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Abstract Microparticles with oval-shape morphology and rough and porous surfaces were pre-
pared by polyelectrolyte complexation of carboxymethyl starch (CMS) and chitosan (Cs). CMS
with DS of 0.5, the polyanionic moiety, was synthesized from rice starch with low content of amy-
lose (6%). A preliminary investigation revealed that this kind of starch is more susceptive to ester-
ification than rice starches with higher contents of amylose. The CMS/Cs microparticles showed
higher chemical and thermal stability than microparticles prepared by conventional ionotropic
crosslinking of Cs with TPP ions. The carboxymethyl groups of CMS are more efficient to neutral-
ize the positive groups of Cs and, also, enhance the entrapment of bovine serum albumin (BSA) in
the CMS/Cs matrix as compared to Cs/TPP. In vitro experiments conducted in simulated gastric
fluid (pH 1.2) and simulated intestinal fluid (pH 6.8) with the testing microparticles revealed that
the CMS/Cs-BSA microparticles exhibit a highlighted pH-dependent release profile. This desirable
property allows controlling the release of BSA more efficiently, which minimizes undesirable issues
(e.g. burst effect and non-sustained release). Furthermore, the BSA release from CMS/Cs-BSA
microparticles in SIF follows an ideal Zero-order kinetics, which is very attractive for a drug deliv-
ery system. Therefore, microparticles based on CMS/Cs polyelectrolyte complex may be promising
to control the drug release in specific regions of the gastrointestinal tract.
© 2018 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

E-mail address: andre.fajardo(@pq.cnpq.br (A.R. Fajardo). Drug delivery systems (DDS) can improve the efficacy and
Peer review under responsibility of King Saud University. safety of drug administration, since they control the rate, time,
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and place of drug release (Fu and Kao, 2010; Gombotz and
Wee, 2012). Several studies in the literature describe the use
of polymeric-based materials as efficient DDS (Al Dalaty
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et al., 2016; Nayak et al., 2016). Biopolymers and/or their
derivatives are especially attractive to DDS formation due to
their renewability, low-cost, non-toxicity, good biological per-
formance, and controlled biodegradability (Facchi et al., 2017;
Garcia-Gonzalez et al., 2015). Starch is the most abundant
storage biopolymer constituted by two macromolecular com-
plexes, amylose and amylopectin. The proportion of between
these macromolecules varies according to the botanic origin
of starch (Masina et al., 2017). Amylose is a linear polysaccha-
ride of glucose units linked by a-1,4 glycosidic bonds, while the
amylopectin, compared to amylose, has additional branched
parts in o-1,6 glycosidic links (Ismail et al., 2013). Native
starch shows some undesirable characteristics such as insolu-
bility in cold water, excessive viscosity after heating and ten-
dency to retrogradation, which impairs its use (Colussi et al.,
2014; Sangseethong et al., 2015). In this way, to overcome such
limitations, different strategies to modify chemically the starch
backbone have been described by different studies (Ashogbon
and Akintayo, 2014; Chen et al., 2015; Yousefi and Razavi,
2015). Carboxymethyl starch (CMS), one of the most impor-
tant starch-derivatives, is synthesized by the etherification of
free hydroxyl groups of starch with carboxymethyl groups
(—CH,COOH) (Assaad and Mateescu, 2010; Zdanowicz
et al., 2014). This attractive derivative has been widely used
in DDS formulation as reported elsewhere (Assaad et al.,
2011; Ispas-Szabo et al., 2017). In contrast to the native starch,
CMS is soluble in cold water and it does not exhibit the unde-
sirable tendency to retrogradation. Besides that, depending on
the degree of substitution (DS), the presence of carboxymethyl
groups in CMS backbone ensure mucoadhesivity and a highly
pH responsiveness, two important characteristics to target
delivery of drugs (Saboktakin et al., 2009; Saikia et al., 2015).

There is recent growing interest in polyelectrolyte com-
plexes (PEC) as DDS due to their easy preparation protocol
generally performed under mild and non-toxic conditions
(Meka et al., 2017). Moreover, the pH-dependent property
presented by these complexes allows controlling the release
of several drugs, proteins, and genes (Assaad et al., 2011;
Lopes et al., 2013; Vehlow et al., 2016). PEC can be formed
when polymers with opposite charges are mixed in an aqueous
medium. Electrostatic interactions between these charged poly-
mers gain in entropy due to the dissociation of the counter ions
to the medium leading to PEC formation (Sarika and James,
2016). Other forces like hydrogen bonding (H-bond), van der
Waals forces, hydrophobic, and dipole interactions are also
relevant to the PEC formation. These interactions between
the polymeric chains led to the formation of non-permanent
tridimensional networks without the need for chemical
crosslinkers. The formation and stability of PEC depend on
many factors including the pH, temperature, and ionic
strength of complexation medium. Furthermore, the ratio of
polymers/charges, the degree of ionization of the polymers,
the polymer charge density, the molecular weight, and polymer
chain flexibility affects the PEC formation (Fajardo et al.,
2011). Usually, when one of the components is in excess,
PEC formation can lead to a stable dispersion (Sarika and
James, 2016). Another important aspect of PEC formation is
related to the interactions between the polymers that could
be a result of the polymer friction charge. According to the
Flory-Huggins interaction theory, the repulsion between
the backbone chains of polymers is predominant when the
friction charge is low (Lodge and Muthukumar, 1996). In this

condition, occurs a biphasic separation in the solution, each
containing a predominant polymer. For the high charge
fraction, the electrostatic interactions between the polymers
dominate and they precipitate to form a stable complex
(PEC) (Meka et al., 2017).

