Pharm Res (2014) 31:2857-2867
DOI 10.1007/s11095-014-1382-7

RESEARCH PAPER

Azithromycin Cationic Non-Lecithoid Nano/Microparticles
Improve Bioavailability and Targeting Efficiency

Meng Zhong « Yue Feng« Hong Liao « Xueyuan Hu « Shengli Wan « Biyue Zhu+ Mi Zhang « Huarong Xiong « Yunli Zhou «

Jingging Zhang

Received: 23 December 2013 / Accepted: 7 April 2014 / Published online: 11 September 2014

© Springer Science+Business Media New York 2014

ABSTRACT

Purpose The purpose of this study was to develop and evaluate
the azithromycin cationic non-lecithoid nano/microparticles with
high bicavailability and lung targeting efficiency.

Methods The cationic niosomes with different sizes (AMCNS-S
and AMCNS-L) along with varied built-in characteristics were pro-
duced to achieve high bicavailability and lung targeting efficiency of
azithromycin (AM) via two administration routes widely used in clinical
practice, i.e., oral and intravenous routes, instead of transdermal route
(by which the only marketed niosome-based drug delivery derma-
tologic products were given). The possible explanations for improved
bicavailability and lung targeting efficacy were put forward here.
Results AMCNS-S (or AMCNS-L) had high bicavailability, for ex-
ample, the oral (or intravenous) relative bioavailability of AMCNS-S
(or AMCNS-L) to free AM increased to 273.19% (or 163.50%).
After intravenous administration, AMCNS-S (or AMCNS-L) had
obvious lung targeting efficiency, for example, the lung AM concen-
tration of AMCNS-S (or AMCNS-L) increased 16 (or 28) times that
offree AM at 12 h; the AM concentration of AMCNS-S (or AMCNS-
L) in lung was higher than that in heart and kidney all the time.
Conclusions The development of niosome-based AM
nanocarriers provides valuable tactics in antibacterial therapy and
in non-lecithoid niosomal application.
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INTRODUCTION

Liposomal drug delivery systems, also called lecithoid
nano/microparticles, have been going through from concept
to clinical applications (1). Niosomes, being non-lecithoid
nano/microparticles, were later occurred and somehow de-
signed to overcome certain immanent shortcomings in lipo-
somes which were mainly assigned to the phospholipid oxida-
tion (2). Niosomes were biodegradable and biocompatible
vesicular systems formed by non-ionic surfactants (3).
Niosomes, having similar characteristics to liposomes, could
carry both hydrophilic and lipophilic drugs. A number of
niosome-based cosmetics produced by Lancéme for topical
and transdermal deliveries of anti-ageing constituents are on
the market (4). On the other hand, the evolution of niosomal
drug delivery technology is still at the stage of infancy. As far as
we know, there are only a very few niosome-based drug
delivery dermatologic products used in clinic (5). However,
niosomes do have shown promise in drug delivery, such as
gene delivery (6), vaccine delivery (7), chemical drug delivery
(8), and natural drug delivery (9). In case of antibiotics,
niosome was investigated for topical delivery of gallidermin
to highly accumulate in the skin (10), ophthalmic delivery of
anti-conjunctivitis drug (such as chloramphenicol) to sustain
release drug (11), parenteral delivery of antifungal drug (such
as nystatin) to reduce its toxicity (12), oral delivery of anti-
tuberculosis drug (such as rifampicin) to carry this drug to-
gether with other two synergic drugs (13).

Azithromycin (AM), a newly developed azalide antibiotic,
has been widely used in the treatment of respiratory and
gastrointestinal infections, such as pneumonia and
gastroparesis (14—16). Recent i vivo studies indicated that
the efficacy of AM was influenced by its concentration in the
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target tissue of infection where pathogens were allowed to be
exposed to (17). Unfortunately, the pharmacokinetic of free
AM was characterized by very low serum concentrations and
wide-spread tissue distribution in whole body (18). So the most
common treatment was to administer orally with a high dose
(500 mg per day) of AM in conventional tablets for 5 days or
even longer (19). AM use was often associated with various
adverse effects, such as diarrhoea, abdominal pain, and a
recently discovered increased risk of death from cardiovascu-
lar causes (20,21). Developing novel suitable AM delivery
systems with improved bioavailability and/or targeting effi-
ciency had great clinical significance in reducing AM dosage,
shortening the course of treatment, reducing adverse drug
events, while increasing the clinical efficacy. However, the
AM delivery systems developed in the past decade could not
satisfy the clinical application requirements for desirable AM
delivery systems, in fact, they were designed for other pur-
poses: inhalation of liposomes for increasing permeable ability
(22), inhalation of liquid aerosols for targeting to infected
alveolar macrophages (23), oral delivery of cinnamon oil-
based microemulsion to improve biocompatibility, ophthal-
mic delivery of u situ gel to prolong the duration of action (24),
and rectal delivery of polyethylene glycol (PEG) suppository to
facilitate pediatric use (25). Up to now, there has been still an
urgent need to develop more suitable vesicles for effective and
targeted delivery of AM via two administration routes widely
used in clinical practice, i.e., oral or intravenous route. In
addition, although there are currently no reports available
for niosome-based AM delivery systems, they may be theoret-
ically regarded as promising delivery systems for effective and
targeted delivery of AM via oral or intravenous administra-
tion. Certainly encouraging experimental results are essential
to support this practice hypothesis.

