concentration of REG after a single oral dose of T80-STA and T80-STA empty niosomes with suspension of REG compared to suspension of

REG after oral administration in rats (n=6, mean * SD).

diameter, EE, PDI and ZP) are summarized in Table 2.
Among the investigated surfactants, poloxamer 188, more
likely due to its higher hydrophilicity, did not form vesi-
cular structures, and Brij 78 resulted in formation of
markedly large particles (around 892 nm), thus these two
formulations were excluded from further studies. For sur-
factants with high HLB wvalues, presence of adequate
amounts of Chol is critical in the formation of bilayer
vesicles. Poloxamers are nonionic triblock copolymers
composed central lipophilic chains of propylene oxide
(PO) and outer hydrophilic chains of ethylene oxide
(EO).*” Poloxamer188 which possesses 27 PO chains
and 80 EO chains at each end has a high HLB value of
27.8%" and it seems that a higher amount of Chol is needed
for niosome formation. Since in agreement with previous

2124

findings, our preliminary results indicated that nioso-

mal size, regardless of the type of surfactant, increased

with increasing Chol concentration, the surfactant to Chol
molar ratio of 65:35 was kept constant for all formulations.

REG was successfully entrapped in all formulations;
however, the EE value for Labrasol-based niosomes was
significantly lower than that of other niosomes (=39%),
hence excluded from additional evaluation. The length of
lipophilic alkyl chain of amphiphiles has been reported as
one of the effective factors for drug loading.*® Labrasol is
a PEG derivative of medium chain fatty acid triglyceride
of capric and caprylic acid.*® The shorter lipophilic chain
for Labrasol, when compared with other tested surfactants
may explain the EE data. ZP is one of the indicators of the
nanoparticles stability and the strong repellent forces of
which could prevent aggregation of vesicles. The prepared
vesicles had negative surface charge and the ZP values
were sufficiently high for electrostatic stabilization of the
The ZP of wvesicles that the

niosomes. revealed

Table 4 Pharmacokinetic Parameters of REG After Oral Administration of Controls and T80-STA Niosomes to Rats (n=6, Mean *

SD)
Formulation T max (hours) C max (ng/mlL) AUC,_... (ng-h/mL) MRT (hours) Fr* (%)
Suspension 0.5+ 0.0 3542 + 263 1384 + 266 38103
(Susp)
T80 0.8 + 0.+ 1414.0 + 247.3%%* 3832 + 505%+* 6.1 0.2k 2.77
T80-STA 0.5+ 0.0 1676.0 + 257.4%%* 5193 + 500%+* 4.7 £ 0.7* 3.75
Empty T80-STA+ Susp 0.5+0.0 1364.2 £ 108.0%** 3893 + 207%** 3802 2.8l

Notes: °Fg, the relative bioavailability (%) of repaglinide calculated based on the AUCO— of the drug suspension as the reference. *p < 0.05 and ***p < 0.001 significant

difference compared with the suspension of REG.

Abbreviations: AUC, area under the drug concentration—time curve; MRT, mean residence time.
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Figure 7 Cell viability of Caco-2 after 3 hours incubation with T80 and T80-STA
niosomes (mean * SD, n = 3).

formulations can be suspended well in buffer, which is
highly important for their administration.*'***> According to
the size and EE data, ten out of the 13 niosomal formula-
tions were selected for the drug release test.

As shown in Figure 1, when compared to all the pre-
pared niosomes, Span 60 vesicles had the slowest drug
release rate in SIF and B-SIF media. This result can be
attributed to the lipophilic nature of this surfactant
(HLB=4.7) and therefore the stronger drug-lipid chain
interrelations of lipophilic REG in the lipid layers of nio-
somes. Overall, as the HLB of the surfactants increased
(from 4.70 to 16.9) the REG release rate from niosomes,
particularly in SIF, increased (from 54.4% for S60

Jejunum

formulation to 82.6% for M52 formulation), although it
was not proportional to HLB values. Myrj 52 niosomes
showed almost complete depletion of entrapped REG in
B-SIF medium, which was significantly different from the
behavior of Span 60 vesicles. When compared to the drug
suspension (Figure 1) the rate of drug release across the
dialysis membrane was faster for drug-loaded niosomes.
For instance, the respective percentages of released drug in
SIF during a period of 10 hours were approximately 40%
and 80% for the suspension and T80 formulation. This was
because the hydrodynamic diameter of niosomal formula-
tions was much smaller than that of suspensions (mean
hydrodynamic diameter ~ 4 um).**** Biphasic release was
observed in all formulations, showing a primary and rela-
tively fast release phase, which lasted for approximately
1.5 to 2 hours, followed by a slower release rate. The
primary and secondary release phases might be due to
differences in the diffusion distances for drug molecules
in the outer and inner vesicle membranes.

To evaluate the effect of the main component of nio-
somes on the in vivo results, formulations containing one
member of each surfactant class were chosen for in vivo
studies. For this, T80, S60, B35, M52 and TP which had
more appropriate physicochemical characteristics and
release profiles were selected and their pharmacokinetics
were investigated following oral administration to rats.
According to our results (Figure 3 and Table 3), all the

