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Abstract This study evaluated a modified nanostruc-
tured release system employing diclofenac as a drug
model. Biodegradable chitosan nanoparticles were pre-
pared with chitosan concentrations between 0.5 and
0.8% (w/v) by template polymerization method using
methacrylic acid in aqueous solution. Chitosan-
poly(methacrylic acid) (CS-PMAA) nanoparticles
showed uniform size around 50—100 nm, homogeneous
morphology, and spherical shape. Raw material and
chitosan nanoparticles were characterized by thermal
analysis, Fourier transform infrared spectroscopy (FT-
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IR), and transmission electron microscopy (TEM),
confirming the interaction between chitosan and
methacrylic acid during nanoparticles preparation.
Diclofenac sorption on the chitosan nanoparticles sur-
face was achieved by incubation in water/ethanol (1:1)
drug solution in concentrations of 0.5 and 0.8 mg/mL.
The diclofenac amount sorbed per gram of CS-PMAA
nanoparticles, when in a 0.5 mg/mL sodium diclofenac
solution, was as follows: 12.93, 15, 20.87, and
29.63 mg/g for CS-PMAA nanoparticles 0.5, 0.6, 0.7,
and 0.8% (w/v), respectively. When a 0.8 mg/mL sodi-
um diclofenac solution was used, higher sorption effi-
ciencies were obtained: For CS-PMAA nanoparticles
with chitosan concentrations of 0.5, 0.6, 0.7, and 0.8%
(w/v), the sorption efficiencies were 33.39, 49.58, 55.23,
and 67.2 mg/g, respectively. Diclofenac sorption kinet-
ics followed a second-order kinetics. Drug release from
nanoparticles occurred in a period of up to 48 h and
obeyed Korsmeyer-Peppas model, which was character-
ized mainly by Fickian diffusion transport.

Keywords Nanoparticle - Chitosan - Drug delivery -
Nanotechnology - Biopolymer - Pharmaceutics

Introduction

Chitosan (CS) is a derivative of chitin, a natural bio-
polymer present in crustacean shells, insect exoskele-
tons, and fungi cell walls. Chitin is the second most
abundant biopolymer in nature and is often considered
a cellulose derivative because it contains a similar
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chemical structure except for acetamide chemical
groups (NHCOCH3) present at C-2 carbon position.
Despite the similarity, chitin and chitosan are not found
in organisms that produce cellulose (Dutta et al. 2004).
Chitin is composed of 2-acetamido-2-deoxy-3-D-gluco-
pyranose homopolymer units joined by (1—4) beta-link-
ages. When a unit is deacetylated, it results in a beta-(1-
4)-2-amino-2-deoxy-D-glucopyranose structure. If more
than 50% of the glucopyranose residues are
deacetylated, the polymer is known as chitosan (Zargar
et al. 2015). These amine groups found in chitosan
molecular structure become positively charged in acid
media (pH <6.5) and therefore promote biopolymer
aqueous solubility (Kumar et al. 2004). Chitin and chi-
tosan chemical structures can be observed in Fig. 1.

There are three types of functional reactive groups in
chitosan: one amine group at C-2 position and two
hydroxyl groups at C-3 and C-6 positions. These reac-
tive groups can be modified and provide many useful
materials in various applications such as antimicrobial
agent (Qin et al. 2006), formation of edible films
(Elsabee 2015; Hosseini et al. 2015), improvement in
controlled drug delivery (Luo et al. 2015), chelating
agent for heavy metals (Yu et al. 2013; Bratskaya et al.
2009), and other applications in nutritional, health, and
environmental fields (Shahidi et al. 1999; Sorrentino
et al. 2007). The amine functional group has a basic
character and therefore reacts with acids such as
poly(methacrylic acid) (PMAA), resulting in copolymer
chitosan-(poly)methacrylic acid (CS-PMAA) formation
(De Moura et al. 2008; Fang et al. 1999).

The interaction between chitosan amine groups and
methacrylic acid carboxylic groups occurs during
methacrylic acid polymerization with chitosan as
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template. This method of nanoparticles preparation is
called type II template polymerization mechanism
(Potowinski 2002; Hu et al. 2002; Ahn et al. 2001;
Kozhunova et al. 2015; Akashi and Ajiro 2015). The
advantage of this method is the absence of organic
solvents and surfactants during the preparation of nano-
particles, increasing safety and biocompatibility. Nano-
particles obtained by template polymerization method
have an increased biocompatibility in comparison with
those obtained by other methods that use organic sol-
vents (Gong et al. 2014). The method has applications in
several areas (Zhang et al. 2014; Gong et al. 2014; Wen
etal. 2014).

Chitosan nanoparticles have characteristics like pH
sensitivity, biocompatibility, and low toxicity, making
them a promising candidate for new controlled release
drug systems development. An interesting chitosan
nanoparticles feature is the possibility to carry hydro-
philic drugs such as peptides and proteins due to their
hydrophilic character (Piras et al. 2015; Poth et al. 2015;
Hecq et al. 2015). Another relevant characteristic is the
positively charged chitosan nanoparticle surface, which
promotes electrostatic interaction with biological mem-
branes that are negatively charged and improvement in
nanoparticle stability in the presence of biological cat-
ions (Agnihotri et al. 2004; Laranjeira and Favere 2009).

Nanotechnology-based drug delivery systems can
present a modified release profile, and the use of chito-
san in these systems has advantages such as
mucoadhesive properties, which facilitates drug pene-
tration (Issa et al. 2005). For this reason, diclofenac is a
good candidate for sustained release due to its short
biological half-life and its provoking adverse gastroin-
testinal reaction. When the drug is sorbed in
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Fig. 1 Chitin (2-acetamido-2-deoxy-[3-D-glucopyranose) and chitosan (beta-(1-4)-2-amino-2-deoxy-D-glucopyranose) chemical structures

(Younes and Rinaudo 2015)

@ Springer



J Nanopart Res (2017) 19: 274

Page3 of 19 274

nanoparticles, the drug blood level can be modulated to
oscillate in lower amplitude and frequency, decreasing
toxicity and increasing both efficiency and patient com-
pliance (Manjanna et al. 2009). Previous studies indicate
that CS-PMAA nanoparticles can be obtained in various
sizes and show different surface charge properties ac-
cording to environmental pH (De Moura et al. 2008).