In this study, we fabricated cationic niosomes-based AM
delivery systems (AMCNS) by applying similar formula but
different preparation techniques. Here cationic niosomes
(AMCNS-S and AMCNS-L stood for small-sized AMCNS
and large-sized AMCNS, respectively) along with varied char-
acteristics were designed to achieve high bioavailability and
targeting efficiency of AM via oral and intravenous routes,
instead of transdermal route (the only route of the marketed
niosome-based drug delivery dermatologic products).
AMUOCNS produced according to optimized formula was char-
acterized by transmission electron micrograph (TEM), confo-
cal laser scanning micrograph, and Fourier transformed in-
frared (FT-IR). The release behaviors of AMCNS in different
release media (to mimic the gastrointestinal and circulating
systemic environments, respectively) were evaluated by math-
ematical modeling and compared by the similarity factor (f5)
method recommended by United States Food and Drug
Administration (U.S. FDA). The i vivo pharmacokinetic be-
havior, bioavailability, bioequivalence, distribution and
targeting efficiency of AMCNS were investigated following
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oral and/or intravenous administration. The w-vitro in-vivo
correlation of AMCNS defined by U.S. FDA was evaluated
by mathematical modeling. The i siu absorption of AMCNS
from gastrointestinal tract was further investigated by perfu-
sion method to illustrate the possible reason of the increased
oral bioavailability.

MATERIALS AND METHODS
Materials

Azithromycin (AM) was obtained from Shanghai Modern
Pharmaceutical Co., Ltd. (Shanghai, China), purity >99%.
Polysorbate 80 was purchased from Shenyu Pharmaceutical
and Chemical Reagent Company Ltd. (Shanghai, China).
Cholesterol was obtained from Tianma Fine Chemical Plant
(Guangzhou, China). Octadecylamine was purchased from
Shanghai Nanxiang Reagent Co., Ltd. (Shanghai, China).
Methanol and acetonitrile of all HPLC grade were purchased
from American TEDIA (TEDIA, USA). HPLC-grade water
was purified by a Milli-Q) system equipped with cellulose
nitrate membrane filters (47 mm, 0.2 mm, Whatman,
Maidstone, UK). All other reagents and solvents used in the
study were of analytical grade. Animals, male Sprague
Dawley rats (230£20 g) and Kunming strain mice (20£2 g),
supplied by Laboratory Animal Center of Medical University
(Chongqing, China) were acclimatized at a temperature of 25
+3°C and a relative humidity of 70+ 5% under natural light/
dark conditions for 1 week before dosing.

Preparation of AMCNS-S and AMCNS-L

The AMCNS-S was prepared by a thin-layer evaporation
method (26), while the AMCNS-L was fabricated using the
film-evaporation technology combined with freeze-thawing
method (27,28). Briefly, 10 mL of chloroform solution con-
taining 13 pmol of AM, 420 pmol of polysorbate 80,
1,300 umol of cholesterol, 30 umol of octadecylamine was
prepared, followed by being removed under reduced pressure
using a rotary evaporator (Yarong Biochemical Instrument
Factory, Shanghai, China) at 40°C. (1) To make AMCNS-S,
the resulting thin film was hydrated by adding 10 mL of
pH 7.4 PBS and kept being evaporated at 45°C until the
milky suspension (i.e., AMCNS-S) was obtained. (2) To make
AMCNS-L, the resulting thin film was hydrated by adding
10 mL of pH 7.4 PBS containing 5% mannitol and kept being
evaporated at 45°C until the milky suspension was obtained.
Then the suspension was placed in freezer (at —20°C) over-
night and thawed at 25°C. The suspension with 3 freeze-thaw
cycles (i.e., AMCNS-L) was obtained.
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In Vitro Characteristics of AMCNS

The morphological feature of AMCNS produced according to
optimized formula was observed by the transmission electron
microscopy (TEM H-7500, Hitachi, Japan) and a confocal laser
microdissection system (Leica AS LMD, Wetzlar, Germany).
The particle size of AMCNS-S was measured by a Zeta-Sizer
(Nano-ZS 90, Malvern, Worcestershire, UK). The size of
AMCNS-L was investigated using biomicroscopy (XSP-35-
1600X, Phoenix, Shangrao, China). The zeta potential of
AMCNS was measured by a Zeta-Sizer (Nano-ZS 90,
Malvern, Worcestershire, UK). The characteristics of AM
entrapped in the AMCNS were investigated using a FT-IR
spectrophotometer (Spectrum One NTS, PerkinElmer
Instruments Inc., Massachusetts, U.S.A.). The i vitro release of
AM from AMCNS at 37°C was evaluated as follows: The
AMCNS (5 mL) equivalent to 5 mg of AM was placed into
dialysis tubes and immersed into 60 mL of different release
media (pH 1.2 HCl solution, pH 6.8 phosphate buffered solution
(PBS), and pH 7.4 PBS, respectively). The sink conditions were
met. A milliliter of the release media was taken out and analyzed.
The release behaviors of AMCNS were evaluated by mathemat-
ical modeling and compared by similarity factor (f5) method (29).

