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Background: Apocynin (APO) is a bioactive phytochemical with prominent anti-
inflammatory and anti-oxidant activities. Designing a nano-delivery system targeted to
potentiate the gastric antiulcerogenic activity of APO has not been investigated yet.
Chitosan oligosaccharide (COS) is a low molecular weight chitosan and its oral nanoparti-
culate system for potentiating the antiulcerogenic activity of the loaded APO has been
described here.

Methods: COS-nanoparticles (NP;) loaded with APO (using tripolyphosphate [TPP] as
a cross-linker) were prepared by ionic gelation method and fully characterized. The chosen
formula was extensively evaluated regarding in vitro release profile, kinetic analysis, and
stability at refrigerated and room temperatures. Ultimately, the in vivo antiulcerogenic
activity against ketoprofen (KP)-induced gastric ulceration in rats was assessed by macro-
scopic parameters including Paul’s index and antiulcerogenic activity, histopathological
examination, immunohistochemical (IHC) evaluation of cyclooxygenase-2 (COX-2) expres-
sion level in ulcerated gastric tissue, and biochemical measurement of oxidative stress
markers and nitric oxide (NO) levels.

Results: The selected NP formula with COS (0.5 % w/v) and TPP (0.1% w/v) was the most
appropriate one with drug entrapment efficiency percentage of 35.06%, particle size of
436.20 nm, zeta potential of +38.20 mV, and mucoadhesive strength of 51.22%. It exhibited
a biphasic in vitro release pattern as well as high stability at refrigerated temperature for
a 6-month storage period. APO-loaded COS-NP; provoked marvelous antiulcerogenic activ-
ity against KP-induced gastric ulceration in rats compared with free APO treated group,
which was emphasized by histopathological, IHC, and biochemical studies.

Conclusion: In conclusion, APO-loaded COS-NP; could be considered as a promising oral
phytopharmaceutical nanoparticulate system for management of gastric ulceration.
Keywords: apocynin, chitosan oligosaccharide,

tripolyphosphate, nanoparticles,

antiulcerogenic activity

Introduction

Advances in nanotechnology involving bioactive phytochemicals have provided
numerous innovative delivery systems; including polymeric nanoparticles (PNPs).
Oral PNPs have gained much attention as drug carriers because of their nanoscopic
size, bioadhesion, targetability, and controlled release of drugs in the GIT, hence
conferring enhanced bioavailability." Their ability to cross directly and/or adhere to
the mucosa represents a prerequisite step prior to the translocation process of particles.”
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From this perspective, bioadhesion plays a substantial role in
delivering the drugs across the epithelia and subsequently
averting hepatic first pass metabolism and enzymatic degra-
dation in the GIT.!

Among natural mucoadhesive polymers, chitosan (CS)
is the most extensively studied cationic polysaccharide for
construction of PNPs owing to its characteristic features.’
Ionic gelation technique, a physical cross-linking process,
is an efficient method adopted to prepare CS-NP; based on
ionic interaction between positively charged primary
amino groups of CS and negatively charged groups of
polyanion like tripolyphosphate (TPP) (the most preferable
cross-linker with safety and multivalent properties).* Such
positively charged CS-NP, possess mucoadhesive and per-
meation enhancing properties.”

Despite the aforementioned advantages of CS, its poor
aqueous solubility in physiological pH is considered the
major limitation (readily soluble in acidic medium only).
Besides, the degree of deacetylation, molecular weight
(MW), and type of CS can influence its solubility.®’
Therefore, CS derivatives have emerged in recent years
to circumvent such limitation. Among them; CS oligosac-
(COS), an of  B-(1-4)-linked
D-glucosamine, is a low MW CS, typically below 10

charide oligomer
kDa (Figure 1A). Its superior merits such as high water
solubility, low viscosity, biocompatibility, biodegradabil-
ity, mucoadhesiveness, and permeation enhancing capabil-
ity boost its potential application in pharmaceutical and
fields.”” COS  has
a biopolymer possessing versatile biological activities.®

biomedical been reported as
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Figure | Chemical structures of the polymer and the drug.
Note: (A) COS and (B) APO.
Abbreviations: APO, apocynin; COS, chitosan oligosaccharide.

The anti-inflammatory activity of COS was verified both
in vitro and in vivo.” ™!

Gastric ulcer has long been rated as one of the most
prevalent gastrointestinal inflammatory disorders affecting
approximately 10% of the world’s population. The patho-
genesis of gastric ulcer is related to the disruption of the
homeostasis between offensive factors and defensive
factors.'? Despite the availability of different drug cate-
gories for treatment of gastric ulcer such as proton pump
inhibitors and H, receptor antagonists, their clinical eva-
luation has demonstrated numerous side effects and high
Apocynin (APO) (Figure 1B)
(4-hydroxy-3-methoxyacetophenone) is a bioactive phyto-

.. 1
incidence of relapse."

chemical extracted from the roots of Apocynum cannabi-
num (Canadian hemp) or Picrorhiza kurroa native to the
Himalayas. It possesses eminent anti-inflammatory and
anti-oxidant activities that have been substantiated on
a diversity of cell lines and animal models.'*'® APO’s
mechanism is renowned through specific inhibition of
nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase as well as suppression of a series of inflammatory

17,18 successful

mediators. However, for prospective
administration, the literatures recently published APO as
nanoparticulate systems to overcome its poor oral bioa-
vailability as a prime challenge.'® 2

COS has been proven a promising candidate for pre-
paration of several nano-delivery systems targeted to
potentiate the therapeutic efficacy of the loaded drugs.?2°
However, to the best of our knowledge, only one article was
published by Ye et al which stated the preparation of COS-
NP; using TPP as a cross-linker and evaluated the efficiency
of such COS-TPP NP, as a non-viral vector for DNA
delivery.” Likewise, a sole pharmacological study mani-
fested the gastroprotective activity of APO, as a free drug,
against ethanol-induced gastric ulcer in rats.>” Nevertheless,
designing a nano-delivery system targeted to potentiate the
gastric antiulcerogenic activity (AA) of APO has not been
investigated yet.

This context paves the way to devote the current study
to fabricate and extensively evaluate a novel oral phyto-
pharmaceutical nanoparticulate system composed of COS-
NP loaded with APO (using TPP as a cross-linker) in

order to reconnoiter its potential for effective gastric AA.

Materials and methods

Materials
APO, TPP, mucin from porcine stomach, ketoprofen (KP),
and bovine serum albumin (BSA) were purchased from
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Sigma-Aldrich Co. (St Louis, MO, USA). COS (2~6 glu-
cosamine units, deacetylation degree >98%) was kindly
supplied by Yaizu Suisankagaku Industry Co., Ltd.
(Shizuoka,
(sodium

Japan). Sodium carboxymethylcellulose
CMCO) EL-Nasr

Pharmaceutical Chemicals Co., Cairo, Egypt. Oxidative

was  obtained from
stress markers and nitric oxide (NO) assay kits were pro-
cured from Biodiagnostic, Egypt. All other solvents were

of analytical reagent grades.