Taking into account these aspects, this study demonstrates
the formation of PEC microparticles from anionic CMS and
chitosan. Chitosan (Cs) is a well-known polymer derived from
the biopolymer chitin that possesses protonable amino groups
in its backbone. Under acidic conditions, these cationic groups
(—NH5) favor the PEC formation between Cs and anionic
polymers (Fajardo et al., 2011). PECs based on Cs has been
extensively used as DDS likely due to the advantageous
properties of this polymer. The biodegradation of Cs-based
materials show to be nontoxic, non-immunogenic, and non-
carcinogenic. Generally, Cs is biodegraded in harmless prod-
ucts such as amino sugars, which are absorbed completely by
the human body (Ngo et al., 2015). Besides that, Cs-based
materials present a pH-dependent swelling and release behav-
ior, which makes them appropriate for the delivery of drugs,
proteins, or vaccines in the gastric cavity (Assaad et al.,
2011; Kofuji et al., 2005; Walke et al., 2015). Herein, micropar-
ticles based on CMS/Cs PEC were loaded with bovine serum
albumin (BSA), a model therapeutic protein. Recently, thera-
peutic proteins have gained considerable attention because of
their use in the treatment of gastric injuries and/or major gas-
tric defensive factors, in tissue regeneration and tumor therapy
(Niu et al., 2016; Wu and Jin, 2008; Zhang et al., 2016a,b). To
the best of your knowledge, this is the first study to report the
formation and characterization of microparticles based on
CMS/Cs PEC and investigates their potential as a DDS.

2. Materials and methods

2.1. Materials

Rice starches with different amylose content (6, 18, and 30%)
were kindly donated by LabGraos/UFPel (Pelotas-Brazil).
Chitosan (Cs, 85% deacetylated, M, 87,000 g/mol) was pur-
chased from Golden-Shell Biochemical (China). Monochlor-
oacetic acid (99%) and bovine serum albumin (BSA,
lyophilized powder > 98%) were purchased from Sigma
(USA). Isopropyl alcohol, methanol, acetic acid glacial and
sodium tripolyphosphate (TPP) were purchased from Synth
(Brazil). All chemicals of analytical grade were used as received
without further purification.

2.2. Synthesis of carboxymethyl starch (CMS)

CMS was synthesized in an alcoholic medium as previously
described by Wilpiszewska et al. (2015) with minor modifica-
tions (Scheme 1). Briefly, monochloroacetic acid (880 mg)
was dissolved in isopropyl alcohol (150 mL) in a reactor and,
then, NaOH (500 mg) was added. The system was stirred up
to the mixture became white and homogeneous. Next, the
starch with an amylose content of 6% (1.45 g) and the remain-
ing NaOH (250 mg) was added. The resulting mixture was
magnetically stirred for 4 h at 50 °C. Finally, the synthesized
CMS was recovered by vacuum filtration, neutralized with
acetic acid, and washed several times with methanol (80 v/v-%)
to remove the unreacted chemicals. Purified CMS was allowed
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Synthesis of carboxymethyl starch (CMS) from rice

to dry in an oven at 40 °C (overnight). Similarly, CMS was
synthesized using the rice starches with amylose contents of
18% and 30%. The degree of substitution (DS) of each
CMS sample was estimated according to Nattapulwat et al.
(2009). CMS (300 mg) was completely solubilized in distilled
water (30 mL) and, then, NaOH solution (0.2 M, 20 mL) was
added. The resulting mixture was transferred to a volumetric
flask (100 mL) and the volume was adjusted to the mark with
distilled water. An aliquot (25 mL) was withdrawn and titrated
with HCl standard solution (0.04 M) using phenolphthalein as
the indicator. A blank sample was also titrated. The DS values
were calculated per Egs. (1) and (2):

ncoon = (Vb - V) x Cpa x 4 (1)
162 X ncoon

DS=————""
m — 58 X ncoon

2)
where ncoop 1s the number of carboxymethyl groups on the
starch backbone, V,, (mL) and V (mL) are the volumes of
HCI used for the titration of the blank and the CMS samples
and Cpc; (mol/L) is the concentration of the HCI standard
solution. The factor 4 in Eq. (1) relates to the ratio of total
solution volume (100 mL) and the volume of the aliquot col-
lected for filtration (25 mL). In Eq. (2), 162 (g/mol) are the
molar mass of the glucose unit, while 58 (g/mol) is the incre-
ment in the molar mass of the glucose unit due to the substitu-
tion by one carboxymethyl group. m (g) is the mass of the
CMS sample. The DS determination was performed in tripli-
cates for each CMS sample.

2.3. Preparation of the microparticles based on CMS/Cs
polyelectrolyte complex

Microparticles were prepared by polyelectrolyte complexation
between CMS and Cs. Briefly, Cs was completely solubilized in
acetic acid solution (I w/v-%) and the resulting solution
(3 w/v-%, pH 5) was transferred to a plastic syringe equipped
with a needle (inner diameter 1.2 mm). Subsequently, the CS
solution was gently drop-wise (rate 1 mL/min and drop height
of 1 cm) into a CMS solution (4 w/v-%, pH 8.5 adjusted with
0.1 M NaOH solution) containing TPP (0.1 w/v-%), an anio-
nic salt used as an auxiliary crosslinker of Cs. In the further
studies, the CMS with the highest DS value was utilized for
the preparation of microparticles. The instantaneously formed
CMS/Cs microparticles were kept under mild stirring (50 rpm)
for 1 h at room temperature for maturation. Next, the as-
prepared CMS/Cs microparticles were recovered, purified in
distilled water and dried in a vacuum desiccator at room

temperature. Microparticles based on Cs ionically crosslinked
with TPP (Cs/TPP) were prepared for comparative purposes.
In this sense, similar procedures were carried out;
however, the Cs solution was drop-wise into a TPP solution
(0.75 w/v-%, pH 8.5) without CMS.

