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Abstract

Polyelectrolyte complexes (PECs) are attractive carriers with recognized potential to
enhance oral delivery of poorly soluble high-dosed low-molecular-weight drugs. The formulation
of solid oral dosage forms requires the drying of PECs, which may affect their physicochemical
and biopharmaceutical properties. The aim of this study was to investigate the effect of spray-
drying on the properties of ibuprofen-loaded chitosan/xanthan gum PECs and to assess the drug
release kinetics from such PECs filled into hard capsules in comparison with corresponding PECs
which are dried under ambient conditions. The yield, ibuprofen content, entrapment efficiency,
and residual moisture content of spray-dried PECs were lower than those of ambient-dried PECs.
Better flowability of spray-dried PECs was attributed to the almost spherical particle shape,
shown by scanning electron microscopy. DSC and PXRD analysis confirmed the amorphization
of ibuprofen during spray-drying. All the investigated PECs, obtained by drying under ambient
conditions as well as by spray-drying, had high rehydration capacity both in 0.1 M hydrochloric
acid (pH 1.2) and phosphate buffer pH 7.4. In vitro ibuprofen release from dried PECs was
controlled during 12 h with the release of approximately 30% of entrapped ibuprofen. Spray-dried
PECs provided better control of ibuprofen diffusion from the carrier compared to the ambient-
dried ones.
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Introduction

In modern pharmacotherapy, there is a clear need for a simple and highly efficient
system for the delivery of high-dosed drugs with limited solubility in gastrointestinal (GI)
fluids (1). To achieve controlled (delayed or prolonged) drug release, the development of
non-toxic, biocompatible, and well-tolerated drug carriers, such as polyelectrolyte
complexes (PECs), is increasingly considered (2). PECs are polymer complexes formed
by the establishment of ionic interactions between at least one polycation and one
polyanion (3, 4). It has been shown so far that chitosan/xanthan gum-based PECs can be
formed under different reaction conditions, dried by a variety of drying methods, and
various active substances can be incorporated into them to ensure their controlled and/or
site-specific release (5). Chitosan is a biocompatible, biodegradable, and mucoadhesive
natural cationic polyelectrolyte, increasingly used in biomedicine, alone, or as a PEC-
based carrier (6). It consists of D-glucosamine and N-acetyl-D-glucosamine units linked
by B-(1-4) glycosidic bonds and may have varying degrees of deacetylation and molecular
weight. Protonated amino groups of chitosan at pH values lower than 6.5 (pKa value of
chitosan is about 6.5) can react with anionic groups of other polyelectrolytes and form
PECs (2, 3). The use of chitosan in oral drug delivery systems for controlled release is
limited, due to its rapid dissolution in the acidic environment of the stomach (7, 8).
Xanthan gum is a natural anionic polysaccharide of bacterial origin. It forms rigid gels in
interaction with suitable natural polycations such as chitosan (9). The basis of the
structure of xanthan gum is a cellulose backbone with a side chain of trisaccharides
consisting of two mannose units and glucuronic acid. The residues of pyruvic acid and
glucuronic acid from the side chain make xanthan gum an anionic polyelectrolyte with
pKa 3.1. Like chitosan, xanthan gum is a natural and biocompatible excipient (9, 10).
Xanthan gum has a high molecular weight (2:10% — 2:10”7 g/mol) and is suitable for the
formation of gel networks that can be used as carriers of drugs or proteins (11). Due to its
resistance to gastric acid, xanthan gum is used in combination with other polymers as an
excipient in solid dosage forms to achieve controlled release of drugs (12). Also, xanthan
gum can provide time-independent drug release kinetics (13). PECs of chitosan and
xanthan gum are usually prepared by combining the aqueous dispersions of polymers (10,
14, 15). The formation of PECs is a consequence of mixing the aqueous solutions of
polycation and polyanion and the establishment of electrostatic/ionic interaction between
them. These interactions are strong but reversible and mostly depend on the degree of
ionization and charge distribution in polyions. This can be easily influenced by the pH of
the medium in which PEC is prepared (i.e., pH must be close to pKa values of both
polyions to ensure that they are oppositely charged) (2). PECs are not new chemical
entities, but can be considered entities with improved physicochemical and/or
biopharmaceutical properties in comparison with polyions themselves (16). The formed
bonds in PECs can be cleaved mostly by affecting the charge of polyions, especially by
changes in pH (2, 16). Various methods of drug entrapment can be performed to
incorporate different active substances into PEC-based carriers. For example, Meka et al.
(2) mentioned four ways for drug entrapment into PECs: (a) the active substance is
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present in the polymer (polycation or polyaion) solution, and entrapment occurs during
the formation of the complex, (b) by absorption of the active substance from a solution
with which the already prepared PEC comes into contact (suitable for porous materials or
gels with sponge-like properties), (c) by chemically bonding the active substance to either
polyanion or polycation or both, and (d) by employing the active substance as a partner
in the formation of the PEC (usually requires at least one charge or polarizable group on
the active substance). All methods mentioned above can be used for the entrapment of
small molecules, while macromolecules can be incorporated either by premixing with the
like-charged polyelectrolyte before the complexation or via adsorption on the surface of
the already formed PEC (17). The obtained PEC dispersions can be subjected to various
drying methods such as spray-drying (18), freeze-drying (lyophilization) (19), or can be
oven-dried (20), and dried under ambient conditions (15). Different drying methods can
produce PECs of different morphology, physicochemical and biopharmaceutical
properties (21). Spray-drying is a well-known technique based on the evaporation of the
solvent to convert the material from a liquid to a dried powder state by spraying a solution
or suspension into a hot gaseous medium. During spray-drying, the solubility of the drug
can be increased by converting the crystalline form to the amorphous one, which is useful
for poorly soluble drugs. Moreover, this drying method is often used for the preparation
of spherical particulate drug carriers with good flowability (22—24). The shape of particles
can be easily defined by calculating their elongation ratio (ER) (length-to-width ratio).
Some studies define particles with ER=1 as perfectly spherical, with 1<ER<1.15 as
spherical, and with ER>1.15 as non-spherical (15, 25-28). Various drying parameters,
such as dispersion flow rate and inlet temperature, can be adjusted to obtain a product
within defined characteristics and appropriate stability (29). This primarily refers to the
potential improvement of the microbiological stability of spray-dried PECs, since a lower
content of residual moisture can be expected in these complexes, due to the controlled
drying conditions (22, 30). The spray-drying technique was used to prepare quercetin-
loaded chitosan/xanthan gum-based PEC to protect the encapsulated drug from adverse
conditions in the stomach. The described carrier was suitable for colon-specific drug
delivery (31).