Pharmacokinetic and Bioequivalence Evaluation
of AMCNS

The animal experiments were approved by the Laboratory
Animal Committee, Chongqing Medical University. Free AM,
AMCNS-S and AMCNS-L were orally administered at the
same AM dose of 200 mg/kg (or intravenously administered at
the same AM dose of 100 mg/kg) to the Sprague—Dawley rats.
The ophthalmic blood was collected at predetermined time
points (5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h, 12 h,
24 h and 48 h, respectively) and centrifuged at 3,000 rpm for
10 min. Each plasma sample was taken from the upper layer,
and then 80 pL of sodium hydroxide and 2 mL of ether were
added. The mixture was voxtexed for 5 min and then centrifuged
at 3,000 r/min for 10 min. The ether layer was taken out and
evaporated under nitrogen flow. The residue was reconstituted
with 200 pL of methanol and centrifuged. An aliquot of super-
natant (100 pL) was analyzed by HPLC. In brief; the stationary
phase (Hypersil ODS-2 C18 column, 250 mm X 4.6 mm, 5 pm,
Elliot Corp. Dalian, China) was kept at 40°C.. The mobile phase
consisted of acetonitrile, isopropanol and 0.004 mol/L disodium
hydrogen phosphates (60:15:25, v/v/v). The flow rate was
1.0 mL/min. The ultraviolet detector was set at 210 nm. The
AM plasma concentration could be measured by HPLC, with
good linearity in the range 1.0~50.0 ug/mL (7=0.9993, n=3).
The average recoveries of high, middle, and low concentrations
were 96.00, 98.67, and 99.36% respectively. Intra-and inter-day
precisions expressed as the relative standard deviation for the
method were 1.00~3.66% and 1.09~3.14%, respectively. It was

suggested that the HPLC method was reliable for determination
under the described conditions. The plasma AM concentration-
time curves were drawn. The pharmacokinetic and bioequiva-
lence evaluation were carried out using DAS 2.1.1 software
(Mathematical Pharmacology Professional Committee of
China, Shanghai, China). The wm-vitro in-vivo correlation of
AMCNS via oral administration was evaluated by comparing
the calculated correlation coeflicient of regression equations with
the critical correlation coefficient (30,31). The equation was
obtained by regressing the i vizo absorption fraction against the
i vitro cumulative release rates. The m vivo absorption fractions
were calculated using Loo-Riegelman method (for AMCNS-S)
or Wagner-Nelson method (for AMCNS-L), respectively.

In Situ Gastrointestinal Absorption of AMCNS

The  situ gastrointestinal perfusion techniques were applied to
investigate the AMCNS absorption in rats according to the
previous reported method (32—34). For gastric absorption studly,
the stomachs of anesthetized rats were separately perfused with
free AM, AMCNS-S or AMCNS-L which remained there for
2 h before they were drawn out and subjected to be analyzed by
HPLC. In the intestinal absorption tests, each duodenal, jejunal,
ileal and colonic segment (every enteric section was 10 cm long)
was attached to the perfusion assembly consisting of a BT'100-1L
peristaltic pump (Baoding Longer Precision Pump Co. Ltd.,
Baoding, China) and equilibrated with Krebs-Ringer solution
at a flow rate of 0.4 ml/min for a quarter of an hour. Intestinal
segments were perfused with free AM, AMCNS-S or AMCNS-
L at a flow rate of 0.2 ml/min for 1 h. One hour later, the
remaining perfusion was analyzed by HPLC. The absorption
parameters were calculated in accordance with formula 1 to 3.
Formula 1: K, = (X,—X))/ G L, Formula 2: PA (%) = (Xo—X,)/
Xy X 100%; Formula 3: Py = R X In (X,,/ Xow)/ 2. Where X
and X, were the AM amount in perfusate at 0 h and ¢h, (5 and G
were the AM concentration in perfusate at 0 h and ¢ h, Xj, and
Xoue were the AM amounts in inlet and outlet perfusate, R was
the perfusion flow rate, ¢ was the perfusion time, r and / were the
radius and length of the perfused intestinal segment.

