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Abstract. The aim of the present study was to utilize chitosan (CS) nanoparticles for the intracellular
delivery of the poorly cell-penetrating antibiotic, ceftriaxone sodium (CTX). In vitro characterization of
(CTX-CS) nanoparticles was conducted leading to an optimized formula that was assessed for its
biocompatibility to blood (hemolysis test) and cells (MTT assay). Progressively, confocal laser scanning
microscopy (CLSM), cellular uptake (microfluorimetry), and antibacterial activity of the nanoparticles
were investigated in two cell lines: Caco-2 and macrophages J774.2 pre-infected with Salmonella typhimu-
rium. Results showed that the optimized formula had size 210 nm, positive zeta potential (+30 mV) and
appreciable entrapment efficiency for CTX (45% ) and included a biphasic release pattern. The nanoparticles
were biocompatible and were internalized by cells as verified by CLSM whereas microfluorimetry indicated
substantial cellular uptake. Moreover, the CTX—chitosan nanoparticles showed a significant reduction in the
count of intracellular S. typhimurium in Caco-2 and macrophages J774.2. This reduction was significantly
higher than that obtained in case of placebo nanoparticles, CTX, and CTX~chitosan solutions and might be
attributed to enhanced endocytic uptake of the nanoaprticles and antibacterial effect of the chitosan polymer.
In conclusion, the results provide evidence for the potential use of chitosan nanoparticles to enhance the
intracellular delivery and antibacterial effect of CTX in enterocytes and macrophages.
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macrophages.

INTRODUCTION

The purpose of this study was to explore the possible
improvement of antimicrobial treatment by its incorporation
into chitosan-based nanoparticles. Limited cellular penetration
reduces the effectiveness of many antimicrobial treatments;
this is true in the case of the third-generation cephalosporin,
ceftriaxone sodium (CTX). While CTX has demonstrated
activity against most Salmonella spp. in vitro (1-6), it was
demonstrated to be ineffective in killing intracellular
pathogens (7-9). Moreover, it showed clinical failure in
treating salmonellosis (10). The poor cellular penetration
of the antibiotic was attributed to its high molecular weight
(661.6) as well as its hydrophilicity (log P —0.6) (11-16).
Efforts have been made to increase its oral absorption.
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One attempt aimed at increasing its functional lipophilicity
through the formation of ion pairs by coupling with positively
charged bile acids (12,17). Another aimed at using absorption
enhancers for increasing its membrane permeability (18). One
strategy to improve cellular access is to incorporate the
antibiotic into a nanoparticulate system that would be
ingested by phagocytic cells of the mononuclear phagocytic
system (MPS), (19-21). In addition to the selective delivery
to phagocytes, the ingestion of such vehicles may involve
macrophage activation, and increasing the immune re-
sponse of the host (22). Other advantages for antibiotic
nanoparticles include enhancement of oral absorption, pro-
motion of intracellular delivery (23-26), and improvement of
the antibacterial effect (27-29). Nanoparticulate systems that
increase the selectivity of antibiotics in phagocytic cells
have been reviewed elsewhere (19), most of which were
based on biodegradable poly(lactide-co-glycolide polymer
(25,28, 30,31). Chitosan nanoparticles were recently used as
a carrier for aminoglycosides (32), but the study has not
explored the intracellular delivery capabilities. To the best
of our knowledge, the utility of chitosan nanoparticles for
intracellular antibiotic delivery has not yet been reported
and therefore is highly warranted.

The results from previous studies on the antibacterial
properties and the non-specific endocytic cellular uptake of
chitosan nanoparticles (33) led us to design chitosan-tripoly-
phosphate (CS/TPP) nanoparticles loaded with CTX against
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Salmonella typhimurium as a model Gram-negative intracellu-
lar pathogen. The capabilities to shuttle the poorly permeable
antibiotic to the intracellular milieu as well as the antibacterial
enhancement effect mediated and/or augmented by chitosan
nanoparticles will be tested in two cell lines namely: Caco-2 as
a model of enterocytes where the Salmonella reside after
food poisoning and macrophages J774.2 cells where pathogens
survive and replicate inside the MPS.

EXPERIMENTAL

Materials

Pentasodium triphosphate (Fluka), 1 N hydrochloric acid,
1 N sodium hydroxide, and dimethyl sulfoxide (DMSO) were
purchased (Aldrich, UK); ceftriaxone sodium (CTX), gentamicin
sulfate, dimethylthiazole tetrazolioum bromide (MTT) and fluo-
rescein isothiocyanate (FITC) from Sigma (UK) and glacial acetic
acid (VWR BDH Chemicals) were used as received. The 10 mM
phosphate buffered saline (PBS) was prepared from appropriate
tablets (Oxoid, Basingtoke, UK). Chitosan (Aldrich) was used
after purification (degree of deacetylation and average molecu-
lar weight were 85% and 492x10* g/mol, respectively).

The QuantiPro BCA assay kit was supplied from Sigma; a
solution of 1.0 mg/ml bovine serum albumin (Sigma) in 0.15 M
NaCl was used as a standard.

