Journal of Biomedical Materials Research: Part B - Applied Biomaterials

Journal of Biomedical
Materials Research
“maa  Part B: Applied Biomaterials

Preparation and characterization of alginate/chitosan
formulations for ciprofloxacin controlled delivery

Journal:

Journal of Biomedical Materials Research: Part B - Applied Biomaterials

Manuscript ID

Draft

Wiley - Manuscript type:

Original Research Report

Date Submitted by the Author:

n/a

Complete List of Authors:

Mazgata, Aleksandra

Michna, Justyna

Regiel-Futyra, Anna

Sebastian, Victor

Kyziot, Agnieszka; Jagiellonian University, Faculty of Chemistry

Keywords:

chitosan, alginate, ciprofloxacin, controlled release

John Wiley & Sons, Inc.




Page 1 of 31

©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part B - Applied Biomaterials

Preparation and characterization of alginate/chitosan formulations for ciprofloxacin

controlled delivery

Aleksandra Mazgalal, Justyna Michna', Anna Regiel-Futyral, Victor Sebastian’”,
Agnieszka Kyzioll*

! Jagiellonian University, Faculty of Chemistry, Ingardena 3, 30-060 Krakéw, Poland

? Department of Chemical Engineering, Nanoscience Institute of Aragon (INA), University of
Zaragoza, 50018 Zaragoza, Spain

3 Networking Research Center on Bioengineering, Biomaterials and Nanomedicine, CIBER-

BBN, 50018 Zaragoza, Spain

* Author for correspondence:

Agnieszka Kyziot, Faculty of Chemistry, Jagiellonian University, 30-060 Cracow, Tel. +48-
12-6632221, Fax: +48-12-6340515,e-mail: kyziol@chemia.uj.edu.pl

Abstract: In this work, alginate beads loaded with ciprofloxacin (AL_CP) and alginate
beads loaded with ciprofloxacin and covered by chitosan (AL CP_CS) were prepared by
emulsification technique in combination with internal gelation method. Physicochemical
characterization of the resulting formulations revealed the hydrodynamic diameter and Zeta
potential ca. 160 nm and ca. -32 mV in case of AL _CP and ca. 240 nm and ca. +14 mV in
case of AL CP_CS (pH =6.0), respectively. Kinetic of ciprofloxacin release from
alginate/chitosan formulations was studied in different media (pH=1.2, 6.8, and 7.4).
Covering alginate core with a polycation such as chitosan moderates the drug release,
resulting in a pH-sensitive hybrid controlled-release system. Herein, alginate beads with
encapsulated ciprofloxacin covered with chitosan are proposed as an effective oral delivery
system since the drug release from alginate core is limited in low pH solutions (gastric

conditions).
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INTRODUCTION

For the past two decades, biopolymers such as alginate (AL) and chitosan (CS) were the
subject of an intense research related to various medical applications, for instance, drug
delivery systems,l'lo materials for regenerative medicine and tissue engineering,”'16 or even
inhibitory materials against biofilm producing bacterial strains.'”

Alginate is a pH-sensitive, natural, hydrophilic, water-soluble linear polysaccharide
isolated from brown sea weeds. It is composed of alternating blocks of £-(1,4)-linked a-L-
guluronic and f-D-mannuronic acid residues. Due to the chelating effect, AL can be cross-
linked in the aqueous solution by divalent cations (e.g. calcium ions), leading to a facile
preparation of hydrogel beads.'? Various formulations of alginate hydrogels, microspheres,
porous scaffolds, and fibers are often selected as supporting matrix for the entrapment and
delivery of DNA or RNA, proteins (e.g. immunoglobulin G),” genes, drugs (e.g.
ciprofloxacin, doxorubicin, carboplatin, isoniazid, rifampicin, pyrazinamide, ethambutol,

LB Vaccines,” enzymes, growth factors or living cells for tissue engineering.'”'

etc.),
Alginate typically forms nanoporous gels with a pore size of ~5 nm assuring rapid diffusion
of encapsulated drugs.'? Depending on the site of implantation, biomaterials fabricated from
alginate are subjected to different pH environments, which affect their degradation properties
such as mechanical properties, swelling behavior, the drug release kinetics. Higher molecular
weight (MW) decreases the number of reactive positions available for hydrolysis, which
further facilitates a slower degradation rate.'' The anionic character of alginate in solution
allows for electrostatic interactions with positively charged small molecules or other polymers
such as chitosan, leading to ionic gelation and thus formation of nanoparticulated
formulations.

