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Abstract. Nanocomposite hydrogels based on poly(vinyl alcohol) — PVA and sepiolite have been prepared and their poten-
tial for drug delivery systems has been assessed by taking rifampicin as model drug. The nanocomposite hydrogels were
characterized by WAXS and DSC and the swelling behavior and structural stability were evaluated. The effect of the pres-
ence of rifampicin, sepiolite and simultaneous rifampicin-sepiolite on the structure and swelling of the hydrogels was inves-
tigated. The swelling data were analyzed in order to evaluate the diffusion mechanisms of water. The results indicate that
both rifampicin and sepiolite cause important modifications on microstructure of the PVA matrix, leading to changes on

swelling and diffusional behavior.
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1. Introduction

Recent epidemiologic data report a strong growing
up of tuberculosis in several countries. World
Health Organization (WHO) indicates that about
one third of world population is infected by
Mycobacterium tuberculosis [1]. Among several
reasons, the blowing up of AIDS cases, low nutri-
tional and immunologic level of several parts of
world, bacterial resistance caused by partial treat-
ment and the inadequate bioavailability of the cur-
rent pharmaceutical forms play an important role
on this neglected epidemic [2].

In order to minimize the bacterial resistance and
enhance the adhesion to the treatment by the
patients, the Center of Disease Control (CDC), the
International Union Against Tuberculosis and Lung

“Corresponding author, e-mail: caiomp.dema@ gmail.com
© BME-PT

Disease (IUATLD) and WHO have recommended
the use of fixed dose combination (FDC). Tubercu-
losis treatment preconized by WHO involves the
use of rifampicin, isoniazid, pirazinamide and
ethambutol for a period of 6 months. However,
FDC’s are effective in tuberculosis treatment if cor-
rectly dosed in blood plasma [3]. Rifampicin is a
class II drug (low solubility and high permeability)
of biopharmaceutics classification system (BCS)
and is well known for its poor solubility in water
and bioavailability problems [4]. Figure 1 shows
the chemical structure of rifampicin.

In order to enhance the solubility and bioavailabil-
ity of poorly water-soluble hydrophobic drugs as
rifampicin, several methods have been employed:
decreasing of particle size and the crystallinity of
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Figure 1. Chemical structure of rifampicin

the drug and/or using a carrier with high specific
surface area. The adsorption of the drug onto a high
surface area carrier is an interesting technique to
modify the dissolution profile of rifampicin. It is
well known that inorganic species can be used in
order to improve the dissolution rate of drugs.
Monkhouse and Lach (1972) were the first to report
the use of silica in order to improve the dissolution
rate of several drugs, including chloramphenicol,
aspirin and indomethacin [5, 6]. It was observed
that smectite increases the dissolution rate of non-
ionic drugs due the hydrophilic nature of the clay
[7, 8]. Recently, Aguzzi and co-authors published a
comprehensive review of the use of clay minerals
as drug delivery systems [9].

We have utilized natural sepiolite in order to
improve the dissolution rate of rifampicin. Sepiolite
is a fibrous clay mineral with fine microporous
channels of dimensions 0.37x1.06 nm running par-
allel to the length of fibers. Typically, sepiolite
shows an average size of 800x25x4 nm, resulting
in a material with an external surface area of the
same order of magnitude as the area of macrop-
orous. The structure of sepiolite, in some aspects, is
similar to zeolites [10]. The presence of structural
tunnels and blocks together with the fine particle
size and the fibrous nature explain the high specific
surface area present in sepiolite. Nevertheless, the
use of sepiolite in order to improve the dissolution
rate of poorly water-soluble drugs is still
indaquately studied. However, changes on the
microstructure of the polymeric matrix due the
simultaneous presence of the clay and the drug
must be predicted in order to avoid misinterpreta-
tion of the obtained results.

In the present investigation hydrogels based on
poly(vinyl alcohol) (PVA) and sepiolite were pre-
pared and loaded with rifampicin. The effect of the
presence of sepiolite and rifampicin on the physical

properties and swelling behavior of the hydrogels
was studied.