Biodistribution and Lung Targeting of AMCNS

Free AM, AMCNS-S and AMCNS-L were intravenously
administered to the Kunming mice at the same AM dose of
100 mg/kg. At predetermined time points (0.5, 3 and 24 h),
the mice were sacrificed (the mice was sacrificed by cervical
dislocation after femoral arterial blood sampling); their liver,
spleen, heart, lung, and kidney were separately harvested and
homogenized with physiological saline to obtain 25% homog-
enate. After that, the AM concentrations in these tissues were
determined by a HPLC method described above. The lung
targeting of AMCNS was analyzed by comparing the AM
concentration in lung with that in other tissues.
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Statistical Analysis

All data are shown as mean * standard deviation unless
particularly outlined. The Student’s paired ¢-test was used to
calculate statistical difference. A statistical significance was
established at P<0.05. Pharmacokinetic and bioequivalence
analyses were conducted using DAS software
(Mathematical Pharmacology Professional Committee
of China, Shanghai, China).

RESULTS
Principal Characteristics of AMCNS In Vitro

Both AMCNS-S and AMCNS-L were manufactured with
high incorporation efficacy (80.46%£0.54% and 92.87+
0.77%, n=23, respectively). As shown in Fig. la and b,
all the AMCNS (AMCNS referred to both AMCNS-S
and AMCNS-L in all the following tests unless mentioned
particularly) fabricated according to optimization formula
(see the Supplementary Figure 1) were evenly dispersed in
pH 7.4 phosphate buffer solution (PBS). They looked
round and their structures kept almost intact without
obvious aggregation. The spherical AMCNS-S with (0.95
+0.10) um had much smaller size than AMCNS-L with
(5.87£1.80) um in diameter; although they had similar
zeta potential values (14.6310.02) mV for AMCNS-S and
(12.51£0.02) mV for AMCNS-L. The polydispersity index
of AMCNS-S was (0.2310.060). No obvious changes were
observed when the AMCNS vesicles were placed at 4°C
for 15 days (Supplementary Table 1). As shown in Fig. lc,
the characteristic peaks of AMCNS in the FT-IR spec-
trum were different from that of physical mixture. For
example, the peaks of 2,920, 1,467 and 1,738 cm ! in
the FT-IR spectrum of AMCNS were obviously stronger
than that in mixture. Moreover, the peaks of AM in FT-
IR spectrum, such as 1,721 and 3,490 cm ', red shifted
to 1,738 em™ ' or blue shifted to 3414 in the AMCNS
spectrum, respectively. Above changes in FR-IR spectra
suggested that AM had been entrapped into the niosomes
(AMCNS). As shown in Fig. 1d, the entrapment of AM in
the AMCNS systems could obviously slow down the i vitro
release rates of AM in different release media (pH 1.2
HCI solution, pH 6.8 PBS, and pH 7.4 PBS, respectively)
recommended by many national pharmacopoeias. Weibull

For AMCNS-S: F, =0.9819Y + 1.0829,

For AMCNS—-L: F, =2.90751-0.6407,
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models and first-order kinetic models could fit the release
profiles of AMCNS and free AZM, respectively, regardless
of the release medium type (Supplementary Table 2).
Furthermore, a statistically significant difference was found
between every pair of release profiles for AMCNS and
free AM using the similar factor method (Supplementary
Table 3) (35). Compared with AM, the AMCNS-L had
sustained release effects.

Oral Delivery of AMCNS to Improve Pharmacokinetics
and Bioavailability

The Sprague—Dawley rats were orally given with AMCNS
and free AM at the same dose (200 mg/kg of AM). High
performance liquid chromatography (HPLC) was used to
determine the AM plasma concentration. As shown in
Fig. 2a, the pharmacokinetic behavior of AMCNS-S was the
most desirable compared to free AM and AMCNS-L. AM
concentrations of AMCNS-S were much higher than that of
free AM and AMCNS-L at almost every corresponding time
points. After the experimental rats were given with free AM,
AMCNS-S and AMCNS-L, the maximum AM plasma con-
centration appeared at 1.67, 6 and 3.33 h, respectively. The
comparison of the main pharmacokinetic parameters of
AMCNS-S, AMCNS-L and free AM was presented in
Fig. 3. The AUC, MRT, Gy, Tmaxs Cl and K, values of
AMCNS-S (or AMCNS-L) were 2.73 (or 1.18) times, 1.76
(or 1.12) times, 1.78 (or 0.89) times, 3.60 (or 2) times, 0.44 (or
0.68) times, 0.18 (or 0.58) times that of free AM, respectively.
By comparing the AUC values, the relative bioavailability
(RBA) of AMCNS-S to free AM was calculated to be
273.19%, while the RBA of AMCNS-L to free AM,
117.76%. As we know, bioequivalence of two formulations
was acceptable only when their 90% confidence intervals of
AUC and G, were within the bioequivalence acceptable
range of 0.80-1.25 limits and 0.70-1.43 limits, respectively,
and their 7, values were not significantly different (p>0.05)
when using the Wilcoxon rank sum test. As shown in Fig. 2a,
every two AM formulations among AMCNS-S, AMCNS-L
and free AM were not bioequivalence. AMCNS-S had the
highest bioavailability, maximum concentration and longest
peak time.

