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Abstract: Carvedilol (CRV) is an antihypertensive drug with both alpha and beta receptor
blocking activity used to preclude angina and cardiac arrhythmias. To overcome the low,
variable oral bioavailability of CRV, niosomal formulations were prepared and characterized:
plain niosomes (without bile salts), bile salt-enriched niosomes (bilosomes containing various
percentages of sodium cholate or sodium taurocholate), and charged niosomes (negative, con-
taining dicetyl phosphate and positive, containing hexadecyl trimethyl ammonium bromide).
All formulations were characterized in terms of encapsulation efficiency, size, zeta potential,
release profile, stability, and morphology. Various formulations were administered orally to ten
groups of Wistar rats (n=6 per group). The plasma levels of CRV were measured by a validated
high-performance liquid chromatography (HPLC) method and pharmacokinetic properties of
different formulations were characterized. Contribution of lymphatic transport to the oral bio-
availability of niosomes was also investigated using a chylomicron flow-blocking approach. Of
the bile salt-enriched vesicles examined, bilosomes containing 20% sodium cholate (F2) and 30%
sodium taurocholate (F5) appeared to give the greatest enhancement of intestinal absorption.
The relative bioavailability of F2 and F5 formulations to the suspension was estimated to be
1.84 and 1.64, respectively. With regard to charged niosomes, the peak plasma concentrations
(C,,) of CRV for positively (F7) and negatively charged formulations (F10) were approximately
2.3- and 1.7-fold higher than after a suspension. Bioavailability studies also revealed a significant
increase in extent of drug absorption from charged vesicles. Tissue histology revealed no signs
of inflammation or damage. The study proved that the type and concentration of bile salts as
well as carrier surface charge had great influences on oral bioavailability of niosomes. Blocking
the lymphatic absorption pathway significantly reduced oral bioavailability of CRV niosomes.
Overall twofold enhancement in bioavailability in comparison with drug suspension confers
the potential of niosomes as suitable carriers for improved oral delivery of CRV.

Keywords: niosomes, bile salts, surface charge, bioavailability, oral delivery, lymphatic
transport

Introduction
Oral delivery is the most convenient route of drug administration, especially for chronic
illness, with high patient compliance, ease of administration, cost-effectiveness, and
other benefits.! Although high oral bioavailability is highly desirable, many important
drugs in the clinic suffer from poor oral bioavailability and highly variable exposure.
This can be due to various factors, including low solubility, limited permeability,
first-pass metabolism and drug efflux.?

To reach the bloodstream, a drug should first dissolve in the gastrointestinal (GI)
fluid. Thus, dissolution may be the rate-limiting step in oral administration of poorly
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water-soluble drugs,’ resulting in erratic absorption and low
oral bioavailability. Intestinal and hepatic first-pass metabo-
lism can also restrict oral bioavailability to a significant
extent.*’ In the efforts to enhance oral bioavailability, various
approaches have been employed, such as solid dispersions,®
salt forms,” nanosizing, and micronization.® In the last two
decades, there has been increased interest in studying col-
loidal particulate carriers such as liposomes, niosomes, and
micelles, as well as polymeric and lipidic nanoparticles.
These have shown distinct advantages over conventional dos-
age forms in oral drug delivery.’ In addition to enhanced solu-
bility and dissolution rates, these carriers provide a powerful
means to avoid first-pass metabolism through stimulation of
lymphatic transport, leading to improved bioavailability.'®!!
In recent years, spheroid vesicular structures formed by self-
assembly of nonionic surfactants (niosomes), have received
significant attention as drug delivery systems. Although
niosomes are similar to liposomes in physical properties
and biopharmaceutical functions, they possess advantages,
including higher stability, easier handling and storage, and
lower cost, making them a promising alternative.'>!> These
qualities also make them promising tools in the oral delivery
of various therapeutic agents,'*'> as well as in preoral and
mucosal immunization.'®

By modifying the physicochemical characteristics of
nanocarriers, including particle size, elasticity, and surface
charge, it may be possible to design vesicles with attributes
appropriate for a given application.'®!”-'® It has been reported
that the biological fate of vesicular systems following oral
administration is affected by the inclusion of bile salts and
charge-inducing agents.'”"°

Bile salts are endogenous detergents used extensively in
drug delivery as permeability enhancers, facilitating drug
penetration across biological barriers including skin,? the
intestinal wall,?! the blood-brain barrier,?? nasal mucosa,?
and the cornea.?* Liposomes containing bile salts have been
claimed to improve the oral bioavailability of some drugs
and macromolecules.?'?>2¢ Although the exact mechanisms
of this enhanced absorption have not been determined, it
has been proposed that the addition of bile salts to lipid
bilayers gives vesicles the ability to withstand disruption by
physiological bile salts in the GI tract.?” Although there have
been a few studies on oral delivery by bile salt-containing
liposomes, to our knowledge, bile salt-enriched niosomes
have not been investigated as carriers for oral delivery of
poorly water-soluble drugs. This inspired our investiga-
tion into the effects of bile salts (sodium cholate [SC]
and sodium taurocholate [STC] in various percentages) in

niosomal formulations on intestinal absorption of a poorly
water-soluble drug.

Another physicochemical characteristic with a prominent
role in vesicular interactions with biological membranes is
vesicular surface charge. It has been reported that a nega-
tive charge on the surface of nanocarriers promotes M-cell
uptake.'”?® On the other hand, positively charged nanocar-
riers create strong electrostatic interactions with negative
charges on the cell surface, resulting in enhanced endocytosis
(especially clathrin-mediated endocytosis).!”* Furthermore,
endosomal degradation may be prevented by positive surface
charge on carriers. Moreover, positive charge facilitates
nanostructure transport across mucosal membranes.'’

Carvedilol (CRV) is a third-generation B-blocker com-
bining nonselective - and a-blockade at pharmacologic
doses with ion channel blockade at high concentrations.*
CRYV has also shown several ancillary activities, includ-
ing anti-inflammatory, antioxidant, antifibrotic and anti-
apoptotic properties. These activities likely contribute
to the cardioprotective effects of CRV in hypertension,
myocardial infarction (MI), congestive heart failure,
and post-MI left ventricular dysfunction.’**' Low water
solubility and extensive pre-systemic metabolism of
CRYV result in incomplete absorption (~25%) and limited
systemic exposure after oral administration.’! Therefore,
strategies to enhance the oral bioavailability of CRV are
in great demand.

Due to the lack of evidence on the effect of bile salts and
surface charge on the oral bioavailability of niosomal for-
mulations, this work was undertaken to investigate the influ-
ence of these parameters on oral bioavailability of a poorly
water-soluble drug, CRV, from niosomal formulations.
Formulation parameters, including entrapment efficiency
(EE), vesicle size, zeta potential, morphology, stability, and
in vitro release profile, were studied. Furthermore, the in vivo
pharmacokinetics of different formulations were assessed in
rats to elucidate the effects of bile salts and vesicle surface
charge on oral absorption of a poorly water-soluble CRV.
To estimate the influence of lymphatic transport on the oral
bioavailability of niosomes, in vivo studies were also con-
ducted in chylomicron-blocked rats.