Chitosan is a typical cationic linear polysaccharide, which is obtained by the N-
deacetylation of chitin. CS is composed of randomly distributed S-(1,4)-linked D-glucosamine
and N-acetyl-D-glucosamine units.”? This mucoadhesive biopolymer can easily encapsulate
drug molecules with a high loading efficiency and form nano- and microparticles in aqueous
media. A typical non-covalent ionic cross-linking process enabling for nanoparticles
formation can be realized by association with negatively charged multivalent ions such as
tripolyphosphate (TPP).'”* This physically reversible way of cross-linking overcomes the
possible toxicity of covalently bonded reagents such as glutaraldehyde. Pioneering work of
Calvo et al. explored the potential of pharmaceutical applications of chitosan as a drug
carrier.”* So far, chitosan has been proposed for delivery of proteins, enzymes (e.g.

lysozyme)® or drugs (e.g. ciprofloxacin).?
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Both AL and CS are well-known mainly due to their biocompatibility, biodegradability,
non-antigenicity, nontoxicity under the normal physiological conditions, muco- and
bioadhesiveness as well as mild gelation conditions.*"**” AL/CS nano- and micro-
formulations have been recently proposed as drug delivery systems for DNA,*% proteins

21

(e.g. bovine serum albumin,” insulin,>>*** hemoglobin'’), oligonucleotides (e.g. epidermal

growth factor receptor (EGFR) antisense),”’ drugs (e.g. ampicillin,’ enoxaparin®), enzymes
(e.g ,B—galactosidase),32 and cells®™*.

Ciprofloxacin (CP) is a second-generation quinolone causing bacterial death by effective
inhibition of DNA gyrase and topoisomerase IV.*> CP is an antibiotic commonly associated
with gastric and intestinal problems when administrated orally. However, it is also commonly
used across Europe for the cystic fibrosis (CF) treatment." To reduce its toxicity and strong
undesirable side effects (i.e. arthritis damage for children with CF) resulting from long-term
application, various drug delivery systems such as microcapsules, gels, liposomes, etc. have
been proposed so far.***

In this study, biopolymeric formulations based on alginate/chitosan containing
ciprofloxacin for sustainable delivery of this antibiotic are presented. Biopolymers, AL and
CS, were selected to develop a composite core-shell matrix. Kinetics of ciprofloxacin release
from well-characterized alginate/chitosan formulations were studied in different pH
conditions: (i) simulating gastric fluid (pH = 1.2), (ii) simulating intestinal fluid (pH = 6.8),
and (iii) phosphate buffer saline (pH = 7.4). The developed system is proposed as a promising

delivery carrier to treat chronic infection with Pseudomonas aeruginosa and to reduce the

viscoelasticity of the mucus accumulated into the intestine of cystic fibrosis patients.

MATERIALS AND METHODS

Chemicals

Polymers: sodium alginate and chitosan from the chitin of shrimp shells (average
molecular weight (MW): 360 +1 kDa, deacetylation degree (DD): 81 + 2 %)*° were purchased
from Sigma-Aldrich and used without any further purification. Ciprofloxacin, calcium
carbonate, calcium chloride, acetic acid, paraffin oil, Span 80, Tween 80, were also supplied
by Sigma-Aldrich and all were of analytical grade. Phosphate-buffered saline (PBS, pH = 7.4)
was purchased from ALAB (Poland).

Sodium alginate (2% w/v, stock) and chitosan (1% w/v, stock) were dissolved in

deionized water and 0.1 M acetic acid respectively during overnight stirring at 65°C.
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Preparation procedure

Preparation of alginate beads

Ciprofloxacin-loaded alginate beads (AL CP) were prepared by adopting the method of
Silva et al. based on emulsification/internal gelation with some modifications.'® A suspension
of ultrafine CaCOs3 or both CaCOj; and ciprofloxacin in alginate solution was homogenized in
an ultrasonic bath for 15 min (620 W, 50 Hz). Then, the mixtures were dispersed in paraffin
oil containing a lipophilic surfactant Span 80 (1% v/v) as an emulsion stabilizing agent. The
mixtures were stirred vigorously for 15 min. Next, glacial acetic acid was added to the
water/oil emulsion and stirring was continued for the next 30 min to provide the alginate pH
reduction to approximately 5.0, which permits solubilization of CaCO; and ciprofloxacin
(pKa = 6.09).* This allows for efficient cross-linking of alginate core. Beads dispersed in oil
phase were recovered by washing with a washing media (CaCl, (0.05 M), Tween 80 (1% v/v),
pH = 6.3). The suspension was centrifuged for 5 min at 5000 rpm. All supernatants were
collected for determination of the unloaded ciprofloxacin concentration. The particles were

re-suspended in washing media and procedure was repeated three times.

Preparation of alginate/chitosan formulations

Freeze-dried alginate cores loaded with ciprofloxacin were coated with chitosan, by
subsequent cross-linking with sodium tripolyphosphate (TPP, 10 mg/ml). In brief, chitosan
(5 mg/ml) was added dropwise to the previously dispersed in distilled water AL CP
formulation (10 mg/ml). The mixture was stirred for 10 min and then TPP was added
dropwise. Cross-linking was carried out for the next 30 min. Weight ratio of AL:CS:TPP was
usually 1:2:2, if not indicated differently as 8:4:1, 4:4:1, 1:2:4 or 1:2:1. Finally, after chitosan
cross-linking, the core-shell beads (AL _CP_CS) were washed twice with deionized water to
remove the uncrosslinked chitosan and the cross-linking agent leftovers.

AL CP and AL _CP_CS were frozen and lyophilized (Alpha 1-2 LD plus, Christ) with or
without cryoprotectant (sucrose, 10 % (w/w))*' at 0°C for 18 h. The obtained particles were

stored at 4°C before further use.