Preparation of APO-loaded COS-NP;

COS-NP; were prepared according to the ionic gelation
method which is based on an ionic interaction between the
positively charged amino group of COS solution and the
negatively charged phosphate group of TPP solution
(Table 1).” In brief, COS was dissolved in deionized water
(DW) at various concentrations (0.3, 0.4 or 0.5% w/v). Next,
4 mL aqueous solution of APO (0.2% w/v) containing differ-
ent concentrations of TPP (0.1, 0.15 or 0.2% w/v) was slowly
dropped into 10 mL COS solution through a disposable insulin
syringe with a dropping rate of 0.2 mL/min under magnetic
stirring (1,000 rpm) at room temperature. The stirring was
continued for 30 minutes to allow further cross-linking reac-
tion. Finally, COS-NP; were collected by centrifugation at
10,000 rpm for 20 minutes (Benchtop Centrifuge, Sigma
Laborzentrifugen GmbH, Germany), washed with DW, and
then freeze-dried (Freeze dryer, SIM FDS§-8T, SIM interna-
tional, USA) for further characterization study. The same
procedure was adopted for preparation of plain COS-NP,.

Characterization of APO-loaded COS-NP,
Drug entrapment efficiency

The drug entrapment efficiency percentage (DEE %) was
estimated indirectly by measuring the amount of free APO

(unentrapped drug) in the supernatant of the medicated
COS-NP; dispersion after centrifugation at 10,000 rpm
for 20 minutes. Unentrapped APO amount was quantified
spectrophotometrically at 272 nm (Spectro UV-VIS double
beam, Labomed Inc., USA) against the corresponding
plain COS-NP; supernatant as a blank. The DEE (%)
was calculated according to the following Equation (1):*®

W,— W
DEE (%) = ’Tf % 100 (1)

t
where W, is the total amount of APO and W, is the
amount of free APO in the supernatant.

Particle size, polydispersity index (PDI), and zeta
potential (ZP) measurements

Measurement of particle size, PDI, and ZP of the freshly
prepared APO-loaded COS-NP; was carried out using
Malvern Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK) after appropriate dilution with DW.
Dynamic light scattering (DLS) and laser Doppler micro-
electrophoresis techniques were applied to particle size

and ZP measurements, respectively.

Mucoadhesive strength

All APO-loaded COS-NP, formulations were evaluated
regarding their mucoadhesive strength based on the inter-
action between the negatively charged mucin and the
positively charged COS-NP,.** In brief, equal volumes of
mucin (0.5 mg/mL in phosphate buffer saline [PBS] pH
7.4) and NP, dispersion (5 mL each) were vortexed, sha-
ken for 1 hour at 37°C, and then centrifuged at 10,000 rpm
for 1 hour. UV-VIS spectrophotometer was utilized to
quantify the amount of free mucin in the supernatant at
251 nm. The mucin-binding efficiency (%), expressing the

Table | Composition and characterization of APO-loaded COS-NP; formulations

Formulation | COS concen- | TPP concen- Particle size PDI ZP (mV) | DEE (%) Mucin-
code tration (% wl/v) | tration (% wiv) | (nm) binding
efficiency
(%)
Fl 0.3 0.2 904.20+23.01 0.388+0.22 | +6.82+0.67 19.65+1.07 1.30+0.62
F2 0.5 0.2 814.93+70.70 0.347%0.11 | +10.67+0.40 | 24.10%2.10 9.56+2.63
F3 0.3 0.1 833.10£77.99 0.848+0.16 | +24.27+0.50 | 17.15%I.11 36.70+4.58
F4 0.5 0.1 436.20+24.45 0.390+0.07 | +38.20+1.47 | 35.06%1.89 51.22+2.99
F5 0.4 0.15 718.90+74.99 0.653+0.16 | +28.63%1.14 | 22.59+0.98 39.35+3.09

Notes: Each value represents the mean * SD (n=3). Each formulation contains 8 mg APO.
Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; DEE, drug entrapment efficiency; NPy, nanoparticles; PDI, polydispersity index; TPP, tripolyphosphate; ZP,

zeta potential.
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mucoadhesive strength of the NP, was calculated accord-
ing to Equation (2):

Mucin — binding efficiency(%)
_ Total amount of mucin — free amount of mucin

x 100
@

Total amount of mucin

Fourier transform-infrared (FT-IR) spectroscopy

The FT-IR spectra of APO, COS, TPP, and their physical
mixture with the same ratio used during the preparation of
the chosen formula as well as freeze dried samples of plain
and medicated COS-NP,,
Spectrophotometer

were run using FT-IR
Middleton,

WI, USA). Discs containing 2 mg of each sample with

(Madison Instruments,

200 mg potassium bromide were scanned individually
-1

over a wave number range of 4,000-500 cm
Differential scanning calorimetry (DSC)

Thermograms of APO, COS, TPP, and their physical mix-
ture (keeping the same ratio as present in the chosen NP;
formula) as well as freeze dried plain and medicated COS-
NP, were recorded utilizing DSC (DSC 6000;
PerkinElmer Inc., Waltham, MA, USA). Samples (4 mg
per each) were heated in hermetically sealed aluminum
pans covering a temperature range of 30-400°C at
a heating rate of 10°C/min under constant dry nitrogen
purging at 20 mL/min. DSC runs were implemented using
indium as a reference standard for temperature calibration.

X-ray diffractometry (XRD)
X-ray diffraction patterns of APO, COS, TPP, and their
physical mixture (keeping the same ratio as present in the
chosen NP, formula) as well as freeze dried plain and
medicated COS-NP,,
a Diano X-ray diffractometer (Diano Corp.,

were determined employing
USA)
equipped with Cu Ko. The analysis proceeded at
a voltage of 45 kV and a current of 9 mA with scanning

range from 3° to 50° at 20 angle.

Transmission electron microscopy (TEM)

The morphological characteristics of the chosen COS-NP;
formula were examined by TEM (JEOL 2100;JEOL,
Tokyo, Japan). For sample preparation, one drop of freshly
prepared NP, dispersion was cast onto carbon coated cop-
per grid and excess dispersion was wiped off with filter
paper. After complete drying of the sample at room tem-
perature, it was inspected directly with TEM without
staining. Digital Micrograph and Soft Imaging Viewer

software were employed for image capture and analysis
process, respectively.