Ibuprofen is a high-dosed non-selective reversible inhibitor of cyclooxygenase
enzymes (COX-1 and COX-2) which are responsible for the production of prostaglandins
(PGE2 and PGI2) from arachidonic acid. It is one of the most commonly used drugs for
the treatment of pain and inflammatory processes, and it is also recommended for the
treatment of fever in children (10, 15). Due to its low solubility and high permeability
(absolute bioavailability is about 100%), ibuprofen is classified in class 2 of the
Biopharmaceutical Classification System (BCS). Its short half-life (about 2 h) implies the
frequent use of dosage forms with immediate release of ibuprofen, so it is considered a
suitable candidate for the formulation of controlled release oral preparations (15, 24, 32).
Our previous research (15) has shown that chitosan/xanthan gum-based PECs dried under
ambient conditions were suitable carriers for ibuprofen entrapment and achieving its
controlled release. The spray-drying process can also be used to prepare solid forms of
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ibuprofen-loaded chitosan/xanthan gum-based PECs. This drying method could be
suitable for obtaining PECs with lower residual moisture content (22, 30), better
flowability (22), and improved solubility and dissolution rate of entrapped ibuprofen (24,
33, 34). Although numerous studies indicated the possibility of spray-drying of PECs of
chitosan with different polyanions (6, 18, 23, 31), the literature does not list any studies
that have dealt with spray-dried PECs based on chitosan and xanthan gum as ibuprofen
carriers. Furthermore, the potential of spray-dried and ambient-dried chitosan/xanthan
gum-based PECs to ensure the pH-dependent release of ibuprofen has not been
investigated yet.

The aim of this study was to form chitosan/xanthan gum PECs with and without
ibuprofen, investigate the effect of spray-drying on their physicochemical properties, as
well as on the release kinetics of the entrapped ibuprofen, and compare these properties
with the properties of ambient-dried PECs.

Experimental section

Materials

PECs were prepared using medium molecular weight chitosan (cationic
polyelectrolyte) with a degree of deacetylation of 75-85% (Sigma Aldrich, USA) and
anionic polyelectrolyte xanthan gum (Jungbunzlauer, Switzerland). Ibuprofen (racemic)
(BASF, Germany) was used as a model drug. The reagents used for the preparation of the
polymer solutions and PECs, as well as for their characterization (purified water, acetic
acid, sodium hydroxide, potassium dihydrogen phosphate, methanol, trifluoroacetic acid,
and acetonitrile) (Ph. Eur. 10.0) were of HPLC grade and were used without additional
purification.

Methods

Preparation of chitosan and xanthan gum solutions and PEC dispersions

The preparation of polymer solutions and PEC dispersions was carried out in
accordance with the protocols described in our previous studies (10, 15). Aqueous
solutions of chitosan (0.65%) and xanthan gum (0.65%) were prepared on the RZR 2020
propeller mixer (Heidolph, Germany) at 500 rpm. Acetic acid was used to adjust the pH
of the chitosan solution to 4.6, and the pH values were measured on a pH meter HI 8417
(Hanna Instruments Inc., USA) at 20 + 2 °C. The polymer solutions were stored at 2—8
°C (in a refrigerator) for 24 h. The PEC dispersions were prepared at room temperature
by mixing chitosan solution and xanthan gum solution to form placebo PEC or adding a
dispersion of ibuprofen in xanthan gum solution (ibuprofen concentration in the
dispersion was 0.975%) into chitosan solution to form ibuprofen-loaded PEC. The weight
ratio of chitosan and xanthan gum in PECs was 1:2, while the ratio of polymers and
ibuprofen was 1:1. Mixing was performed on a RZR 2020 propeller mixer at 800 rpm.
The PEC dispersions were stored at 2—8 °C for 24 h (10, 15).
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Drying of PECs

The prepared PECs were dried using two different drying methods, spray-drying
(SD) and ambient-drying (AD).

Prior to spray-drying, the PEC dispersions were subjected to rotor-stator
homogenization (T25 digital Ultra-Turrax®, IKA, Germany) for 5 min at 17500 rpm, as
reported in the literature (6, 31). The homogenized dispersions of PECs (placebo and
ibuprofen-loaded) were then spray-dried on a Mini Spray Dryer 190 (Biichi, Switzerland)
using a 0.5 mm diameter nozzle, to obtain dry PECs in the form of powder. The inlet
temperature of 140 °C was maintained, and the flow rate of PEC dispersions was 3
ml/min. Spray-dried PEC samples were labeled as P_SD (placebo PEC) and 1 SD
(ibuprofen-loaded PEC). The prepared samples were stored in a desiccator until further
testing.

For ambient drying, thin layers of placebo PEC hydrogels and ibuprofen-loaded
PEC hydrogels were poured into Petri dishes, in which they were dried to obtain dry films
of constant mass. The films were then ground and sieved through a 355 pum sieve (Ph.
Eur. 10.0) to obtain PECs in powder form. Grinding was performed using an electric
kitchen mill, since the use of mortar and pestle did not result in obtaining particles of
appropriate size. After grinding and sieving, the prepared samples were stored in a
desiccator until further testing (10, 15). The prepared samples were labeled as P AD
(placebo PEC) and I _AD (ibuprofen-loaded PEC).