Bacteria

Clinical isolates of S. typhimurium were kindly provided
from Faculty of Life Sciences, University of Manchester. The
bacteria were cultured by incubation at 37°C in Luria—Bertani
broth overnight for 18 h. All bacteria were stored on plates at 4°
C or in frozen stock at =70°C.

Cell Culture

Caco-2 and macrophages J774.2 cells (ECACC, UK)
were maintained as, respectively adherent and semi-adherent
cell cultures at 37°C in a humidified atmosphere (5% CO,)
in Dulbecco modified Eagle’s minimal essential medium
(DMEM, 25 mM glucose) supplemented with 2 mM glutamine
(Gibco) and 10% heat-inactivated fetal calf serum (FCS) (Invi-
trogen, UK). Antibiotic solution composed of 100 IU/ml peni-
cillin and 100 TU/ml streptomycin (Gibco) was added to the
culture medium during cell maintenance and excluded in
bacterial infection experiments. For monolayer formation,
Caco-2 were detached using trypsin~-EDTA (Invitrogen,
UK) consisting of 2.5% (w/v) of trypsin and 0.2% (w/v)
EDTA in PBS while macrophages J774.2 cells were de-
tached mechanically by scraping. The cells were suspended
in DMEM containing FCS to a count of 10° living cells/ml
as determined by trypan blue exclusion stain and a
hemocytometer. For cytotoxicity, cellular uptake, and
antibacterial assessment experiments, aliquots of the cells
were seeded in 96-well plates and incubated till confluency.
For confocal microscopy, cells were seeded on coverslips in
a six-well plate.
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Preparation of FITC-Labeled Chitosan

Chitosan labeling was performed as previously described
(34), with slight modification. Briefly, purified chitosan was
dissolved in 0.10 M acetic acid to a concentration 5.6 mg/ml;
the pH was adjusted to 4 with 1 N sodium hydroxide. FITC
dissolved in DMSO (5 mg/ml) was slowly added to the
chitosan solution. The reaction was left stirring for 12 h.
The pH was adjusted to 4 using 1 N HCI until a clear solution
was achieved; the mixture was purified by ultra-filtration and
then freeze-dried.

Preparation of Nanoparticles

The chitosan—TPP nanoparticles were prepared via TPP
ionic crosslinking and coacervation method as previously
mentioned (35). Briefly, chitosan (1 mg/ml) was dissolved in
5 mM HCI solution and the pH adjusted to 4 or 5 using 1 N
NaOH. Then, TPP solution (1 mg/ml; adjusted to either pH 4,
5, or 8) was added to the chitosan solution, and the mixture
was stirred (750 rpm) for 30 min at room temperature. The
two solutions were mixed at different pH combinations name-
ly 4/4, 5/5, and 4/8 for CS/TPP, respectively. The nanoparticles
were formed at various chitosan to TPP weight ratios of 5:1,
7:1, 9:1, 11:1, and 13:1 and the resulting mixtures were
observed to be either clear, opalescent, or consisting of
aggregates. The conditions for the formation of opalescent
nanoparticles were further assessed. Drug-loaded nanopar-
ticles were prepared by the incorporation method (36) only
at pH 5/5 for CS/TPP, in which different amounts of CTX
were dissolved in the TPP solution at pH 5, which was then
mixed with the CS or FITC-labeled CS solution at pH 5,
and the procedure was repeated as mentioned above. After
nanoparticle formation, the pH was raised to pH 6 by the
addition of small volumes of 0.1 NNaOH. The formulations
were then freeze-dried in the presence of 0.1% sucrose
used as a cryoprotectant (Heto Drywinner, Thermo Scien-
tific, USA) for 24 h at a pressure of 0.05 mmHg. As a
control, CTX-CS solution was prepared with same concen-
trations of CTX and CS, but without the addition of TPP
to avoid the formation of nanoparticles.

Physicochemical Characterization of Chitosan Nanoparticles

The freshly prepared nanoparticles were subjected for
measurement of particle size, zeta potential, and size dis-
tribution (polydispersity index (PDI)) without sample dilu-
tion or any salt addition. Dynamic light scattering and zeta
potential measurements were performed in triplicate on a
Zetasizer Nanoseries ZEN3600 (Malvern Instruments, UK)
equipped with a solid state He-Ne laser (=633 nm). All
the samples were analyzed at an angle of 114° and a
temperature of 25°C.

Encapsulation Efficiency of Antibiotic in Nanoparticles

The encapsulation efficiency and loading capacity of
nanoparticles were determined after purification of the
nanoparticles by centrifugation at 16,000xg for 30 min at
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15°C on a glucose bed (35%, 50 pL). The amount of
free CTX in the supernatant was measured spectropho-
tometrically at 272 nm using a preconstructed calibration
curve made using serial concentrations of CTX (0.005-
0.014 mg/ml) in distilled water adjusted to pH 6 (y=
50.98x-0.079; R*=0.975).