Materials and methods

Materials

CRV (98% purity) was a kind gift from Hakim Pharmaceuti-
cal Co. (Tehran, Iran). Span 20, Span 60, Span 80, Tween 80,
SC, hexadecyl-trimethyl ammonium bromide (CTAB),
chloroform, methyl tertiary butyl ether, HPLC-grade
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acetonitrile, and HPLC-grade methanol were obtained from
Merck (Darmstadt, Germany). Dicetyl phosphate (DCP),
STC, cycloheximide, and cholesterol (Chol, purity >98%)
were provided by Sigma-Aldrich (St Louis, MO, USA).
All other chemicals were of analytical grade or of the best
grade available.

Niosome preparation

Different niosomal formulations were prepared by ether
injection or conventional thin film hydration method. Briefly,
in ether injection, surfactants (Span 60, Span 80, or Span 20),
Chol and drug were dissolved in ether. The solution was
slowly injected through a fine needle into warm (65°C)
phosphate buffered saline (PBS, pH =7.4) rotating at a
constant rate. Following removal of ether from the mixture,
niosomal vesicles formed. In thin film hydration, surfactants
(Span 60, Span 80, or Span 20), Chol, and drug (Table 1)
were dissolved in chloroform:methanol (2:1, v/v) in a round-
bottomed flask. The total surfactant concentration was varied
from 20 to 80 mM during formulation optimization. Organic
solvents were then removed under reduced pressure in a
rotary evaporator at 65°C for 30 minutes, yielding a thin
film on the wall of the flask. The lipid film was maintained
under vacuum for at least 2 hours to remove the last traces
of organic solvent. The dry thin film was hydrated at a few
degrees above the transition temperature of the components
with PBS buffer solution for 1.5 hours at a rotation speed
of 120 rpm using rotary evaporator (Heidolph, Schwabach,
Germany). The resulting suspension was sonicated in a

bath for 1 hour. The niosomal dispersion was left at room
temperature for 2 hours to ensure thorough hydration and
then stored in a refrigerator.

Niosome characterization

Entrapment efficiency (EE), vesicle size, zeta potential,
Fourier transform infrared (FTIR) analyses, morphology,
stability, and in vitro release profile of the prepared niosomes
were investigated.

Entrapment efficiency

To determine CRV content in the niosomal formulations,
unentrapped drug was separated from the niosome-retained
drug using membrane dialysis method against PBS at 4°C.
Afterwards, a small fraction of the dialysate (50 uL) was
lysed with isopropanol (950 puL) and further bath-sonicated
for 10 minutes. The concentration of CRV in the resulting
clear solution was then measured by UV spectrophotometer
at the wavelength of 241 nm. The %EE was calculated by
the following equation:

Entrapment ~ Amount of drug entrapped y

] = 100
efficiency (%EE)

Total amount of drug

Size distribution and zeta potential

The hydrodynamic size and zeta potential of different
niosomal formulations were estimated by dynamic light
scattering using a Malvern Zetasizer Nano (Malvern Instru-
ments, Malvern, UK) at 25°C. Just before measurements,

Table | Effect of drug concentration, surfactant type, L/D ratio and surfactant to cholesterol molar ratio on entrapment efficiency of

carvedilol-loaded niosomes

Surfactant Molar ratios CRYV concentration L/D (molar %EE (mean *
type Surfactant Chol (mg/mL) ratio) SEM)
Span 60 50 50 0.5 20 VNF
70 30 0.5 20 32.47+1.93
70 30 | 20 54.20+2.11
80 20 0.5 20 58.12+1.65
80 20 | 10 52.83+1.89
80 20 | 20 64.76:2.01
80 20 | 30 84.75+2.70
80 20 | 40 90.71£2.18
80 20 2 20 56.08+2.58
90 10 0.5 20 52.18+2.19
90 10 | 20 52.79+1.57
100 0 0.5 20 VNF
Span 20 80 20 | 20 14.44+0.36
Span 80 80 20 | 20 VNF
Note: *Vesicles were not formed.
Abbreviations: Chol, cholesterol; CRV, carvedilol; EE, entrapment efficiency; L/D, lipid-to-drug; SEM, standard error of the mean.
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samples were diluted with deionized water. Z-average and
zeta potential values were presented as the mean * standard
error of the mean (SEM) from triplicate experiments.

Fourier transform infrared spectroscopy

Different samples (pure drug, empty niosomes, and CRV-
loaded niosomes) were prepared and infrared spectroscopy
analysis was conducted in the transmittance mode on
WQF-510 Fourier transform spectrometer (Rayleigh Optics,
People’s Republic of China) equipped with a deuterated
Lanthanide triglycine sulfate detector and a KBr beam split-
ter. All spectra were acquired with 4 cm™ resolution in the
region of 4,000-500 cm™'.

Morphology of niosomes

The morphology of niosomes was investigated by atomic
force microscopy (AFM). For imaging, the niosomes were
diluted with deionized water and 10 pL of diluted niosomes
was dripped onto the glass slide, spread thin and air-dried.
AFM observations were performed with a Nanowizard 11
atomic force microscope (JPK Instruments, Berlin, Germany)
operating in contact mode under ambient conditions employ-
ing low stress silicon nitride cantilevers (AppNano, Mountain
View, CA, USA).

In vitro drug release

Release of CRV from niosomal formulations in various
release media was studied using dialysis. CRV-loaded
niosomes (0.5 mL) were placed into cellulose dialysis
membranes (molecular weight cutoff 12,000 Da), which
were then transferred to 50 mL of release media (enzyme-
free simulated intestinal fluid [SIF] [pH =6.8] containing
0.1% [w/v] Tween 80 to maintain the sink condition and
enzyme-free SIF [pH =6.8] containing 0.1% [w/v] Tween 80
and 10 mM STC to simulate bile salt concentrations in the
small intestine). The release system was stirred magneti-
cally at 100 rpm and 37°C. At predetermined intervals (0.5,
1,2,4, 6,8, and 10 hours), 1 mL aliquots of release media
were removed for HPLC analysis. Samples removed at
0.5, 1, 8, and 10 hours were replenished immediately with
the same volume of fresh media, while after sampling of
medium at 2, 4, and 6 hours for drug analysis, the whole
incubated media were totally replaced with fresh one to
maintain perfect sink conditions and increase the driving
force for diffusion. Each experiment was carried out in
triplicate. To determine drug concentrations, samples were
centrifuged at 10,000 rpm for 5 minutes, diluted and injected
to the HPLC system.