Figure 8 Histological sections of small intestinal segments from Wistar rats after oral administration of (A) Control and (B) T80-STA formulation.
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in vivo tested formulations caused a significant increase in
oral bioavailability of REG when compared with the sus-
pension. The only exception was S60 niosomes which
resulted in similar AUC and C,,,, values in comparison
to the suspension. B35 caused a 47% increase in relative
bioavailability (Fr) of REG, but the difference was not
statistically significant. As evident from the pharmacoki-
netics parameters, the most increase in AUC and C,.x
values, as the major indicators of oral bioavailability,
was related to T80 vesicles followed by TP. When com-
pared to the suspension, T80 resulted in about 4-fold and
2.8-fold higher C,,,x and AUC values, respectively. REG
belongs to BCS class II drugs, and it has high permeability
and poor aqueous solubility, so the rate-limiting step in the
absorption of REG seems to be solubility. In our study, the
size of REG niosomal formulations (162-237 nm) was
considerably smaller than REG suspension (approximately
4 um); a decrease in size and consequently increase in the
surface area, along with solubility enhancement effect of
surfactants might enhance dissolution rate and improve the
drug absorption. As mentioned before, S60 niosomes, in
spite of their small hydrodynamic diameter, did not
improve the drug absorption. The obviously slower drug
release rate from this formulation, as indicated in Figure 1,
may describe this in vivo result. However, the enhancing
effects of the niosomes could not be solely explained by
the improvement of drug dissolution rate. The potency of
some surfactants in inhibition of p-gp efflux system as
well as cytochrome p450 enzymes and the significant
difference in their potential should also be taken into
account. BCS 1II drugs, in general, undergo significant
first pass metabolism by cytochrome p450 enzymes.'
Close interplay between P-gp and CYP3A and other enter-
(eg CYP2C9,

esterases,

ocytic drug metabolizing enzymes

CYP2C19, CYP2C8, CYP2D6,
N-acetyltransferases and glutathione-S-transferases) has
been extensively reported. P-gp can work in alliance with
CYP3A4 and other enzymes to increase first pass
metabolism.**** In fact, inhibition of efflux transporter
can cause a significant decrease in metabolism and subse-
quent increase of AUCs. Therefore, it is more likely that
besides other mechanisms, some surfactants affect REG
absorption via inhibition of the p-gp transporter. Lo stu-
died the multidrug resistance (MDR) modulating effect of
various excipients in Caco-2 cells and in rat intestine.*®
The results showed that some excipients, such as Tween
20, Tween 80, Myrj 52 and Brij 30 not only significantly
increased the absorption of epirubicin, as a known p-gp

substrate, but also substantially reduced epirubicin efflux
in the secretory direction. This indicates that some intest-
inal efflux pumps can be inhibited by these excipients. The
enhancing effects of these excipients on the intestinal
absorption and on absorptive transport of epirubicin in
Caco-2 cells were in the order of Tween 80>Tween 20>
Myrj 52> Brij 30. With regard to the modulating effect of
the excipients on the basolateral to apical efflux (ie, secre-
tory transport) of epirubicin across Caco-2 monolayers,
Tween 80 was found to exhibit the most decreasing effect.
Surfactants with a low HLB value, eg, Spans, had only
moderate MDR modulating activity.*® The observed
improvement effect of the different niosomal formulations
on the oral absorption of REG (Table 3) is in agreement
with the p-gp inhibitory potential of the employed surfac-
tants. This implies that niosomes could suppress the efflux
system leading to the decrease in drug first pass metabo-
lism, and consequently increase of the drug oral
absorption.

With regard to the effect of surface charge, as shown in
Table 4, upon incorporation of STA in the vesicles and
presence of positive charge (T80-STA) the oral absorption
of REG was significantly increased compared with the
suspension and the relevant plain niosomes (ie, T80). ZP
of the plain T80 formulation was approximately —30 mV,
however for T80-STA vesicles the ZP values increased to
+18 mV. In comparison to the plain negatively charged
niosomes, AUC,_,, increased 1.36-fold for T80-STA
(p<0.001). The positive charge of nanoparticles could aid
mucus penetration, thus vesicles encapsulating the unre-
leased fraction of the drug could be internalized by either
enterocytes or M-cells of the Peyer’s patches.*” The pre-
sence of positive charge could also facilitate nanoparticle
adhesion onto the negatively charged epithelial cell sur-
faces and thereby promote cellular uptake of the particles.
The uptake of positively charged nanoparticles by clathrin-
mediated endocytosis has been reported,'®***’ however,
more studies are needed to understand the involved
mechanisms. Furthermore, oral administration of
a mixture of drug free T80-STA niosomes and REG sus-
pension, and comparison of the results with REG suspen-
sion revealed a statistical increase in AUCq_,,, and Cax
values. However, this increase was not as large as the
niosomal formulations containing REG, indicating the
clear role of niosomes structure in improvement of drug
absorption.

Overall, among all the evaluated surfactants, Tween 80

niosomes (T80 and T80-STA) had the highest
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enhancement effect on the oral bioavailability of REG and
could be a promising platform to develop oral delivery
systems for BCS II drugs.

Conclusion

In the present study, various nonionic surfactants having
HLB in the range of 4-28 (Tweens, Spans, Brijs, Myrj,
poloxamer 188, TPGS and Labrasol) were investigated
for REG niosomes preparation. Drug loading efficiency,
hydrodynamic diameter, ZP, PDI, in vitro release profile
and stability were thoroughly characterized. Results
revealed that the surfactant component of niosomes sig-
nificantly affected physicochemical characteristics of
vesicles. In vivo pharmacokinetics studies indicated
that all the in vivo tested formulations, with the excep-
tion of Span 60-based niosomes, caused a significant
increase in oral bioavailability of REG when compared
with the suspension. However, the efficacy of oral nio-
somes was highly dependent on the surfactant composi-
tion (Tween 80> TPGS> Myrj 52> Brij 35> Span
60=Suspension). Adding STA as a positive charge-
inducing agent to Tween 80 niosomes resulted in an
additional increase in drug absorption. For cationic
Tween 80-based niosomal formulation, the AUC,_,., and
Cmax Were 3.8- and 4.7-fold higher than the drug suspen-
sion (p < 0.001), respectively. Thus, Tween 80 niosomes
with a positive surface charge could be considered as
a potential carrier for oral administration of BCS II
drugs.
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