The objective of this study was to evaluate CS-
PMAA nanoparticles as a modified drug release system
for diclofenac, investigate thermal stability by differen-
tial scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) and characterize them with Fourier
transform infrared spectroscopy (FT-IR) and transmis-
sion electron microscopy (TEM).

Material and methods
Materials

Chitosan (MW = 71.3 kDa, deacetylation degree 94%)
was a gift from Polymar Science and Nutrition S/A
(Fortaleza, Brazil). Potassium persulfate (K,S,0g) ana-
lytical grade was purchased from Synth LTDA (Séo
Paulo, Brazil), and sodium diclofenac and methacrylic
acid (MAA) were purchased from Sigma-Aldrich (St.
Louis, USA). All reagents were used as received.

CS-PMAA nanoparticles preparation

CS-PMAA nanoparticles were obtained according to
methodology used by De Moura et al. (2008), which
consists of methacrylic acid polymerization using chi-
tosan as a template. Chitosan in different concentrations
(0.5, 0.6, 0.7, and 0.8% (w/v)) was dissolved in a MAA
aqueous solution 0.5% (v/v) for 12 h under magnetic
stirring at room temperature. Chitosan completely dis-
solved in MAA solution was warmed up to 70 °C, and
then 5 mL of 0.2 mol K,S,0g aqueous solution was
added. The warmed solution was kept under magnetic
stirring for 1 h, resulting in CS-PMAA nanoparticles
formation. After obtaining CS-PMAA nanoparticles,
the dispersion was cooled in an ice bath until reaching
ambient temperature. Finally, the CS-PMAA nanoparti-
cles dispersion was kept in refrigerator at —20 °C for
24 h and then was lyophilized using a freeze dryer
LIOBRAS model Liotop L-101 (Sao Carlos, Brazil)
for 12 h.

Transmission electron microscopy (TEM)

TEM images were obtained in a transmission electron
microscope ZEISS, model EM 90 (Oberkochen, Ger-
many). First, a phosphotungstic acid solution at 2%
(w/v) and pH 3 was prepared. Then CS-PMAA nano-
particles dispersion was sonicated for 10 min, and an
aliquot of 10 uL was placed ina FORMVAR grid coated
with carbon. After a 30-s contact of CS-PMAA nano-
particles and FORMVAR grid, the excess was removed
with filter paper. Later, 10 uL of a previously prepared
fototungstic acid solution was added, and the excess was
removed from grid after 30 s with filter paper. Grids
were dried at room temperature and then visualized by
TEM operated at 80 kV.

FT-IR analysis

Freeze-dried CS-PMAA nanoparticles and pure chitosan
samples were mixed with potassium bromide (KBr) and
pressed at high pressure to form pellets. FT-IR spectra
were obtained by recording 64 scans in the range from
4000 to 400 cm ' and 4 cm ™" resolution in a Perkin-Elmer
FT-IR spectrometer model 1760 X (Waltham, USA).

Thermal analysis

Pure chitosan and samples containing CS-PMAA nano-
particles 0.5, 0.6, 0.7, and 0.8% (w/v) were submitted to
thermal analysis. Thermogravimetric and derivative
thermogravimetric curves (TG-DTG) were carried out
in thermobalance Shimadzu DTG-60H (Kyoto, Japan).
The samples (2.5 £+ 0.5 mg) were placed in open alumina
crucibles and subjected to a temperature up to 600 °C at
5 and 10 °C/min heating rates under dynamic nitrogen
atmosphere (50 mL/min flow rate).

DSC curves were performed on a Shimadzu thermal
analyzer, model DSC 60 (Kyoto, Japan). The samples
(2.5 = 0.5 mg) were placed in closed aluminum cruci-
bles and subjected to temperature up to 450 °C under
dynamic nitrogen atmosphere (50 mL/min flow rate)
and heating rates of 5 and 10 °C/min. Equipment cali-
bration was performed using indium as standard.

Diclofenac sorption on the CS-PMAA nanoparticles
Diclofenac sorption on the CS-PMAA nanoparticles

was performed by incubation. First, a water/ethanol
(1:1) diclofenac sodium solution (0.5 and 0.8 mg/mL)

@ Springer



274 Page4 of 19

J Nanopart Res (2017) 19: 274

at pH 5.5 was prepared. Then, 0.5, 0.6, 0.7, and 0.8%
(w/v) lyophilized CS-PMAA nanoparticles were added
in proportion (1:200) to different concentrations of
diclofenac sodium solutions at room temperature and
under constant magnetic stirring.

After reaching equilibrium, CS-PMAA nanoparticles
were separated from diclofenac sodium solution by
ultrafiltration/centrifugation process through 30 KDa
pore size Microcon-Millipore (Bedford, USA) centrifu-
gal filter devices for 30 min at 3000 RPM.

Diclofenac sorption efficiency on the CS-PMAA
nanoparticles

Sorption efficiency was calculated through the quantifi-
cation of the drug present in the incubation media su-
pernatant obtained after ultrafiltration process by UV-
Vis spectrophotometer at 280 nm wavelength (Hu et al.
2002; Yuan et al. 2010; Bayramoglu et al. 2002). The
sorption efficiency (Ef), expressed as the amount of
sorbed drug in milligrams per gram of CS-PMAA nano-
particles, was calculated through:

Ef = (C’;Cf> x 1000 (1)

where Ef (mg/g) is drug amount contained in CS-PMAA
nanoparticles, Ci and Cf (mg/mL) are diclofenac con-
centrations in the beginning and after the experiment at a
given time, respectively, and m is CS-PMAA nanopar-
ticles concentration (mg/mL) added to incubation medi-
um. Diclofenac sorption efficiency on CS-PMAA nano-
particles was evaluated through contact time between
diclofenac and CS-PMAA nanoparticles as well as
diclofenac sodium solution concentration. Sorption
mechanism concerning kinetic order process and kinetic
rate constant was evaluated by first- and second-order
models. The integrated rate equations used are shown in
Egs. 2 and 3, which correspond to pseudo-first-order
and pseudo-second-order kinetics models, respectively
(Patil et al. 2011; Ho 2006; Ho and McKay 1999).