Niosome stability in 10 mM STC

We tested the ability of CRV-loaded niosomes to retain
their physical properties in the presence of STC under
perfect sink conditions. Different formulations were placed
into pre-warmed enzyme-free release medium containing
10 mM STC and stirred at 100 rpm and 37°C. For each nio-
somal formulation, a control experiment was carried out in
which formulations were incubated in bile salt-free solution.
The results were compared to those of bile salt-containing
solutions.

Vesicular size distributions, polydispersity index (PDI),
and zeta potential were determined before and immediately
after 10 hours incubation using a Zetasizer Nano ZS (Malvern
Instruments). All experiments were performed in triplicate;
results are given as the mean = SEM.

Drug analysis

Concentration of CRV in the release medium and plasma
samples was measured by an HPLC system. The HPLC sys-
tem (KNAUER, Berlin, Germany) consisted of a WellChrom
K-1001 solvent delivery system with an online degasser,
aK-1500 solvent organizer, a column oven and a model RF-10
AXL Shimadzu fluorescence detector (excitation, 284 nm;
emission, 340 nm). The chromatographic separation was
performed on a PerfectSil Target C18 column (150x4.6 mm,
3.5 um particle size) from MZ-Analysentechnik GmbH
(Mainz, Germany), using a mobile phase of methanol—phos-
phate buffer 20 mM (50:50, v/v, pH 3.5). The column tem-
perature was held at 35°C. The flow rate was set at | mL/min
and the injection volume was 50 puL. Chromgate HPLC soft-
ware (Version 317) was used for all chromatographic data
calculations. Prior to the analysis, the method was validated
according to the International Conference on Harmonization
guidelines with respect to selectivity, linearity, precision,
accuracy, limit of quantification, and recovery.*

Pharmacokinetics

Animal experiments

Male Wistar rats weighing 200-220 g were obtained from
the Pasteur Institute (Tehran, Iran). The rats were kept under
controlled temperature (23°C+2°C), humidity (55%%10%),
and light (12 hour-light, 12 hour-dark cycles). Before the
experiments, the animals were fasted overnight with free
access to water. All experiments were approved by the ethics
committee for animal experiments at the Shahid Beheshti
University of Medical Sciences, Tehran, Iran. The animals
were randomly divided into ten groups (six rats in each
group). Niosomal formulations (at total lipid and surfactant
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concentration of about 74 mM) were administered to eight
groups, and the two other groups received CRV suspension
(in 0.5% w/v sodium carboxymethyl cellulose vehicle) and
plain niosomes as controls. Each formulation, equivalent to
8 mg/kg of drug, was administered orally via a gavage tube.
Immediately before dosing and then at 0.083, 0.25, 0.5, 1,
1.5,2,4, 6,8, and 10 hours after drug administration, blood
samples were withdrawn from the tail vein into heparin-
containing tubes and immediately centrifuged at 10,000 rpm
for 10 minutes. Plasma samples (100 puL) were then collected
and stored at —15°C until HPLC assay.

To prepare plasma samples for the HPLC assay, frozen
plasma samples were allowed to thaw at room tempera-
ture. The internal standard (cisapride, 35 UL of a 6 pg/mL
methanolic solution) was then added to each sample and
vortex-mixed for 30 seconds. Afterward, 1 mL of methyl
tertiary butyl ether was added to each sample. The mixture
was vigorously vortex-mixed for 15 minutes and centrifuged
at 10,000 rpm for 10 minutes. The supernatant was separated
and dried under a nitrogen stream. The residue was then
vortex-mixed with 100 UL of mobile phase for 30 seconds
and centrifuged at 10,000 rpm for 2 minutes; finally, 50 uL.
was injected into the HPLC device.

Assessment of lymphatic transport of niosomes

The intestinal lymphatic transport of niosomes was inves-
tigated in a less invasive chylomicron flow blocked rat
model.** Two groups of male Wistar rats, comprising six
animals in each group, were fasted overnight and treated
with intraperitoneal injection of 3 mg/kg cycloheximide
solution (0.6 mg/mL). One hour after the injection, one group
received 20% SC-enriched vesicles (F2) and the other one
received DCP-containing niosomes (F10) by oral gavage.
The amount of each formulation corresponded to 8 mg/kg
CRV. The blood samples were collected from tail vein and
processed as described above.

Pharmacokinetic analysis

Pharmacokinetic analysis was performed by using noncom-
partmental method.* Pharmacokinetic parameters, includ-
ing maximum plasma concentration (C_ ), time to reach it
(T, ) area under the drug concentration-time curve (AUC)
and mean residence time (MRT), were calculated from the
plasma concentration—time data.*

Histological evaluation of small intestinal segments
Histological studies were performed to evaluate the pos-
sibility of morphological changes and damages caused by

niosomes on the intestine. In these experiments, 20% SC-
enriched vesicles (F2), DCP-containing niosomes (F10) and
PBS were administered to three animal groups by oral gavage
and the animals were euthanized after 4 hours. Tissue samples
were taken from different sections of the small intestine, fixed
in buffered formalin, embedded in paraffin, sectioned at 5 um
and stained with hematoxylin and eosin (H&E) according to
standard methods. Photomicrographs were taken with Nikon
DS-L2 camera which was connected to the Nikon Eclipse
E-200 microscope.

Statistical analysis

All statistical analyses were performed with SPSS version 17
(SPSS Inc., Chicago, IL, USA). Data are shown as the mean
SEM. Comparison of the formulation and pharmacokinetic
parameters was carried out using analysis of variance;
P<0.05 was considered statistically significant.

Results and discussion

Niosomes are a milestone in novel drug delivery systems
due to their potential to encapsulate drugs, hormones, anti-
gens, and other chemotherapeutic agents and to overcome
the instability, insolubility, and rapid degradation of these
compounds.® Their advantages include cost-effectiveness,
high stability, and ease of large-scale preparation. More-
over, the use of nonionic surfactants as emulsifiers, wetting
agents, solubilizers, and permeability enhancers has led to the
exploitation of niosomal vesicles in different areas of drug
delivery.!>* To find a niosomal formulation that increases
oral absorption of CRV, various niosomal formulations
were prepared and extensively evaluated, including plain
niosomes, bilosomes, and charged niosomes.

Preparation of plain niosomes

Niosomes can be prepared using various methods. An appro-
priate method should be chosen for each drug considering
its physicochemical properties.'> Preliminary studies were
carried out utilizing ether injection and conventional thin
film hydration. A series of formulations was prepared, alter-
ing surfactant and Chol content while keeping other factors
invariant. Ether injection was not very effective, with low
%EE (below 30%). Conventional thin film hydration gener-
ally gave an EE approximately three to four times higher.
In the next step, to reduce the size of the multilamellar vesicles,
various methods including extrusion at a temperature above
the phase transition of the surfactants, high frequency probe
sonication and bath sonication during hydration were evalu-
ated. Extrusion seemed not to be suitable for size reduction,
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giving a much lower EE (data not shown). Using probe
sonication, the vesicles were unfortunately enlarged after the
process ended. Using bath sonication during hydration gave
significantly higher drug loading; also, vesicle particle size,
and PDI were approximately 400 nm and 0.3, respectively,
which are considered suitable for oral delivery.'*!> Therefore,
thin film hydration followed by bath-sonication during hydra-
tion was employed for CRV niosome preparation.