2.4. Analytical methods

Fourier transform infrared (FTIR) spectra were recorded in
the range of 4004000 cm ! on KBr pellets using a Shimadzu
Affinity spectrometer (Japan). Thermogravimetric analyses
(TGA) were performed using a Shimadzu DTG 60 Analyzer
(Japan) from room temperature up to 600 °C under a nitrogen
atmosphere at a heating rate of 10 °C/min. Scanning electron
microscopy (SEM) was used to investigate the surface mor-
phology of the prepared microparticles. The microparticles
were gold-coated by sputtering before the SEM visualization
in a JEOL JSM-6610LC microscope (USA). The pH of zero
charges (pHpzc) was estimated as described by Gomes et al.
(2015). Each sample (50 mg) was placed in vials filled with
NaCl solution (0.1 M, 50 mL) where the pH was adjusted to
different values (2-12) with HCl or NaOH (0.1 M) using a
pH meter. The vials containing the samples were stirred in
an orbital shaker (100 rpm) for 24 h at room temperature.
After equilibrium, the samples were withdrawn and the final
pH of the solution (pHy) was measured. Next, changes in pH
(ApH = pH; - pHy) were calculated and plotted against pH;
(the initial pH). The pHpzc of each sample was set to the
pH where ApH is zero (i.e. without variation).

2.5. Preparation of BSA-loaded microparticles

CMS/Cs and Cs/TPP microparticles were prepared using the
same procedures described in the previous section; however,
BSA (30 mg) was premixed with Cs solution before dropping
in CMS or TPP solutions. The BSA-loaded microparticles
were labeled as CMS/Cs-BSA and Cs/TPP-BSA, respectively.
The encapsulation efficiency and BSA loading were
determined by a digestion method (Anal et al., 2003; Yuan
et al., 2017). A certain amount of the BSA-loaded microparti-
cles was dissolved in HCI (0.1 M, 200 mL) for 24 h at room
temperature. Next, the suspension was centrifuged (4000 rpm
for 30 min) and filtrated. The supernatant was analyzed at
280 nm in a UV-Vis Micronal BS82 spectrometer (Brazil).
BSA content in the microparticles sample was estimated using
a previously built calibration curve (R? > 0.99). Supernatant
from the pristine microparticles (without BSA) was taken as
blank. The encapsulation efficiency and BSA loading were cal-
culated per Egs. (3) and (4) (Yuan et al., 2017). All samples
were analyzed in triplicate.

BSA tent in micr ticle:
Encapsulation efficiency (%) = { content in micropartic es}

initial BSA content in solution
x 100

3)

BSA loading (%) [amount of BSA in microparticles}

amount of loaded microparticles
x 100 (4)
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2.6. BSA release experiments

In vitro BSA release experiments were performed in two sepa-
rated media; simulated gastric fluid (SGF, pH 1.2) and simu-
lated intestinal fluid (SIF, pH 6.8) both without the presence
of enzymes (Pereira et al., 2013). For this, BSA-loaded
microparticles (200 mg) were placed into a dialysis membrane
bag (Mwco 12,000) and, then, the bag was tied and soaked in
the release medium (SGF or SGF, 100 mL). The entire system
was incubated at 37 = 1 °C with mild stirring (50 rpm) over
the whole experiment. At pre-determined time intervals, an ali-
quot (4 mL) of the release medium was withdrawn and its
absorbance at 280 nm was measured using a UV-Vis spec-
trometer. An equivalent volume (4 mL) of fresh release med-
ium was refilled in the system. The amount of BSA in the
release medium was determined using a calibration curve. All
measurements were performed in triplicate.

3. Results and discussion

3.1. Characterization of CMS synthesized from rice starches
with different amylose contents

Carboxymethyl groups (—CH,COOH) were introduced in the
starch backbone by an etherification reaction between starch
and monochloroacetic acid in the presence of NaOH. This
reaction is built on the conversion of free hydroxyl groups
(—OH) in glucose units to alkoxide groups, a more reactive
form, by the strong alkaline medium. Then, the glucose units
of starch were etherified by carboxymethyl groups as illus-
trated in Scheme 1. As aforementioned, this reaction was
performed using rice starches with different amylose content
(6, 18, and 30%) aiming to evaluate the effect of this parameter
on the DS value. The insertion of the —CH,COOH groups in
the starch samples was investigated by FTIR analysis (Fig. S1
(a-c), Supporting information). According to the FTIR spectra
obtained from the raw starches, no obvious discrepancies were
observed. Overall, the spectra of raw starches show bands at
about 3420 cm™', 2936 cm™!, 1155 cm™", and 1018 cm ™! asso-
ciated with the stretching vibration of the O—H bond (—OH
groups), asymmetric stretching vibration of the C—H bond
(CH, groups), asymmetric vibration of the C—O—C bond
and C—O vibration of glycosidic units and the pyranoid ring
(Pereira et al., 2013; Zhang et al., 2012). Moreover, the band
at 1644 cm™"' is assigned to the scissoring vibration mode
absorbed water molecules (Zhang et al., 2012). The presence
of —CH,COOH groups in the modified starches was con-
firmed by the appearing of bands related to the asymmetric
and symmetric vibration modes of the C—O bond. These
bands were observed at 1608 cm™' and 1426 cm™' to the
low-amylose starch (Fig. Sla), at 1607 cm™' and 1423 cm™!
to the medium-amylose starch (Fig. S1b) and at 1610 cm™'
and 1426cm™! to the high-amylose starch (Fig. Slc)
(Spychaj et al., 2013). Furthermore, the band related to the
absorbed water molecules was not found in the FTIR spectra
of the CMS samples. Finally, as compared to the raw starches,
all spectra of CMS show a broadening in the band associated
with the asymmetric stretching vibration of the CH, groups
and the band related to the O—H stretching vibration shifts
to lower wavenumber. Taken together, these finds suggest
the increasing of esterification of the starches with different

amylose content and, therefore, the presence of carboxymethyl
groups in the starch backbone (Wang et al., 2009).