k
l02(0,-0) = 0g0.~ (5555 ) * @)

t 1 1
Q:@—’_QXI (3)

Qe values correspond to drug amount contained in
CS-PMAA nanoparticles at equilibrium (mg/g), Ot cor-

responds to drug amount sorbed (mg/g) at time ¢ (min),

@ Springer

K; (min "), and K, (g-mg_lmin_l) are pseudo-first and
pseudo-second-order reactions constant rates, respec-
tively. Diclofenac sorption in CS-PMAA nanoparticles
was described plotting log (Qe—Q¥) versus ¢ for pseudo-
first-order equation and #/Qt versus ¢ for pseudo-second-
order equation. K; and K, constants were, respectively,
calculated from the slope and intercept of the straight
lines from the graphics obtained. The highest correlation
coefficient (+%) obtained from regression analysis dem-
onstrated best fitted kinetics model.

In vitro release of diclofenac from the CS-PMAA
nanoparticles

In vitro release assays were conducted using a two-
compartment system to observe diclofenac release from
loaded CS-PMAA nanoparticles. Dialysis device
SpectraPor Float-A-Lyzer G2 (Houston, USA) with
20 kDa molecular exclusion pore and 10 mL capacity
was used. This device was placed in contact with 50 mL
phosphate-buffered saline (pH 7.4) in a test tube (accep-
tor compartment) under mild magnetic stirring and con-
stant temperature of 37 £+ 0.5 °C (Berthold et al. 1996;
Paavola et al. 1995). A sample of drug-loaded CS-
PMAA nanoparticles was first dispersed in 5 mL
phosphate-buffered saline (pH 7.4) and added to the
dialysis device, which was then immersed in a tube with
45 mL phosphate-buffered saline (pH 7.4) and main-
tained under constant stirring at 37 + 0.5 °C. The exper-
iment was performed under sink conditions. Samples
were collected from the acceptor compartment at 0.5, 1,
2, 4, 8, 24, and 48 h after initiation of the assay and
quantified by UV-Vis spectrophotometry (280 nm).

After each sample collection, an equal amount of
fresh phosphate-buffered saline, pH 7.4, was returned
to the system. The Korsmeyer-Peppas release kinetic
model was used to describe the release behavior of
diclofenac from CS-PMAA nanoparticles. This model
correlates drug release versus time by a single exponen-
tial equation, described by:

(Ajf;) —kx s (4)

where M, and Moo are the amount of drug released at a
given time ¢ and at infinite time, respectively; & is a
constant and # is the release exponent (Sinclair and
Peppas 1984). The value of n is related to the release
mechanism and can vary with polymer type, particle
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shape, size, polydispersivity, and the shape of size dis-
tribution (Ritger and Peppas 1987). The glass transition
temperature (Tg) of chitosan is 203 °C (Sakurai et al.
2000), so the dry nanoparticles are in glassy state at
room temperature. Chitosan nanoparticles swell moder-
ately in slightly acidic water solution (Yuan et al. 2010).
Limiting values of exponent n are 0.432, for pure
Fickian release, and 0.85, for case II transport, when
the drug is released from the swelling-controlled release
system, formed by monodispersed, spherical particles
made of hydrophilic, and initially glassy polymer. How-
ever, when these spheres present size distribution, no
limits are set since n value will vary with shape and
breadth of distribution. In this case, the limiting values
of n can be much lower (ex., 0.3 for Fickian diffusion
and 0.45 for case II transport (Ritger and Peppas 1987).

The value of n was determined by taking the loga-
rithms to base 10 of both sides of Eq. 5 and applying
laws of logarithms,

M
logM—; = logk + n-logt (5)

where 7 is the slope (Sinclair and Peppas 1984).

Results and discussion
Nanoparticles preparation

CS-PMAA nanoparticles preparation was carried out by
template polymerization method, in which monomeric
units are arranged by a pre-formed macromolecule
(template) solubilized in the same solvent (De Moura
et al. 2008; Potowinski 2002). CS has positive polyelec-
trolyte characteristics in acidic solution, whereas the
methacrylic acid has negative ones. A micelle-like struc-
ture is formed before the polymerization begins, which
suggests that interaction between CS and the acid is
promoted by electrostatic interactions among protonated
groups of CS and deprotonated MAA monomers. The
electrostatic interaction and subsequent methacrylic acid
polymerization promote the formation of CS-PMAA
nanoparticles (Hu et al. 2005; Potowinski 2002). Tem-
plate polymerization method has been used successfully
for CS-PMAA nanoparticles preparation. In a template
polymerization, the polymerization and the polymer-
template interaction should occur simultaneously. The

process is an easy and efficient method for obtaining
nanoparticles (Wang et al. 2009).

FT-IR analysis

Table 1 shows FT-IR absorption bands and their func-
tional groups related to pure CS.

Pure CS FT-IR spectra shows characteristic absorp-
tion peaks at 1649 cm ', corresponding to primary
amide C=0 bond stretching vibrations, between 1083
and 1020 cm ' related to C—O stretch, and at 620 cm’!
due to pyranoside rings vibrations (Bhumkar and
Pokharkar 2006; De Moura et al. 2008).

In CS composition, there is always a residual chitin
fraction; hence, the presence of primary amide carbonyl
group has been detected in FT-IR spectra. This chemical
group is located in the absorption band between 1300
and 1700 cm ', with peak performing at 1649 cm ™', and
is usually investigated to determine the CS deacetylation
degree (Lima and Airoldi 2004; Monteiro and Airoldi
1999).