Materials characterization

Fourier transform-infrared (FT-IR) spectra of lyophilized and un-lyophilized samples were
obtained using an IR spectrophotometer with attenuated total reflection (ATR-IR, Perkin-
Elmer). The spectra were recorded in the 4000-400 cm™ range with 1 cm™ step. The size was

4
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determined by nanoparticles tracking analysis with NanoSight LMI10-HS (Malvern
Instruments, The Netherlands). The zeta potential ({) was measured using Zetasizer Nano ZS
instrument (Malvern Instruments, The Netherlands). The freeze-dried beads were suspended
in an aqueous medium at room temperature and sonicated before the measurements. Data
were analyzed using the Malvern software and the average values were calculated from at
least five separate measurements. All the experiments were performed in triplicate for
independent particles batches. Shape and size of the obtained beads were studied by scanning

electron microscopy (NOVA NanoSEM 200, FEI).

Loading efficiency

The ciprofloxacin loading efficiency (LE) was evaluated by an indirect
spectrophotometric method via measuring absorbance at 277 nm corresponding to the
maximum absorption peak of the antibiotic. The unloaded ciprofloxacin in all collected
supernatants was determined by assessing its losses during preparation and recovery. The
concentration of ciprofloxacin was calculated from a calibration curve. Antibiotic loading (%)
was determined from the difference between the initial amount of drug and the total losses. In
brief, LE(%) was calculated by the following equation (1):
LE(%) = % 100% (1)
where T and F are respectively total and free amount of ciprofloxacin. The total amount of
drug was recognized as an initial concentration of CP in the synthesis solution. The free CP

concentration was calculated according to the calibration curve equation.

Cumulative drug release profiles

The cumulative drug release (CDR) experiments were carried out by suspending the
beads in 20 ml of the desired medium at a final concentration of 1 mg/ml in 25 ml flasks. The
flask was incubated at a required temperature of 37°C and equipped with a magnetic stirrer.
At the predetermined time intervals, 400 pl release medium was taken out and the fresh
medium with the same volume was added to the flask to maintain the unchanged volume. The
amount of ciprofloxacin released from the beads was determined at 277 nm with a UV-Vis
spectrometer after the previous separation from the beads by centrifugation (5000g/5 min).
The data are presented as the average value of at least three independent experiments.

Simulated gastric fluid (SGF, pH = 1.2) and simulated intestinal fluid (SIF, pH = 6.8 and
7.4) were prepared as described in US Pharmacopoeia (USP 26, 2000).*

John Wiley & Sons, Inc.
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Statistical analysis
All experiments were repeated at least three times for independent particle batches. Data are

presented as mean values + standard deviation (SD).

RESULTS AND DISCUSSION
Preparation of alginate/chitosan beads loaded with ciprofloxacin

Polysaccharide-based systems are nowadays expected to open new possibilities for the
drug delivery platforms. The formulations proposed in this paper belong to a novel class of
hybrid systems that in addition to one biopolymeric cross-linked core (i.e. AL) comprise an
additional polysaccharide shell (i.e. CS). Such systems present improved physicochemical
properties such as better stability in biological media and sustainable pharmacological profiles
of drug release.®*

Several different physicochemical factors are governing particles absorption by cells. It is
well-known that hydrophobic, negatively charged particles smaller than 1 pm exhibit the best
absorption rate due to occurring endocytosis and phagocytosis. However, the uptake strongly
depends as well on the type of the treated cells.* Furthermore, chitosan is of a great interest
for nanoparticulated oral delivery systems since it is able to reduce the transepithelial
electrical resistance and transiently opening tight conjunction between epithelial cells.* In
general, following intravenous injection, drug-loaded particles can be rapidly cleared from the
blood by the mononuclear phagocyte system (MPS), involving the macrophages of the liver,
the spleen, and the circulating monocytes. In most cases, the more hydrophobic the surface of
the particle is, the more rapid is its uptake from circulation. However, this can be also
modulated by the particle size and the other physicochemical surface properties. Even if
alginate formulations exhibit properties avoiding the uptake, such as hydrophilicity and an
electronegative surface'', covering the core by chitosan results in a positively charged core-
shell structure that favors immediate opsonization by serum proteins. This ensures a higher
rate of cellular uptake, compared to negatively charged systems. However, on the other hand,
complexation of the positively charged particles with DNA or other electronegative
compounds present in cell environment can reduce the cytotoxicity of the initial polycations
towards cells of healthy tissue.’

Herein, alginate/chitosan core-shell beads were prepared by emulsification with internal
gelation technique as a carrier system for delivery of a model drug, ciprofloxacin (CP).

Firstly, drug-loaded alginate core was fabricated by mixing the drug and polymer with an

John Wiley & Sons, Inc.
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organic emulsion under constant vigorous stirring. Chitosan shell was formed as a result of
the interaction between the negatively charged sodium alginate and the positively charged
chitosan.*® It is known that low molecular weight chitosan forms a thick shell better anti-
swelling ability compared with chitosans of higher MW.*" For this reason, chitosan with low
MW was chosen for this study.