The encapsulation efficiency (EE%) and the loading
capacity (LC%) of the nanoparticles were calculated as follows:

Total ceftriaxone Na — free ceftriaxone Na
Total ceftriaxone Na

EE(%) = x 100

(1)

_ Total ceftriaxone NA — free ceftriaxone Na

LC(%) = 100
(%) Nanoparticles weight X

All measurements were done in triplicates.
In Vitro Release of CTX from the Nanoparticles

In vitro release of CTX from chitosan nanoparticles was
determined as previously described (37). An amount of
freeze-dried nanoparticles equivalent to 5 mg CTX was re-
dispersed in 5 mL 0.15 M PBS solution (pH 6) and placed in a
dialysis membrane bag with a molecular cut-off of 5 kDa,
tied, and then placed into 50 ml of PBS solution pH 7.4.
The entire system was kept at 37°C with continuous mag-
netic stirring. At appropriate time intervals, 3 ml of the
release medium was removed, and replaced by 3 ml fresh
PBS solution. The amount of CTX in the release medium
was evaluated spectrophotometrically after appropriate di-
lution. All measurements were done in triplicates.

Freeze-Drying and Redispersibility of Colloids

To study the physical stability of the colloid after lyoph-
ilization and redispersion, the optimized formulations were
freeze-dried in presence of sucrose (0.1% w/v) as a cryopro-
tectant for 48 h at a 0.05 mmHg pressure. Once per month,
freeze-dried samples stored at room temperature (on a lab
bench at 25°C) were redispersed by vortex mixing with 10 ml
of ultrapure water, and the particle size, PDI, zeta potential,
and in vitro drug release were re-assessed.

Biocompatibility Studies

Blood Compatibility. Blood compatibility was studied
using hemolysis experiments as previously reported (38) using
human blood. The experimental procedures conformed to
the ethical guidelines of the Experiments and Advanced
Pharmaceutical Research Unit, Ain Shams University, on
the use of the human blood. Briefly, the blood was centrifuged at
3,000 rpm for 5 min, and the obtained erythrocyte pellets were
washed four times with normal saline. Finally, after repeated
washing and centrifugation, an appropriate amount of PBS was
added to the erythrocyte pellets to obtain a 10% erythrocyte
standard dispersion. Subsequently, 1.75 ml of distilled water,
PBS, or nanoparticles dispersion in PBS was mixed with
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0.25 ml of 10% erythrocyte standard solution. The mixture was
incubated for 20 min at 37°C and then centrifuged for 5 min at
2,000 rpm. The absorbance of the supernatant was measured at
543 nm. The absorbances of the supernatant when using distilled
water and PBS were assumed to be 100% and 0%, respectively.

Compatibility to Cells. The three-step protocol for testing
the cell compatibility of high concentrations of nanoparticles
was adopted as per our previous publication (39). Briefly,
nanoparticles were first purified by ultra-filtration (500 kDa
molecular weight cut-off polyethersulphone membranes) and
freeze-dried in the presence of 0.1% sucrose as a cryoprotec-
tant to avoid lumping upon redispersion. The colloids were
dispersed in the least possible volume of water and dialyzed
against water to remove sucrose. The highly concentrated
colloidal dispersion prepared herein served as stock from
which appropriate dilutions were made at the time of the
experiment. Eventually, dispersions of nanoparticles to be
tested on the cells were obtained by mixing one part of five
times more concentrated culture medium and four parts of
the different nanoparticle dispersions on a vortex mixer.
Isotonicity was checked with an osmometer (OSMOMAT
010, Gonotec, UK) and adjusted if necessary (300
10 mOsm/kg) with mannitol before incubation with cells.
Caco-2 cells were trypsinized while macrophages J774.2
were split by mechanical scraping. Cell suspensions were
diluted with culture medium to a count of 1x10° cells/ml
and seeded in 96-well micro-titer plate at density of 10,000
cells/well. At the time of each experiment, the culture
medium was removed and replaced with 100 ul of the
different nanoparticle dispersions (different concentrations) or
of the control. After 24 h incubation at 37°C in a humid
atmosphere with 5% CO,, the colloidal dispersion was
removed by gentle aspiration and the cells were rinsed three
times with pre-warmed pH 7.4 PBS. Then, 100 pl of 3-[4,5-
dimethylthiazol-2-yl]-3,5-diphenyl tetrazolium bromide dye
(MTT reagent) (0.5 mg/ml in DMEM) was added to each well,
and the plates were incubated for 4 h after which the stain
was removed; 100 pl of sterile DMSO was added to each
well, and the plates were shaken for 5 min to solubilize the
crystals (40). Finally, the absorbance (A) was measured at
550 nm in a micro-titer plate reader (TECAN Safire, Tecan
Austria GmbH, Grodig, Austria). The cell viability was
calculated using the following equation:

Cell viability (%) = Atest/Acontrol X 100

Where A is the absorbance of the cells incubated with
the different nanoparticles dispersions and Aconior 1S the
absorbance of the cells incubated with the culture medium
only (negative control). ICsy, the drug concentration at
which reduction of 50% cell viability occurs in comparison
with that of the control sample, is calculated by the curve
fitting of the cell viability data (41,42).