The wn-vitro in-vivo correlation of AMCNS was established
by mathematical modeling. Briefly, the regression equations
were listed as follows:

7(4,0.01) = 0.9565 > Tejcals,0.01) = 0.9172 (1)

73,0.01) = 0.9819 > ryiical3,0.01) = 0.9587 (2)
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where F, was the @ viwo absorption fraction which calculated
through Loo-Riegelman method (for AMCNS-S) or Wagner-
Nelson method (for AMCNS-L) (30-32), 7" was the & wvitro cu-
mulative release rate at pH 6.8 release medium, 7,0 ¢,01) was the
correlation coefficient, n was the degree of freedom, here the n
values were 6 (for AMCNS-S) and 5 (for AMCNS-L), respec-
tively, 0.01 was the credibility level. 7qigcal -2, 0.01) Was the critical
correlation coeflicient. Obviously, there were w-vitro in-viwvo corre-
lations for both AMCNS-S and AMCNS-L.

Intravenous Delivery of AMCNS to Improve
Pharmacokinetics and Bioavailability

After the experimental rats were intravenously given with
AMCNS and free AM at the same dose (100 mg/kg of AM),
their pharmacokinetic behaviors were presented in Fig. 2b. AM
concentrations decreased sharply from the maximum values at

5 min (~40 png/mL for all AM delivery systems) to lower levels at
8 h (<5 pg/mL for free AM, ~13 pg/mL for AMCNS-S and
~11 pg/mL for AMCNS-L, respectively). After that, AM con-
centrations decreased slowly to the very low levels (undetectable
at 24 h for free AM, and at 48 h for AMCNS-S or AMCNS-L,,
respectively). The comparison of the main pharmacokinetic pa-
rameters of AMCNS-S; AMCNS-L and free AM was presented
in Fig. 3. The AUC, MRT, and (I of AMCNS-S (or AMCNS-L)
were 1.92 (or 1.64) times, 1.92 (or 1.93) times, and 0.54 (or 0.64)
times that of free AM, respectively. By comparing the AUC
values, the relative bioavailability (RBA) of AMCNS-S to free
AM was calculated to be 192.17%, while the RBA of AMCNS-L
to free AM, 163.50%. As shown in Fig. 2b, neither AMCNS-S
nor AMCNS-L was bioequivalent to free AM, while AMCNS-S
and AMCNS-L were bioequivalent. Furthermore, AMCNS-S
had the highest bioavailability, longest circulation time and low-
est clearance rate.
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Fig. 2 In vivo pharmacokinetic a
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Perfusion of AMCNS to Improve the In Situ

Gastrointestinal Absorption

AMCNS-S was superior to AMCNS-L in enhancement of
gastrointestinal (GI) absorption of AM. Comparison among
AMCNS and free AM in different gastrointestinal segments of
gastrointestinal absorption rate constant (A,) and absorption

©AM mAMCNS-S mAMCNS-L
400 .

300 [
200

100

AUCgz2w (h mgil)

Oral route (dose:
200 mg/kg)

Intravenous route
{dose: 100 mgfkg)

o

OAM BAMCNS-S mAMCNS-L
6.0

4.5

3.0F

Tonax ()

1.5

Oral route (dose:
200 mg/kg)

Intravenous route
(dose: 100 mgikg)

percentage (PA), and intestinal effective permeability (P.q) were

presented in Fig. 4a and b.
A small amount of free AM (~10%) could be absorbed

o

OAM mAMCNS-S mAMCNS-L

20 |
£ 15 |
E. 10
S | .
i -l
0 — S S L
Oral route (dose:  Intravenous route
200 mgikg) (dose: 100 mgikg)
e OAM BAMCNS-S mAMCNS-L
1.6
S12 |
-
E L
Soe .
L&] I‘ ]
0.4
i}

Oral route (dose:
200 mg/kg)

from the stomach. The PA values of AMCNS-S and
AMCNS-L increased to ~27 and ~18% respectively. The
intestine was the major site for AM absorption. AMCNS-S
had the highest &, (or P.g) values while free AM had the least

C OAM BAMCNS-S mAMCNS-L
48 i
536
f=13
E
% 24 *
(JE
12 |
oL .
Oral route (dose:  Intravenous route
200 mgikg) (dose: 100 mglkg)
f OAM BAMCNS-S mAMCNS-L
2.4
1.8 B
z
— 12
x
06 | "
0

Intravenous route
(dose: 100 ma/kg)

Oral route (dose:
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Fig.3 The comparison of the main pharmacokinetic parameters of AMCNS and free AM via oral (at the identical dose of 200 mg/kg of AM) and intravenous (at the dose
of 100 mg/kg of AM) routs, respectively, Six rats per group. The data are shown as mean + SD. *P < 0.05 and P < 0.05 indicate significant differences between AMCNS-
S (or AMCNS-L) and free AM. (@) The AUC (area under the plasma concentration-time curve) values of AMCNS and free AM in 72 h. (b) The MRT (mean residence time)
values of AMCNS and free AM in 72 h. (€) The €, s (maximum concentration) values of AMCNS and free AM. (d) The T ... (peak time) values of AMCNS and free AM.
(e) The C (clearance rate) values of AMCNS and free AM. (f) The k, (absorption rate constant) values of AMCNS and free AM.
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Fig.4 The absorption rate constant (K,), effective permeability (Peff) and percent absorption of AMCNS and free AM through stomach absorption and single pass
intestinal perfusion studies. Six rats per group. The data are shown as mean =+ SD. *P<0.05 and *P < 0.05 indicate significant differences between the group of