The absorption band between 3440 and 3480 cm ™'
corresponds to O—H axial bond stretching vibration and
also NH stretch (Dos Santos et al. 2003). The peaks at
2924 and 2881 cm ' correspond to C—H stretch, to
primary amine N—H deformation vibrations at
1537 cm™ !, to the C—H vibration of remaining acet-
amide CH3 group at 1375 cm ™', and is related to pri-
mary alcohol C-O stretch at 1086 cm™' (Hellen et al.
2007).

The O-H absorption bands of polysaccharides and
water molecules appeared near 1640 cm ', thus making
the analysis in this area very complex as it includes the
absorbance by both CS amine I and II groups. An
increment in CS water content level causes an increase

Table 1 Pure CS FT-IR absorption bands

Absorption bands (cm ") Functional group

1649 C=0
1083-1020 c-0
620 Pyranoside rings
3437 O-H
2924 and 2881 C-H
1537 N-H
1375 CH3
1086 Cc-O0

@ Springer
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in the absorption band intensity at 1640 and 3450 cm ™.

An additional difficulty is imposed by the NH, group
band near 1590 cm ™', which is large enough to interfere
with the absorbance near 1655 cm ' and also influences
the absorption at 1560 cm’! (Shigemasa et al. 1996).

Table 2 shows FT-IR absorption regions and their
functional groups related to CS-PMAA nanoparticles.
The absorption band at 1638 cm ™" is related to carbox-
ylate ion of methacrylic acid (COO-) and at 1545 cm™ '
to CS protonated amine (NH3+) group. The absorption
band at 1703 cm™' assigned to carbonyl group (C=0)
confirms the polymerization of methacrylic acid and the
formation of PMAA through C=0O bonds
(Azhgozhinova et al. 2004).

It was observed in FT-IR spectra obtained from CS-
PMAA nanoparticles (Fig. 2) that the absorption band at
1649 cm™' found in pure CS spectra related to C=0
group reduces to two emerging new bands at 1638 cm ™’
(COO )and 1545 cm ™' (NH3), indicating that there was
CS-PMAA nanoparticle formation through ionic inter-
action between the groups CS amine and PMAA car-
boxylic acid.

Transmission electron microscopy (TEM)

CS-PMAA nanoparticles visualized by TEM showed
uniform size, homogeneous morphology, and spherical
shape, according to Fig. 3. In TEM images, one can
observe that nanoparticles presented some degree of
agglomeration, needing refinement by additional formu-
lation optimization. The CS-PMAA nanoparticles
shown in Fig. 3 were dispersed in acid medium
(pH 3), with positive surface charge, favoring repulsion
between them.

TG-DTG and DSC curves of pure CS and of CS-PMAA
nanoparticles

Pure CS TG-DTG curves and thermal decomposition
events are illustrated in Fig. 4 and Table 3, respectively.

Table 2 CS-PMAA nanoparticles FT-IR absorption bands

Absorption bands (cm ') Functional group

1638 COO~
1545 NH,*
1703 Cc=0

@ Springer

Chitosan

CS-PMAA 0.5% (w/v)

CS-PMAA 0.6% (w/v)

CS-PMAA 0.7% (w/v)

CS-PMAA 0.8% (w/v)

1 I 1 l 1 l 1 l 1 | 1 l 1 l 1 I 1
4000 3600 3200 2800 2400 2000 1600 1200 800
-1
Wavelength (cm™)

Fig. 2 Pure CS and CS-PMAA nanoparticles FT-IR spectra

In Fig. 4, in a heating rate of 10 °C/min, mass loss can be
identified in two stages: the first, in the range between
25 and 98 °C with mass loss of approximately 9% and
the second in the range between 216 and 399 °C with
mass loss 0f 53.37%. The DTG curve peak, where mass
loss occurred with greater intensity, was at 45 °C for the
first event and 300 °C for the second. For the heating
rate of 5 °C/min, the first stage occurred between 25 and
100 °C with about 13.29% mass loss and the second in
the range between 207 and 382 °C with 61.83% mass
loss. The DTG curve peak was at 45 °C for the first
event and at 286 °C for the second. The results found in
pure CS TG curves are similar to those found by other
studies, in which there was sample weight loss in two
stages, with similar degradation temperatures (Tirkistani
1998; Wanjun et al. 2005).
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Fig. 3 Transmission electron
microscopy of CS-PMAA
nanoparticles 0.5, 0.6, 0.7, and
0.8% (w/v)

CS first mass loss stage corresponds to volatile sub-
stances like water. The binding of water in CS occurs in
amine and hydroxyl groups present in its molecule. The
second stage is related to CS thermal decomposition and
corresponds to pyrolysis of polysaccharides by the loss

of glycosidic linkages (Nieto et al. 1991; Neto et al.
2005).

Heating rate can affect the thermogravimetric curve
profile. When different heating rates are used in the
same sample, it is observed that the temperature range

Fig. 4 Pure CS TG-DTG curves 120
in N, atmosphere (50 mL/min)
and heating rate at 5 and |
10 °C/min 100
;\? 80
n
%)
o
= 60
Ry
(]
; -
40
20

——5°C/min
---- 10 °C/min

0,000

—_————m———— -

I
300 600
Temperature (° C)
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Table 3 Thermal events observed in pure chitosan TG-DTG curves at 5 and 10 °C/min heating rates

First thermal event

Second thermal event

Temperature (°C) Mass loss (%) DTG peak (°C) Temperature (°C) Mass loss (%) DTG peak (°C)
5 °C/min 25-100 13.29 45 207-382 61.83 286
10 °C/min 25-98 9 45 216-399 53.37 300

at which thermal events occur undergoes a change:
When a higher heating rate is used, the thermal event
tends to appear at higher temperature (Cavalheiro et al.
1995).