Cellular Uptake Studies

Confocal Microscopy. The cellular uptake using confocal
laser scanning microscopy was performed as per our previous
publication (39). Briefly, Caco-2 cells and macrophages J774.2
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were seeded on sterile poly-L-lysine-coated coverslips placed
in six-well plates and placed in the incubator at 37°C to
allow cell attachment. To each well, 250 pl of nanoparticle
dispersion was added, and the plates were incubated for
30 min in a humid atmosphere at 37°C in a CO, incubator.
Immediately after removal of the colloidal dispersion by
gentle aspiration, 1 ml trypan blue solution was incubated
with the cells for 1 min after which the cells were rinsed at
least four times with pre-warmed PBS pH 7.4. Cell fixation and
permeabilization was achieved by dipping in 4% formaldehyde
solution for 20 min at room temperature followed by
0.05% Triton X-100 in PBS for 5 min. After rinsing with PBS,
the cells were incubated for 3 min with 200 nM 4',6-diamidino-2-
phenylindole (DAPI) solution in PBS for nuclear staining
followed by rinsing. The coverslips were carefully inverted
onto a drop of mounting liquid on a microscopic slide and
stored in the dark at 4°C. For visualization using confocal
microscopy, excitation at 485 nm induces the FITC fluorescence
(green emission) of the labeled nanoparticles while excitation at
358 nm induces DAPI fluorescence (blue emission). For further
image processing, ImageJ® Software was used.

Microfluorimetry Assay. For quantitative study, Caco-2
cells and macrophages J774.2 were seeded into 96-well plates
(black wall with transparent bottom, Costar, IL, USA) at
1.3x10* cell/well, and after the cells reached 80%
confluence, the medium was changed with that containing
FITC-labeled nanoparticles of varying concentrations
0.002-0.05 mg/ml. After 30 min incubation, the suspension
was removed and the wells were washed with 100 pl of
PBS to eliminate traces of nanoparticles left in the wells.
Fifty microliters of 0.5% Triton X-100 in 0.2 N NaOH was
added to the sample wells at room temperature to lyse the
cells. The amount of fluorescence of the cell lysate in each
well was then measured using a fluorescence plate reader
(TECAN Safire, Tecan Austria GmbH, Grodig, Austria)
with excitation wavelength at 485 nm and emission wavelength
at 520 nm for FITC. Cell-bound and internalized nanoparticles
are quantified by making use of a calibration curve obtained
with FITC-labeled nanoparticles in a cell lysate solution
(10° untreated cells dissolved in 1 ml of the Triton X-100
solution). The protein content of the cell lysate in each well
was determined using the QuantiPro micro BCA protein assay
kit (Sigma, MO, USA). Uptake was expressed as the amount
(micrograms) of nanoparticles associated with unit weight
(milligrams) of cellular protein. To determine the kinetics of
nanoparticles uptake by cells, different incubation times 0, 10,
15, 30, 45, 60, 90, and 120 min were used. The experiments were
repeated at 4°C to determine whether nanoparticle uptake by
cells is energy-dependent.

Intracellular Antibacterial Effect. Placebo nanoparticles,
CTX solution, CTX-CS solution, as well as CTX-CS nano-
particle formulation (CTX, 1 mg/ml; CS, 1 mg/mL; TPP,
1 mg/mL at CS/TPP ratio=9:1, and pH 5/5) were tested for
their ability to kill intracellular pathogens infecting Caco-
2cells or macrophages J774.2 cells in a previously validated
in vitro cell infection model (43). The bacteria used in
these experiments were wild-type S. typhimurium SL1344
strain. Before cell infection, the bacterial suspension was
washed once in PBS and then adjusted to an optical
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density of 0.1 at 600 nm equivalent to 10® colony forming
unit (CFU per milliliter). For invasion of cells with
Salmonella, 0.5-ml aliquot of bacterial suspension was
added to each well-containing monolayer at multiplicity of
infection of 100 and incubated for 90 min at 37°C in 5%
CO,. After infection, the cells were washed three times
with PBS and were then treated with gentamicin sulfate
(200 pg/ml) for 1 h (conditions under which gentamicin
sulfate is membrane-impermeative and almost exclusively
kills extracellular bacteria). The cells were again washed
five times with PBS. To test for the killing of intracellular
bacteria, the cells were incubated with CTX solution, CTX-
CS solution, CTX-CS nanoparticles, or placebo
nanoparticles for different intervals—15, 30, 60, 90, and
120 min after which the cells were washed three times
with PBS and then lysed with 0.5% Triton X-100 in 0.2 N
sodium hydroxide in water. Dilutions of the lysates were
grown overnight at 37°C on Luria—Bertani plates, and the
numbers of CFU of S. typhimurium were counted according to
the viable count technique. The concentration of nanoparticles
used in the antibacterial study was 0.12 mg/ml equivalent to
50 pg/ml ceftriaxone sodium (this concentration is safe to the
cells for 4 h as tested by cytotoxicity study using MTT assay).

Statistical Analysis

All tests were conducted in triplicate, and the results were
expressed as the mean=+standard deviation. Statistical analysis
of the data was performed using one-way analysis of variance
(ANOVA) followed by the Bonferroni test for multiple com-
parison at P<0.05 using Instat-ANOVA software.

RESULTS

Physicochemical Characterizations of Nanoparticles

Results revealed that unmedicated CS/TPP nanoparticles
had a size range from 91 to 288 nm and a positive zeta
potential ranging from 18 to 46 mV (Table I). The CS/TPP
weight ratio as well as pH of both solutions affected particle
size and zeta potential where an increase in nanoparticle size
and zeta potential was observed with increase in the CS/TPP
weight ratio.