2. Materials and methods
2.1. Materials

Poly(vinyl alcohol), degree of hydrolysis 99%,
M,, = 120 000, was purchased by Sigma. Natural
sepiolite was purchased by Fluka. Rifampicin was
kindly supplied by Najiecun Pharmaceutical,
China. All materials were used without further
purification.

2.2. Preparation of hydrogels

An appropriate amount of clay was stirred in dis-
tilled water at room temperature for 1 h, followed
by mechanical stirring during 30 min. To the result-
ing suspension, 5 g of PVA and 0.025 g of sodium
benzoate (a multi-purpose preservative) were
added and the suspension was heated under reflux
at 95°C for 4 h under stirring. Rifampicin was pre-
viously dispersed in polysorbate (Tween 80 —
Vetec). Recently, Mehta and collaborators reported
the use of Tween 80 in order to increase the solubil-
ity of rifampicin in water [11]. After the reflux
time, PVA solution was cooled until 40°C. Then,
rifampicin was added and the final suspension was
stirred with an Ultra Turrax homogenizer (IKA)
during 10 min at 6500 rpm. Table 1 shows the sam-
ple designation of the obtained hydrogels. The sus-
pension was poured in Petri dishes and maintained
in a refrigerator at 8—10°C for 24 h in order to form
stable hydrogels.

Table 1. Composition and designation of nanocomposite

hydrogels
Sample PVA Sepiolite . -
design::tion [Wt%] [vpvt%] Rifampicin

PVA 100 - -
PVAR 100 - 150 mg
PVASI 99 1 -
PVASS 95 5 -
PVASIR 99 1 150 mg
PVASS5R 95 5 150 mg

2.3. Swelling behavior

The hydrogels matrices were allowed to swell in
pH 7.4 phosphate saline buffer solution (PBS) at
30°C for 24 h. At predetermined time intervals, the
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weight of the hydrogels was checked in an elec-
tronic balance after wiping the hydrogel surface
with a filter paper. The swelling ratio, S, was then
calculated from Equation (1):

_W W,
W

S (1
where Wy and W, are the swollen and the dry
weight of the hydrogel, respectively. The average
standard deviation was set in 10%.

2.4. Samples characterization

Wide-angle X-ray scattering (WAXS) was per-
formed in a Rigaku Miniflex in a 20 range of 2—40°
at room temperature, operating under a CuKy, radi-
ation (A =1.5405 A). Thermal analyses were
assessed by a Perkin-Elmer DSC-7. All measure-
ments were made at a scan rate of 10°C/min, in the
temperature range of 40 to 250°C, under continu-
ous nitrogen gas flow. The structural stability of the
samples was evaluated spectrometrically. The
amount of PVA released from the hydrogels sam-
ples was determined by immersing small pieces of
the hydrogels in distilled/deionized water. Then,
after pre-established times (1, 2, 8 and 24 h) an
aliquot of 10 ml of the releasing solution was
removed and replaced with the same amount of
fresh distilled water. The aliquot was then treated
with a 0.65 M boric acid solution and a 0.05 M I/
0.15 M KI solution. It is well known that PVA and
boric acid/iodine complexes, resulting in a green
complex [12]. The absorbance of visible light at
670 nm was then measured in a Cary 100 (Varian)
UV-Visible spectrophotometer.

3. Results and discussion

The WAXS patterns of the hydrogels are shown in
Figure 2. The strong diffraction peak observed at
20 =7.5° for sepiolite is related to the (110) crys-
tallographic plane. This plane corresponds to the
zeolitic pore inside the sepiolite needles that cannot
be modified by chemical modifications or prepara-
tion from solution [13]. Unfortunately, it is not pos-
sible to calculate the degree of crystallinity of the
samples containing sepiolite, since the 20 = 19.75°
and 20.65° (060 and 131 reflections, respectively
[14]) of sepiolite overlaps the 101 and 101 reflec-
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Figure 2. WAXS patterns of nanocomposite hydrogels.
The curves are vertically offset for clarity.

tions of PVA (26 = 19.5 and 20.1°, respectively).
Therefore, WAXS results will be used to evaluate
possible changes on the crystalline structure of
PVA.