Factors affecting CRV EE in niosomal formulations
To obtain a niosomal formulation with higher EE, various
parameters were optimized, including Chol content (from
0% to 50%), drug concentration (0.5-2 mg/mL niosome),
surfactant structure, and lipid-to-drug (L/D) molar ratio
(from 10 to 40).

As shown in Table 1, incorporation of Chol into Span 60
niosomes (from 0% to 20%) considerably enhanced CRV EE.
However, beyond this amount (from 20% to 50%), a decrease
in EE was observed. Similar results were found in our previ-
ous studies of liposomal formulations.?*3” The increase in
EE can be rationalized by proposing that Chol increases the
microviscosity of the membrane by abolishing the gel-to-
liquid phase transition of the surfactant bilayer, resulting in a
more stable and hydrophobic bilayer that retards permeation
and prevents leakage of hydrophobic drugs entrapped in the
bilayer.* In contrast, subsequent intercalation of Chol would
reduce drug entrapment by competing with the drug for the
bilayer, thus preventing incorporation of the amphiphilic or
lipophilic drug into the vesicles.

With regard to the influence of drug content, increas-
ing the proportion of drug from 0.5 to 1 mg/mL at two
surfactant:Chol molar ratios (80:20 and 70:30) led to a
significant increase in EE (P<<0.01) (Table 1). This may
be due to causing CRV to be entrapped into the niosome
bilayers via saturation of the medium with the drug.'> How-
ever, a decrease in %EE was observed by the higher level
for the drug proportion (2 mg/mL, P<<0.01), which is in
accordance with published data.’** This may be due to the
saturation of the drug within the bilayers of niosomes: the
excess drug would scatter between the niosomal pellets and
precipitate.*>* This suggests that a constant proportion of
Chol and surfactant, creating a certain number of niosomal
vesicles, yields limited drug entrapment.

Surfactants, the predominant components of niosomes,
play a key role in niosome properties. Therefore, to inves-
tigate the effects of surfactant structure on EE, a number
of niosomal formulations were prepared, consisting of
Span 20, Span 60, or Span 80 with fixed Chol (20%), CRV
(1 mg/mL), and L/D molar ratio (=20). As shown in Table 1,

of the different types of surfactant used, the highest EE was
achieved with Span 60 niosomes. We propose the follow-
ing explanations: A) Because all Span surfactants have the
same head group, Span 60, with a longer alkyl chain (C18),
can produce more stable membrane bilayers, yielding higher
EE than Span 20 (C12).#%4! Similar results were found for
liposomes with longer alkyl chain phospholipids in our previ-
ous study.* Moreover, as shown in Table 1, incorporation of
Span 80 nonionic surfactant into niosomes distinctly defects
the niosome bilayers, which may be due to the formation of
permeable and leaky vesicles promoted by the unsaturated
alkyl chain.* This surfactant may require a considerably
higher proportion of Chol for stable vesicle formation.*
B) Among the surfactants examined, Span 60 has the high-
est transition temperature (Tc =53°C),* which may account
for it yielding the highest EE. C) The hydrophilic—lipophilic
balance (HLB) value of a surfactant is a significant factor in
drug incorporation. The longer the saturated alkyl chain of
a surfactant, the lower its HLB and the higher the EE that
can be achieved. It seems reasonable that Span 60 (HLB
value =4.7) gave higher drug entrapment than Span 20 (HLB
value =8.6).* Higher EE with Span 60 in niosomes has also
been reported for minoxidil* and colchicine.!

As summarized in Table 1, the L/D molar ratio has an
impact on drug loading. Altering the L/D molar ratio from
10 to 40 while keeping other factors invariant augmented
the %EE of CRV from 52.8% to 90.7%. It is obvious that
increasing the concentration of bilayer-forming materials,
which in turn increases the number of vesicles in a given
volume, can increase the amount of drug entrapped in the
vesicles.*# Although enhancement of the L/D molar ratio
leads to higher EE, the ratio should be chosen with care
because high lipid concentrations are not appropriate for
niosome preparation on an industrial scale.

With regard to FTIR spectra (Figure S1), we found that
drug loading did not shift or broaden the major peaks of the
niosomes. This confirms the absence of major interactions
between drug and formulation components.

Overall, as shown in Table 1, CRV-loaded niosomes
composed of 80% Span 60 (surfactant), 20% Chol, and
1 mg/mL CRV with L/D molar ratio of 30 (formulation
F1, Table 2) gave a suitably high EE. This formulation was
therefore selected as the optimal plain niosome and was used
for further studies.

Preparation of bile salt-enriched CRV-loaded
niosomes (bilosomes)

Bilosome vesicles (Table 2, formulations F2 to F5) were
fabricated by adding different types of cholate (20% and
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Table 2 The composition, %EE, zeta potential and particle size of bile salt-enriched niosomal formulations

Formulation Niosome composition (molar ratio) Symbol %EE Zeta potential Z-average PDI
Span 60 Chol Bile salts (mV) (nm)
SC STC
Fl (plain niosome) 80 20 - - PN 84.8+2.7 —27.7+34 417.4%19.1 0.31+0.02
F2 64 16 20 - SC20% 89.413.9 —54.7+6.9 347.9+10.7 0.35+0.05
F3 56 14 30 - SC30% 86.242.9 —58.5+4.8 441.0+18.1 0.37£0.04
F4 64 16 - 20 STC20% 96.7+1.2 -59.9£3.6 476.9114.4 0.31+0.03
F5 56 14 - 30 STC30% 96.0+2.2 —69.9+2.8 384.4+12.5 0.34+0.03

Note: Data represent the mean + SEM.

Abbreviations: Chol, cholesterol; EE, entrapment efficiency; PDI, polydispersity index; SC, sodium cholate; SEM, standard error of the mean; STC, sodium taurocholate.