Characterization of dried PECs

Determination of yield, entrapment efficiency and ibuprofen content in PECs

After drying, the mass of dry placebo and ibuprofen-loaded PECs was measured on
an analytical balance AE 240 (Sartorius, Germany) to determine the yield. The yield was
calculated based on the known starting amounts of chitosan, xanthan gum, and ibuprofen
used to prepare the PECs, which represented 100%, and then these values were compared
with the measured amounts of dry PECs (Eq. 1):

Yield (%) _ measured mass of PEC 100% (1)

theoretical mass of PEC

To determine the entrapment efficiency (%EE) and ibuprofen content, 10 mg of a
corresponding dry ibuprofen-loaded PEC was measured and dissolved in 10 ml of a
medium consisting of methanol and phosphate buffer pH 7.4 in a volume ratio of 80:20
on a Sonorex RK1024 ultrasonic bath (Bandelin electronic, Germany), at 20 + 2 °C for
30 minutes, which led to the complete extraction, i.e., solubilization of the entrapped
ibuprofen. The amount of ibuprofen in PECs was determined by the HPLC method on a
Dionex Ultimate 3000 system (Thermo Fisher Scientific, Germany) equipped with a
Dionex Ultimate 3000 quaternary pump, autosampler, DAD detector, and a Zorbax
Extend C18 column (150 mm X 4.6 mm, 5 um particle size). The mobile phase consisted
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of 0.05% trifluoroacetic acid and acetonitrile (40:60, v/v). The column temperature was
adjusted to 25 °C and the flow rate was 1 ml/min. The detection of ibuprofen was
performed at 254 nm.

%EE was calculated using the following equation (Eq. 2):

real amount of ibuprofen in PEC

%EE = -100% 2)

theoretical amount of ibuprofen in PEC
The ibuprofen content was calculated using the following equation (Eq. 3):

real amount of ibuprofen in PEC

Ibuprofen content (%) = 100% 3)

measured mass of PEC

For each sample, the measurement was repeated three times, and the results were
presented as the mean + o.

Determination of residual moisture content of dry PECs

The determination of residual moisture content was performed by the Karl-Fischer
coulometric titration method on the 831 KF coulometer (Metrohm, Switzerland).
Hydranal-Coulomat AG (Fluka, Germany) was used as the titration reagent. Before
titration, the method was validated. Measurements were performed in triplicate for each
sample, and the results are presented as mean + ¢ (15).

Scanning electron microscopy (SEM)

Prior to SEM analysis, the SCD 005 Cool Sputter Coater (Bal-Tec, Germany) was
used to apply a thin conductive layer of gold on dry PECs. The micrographs were
recorded in high vacuum (5 kV) using a scanning electron microscope JSM-6390LV
(JEOL, Japan) (10). The Image] software, version 1.52a (National Institutes of Health,
USA) was used to evaluate the particle size and shape. One hundred particles were
randomly selected from each sample and their dimensions were measured. The
dimensions of spray-dried particles were expressed as mean diameter = o, while the
dimensions of ambient-dried particles were expressed as mean, maximum, and minimum
of their length and width. The particle shape of dried PECs was estimated by calculating
the elongation ratio (ER). ER represents the ratio of the length and the width of the particle

(Eq. 4) (15):

__length (um)
width (um)

4)

Determination of powder flowability

The powder flowability was determined using the indirect method, described in Ph.
Eur. 10.0, based on the calculated values of the Hausner ratio and the compressibility
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index (Carr index). Bulk (pb) and tapped (pt) density were calculated by pouring a known
mass of dry PEC into a measuring cylinder (pv), and then, after tapping the samples 1250
times (pt) on a StaV 2003 volumeter (J. Engelsmann AG, Germany). The Hausner ratio
and the Carr index were calculated using the following equations (Egs. 5 and 6):

Hausner ratio = £& ®)]
Pb
Carr index =222 % 100 (6)
Pt

Differential scanning calorimetry (DSC) analysis

All dry PECs were weighed and crimped into a standard aluminum pan (40 pl) and
then heated from 25 °C to 360 °C (heating rate 10 °C/min), under a constant nitrogen
flow (50 ml/min) using the DSC 1 instrument (Mettler Toledo, Switzerland). The empty
sealed pan was used as a reference (10, 15).

Fourier-transform infrared spectroscopy (FT-IR) analysis

The Nicolet iS10 FT-IR Spectrometer (Thermo Fisher Scientific, USA) was used
to obtain the attenuated total reflectance FT-IR spectra of prepared dry PECs. The
measurements were performed at a wavelength range between 4000 and 400 cm™!
(resolution 4, and 16 scans per sample) (10, 15).

Powder X-ray diffraction (PXRD) analysis

Bragg-Brentano 0-20 geometry with the use of Ge-crystal primary monochromator
(Johanson type) that generates CuKal radiation (A = 1.541 A) was used to perform the
PXRD analysis of dry PECs (Bruker D8 advance diffractometer, Bruker, Germany). The
data was obtained in the 20 range from 5 to 45° (scan step 0.05° and holding time of 12
s) (10, 15).