At first glance, the presence of rifampicin and sepi-
olite do not cause significant change on the mono-
clinic crystal of PVA. The strong reflection at 20 =
19.6° (plane 101 of PVA) does not show significant
shifts with the presence of both sepiolite and
rifampicin, indicating that no preferential crys-
talline orientation or constriction was detected.
Despite the several reflections peaks observed in
pure rifampicin (not shown), WAXS results of the
PVAR sample do not show any evidence of crys-
talline reflections associated to rifampicin. Thus,
the content of rifampicin added in the PVA matrix
was not able to cause significant changes on the
monoclinic crystal of PVA. It is known that the
presence of lamella-type phyllosilicates, as mont-
morillonite, causes significant changes on the crys-
talline structure of several polymers [15, 16]. This
fact is mainly caused by the confining crystalliza-
tion environment provided by the clay platelets, On
the other hand, the high aspect ratio of sepiolite
fibers leads to a less confinement effect, resulting
in a stable PVA crystallite. This behavior is consis-
tent with observed to the samples PVASI and
PVASIR. However, for the samples containing 5%
of sepiolite (PVASS and PVASS5R) it is possible to
observe a relative small reflection corresponding to
the 110 plane of sepiolite. These features indicate
that higher content of sepiolite leads to the agglom-
eration of the sepiolite fibers. Similar behavior was
reported by Chen and co-authors to sepiolite/
polyurethane nanocomposites [17].
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Figure 3. DSC curves of nanocomposite hydrogels. The
curves are vertically offset for clarity.

In order to evaluate the crystalline nature of the
hydrogels, the influence of sepiolite and rifampicin
on the crystallinity of PVA matrix was also evalu-
ated by DSC. Figure 3 presents the DSC heating
curves and the Table 2 summarizes the crystalline
melting parameters for the PVA-based samples.
Pure PVA exhibits an endothermic peak at 227°C,
corresponding to the crystalline melting point (7},)
of PVA. The presence of rifampicin causes a slight
shifting of the melting peak of PVA to lower tem-
peratures. This effect is attributed to the interac-
tions between PVA and rifampicin and its large
molecular size (M,, = 8§23). PVA hydroxyl groups
can interact via hydrogen bonding with rifampicin.
As can be seen in Figure 1 rifampicin has a lot of
functional groups that can create hydrogen bonding
[18]. These interactions together the large molecu-
lar size cause some disruption of the lamellar
arrangement of the crystalline domains of PVA,
consequently leading to lower T}, [19]. Table 2
shows that AT and fwhm (full-width half-maxi-

Table 2. Thermal parameters of nanocomposite hydrogels

obtained by DSC*

Sample | T [°C] | Tonset [°C] | AT2 fwhmb | Xc[%]°
PVA 226.6 215.0 11.6 7.8 37.3
PVAR 224.2 218.1 6.1 6.7 434
PVASI1 226.0 215.0 11.0 8.0 36.3
PVASS 226.8 217.4 9.4 7.2 514
PVASIR | 2242 210.8 13.4 9.3 44.6
PVASSR | 2248 213.5 11.3 8.6 422

“The experimental errors associated with the thermal analysis
experiments are + 0.8°C and +1.5% for 7, and X., respectively.
AAT = T — Tonser
bfwhm = full width at half maximum
X, is calculated by the ratio of AH/AH,;, where AH,; is the melt-

ing enthalpy of 100% crystalline PVA, i.e. 150 J/g [20].