30% of either SC or STC) bile salts to the optimal plain
niosomes while keeping the molar ratio of Span 60 and
Chol constant at 4:1, similar to plain niosomes. The choice
of bile salt percentage was based on previous reports of
bile salt-enriched liposomes.?**¢ As shown in Table 2, all
bilosomes yielded higher EE than plain niosomes (more
than 85%). Moreover, almost complete drug entrapment
was achieved in formulations containing STC (F4 and F5),
which may be due to a more favorable hydrophobic region
for lipophilic CRV molecules within vesicle bilayers. Higher
drug encapsulation with bile salt-containing vesicles than
with conventional carriers has also previously been reported
for fenofibrate, a poorly water-soluble drug in liposomal
formulations.?!
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tion of bile salts to the vesicles, we attempted to keep the
mean particle size of the prepared bilosome batches within
the approximate range of 350—470 nm, with a narrow size
distribution. To achieve this, we verified that less sonication
time was required during hydration of bilosomes. This may
be due to the effects of bile salts in the vesicle bilayer, which
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Figure | Morphology of plain (FI) (A), bile salt-enriched (F5) (B), cationic (F7) (C), and anionic (FI0) (D) carvedilol-loaded niosomes by AFM.

Abbreviation: AFM, atomic force microscopy.
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can diminish vesicle surface tension and enhance flexibility.”!
Furthermore, zeta potential analysis revealed greater negative
surface charge density, due to the incorporation of negatively
charged bile salts into the niosomal membranes. As shown
in Table 2, STC had a greater effect on membrane surface
charge than SC, which is consistent with the observations
of Yang et al.¥ Despite the absence of bile salts in plain
niosomes, a zeta potential of —27.743.4 mV was obtained,
which may be due to hydroxyl ions adsorbed on the mem-
brane surface, as reported previously.'*

Preparation of CRV-loaded niosomes containing
charge-inducing agents

By keeping niosome component ratios the same as in the
optimal plain niosomes, charged niosomes were prepared
by incorporating different proportions of CTAB and DCP
as positively and negatively charged agents, respectively.
The compositions of the prepared niosomal formulations are
shown in Table 3. Among the ratios of charged molecules
examined, the addition of 5% CTAB to niosomes was found
to adversely affect the formation of vesicles (Table 3). As
shown in Table 3, niosomes produced using 10% charged
molecules (CTAB 10% [formulation F7] and DCP 10%
[formulation F10]) exhibited high EE (>80%) and similar
particle size to those of plain niosomes (approximately
400 nm). Based on these results, F7 and F10 formulations
were selected for further experiments. Niosomes containing
15% CTAB and 5% DCP were not selected, due to low par-
ticle size and low %EE, respectively. The zeta potentials of
these optimized negative and positive CRV niosomes were
approximately —83 and +56 mV, respectively.

AFM was performed to analyze vesicle morphology. The
observations revealed that the selected niosomes were of
uniform size and almost spherical shape (Figure 1C and D).
However, positively charged niosomes revealed low particle

aggregation in a few microscope fields, consistent with a pre-
vious report regarding cationic pyrazinamide niosomes.*®

In vitro drug release studies

In vitro release studies were carried out to define the influ-
ence of bile salt enrichment and charge-inducing agents on
the rate of drug release from niosomal carriers. The sink
condition was maintained by the addition of Tween 80.
Two different release media were examined (SIF contain-
ing 0.1% w/v Tween 80 [blank release medium] and SIF
containing 0.1% w/v Tween 80 and 10 mM STC [bile salt
release medium]).

Figure 2A illustrates the cumulative release of drug from
CRYV suspension, CRV-loaded plain niosomes (F1), several
bilosome formulations, and optimized negatively and posi-
tively charged niosomes in blank release medium. Cumula-
tive drug release from F1 (plain niosomes), F2 (SC20%),
F3 (SC30%), F4 (STC20%), and F5 (STC30%) in this
medium was approximately 75%, 71%, 65%, 91%, and
64%, respectively, within 10 hours. However, CRV sus-
pension gave slower drug release than bilosomes and plain
niosomes (P<<(0.05). Because the particle size of niosomal
formulations was much smaller than that of suspensions
(mean particle size =9.9 um), the total surface area exposed
to release medium is larger for niosomal vesicles than for
suspensions. As illustrated in Figure 2, all release profiles
were biphasic, showing a primary fast release phase lasting
for approximately 23 hours, followed by slower release in a
more controlled manner. The primary and secondary release
phases may be due to diffusion distances for drug molecules
in the outer and inner vesicle membranes, respectively. Plain
niosomes demonstrated the highest burst release, almost
40% of loaded drug during the first 60 minutes (P<<0.05).
Considering that the initial release of drug from vesicular
structures can be ascribed to desorption of the drug from

Table 3 The composition, %EE, zeta potential and particle size of niosomal formulations after addition of different charge inducing agents

Formulation Niosome composition (molar ratio) Symbol %EE Zeta potential Z-average PDI
Span60  Chol  Charge-inducing (mV) (nm)

agents

CTAB DCP
Fé 76 19 5 - VNF - - -
F7 72 18 10 - CTABI10% 80.1£2.9 +56.0£5.0 496.6120.6 0.42+0.01
F8 68 17 15 - 92.7+3.8 +72.1£3.3 165.5+1.7 0.18+0.02
F9 76 19 - 5 54.1£2.8 -52.4+2.8 457.9+0.6 0.43+0.05
FI0 72 18 - 10 DCP10% 90.1+1.4 —83.5+3.9 379.6x11.4 0.34+0.04

Note: Data is presented as n=3, mean + SEM. *Vesicles were not formed.

Abbreviations: Chol, cholesterol; CTAB, hexadecyl-trimethyl ammonium bromide; DCP, dicetyl phosphate; EE, entrapment efficiency; PDI, polydispersity index;

SEM, standard error of the mean.
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Figure 2 In vitro release profile of carvedilol from the various formulations in SIF containing Tween 80 (A) or in bile salt release medium (B) at 37°C. Data represent the

mean * SEM (n=3).

Notes: SC20%, 20% SC-enriched niosomes; SC30%, 30% SC-enriched niosomes; STC20%, 20% STC enriched niosomes; STC30%, 30% STC enriched niosomes; CTAB10%,
cationic niosomes containing 10% CTAB; DCP10%, anionic niosomes containing 10% DCP.
Abbreviations: CTAB, hexadecyl-trimethyl ammonium bromide; DCP, dicetyl phosphate; PN, Plain niosomes; Susp, suspension; F, formulation; SC, sodium cholate; SEM,

standard error of the mean; SIF, simulated intestinal fluid; STC, sodium taurocholate.

the surface and outer membrane of the nanoparticles,* it is
likely that most CRV molecules were incorporated near the
surface of plain vesicles.

Moreover, CRV release from niosomes was influenced
by the surface charge of the carrier. The inclusion of posi-
tive and negative charge seemed to slow down drug release
in comparison with plain niosomes. This may be because
charged molecules stabilize vesicle bilayers, resulting in
complete inclusion of drug inside bilayers, reducing the
release rate. This is in accordance with the observations
of Hasan et al."* In addition, Figure 2A clearly shows that
CTAB formulations released the drug more rapidly than DCP
formulations, which may indicate that negatively charged
niosomes are more stable.