Rheological characterization of dry PECs after rehydration

The rehydration ability of placebo and ibuprofen-loaded PECs obtained by both
drying methods was also examined. Dry PECs were used to make dispersions at a
concentration of 2%, on a laboratory shaker LSB18 Aqua Pro (Grant, UK) for 12 h, at a
temperature of 37 £ 1 °C and 100 rpm using 0.1 M hydrochloric acid (pH 1.2) and
phosphate buffer pH 7.4 as rehydration media for each sample. Rheological
measurements of the obtained dispersions were performed on a rotating and oscillatory
rheometer Rheolab MC 120, with a measuring device Z3 DIN (25 mm). The tests were
performed at a temperature of 37 = 0.2 °C at a controlled shear rate from 0 s™! to 100 s,
and then from 100 s™! to 0 s™'. The duration of each phase was 400 s. For each sample, the
measurement was repeated three times, and the results were presented as mean + .
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In vitro ibuprofen release testing

Hypromellose hard capsules, size 0, (Fagron, Greece) were filled with dry
ibuprofen-loaded PECs (spray-dried and ambient-dried) in an amount corresponding to
100 mg of ibuprofen. The in vitro release rate of ibuprofen was tested on a rotating basket
apparatus Erweka DT 600 (Erweka, Germany), at 37 &= 1 °C and under stirring at 100
rpm. The acceptor medium was 500 ml of 0.1 M hydrochloric acid (pH 1.2), during the
first 3 h, and 500 ml of phosphate buffer pH 7.4 (USP), from the 3™ hour until the end of
the assay. The sampling of 4 ml of medium was performed after 15, 30, 45, 60, 90, 120,
180, 240, 300, 360, 480, 600, and 720 minutes. Each sample was filtered through a 0.45
um MF-Millipore® membrane filter. The ibuprofen concentration was determined using
the previously described HPLC method. Mathematical models for zero (35), first-order
(36) kinetics, as well as for Higuchi (37) and Korsmeyer-Peppas (38) kinetics were
applied to the results. The data were processed using the DDSolver Excel Add-In (39).

In addition, the model-independent approach (40) was used to compare the drug
dissolution rate profiles and similarity (f2) and difference (f7) factors were calculated using
the DDSolver Excel Add-In.

Results and discussion

Dry ibuprofen-loaded PECs were white powders, while placebo PECs were pale
yellow powders. Major differences between powders obtained by different drying
methods were not noticed with the naked eye.

Yield, entrapment efficiency, ibuprofen content and residual moisture
content in dry PECs

Table I shows the values of yield, %EE, ibuprofen content, and residual moisture
content of dry PECs. In comparison with ambient-dried PECs, significantly lower yields
were observed in spray-dried samples, as well as %EE and ibuprofen content in
ibuprofen-loaded PECs obtained by spray-drying (I SD). It can partially be the
consequence of the homogenization of PEC dispersions prior to spray-drying and the
potential disruption of the complex structure. In spray-dried samples, a higher yield was
observed for placebo PEC (P_SD), while in ambient-dried samples higher yield was
recorded for ibuprofen-loaded PEC (I_AD). The yield during spray-drying depended on
the strength and extent of interactions within the complex. With an increase of these
parameters, the yield decreased because higher forces were required to spray the sample.
Considering the adhesion properties of chitosan, loss of fine particles due to their
retention in the drying air cyclone and visually observed residual dust on the chamber
surface may also have been the cause of lower yields (18, 41, 42). The obtained yield and
%EE values of spray-dried PECs were similar (18) or lower (23, 31, 43) in comparison
with the previously published results for chitosan-based PECs. When drying under
ambient conditions, stronger interactions between polyelectrolytes led to lower losses
during preparation, drying, and grinding, which resulted in higher yields, as previously
reported (15). Grinding of ambient-dried PECs is expected to have a much lower impact
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on their structure and ibuprofen entrapment compared to homogenization and spray-
drying. It is the last stage of preparation of ambient-dried PEC powders and the only one
that can potentially affect the structure of the complex. The highest yield (67.03 +3.41%)
and %EE (61.52 = 3.12%) had I _AD, while ibuprofen content in that sample was 51.65
+ 1.66 % which was expected, given that the mass ratio of polymers and ibuprofen during
drug entrapment into PECs was 1:1. The %EE value was similar to the yield value for
ambient-dried PEC, so it can be concluded that the losses of chitosan, xanthan gum, and
ibuprofen during preparation, drying, grinding and sieving were uniform (15). The
moisture content was approximately 10% or lower in all samples, presumably due to the
hygroscopicity of the polymers, primarily xanthan gum (15, 44). Also, the moisture
content in ibuprofen-loaded PECs (6.81 + 0.17% for I AD and 4.96 + 0.09% for I SD)
was lower than the moisture content in placebo PECs (10.23 + 0.18% for P_AD and 8.60
+0.21% for P_SD), so this study confirmed that the drug entrapment into PECs may favor
the microbiological stability of the carrier (15, 28). The spray-drying procedure resulted
in a lower moisture content, probably due to constant and controlled drying conditions,
temperature and air flow, which cannot be precisely adjusted in ambient-drying
conditions (15, 45). As already mentioned, the high moisture content in PECs can lead to
their lower physicochemical and microbiological stability (22).

Table I Yield, entrapment efficiency (%EE), ibuprofen content and residual moisture
content in spray-dried and ambient-dried placebo and ibuprofen-loaded PECs.

Tabela I  Prinos, efikasnost inkorporiranja (%EE), sadrZaj ibuprofena i sadrzaj rezidualne
vlage placebo PEK i PEK sa ibuprofenom dobijenih suSenjem rasprSivanjem i

suSenjem pod ambijentalnim uslovima.

Sample  Yidd £0 (%) WEE+q(4) PUPTOEhcontent - Residual moisture
P_SD 27.18+7.66 N/A N/A 8.60 £ 0.21
P_AD 52.31+£6.53 N/A N/A 10.23 £0.19
I_SD 20.59 +£0.11 6.52+£0.12 17.47 +£0.28 4.96 £0.09
1 AD 67.03 £ 3.41 61.52+3.12 51.65+1.66 6.81+0.17

Scanning electron microscopy (SEM)

Figure 1 shows micrographs of ambient-dried and spray-dried PECs, while Table
II shows data on particle dimensions and shape. A significant difference in the shape and
size of particles obtained by different drying methods was observed. Ambient-dried PECs
had an irregular shape, mostly needle-shaped to quadrangular, as well as a wide size
distribution. On the other hand, spray-dried PECs had an approximately spherical shape
with a narrow size distribution, with characteristic surface "cavities" and irregularities,
probably caused by the unequal extent and strength of the interactions in different parts
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of PECs (23). Different amounts of water were bound and evaporated during drying, so
the 3D structure “collapsed” in those places. As previously described, the particle shape
of the ambient-dried PECs was a consequence of the drying and grinding process of the
samples (10, 15).