The colloidal stability of formulations prepared at CS/TPP
mass ratio 9/1 with pH values 5/5 for both solutions was
maintained after 4 months storage in refrigerator (Table I).
Particle aggregation, appearance of fines, or increase in
polydispersity was not observed, hence, this formulation
was selected for CTX loading in further studies.

Incorporation of CTX affected the size and zeta potential
of the optimized nanoparticles as shown in Table II. The particle
sizes of CTX-loaded nanoparticles significantly increased
while the zeta potentials was decreased significantly as the
concentration of CTX increased from 0.1 to 1.5 mg/ml.

Concerning the entrapment of the antibiotic in the
nanoparticles, results showed that the encapsulation efficiency
and loading capacity of the nanoparticles were affected by the
initial CTX concentration in the TPP solution. The increase of
CTX concentration led to a decrease of encapsulation efficiency
and an enhancement of loading capacity. Nevertheless, CTX
was entrapped in the matrix of nanoparticles to an
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Table I. Particle Size, Polydispersity Index, and Zeta Potential of Plain Chitosan Nanoparticles

Average particle size (nm)

Polydispersity (PDI)

pH (CS/TPP) CS/TPP weight ratio Fresh Stored Fresh Stored Zeta potential (mV)

4/4 51 91.3 (1.3) 128 (2.2) 0.362 0.44 +23.3(1.2)
1 1393 (0.6) 159 (1.6) 0276 0.56 +36.2 (1.1)
91 156.5 (2.3) 184 (2.7) 0.283 0.46 +35.9 (0.8)
11 154 (1.4) 220.5 (3.1) 0.241 0.55 +37.6 (0.3)
1311 152.1 (1.5) 280.7 (1.9) 0.219 0.34 +39.6 (0.4)
5/5 51 171.8 (2.3) 1782 (1.6) 0.169 0.22 +18.5 (1.2)
71 194.9 (2.4) 198.3 (1.5) 0.227 0.23 +25.2 (2.1)
9/1 200 (1.7) 203.3 (1.8) 0271 0.25 +36.5 (1.8)

111 204.8 (0.9) 205.1 (1.3) 0.267 0.28 +36.2 (1.88)
131 239.8 (1.6) 236 (1.2) 0.4 0.41 +45.1 (1.4)
4/8 51 185.6 (2.2) 238 (2.4) 0.196 0.47 +33.7 (2.3)
71 2224 (1.1) 201 (1.3) 0276 0.55 +39.4 (2.4)
91 230.3 (1.3) 282.4 (2.4) 0.25 0.67 +44.2 (1.9)
1n 288.4 (0.5) 384 (2.8) 0303 045 +41.5 (1.7)
13/1 240.1 (0. 3) 329.3 (3.8) 0.282 0.33 +46.3 (2.1)

CS/TPP chitosan/tripolyphosphate, PDI polydispersity index
Chitosan concentration=1 mg/ml, TPP concentration=1 mg/ml

appreciable extent (44.7-50.3%). This might be due to
binding of carboxylate group of CTX by electrostatic inter-
action to positively charged amino group on chitosan mol-
ecules. In presence of CTX, chitosan was still able to gel
spontaneously on contact with the polyanion TPP by the forma-
tion of inter- and intramolecular crosslinkage.

In Vitro Release of CTX from Nanoparticles

The release profile of the antibiotic from a simple
solution as well as from the developed nanoparticles is
illustrated in Fig. 1. All the CTX in solution was released
rapidly from the dialysis bag within the first 1 h. On the
other hand, at all CTX-loading concentrations, nanoparticles
showed a biphasic pattern with an initial burst drug release
followed by a more sustained release. The CTX release was
dependent on the initial concentration of the antibiotic used for
encapsulation such that a greater release was achieved from
nanoparticles with CTX loading at higher concentration.
At 1 mg/ml CTX loading, 23% of the drug was released
within the first hour followed by a slow and gradual release
with 73% drug release in 96 h.

Biocompatibility Study

Nanoparticle compatibility to red blood cells (RBCs),
Caco-2, and J774.2 cells was studied taking distilled water

Table II. Encapsulation Efficiency, Loading Capacity, Particle Size,

and PBS as 100% and 0% hemolysis, respectively. Results
revealed that CTX-CS nanoparticles exhibited a low hemolytic
percent (15%) as compared with CS solution which exhibited
50% hemolysis (Fig. 2a). This indicated that hemolysis is
substantially reduced for colloid dispersion of chitosan.
Regarding cell-compatibility, results revealed no significant
cytotoxic effect compared with control untreated cells, i.e.,
almost 100% cell viability after 2 and 4 h-incubation of
nanoparticles with cells at doses up to 1.8 mg/ml (results
not shown). At more drastic conditions (24-h incubation),
results showed that Caco-2 and J774.2 cell viability decreased
in a concentration-dependent manner, such that a significant
cytotoxic effect was observed at nanoparticle concentrations
above 0.72 mg/ml in the case of macrophages and 1.8 mg/ml in
case of Caco-2 (Fig. 2b). It is obvious that the cytotoxicity of
CTX-CS nanoparticles was higher on macrophages J774.2
than on Caco-2 cell line. On the other hand, no significant
drop in cell viability was observed at 4°C at all concentrations
of nanoparticles tested (results not shown).