There were no changes in temperature at which ther-
mal events occurred between 5 and 10 °C heating rates.
What happened was a variation in the speed at which the
equipment detected mass variation. Each thermal event
occurs at a certain temperature, but due to the faster
heating rate, the mass variation caused by the event is
only detected at a higher temperature than that at which
the event occurred. Other factors that can cause event
temperature changes in TG curves are the mass of the
sample and gas flow. Therefore, care was taken to
perform all TG analysis with constant mass of
2.5+ 0.5 mg and 50 mL/min N, gas flow. Small sample
mass promotes faster temperature homogenization and
thus faster detector response. Slow gas flow rate may
cause an insufficient removal of sample volatile prod-
ucts and therefore a delay in the onset temperature of the
thermal events (Cavalheiro et al. 1995).

TG-DTG curves of CS-PMAA nanoparticles 0.5,
0.6, 0.7, and 0.8% (w/v) at different heating rates are
illustrated in Figs. 5, 6, 7, and 8. Also, temperature
intervals and peaks of TG-DTG curves of CS-PMAA
nanoparticles are summarized in Table 4.

According to Table 4, it was observed that in all TG-
DTG curves, thermal decomposition occurred in two
stages. The first stage of CS-PMAA nanoparticles deg-
radation is achieved by the loss of volatile substances,
and the second stage is related to electrostatic interac-
tions lost between CS amine groups and methacrylic
acid carboxylic groups as well as the pyrolysis of CS
and methacrylic acid polymer chains, providing a series
of overlapping reactions. PMAA depolymerization and
thermal decomposition products are anhydrides at low
temperature and unsaturated chains which have suffered
decarboxylation at high temperatures, resulting in small
hydrocarbon chains with carboxylic group residues
(Moldoveanu 1998; Stoliarov et al. 2004).

@ Springer

According to Fig. 9, CS-PMAA nanoparticles were
less thermally stable than pure CS. Pure CS and CS-
PMAA nanoparticles TG curves at different heating
rates (5 and 10 °C/min) show that onset temperatures
were decreased for all CS-PMAA nanoparticles com-
pared with pure CS.

Decrease in CS-PMAA nanoparticles thermal stabil-
ity compared with pure CS probably occurred due to the
relatively poor thermal stability of PMAA. Thus, some
papers reported that PMA A-based nanocomposites ex-
hibited enhanced thermal stability, but the opposite oc-
curred with CS-PMAA nanoparticles (Chrissafis and
Bikiaris 2011; De Moura et al. 2008; Friederich et al.
2010; Liaw et al. 2007).

Even with lower thermal stability, CS-PMAA nano-
particles are compatible with the intended use of devel-
opment of controlled release systems. In fact, at temper-
atures up to 50 °C, there is a mild difference between
CS-PMAA and CS and should have little effect in
nanoparticles properties over time. Furthermore, PMAA
is crosslinked with CS and changes in PMAA concen-
tration are expected to affect crosslink concentrations
and release kinetics properties of CS-PMAA nanoparti-
cles (De Moura et al. 2008).

DSC curves of pure CS and of CS-PMAA nanopar-
ticles 0.5% (w/v) at 5 and 10 °C/min heating rates are
illustrated in Fig. 10a, b. In pure CS DSC curve at
heating rate of 5 °C/min, an endothermic peak can be
found near 80 °C attributed to evaporation of volatile
substances such as water molecules linked through hy-
drogen bonds with CS hydroxyl and amine groups.
Another thermal event found was an exothermic peak
near 285 °C, corresponding to CS degradation.

The same events occurred at heating rate of 10 °C/
min, but the endothermic event attributed to evaporation
of volatiles presented a more intense peak and occurred
at a higher temperature, around 100 °C. The exothermic
peak corresponding to CS degradation was also more
intense and, at a higher temperature, around 300 °C. The
use of higher heating rates causes DSC peaks
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Fig. 5 CS-PMAA nanoparticles 120 oo
0.5% (w/v) TG-DTG curves
obtained in N, atmosphere
(50 mL/min) and heating rating at 100 ~ -
10 and 5 °C/min 3
[=2)
80 £
< 2
< a
(2]
n
o 60 —
£ % P
<)
ko) Temperatura (°C)
S 404
204 ——5°C/min
--- 10 °C/min
0 ===

displacement to higher temperatures, as it happens in
TG curves. Therefore, DSC peaks found at 10 °C/min
heating rate were at higher temperatures than those at
5 °C/min heating rate.

In the DSC curves of CS-PMAA nanoparticles 0.5%
(w/v) at 5 °C/min heating rate, two endotermic and one
exotermic events can be found. Both the first one, near
60 °C, and the second one, near 110 °C, correspond to
loss of volatile substances such as water. The exother-
mic event near 400 °C corresponds to CS-PMAA nano-
particles degradation, probably related to the polymer

T .
300 600
Temperature (°C)

network decomposition. At 10 °C/min heating rate,
there was only one endothermic event, near 95 °C,
corresponding to loss of volatile substances; and an
exothermic event started near 250 °C with DSC peak
above 450 °C (De Moura et al. 2008).

The change to 10 °C/min heating rate showed over-
lapping endothermic peaks in the first CS-PMAA nano-
particles 0.5% (w/v) thermal event. The second thermal
event, represented by exothermic events corresponding
to CS-PMAA nanoparticles 0.5% (w/v) degradation,
was not completely seen in the DSC curve obtained

Fig. 6 CS-PMAA nanoparticles 120
0.6% (w/v) TG-DTG curves

obtained in N, atmosphere

(50 mL/min) and heating rating at 100
10 and 5 °C/min
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Fig. 7 CS-PMAA nanoparticles 120
0.7% (W/V) TG-DTG curves 0.0000 -
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with higher heating rate (10 °C/min) because, although
the curve presented an initial enthalpy change, the peak
occurs at temperatures higher than 450 °C.

The comparison of DSC curves between pure CS and
CS-PMAA nanoparticles 0.5% (w/v) subjected to 10 °C/
min (Fig. 10c) and 5 °C/min (Fig. 10d) heating rates
does not show an exothermic peak corresponding to CS
degradation for CS-PMAA nanoparticles, thus demon-
strating the interaction between CS and methacrylic acid
during nanoparticles preparation.