#
" 4sky Rrsbo A0y

Figure 1. SEM micrographs of dry placebo and ibuprofen-loaded PECs
obtained by spray-drying and ambient-drying.

Slika1l.  SEM mikrografije suvih placebo PEK i PEK sa ibuprofenom
dobijenih suSenjem rasprsivanjem i suSenjem pod
ambijentalim uslovima.
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Table I Dimensions and ER values of spray-dried and ambient-dried placebo and ibuprofen-
loaded PECs.

Tabela II Dimenzije i ER vrednosti placebo PEK i PEK sa ibuprofenom dobijenih sugenjem
rasprSivanjem i suSenjem pod ambijentalnim uslovima.

Sample Length (pm) Width (pm) Diameter + ¢ ER
mean  max min mean max  min (pm) mean max min
P_SD N/A N/A N/A N/A N/A N/A 3.79 £ 1.66 1.15 N/A N/A
P _AD 178.29  342.83 18.58 79.87 20522 9.03 N/A 2.23 1.67 2.06
L_SD N/A N/A N/A N/A N/A N/A 6.69 £3.91 1.12 N/A N/A
I_AD 15.41 48.25 2.70 10.27 32.87 2.43 N/A 1.50 1.47 1.11

In addition to differences in shape, significant differences in particle size of PECs
obtained by different drying methods were observed. Due to differences in particle shape,
the dimensions of ambient-dried PECs were expressed as length and width, and for spray-
dried PECs as particle mean diameter (Table II). Significantly different dimensions of
placebo PEC and ibuprofen-loaded PEC were also observed in ambient-dried PECs.
P_AD had a mean length of 178.29 pum, while the mean width was 79.87 um. I AD had
significantly smaller particles and had a mean length of 15.41 pum and a mean width of
10.27 um. Table II also shows the minimum and maximum values of both parameters.
Based on these data, ER values were calculated and confirmed the irregular shape of
ambient-dried PECs (ER>1.15), whereas I AD had a shape closer to spherical compared
to P_AD. Ibuprofen-loaded PEC was more prone to grinding and the obtention of
particles of more regular shape in comparison with placebo PEC due to the presence of a
high amount of a small molecule (ibuprofen) in the structure of the complex. Obtained
results for ambient-dried PECs are similar to those previously published (10, 15). PEC
particles obtained by spray-drying were of almost spherical shape (ER<I.15),
significantly finer and had a more uniform size distribution, which can be explained by
the existence of controlled drying conditions with this method (23). P_SD had a diameter
0f3.79 £ 1.66 pm, and I_SD of 6.69 £+ 3.91 um. These results are similar to those shown
by Caddeo et al. (31) and Budin¢i¢ et al. (45). A different trend in particle size of placebo
and ibuprofen-loaded PEC depending on the drying method was noted. In ambient-dried
PECs, P_AD had significantly larger particles in comparison with I _AD, which can be
explained by the high extent of low molecular weight ibuprofen in samples and therefore
their lower resistance to grinding, despite stronger interactions of polymers and drug
within this complex, as previously mentioned. P_AD consisted only of high molecular
weight polymers, so it was more resistant to grinding. On the other hand, in spray-dried
PECs P_SD had slightly smaller particles in comparison with I _SD. Lower strength and
extent of interactions between polymers in P_SD than in I _SD resulted in the easier
spraying of this sample and smaller particles were obtained (23).

Table III shows the values of the Carr index and the Hausner ratio of dried PECs,
as well as descriptive flow terms based on the obtained values.
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Table III Flowability of spray-dried and ambient-dried placebo and ibuprofen-loaded-PECs.
Tabela III Proto¢nost placebo PEK i PEK sa ibuprofenom dobijenih suSenjem rasprsivanjem i

susenjem pod ambijentalnim uslovima.

Sample Carr index Hausner ratio Flowability
P_SD 21.50 1.27 Passable
P_AD 27.04 1.37 Poor
I_SD 22.94 1.30 Passable
I_AD 28.56 1.40 Poor

Ambient-dried samples had higher values of the Carr index and Hausner ratio compared
to the spray-dried PECs. The flowability of ambient-dried PECs based on these values
was characterized as poor, while the flowability of spray-dried PECs was slightly better
and characterized as passable. The entrapment of ibuprofen did not significantly affect
the flow of PECs. The irregular shape of ambient-dried PEC particles can be the cause of
their lower flowability. Resistance to the free flow can also occur due to cohesion between
particles, which can result from electrostatic interactions caused by the potentially present
free charge of polymers (46). The shape of the particles closer to spherical and lower
residual moisture content in spray-dried PECs could cause the better flow of these
powders (47, 48).