Since according to literature the optimal pH for the formation of a polyelectrolytic
complex between AL and CS is ca. 4.5, this pH was maintained during covering process. This
pH value seems to be the most favorable for the interaction between chitosan and alginate as
the pK, of the chitosan is around 6.5 and the pK, of the sodium alginate is between 3.4 and
4.4%% Also other authors postulate pH of 4.6 —4.8 as the optimal conditions for AL CS
synthesis.50

In detail, the formation of alginate core loaded with ciprofloxacin is occurring by
ionotropic gelation of AL with Ca®". Thus, the second important factor influencing AL CS
synthesis is a concentration of calcium ions, which are significant elements for building and
maintenance of AL _CS formulations structure. Calcium ions bind to the carboxylic groups of
alginate and form a gelled net called “egg box”.'"" In the applied synthesis reducing the pH
of the alginate solution to ca. 5.0 by adding acetic acid permits CaCOj; solubilization.
Importantly, CH;COOH to CaCO; molar ratio determines the degree of alginate gelation.
This, in turn, affects the spheres’ mean size. In the next step, polyelectrolyte complexation
with CS takes place. It is known that the negatively charged -COO™ groups of the alginate
create the intermolecular linkages with the positively charged -NH;" of the chitosan under
defined pH conditions.” In addition, in the presence of TPP, it is expected that the ionic
gelation process occurs through the complexation of the P30105_ and HP;O 104_ groups of TPP
with CS’s —NH3" groups. It was proved by Ko et al. that crosslinking process occurs the most
efficiently in the acidic solutions, since in low pH only P30105_ anions exist, which interact

with positively charged groups of chitosan.*

Particles size and surface morphology

Chitosan/alginate beads loaded with ciprofloxacin (AL CP_CS) were prepared with
varying volume and molecular ratios of reagents. The best possible formulations were
prepared with Vino/Vpanfin ratio = 0.4, ncuscoon/Ncacos ratio = 2.5, 2.0 mg/ml AL, 4.4 mg/ml
CS and 80 mg CP, demonstrated a mean hydrodynamic diameter of 158 =33 nm and
239+ 27 nm for AL_CP and AL _CP_CS, respectively, as measured by NTA (FIGURE 1).

John Wiley & Sons, Inc.
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FIGURE 1. The mean hydrodynamic diameter determined by NTA for AL CP and
AL _CP_CS formulations.

For successful drug delivery, the particles have to be characterized by high loading
efficiency (LE). During preparation of the core/shell beads, pH was maintained around 4.5
allowing the most efficient formation of alginate-chitosan complex due to increased ionic
interactions between the carboxyl groups in the alginate and the protonated amine groups in
the chitosan. Formation of the dense polymeric layer through chitosan cross-linking with TPP
assures the increased entrapment of ciprofloxacin and reduces the leakage of the drug. The
average efficiency of ciprofloxacin loading in AL_CP_CS formulations was calculated to be
74.6 £8.51% (n=10).

SEM analysis confirmed the AL CP and AL _CP_CS particles to be spherical with solid
dense structure (FIGURE 2). The size distribution of the particles based on the micrographs

was obtained with ImagelJ software (more than 100 particles was counted).

John Wiley & Sons, Inc.
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FIGURE 2. SEM image of the AL CP (A) and AL CP _CS (C) particles with the
corresponding size distribution (Imagel) for AL _CP (B) and AL_CP_CS (D), respectively.

The average size of the resulting AL CP and AL _CP_CS particles was 166 =21 nm and
252 + 21 nm, respectively. In general, the size estimated from SEM images is in agreement
with size obtained from NTA analysis.

In addition, the mean hydrodynamic diameter of the obtained particles increased slightly
after the freeze-drying process (data not shown). This is a direct consequence of particle
aggregation during the drying process.”’ Therefore, to overcome this problem the use of
sucrose as a cryoprotectant was tested at various concentrations. Finally, sucrose
concentration of 10 % (w/w) was chosen.

The zeta potential has a considerable influence on (i) the stability of colloidal systems,
(i) the interactions of nanoparticles with other charged molecules, (iii) the adhesion of a drug
delivery system onto biological surfaces, and (iv) the efficiency of the synthesis steps (directly
related to the establishment of electrostatic interactions), efc.. In general, the larger value of
the particle zeta potential, the more stable is colloidal system. Particles with the {>+30 mV
are considered as moderate stable. On the contrary, the colloidal system tends to agglomerate
when the particles zeta potential has too small value. The latter with zeta potentials between 5
and 15 mV is considered to exhibit limited flocculation.’*

AL _CP particles showed a negative value of -32.0 £1.4 mV in pH = 6.0, which assures

the moderate stability of the particle suspensions in water and in tested buffers (vide infra).

John Wiley & Sons, Inc.
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Whereas, AL _CP_CS particles had a positive surface potential around +14 mV (pH = 6.0;
Figure 3A). The inclusion of CS in the AL _CP_CS system leads to the observed inversion of
C-potential to a positive value, what reflects the presence of the positively charged -NH;"
groups of chitosan exposed on the surface and unambiguously confirms the presence of a
chitosan shell. On the other hand, the presence of AL in the system results in a significant
reduction in § value with respect to the CS-TPP particles, which is reported to be even
~+40 mV at pH ca. 6.%° Our results are in agreement with Zhang et al. and Mukhopadhyay et
al. who have reported the Zeta potential of chitosan particles cross-linked with TPP to be
+16.7mV° and +16.42 mV®, respectively. The low  value of the resulting AL CP CS
particles may be explained by ineffective core covering with chitosan or the possibility of
chitosan penetration into the alginate core during the formation process. It may be also
explained by the formation of AL CS blended particles with a homogeneous distribution of
both polymers inside the spheres.>” Since in our experimental system alginate cores were
prepared separately and they were lyophilized before chitosan covering, therefore it is
supposed that the formed compact surface of alginate-Ca>" effectively prevents chitosan
molecules from penetration into the AL core.