In vitro drug release

The in vitro release profile of APO from COS-NPq,
compared with its diffusion from aqueous solution, as
a control, was examined using vertical Franz diffusion
cells with diffusional surface area of 7.07 cm”. The
donor and receptor compartments of the diffusion
cells were separated by Spectrapor® membrane (MW
cutoff: 12,000—14,000 Da, Spectrum Medical Industries
Inc., LA, USA) that was equilibrated overnight with
0.1 M HCI (pH 1.2) simulating gastric pH before con-
ducting the experiment. Briefly, 2 mL medicated COS-
NP, dispersion in DW or aqueous drug solution with an
equivalent amount of 4 mg APO each was introduced
into the donor compartment, whereas 50 mL
0.1 M HCI (pH 1.2) was placed in the receptor one.
The whole assembly of the diffusion cells was shaken
by thermostatically controlled shaking incubator (GFL
Gesellschaft fiir Labortechnik, Burgwedel, Germany) at
100 rpm/min and maintained at 37+0.5°C throughout
the experiment. At an appointed time interval, samples
(3 mL) were withdrawn from the receptor compartment
and replenished with an equivalent volume of fresh
release medium equilibrated at 37+0.5°C. The collected
samples were filtered through 0.45 pm membrane filter
(EMD Millipore, Billerica, MA, USA) and the released
drug was analyzed spectrophotometrically at 275 nm.
Finally, the cumulative APO released (%) was calcu-
lated at each time interval and plotted against time.

Kinetic analysis of the drug release data
To gain a profound insight into the drug release mechan-
ism from the NP, the in vitro release data of the chosen
APO-loaded COS-NP, formulation were fitted to different
kinetic models, namely; zero order, first order, Higuchi,?’
and Korsmeyer-Peppas (Equation (3)):*°

(m/m=kt") ©)

where, my/m,, is the fraction of drug released after time t,
k is the kinetic constant, and n is the diffusional exponent
for drug release that equals the slope of log m¢m,, vs log
time curve. The proper kinetic model expressing the pre-
dicted drug release mechanism was chosen based on the
highest coefficient of determination (R?) value.
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Stability study

The stability studies of the chosen COS-NP; loaded with
APO were carried out at refrigerated (4+1°C) and room
(25+2°C/60+5% relative humidity; RH) temperatures for 6
months. The freshly prepared COS-NP; dispersions in DW
were filled into screw capped glass bottles and then stored
at the previously mentioned temperatures.’ The NP, were
assessed monthly for particle size, PDI, and ZP as well as
drug retention (%) using Equation (4).

DEE at each time interval

Drug retention (%) = DEE inital %100
“

Evaluation of AA against KP-induced

gastric ulcer in rats

Animals

Male Wistar albino rats, 200220 g body weight, were caged
and acclimated for 1 week before carrying out the experi-
ments in a standard controlled room (temperature of 25+1°C,
RH of 55+5%, and photoperiod regimen of 12 hour light/12
hour dark cycles) with free access to food and water. All
animal experiments followed a protocol approved by the
Ethical Committee of the Faculty of Pharmacy, Mansoura
University, Egypt, in accordance with “principles of labora-
tory animal care NIH publication revised 1985”.

Induction of ulcer and treatment regimen
design

The rats were fasted overnight with free access to water
prior to starting the experimental protocol. Intragastric
gavage was utilized to facilitate the oral administration
of KP, free APO, or medicated COS-NP; (chosen formula,
F4) to rats (each one was prepared as suspension in
sodium CMC [1% w/v]). In this study, two treatment
regimens were evaluated against KP-induced gastric
ulcer in rats; 1) concurrent induction and treatment regi-
men, where APO or APO-loaded COS-NP, and KP were
administered simultaneously, 2) post-treatment regimen,
where KP was administered first and after 8 hours APO
or APO-loaded COS-NP, was administered.

Concurrent induction and treatment regimen

Twenty-four animals were divided into four groups (six rats
per group) and treated as follows: Group I: normal control
(no KP nor APO). Group II: positive control which received
two consecutive doses of 50 mg/kg KP only within 8-hour
interval.>'*% Group III: received concurrent oral adminis-
tration of both KP and free APO suspensions (50 and

14 mg/kg, respectively).’'* After 8 hours, the rats received
a dose of KP only. Group IV: similarly treated as group III
but with APO-loaded COS-NP; (F4) containing an equiva-
lent dose of APO (14 mg/kg) instead of free APO.

Post-treatment regimen

KP was administered first and after 8 hours, APO was
taken. Twenty-four animals were divided into four groups
(six rats per group) and each treated as follows: Group I:
normal control (no KP nor APO). Group II: positive con-
trol which received oral KP suspension (50 mg/kg) to
induce gastric ulcer in rats within 8 hours. Group III:
received oral KP suspension (50 mg/kg) and after 8
hours received free APO suspension (14 mg/kg) and then
once daily for 4 consecutive days. Group IV: similarly
treated as group III but with APO-loaded COS-NP, (F4)
containing an equivalent dose of APO (14 mg/kg) instead
of free APO.

At the end of both treatment regimens, rats were sacri-
ficed (8 hours after the last treatment in case of concurrent
induction and treatment regimen and 24 hours after the last
treatment in case of post-treatment regimen). Their sto-
machs were rapidly removed, opened along the greater
curvature, gently rinsed out with normal saline, and pro-
cessed for the forthcoming evaluations.

Macroscopic examination of gastric

ulceration

The mucosal surfaces of the stomachs were photographed
and macroscopically examined for ulcerogenic lesions
(black spots).>* The mean number of ulcers and percentage
incidence of rats with ulcers (percentage of rats with
ulcers) were estimated. Moreover, Paul’s index (PI; an
integral indicator of the number of lesions induced per
experimental group) and AA (the activity was recognized
when AA value was at least two units) were evaluated

according to Equations (5 and 6), respectively:*>°

PI = mean number of ulcers x
percentage incidence of rats with ulcers

100

)

_ PI of positive control group (KP alone)
~ PI of treated group (APO alone or NPs)

AA (6)

After completion of macroscopic examination, each
stomach was divided into two portions. The first portion
was processed for pathological studies and the second one
was subjected to biochemical evaluations.
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Preparation of gastric tissue samples for

pathological studies

Autopsy samples were taken from freshly excised clean
stomachs and fixed in a 10% buffered formalin solution for
24 hours. Formalin-fixed stomachs were washed, dehy-
drated by ascending grades of ethyl alcohol, cleared in
xylene, embedded in paraffin wax, and serially sectioned
(5 um) for the following examinations.

Histopathological examination

One set of gastric tissue sections was picked up on slides,
deparaffinized, and stained with hematoxylin and eosin
(H&E), as previously reported.>” The second and third
sets of sections were stained with alcian blue and toluidine
blue for detection of mucus glycoproteins and mast cells,
respectively.’*®

Immunohistochemical (IHC) detection of
cyclooxygenase-2 (COX-2) expression

Another set of sections was immunostained to evaluate
COX-2 expression level in gastric tissue by EnVision
method, following the manufacturer’s instructions (Thermo
Fisher Scientific, Waltham, MA, USA). Briefly, sections
were deparaffinized in xylene, then rehydrated in gradual
descending concentrations of ethyl alcohol followed by
PBS (pH 7.4). For antigen retrieval, glass jars containing
tissue section slides in 0.01 M sodium citrate buffer (pH
6.0) were placed in a microwave oven for 8 minutes at 600
W to enhance immunoreactivity. The endogenous peroxidase
activity was blocked with 3% hydrogen peroxide (H,0O,) for
5 minutes at room temperature. After rinsing with PBS (pH
7.4), tissue sections were incubated with primary antibody
(anti-COX-2 [1:50] in PBS containing 1% BSA) overnight at
4°C. After triple washing with PBS, the sections were incu-
bated with
immunoglobulin) for 1 hour at room temperature, followed

secondary antibody (biotinylated anti-
by washing and development of antigen—antibody visualiza-
tion with 0.04% 3, 3'-diaminobenzidine tetrahydrochloride,
as a chromogen, for 1 minute. Finally, the sections were
washed and then counter-stained with Mayer’s hematoxylin.
All pathological changes were examined blindly using a light
microscope (Olympus Corporation, Tokyo, Japan). The sec-
tions treated for immunostaning were scored from 0 to 3 as
follows: absent staining =0, weak staining =1, moderate
staining =2, and strong staining =3.*° Such scoring clearly
reflected the capability to realize the positive reactions under
high, medium, and low power microscopic magnifications.