As shown in Figure 2B, the release behavior of different
formulations in bile salt medium resembled that in blank
medium (Figure 2A). CRV was released into SIF containing
STC in a sustained manner for over 10 hours. Unexpectedly
however, the percentage of CRV released from niosomal
formulations in bile salt medium was significantly lower
than in blank release medium, suggesting that the bile salt
(STC) retarded the release of CRV. The exact mechanism
of this observation is not clear.

Stability in the presence of bile salts
The stability of the prepared nanocarriers in conditions simu-
lating GI media was investigated in vitro. Solutions of bile

acids simulating human intestinal content were prepared by
the addition of STC to SIF, giving a final bile salt concen-
tration of 10 mM. To maintain sink conditions, 0.1% w/v
Tween 80 was also added.

The influence of bile salts on the stability of CRV-loaded
niosomes after incubation is depicted in Figure 3. As shown
in Figure 3 A, significant decreases (P<<0.05) in particle size,
approximately 30%, were observed in plain niosomes and F7
(CTAB10%). This suggests that the diffusion of Tween 80 and
STC across the dialysis membrane, and their inclusion into
niosomal vesicles may affect the vesicles’ physicochemical
characteristics. However, there were no substantial differences
in particle size between bilosomes and F10 (DCP10%)), bear-
ing in mind that inclusion of bile salts and DCP into niosomal
vesicles enhances resistance to these simulated GI conditions.
In addition, after incubation for 10 hours, negligible change
of PDI in bilosomes was observed. This indicates that bile
salt enrichment confers stability on the vesicles; PDI changes
were statistically significant for F7, F10, and plain niosomes
(Figure 3B). Changes were less than 30%; PDI was still in the
acceptable range for oral delivery. From the zeta potentials
shown in Figure 3C, an increase in negative surface charge
occurred, especially for positively charged (F7) and plain
niosomes. Considering the components of the solutions, lower
zeta potential may be due to the negative charge of STC and
the OH groups of Tween 80 diffusing across the dialysis
membrane to the vesicles. These data suggest that inclusion
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Figure 3 Mean diameter (A), polydispersity index (B) and zeta potential (C) of different niosomal dispersions before and after 10 hours incubation at 37°C in SIF with bile salts.
Notes: Data represent the mean £ SEM (n=3). SC20%, 20% SC-enriched niosomes; SC30%, 30% SC-enriched niosomes; STC20%, 20% STC enriched niosomes; STC30%,
30% STC enriched niosomes; CTABI0%, cationic niosomes containing 10% CTAB; DCP10%, anionic niosomes containing 10% DCP. *P-value <0.05 vs time 0.
Abbreviations: CTAB, hexadecyl-trimethyl ammonium bromide; DCP, dicetyl phosphate; PDI, polydispersity index; PN, Plain niosomes; F, formulation; SC, sodium cholate;
SEM, standard error of the mean; SIF, simulated intestinal fluid; STC, sodium taurocholate.

of bile salts and DCP into niosomal vesicles may protect them
against harsh GI conditions. Although significant changes
were observed in plain niosomes and F7, vesicular structures
were maintained in the presence of STC and Tween 80;
the results were also within the accepted ranges for oral
drug delivery.

In vivo studies

The results obtained after oral administration of CRV sus-
pension and the different niosome-based formulations are
presented in three sections. First, the effects of encapsulating
CRYV into niosomal carriers on bioavailability are described.
Second, the influences of bile salt incorporation into niosome
compositions are investigated, followed by the effect of car-
rier surface charge on oral bioavailability.

The effect of niosome carriers on oral bioavailability

of CRV

In general, colloidal particulate systems are believed to
enhance the oral bioavailability of Biopharmaceutics Clas-
sification System class II drugs, the biopharmaceutical
characteristics of which are poor aqueous solubility and high
permeability.’ Because dissolution is the rate-limiting step in
the absorption of a Biopharmaceutics Classification System
class II drug, even a small increase in dissolution rate due
to increased surface area can lead to a significant increase
in oral absorption.?

The pharmacokinetic parameters of CRV after oral
administration of optimal plain niosomes (F1, equivalent to
8 mg/kg of drug) were compared to a suspension contain-
ing the same dose as control. Although blood samples were
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collected until 10 hours for both groups, CRV plasma concen-
trations were below the quantification limit after 8 hours.

The concentration vs time curves obtained for plasma
samples, as well as the relevant pharmacokinetic para-
meters for plain niosomes and CRV suspension, are given in
Figure 4A and Table 4. As summarized in Table 4, the con-
ventional niosome yielded much better absorption, reaching
a peak plasma concentration (C__ ) nearly 1.7 times greater
than that of the CRV suspension (351.4 vs 208.1 ng/mL),
while T and MRT remained nearly unchanged. More-
over, the plain niosomal formulation gave approximately
30% higher AUC, _ (680.7+37.9 ng-h/mL) than the orally
administered CRV suspension (518.0122.8 ng-h/mL). Thus,
compared with suspension, there appeared to be significantly
enhanced oral bioavailability of CRV from the niosomal
formulation. These observations were consistent with previ-
ous findings that niosomes enhance the oral bioavailability
of ganciclovir* and paclitaxel.”

600

- Suspension
500 ~F1(PN)
400

Plasma concentration
(ng/mL)

0 2 4 6 8 10
Time (hours)

Improved CRV absorption and higher plasma drug
concentrations after niosomal formulation may be due to
the main carrier components (surfactants) acting as penetra-
tion enhancers. Others contributors may include increased
penetration of mucosa resulting from the lipophilic nature of
niosomes, lower vesicular size (approximately 400 nm) and
higher dissolution rate/solubility compared to suspensions.*’
In addition, the negative surface charge of the conventional
CRV niosomes in this study (—27.723.4 mV) may promote
vesicle uptake and transcytosis via M-cells of Peyer’s patches
in the small intestine."”

The effects of bile salt incorporation into niosomes

In the last decade, bile salts have been widely utilized in
transdermal drug delivery systems as penetration enhancers,
due to their membrane-destabilizing activity.? Elastic or
deformable vesicles generated by the incorporation of an edge
activator into transdermal liposomes (Transfersomes®) were
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Figure 4 The mean plasma concentration of carvedilol after a single oral dose (8 mg/kg) of plain (A), bile salt-enriched (B) or charged niosomes (C) compared to carvedilol

suspension in rats (n=6, mean + SEM).