The degree of substitution (DS) of CMS samples was esti-
mated using a back titration method (Nattapulwat et al.,
2009). Briefly, the carboxymethyl groups present in the starch
backbone were protonated and, then, neutralized with NaOH.
The excess of NaOH was titrated with HCI and the DS value
was calculated per Eq. (2). According to this method, the DS
values calculated for the low, medium and high-amylose
starches were 0.5, 0.4, and 0.3, respectively. These results are
in agreement with some previous studies reported in the liter-
ature (Bhattacharyya et al., 1995; Singh et al., 2004). As evi-
denced, the low-amylose starch exhibited a greater DS value
compared to medium and high-amylose starches. An import
aspect to a highly efficient carboxymethylation reaction is
the availability of reactive sites (i.e. —OH groups) in starch
grain. According to Stojanovic et al. (2005) starches with a
smaller grain size presents a high surface area increasing the
presence of reactive —OH groups on the surface of starch,
which facilitates the carboxymethylation reaction. Another
significant concern is related to the different reactivity of the
three free —OH groups present in the starch (Wu, 2011). The
primary —OH (at the Cg4 position) is more reactive than the
secondary ones (at C, and C; positions) due to the steric hin-
drance. Since the carboxymethylation reaction is a second-
order nucleophilic substitution, the primary —OH groups have
been the main sites for carboxymethylation of starch (Colussi
et al., 2014; Wu, 2011). These aspects can explain the highest
DS value achieved for the low-amylose starch. Furthermore,
the starch sample with the lowest content of amylose shows
higher reaction efficiency (RE) (48.1%) as compared to the
medium and high-amylose starches (38.5% and 28.0%, respec-
tively). Herein, the RE parameter is defined as the fraction of
monochloroacetic acid that had reacted with starch to form
CMS (Bhandari and Hanna, 2011). Taking into account the
previously discussed aspects, it is suggested that the mono-
chloroacetic acid molecules react more efficiently with the
low-amylose starch than with medium and high-amylose
starches. Consequently, the CMS synthesized from the low-
amylose starch exhibits the higher DS value. The low-
amylose starch granules surfaces were investigated by SEM
(Fig. S2a) and they showed spherical shape with a smooth sur-
face and particle size of 814 pm. The SEM image recorded
from the CMS synthesized from this starch sample
(Fig. S2b) showed eruption and coalescence of the starch gran-
ules suggesting that the carboxymethylation reaction affects
the structural arrangement of the rice starch. Some authors
propose that the strong alkaline condition used for the CMS
synthesis promotes such granular disintegration (Colussi
et al., 2014; Zhang et al., 2012). Then, to prepare the polyelec-
trolyte microparticles, the CMS synthesized from the starch
with lowest amylose content was selected, since it possesses
the highest negative charge density.

3.2. Characterization of the CMS/Cs microparticles

CMS, an anionic polymer, can form PEC with Cs, a cationic
polymer, by the simple dropping of one solution to other. As
result, CMS/Cs microparticles can be obtained and their use
as drug delivery systems (DDS) is attractive from several view-
points. The DDS as microparticles can provide sustained
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release properties and a more uniform distribution of solutes
(i.e. drugs, proteins, genes, etc.) in the polymeric matrix and
in the gastrointestinal tract (Shelke et al., 2014). Here, in addi-
tion to CMS and Cs, a small amount of TPP, non-toxic inor-
ganic compost, was utilized as an additional ionic crosslinker
to Cs due to the low DS value obtained in the starch modifica-
tion (DS & 0.5). The anionic phosphate groups of TPP bind
the free protonated amino groups of Cs, thereby ensuring
the morphological stability of particles. The stability of
microparticles is enhanced as a result of the synergistic effect
that outcomes from the polyelectrolyte complexation between
CMS and Cs and the ionotropic crosslinking of Cs, caused by
the presence of TPP ions. These TPP ions can diffuse inward
the CMS/Cs microparticle, crosslinking the excess of proto-
nated amino groups of internal Cs chains, stabilizing the
microparticle structure (Dima et al., 2015). Further, varieties
of auxiliary crosslinking agents are generally used to enhance
the efficiency of controlled release systems (Saikia et al., 2015).

Fig. 1 shows the FTIR spectra of CMS, Cs, and micropar-
ticles CMS/Cs and Cs/TPP. Examining the Cs spectrum is
observed a broad band centered at 3438 cm™' associated with
the O—H and N—H stretching vibration (—NH, and —OH
groups), bands in the region of 2930-2870 cm ™! related do
the C—H stretching vibration (CH, and CHj; groups) and
bands at 1654 cm~' and 1596 cm™' assigned to the C=0
stretching vibration (amide I band) and N—H deformation
(amide II band) (Brugnerotto et al., 2001). Cs/TPP spectrum
exhibits characteristics bands proceeding from Cs and, also,
a new band at 1216 cm ™' associated with the stretching vibra-
tion of the P=0 bond of PO3~ groups in TPP. Moreover, the
band at 1596 cm™! in the Cs spectrum shifts to 1543 cm ™' due
to the protonation of the amino groups (—NH3 ). On other
notes, the band associated with the O—H and N—H stretching
vibration is broadened in the Cs/TPP spectrum suggesting an
increment of the intramolecular hydrogen bonds. All this finds
confirm the ionotropic crosslinking of Cs with TPP as result of
electrostatic interactions among the PO3~ groups of TPP and
the —NH;3 of Cs (Martins et al., 2012; Wu et al., 2005). The
CMS/Cs spectrum shows slight discrepancies as compared to
the Cs/TPP as observed in Fig. 1. The main changes are related

CMS/Cs
3
s
o
o
c
)
)
c
o
[
T T T T T T T T T T T T T T T
3600 3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)
Fig. 1  FTIR spectra of pure polysaccharides (CMS and Cs) and

microparticles (CMS/Cs and Cs/TPP).

to the appearing of shoulder-type bands at 1635 cm ™' likely
due to the stretching vibration of the C—O bond of carboxy-
late groups (—COO~) from CMS and at 1560 cm ™' related to
the =NHj3 groups of Cs that interact with CMS. Additionally,
the band related to the C—H stretching (~2920 cm™') became
more intense likely due to the CH, groups of CMS. Since the
CMS cannot penetrate into Cs matrix due its long-chain struc-
ture, the interaction between the —NH; groups and the
—COO™ groups of CMS is restricted to the surface of Cs
drops, while TPP ions penetrate the drops, as previously dis-
cussed (Zhang et al., 2013). This aspect can explain the small
changes observed in CMS/Cs spectrum as compared to the
Cs/TPP.