Preparation of gastric tissue homogenate

for biochemical studies

Gastric mucosal tissue was weighed, homogenized in 10
volumes of ice-cold phosphate buffer (100 mM, pH 7.4)
using a homogenizer (Benchmark D1000, USA), and then
centrifuged (10,000 g for 10 minutes at 4°C).*° Aliquots of
the homogenate were stored at —80°C for the subsequent
measurements.

Measurement of oxidative stress markers

Levels of malondialdehyde (MDA), superoxide dismutase
(SOD), and reduced glutathione (GSH) were measured in
gastric mucosal homogenates of the different experimental
groups using their respective assay kits according to the
manufacturer’s instructions (Biodiagnostic).

Measurement of NO

The level of NO in gastric mucosal homogenate was mea-
sured based on Griess method using a specified kit as indi-
cated by the manufacturer’s instructions (Biodiagnostic).*>

Statistical analysis

Data were expressed as mean = SD of three experiments.
In vivo data were presented as mean + standard error of
the mean (SEM) of six experiments. Statistical analysis
was accomplished by one-way ANOVA followed by
Tukey-Kramer multiple comparisons test using Graphpad
prism software version 5.00 (GraphPad Software, Inc., La
Jolla, CA, USA). The p-values at level p<0.05 were con-
sidered statistically significant.

Results and discussion

Preparation and characterization of

APO-loaded COS-NP, formulations

In the present study, APO-loaded COS-NPg were success-
fully prepared by ionic gelation method. As shown in
Table 1, different concentrations of COS and TPP were
used to determine the most appropriate nanoparticulate
system with respect to particle size, PDI, ZP, DEE (%),
and mucoadhesive strength. APO concentration was main-
tained constant at 2 mg/mL in all formulations, which is
the maximum value recorded according to the solubility
data.*® The following parameters were evaluated to clarify
the effect of interaction between COS and TPP on NP
properties.
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Table 1, interestingly, reveals that the concentration of
both COS and TPP dictate (in antagonist mode) the out-
come values of DEE (%), particle size, as well as mucin-
binding efficiency of the NPy (F1 and F4). It might be
speculated that high concentration of COS in the presence
of low concentration of TPP indorsed the interaction
between COS and APO slowly, resulting in high DEE
(%) and binding efficiency of the small particle size (F4).
However, with F1, the lower concentration of COS was
captured rapidly by the high one of TPP, therefore, the
chance for APO to be encapsulated was reduced. As
a result, particle size increased, while mucin-binding effi-
ciency decreased.

Particle size, PDI, and ZP measurements

Particle size is one of the main important determinants in
mucosal and epithelial tissue uptake of NP as well as
their intracellular trafficking, thereby influencing the ther-
apeutic performance.*' The data elucidated that an incre-
ment in the concentration of the polymer and reduction of
that of TPP resulted in a dramatic drop in the particle size
of the medicated COS-NP from 904.20+23.01 to 436.20
+24.45 nm in case of F1 and F4, respectively (Table 1).
Such decrease in particle size might be assigned to
a higher degree of cross-linking reactions and production
of compact NP structure.”**?

The index of particle size distribution is expressed as
PDI. It has an impact on the pharmacokinetic parameters
and the therapeutic efficacy of the medicated NP, formula-
tions based on its value, ranging from 0 to 1. PDI values
lower than 0.5 indicate homogenous nature of the disper-
sion and those greater than 0.5 indicate a heterogeneous
one. Unequal particle size (PDI >0.5) can influence the
surface area of NP available for absorption and hence can
cause irregularity of the pharmacokinetic parameters with
subsequent effect on the therapeutic efficacy of the
formulation.*® In our study, most of the NP, formulations
had PDI values lower than 0.5, pointing to their homo-
genous (narrow-size) distribution.

ZP is a prime parameter representing the surface
charge density of NP,, which strongly influences their
stability, mucoadhesive property, and cellular uptake
ability."”” As summarized in Table 1, the ZP values of all
the prepared formulae were positively charged with the
maximum one obtained in case of F4 (+38.20+1.47 mV).
Such a trend could be correlated to the existence of free
protonated amino groups (-NH3") of COS polymer which

are specifically more available in case of F4 with higher
polymer concentration, hence leading to much stronger
electrostatic repulsion between NP;. These data are in
concordance with other investigations.”*** In general, ZP
values higher than +30 mV or lower than — 30 mV elicit
good stability of the NP, owing to the electrostatic repul-

sion between each other.***

Mucoadhesive strength
Possession of mucoadhesive properties has a great influ-
ence on broadening the scope of application of PNP. In
the present work, APO-loaded COS-NP; formulations
exhibited marked increase in the mucin-binding efficiency
(%) concomitant with the increment in the ZP values as
presented in Table 1. F4 with ZP of +38.20+1.47 mV,
possessed the maximum mucin-binding efficiency (%)
(51.2242.99%). The mucoadhesive characteristics of
COS are correlated with the electrostatic interaction
between the positively charged amino groups of COS
and negatively charged sialic acid groups of mucin.**
Such interaction promotes the gastric residence time and
cellular uptake of NPg, which is essential for effective
mucosal delivery of therapeutics." Compared with the
mucoadhesive strength of the medicated formula (F4),
the corresponding plain COS-NP, showed higher value
(62.7043.07%) because of the presence of more COS
available for interaction with mucin.*> There is ample
evidence attesting to the effect of CS type, MW, and
degree of deacetylation as well as PNP; components on
the mucoadhesive characteristics of CS NP,.>*4¢

The aforementioned data, with all appreciated values of
the properties required in NP, substantiated that F4 was
the chosen formula with respect to maximum DEE (%) of
35.06+1.89%, low particle size of 436.20+24.45 nm, low
PDI of 0.390+0.07, high ZP of +38.20+1.47 mV, and high
mucoadhesive strength of 51.22+£2.99% (Table 1), there-
fore, it was subjected to the forthcoming evaluations.