Notes: SC20%, 20% SC-enriched niosomes; SC30%, 30% SC-enriched niosomes; STC20%, 20% STC enriched niosomes; STC30%, 30% STC enriched niosomes; CTAB10%,
cationic niosomes containing 10% CTAB; DCP10%, anionic niosomes containing 10% DCP.
Abbreviations: CTAB, hexadecyl-trimethyl ammonium bromide; DCP, dicetyl phosphate; PN, plain niosomes; Susp, suspension; F, formulation; SC, sodium cholate; SEM,

standard error of the mean; STC, sodium taurocholate.
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Table 4 Pharmacokinetic parameters of carvedilol after oral administration of various formulations to male Wistar rats
Formulation T, .. (h) C... (ng/mL) AUC (ngh/mL) F.* (%) MRT (h)
Suspension (Susp) 0.5+0.1 208.146.5 518.0+22.8 - 2.140.0
FI (PN) 0.4+0.0 351.4+42.0 680.7°+£37.9 131.4 2.0+0.1
F2 (SC20%) 0.7+0.2 216.5+19.1 951.0+83.3 183.6 2.9+0.2
F3 (SC30%) 0.7+0.1 240.5+24.6 827.2°+101.1 159.7 3.31£0.3
F4 (STC20%) 0.4+0.0 238.8+29.5 507.5+38.9 98.0 1.8£0.2
F5 (STC30%) 0.5+0.0 360.2+31.3 851.4426.1 164.4 2.3+0.2
Susp + empty STC30% niosome 0.6+0.2 327.9+12.2 735.0°+65.3 141.9 1.6£0.1
F7 (CTAB10%) 0.3+0.1 486.5+38.5 890.3479.2 171.8 1.9+0.1
F10 (DCPI10%) 0.9+0.1 347.5+40.2 998.9+130.4 192.8 2.610.1
Susp + empty DCP niosome 0.5+0.0 301.9+40.1 789.2°+84.8 152.3 2.2+0.0

Notes: Data are presented as n=6, mean + SEM. °F,, The relative bioavailability (%) of carvedilol calculated based on the AUC_ _ value of CRV suspension as the reference.

®P-value <0.05 vs suspension. “P-value <0.05 vs suspension and FI (PN).

Abbreviations: AUC, area under the drug concentration—time curve; CTAB, hexadecyl-trimethyl ammonium bromide; DCP, dicetyl phosphate; MRT, mean residence time;
PN, plain niosomes; SC, sodium cholate; SEM, standard error of the mean; STC, sodium taurocholate.

first introduced in the early 1990s. It has been widely reported
that transfersomes provide greater flexibility and higher
penetration of deeper skin layers, allowing them to deliver
drugs across the skin better than conventional liposomes.*
Later, in an effort to make vesicles resistant to physiological
bile salts in the GI tract, the addition of bile salts to liposome
bilayers (bilosomes) was proposed for oral drug delivery.?-*
Considering that bile salts can modify membrane fluidity and
permeability and can enhance the oral bioavailability of drugs,
this study focused on the incorporation of different amounts
of SC and STC into niosomal formulations. To the best of our
knowledge, this has not been reported before. In vivo absorp-
tion of bile salt-enriched niosomes was compared with CRV
suspensions, conventional CRV niosomes, and a mixture of
CRYV suspension with empty bile salt-containing niosomes.
The purpose of this latter control group was to distinguish
the effects of drug encapsulation from those of vesicle com-
ponents (surfactants) on oral bioavailability.

The mean plasma CRV concentration—time curves for
bilosomes, and their pharmacokinetic parameters, are shown
in Figure 4B and Table 4, respectively. Plasma levels of CRV
point to longer detection times (up to 10 hours) for bilosomes
compared to suspensions and plain niosomes. A marked
increase in plasma CRV was observed 6 and 8 hours after oral
administration of bilosomes compared with suspension. As
with plain niosomes, comparison of STC bilosomes (F4 and
F5) with suspension revealed statistically non-significant
differences in MRT and T, values. In contrast to F4 and
F5 formulations, SC bilosomes (F2 and F3) gave higher
MRT, resulting in higher CRV concentrations 6, 8, and
10 hours after oral administration. Moreover, mean C___for
F5 (360.2431.3 ng/mL) was higher than for other bilosome
formulations (P<<0.05). AUC for all evaluated formulations
indicated that, except for F4 (20% STC), the incorporation of

bile salts into niosomes yielded higher CRV AUC__ than did
plain niosomes or especially CRV suspensions (P<<0.05). The
relative bioavailability of CRV from bile salt-enriched formu-
lations compared to suspension was estimated to be 184%,
160%, and 164% for F2, F3, and F5, respectively (Table 4).
In addition, the AUC,__ of F2, F3, and F5 was 40%, 22%,
and 25% higher than that of plain niosomes, respectively.
This indicates significantly enhanced absorption after addi-
tion of 20% SC, 30% SC, and 30% STC. Because F4 gave
no enhancement in AUC,__, niosome formulations do not
appear to benefit from incorporation of 20% STC. It can be
assumed that 20% SC or 30% STC in lipid bilayers facilitate
the vesicle—micelle phase transition in the GI tract and solu-
bilize the poorly-soluble drug in intestinal fluid.>'*? Improved
drug absorption may also have resulted from enhanced
paracellular or transcellular absorption, most likely due to
flexible bilayers for vesicle penetration and to permeation
enhancement by bile salts.>® Furthermore, such vesicles may
benefit from facilitated uptake by M-cells in Peyer’s patch.
There have been reports of higher absorption of liposome-
containing bile salts associated with some transmembrane
carriers,”! which may also facilitate absorption of niosomes
containing bile salts. These mechanisms may yield enhanced
oral bioavailability of CRV. Furthermore, when comparing
the AUC, _ of CRV suspension mixed with drug-free F5
to F5 alone (735.0£65.3 ng-h/mL vs 851.4426.1 ng-h/mL,
respectively), the drug should be incorporated into vesicles
to achieve higher oral bioavailability.

Effects of carrier surface charge on oral bioavailability

of niosomal CRV

It is widely believed that carrier surface charge has a marked
influence on vesicular transport across biological barriers,
in vivo fate and biodisposition.'”'® Janga et al** studied

submit your manuscript

4808

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Niosomal carriers enhance oral bioavailability of carvedilol

pro-liposomal zaleplon formulations composed of hydroge-
nated soy phosphatidylcholine and Chol with neutral, positive
(stearylamine) or negative (DCP) charge. The positive formu-
lation yielded the highest oral absorption. In contrast, Jung
et al® suggest that anionic nanoparticles with hydrophobic
surfaces promote M-cell uptake. In studies of oral delivery
by niosomal formulations, cationic'* or anionic® niosomes
were administered to animals. Thus, available evidence on
the effect of surface charge on the oral delivery of vesicles
is very limited and inconclusive.

In this context, we investigated the influence of surface
charge by tailoring niosomes with positive and negative
charge-inducing agents. Optimized cationic and anionic
niosomes were selected for in vivo studies. To highlight
the role of charged molecules, the oral absorption of CRV
from each group was compared with those of suspension,
plain niosomes and a mixture of suspension and drug-free
charged formulation. These various control groups were
chosen to rule out other variables that might have influenced
the outcome.