AL
A 60 CJALce
[ cs (CS:TPP 1:1)
R0 Il AL_CP_CS (AL:CS:TPP 1:2:2)

204 .
0

-204

Zeta potential /mV

-60

209 AL_CP_CS (AL:CS:TPP)
8:4:1
154 4:4:1

104 I 1:2:1
122

Zeta potential /mV
o

FIGURE 3. Zeta potential dependency on formulation content (A) and the weight ratio of
particular polymers and TPP (B) in pH = 6.0.
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Zeta potential of the resulting formulations was also examined in terms of the different
mass ratio of particular polymers and TPP (Figure 3B). Firstly, with the increasing ratio of
CS/AL, the Zeta potential value inversion was observed. The higher content of CS the more
positive charge was determined varying from +15.14+3.1mV and +14.1 £0.7 mV for
AL:CS:TPP mass ratio 8:4:1 and 1:2:2, respectively. Secondly, in the case of the AL CP_CS
formulation, the increasing content of cross-linker the higher positive { value was examined.
Both observed effects confirm that the most stable AL CP_CS particles are possible to be
formed in the case of the double chitosan excess in respect to the alginate and with the mass
ratio CS:TPP equal 1:1.

In addition, since both alginate and chitosan are organic matrixes, it is difficult to
distinguish them in the SEM and TEM images and confirm core-shell structure by these
techniques. Therefore, the formation of AL/CS spheres was undoubtedly confirmed by a

detailed FTIR analysis (FIGURE 4).
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@
o
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7]
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©
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2923
1409 1377
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FIGURE 4. FTIR spectra of AL, CS, and CP (A), and AL_CP and AL_CP_CS (B).

11
John Wiley & Sons, Inc.



©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part B - Applied Biomaterials

In the infrared spectrum of AL characteristic peaks at ~1594 cm™ and ~1412 cm™ were
assigned to the asymmetric and symmetric stretching vibrations of the unreacted —-COOH
groups. A broad band around 1021 cm™ was attributed to the saccharide structure of AL (C-
O-C stretching).® The spectrum of CS revealed a characteristic band in the region 3400-
3200 cm™, attributed to -~NH, and —OH groups stretching vibrations and the amide I band at
1640 cm™ *'®*®  The characteristic absorption peaks at 1286 cm™ and 1610 cm™ of
ciprofloxacin, obtained in the AL CP_CS spectrum, appeared due to the stretching vibration
of C-F bond and the vibration of phenyl framework conjugated to —COOH, respectively.
Furthermore, the stretching vibrations of C-H in the phenyl framework were observed at
3043 cm™ and 2845 cm™.> It can be clearly seen that the latter characteristic bands shifted to
2923 cm™ and 2854 cm™ in the case of AL CP, and to 2918 cm™ and 2846 cm™ in the case of
AL _CP_CSL. In confirmed that CP was encapsulated in the polymeric matrix.

Moreover, in the FTIR spectrum of AL CP _CS, the asymmetrical and symmetrical
stretching of —COO~ groups of untreated AL were shifted to 1625 cm™ and 1415 cm™,
respectively. Likewise, the absorption band at 1625 cm™ can be also attributed to the shifted
band of CS from 1640 cm™. In the spectra of the AL_CP_CS core-shell particles, broadening
of the band observed at approximately 3317 cm ' may be assigned to the hydrogen bonds
between chitosan and sodium alginate. Furthermore, a new peak at 1532 cm | assigned to the
alginate carboxylic groups interacting with chitosan was detected. These results confirm the
carboxylic groups of AL association with the ammonium groups of CS through electrostatic
interactions and thus formation of the polyelectrolyte complex.29 The observed band shifts
from 3302 cm™ (AL) to 3387 cm’ (AL CP) and from 3364 cm” (CS) to 3317 cm’
(AL_CP_CS) were also most likely caused by interactions between AL with CP and CS.
While C-H vibrations of AL at 2925 cm™ and CS at 2890 cm™ were probably overlapped by
vibration of C-H of phenyl framework of CP. All these observations proved that the model
antibiotic was efficiently encapsulated in the polymeric matrix and amine groups of CS

interact with the carboxylic groups of AL forming the self-assembled particles.

Cumulative drug release profiles

Drug molecules, from small chemical drugs to macromolecular proteins, can be released
from the polymeric formulations in a controlled manner, depending on the cross-linker type
and applied cross-linking methods. In addition, alginate/chitosan formulations can be orally

administrated or injected into the body in a minimally invasive manner, which allows

12
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extensive applications in the pharmaceutical arena.'> However, an important and necessary
condition prior to successful in vivo implementation is an in-depth knowledge of the loaded
drug release kinetics and mechanisms.