The thermal stability of the CMS, Cs, and microparticles
(CMS/Cs and Cs/TPP) was investigated by TGA/DTG analy-
sis (Fig. 2a and b). The TGA curve of CMS revealed three
weight loss stages. The first stage (~14% of weight loss)
occurred from 25 °C to 170 °C due to the loss of water and
light volatile compounds. The second and third stages
(~36% of weight loss) started at 250 °C and they are attribu-
ted to the degradation of the CMS backbone (carbonization
and ash formation). According to the literature, the thermal
stability of CMS has a straight relationship with its DS. In
light of this, CMS samples with high DS show low thermal sta-
bility because of the hydrophilic nature of the carboxymethyl

100 (a)

Weight (%)

T s T x T T T T T T
100 200 300 400 500 600
Temperature (°C)

0.0
-0.2 1
£
% -0.4
S ¥
O e 240° 2470
[=]
—CMS
-0.8 Cs
—— CMS/Cs /; S .
Cs/TPP 293 305 (b)
-1.0 — T T T T T T T T T T
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Temperature (°C)
Fig. 2 (a) TGA and (b) DTG curves of pure polysaccharides

(CMS and Cs) and microparticles (CMS/Cs and Cs/TPP).
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groups that favor the thermal decomposition process (Zhang
et al., 2015). At 600 °C, the residue of CMS was 50% of its ini-
tial weight. The TGA curve of pure Cs showed two weight loss
stages. The first stage occurred from 25 °C to 110 °C (~11% of
weight loss) due to loss of water. The second stage is associated
with the depolymerization and decomposition of the Cs chains
through deacetylation and cleavage of glycosidic linkages and,
as noticed, it started at 240°C (~60% of weight loss)
(Moussout et al., 2016). TGA/DTG curves of CMS/Cs and
Cs/TPP microparticles possess a certain similarity (see
Fig. 2a and b). Both curves showed two weight loss stages,
which occurred in similar temperature ranges. Compared to
pure CMS and Cs, the microparticles presented lower thermal
stability, which is expected for polymeric networks formed by
polyelectrolyte complexation or ionotropic crosslinking
(Maciel et al., 2015; Fajardo et al., 2012; Martins et al.,
2011). The complexation between CMS/Cs and ionotropic
interaction between Cs and TPP ions disrupt some interactions
present in the pure polysaccharides (intra and interchains
H-bonds, for example) leading to a weakening of the
microparticles structure as compared to CMS and Cs
(Fajardo et al., 2012; Bigucci et al., 2009). Maciel et al.
(2015) calculated the activation energy (E,) for different stages
of degradation of a polyelectrolyte complex (PEC) based on
chitosan (Cs) and carboxymethyl cashew gum (CMCG). These
authors find lowest E,, for the PEC than those for pure Cs and
CMCG, confirming the lower thermal stability of complexes.

Taking into account the two microparticle systems, it is
observed from the DTG curves (Fig. 2b) that the CMS/Cs
microparticles are thermally degraded at 247 °C, while the
Cs/TPP microparticles are degraded at 240 °C. This slight
increment in the thermal stability of CMS/Cs as compared
to Cs/TPP can be associated with the better stabilization of
the hydrophilic groups of Cs by CMS than by TPP ions. The
non-stabilized groups of Cs favor the dehydration process with
the consequent increment degradation of the polymeric matrix.
In other words, the polyelectrolyte complexation between
CMS and Cs is more efficient to stabilize the polymeric matrix
than the ionotropic interaction between Cs and TPP ions. This
hypothesis may explain the increment of the maximum temper-
ature observed for the loss of water from the microparticle
matrixes. According to DTG curves (Fig. 2b), the temperature
peaks of maximum weight loss due to water elimination are
observed at 58 °C for CMS/Cs and at 65 °C for Cs/TPP. As
aforementioned, the polyelectrolyte complexation between
CMS and Cs reduces the availability of free hydrophilic groups
in this matrix impairing the interaction between the micropar-
ticles and the water molecules. In contrast, the ionotropic
crosslinking between Cs and TPP ions preserves some hydro-
philic groups of Cs available to interact with water molecules.
Consequently, the temperature to eliminate water molecules
sorbed on CMS/Cs microparticles is lower than that required
to Cs/TPP microparticles. Overall, the thermal analysis sug-
gests that CMS/Cs complex shows higher stability than the
Cs/TPP.

SEM images were taken of CMS/Cs and Cs/TPP micropar-
ticles and presented in Fig. 3. As noticed, the CMS/Cs
microparticle (Fig. 3a) showed an oval-shaped morphology
with some roughness and a non-regular surface. At high
magnification (Fig. 3b), it is observed that small pores are
distributed heterogeneously through the CMS/Cs surface. On
the other hand, the Cs/TPP microparticle showed a

spherical-shaped morphology and a smoother surface as com-
pared to CMS/Cs (see Fig. 3¢ and d). The diffusion of TPP
ions inward the Cs matrix contributes to compact the Cs/
TPP surface and to reduce the particles size. As estimated,
the average sizes of the CMS/Cs and Cs/TPP microparticles
are 1.23 £ 0.02 mm and 0.90 £ 0.03 mm, respectively. Taken
together, these observations allow suggesting that the polyelec-
trolyte complexation between CMS and Cs has a straight effect
on the particle surface morphology and size.