Figure 4C shows mean plasma concentration vs time
profiles. Relevant pharmacokinetic parameters are given in
Table 4. As illustrated in Figure 4C, the F7 (cationic) and
F10 (anionic) formulations gave higher plasma concentra-
tions than the CRV suspension (P<<0.05). The peak plasma
concentration (C_ ) of CRV was 486.5£38.5 ng/mL and
347.5+40.2 ng/mL for the F7 and F10 formulations, respec-
tively, approximately 2.3- and 1.7-fold higher than for the
CRYV suspension. Furthermore, both charged niosomes gave
remarkable increases in absorption (AUC) and relative bio-
availability (F,) compared to controls (P<<0.05). However,
the oral bioavailability of cationic and anionic niosomes did
not differ significantly. Overall, charged niosomes appeared
to be superior to the conventional formulation regardless
of surface charge. Many mechanisms may be involved in
the beneficial effects of charged vesicles. The negatively
charged proteins in enterocyte membranes possess a nega-
tively charged outer surface.’® Hence, it is assumed that
strong electrostatic interactions between negatively charged
GI membranes and positively charged carriers selectively
increases uptake of cationic carriers. Additionally, it was
previously reported that the addition of a positive charge
to nanocarriers promotes their uptake by endocytosis, espe-
cially clathrin-mediated endocytosis. Moreover, cationic
nanocarriers exhibit a tendency to escape endo-lysosomal
degradation.!” Absorption of the F7 formulation may benefit
from all these mechanisms.

On the other hand, the altered pharmacokinetic parameters
(higher MRT and T, ) and increased oral bioavailability of

CRYV from the anionic (F10) formulation may result from sev-
eral factors. Earlier reports of negatively charged nanoparticles
indicated greater endocytosis and more uptake via M-cells of
Peyer’s patches in intestinal lymphatic tissue.!” Presumably,
negative surface charge can be easily recognized by receptors
on a variety of cells, including macrophages.”” The increased
T . of DCP-containing niosomes may also be due to increased
absorption via the lymphatic pathway. Overall a 72%-93%
increase in relative bioavailability suggests that charged nio-
somes may improve the oral bioavailability of CRV.

Lymphatic transport of CRV-loaded niosomes

Enhanced lymphatic transport has been suggested to be a
potential mechanism for the improved oral bioavailability of
niosomal vesicles.**> To our knowledge, however, no reports
have attempted to quantify the role of lymphatic transport
in this improvement.

Two formulations with higher oral bioavailability, F2
(SC20%) and F10 (DCP10%), were chosen to clarify the
role of lymphatic transport. The rats were pretreated with
cycloheximide one hour prior to oral gavage. Cyclohex-
imide is known to inhibit lymphatic transport through both
blockade of chylomicron secretion and inhibition of M-cell
phagocytic activity.*

The CRYV plasma concentration—time profiles and AUC
values obtained after oral administration of niosomes to
rats pretreated with cycloheximide are shown in Figure 5A
and B, respectively.

Following administration of SC-enriched vesicles (F2),
the C_ of cycloheximide treated rats (139.3+26.0 ng/mL)
was significantly lower than that of untreated animals
(216.5£19.1 ng/mL). In addition, a 1.8-fold decrease was
observed in the AUC, _ of SC20% niosomes in the chy-
lomicron flow blocked group compared to controls. When
intestinal lymphatic transport was selectively blocked, oral
administration of DCP-containing niosomes (F10) signifi-
cantly reduced the plasma concentration of CRV; AUC__ and
C, .. were 1.9-and 5.0-fold diminished, respectively. These
results suggest that lymphatic transport is the dominant route
of absorption for these formulations.

Due to the beneficial impact of intestinal lymphatic transport
on the oral bioavailability of hydrophobic drugs with extensive
pre-systemic metabolism, DCP- and SC-enriched niosomes
may diminish hepatic first-pass extraction and improve the oral
absorption of lipophilic agents such as CRV.

Histological evaluation of small intestinal segments
Tissue histological studies were performed to assess pathologi-
cal changes caused by niosomes in the epithelium of the small
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Figure 5 The mean plasma concentrations of carvedilol (A) and AUC (B) after oral administration of niosomes to Wistar rats pretreated with cycloheximide (n=6, mean +

SEM) (*P<<0.05 vs control).

Notes: SC20%: 20% SC-enriched niosomes; DCP10%: anionic niosomes containing 10% DCP.
Abbreviations: AUC, area under the drug concentration—time curve; F, formulation; DCP, dicetyl phosphate; SC, sodium cholate; SEM, standard error of the mean.

intestine (Figure 6). After administration of20% SC and DCP
vesicles, the duodenum, jejunum, and ileum were comparable
to the control group in the microscopic appearance of the
intestinal epithelium. Inflammatory cells were not observed
in these tissue samples. No signs of necrosis were detected.
No evidence of damage to villi was found. Although these
short-term studies did not show any apparent morphological
changes following niosome administration, further studies of

A

chronic administration should be performed to permit conclu-
sions regarding the safety of multiple doses of niosomes.

Conclusion

This study contributes to our understanding of the effect
of various niosomal carriers on the oral bioavailability of
CRYV. Plain niosomes, bile salt-enriched niosomes, and
charged niosomes enhanced the oral absorption of CRV.

Figure 6 Hematoxylin and eosin staining of small intestinal segments from Wistar rats after oral administration of phosphate buffered saline (A), 20% SC-enriched vesicles

(B) and DCP-containing niosomes (C).
Note: Magnification x100.
Abbreviations: DCP, dicetyl phosphate; SC, sodium cholate.
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The effects of various formulation parameters (surfactant
type, L/D molar ratio, Chol percentage, and drug concen-
tration) on CRV entrapment were evaluated. Particle size,
zeta potential, vesicular stability, in vitro release profile,
and morphology of these formulations were thoroughly
characterized. The optimized niosomes showed adequate
%EE and acceptable stability in simulated GI conditions.
In vitro release studies revealed sustained delivery of CRV
from niosomes over 10 hours. Pharmacokinetic studies
showed that incorporation of drug into niosome carriers
helped increase plasma levels of CRV compared to a suspen-
sion. Moreover, the incorporation of bile salts into vesicles
gave enhanced intestinal absorption of CRV. Furthermore,
the advantages of combining niosomes and surface charge
for improved oral drug delivery were explored. The results
of chylomicron flow blocking experiments suggest a major
contribution of the lymphatic route to the enhanced oral
absorption of CRV conferred by niosomes. Thus, niosomes
and suitable bile salts in appropriate amounts, as well as
optimal carrier surface charge, may lead to the development
of a practical oral formulation of CRV.
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Figure SI FTIR spectra of empty niosomes (A), carvedilol-loaded niosomes (B).
Abbreviations: FTIR, Fourier transform infrared; WN, Wavenumber.
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