AMCNS-S (or AMCNS-L) and the group of free AM.

values among AMCNS-S, AMCNS-L and free AM in every
corresponding intestinal segment. The A, (or P.g) values of
AMCNS-S in the duodenum, jejunum, ileum, and colon were
2.41 (or 2.34), 2.35 (or 1.47), 2.54 (or 2.20), and 2.95 (or 1.40)
times that of free AM, respectively. The study on intestinal
absorption of AMCNS-S in different regions of rat intestine
indicated that (1) the absorption percentages in the duode-
num, jejunum and colon were almost the same high, and they
were much higher than that in the ileum. (2) The permeabil-
ities in the duodenum and ileum were almost the same high,
and they were much higher than that in the jejunum and
colon. Compared with AMCNS-S, AMCNS-L altered the
absorption rate and permeability of AM in intestinal tract to
a lesser extent. It was worthy of notice that AMCNS-L obvi-
ously increased the absorption percent in ileum (1.60-folds
that of free AM) which might be partly due to the increased
absorption rate constant.

Intravenous Delivery of AMCNS to Improve Lung
Targeting

When AMCNS and free AM were intravenously adminis-
tered to Kunming mice, the AM concentrations in different
tissues (liver, spleen, heart, lung and kidney) at predetermined
time points were determined and compared (Fig. 5). For free
AM, the lung AM concentration was ~17 pg/mL at 0.5 h,
and decreased to ~13 ug/mLat 3hand ~0.5 pg/mLat 12 h,
respectively. Beside the AM concentration in lung, the AM
spleen, liver, heart
and kidney, were quite low (<1 pg/mL) at 12 h. In addition,
the AM concentrations in spleen and liver were higher than
that in lung all the time. Moreover, the AM concentrations in
heart was higher than that in lung at 0.5 and 12 h, and a little

concentrations in other four tissues, 1.e.,

lower than that in lung at 3 h. Both AMCNS-L and AMCNS-
S changed the pulmonary AM distribution i vive. Briefly, for
AMCNS-L, (1) the lung AM concentration was ~20 pg/mL
at 0.5 h, and increased to ~34 ug/mL at 3 h followed by
decreasing to ~14 pg/ml at 12 h, respectively. (2) Especially,
the lung AM concentration for AMCNS-L at 12 h remained
high and it was even higher than that for free AM at 3 h. (3) At
0.5 h, the AM concentration in lung was almost the same high
as that in spleen, higher than that in liver, heart and kidney. At
3 and 12 h, the AM concentration in lung was much higher
than that in other tissues. While for AMCNS-S, (1) compared
with AMCNS-L and free AM, the lung AM concentration
was the highest (~25 pg/mL) at 0.5 h. However, at 3 and 12 h,
the lung AM concentrations (~17 pg/mlL at 3 h and ~8 pg/
mL at 12 h) were much higher than that of free AM and lower
than that of AMCNS-L, respectively. (2) Similar to free AM,
the AM concentrations in spleen and liver were higher than
that in lung all the time. However, the AM concentrations in
heart and kidney were lower than that in lung all the time.

DISCUSSIONS

Being a non-lecithoid nanocarrier, niosome had its own in-
trinsic advantages over liposome (such as better stability by
avoiding phospholipid oxidation) (2). Niosomes had shown
great potential in delivery of biomolecules (such as siRNA
and vaccine), chemical and natural drug (3,36). However, on
the market there were only a very few niosome products (all of
they are used for treatment of dermatology) (5). On the other
hand, although identifying novel antibiotics remained a pri-
ority, the development of suitable delivery systems for cur-
rently used antibiotics might represent a cost-effective and
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Fig. 5 Invivo distribution of intravenously administered AMCNS and free AM in Kunming mice at 0.5, 3, and 12 h, respectively. Six mice per group. The data are
shown as mean = SD. *P <0.05 indicate significant differences between the group of AMCNS-S (or AMCNS-L) and the group of free AM.
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promising alternative. As mentioned before, there has been
unmet clinical need to develop suitable vesicles for effective
and lung targeted delivery of AM via two most common
administration routes (i.c., oral or intravenous route). So, in
this study, AM was chosen as model drug, and the potential of
cationic niosomes to smartly deliver AM, as well as to improve
bioavailability and lung targeting efficiency, was investigated.
Currently, there are no reports available for niosome-based
AM delivery systems.