3.3. BSA encapsulation and releasing experiments

BSA, a globular protein frequently used in numerous studies
due to its stability and lack of interference within biological
reactions, was employed here as a model protein (Li et al.,
2017). The encapsulation efficiency, expressed as a percentage
of the amount of BSA entrapped in the microparticles in com-
parison to its initial amount, was around 67% for CMS/Cs
and 60% for Cs/TPP. The BSA-loading, expressed as a per-
centage of the amount of BSA entrapped in comparison to
the amount of microparticles, was around 10% for CMS/Cs
and 9% for Cs/TPP. These results suggest that the microparti-
cles prepared by polyelectrolyte complexation of CMS and Cs
have been more efficient in BSA encapsulation than the Cs/
TPP microparticles. The starch-derivative, CMS, has a high-
functionalized backbone with hydroxyl and carboxymethyl
groups that act as interaction sites to BSA. This interaction
restricts the BSA diffusion to the medium during the micropar-
ticle formation. Moreover, another important aspect that
affects the encapsulation efficiency of BSA is the pH of the
medium. Here, BSA was added in an acidic Cs-solution (pH
5) before the microparticles formation. This pH condition is
close to the isoelectric point of BSA (pH 4.7) and, as result;
this protein exhibits both negative and positive patches. Nega-
tive patches of BSA interact with the —NH3" groups of Cs pre-
venting its release during the microparticle formation. After
that, the Cs-solution containing BSA was drop-wised in the
CMS or TPP solutions. In this stage, the negative charges of
CMS and TPP interact with the positive patches of BSA.
Due to its high molecular weight and negative charge density,
CMS is more effective to stabilize the BSA than TPP enhanc-
ing the encapsulation efficiency (Walke et al., 2015; Zhang
et al., 2016a,b). In order to support these inferences, the pH
of zero charge (pHpzc) for the microparticles (loaded or not)
was estimated (Fig. S3). In the light of drug encapsulation
and release applications, this parameter is paramount to
describe changes in the charge surface and stability of particles
in the aqueous medium. At pHpzc, the Zeta potential (§) is
zero and the stability is minimum while the solubility of parti-
cles is maximum (Bojnanska et al., 2014). Conversely, below
the pHpzc, the particle surface is positively charged, while
above pHpzc the surface is negatively charged. As assessed,
the CMS/Cs microparticles show pHpzc higher than Cs/
TPP, which can be explained by the excess of anionic groups
on the surface of CMS/Cs. The BSA-loaded in the microparti-
cles caused a slight variation in the pHpzc of both microparti-
cles. For CMS/Cs the pHpzc was shifted from 1.24 to 1.35,
while for Cs/TPP the pHpzc was shifted from 1.17 to 1.20.
Higher variation in the pHpzc values estimated for the
CMS/Cs and CMS/Cs-BSA microparticles can be associated
with the decreasing in the number of anionic groups on the
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Fig. 3 SEM images of CMS/Cs microparticles (a and b) and Cs/TPP microparticles (c and d).

microparticles surface due to their interaction with the positive
patches of BSA. These experimental results corroborate the
previous discussion.

The interaction between the BSA and the microparticles
was further investigated by FTIR analysis (Fig. S4). The FTIR
spectrum of pure BSA showed the characteristics bands of
acetylamino I group at 1650 cm™!, acetylamino II at 1542
ecm ™! and acetylamino IIT at 1245cm™! confirming the a-
helix of the secondary structure of BSA (Sahu and Prusty,
2010). The broadband centered at 3315 cm™" is related to the
stretching vibration of the O-H and N-H bonds. Compara-
tively to the spectra of the non-loaded microparticles, the spec-
tra of CMS/Cs-BSA and Cs/TPP-BSA showed changes in the
bands related to O—H and N—H stretching vibrations, C—0
stretching vibration (amide I) and —NHj3 groups. These bands
were shifted to lower wavenumber region and increased in
intensity. Such slight shifts in the FTIR spectra of the BSA-
loaded microparticles suggest changing in the ambient the
functional groups (hydroxyl, amino, and carboxymethyl),
probably due to the intra and intermolecular H-bonds formed
between BSA and the polymeric matrix. Furthermore, the
FTIR of BSA-loaded microparticles showed bands at 1650
cm ! and 1449 cm ™!, which proceed from the BSA. The bands
of acetylamino I and II groups of BSA can overlap with the
bands assigned to the C—0 bonds and —NH3 groups, caus-
ing an increase in the intensity of these bands. In addition, this
overlapping indicates that the interaction between BSA and
the polymeric matrix is preferentially due to electrostatic
attraction than van der Waals interaction (Swain and
Sarkar, 2013).

The morphology of the BSA-loaded microparticles was
investigated by SEM (Fig. 4). The images allow noticing that
the protein entrapped in the microparticles affects their

morphology as compared to the bare microparticles. Overall,
the CMS/Cs-BSA microparticles exhibited some spherical
shape, rough and dense surface with an average size of
1.53 £ 0.02 mm (Fig. 4a and b). The absence of pores dis-
tributed through the CMS/Cs-BSA surface was also noticed.
Although the Cs/TPP-BSA microparticles had shown some
spherical shape, when compared to the CMS/Cs-BSA, these
microparticles showed higher roughness and irregularities on
the surface (Fig. 4c and d). Moreover, the estimated average
size of Cs/TPP-BSA microparticles was 1.40 = 0.04 mm. Such
discrepancies suggest a higher compatibility between the BSA
and the CMS/Cs matrix, likely due to the electrostatic interac-
tions and H-bonds engaged between the protein and polymers
(CMS and Cs). It should be mentioned that both microparti-
cles systems had no obvious phase separation indicating good
compatibility between BSA and the CMS/Cs and Cs/TPP
matrixes.

The in vitro release profile of BSA from the loaded
microparticles was examined in a model enzyme-free simulated
gastric and intestinal fluids (SGF and SIF). These media were
chosen because they mimic the pH and ionic strength of some
human environments, especially stomach and small intestine
(Yuan et al., 2017). The effect of enzymes activity was not
studied since the Cs cannot be degraded by the digestive
enzymes of the human stomach and small intestine (Zhang
et al., 2002). Besides, there is some difficult to perform an assay
evaluating the influence of digestive enzymes on the release of
BSA encapsulated in a DDS due to the lack of a reliable
method to quantify intact BSA in the presence of its hydro-
lyzed derivative from enzymatic digestion (Yuan et al.,
2017). However, if BSA is efficiently encapsulated in the
polymeric matrix, was expected that the digestive enzymes
would not easily diffuse into particles and digest the BSA.
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The percentages of cumulative release of BSA-loaded
microparticles (CMS/Cs-BSA and Cs/TPP-BSA) in SGF and
SIF are shown in Fig. 5.