FT-IR spectroscopy
The FT-IR spectra of COS-NP; (F4) and their ingredients
are presented in Figure 2A. The spectrum of APO displayed
all the characteristic bands of the functional groups of the
drug: 3384 (phenyl-OH), 3007 (aromatic —H), 2937 (alkane
C-H), 2843 (alkane C-H), and 1,660 cm ' (ketone C=0).*
COS spectrum elicited a strong and broad overlapped peak
at 3,449 cm ! assigned to —NH, and —~OH stretching vibra-
tions. A weak band at 2,885 cm !
stretching. The absorption bands at 1,629 cm™

originated from —CH

U and
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1,518 cm™ ' were characteristic for the amide I (C=0 vibra-
tion mode) and amide II (N-H bending vibration mode) of
COS, respectively.*’ The peak at 1,155 cm ™' pointed to
asymmetric stretch of C-O-C. Furthermore, the peak at
1,320 cm ™' for C-N stretching vibration of type I amine
was observed.** TPP spectrum showed a peak at 1,214 that
referred to P=0 and anther peak at 1,095 cm !, which could
be attributed to P-O—R vibration of the phosphate group.*®
The spectrum of the physical mixture of NPy components
was similar to that of COS, which might be attributed to
dilution of the drug and TPP by the polymer. Plain and
medicated NPy spectra were synchronized with each other,
where amide I and amide II peaks of COS were shifted,
verifying the cross-linking between amino groups of COS
and phosphate groups of TPP through ionic interaction.”®
Additionally, the characteristic peaks of APO disappeared
in medicated NP, spectrum, indicating the drug entrapment
in the NP, matrix and the possibility of interaction between
APO, specifically, its phenyl —OH group with COS of the
NP,. These results correlate with an earlier report.'

\
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\
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A 3449
007 | 2843
2937
3384
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DSC

Figure 2B depicts the DSC thermograms of APO, COS,
TPP, and their physical mixture as well as plain and
medicated COS-NP; (F4). A characteristic sharp endother-
mic peak of APO was detected at 116.19°C corresponding
to its melting point. COS thermogram disclosed a broad
endothermic peak at 87.76°C and another endothermic
peak at 207.38°C which might be ascribed to the water
evaporation and polymer decomposition, respectively.*’
TPP showed two endothermic peaks at 116.53°C and
192.75°C. Regarding the physical mixture, the distin-
guished endothermic peaks of the components were
noticed at their respective positions with marked absence
of those of TPP, owing to the dilution factor. Interestingly,
both plain and medicated COS-NP; thermograms matched
each other, along with vanishing of the decomposition
peak of COS. Besides, the disappearance of APO peak
was evident in the medicated NP, thermogram suggesting
the drug entrapment in the matrix of the polymeric nano-
particulate system.** Moreover, the noticeable exothermic
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Figure 2 FT-IR spectra (A), DSC thermograms (B), and XRD patterns (C).
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Notes: (I) APO, (Il) COS, (lll) TPP, (IV) physical mixture, (V) plain COS-NPs, and (VI) APO-loaded COS-NP; (F4).
Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; DSC, differential scanning calorimetry; FT-IR, Fourier-transform infrared; NP, nanoparticles; TPP, tripolypho-

sphate; XRD, X-ray diffractometry.
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peaks at 255.83°C and 254.66°C in plain and medicated
NP, thermograms, respectively, might be attributed to the
cross-linking reactions and formation of new structural
entity with specific thermal characteristics. These findings
are in line with a previous report.>”

XRD

As shown in Figure 2C, APO diffractogram manifested
intense diffraction peaks at 20 of 13.12, 14.32, 21.67,
22.70, 26.22, and 26.56°, thereby indicating the crystalline
nature of the drug.*® On the other hand, the amorphous
pattern of COS was observed.”' The crystallinity of TPP
was revealed by prominent diffraction peaks at 20 of
18.65, 19.19, 24.62, 29.45, 33.09, 33.94, and 34.39°. In
case of the physical mixture, the diffractogram was
a combination of those of COS and APO with clear
absence of the peaks of TPP due to dilution factor. The
diffractogram of the medicated COS-NPg (F4) coincided
with that of the plain one, along with disappearance of the
characteristic peaks of APO. Hence, the encapsulation of
the drug within the COS matrix of the NP in amorphous
or molecular dispersed state exists. Earlier, similar manner
was authenticated for other drugs loaded in CS NP5
TEM

Morphological analysis revealed that APO-loaded COS-
NP, (F4) were spherical in shape with smooth surfaces, as
observed by TEM (Figure 3). Noteworthy, the particle size
of the NP; measured by DLS (436.20 nm) (Table 1) was
larger than that estimated by TEM (<200 nm) because of
the presence of NPy as aqueous dispersion in the hydrated
state (hydrodynamic diameter), that might lead to swelling
of COS matrix of the individual NP, and/or aggregation of
single particles. In case of TEM, these factors are dimin-
ished owing to the existence of the NP in the dried state
(actual diameter). Analogous findings and explanations
have been documented for other CS-TPP NP,.'*%52

In vitro drug release

The in vitro release pattern of APO from COS-NP; (F4) in
comparison with its diffusion from aqueous solution is
depicted in Figure 4 using 0.1 M HCI (pH 1.2) as a release
medium to mimic the gastric environment. It was evident that
the drug was completely diffused (100%) from its aqueous
solution into the release medium within 1 hour. Such pattern
could be related to the amphoteric nature of free APO that
permits its solubility in both acidic and basic media. Therefore,
in acidic pH, formation of hydrogen bond between phenolic

OH group of APO and water (H,0) molecules of the medium
may boost the complete diffusion of the free drug.w On the
other hand, APO loaded in COS-NPg exhibited biphasic
release pattern characterized by initial burst phase (33.69
+0.525%) in the first 3 hours followed by sustained phase
(43.8940.115%) up to 24 hours. Free drug adsorbed onto the
NP, surface and drug entrapped near the surface may account
for the initial burst release.**** The sustained release pattern is
presumably due to swelling of the polymer matrix based on the
weak basic nature of COS that facilitates the protonation of its
amino groups in the acidic environment leading to repulsion of
polymer chains, with subsequent entry of water into the parti-
cles and slow diffusion of APO from the polymeric nanopar-
ticulate matrix.® Owing to the preparation of NP, by ionic
gelation method and swelling characteristics of the polymer,
NP; could be considered as nanogel or nanoscaffold delivery
systems. Collectively, these results imply that orally adminis-
tered APO-loaded COS-NP; can quickly confer therapeutic
concentration of the drug through initial burst release. This is
further maintained at the therapeutic level by the sustained
release phase. Such suggestion resembles an earlier study.*

Kinetic analysis of the drug release data

The kinetic release data of APO from the chosen COS-NP;
implied that Higuchi model was the best fitted one (diffusion
of the drug through the PNP, matrix represents the rate
limiting step). Further analysis by Korsmeyer-Peppas empiri-
cal equation established a Fickian mechanism (n<0.5), indi-
cating that the drug release from NPg was mainly governed
by diffusion (Table 2). Likewise, other drugs loaded in CS-

NP, followed the same kinetic behavior.>>>

Stability study

As summarized in Table 3, the stability of the chosen formula
(F4) after storage at both refrigerated and room temperatures
was estimated with respect to particle size, PDI, ZP, and drug
retention (%) for 6 consecutive months. Compared with the
freshly prepared APO-loaded COS-NP, samples, insignificant
difference was detected regarding the evaluation parameters
after storage at refrigerated temperature throughout the desig-
nated periods. On the other hand, at room temperature storage,
significant (p<0.05) increment in particle size and decrease in
ZP were recorded, while other parameters were in the accep-
table range. These data highlighted the superlative stability of
the chosen formula at 4°C, hence maintaining its efficacy for
a long-term storage period. Fan et al declared similar findings
with respect to the storage stability study of CS/TPP NP at

the same designated temperatures.>
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Figure 3 TEM images, size and ZP distribution curves of APO-loaded COS-NPs (F4).