Cellular Uptake

In order to study cellular uptake of nanoparticles, the
use of fluorescently or radioactively labeled nanoparticles
is the most common experimental method. Fluorescent
labelling makes cellular uptake of nanoparticles readily
detectable by confocal laser scanning microscopy. The extent

Polydispersity Index, and Zeta Potential of CTX-Loaded Chitosan

Nanoparticles
CTX (mg/ml) EE (%) LC (%) Particle size (nm) Polydispersity (PDI) Zeta potential (mV)
0.1 50.3 (2.4) 25.8 (1.6) 202 (1.5) 0.21 +35.3 (1.8)
0.5 47.3 (1.8) 41.8 (2.1) 208 (0.6) 0.18 +32.5 (1.7)
1 455 (0.8) 46.5 (1.8) 210 (0.8) 025 +30.7 (1.9)
2 447 (1.5) 52 (2.8) 221 (1.1) 0.22 +28.5 (1.6)

EE encapsulation efficiency, LC loading capacity, PDI polydispersity index, CTX ceftriaxone sodium
Chitosan concentration=1 mg/ml, TPP concentration=1 mg/ml, CS/TPP ratio=9/1, pH (CS/TPP) 5/5
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Fig. 1. In vitro release profiles of CTX from nanoparticle formulations
at different CTX initial loading in PBS pH 6 (CS, 1 mg/mL; TPP, 1 mg/mL
at CS/TPP ratio=9:1)

of particle uptake can then be determined by flow cytometry,
microfluorimetry, or quantitative extraction of the markers
from the cells. The Caco-2 monolayer model is an established
in vitro tool to evaluate the intestinal uptake of drugs and/or
delivery systems and inhabited by non-typhoid Salmonella at
early stage of infection. Moreover, macrophages J774.2
were selected as a model of phagocytic cells where typhoid
Salmonella species reside.

Figure 3a, b shows confocal microscopic images of
FITC-labeled CTX-loaded CS nanoparticles incubated with
Caco-2 and J774.2 cells, respectively. At 30 min post-incubation
of nanoparticles with the cells, a strong green fluorescence
could be seen underneath the cell membrane as well as in
the cytoplasm in both Caco-2 cells and in J774.2. The
extracellular and surface-associated fluorescence due to
un-internalized nanoparticles was quenched by non-membrane-
permeable probe: trypan blue. As such, all fluorescent signals
detected were due to intracellular nanoparticles. These results
indicate that CTX—-CS nanoparticles were rapidly and efficiently
taken up and internalized in Caco-2 and in J774.2 cells.

Cellular uptake of nanoparticles was quantified by micro-
fluorimetric analysis. The results showed that, at 37°C, the
uptake was time-, concentration-, and cell line-dependent.
The kinetics of binding/uptake was very rapid and started as
early as 5 min in both cell lines. The uptake followed a
biphasic pattern with linear increase with time till 40 min
followed by a plateau till 120 min (Fig. 4a). On the other hand,
little cellular uptake was observed when experiments were
performed at 4°C confirming the energy-dependent endocytic
nature of the uptake of chitosan nanoparticles.

Concerning the effect of nanoparticle concentration,
Fig. 4b shows that, at 60 min post-incubation of cells with
nanoparticles, the uptake increased as the loading concentra-
tion (dose) of nanoparticles increased. There was a sixfold
increase from 11.6 to 71.8 pg/mg in Caco-2 cells and eightfold
increase from 12.6 to 94.6 pg/mg in J774.2 when the dose was
increased from 0.002 to 0.05 mg/ml in both cell lines. The
uptake process was saturable in both cell lines, but the
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levelling-off occurred at a lower concentration (0.02 mg/ml) in
Caco-2 cells.

Intracellular Antibacterial Effect of CTX-CS Nanoparticles

To determine the efficacy of the nanoparticles formulation
against intracellular pathogens, an in vitro cell-based assay
was adopted. Figure 5 illustrates the antibacterial activity
of 0.12 mg/ml CTX nanoparticles (proved to be non-cytotoxic in
cell-compatibility test) incubated for 2 h with Caco-2 and J774.2
cells pre-infected with S. typhimurium. It is clear that the highest
mean percent reduction in bacterial count (99% in both
cell lines) was achieved in case of CTX nanoparticles. On
the other hand, the mean percent reduction in bacterial
counts in case of CTX solution was 33% and 49% in
Caco-2 and J774.2, respectively, while the same parameter
was 53% and 72% in case of CTX-CS solution for both
cell line, respectively. Interestingly, plain CS nanoparticles
demonstrated a small but significant antibacterial effect
where the mean percent reduction in bacterial count scored
16% and 21% in Caco-2 cells and J774.2, respectively.