Differential scanning calorimetry (DSC), Fourier-transform infrared
spectroscopy (FTIR) and Powder X-ray diffraction (PXRD) analyses

Figure 2 shows DSC thermograms, FT-IR spectra, and PXRD diffractograms of
spray-dried and ambient-dried placebo PECs (P_SD and P_AD), their physical mixtures
with ibuprofen at 1:1 mass ratio (P_SD +ibuand P_AD + ibu), and spray-dried ibuprofen-
loaded PEC (I_SD).
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As shown in Figure 2A, significant differences in DSC thermograms between
ambient-dried and spray-dried samples can be noticed, as well as between placebo and
ibuprofen-loaded PECs. Both placebo PECs (P_AD and P_SD) had wide endothermic
peaks at approximately 100 °C, at 109.61 °C for P_AD (onset at 55.45 °C and endset at
175.10 °C) and 102.41 °C for P_SD (onset at 60.42 °C and endset at 139.40 °C). These
peaks were attributed to water/residual moisture evaporation (10). Besides, enthalpies of
this process were in accordance with the residual moisture content of each placebo PEC,
i.e., higher enthalpy value had P AD (393.51 J/g) in comparison with P_SD (188.01 J/g).
Ibuprofen-loaded PECs (I AD and I SD) showed notable differences in peaks
corresponding to the active substance. As reported in our previous research, I AD had a
sharp endothermic peak at 76.01 °C (onset at 72.82 °C and endset at 81.59 °C) (15) due
to melting of crystalline ibuprofen, although the value was slightly shifted to lower
temperature in comparison with pure ibuprofen, which was explained by the partial
disruption of its crystal lattice (15, 34). On the thermogram of I SD, the sharp peak was
absent, but a wide peak corresponding to water/residual moisture evaporation at 94.46 °C
(onset at 55.45 °C and endset at 175.10 °C) can be clearly visualized. The absence of a
peak related to melting of ibuprofen was proof of its amorphization during the spray-
drying process (33), which was also confirmed by the PXRD analysis. On the other hand,
spray-dried PECs (P_SD and I _SD) were semi-crystalline (PXRD analysis) and showed
wide endothermic peaks at temperatures above 250 °C (at 325.84 °C for P_SD and at
289.90 °C for I_SD) which were attributed to the melting of semi-crystalline xanthan gum
(10, 49, 50) with melting point around 270 °C (51).

FT-IR spectra of the investigated PECs are shown in Figure 2B. This study
reconfirmed the formation of complexes between chitosan and xanthan gum (placebo
PECs), as well as between chitosan, xanthan gum, and ibuprofen (ibuprofen-loaded
PECs). Peaks characteristic for amines in the structure of chitosan around 1652 cm’!, 1564
cm!, 1374 cm™!, and 1312 cm, as well as for carbonyl stretching of carboxylate group
of xanthan gum at 1604 cm™ and 1402 cm™! were absent in prepared PECs, proving the
interaction establishment between polymers in complexes, as previously reported by
many research groups (10, 52, 53). Also, the peak correlated to carbonyl stretching of
ibuprofen carboxylate group at approximately 1704 cm™ (15, 52, 53), with minor shifting
which was reported for I AD (15) and physical mixtures of placebo PECs and ibuprofen,
suggesting its presence in samples in the crystalline form. On the contrary, in I_SD this
peak was absent, indicating the amorphization of the active substance, as also reported by
Hussain ef al. (52), which was confirmed by DSC and PXRD analysis. Besides, many
investigations showed a negative correlation between peak intensity and interaction
extent in samples (10, 15, 52, 53). Based on this fact, it can be concluded that interactions
between polymers and ibuprofen were higher in ambient-dried in comparison with spray-
dried PECs. This result can be explained by the partial disruption of PEC integrity during
homogenization and drying of these samples. In addition, the absence of new peaks in the
formed PECs confirmed the supposition that the interactions between PEC components
were exclusively physical (15).
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Figure 2C shows diffractograms of PECs obtained by the PXRD analysis. As
expected based on our previous results (10), P. AD had an amorphous structure and its
diffractogram consists of one wide peak with onset at 20 of approximately 10°, endset at
30°, and maximum at 20.45°. For I _AD, the crystalline structure of ibuprofen was
reported in our previous study (15). The diffractogram of I AD showed many peaks
between 5° and 45° characteristic for crystalline materials, with a maximum peak at
20.40° (15). On the other hand, both P_SD and I SD had semi-crystalline structures.
Their diffractograms had few sharp peaks at approximately 9° (maximum), 18°, 19.5°,
25°, 27.5°, 31°, 32.5°, and 36°. Since these values are present in both placebo and
ibuprofen-loaded spray-dried PEC, it can be assumed that they were the consequence of
the semi-crystalline structure of xanthan gum (10, 49, 50), which was conserved during
the spray-drying process, while ibuprofen dominantly lost its crystalline character (33).
Our previous study (15), as well as the studies of other research groups (54), showed that
ibuprofen had the peak of highest intensity at 20 = 16.00° and other sharp peaks of high
intensity at 20 values of 6.25°, 12.35°, 17.80°, 18.85°, 19.15°, 20.25°, and 22.45°. These
20 values were not detected in I SD, so we concluded that ibuprofen mostly lost its
crystalline character during spray-drying of PEC. The solubility and dissolution rate of
the drug can be increased by converting the crystalline form to the amorphous one, which
is useful for poorly soluble drugs such as ibuprofen (24).

Rehydration of dry PECs

After 12 h, complete rehydration of dry PECs was achieved in both media. Flow
curves showed that all samples after rehydration had pseudoplastic flow with thixotropy
(Figure 3). Table IV shows maximum (at 22.2 s') and minimum (at 100 s™') apparent
viscosities and hysteresis area (H) values of dispersions obtained by rehydration of dry
PECs dried by different methods in 0.1 M hydrochloric acid (pH 1.2) and phosphate
buffer pH 7.4.
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Figure 3. Flow curves of dispersions obtained by rehydration of spray-dried and
ambient-dried placebo and ibuprofen-loaded PECs in (A) 0.1 M
hydrochloric acid (pH 1.2) and (B) phosphate buffer pH 7.4.

Slika 3.  Krive proticanja disperzija dobijenih rehidratacijom suvih placebo PEK i
PEK sa ibuprofenom dobijenih suSenjem rasprsivanjem i suSenjem pod

ambijentalnim uslovima u (A) 0,1 M hlorovodoni¢noj kiselini (pH 1,2) i (B)
fosfatnom puferu pH 7.4.



Table IV  Maximum apparent viscosity (fmax at 22.2 s™!), minimum apparent viscosity
(Mmin at 100 s71), and H values for spray-dried and ambient-dried placebo and
ibuprofen-loaded PECs rehydrated in 0.1 M hydrochloric acid (pH 1.2) and
phosphate buffer pH 7.4.