Temperature (°C)

CS-PMAA nanoparticles 0.5% (w/v) did not show
any thermal event between the one corresponding to
loss of volatile substances and the following exothermic
peak corresponding to the decomposition of the materi-
al. If present, such additional event could have indicated
crystalline behavior or any other phase change
(Sreenivasan 1996). The absence of crystalline behavior
in DSC curves of CS and CS-PMAA nanoparticles
0.5% (w/v) indicates that the samples present amor-
phous character. This feature is very favorable for

Fig. 8 CS-PMAA nanoparticles 120
0.8% (w/v) TG-DTG curves

obtained in N, atmosphere

(50 mL/min) and heating rating at 100
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Table 4 Thermal events observed in CS-PMAA nanoparticles TG-DTG curves at 5 and 10 °C/min heating rates

First thermal event

Second thermal event

Temp. (°C) Mass loss (%) DTG peak (°C) Temp. (°C) Mass loss (%) DTG peak (°C)
CS-PMAA 0.5% (w/v) 5 °C/min 25-100 17 46 130-600 100 232
10 °C/min 30-120 15 54 130-600 100 239
CS-PMAA 0.6% (w/v) 5 °C/min 25-100 14 43 138-600 84 236
10 °C/min  30-120 20 48 144-600 94 248
CS-PMAA 0.7% (w/v) 5°C/min  25-120 10 44 144-600 89 240
10 °C/min  30-127 15 57 150-600 100 251
CS-PMAA 0.8% (w/v) 5°C/min  25-104 6 44 110-570 100 247
10 °C/min ~ 30-107 18 47 115-600 90 270

dissolution and consequently for improving drug bio-
availability (Florence and Attwood 2003). Amorphous
substances are generally better absorbed than crystalline
ones. This statement is based on the energy involved in
dissolution process. In amorphous solids, the molecules
are arranged randomly and little energy is required to
separate them. As a result, dissolution is faster (Corrigan
1995).

The differences found in the area and intensity of
water loss in endothermic events between pure CS and

100 a
;\3 ]
P
3 50 .
g “|— Chitosan N
=) - - - CS-PMAA 0.5% (wiv)
d;> Jeeee CS-PMAA 0.6% (whiv) ™
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---=- CS-PMAA 0.8% (w/v) s
0 . T . T T -
200 400 600
Temperature (°C)
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—— Chitosan -
- - - CS-PMAA 0.5% (w/v)

1----- CS-PMAA 0.6% (w/v)
—-—- CS-PMAA 0.7% (w/v)
---=- CS-PMAA 0.8% (w/v)

weight loss (%)
3
1

T T T
200 400 600
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Fig.9 CS-PMAA nanoparticles and pure CS TG curves obtained
in N, atmosphere (50 mL/min) with 5 °C/min (a) and 10 °C/min
(b) heating rates

CS-PMAA nanoparticles 0.5% (w/v) are related to the
samples ability to interact with water molecules.
Figure 10c demonstrates that the endothermic event of
pure CS is more intense than the one related to the CS-
PMAA nanoparticles 0.5% (w/v). This happens because
ionic groups present in CS-PMAA nanoparticles are
fewer than in pure CS since, during CS-PMAA nano-
particles 0.5% (w/v) preparation, such ionic groups
(amine and hydroxyl) were attached to methacrylic acid
ionic groups (carboxyl). Thus, there is a decrease of
water-binding sites on CS-PMAA nanoparticles.
Figure 10d shows that a lower heating rate (5 °C/min)
changes the endotermic event area and peak intensity,
with split of the event into two consecutive endotermic
events related to water loss from nanoparticles. The first
event was related to water attached to amine groups,
with weaker bond strength, and the second endotermic
event was related to water molecules bonded to hydrox-
yl groups, which have higher energy and therefore it
occurred at higher temperatures (Neto et al. 2005).

Diclofenac sorption on the CS-PMAA nanoparticles

Figure 11 illustrates concentration of diclofenac, after
reaching equilibrium, in the solution used to promote its
sorption in CS-PMAA nanoparticles. When in equilib-
rium, 0.5 mg/mL sodium diclofenac solution presented
the following concentrations: 89% of the initial concen-
tration when in contact with CS-PMAA nanoparticles
0.5% (w/v), 88.09% with CS-PMAA nanoparticles
0.6% (w/v), 82.2% with CS-PMAA nanoparticles
0.7% (w/v), and 71.84% with CS-PMAA nanoparticles
0.8% (w/v). While in 0.8 mg/mL sodium diclofenac
solution, the amount of diclofenac found after
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Fig. 10 CS-PMAA nanoparticles 0.5% (w/v) and pure CS DSC curves obtained in N, atmosphere (50 mL/min) with 5 and 10 °C/min

heating rates

equilibrium was as follows: 79.13% of the initial con-
centration when in contact with CS-PMAA nanoparti-
cles 0.5% (w/v); 69.01, 65.48, and 58% when in contact
with CS-PMAA nanoparticles 0.6, 0.7, and 0.8% (w/v),
respectively.

Diclofenac sorption efficiency in the CS-PMAA
nanoparticles when in contact with different sodium
diclofenac solutions (0.5 and 0.8 mg/mL) was calculat-
ed according to Eq. 1 and the results can be seen in Fig.
12.

The diclofenac amount sorbed per gram of CS-
PMAA nanoparticles, when in a 0.5 mg/mL sodium
diclofenac solution, was as follows: 12.93 mg/g for
CS-PMAA nanoparticles 0.5% (w/v), 15 mg/g for CS-
PMAA nanoparticles 0.6% (w/v), 20.87 mg/g for CS-
PMAA nanoparticles 0.7% (w/v), and 29.63 mg/g for
CS-PMAA nanoparticles 0.8% (w/v) CS-PMAA nano-
particles respectively. When a 0.8 mg/mL sodium
diclofenac solution was used, higher sorption

@ Springer

efficiencies were obtained: For CS-PMAA nanoparti-
cles 0.5, 0.6, 0.7, and 0.8% (w/v), the sorption efficien-
cies were 33.39, 49.58, 55.23, and 67.2 mg/g,
respectively.