DISCUSSION

CTX is classified as a class III drug according to the
biopharmaceutical classification system, with good aqueous
solubility and poor intestinal permeability. The poor cellular
penetration is attributed to its high molecular weight (661.6),
high hydrophilicity (log P —0.6) and low active transport by
the H+/peptide transporter PEPT1 (44). Previous studies have
reported poor intestinal absorption due to efflux system for
many P-lactams but not ceftriaxone. The presence of a free
alpha-amino group in the molecule is an important factor for
reducing an affinity with the efflux system (45-47). Our
study focused on the intracellular delivery of CTX taking
S. typhimurium as a model intracellular pathogen. The
likely sites of multiplication of Salmonella spp. include
enterocytes and phagocytes, the latter also serving as a
reservoir in recurrent infections, hence, Caco-2 and macro-
phages J774.2 could represent the above two sites. Chitosan
nanoparticles developed herein were prepared spontaneously
under very mild conditions that are adaptable to aseptic
manufacturing. To allow efficient cell interaction and promote
intracellular delivery of CS nanoparticulate system, a high
positive zeta potential is needed (48). Previous studies
highlighted the importance of excess positive charge on
chitosan for exerting an antibacterial effect (43-45). Another
positive feature is the potential antibacterial and antityphoid
effect of chitosan where it acts by disrupting the barrier
properties of the outer membrane of Gram-negative bacteria
(49,50). Building on this, the CS nanoparticles were engineered
herein as small particles (~250 nm) with high positive charge
(zeta potential>+30 mV) to maximize colloidal stability and
cellular binding/internalization. As the chitosan is always
found in excess, the CS/TPP mass ratio is inversely related
to the cross-link density of the material but is directly
related to zeta potential of the formed nanoparticles. The
pH affected the ionization of both components and hence
the degree of interaction between the polyelectrolytes.
Smaller nanoparticle size and lower positive zeta potential
were achieved at low pH couples suggesting little ionization
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Fig. 2. Biocompatibility study of CTX-CS nanoparticles. a Blood compatibility (hemolytic
assay) after 20 min treatment of RBCs with different CTX-CS formulations at 37°C. a,b, ¢,
d, or e Significantly different from dist. water, PBS, CTX solution, CTX-CS solution, or
CTX-CS nanoparticles, respectively, at P<0.05 using one-way ANOVA followed by
Bonferroni test for multiple comparisons. b Cytocompatibility (MTT assay) of Caco-2
and macrophages J774.2 cells after 24-h treatment with different concentrations of
CTX-CS nanoparticles at 37°C. Both cell lines demonstrated 100% viability after 2
and 4 h incubation with CTX-CS nanoparticles. The formula tested (CS, 1 mg/mL;
TPP, 1 mg/mL at CS/TPP ratio=9:1 and pH 5/5)

and lower polyelectrolytes interaction. Appreciable CTX
loading into the nanoparticles was achieved (46%) presumably
due to electrostatic binding of the carboxylate moiety of CTX to
CS nanoparticles matrix and surface. Previous studies have
reported the substantial incorporation of acidic drugs (51) and
negatively charged actives into positively charged CS nanopar-
ticles (52,53). We have adjusted the pH to 6 after nanoparticle
formation to favor adsorption of negatively charged CTX to
positively charged nanoparticle surface; CTX would then exist
in bulk of matrix as well as on the surface. The nanoparticles
displayed a biphasic release pattern with an initial burst of sur-
face-bound CTX (23% in 1 h) which was then followed by
sustained antibiotic release from the bulk of nanoparticles. This
release pattern could be attributed to the electrostatic

interaction between the negatively charged drug (at the equilib-
rium pH 6) and the positively charged CS molecules. The mech-
anism of drug release from CS nanoparticles could be attributed
to desorption from the external particle surface as well as diffu-
sion through the porous swollen matrix (54). Erosion of the
biopolymeric network with a consequent release of proteins
and nucleic acids has been reported from CS nanoparticles
(55), however, this may not apply herein due to its relatively
low molecular weight of CTX (661.6) compared with these
macromolecules. This release profile might be beneficial
for the efficient treatment of intracellular infections, where
a high initial dose of the surface-adsorbed antibiotic should
be delivered immediately inside the cell and be followed by
more sustained antibiotic release to minimize relapses.
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Fig. 3. Confocal images of a Caco-2 cell monolayers and (b) macrophages
J774.2 coincubated for 30 min with FITC-labeled chitosan nanoparticles
(green) followed by nucleus staining with DAPI (blue). The extracellular
fluorescence was quenched by using trypan blue as a non-membrane-
permeable probe to obtain a univocal data of intracellular fluorescence
emitted by the engulfed particles. The formula tested (CS, 1 mg/mL;
TPP, 1 mg/mL at CS/TPP ratio=9:1 and pH 5/5)

Biocompatibility, a key issue in the application of
nanoparticles, was investigated by blood and cell compati-
bility study (39). A low hemolytic effect (15%) of the CS
nanoparticles indicated their safety compared with CS so-
lution (50% hemolysis). Moreover, results demonstrated a
100% cell viability at 2 and 4 h (time for antibacterial
study) at doses up to 1.8 mg/ml nanoparticles over the cells
as well as >70% cell viability at more drastic conditions
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(24 h; dose 1.8 mg/ml). These findings corroborated those
previously reported (33,41,56). The cell compatibility of
nanoparticles at 0.12 mg/ml (dose used in antibacterial
studies) demonstrated herein would exclude the cell re-
lease of bacteria and/or extracellular killing of .
typhimurium.