Tabela IV Maksimalni prividni viskozitet (max pri 22,2 s™'), minimalni prividni viskozitet
(Mmin pri 100 s71) i H vrednosti placebo PEK i PEK sa ibuprofenom dobijenih
suSenjem rasprsivanjem i suSenjem pod ambijentalnim uslovima nakon rehidratacije
u 0,1 M hlorovodoni¢noj kiselini (pH 1,2) i fosfatnom puferu pH 7,4.

pH 1.2 7.4
MNmax £ G Nmin £ G Nmax £ G Nmin £ 6
S 1 H = ¢ (Pa/ H £ ¢ (Pa/
ampe (Pa-s) (Pa-s) c (Pa/s) (Pa-s) (Pa-s) o (Pa/s)

P SD 1.09+0.07 0.28+0.01 4396+ 12.11 1.04+0.10 027+0.02 49.71+12.61
P AD 133+0.10 037+£0.03 114.79+23.04 224+029 0.59+0.05 300.99+81.74
I.SD 0.59+0.02 0.16+0.01 54.87+24.74  0.55+0.08 0.15+£0.02 43.24+5.73
I AD 0.23+£0.02 0.08+0.01 37.23+£9.40 0.61£0.10 0.17+0.02 81.11 £25.96

The rehydration ability of the investigated PECs depended more on the pH of the
medium than on the drying method, as can be seen from Table IV. Many research groups
showed that the water-binding (rehydration or swelling) capacity of samples depends on
the strength and extent of interactions between their constituents. Stronger and more
extensive interactions hinder the penetration of the medium into PECs (55-57), which
results in higher values of apparent viscosities. For ambient-dried PECs, higher apparent
viscosities were measured after their rehydration in phosphate buffer pH 7.4, while for
spray-dried samples their apparent viscosities were similar after rehydration in both
media. When comparing the placebo and ibuprofen-loaded PECs, ibuprofen-loaded PECs
had lower apparent viscosities independent of the drying method. This result can be
explained by the partial dissolution of active substance and consequently by partial
disintegration of these samples, as previously reported (15). H values also followed this
trend, so higher H values were noticed for placebo PECs.

In vitro ibuprofen release

The release profiles of ibuprofen from PECs dried by different methods are shown
in Figure 4.
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Figure 4. In vitro dissolution profiles of ibuprofen from spray-dried and ambient-
dried ibuprofen-loaded PECs.

Slika 4.  In vitro profili oslobadanja ibuprofena iz PEK sa ibuprofenom dobijenih
suSenjem rasprsivanjem i suSenjem pod ambijentalnim uslovima.

Based on the drug release profiles, prolonged release of ibuprofen was achieved
from PECs obtained by both drying methods. After 12 h, 27.76 + 0.65% of ibuprofen was
released from I_AD, while from I _SD 30.55 + 4.36% of ibuprofen was released. Drug
release was incomplete from both samples. As already mentioned, spray-drying can lead
to the transition of the crystalline form of ibuprofen to the amorphous one, which has
higher solubility, thus increasing the dissolution rate of ibuprofen (23, 33). However,
differences between released amounts of drug from I _AD and I _SD after 12 h were
negligible, suggesting that the ibuprofen release was not significantly influenced by its
solubility. A slightly faster release of ibuprofen from I SD was observed and can be
related to the smaller particle size obtained by the spray-drying process, which increases
the contact of the particles with dissolution media. The optimization of drying methods
in order to improve the yield, drug entrapment efficiency, ibuprofen solubility, and/or the
addition of excipients such as solubility enhancers in the formulation can lead to the
improvement of ibuprofen dissolution rate from chitosan/xanthan gum PEC-based
carriers. It is important to note that significant differences were also observed in the
amount of drug released in media of different pH values. Significantly lower amounts of
ibuprofen were released in 0.1 M hydrochloric acid (pH 1.2) after 3 h (1.70% from I _AD
and 4.91% from I_SD) compared to the phosphate buffer pH 7.4 (26.06% from I _AD and
25.64% from I_SD) during 9 h, following 3-hour drug release in 0.1 M hydrochloric acid.
For that reason, it can be concluded that the ibuprofen entrapment in the investigated
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PECs can result in both prolonged and delayed drug release. This is of particular
importance due to the irritating potential of orally administered ibuprofen on the gastric
mucosa (24). It can be concluded that, by its entrapment into chitosan/xanthan gum PEC-
based carriers, site-specific drug release in the small intestine can be achieved, which
could reduce gastric irritation (58, 59).

The coefficients of determination (R?) of the mathematical models describing the
kinetics of ibuprofen release are shown in Table V.

Table V  Models of ibuprofen release kinetics with corresponding coefficients of
determination (R?) and Korsmeyer-Peppas diffusion exponents (n).

Tabela V Modeli kinetike oslobadanja ibuprofena sa odgovaraju¢im vrednostima koeficijenata
determinacije (R?) i vrednosti difuzionih eksponenata (n) za Korsmeyer-Peppas
kineti¢ki model.