Notes: (A) TEM images with different magnifications, (B) size distribution curve, and (C) ZP distribution curve.
Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; NP, nanoparticles; TEM, transmission electron microscopy; ZP, zeta potential.

Evaluation of AA against KP-induced

gastric ulcer in rats

Macroscopic examination of gastric ulceration
KP-induced gastric ulcer in rats is considered an estab-
lished model for screening the AA of the investigated
drugs either free or loaded in pharmaceutical delivery
systems. As documented, KP causes gastric ulceration
via numerous mechanisms encompassing, suppressed
prostaglandins' (PGs) production, decreased gastric
mucous secretion, altered mucosal oxidative stresses,
and NO levels as well as stimulated COX-2 and other

inflammatory mediators' expression levels.'*?

Figure 5 illustrates macroscopic gross appearance of
gastric mucosal tissues obtained from different rat groups
following concurrent induction and treatment regimen as
well as post-treatment regimen. Besides, macroscopic eva-
luation parameters of ulceration were summarized in
Table 4 for both treatment regimens.

In case of concurrent induction and treatment regimen
(Figure 5A), normal control group (I) elicited normal
gastric mucosa. On the other hand, oral KP administration
of two successive doses 8 hours apart (positive control;
group II) provoked exacerbated gastric ulcerogenic lesions
in the form of multiple black spots. Therefore, such group

submit your manuscript

4920

Dove!

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Anter et al

1001

=0—- APO alone

9
§ 804
s —+— APO-loaded COS-NPs
© 604
2
< - —
P 40-I > L
=
kS
] -
2 20
>
(@]
0 L] L) L] L L] 1
0 4 8 12 16 20 24
Time (h)

Figure 4 The in vitro release pattern of APO from COS-NP; (F4) in comparison
with its diffusion from aqueous solution.

Note: Each point represents the mean * SD (n=3).

Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; NP, nanoparticles.

experienced a high percentage incidence of ulcers (100%)
and the highest PI value (36.83) (Table 4). Compared with
positive control group, ulcerogenic lesions were relatively
reduced in rats that received concurrent administration of
KP and APO (group III), but the percentage incidence of
ulcers (100%) and PI (24.50) were still high. Interestingly,
much less ulceration was observed in APO-loaded COS-
NP, concurrently treated rats (group IV), expressed by
marked reduction of percentage incidence of
ulcers (66.66%) and lowest PI (4.55) compared with both
positive control group (II) and free APO concurrently
treated group (III). It might be inferred from Table 4 that
the NPg (group IV) taken once acted as a depot in the
stomach mucosa for APO sustained release, ameliorating
the AA even when KP was administered to the rats in two
consecutive doses 8 hours apart. These aforementioned
results could be considered a therapeutic “cherish” for
those patients on KP treatment for long periods as analge-
sic or anti-inflammatory. One might look to the prepared
NP, as a “scaffold” for APO sustained release in the

gastric mucosa?

Similar macroscopic findings were manifested in post-
treatment regimen of rat groups (Figure 5B). Table 4 depicts
that consecutive administration of APO-loaded COS-NP;
(group 1V) once daily for 4 days after once dosing with
KP (post-treatment regimen) resulted in a significant
decrease in the average number of ulcers and the percentage
incidence of rats with ulcers. This means that progress in
recovery from an already existing gastric ulcer can take
place by repeated administration of once daily NPg.
Compared with free APO, NP, had the highest efficacy
and strength. As reported, the AA is acceptable if its
value is (at least) two units.*>~® Thence, APO-loaded COS-
NP, treated group in both treatment regimens showed
potentiated AA expressed by higher AA values (AA
=8.09, 19.13) relative to those of free APO treated groups
(AA =1.50, 1.75) in case of concurrent and post-treatment
regimens, respectively (Table 4). These findings conferred
preliminary screening for the gastric AA of medicated
COS-NP; which would be further emphasized by histo-
pathological, IHC, and biochemical studies.

Histopathological examination

H&E stain

Regarding concurrent induction and treatment regimen
(Figure 6A), normal glandular mucosa and submucosa
were observed in gastric tissue of normal control group
(D. In contrast, positive control rats exhibited extensive
areas of erosions, ulcerations, degeneration, and necrosis
of the mucosal epithelial cells as well as thickened submu-
cosa with severe congestion, marked leukocytic cells infil-
tration, and edema (II). Reduced thickness of mucosa due to
loss of superficial epithelial layers, congested blood vessels,
edema, and mild leukocytic cells' infiltration in submucosa
were observed in rats that received free APO (III).
Meanwhile, mucosa and submucosa retained their normal
structures in APO-loaded COS-NP; treated group (IV).

Table 2 Kinetic analysis of the release data of APO from COS-NP; (F4)

phase

Release Zero First Higuchi Release Korsmeyer-Peppas Drug release
phase order order model mechanism mechanism
Coefficient of determination (Rz) (Rz) Diffusional expo-
nent (n)
Burst release 0.8326 0.8735 0.9851 Diffusion 0.9817 | 0.4256 Fickian
phase
Sustained release | 0.8859 0.8993 0.9073 Diffusion 0.9048 | 0.1011 Fickian

Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; NP;, nanoparticles.
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3). *Significant at p<0.05 monthly vs initial. “Significant at p<0.05 refrigerated temperature vs room temperature after 6 months.

Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; NP, nanoparticles; PDI, polydispersity index; RH, relative humidity; ZP, zeta potential.

Notes: Each value represents the mean * SD (n

In case of post-treatment regimen (Figure 6B), no his-
topathological alterations were noticed in stomach tissue of
normal control rats (I). On the contrary, the stomach of
positive control group showed multifocal areas of erosions,
ulcerations, degeneration, and necrosis of the mucosal
epithelial cells along with moderate submucosal congestion,
marked leukocytic cells' infiltration, and edema (II). Focal
areas of small erosions were observed in mucosa with mild
leukocytic cells' infiltration and edema in submucosa of
APO post-treated rats (III). Obviously, the gastric tissue
retained its normal histopathological integrity in APO-
loaded COS-NP; post-treated rats (IV). Noteworthy, the
histopathological examination was consistent with PI of
different rat groups supporting the potentiated AA of the
medicated COS-NP,.