The experimental data revealed that the BSA releasing is
pH-dependent and it is more pronounced in the acidic environ-
ment (SGF, pH 1.2) for both microparticles. After 12 h in
SGF, almost 58% and 61% of BSA was released from
CMS/Cs-BSA and Cs/TPP-BSA. As the time goes on, the
BSA release rate in SGF decreases to both microparticles sys-
tem and after 84 h the cumulative BSA release achieved 97%
for CMS/Cs-BSA and 100% for Cs/TPP-BSA. Conversely,
in SIF (pH 6.8) at the first 12 h, about 15% of BSA was
released from CMS/Cs-BSA, while 38% were released from
Cs/TPP-BSA. At the end of the experiment (84 h), the percent-
age of BSA released from CMS/Cs-BSA and Cs/TPP-BSA was
70% and 91%, respectively. These release data are in agree-
ment with the study done by Zou et al. (2015) that investigated
the BSA release profiled from chitosan microspheres. Accord-
ing to the data exposed in Fig. 5, it is evidenced that SGF is the
medium with higher BSA cumulative release independent of
the microparticles system. This behavior can be explained by
the swelling and partial dissolution of the microparticles
caused by the repulsive forces that arise from the repulsion
between the free —NH3 groups on Cs backbone. The repul-
sive forces weaken the intra and intermolecular bonding inter-
actions engaged between the polymeric network and between
the polymeric network and BSA (Keawchaoon and Yoksan,
2011). As assessed, both microparticles system exhibited low
values of pHpzc, which can be speculated as result of a great
number of negatively ionizable groups on the microparticles
surface. Under strong acidic medium, the elevated concentra-
tion of protons neutralizes the negative charges on the
microparticles surface facilitating the protonation of the free

SEM images of CMS/Cs-BSA microparticles (a and b) and Cs/TPP-BSA microparticles (¢ and d).

amino groups of Cs and, consequently, the release of BSA
(Zou et al., 2015). On the other hand, in SIF the protonation
of the amino groups of Cs does not occur preventing the
expansion of the polymer network and swelling. As result,
the diffusion of BSA to the releasing medium is impaired
(Shu and Zhu, 2002). Furthermore, the interaction between
the microparticles and the releasing medium is minimal due
to the electrostatic repulsion among the OH™ ions, available
in SIF, and the negatively charged groups on the microparti-
cles surface. Therefore, in SIF the swelling of the microparti-
cles is low, which decreases their surface area and reduces
the release of BSA (Keawchaoon and Yoksan, 2011).

Fig. 5 also provides important information about the influ-
ences of the microparticle composition in the BSA release pro-
file. As noticed, the CMS/Cs-BSA microparticles have released
BSA more slowly than Cs/TPP-BSA microparticles in both
tested media (SGF and SIF). Such discrepancy regarding the
releasing is more evident in the first 3.5 h of the experiment.
The Cs/TPP-BSA microparticles showed a burst effect in
SGF and SIF, where 58% and 20% of BSA were released.
The burst effect is related to desorption process of BSA bound
to the microparticles surface. As the microparticles have a high
surface area, incessant contact with the releasing medium pro-
moted the rapid desorption release of BSA (Keawchaoon and
Yoksan, 2011; Pereira et al., 2013). In contrast, the CMS/Cs-
BSA microparticles just showed a burst in SGF, where 52%
of BSA were released at the beginning of the experiment. In
SIF, only 11% of BSA was released from CMS/Cs-BSA after
3.5h. This absence of burst release in SIF indicates a better
entrapment of protein in the CMS/Cs microparticles likely
due to the presence of CMS that bounds efficiently the BSA
chains resulting in a more stable system. In addition, after
12 h the release of BSA in SGF and SIF increased for both



Microparticles based on carboxymethyl starch/chitosan polyelectrolyte complex as vehicles 2191

100 - (a) __§—9—o
] " 5
9 ] e
S 80 §/ Q/
Q ]
§ 60 §/ q/
T:.’ | / o/
(]
2 404 §/
s ]
S °
g 20
(&) —@— SGF
04 -@-SIF
1 ¥ Ll - T x 1 ¥ 1 * 1 " T » | " 1
0 12 24 36 48 60 72 84 96
Time (h)
1oo-(b)
X 804
[
(7]
(3]
9 60
o
o
.; 40
)
>
g 20
o —@—SGF
04 —o—SIF

0 12 24 36 48 60 72 84 96
Time (h)

Fig. 5 Cumulative release profile of BSA from (a) CMS/Cs-BSA
microparticles and (b) Cs/TPP-BSA microparticles in simulated
gastric (pH 1.2) and intestinal (pH 6.8) fluids at 37 °C.

microparticles system due to the swelling of the microparticles.
It is evident that this increase in the BSA releasing was less
pronounced for the CMS/Cs microparticles, especially in
SIF, which allows suggesting that this system is able to control
the release of BSA more efficiently than the Cs/TPP micropar-
ticles. About the 72 h, for all tested conditions and systems, the
BSA releasing has reached a plateau stage, probably due to the
equilibrium (reduced difference) of concentrations of BSA
between the dense phase (microparticles) and the release med-
ium (Agnihotri et al., 2004).

In order to gain insight into the release mechanism of BSA
from the microparticles systems, the data presented in Fig. 5
were examined using different kinetic models. This mathemat-
ical modeling of BSA release kinetics is a trustable tool to
obtain information about the mass transport mechanisms that
are involved in these promising DDS. The cumulative release
data were fitted to Zero-order (5), First-order (6), Higuchi
(7), Hixson-Crowell (8), Korsmeyer-Peppas (9) and Baker-
Lonsdale (10) kinetic models (Nayak et al., 2016; Zou et al.,
2015):

0 = kot (5)

InQ =1nQ, — kit (6)

Q = kyt'? (7)
0y — 0" = ket (8)
log (Q%) — loghyy + nlogt ©)
2= 000 - /0y = kuut (10)

where Q (mg) is the amount of BSA released at time ¢ (h),
Qo (mg) is the amount of BSA encapsulated in the micropar-
ticles, O, (mg) is the amount of BSA release at equilibrium,
and k (ko, ki1, ki, ki, kgp, and kpp) are the release kinetic
constant of each kinetic model. The parameter n (dimension-
less) is the release exponent of the Korsmeyer-Peppas model,
which is linked to the model therapeutic protein release
mechanism. The Kkinetic parameters were calculated from
regression plots of the different kinetic plots (Figs. S5 and
S6) and all of them are summarized in Table 1. For these
models, the analysis of correlation coefficient (R?) of the
linear relationship between BSA release and time was estab-
lished. The model with higher R? was considered was capable
of represents the release data and, therefore, the release
mechanism of BSA from microparticles (CMS/Cs and Cs/
TPP) in the different release media.