During alginate-Ca beads preparation the loose network of beads may cause leakage of
the drug through the pores. This is a major limitation of such systems, however, covering
alginate beads with a polycation such as a chitosan significantly improves their mechanical
properties and reduces permeability. The complexation process moderates the porosity and
results in the diminished leakage of the encapsulated drug.****° What is noteworthy, such
hybrid systems exhibit a pH-sensitivity. Alginate beads with encapsulated drug and covered
with chitosan can be proposed for oral delivery systems since the drug release from alginate
beads is reduced in low pH solutions.>*** For instance, chitosan/alginate beads were
originally designed for the protection of protein macromolecules (e.g. insulin) from the
aggressive environment of the stomach, when this poorly absorbable drug is administered
orally. An encapsulated drug is partially retained in a gastric pH environment (pH = 1.2),
while a more extensive release is observed under intestinal pH simulation (pH = 6.8).>”° In
the case of cystic fibrosis treatment, ideally CP should not be released in gastric pH, whereas
a slow release within 3 to 5 hours should occur in intestinal fluid.'

In our experimental system, the release of ciprofloxacin from AL CP and AL CP_CS
formulations was carried out in media of different pH at conditions corresponding to the
gastric (pH = 1.2, SGF) and intestinal (pH = 6.8, SIF and pH = 7.4, PBS) body fluids, at 37°C
(Figure 5-7). Firstly, cumulative drug release (CDR) was examined in water (pH ca. 6.0) in
terms of different polymer content of the resulting formulations. Three types of formulations:

CS_CP, AL CP and AL _CP_CS were investigated (Figure 5).

13
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Figure 5. Kinetic curves of ciprofloxacin release over time in aqueous media at 37°C from the
CS _CP (m), AL CP (o), and AL CP _CS (a) formulations. Inset: magnification of release

time scale (from 0 to 24 hours).

The obtained CDR profiles were characterized by an initial “burst effect” (Figure 5, inset)
followed by a continuous and controlled release in the case of all studied formulations. It was
revealed that the rate of ciprofloxacin release for the core-shell AL CP_CS was the slowest,
reaching 21.6 = 3.0%, while in the case of CS CP value of CDR was estimated to be
44.2 +£5.4%, after 120 hours of the experiment. This indicates that the hybrid formulation
(AL _CP_CS) significantly limits release of the encapsulated antibiotic in the studied media.
At this pH, close to the pK, of chitosan, rapid and efficient drug release was not observed in
the case of AL_CP_CS particles, even though the alginic core in these conditions is totally
converted to a soluble salt of sodium alginate. This can be ascribed to insoluble chitosan shell,
which prevents the ciprofloxacin release.

Then, the release of ciprofloxacin from AL CP_CS formulations was carried out in
conditions corresponding to the gastric (pH = 1.2, SGF) and intestinal (pH = 6.8, SIF and
pH = 7.4, PBS) body fluids. All of the releasing experiments were conducted at 37°C under

constant stirring conditions (Figure 6).
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FIGURE 6. Kinetic curves of ciprofloxacin release over time from the AL CS CP
formulations in different pH=1.2 (m), pH=6.8 (®), and pH=74 (a) at 37°C. Inset:

magnification of release time scale (from 0 to 24 hours).

When weak ions, such as AL and CS, are involved in polyelectrolytic complexes, the
number of electrostatic linkages is a function of pH, due to changes in the dissociation degree
of the polyelectrolytes.”” In an acidic medium (pH = 1.2), alginate is protonated, while
calcium alginate matrices are depleted of calcium ions. This results in a conversion to
insoluble alginic acid forming a tight network, which displays swelling properties with the
low release characteristics. However, this treatment significantly reduces the gel strength
favoring the drug release by diffusion. Moreover, in this conditions, chitosan is in a soluble
form and the polymer shell may follow a slow erosion, what results in observed slow drug
release by diffusion (16.5 + 3.1 %; 120 h). At pH =6.8 although, the alginic acid is formed
and is converted into a soluble sodium alginate salt, the entire antibiotic release was not
observed. This indicates that the AL _CS_CP beads structure is still preserved, mainly because
of the presence of partially insoluble in this conditions chitosan shell. The other explanation
of poor drug release (47.3 +4.8 %; 120 h) can be the strong charge interactions between
ciprofloxacin’s carboxylic groups, which are gradually deprotonated with increased pH and
can combine with positively charged chitosan. However, with increasing pH deprotonation of
chitosan also progresses, what makes such interactions more and more impossible. Thus, the
treatment of the AL_CS_CP formulations in the increasing pH causes a significant weakening
of the interactions inside the shell and between core and shell, as well. On the other hand, at
pH = 7.4, resembling neutral pH of blood plasma, which is suitable for antimicrobial activity
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testing, only ca. 30% of CDR was detected after 120 hours of releasing. This can be explained
by the fact that unionized chitosan shell does not favor the swelling and the matrix erosion, as
well as the drug diffusion. Thus, chitosan shell effectively provides the control over the drug
release.