Figure 13 makes it possible to predict that better
sorption efficiencies should be obtained if increased
CS concentrations are used during CS-PMAA nanopar-
ticles preparation.

CS isoelectric point is at around pH 6.5. At pH values
below 6.5, it is positively charged, and this condition
favors the association with oppositely charged mole-
cules (Koyano et al. 2000; Du et al. 2006; Popat et al.
2012; Huang et al. 2002). Diclofenac has pKa 4.0. Thus,
at pH 4, half of its molecules are in the ionized nega-
tively charged form and half in the nonionized form, So
pH values higher than 4 give more ionized than
nonionized molecules (Zilnik et al. 2007). That is, a
pH below about 4 reduces the amount of ionized
diclofenac molecules to less than half of the molecules
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Fig. 11 Diclofenac solution 100 4
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Concentration of chitosan used in the synthesis of nanoparticles

present; on the other hand, a pH above 6.5 decreases the
number of CS-PMAA nanoparticles positive charges
(De Moura et al. 2008). Thus, the best association
efficiency will possibly occur between pH 4 and 6.5.
The pH 5.5 used in sorption experiment was deter-
mined by mathematical modeling, taking into account
the diclofenac dissociation constant (pKa) and CS-
PMAA nanoparticles zeta potential. A relationship be-
tween diclofenac pKa and CS-PMAA nanoparticles zeta
potential was evaluated in order to find pH value in
which the best sorption conditions would occur. Ethanol
was used because of the low sodium diclofenac water

solubility. Various drugs have low water solubility, and
the use of solvents other than water is necessary in some
cases (Berthold et al. 1996).

The sorption kinetics was monitored at room temper-
ature until reaching equilibrium state. The time to reach
diclofenac sorption equilibrium on the CS-PMAA nano-
particles was about 2 h for all CS-PMAA samples in
contact with sodium diclofenac solutions at the initial
concentrations of 0.5 and 0.8 mg/mL.

A possible explanation for the short time required for
the diclofenac to reach equilibrium could be the com-
bined result of a relatively high diffusivity of diclofenac

Fig. 12 Diclofenac sorption 30 4 o a
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: o
nanoparticles > ° . ° °
— 157 — —0
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Fig. 13 Relation between CS
concentrations used in CS-PMAA
nanoparticles preparation and
diclofenac sorption efficiency
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in the nanoparticle matrix and a short radial distance to
travel from the surface of the spheroidal-shaped nano-
particle till its center or less. Another possibility is that
the association of diclofenac within the bulk matrix is
low, and most of the drug associated with the nanopar-
ticles would then be on their surface, which would be
rapidly occupied. Because of their little radius, the sur-
face-area-to-volume ratio of these nanoparticles is high,
resulting in a high area of adsorption. Finally, perhaps
both absorption and adsorption could be happening.
Chitosan nanoparticles seem to swell somewhat rapidly
in acid solution (Yuan et al. 2010). Hence, the water
solution would penetrate the matrix, carrying the
diclofenac with it. Some diclofenac would then interact
ionically with the chitosan in the bulk matrix, and some
with the nanoparticle surface.

In fact, the soaking method has been used to load
diclofenac in chitosan (Kumbar et al. 2002). In that
method, the association efficiency depends on the swell-
ing of particles in the solution. The swelling decreases
with increased cross-linking, resulting in decreased as-
sociation efficiency (Agnihotri et al. 2004).

The difference between diclofenac amounts found in
the initial solution and after reaching equilibrium corre-
sponds to the drug sorbed by the CS-PMAA nanoparti-
cles. As shown in Fig. 11, higher concentrated
diclofenac solution promotes better sorption when
reaching equilibrium. At a higher diclofenac solution
concentration, more diclofenac molecules are available
to interact with CS-PMAA nanoparticles amine groups,
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shifting the chemical equilibrium in the direction that
adsorbs some of the additional diclofenac to CS-PMAA
nanoparticles. The tiny size of nanoparticles also pro-
motes better sorption results. Increasing CS concentration
in CS-PMAA nanoparticles causes a decrease in the
particle size obtained (De Moura et al. 2008). The lower
size increases the total CS-PMAA nanoparticles superfi-
cial contact area, promoting greater interaction with ion-
ized diclofenac molecules and hence increasing sorption.
Several factors are responsible for interaction between
drug and CS-PMAA nanoparticles, such as pH, contact
time, drug concentration, physico-chemical characteris-
tics, and surface area (Schaffazick et al. 2003).

Thermodynamic behavior, including drug solubility,
has great importance in pharmaceutical formulation de-
velopment and optimization. Diclofenac molecule has a
Lewis acid-base characteristic due to the presence of
heteroatoms (N, O, Cl, Na), which increase its polarity,
the NH group, which acts as an electron donor and
acceptor, and the carboxylic acid group (COOH) (Zilnik
etal. 2007). Therefore, diclofenac solubility depends on
the dissociation constant (Ka) and pH.

Sodium diclofenac solution concentration also
causes impact on drug sorption efficiency on the CS-
PMAA nanoparticles by means of an electrochemical
equilibrium. Higher numbers of ionized diclofenac mol-
ecules present in the sorption media cause greater reac-
tion displacement to sorption on the CS-PMAA nano-
particles. The interaction between drug and CS-PMAA
nanoparticles occurs by electrostatic attraction. In these
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experimental conditions (pH 5.5), nanoparticles are pos-
itively charged due to the CS molecules with their
protonated amino groups, and ionized diclofenac mole-
cules (pKa = 4) have a negative charge represented by
the carboxyl group.

A limiting factor for sorption experiments was
diclofenac solubility in water/ethanol solution (1:1).
The use of other solvents could increase the sodium
diclofenac solubility and thus allow one to use more
concentrated sodium diclofenac solutions in sorption
assays (Zilnik et al. 2007). Diclofenac sorption kinetic
models found are shown in Tables 5 and 6.