Following consideration of the R? values, the BSA release
from CMS/Cs microparticles depends on the release medium
(SGF or SIF). In SGF, it was found that the Baker-
Lonsdale model fits better the experimental data (R®> =
0.955). The Baker-Lonsdale model describes the drug release
from spherical matrices using an equation derived from the
Higuchi model. In this model, the first controlling mechanism
is a combination of swelling and degradation of microparticles
matrices, then, after the diffusion phenomenon take parts in
the BSA release process (Jafari and Kaffashi, 2016). On the
other hand, in SIF the BSA release data are better fitted by
the Zero-order model (R® = 0.991) suggesting that the protein
release from CMS/Cs is only time-dependent. According to
this kinetic model, the BSA release is attributed to time-
dependent changes in microparticles surface area, which is
gradually depleted of BSA, and diffusional path length that
increases with time (Tang et al., 2015). Moreover, the Zero-
order kinetics not depends on the concentration of drug or
environment to induce the drug release and, because of this,
this kinetics has several advantages to drug therapy (Tang
et al., 2015).

Considering the Cs/TPP-BSA microparticles, the experi-
mental release data obtained to both release media (SGF
and SIF) are better fitted by the Higuchi kinetic model (R>
= 0.979 and 0.992). Higuchi model assumes that the BSA
release process depends on the Fickian diffusion mechanism
(Paul, 2011). Further, this model is based on the assumptions
that: (i) amount of BSA entrapped in the microparticles is
greater than the solubility of the BSA in the release medium;
(ii) the size of the microparticles is much greater than the size
of the BSA chains; (iii) BSA diffuses outward the microparti-
cles at a constant rate; and (iv) the release medium maintain
the sink conditions (Bajpai et al., 2017). Besides that, accord-
ing to Higuchi model, if the BSA diffusion is the rate-
limiting step, the solid/liquid interface will move towards the
interior of the microparticles over time (Paul, 2011).
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Table 1 Kinetic parameters of BSA release from CMS/Cs-BSA and Cs/TPP-BSA microparticles.

Model Parameter CMS/Cs-BSA Cs/TPP-BSA
SGF SIF SGF SIF
Zero-order ko (mg/h) 0.173 0.161 0.238 0.216
R? 0.754 0.991 0.826 0.909
First-order ki (1/h) 0.018 0.032 0.043 0.053
R? 0.286 0.867 0.467 0.482
Higuchi ky (mg/h'/?) 1.683 1.440 2.307 2.093
R? 0.851 0.939 0.979 0.992
Hixson-Crowell kpc (mg'/h) 0.019 0.011 0.035 0.004
R? 0.946 0.968 0.955 0.982
Korsmeyer-Peppas kxp 0.244 1.114 0.051 0.024
n 0.370 0.460 0.804 0.981
R? 0.652 0.908 0.903 0.905
Baker-Lonsdale kar 0.004 0.001 0.007 0.004
R? 0.955 0.901 0.967 0.977

As assessed here, the microparticles formed by polyelec-
trolyte complexation of CMS and Cs exhibit obvious differ-
ences regarding the BSA release profile and release kinetics
as compared to the conventional Cs/TPP microparticles.
Overall, the PEC microparticles based on CMS and Cs were
compatent to control the release of BSA more efficiently.
Additionally, the release mechanism of the CMS/Cs micropar-
ticles can be tailored according to the release medium, which is
a very attractive feature since it allows targeting the drug deliv-
ery. Taken together, these findings suggest that PECs based on
CMS/Cs are promising vehicles for drug delivery due to its
advantages over other conventional systems described in the
literature.

4. Conclusions

Rice starches with different amylose content were esterified in
order to obtain carboxymethyl starch (CMS), a polyanionic
polysaccharide. As assessed, the starch sample with the lowest
content of amylose (6%) was the most susceptive of esterifica-
tion and, as result, a CMS with a DS of 0.5 was synthesized.
Microparticles were prepared by polyelectrolyte complexation
between CMS and chitosan (Cs), a polycationic polysaccha-
ride, aiming their use as vehicles for drug delivery systems
(DDS). For comparative purpose, conventional Cs-based
microparticles were prepared by ionotropic crosslinking of
Cs with TPP ions. The two microparticles systems, CMS/Cs
and Cs/TPP, showed obvious discrepancies regarding network
stability (chemical and thermal), morphology, size, and surface
charge. Overall, the CMS/Cs microparticles exhibited more
attractive properties than the Cs/TPP microparticles. More-
over, the microparticles prepared by polyelectrolyte complexa-
tion showed to be more efficient to encapsulate BSA likely due
to the presence of CMS in the microparticle formulation. In
vitro release experiments conducted in simulated gastric and
intestinal human fluids (SGF and SIF) with the BSA-loaded
microparticles revealed that the CMS/Cs-BSA microparticles
exhibit a more evident pH-dependent release profile and a high
control on the BSA release minimizing the burst effect,

particularly in SIF. Furthermore, in SIF, the BSA release pro-
cess from CMS/Cs-BSA follows a Zero-order kinetics, which is
highly attractive for a DDS. These results allow suggesting
that the CMS/Cs microparticles can provide controlled release
of BSA in constant dose to a specific region of the gastroin-
testinal tract.
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