After oral administration, both AMCNS-S and AMCNS-L
improved pharmacokinetic behavior and bioavailability of
free AM, albeit to different extents. Compared to free AM,
the AUC and MRT values of AMCNS-S (or AMCNS-L)
increased by 2.73 (or 1.18) folds and 1.76 (1.12) folds, while
Cl value decreased as 0.44 (or 0.68) folds; AMCNS-S (or
AMCNS-L) given orally had larger AUC, longer MRT and
slower Cl values, which might provide beneficial therapeutic
effects of long-acting AM. Furthermore, in our study, the
bioavailability of free AM in rat administered orally relative
to intravenously was ~47%, which was comparable to the
value of 38% for oral AM product in humans reported by
Kauss et al. (25). The relative bioavailability of AMCNS-S (or
AMCNS-L, given orally) to free AM (given orally) was
273.19% (or 117.76%); the absolute bioavailability of
AMCNS-S (or AMCNS-L, given orally) to free AM (given
intravenously) was 128.64% (or 55.45%). Bioavailability was a
term used to describe the degree to which a drug became
available to exert a pharmacologic effect into the bloodstream
after administration. The fact that AMCNS-S given orally
had very higher absolute bioavailability (128.64% >100%)
suggested that: (1) AMCNS-S given orally exerted a better
pharmacologic effect compared with free AM even given
intravenously. (2) To achieve similar pharmacologic effect to
that of free AM given intravenously, the dose of AMCNS-S
could be reduced, and then the unfavorable side effects or the
treatment duration might be reduced. (3) To achieve similar
pharmacologic effect to that of free AM given orally, the dose
of AMCNS-S could be markedly reduced, and then the
unfavorable side effects or the treatment duration might be
greatly reduced. (4) Similar statements could be made about
the data for AMCNS-L given orally.

In addition, for oral drugs, bioavailability reflected the rate
and extent of GI tract absorption. Our further i situ absorp-
tion study indicated that the markedly improved oral bioavail-
ability of AMCNS-S (or AMCNS-L) was likely due to the
increased GI absorption especially the intestinal absorption.
Compared to free AM, the absorption rates (or permeabilities)
of AMCNS-S in the duodenum, jejunum, ileum, and colon
increased by 2.41 (or 2.34) folds, 2.35 (or 1.47) folds, 2.54 (or
2.20) folds, and 2.95 (or 1.40) folds, respectively. It was im-
pressive that AMCNS-S increased the absorption in every
intestinal segment. In comparison with AMCNS-S,
AMCNS-L only obviously increased the absorption percent
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in ileum (1.60-folds that of free AM), mostly due to the
increased absorption rate constant. The possible reasons for
improved absorption of AMCNS-S were listed as follows: (1)
solubilization of AM by encapsulating into the cationic
niosomes with different sizes; (2) high dispersibility of AM in
cationic niosomes; (3) protection from enzymatic oxidation
(AM was the substrate of CYP3A enzyme) (37); (4) prevention
from P-gp mediated AM efflux (water insoluble AM was a P-
gp substrate) by embedding AM into the niosomal system
containing constituents such as the surfactants which could
act as P-gp inhibitors; (5) the sustained release of AM from
AMCNS; (6) lymphatic transport of niosomes by crossing the
anatomical barrier of gastrointestinal tract via transcytosis of
M cells of Peyer’s patches in the intestinal lymphatic tissues
(38). The reason for the notable absorption improvement of
AMCNS-L only in ileum was unclear.

Similar analysis could be carried out about the data for
AMCNS-S and AMCNS-L given intravenously. After intra-
venous administration, compared to free AM, the AUC and
MRT values of AMCNS-S (or AMCNS-L)) increased by 1.92
(or 1.64) folds and 1.92 (1.93) folds, while €/ value decreased
as 0.54 (or 0.64) folds; AMCNS-S (or AMCNS-L) having
longer circulation time and lower clearance rates values,
might also provide beneficial therapeutic effects of long-
acting AM. The greatly improved bioavailabilities of
AMCNS-S (192.17%) and AMCNS-L (163.50%) after intra-
venous administration were likely due to the sustained AM
release. The i vio sustained AM release of AMCNS-S (or
AMCNS-L) in blood was in agreement with the  vitro release
of AMCNS-S (or AMCNS-L) in pH 7.4 PBS medium.
Compared to free AM, AMCNS-S and AMCNS-L with
higher bioavailability clearly indicated higher therapy effica-
cy, shorter treatment duration, as well as lower undesirable
adverse effects.