In can be concluded that at the acidic pH polyelectrolytic complex of CS and AL swells
less, while more at pH values above 6.5, since it is the pK, of CS. At low pH CS is
protonated, what is exhibited by the formation of -NH;" groups, whereas AL possesses its
carboxylic groups in non-ionized form (-COOH) with a tendency to precipitate.*~** This
can result in a tightly closed structure and a strong control over the drug release. Thus, the
swelling properties reflect in the ionization of the studied polyelectrolytes and in consequence
in the kinetics of drug release. In general, the rate of drug release depends on numerous
factors and primarily is an interplay between a complexes structure of the studied
formulations and the impact of the resultant ions and their charges in a given pH. Moreover,
what is noteworthy, the other crucial parameters that affect the release rate of a drug from the
studied hybrid formulations is the composition of the releasing media.*® Pure water does not
screen so effectively the charge interactions between both alginate and chitosan core-shell as
well as alginate core and antibiotic. Consequently, the release rate in such media as SIF and
PBS buffers is significantly higher than in pure water. This is also attributed to the exchange
of calcium(Il) with sodium ions (present in buffer media) leading to the disintegration of
calcium alginate core.”” As well, in both SIF and PBS buffers other possible ions interactions
between polymer polyelectrolytes and ions existing in buffers may significantly influence
cumulative drug release profiles.

To study the release kinetics, the experimental data obtained from drug release studies in
different pHs were plotted in various kinetic models: (i) zero order: CDR(%) vs. time; (if) first
order: 10g(CDR(%)remaining) vs. time; (iif) Higuchi model: CDR(%) vs. square root of time; (iv)
Hixson-Crowell: cube root of CDR(%)emaining vs. time; and (v) Korsmeyer-Peppas:
log(CDR(%)) vs. 10g(1:ime).43’54’59 The correlation coefficients of the release profiles,
calculated according to different mathematical models for the analysis of the release kinetics,

were summarized in Table 1.
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TABLE 1 Correlation coefficients for different mathematical models applied on the release

kinetics from the AL_CS_CP formulations in different pHs.

Kinetic model Correlation coefficient (Rz)a
pH=1.2 pH=6.8 pH=74
Zero order 0.9412 0.9489 0.9841
First order 0.9462 0.9645 0.9840
Higuchi 0.9856 0.9910 0.9713
Hixson-Crowell 0.9446 0.9596 0.9841
Korsmeyer-Peppas (n)” | 0.9894 (0.44) | 0.9778 (0.64) | 0.9892 (0.89)

* Bold values indicate the best fits
® Release exponent (n) evaluated for <60% of drug release

Zero order kinetics, the cumulative amount of drug released versus time, describes
concentration-independent drug release rate from the formulation. Whereas, first order,
presented as log cumulative percent drug remaining versus time, describes concentration-
dependent drug release from the system. Then, Higuchi's model, which is a cumulative
percentage of drug released versus square root of time, describes the release of drug based on
Fickian diffusion as a square root of the time-dependent process from the swellable insoluble
matrix. This is the case of pH = 6.8, for which the best linearity was found in Higuchi’s
equation plot (R*=0.9910). Apparently, in this pH chitosan shell provides an insoluble
barrier to drug diffusion. Then, Hixson-Crowell cube root law, the cube root of percentage
drug remaining versus time, correlated the release from systems with polymer
erosion/dissolution resulting in a change in surface area and diameter of particles.
Surprisingly, although this kinetic model should be an appropriate one for the studied
polymeric formulation, none fitting turned to be the best. Lastly, by incorporating the first
60% of release data mechanism of release can be indicated according to Korsmeyer where n is
the release exponent, indicative of mechanism of drug release. In the case of ciprofloxacin
releasing in pH = 1.2, the release exponent was calculated to be n=0.44. This indicates
release mechanism according to Fickian diffusion law. While, in the case of higher pHs the
release exponents were calculated to be n=0.64 and n=0.89 for pH =6.8 and pH =74,
respectively. This indicates that in the first case, the release mechanism is by non-Fickian
diffusion, while in the second case kinetics is similar to the zero-order kinetics (case II
transport).’™®! Case-II relaxational release is the drug transport mechanism associated with

stresses and state-transition in hydrophilic polymers which swell in water or biological fluids.
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In conclusion, the mechanism of drug release from polymer-based matrices is complex
and not completely understood. Presumably, drug release follows more than one type of
mechanism. In the case of release from the surface, what may occur in the case of AL CP
beads, drug adsorbed on the surface dissolves instantaneously when it comes in contact with
the release medium. This may occur when chitosan shell becomes totally dissolved in acidic
conditions resembling the gastric fluids (pH =1.2) and the beads are transferred into
simulated intestinal body fluids (pH = 6.8). The early phase of the release corresponds to the
release of drugs physically bound to the surface and the delayed phase due to the release of
entrapped drug due to diffusion of the drug from the rigid matrix structure. In our
experimental case, ciprofloxacin is probably released both by diffusion and by erosion
mechanism. Certainly, the disintegration of the beads is pH-dependent and the release
medium content effectively influences the drug release (vide supra).