According to correlation coefficients obtained by
first- and second-order kinetic equations, all sorption
reactions follow the pseudo-second-order model. The
second-order model reactions occur according to the
principle that the sorption capacity is proportional to
the number of protonated active sites in the adsorbent
molecule and that the chemical interactions between the
ions of the adsorbate and adsorbent are the limiting
factor for the chemical sorption (Ho and McKay
1999). The second-order kinetics model assumes that
two active sites on the adsorbent surface are occupied by
each adsorbate ion.

As demonstrated by the second-order kinetic model
parameters in Tables 5 and 6, it can be stated that the
initial drug concentration was directly related to nano-
particles sorption efficiency. The amount of drug sorbed
increased as the initial drug concentration and the chi-
tosan concentration increased (Fig. 12) in all CS-
PMAAA nanoparticles evaluated.

Diclofenac in vitro release from CS-PMAA
nanoparticles

Drug diffusion method through dialysis membrane can
determine the drug release profile from CS-PMAA

Table 5 Diclofenac sorption (0.5 mg/mL) kinetic parameters on
the CS-PMAA nanoparticles

CS-PMAA First order Second order

0. R 0. R
0.5% (wlv) 0.5073 0.3190 12.41 0.9995
0.6% (w/v) 1.3049 0.8883 13.38 0.9933
0.7% (wlv) 1.4164 0.6349 19.88 0.9991
0.8% (wlv) 0.9395 0.1562 29.05 0.9997

Table 6 Diclofenac sorption (0.8 mg/mL) kinetic parameters on
the CS-PMAA nanoparticles

CS-PMAA First order Second order

0. R 0. R
0.5% (w/v) 348 0.7954 36.75 0.9982
0.6% (w/v) 1.44 0.8418 49.86 0.9997
0.7% (wlv) 2.50 0.5039 60.98 0.9996
0.8% (w/v) 2.61 0.2329 69.86 0.9998

nanoparticles. Several studies employ this method for
this purpose (Dillen et al. 2004; Hao et al. 2011;
Leroueil-Le Verger et al. 1998; Sonaje et al. 2007;
Teixeira et al. 2005; Venkatraman et al. 2005; Yoncheva
et al. 2003).

Figure 14 shows diclofenac cumulative release pro-
file from CS-PMAA nanoparticles in phosphate-
buffered saline (pH 7.4) as a function of time up to
48 h. It was observed that CS-PMAA nanoparticles
0.5, 0.6, and 0.7% (w/v) release kinetics reached 100%
release during the first 24 h. Otherwise, CS-PMAA
nanoparticles 0.8% (w/v) showed release kinetics profile
over 48 h.

To determine drug release mechanism from CS-
PMAA nanoparticles, the Korsmeyer-Peppas model
was used, which is a semi-empirical model that corre-
lates drug release as a function of time by a simple
exponential equation and that has been used to evaluate
drug release from polymeric devices, especially when
the drug release mechanism is not known or if more than
one mechanism could be involved (Balcerzak and
Mucha 2010; Heikkild et al. 2007; Khandai et al.
2010; Melo et al. 2010). Diclofenac release profile fitted
to Korsmeyer-Peppas model can be seen in Fig. 15.

The Korsmeyer-Peppas model variable values found
for diclofenac release process from CS-PMAA nanopar-
ticles are shown in Table 7.

According to 7 values found, Korsmeyer-Peppas
model fits to diclofenac release profile from CS-
PMAA nanoparticles, considering only the release
<60% from total. The exponent » indicates release
mechanism. Since the nanoparticles were nearly
monodispersed, the limiting values of n for these sys-
tems are 0.432 and 0.85. The values in Table 7 are
around the value expected for pure diffusion.

There are three phenomena that contribute to drug
release from the nanoparticles: gradient concentration,
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Fig. 14 Diclofenac release
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osmotic forces and polymer chains relaxation. When the
diffusion rate is much lower than relaxation rate, the
diffusion is referred to as case I (Fickian). When the
diffusion rate is much higher than relaxation rate, the
diffusion is referred to as case II. When diffusion and
relaxation rates are comparable, it is called anomalous
(Crank 1979).

Most glassy polymers present anomalous release be-
havior (Crank 1979). Despite that, n was next to the
value for Fickian release (Table 7). The variations
among the nanoparticles seem to be primarily the result
of statistical variation, as described by Sinclair and
Peppas (1984). A possible explanation for these 7 values
is the low diffusivity of diclofenac in the matrix when
compared to water. Water seems to penetrate the matrix
relatively fast (Yuan et al. 2010), leaving room for
diclofenac to diffuse out. Diclofenac could be leaving
the polymer slower than the water. One reason for this is
the larger radius of diclofenac; another reason is because
of resistive forces coming from drug-chitosan ionic
interactions. Consequently, the diffusion of diclofenac
would be slower than the relaxation of the matrix. As a
result, a release ruled predominantly by Fickian diffu-
sion could be expected (Crank 1979). In agreement with
this, chitosan particles loaded with diclofenac by
soaking method presented a release that slightly deviat-
ed from the Fickian process (Kumbar et al. 2002). It can
be suggested then that the release mechanism was in
general slightly anomalous (as expected for glassy
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polymers), with predomination of Fickian diffusion,
possibly because the relaxation rate was somewhat
higher than the diclofenac diffusion rate.

Conclusion

In this study, diclofenac sorption on CS-PMAA nano-
particles and release profiles were assessed. Besides
that, CS-PMAA nanoparticles characterization by FT-
IR, thermal analysis, and transmission electron micros-
copy were also performed.

CS-PMAA nanoparticles showed good thermal sta-
bility. DSC, TG-DTG curves, and FT-IR spectra con-
firmed CS interaction with methacrylic acid during CS-
PMAA nanoparticles preparation. TEM images obtain-
ed demonstrated that the nanoparticles are spherical and
uniform in size.

Drug sorption on CS-PMAA nanoparticles followed
a second-order kinetics model and showed itself as
promising technique. Drug release from CS-PMAA
nanoparticle was prolonged, reaching release time over
48 h, thus confirming that CS-PMAA nanoparticles are
promising for modified release systems development.
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