Alcian blue stain

Histochemical staining of stomach tissues using alcian
blue stain for detection of mucus glycoproteins is pre-
sented in Figure 7. Rat groups that followed the concurrent
treatment regimens (Figure 7A) revealed that normal sur-
face and mucosal glycoproteins' deposition was observed
in normal control group (I). Loss of glycoproteins' secre-
tion was detected nearby ulcer and erosion in both positive
control and free APO concurrent treated rats (II and III,
respectively). Surprisingly, medicated COS-NP; group
preserved normal gastric mucosal glycoproteins' deposi-
tion (IV). Similar histochemical staining data were noticed
in animals that received the post-treatment regimen
(Figure 7B).

Indeed, mucus glycoproteins have a pivotal defense
mechanism in protection against gastric ulceration through
formation of a viscoelastic mucus gel layer which protects
and lubricates the underlying epithelium of gastric
tissue.>* The pronounced effect of the medicated NP to
restore and retain the mucus glycoproteins could be rele-
vant to the benefits of both APO and COS.firstly, the
ability of orally administered APO to increase the gastric
mucin content in case of ulceration,?’ and in addition, the
mucoadhesive property of COS.** In our study, such
mucoadhesiveness was greatly supported by in vitro-in
vivo correlation results (in vitro mucin-binding efficiency
[%] as summarized in Table 1 and in vivo histochemical
staining of mucus glycoproteins).

Toluidine blue staining
For detection of mast cells, gastric tissues of rats were
stained with toluidine blue as illustrated in Figure 8. In
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Figure 5 Macroscopic gross appearance of gastric mucosal tissues following (A) concurrent induction and treatment regimen and (B) post-treatment regimen.
Notes: () Normal control group, (ll) positive control group, (lll) free APO treated group, and (IV) APO-loaded COS-NP; (F4) treated group. Oral dose of free or loaded

APO was 14 mg/kg.

Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; NP, nanoparticles.

Table 4 Macroscopic evaluation parameters of concurrent induction and treatment regimen and post-treatment regimen aganist KP-

induced gastric ulcer in rats

Animal Evaluation parameters
group . . . .
Concurrent induction and treatment regimen Post-treatment regimen
Number of Percentage inci- Pl AA | Number of Percentage inci- Pl AA
ulcers Mean t dence of rats ulcers Mean t dence of rats
SEM (n=6) with ulcers SEM (n=6) with ulcers
I (normal 0 0 0 _ 0 0 0 _
control)
Il (positive 36.83%1.30 100 36.83 | _ 27.17£1.54 100 27.17 | _
control)
Il (free APO) | 24.50+1.18% 100 2450 | 1.50 | 15.50£0.76"% 100 1550 | 1.75
IV (APO- 6.83£0.6073%% 66.66 455 | 809 | 2.830.317#%%% 50 142 | 19.13
loaded COS-
NP;)

Notes: Oral dose of APO in group lll and IV was 14 mg/kg. mp <0.001 vs positive control group (Il); $$sp <0.001 vs free APO group (lll) relative to the corresponding treatment

regimen.

Abbreviations: AA, antiulcerogenic activity; APO, apocynin; COS, chitosan oligosaccharide; KP, ketoprofen; NP, nanoparticles; Pl, Paul's index; SEM, standard error of the mean.

case of concurrent induction and treatment regimen
(Figure 8A), the number of mast cells markedly
increased in the submucosa of both positive control
and free APO treated groups, particularly in underlining
area of mucosal damage (II and III, respectively) in
comparison with those of normal and medicated NP
treated animals (I and IV, respectively). On the other
hand, in post-treatment regimen (Figure 8B), positive
control rats manifested mild increase in the number of

mast cells (II), whereas few numbers of mast cells were
observed in the other investigated groups (I, III, and
IV). The fluctuation in the degree of increment of mast
cells in the positive control groups in both treatment
regimens could be linked with the induction dose of
KP (two successive doses vs one dose in concurrent
and post-treatment regimens, respectively). Mast cells
are the key inflammatory cells which, upon activation
by various stimuli, release a variety of mediators such as
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Figure 6 Histopathological examination of glandular stomach of rats following (A) concurrent induction and treatment regimen and (B) post-treatment regimen.
Notes: (I) Normal control group, (Il) positive control group, (lll) free APO treated group, and (IV) APO-loaded COS-NP; (F4) treated group. Oral dose of free or loaded APO
was 14 mg/kg. Thick black arrow points to extensive areas of ulceration. Thick green arrow points to decreased thickness of mucosa due to loss of superficial epithelial layers. Thick
red arrows point to focal erosion. Thin black arrows point to congested blood vessels. Thin red arrows point to leukocytic cells' infiltration. Asterisk points to edema. H&E, 100x.
Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; M, mucosa; H & E, hematoxylin and eosin; NP, nanoparticles; SM, submucosa.

A
PR —— [
.M 3 )
SM u
ol s
vy
M
SM o = (A,

SM
N
M
: M
SM - AT Mt

Figure 7 Histochemical staining of glandular stomach of rats with alcian blue stain following (A) concurrent induction and treatment regimen and (B) post-treatment regimen.
Notes: (I) Normal control group, (ll) positive control group, (lll) free APO treated group, and (IV) APO-loaded COS-NP; (F4) treated group. Oral dose of free or loaded
APO was 14 mg/kg. Thick black arrows point to loss of glycoproteins' secretion in mucosa near ulcer. Thick green arrow points to loss of glycoproteins' secretion in mucosa
near erosion. Thick red arrow points to decreased glycoproteins' deposition in mucosa near erosion. Thin red arrows point to continued surface glycoproteins. Alcian blue

stain, 100x.

Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; M, mucosa; NP, nanoparticles; SM, submucosa.

leukotrienes, histamine, and platelet activating factor,
contributing to gastric mucosal injury and ulceration.*®
The concomitant increment in mast cells upon induction
with KP could be explained on the basis that nonster-
oidal anti-inflammatory drugs decrease PGs which are
extremely potent inhibitors of mast cell degranulation.”
The anti-inflammatory effect of APO'>"'7 that seems to
be further potentiated upon loading in COS-NP, might
account for the reduction in mast cell numbers and
degranulation.

IHC detection of COX-2 expression

The THC evaluation of gastric COX-2 expression is
shown in Figure 9. Regarding concurrent induction
and treatment regimen (Figure 9A), positive control
group exhibited strong COX-2 expression in area of
mucosal damage as well as epithelial cells near area
of mucosal damage and underlining submucosa (II).
Gastric tissue sections from APO concurrent treated
rats showed focal positive signal of COX-2 expression
in area of mucosal damage staining epithelial cells and
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Figure 8 Histochemical staining of glandular stomach of rats with toluidine blue stain following (A) concurrent induction and treatment regimen and (B) post-treatment regimen.
Notes: () Normal control group, (ll) positive control group, (lll) free APO treated group, and (IV) APO-loaded COS-NP; (F4) treated group. Oral dose of free or loaded
APO was |4 mg/kg. Thick black arrows point to mucosal damage. Thin black arrows in insert point to mast cells. Thin red arrows point to leukocytic cells' infiltration.