Finally, in order to obtain data on the behavior of alginate/chitosan beads during the
gastrointestinal passage, the release of ciprofloxacin was studied in the simulated gastric fluid
(SGF) in pH of 1.2 for the first 2 hours. Then the medium was replaced with the simulated
intestinal fluid (SIF) and release was performed for the next 48 hours in pH of 6.8 (Figure 7).
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FIGURE 7. The kinetic curve of ciprofloxacin release over time from the AL CS CP
formulations firstly in pH =1.2 and then continued in pH = 6.8 at 37°C.

Sequential release experiment simulating the gastrointestinal tract has proved pH-
sensitive release patterns, not only protecting the studied drug in the acidic environment of the
stomach but as well controlling its release in the intestinal tract. After first 2 hours of

treatment in pH = 1.2 presumably CS shell is disintegrating and the gel strength of AL core
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beads is reduced, however, the antibiotic release is prevented since detected CDR value was
ca. 2%. After changing pH to a higher value, the -COOH groups of AL are converted to —
COO' resulting in the formation of soluble sodium alginate. As well, with an increase of pH
the electrostatic repulsion can increase because of the secondary amine group in piperazine
ring of CP. All these resulted in increased drug release shown by CDR values of 47.3 + 4.8%.

In conclusion, in our experimental system, beads prepared without chitosan shell
(AL_CP) were generally characterized by the faster kinetics of drug release, when compared
with alginate/chitosan hybrid materials (AL CP_CSL). This was mainly because of an
additional barrier provided by chitosan. Moreover, chitosan under this condition of pH > 6.5
is insoluble, what explains a slow release of ciprofloxacin from AL CP_CSL in pH=7.4
(24.3 + 3.6 after 48 hours, Figure 6). The situation is totally different when AL CP_CSL
beads are firstly incubated in low pH (SGF, pH = 1.2) (Figure 7). In this case, the observed
low value of CDR can be explained by a tight alginate network formed at low pH. Then, after
transfer to more neutral pH of SIF (6.8), the hydroxyl ions will tend to displace the anionic
alginate. This will result in losing of the positive charge by chitosan, dissociation of the
alginate-chitosan complex and finally lead to matrix erosion. Moreover, the influence of low
pH is not negligible on mechanical properties of beads and may cause the reduction in the gel
strength after acidic treatment, what in turn may result in enhancement of drug release in the
second stage of release under higher pH conditions. Indeed, a study on the simulation of the
tract leading to the systematic circulation from the gastrointestinal environments after oral
delivery of the drug revealed that ciprofloxacin release is hindered in acidic pH of the

stomach and then stable and sustained drug retention in intestinal media is allowed.

CONCLUSIONS

In this work, ciprofloxacin-loaded biopolymeric systems based on alginate/chitosan
formulations for sustainable delivery of the antibiotic are presented. Spherical AL CP and
AL _CP_CS beads with the diameter ca. 160 nm and 240 nm, respectively were synthesized
according to the modified procedure combing emulsification and internal gelation methods.
AL _CP particles exhibited a negative value of Zeta potential (ca. -32 mV, pH = 6.0), while
AL _CP_CS particles were characterized by a positive surface electrokinetic potential around
+14 mV at the same pH conditions. In-depth analysis of the releasing profiles revealed pH-
dependent kinetics. An initial “burst effect” was observed in simulated gastrointestinal fluids

(pH = 1.2 and 6.8), and in phosphate buffer solution (pH = 7.4), followed by a continuous and
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controlled release phase. In the lowest pH, the drug release mechanism is due to Fickian
diffusion, while in the case of the higher pHs due to anomalous non-Fickian transport
(pH = 6.8) and case II transport (zero order kinetics; pH = 7.4). Chitosan shell provides an
effective barrier hindering drug release, what was proved in sequential release experiment
simulating the gastrointestinal tract. Studied hybrid biopolymeric formulations can be
proposed as a promising delivery systems to treat, for instance, chronic bacterial infections in
case of cystic fibrosis patients, since the structure of these formulations can be preserved in
acidic conditions of the stomach and the release of antibiotic can be facilitated later in the

digestive tract.
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32 FTIR spectra of AL, CS, and CP (A), and AL_CP and AL_CP_CS (B).
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Kinetic curves of ciprofloxacin release over time in agueous media at 37°C from the CS_CP (m), AL_CP (e),
and AL_CP_CS (A) formulations. Inset: magnification of release time scale (from 0 to 24 hours).
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33 Kinetic curves of ciprofloxacin release over time from the AL_CS_CP formulations in different pH = 1.2 (m),
pH = 6.8 (o), and pH =7.4 (A) at 37°C. Inset: magnification of release time scale (from 0 to 24 hours).
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then continued in pH = 6.8 at 37°C.
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TABLE 1 Correlation coefficients for different mathematical models applied on the release

kinetics from the AL_CS_CP formulations in different pHs.

Kinetic model Correlation coefficient (Rz)a
pH=1.2 pH=6.8 pH=74
10 Zero order 0.9412 0.9489 0.9841
First order 0.9462 0.9645 0.9840

13 Higuchi 0.9856 0.9910 0.9713

15 Hixson-Crowell 0.9446 0.9596 0.9841

17 Korsmeyer-Peppas (n)” | 0.9894 (0.44) | 0.9778 (0.64) | 0.9892 (0.89)

18 * Bold values indicate the best fits
® Release exponent (n) evaluated for <60% of drug release
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