When AMCNS-L and AMCNS-S were intravenously ad-
ministered to mice, both of them altered the tissue AM distri-
bution, chiefly improved the lung targeting efficacy. Take
AMCNS-L for example, one hand, its lung concentration
was much higher than that of free AM (such as ~34 pg/mL
versus ~13 ng/mkL at 3 h); on the other hand, its lung concen-
tration was much higher than AM concentration in other
tissues. Since AM was potent against a number of intracellular
parasitic pathogens which survived or intracellularly multi-
plied in alveolar macrophages (17), high lung targeting effica-
cy was beneficial to the effective treatments for respiratory
diseases, simultaneously to decrease the side effects produced
by high concentrations in other normal tissue (such as decreas-
ing the risk of death from cardiovascular causes). AMCNS-L
was mainly prepared for injectable passive lung targeting. The
possible explanations for lung targeting efficacy were listed as
follows: (1) the “mechanical trapping” effect of the pulmonary
capillary network. Previous studies showed that carriers
ranged from 3 to 30 um exhibited significant lung targeting
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characteristics (39—41). (2) Positive charge of carrier was ben-
eficial for drug to become pooled in the lung. Previous studies
showed that systemic delivery of cationic vectors mediates
efficient retention within the lung, mainly as a result of inter-
action of the vectors with serum proteins (42—44). (3) The
“adhesive trapping” effect of the pulmonary capillary pro-
teins. Adhesive proteins might act as a kind of glue to trap
cells, although the exact physical basis of this trapping was still
not clear (http://www.phy.ohiou.edu/~tees/current_
research.html). (4) Compared to free AM, AMCNS had lon-
ger blood circulation time which was beneficial for AM able to
achieve the targeted lung. AMCNS-L had much higher
targeting efficacy than AMCNS-S at 3 h, higher at 12 h.
However, it should be noted that AMCNS-S had a higher
targeting efficacy than AMCNS-L at 0.5 h and the reason was
still unclear. Besides injectable administration, carriers were
reported to achieve lung targeting via other routes, such as
inhalable (45) and intranasal administration but no oral ad-
ministration (46). In our study, when free AM, AMCNS-S or
AMCNS-L was orally given to mice at the dose of
200 mg/kg AM, the AM concentrations in lung tissues were
undetectable under experimental conditions (data not shown).

Additionally, our study showed that both AMCNS-S and
AMCNS-L encapsulated AM well which was evidenced by
high incorporation efficacies (~80 and ~93%, respectively).
The entrapment efficiencies of AMCNS were to a compara-
ble degree with niosomes containing other lipophilic drugs,
such as griseofulvin niosome, zidovudine niosome and
hydroxycamptothecin niosome (their incorporation efficacies
were ~77, ~80 and ~93%, respectively) (38,47,48).
Furthermore, compared to free AM, AMCNS especially
AMCNS-L, had obvious  zitro sustained release characteris-
tics in release media of pH 1.2 HCI solutions, pH 6.8 PBS,
and pH 7.4 PBS which simulated gastric juice, intestinal fluid
and blood (or tissue) fluid, respectively; AMCNS especially
AMCNS-S, had distinct & viwo absorptive characteristics via
oral administration. It was found that there were in-vitro in-vivo
correlations for both AMCNS-S and AMCNS-L by using a
mathematical modeling method. Since n-vitro in-viwo correla-
tion had been defined by U.S. FDA as “a predictive mathe-
matical model describing the relationship between an wm-vitro
property of a dosage form and an -viwo response”, the good
In-vitro in-viwo correlation of AMCNS suggested that the  vitro
release data might predict the @ viwo situation to a certain
extent.

CONCLUSION

The development of cationic niosomes-based AM
nanocarriers with different sizes to improve bioavailability
and lung targeting efficiency provides valuable tactics in anti-
bacterial therapy and in non-lecithoid niosomal application.

In this study, we fabricated AMCNS-S and AMCNS-L by
applying similar formulas but different preparation tech-
niques. The  vwo biological properties of AMCNS-S and
AMCNS-L were investigated via oral and intravenous admin-
istration routes (the widely used routes in clinically practice)
instead of transdermal route (the only route of the marketed
niosome-based drug delivery dermatologic products). The
oral bioavailability of AMCNS-S (or AMCNS-L) to free AM
increased to 273.19% (or 117.76%), while its intravenous
relative bioavailability increased to 192.17% (or 163.50%).
The markedly improved oral bioavailability of AMCNS-S (or
AMCNS-L) was likely due to the increased GI absorption
especially the intestinal absorption. The possible reasons for
improved absorption of AMCNS-S were mainly ascribed to
solubilization, high dispersibility and sustained release of AM,
protection from enzymatic oxidation and P-gp mediated EDA
efflux, and lymphatic transport. But the reason for the notable
absorption improvement of AMCNS-L only in ileum was
unclear. The greatly improved bioavailabilities of AMCNS-
S and AMCNS-L after intravenous administration were likely
due to the sustained AM release. After intravenous adminis-
tration, AMCNS-S (or AMCNS-L) had obvious lung
targeting efficiency, for example, the lung AM concentration
of AMCNS-S (or AMCNS-L)) increased 16 (or 28) times that
of free AM at 12 h; the AM concentration of AMCNS-S (or
AMCNS-L) in lung was higher than that in heart and kidney
all the time. The possible explanations for lung targeting
efficacy of AMCNS were mainly ascribed to mechanical and
adhesive trapping effects of the pulmonary capillary network,
positive charge of carrier and long blood circulation time. In
all, AMCNS-S and AMCNS-L with different sizes had differ-
ent built-in features, so they may be promising carriers for
smart delivery of AM via oral or intravenous administration to
meet different clinical application requirements.
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