Confocal microscopy studies verified intracellular locali-
zation of fluorescently labeled CTX-CS nanoparticles after
quenching the extracellular and membrane-bound nanopar-
ticles with trypan blue as a non-membrane-permeable probe
to obtain a univocal data of intracellular fluorescence emitted
by the engulfed particles (39). Moreover, microfluorimetric
assay revealed that cellular uptake of nanoparticles was rapid
(onset, 5 min) and high (120 pg nanoparticles per milligram
cell protein). Cellular uptake by endocytosis was previously
reported as the internalization mechanism for chitosan (33,
34,57) and other particles in the colloidal range (58-60).
Endocytic uptake was energy-dependent; this would ex-
plain the low uptake values (12 pg/mg) at 4°C. Our find-
ings corroborated those previously demonstrating that
energy-dependent endocytic processes account for up to
85% of the cellular uptake of chitosan nanoparticles
(34,61). Our mechanistic studies revealed that endocytic
uptake of CS nanoparticles showed a significant involve-
ment of clathrin-mediated translocation (62).

In an early publication, CTX solution was reported to
reduce the bacterial burden within the reticuloendothelial
system, where salmonellae were thought to exist intracellularly
(2). A more recent study (9) showed that CTX had no bacteri-
cidal effect on S. typhimurium in a mouse macrophage cell line.
Pragmatically, the intracellular activity of antibiotics entrapped
in nanoparticles was evaluated herein by adding the nano-
systems to cells (enterocytes/phagocytes) pre-infected with
S. typhimurium and counting the remaining intracellular
microorganisms following exposure to external gentamicin
solution to kill extracellular bacteria (63). The CTX—chitosan
nanoparticles resulted in a significantly higher reduction in
bacterial count in Caco-2 and macrophages J774.2 as compared
with placebo nanoparticles, CTX, and CTX—chitosan solutions.
These results suggest that dual mechanism might account for the
enhanced antibacterial effect of CTX-CS nanoparticles: first,
the endocytic uptake of appreciable amounts of CTX as nano-
particles and second, the antibacterial effect of chitosan. The
CTX-CS nanoparticles formulation was extremely and signifi-
cantly superior to both free CTX and CTX-CS solution in the
bactericidal effect. This could be attributed to enhanced cellular
uptake by adsorptive endocytosis and subsequent release of
adsorbed/entrapped antibiotic. Endocytic uptake of particulate
system provided access for drugs which otherwise are cell
membrane-impermeative (23). This was reported for liposomal
gentamicin formulations against intracellular S. typhimurium
and Listeria monocytogenes (64). Targeting phagocytic
cells/cytoplasmic delivery is justified through nanoparticle
technology (27,29,65). The enhancement of antibacterial
effect of CTX might be a consequence of chitosan acting as
absorption enhancers for drugs (66-69); however, CTX-CS
nanoparticles exerted a significantly higher antibacterial
effect than CTX-CS solution (99% bacterial killing), indicating
that the nanoparticulate system and not just the chitosan
polymer is an asset. The endocytic pathway adopted by
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CTX-CS nanoparticles could shuttle appreciable amounts
of CTX to the intracellular milieu in contrast to the pinocytic
process assumed by CTX solution alone or CTX solution with
chitosan; the latter is not concentrative and depends only
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Fig. 5. Antibacterial activity of different CTX-CS nanoparticles in
Caco-2 and macrophages J774.2 cell lines pre-infected with S. typhi-
murium and treated with gentamicin sulfate (200 pg/ml ™' h) to kill
extracellular bacteria. The nanoparticles formulation (CTX, 1 mg/ml;
CS, 1 mg/mL; TPP, 1 mg/mL at CS/TPP ratio=9:1 and pH 5/5) was tested
at a concentration of 0.12 mg/ml equivalent to 50 pg/ml CTX. a, b, ¢, or d
Significantly different from CS nanoparticles, CTX solution, CTX-CS
solution, or CTX-CS nanoparticles, respectively, at P<0.05 using one-
way ANOVA followed by Bonferroni test for multiple comparison

on the extracellular concentration of the drug (70). On the
other hand, the finding that placebo (drug-free) CS nano-
particles exhibited a reduction in bacterial count suggests
that the antibacterial (71-73) and antityphoid effect of
chitosan against S. typhimurium and other Gram-negative
bacteria (49,50) might also account for the augmented
antibacterial effect of the CTX-CS nanoparticles. The
ability of nanoparticles loaded with beta-lactam antibiotics
to evade the efflux system needs be tested in future
studies.

CONCLUSION

Chitosan in properly designed nanosized formulations
loaded with ceftriaxone has demonstrated potential as a safe
delivery system for targeting Salmonella-infected cells. The
nanoparticles were shown to be internalized by Caco-2 as
well as by macrophages J774.2 with rapid cellular uptake
kinetics. The antibacterial effect was significantly improved
compared with CTX solution in both cell lines used. Chi-
tosan biomaterial formulated as nanoparticles augmented
the antibacterial effect of CTX against intracellular S.
typhimurium. The enhanced intraphagocytic delivery of
the third-generation cephalosporin member, traditionally
thought to be non-internalized, seemed very promising for
treatment of intracellular bacteria. Research is needed to
proceed on other intracellularly residing pathogens in vivo
as well as clinically.
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