R2
Kinetics model 1t OF dissolution o, I_AD
profile - -
complete profile 0.9875 0.9311
zero-order pH 1.2 0.9583 0.8962
pH 7.4 0.9807 0.8490
complete profile 0.9763 0.9263
first-order pH 1.2 0.9628 0.8991
pH 7.4 0.9581 0.8858
complete profile 0.7881 0.7360
Higuchi pH 1.2 0.9036 0.9375 n
pH 7.4 0.7073 0.7470 I_SD I_AD
complete profile 0.9933 0.9254 1.144 1.110
K";ZI’:';;’:V' pH 1.2 0.9788 0.9618 0.796 0.687
pH 7.4 0.9855 0.8491 1.108 0.831

Based on the calculated values of the coefficients of determination for complete
profiles, it can be concluded that the release of ibuprofen from I _AD followed the zero-
order kinetics (R?>=0.9311), while the release from I_SD followed the Korsmeyer-Peppas
kinetics (R?=0.9933). However, the calculated coefficient of determination for zero-order
kinetics for I SD (R?=0.9875) was also high, higher than the one calculated for I_AD.
Therefore, it can be concluded that from both ibuprofen-loaded PECs, but especially from
I _SD, ibuprofen was released at an almost constant rate during 12 h (0.038 mg/min from
I AD and 0.043 mg/min from I SD). For I SD, it was observed that the release of
ibuprofen followed the Korsmeyer-Peppas release kinetics, regardless of the pH of the
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medium and the duration of the assay. On the other hand, from I AD during the first 3 h
in 0.1 M hydrochloric acid the release of ibuprofen followed the Korsmeyer-Peppas
kinetics, and during the next 9 h in phosphate buffer pH 7.4 the first-order kinetics.
Korsmeyer-Peppas kinetics model is typical for carriers having the ability to swell, such
as xanthan gum and the combination of xanthan gum with other polymers, while the first-
order kinetics shows that the release rate of the drug depends on its concentration. The »
values for the Korsmeyer-Peppas kinetics model showed that the mechanism of ibuprofen
release was a combination of its diffusion after the swelling of the carrier and relaxation
of polymer chains and erosion (36).

The calculated value of the difference factor (f7) was 19.66 and the similarity factor
(f2) was 80.57. Based on the obtained results, ibuprofen release profiles from PECs
obtained by different drying methods can be considered similar if only f> is taken into
account, while they would be considered different if both factors (f; and f2) were taken
into account (39, 40).

Conclusion

When comparing ibuprofen-loaded PECs dried by different methods, a significantly
lower yield, ibuprofen content, and entrapment efficiency in spray-dried samples
compared to ambient-dried samples were shown. A higher proportion of finer particles
could be observed in the spray-dried samples, while the ambient-dried samples were of a
more irregular shape and larger particles. The shape of the particles closer to spherical in
the spray-dried samples was the cause of their better flowability, which is favorable for
the production of solid dosage forms such as capsules and tablets. DSC and PXRD
analysis revealed a more pronounced change in the crystallinity of ibuprofen after spray-
drying, while FT-IR analysis showed exclusively physical interactions in complexes. All
the investigated PECs had good rehydration ability in media of different pH values. The
release profiles of ibuprofen from hard capsules filled with ibuprofen-loaded PECs
showed a constant drug release rate during 12 h, with approximately 30% of ibuprofen
released, but with a tendency for further release over a longer period. Moreover, ibuprofen
dissolution rate can be improved by the optimization of drying methods and the addition
of excipients such as solubility enhancers in the formulations. Both drying methods can
provide the production of PECs with the prolonged and pH-dependent release of
ibuprofen, which can contribute to reducing the frequency of dosing (e.g., once or twice
a day), lowering gastric irritation, and increasing patient acceptance. In addition, a
difference was observed in the mechanisms that control the diffusion of the active
substance from the carriers obtained by different drying procedures. Better diffusion
control was achieved with spray-dried PEC because higher linearity was observed, i.c., a
higher value of the coefficient of determination for zero-order kinetics indicating the
release of ibuprofen at a constant rate. Although ambient drying could be considered a
better drying process in this case due to a higher yield, entrapment efficiency, and better
control of pH-dependent ibuprofen release, spray-drying is a more convenient method for
systems with lower strength and extent of intermolecular interactions. Moreover, after the
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optimization of the spray-drying method parameters, it could be acceptable for the
industrial production of PEC-based drug carriers of high yield, entrapment efficiency, and
ability to achieve complete, sustained, and delayed release of ibuprofen, which requires
further research.
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Kratak sadrzaj

Polielektrolitni kompleksi (PEK) su atraktivni nosaci sa potencijalom poboljsanja
peroralne isporuke slabo rastvorljivih visokodoziranih lekovitih supstanci niske molekulske mase.
Formulisanje ¢vrstih oralnih farmaceutskih oblika na bazi PEK zahteva njihovo susenje, §to moze
uticati na fizicko-hemijska i biofarmaceutska svojstva kompleksa. Cilj ove studije bio je da se
ispita efekat suSenja rasprSivanjem na svojstva PEK hitozana i ksantan gume u koje je
inkorporiran ibuprofen i da se proceni kinetika oslobadanja lekovite supstance iz takvih PEK
napunjenih u tvrde kapsule u poredenju sa odgovaraju¢im PEK koji su suSeni pod ambijentalnim
uslovima. Prinos, sadrzaj ibuprofena, efikasnost inkorporiranja i sadrzaj vlage PEK susenih
raspr§ivanjem bili su nizi nego kod PEK susenih pod ambijentalnim uslovima. Bolja proto¢nost
PEK osuSenih rasprSivanjem je posledica skoro sfernog oblika cestica, §to je pokazano
skeniraju¢om elektronskom mikroskopijom. Rezultati DSC i PXRD analiza su potvrdili
amorfizaciju ibuprofena tokom suSenja rasprSivanjem. Ispitivani PEK osuseni pod razli¢itim
uslovima imali su visoku sposobnost rehidratacije u 0,1 M hlorovodoni¢noj kiselini (pH 1,2) i
fosfatnom puferu pH 7,4. In vitro oslobadanje ibuprofena iz osusenih PEK bilo je kontrolisano
tokom 12 h uz oslobadanje priblizno 30% inkorporiranog ibuprofena. PEK suseni rasprSivanjem
obezbedili su bolju kontrolu difuzije ibuprofena iz nosaca u poredenju sa onima susenim pod
ambijentalnim uslovima.

Kljuéne re€i: hitozan, ksantan guma, ibuprofen, susenje rasprSivanjem,
kontrolisano oslobadanje
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