Toluidine blue stain, 100% and insert 200%.

Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; M, mucosa; NP, nanoparticles; SM, submucosa.

infiltrated leukocytes (III). Like normal control group
(I), weak positive signal of COX-2 expression appeared
in few epithelial cells of rats that received APO-loaded
COS-NP; (IV). Similar findings were noticed for post-
treatment regimen (Figure 9B).

Statistical analysis of positive signal expression of
COX-2 in both treatment regimens elucidated its sig-
nificant decrement in rats that received medicated
COS-NP; when compared with positive control or
free APO treated groups (Figure 9C a and b).

According to reported investigations, the integrated cap-
ability of both APO and COS combination to downregulate
the COX-2 expression evoked by several stimuli, could

explain the pronounced effect of medicated COS-NP,.'%>%57

Biochemical studies

Measurement of oxidative stress markers

Oxidative stresses are critically implicated in the patho-
genesis of gastric ulceration.”® The gastric tissue levels
of oxidative stresses (MDA, SOD, and GSH) in both
treatment regimens are shown in Figure 10. The data
demonstrated that orally administered KP (positive con-
trol groups) induced highly significant elevated MDA
levels (p<0.001) along with depleted SOD and GSH
levels (p<0.001) in comparison with normal control
animals. Moreover, the free APO treated groups did
not elicit any significant change relative to positive
control groups. Noteworthy, the APO-loaded COS-NP;
treated groups had greatly normalized oxidative stress
levels (p<0.001) as compared with positive control
groups. Besides, their superlative significant effect over

that of free APO treated ones was prominently evident.
Such effect might be mediated via the anti-oxidant
of APO (a NADPH
inhibitor)'® which seems to be augmented upon formu-

activity specific oxidase
lation as a nanoparticulate delivery system. Also, the

anti-oxidant property of COS cannot be ignored.’

Measurement of NO

The data of both treatment regimens (Figure 11) revealed
that rats subjected to KP administration (positive control
groups) had a highly significant increment of gastric
mucosal NO levels (p<0.001) as compared with normal
rats. Such increment was significantly (»<0.001) abrogated
in rats treated with APO-loaded COS-NP,.

Several lines of evidence have demonstrated the
defensive role of NO as a gastroprotective mediator
against gastric ulceration through enhancement of muco-
sal blood flow, stimulation of gastric mucus secretion,

59-61

and reduction of leukocytic cells' infiltration.

Notwithstanding, upregulation or downregulation of
NO can cause deleterious gastric mucosal damage.®>¢
The marked effectiveness of the medicated COS-NPg
could be assigned to the activity of the drug and the
polymer in normalizing the upregulated NO content in
ulcerated gastric tissue.'®'”

Collectively, the previously mentioned in vivo data
were in harmony with each other, supporting the poten-
tiated AA of orally administered APO-loaded COS-NPg
against KP-induced gastric ulceration in both regimens.
Such marvelous AA could be strongly related to several
follows: 1) the

combined factors enumerated as
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Figure 9 Positive signal for IHC staining of COX-2 in rats’ gastric tissues following (A) concurrent induction and treatment regimen and (B) post-treatment regimen.
Statistical analysis of intensity of COX-2 positive signal in rats’ gastric tissues (C) following (a) concurrent induction and treatment regimen and (b) post-treatment regimen.
Notes: () Normal control group, (ll) positive control group, (lll) free APO treated group, and (IV) APO-loaded COS-NP; (F4) treated group. Oral dose of free or loaded
APO was 14 mg/kg. Thick black arrows point to strong COX-2 expression in areas of mucosal necrosis. Yellow arrows in insert point to positive signal. IHC counterstained
with Mayer’s hematoxylin, 100x and insert 200x. Kruskal-WVallis test (non-parametric test) was applied followed by Dunn's multiple comparison test. *p<0.05 and **p<0.01
vs normal control group. #p<0.05 vs positive control group. *p<0.05 APO-loaded COS-NP, (F4) treated group vs free APO treated group.

Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; COX-2, cyclooxygenase-2; IHC, immunohistochemical; M, mucosa; NP, nanoparticles; SM, submucosa.

mucoadhesive property of COS can prolong the gastric
residence time of the NP; and subsequently sustain the
release of APO and decrecase the frequency of
dosing;**** 2) the permeation enhancing characteristic
of COS could augment the paracellular uptake of NPq
via reversible opening of the tight junctions between
epithelial cells as well as the transcellular uptake of
NP, across the epithelial cells;’ 3) unlike microparticles,
the cellular uptake of NP is much easier for immune
cells, like macrophages, in the inflamed area, leading to
their selective accumulation in the ulcerative
tissues;**®> 4) both APO and COS possess anti-
inflammatory and anti-oxidant activities that reflect

their pharmacological effect on gastric ulcers.®%!>~!8

Conclusion

In summary, APO-loaded COS-NP; were successfully pre-
pared by ionic gelation method. Maximum DEE % was
achieved owing to the electrostatic interaction between the
polymer and the drug. The results of FT-IR, DSC, and XRD
of the chosen formula confirmed the drug entrapment in the
matrix of the polymeric nanoparticulate system.
Furthermore, the TEM displayed its nanosized and spherical
shape. The in vitro release pattern of APO from COS-NP;
exhibited a biphasic pattern (initial burst phase and sustained
release phase) that can quickly confer therapeutic concentra-
tion of the drug which will be sustained over a long period of
time. The prominent in vivo AA of APO-loaded COS-NP;

was proven by histopathological, IHC, and biochemical
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Figure 10 Levels of oxidative stress markers in rats’ gastric tissues following (A) concurrent induction and treatment regimen and (B) post-treatment regimen.

Notes: (a) MDA, (b) SOD, and (c) GSH. Data are mean * SEM (n=6). * p<0.05, *p<0.01 and ***p<0.001 vs normal control group. *p<0.05 and *#p<0.001 vs positive
control group. *p<0.05 and **p<0.01 APO-loaded COS-NP, (F4) treated group vs free APO treated group.

Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; GSH, reduced glutathione; MDA, malondialdehyde; NP, nanoparticles; SEM, standard error of the mean;
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Figure 11 Levels of NO in rats’ gastric tissues following (A) concurrent induction and treatment regimen and (B) post-treatment regimen.
Notes: Data are mean + SEM (n=6). ¥»<0.05 and ¥*p<0.001 vs normal control group. *#p<0.001 vs positive control group. *p<0.05 APO-loaded COS-NP, (F4) treated

group vs free APO treated group.

Abbreviations: APO, apocynin; COS, chitosan oligosaccharide; NO, nitric oxide; NP, nanoparticles; SEM, standard error of the mean.

studies. One might look to the prepared NP, as a “scaffold”
for APO sustained release in the gastric mucosa. Actually,
APO-loaded COS-NP; deserve profound attention for their
prospective application as a promising phytopharmaceutical
nanoparticulate system for potentiated gastric AA.
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