mum) decrease by the addition of rifampicin on
PVA matrix, indicating simultaneous increases in
the rate of melting and the average crystalline size.
Rifampicin shows its melting followed by recrys-
tallization and decomposition in the range of
180-223°C and 247-266°C, respectively [20].
Unfortunately, the melting temperature of PVA is
located at the same range. Nevertheless, no evi-
dence of both processes of ritampicin was observed
in DSC curves. It seems that rifampicin undergoes
an amorphization process during the preparation of
the hydrogels. Schierholz has reported a similar
effect in shunts based on poly(dimethylsiloxane)
loaded with 0.5-10% (w/w) of rifampicin [21].
Therefore, rifampicin acts as nucleating agent for
PVA, resulting in less ordered crystalline domains
and higher degree of crystallinity when compared
to the pure PVA. The same behavior is observed to
PVASIR and PVASSR, confirming the strong
interaction between rifampicin and PVA. However,
the monoclinic crystal of PVA does not undergo
significant changes as can be seen in WAXS pat-
terns. As a fact, the microstructure of PVA hydro-
gels is formed by a bicontinuous structure with a
PV A-rich phase (crystalline domains) and a PVA-
poor phase (amorphous domains) [22]. Thus, the
DSC results reflect the changes on the crystalline
domains which correspond to the PV A-rich phase.
In concordance with the WAXS results, the pres-
ence of sepiolite does not cause changes in 7, of
the samples PVAS1 and PVASS.

The dispersion state of sepiolite can be evaluated
by changes on degree of crystallinity (X.) of the
samples PVAS1 and PVASS. The highly dispersed
state of sepiolite fibers in PVAS1 can be con-
firmed, since no changes occur in the crystalline
parameters listed in Table 2 when compared with
pure PVA. However, the presence of 5% of sepio-
lite has a nucleating effect on the PVA matrix. Sim-
ilar results were recently reported by Ma and
collaborators for polypropylene/sepiolite nanocom-
posites [23]. The thermal parameters of PVASIR
and PVASS5R samples reveal a clear evidence that
rifampicin plays a key role in the formation of the
crystalline domains of PVA. Even with increasing
amounts of sepiolite, the crystalline parameters of
the samples tend to follow the behavior showed to
PVAR sample. It is important to note that the addi-
tion of rifampicin was realized after the incorpora-
tion of the clay, as can be seen in Section 2.2.
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Figure 4. UV-Vis spectra of nanocomposite hydrogels
after 24 h immersed in PBS

Therefore, the presence of rifampicin affects
directly the final crystalline domains of PVA.

The results of the structural stability of the PVA
matrix after 24 h immersed in PBS were evaluated
spectrometrically, as can be seen in Figure 4. It is
possible to note that all formulations containing
sepiolite contribute to stabilize the residual PVA
chains, except for PVAS1 sample. The presence of
rifampicin results in an increasing number of PVA
chains that does not contribute to form new crystal-
lites, resulting in less ordered crystallites. This is
consistent with the DSC results. It seems that the
presence of sepiolite tends to prevent the diffusion
of the residual PVA chains through the hydrogel.
Since the presence of sepiolite does not impede the
crystalline disorder caused by rifampicin, it is rea-
sonable to expect that residual PVA chains are
readily linked with sepiolite fibers. The case of
PVASI sample is quite different, presenting the
same amount of residual PVA chains observed to
PVAR. This trend is consistent with a highly dis-
persed state of sepiolite. Since the average distance
between clay fibers is considerable, it is expected
that the intensity of the interactions between PVA
and sepiolite is diminished; therefore the presence
of small amounts of sepiolite do not contribute to
retain the residual PV A chains.

Swelling behavior is an important parameter to
characterize the hydrogels because it has a signifi-
cant influence on the process of controlled release
of drugs [24]. The swelling ratios as a function of
the time for the hydrogels in PBS are shown in Fig-
ure 5. It is possible to note that the presence of sepi-
olite causes a decrease in the swelling capacities of
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Figure 5. Swelling ratio of nanocomposite hydrogels in
pH 7.4 at 30°C

the hydrogels when compared to pure PVA. The
highly dispersed clay causes a decrease in available
free volume of the PVA matrix, leading to lower
swelling ratio. In the case of PVASS, increase on X,
also contributes to diminish the available free vol-
ume for water diffusion. PVAR shows similar low
degree of swelling when compared to PVASS.
However, PVAR has lowest X, observed between
the samples. This fact indicates that the presence of
amorphized rifampicin leads to an obstruction
effect, therefore reducing the number of pores
available for water diffusion into the matrix. This
effect is simultaneous with the increase of X, in
PVAR samples.

The dynamics of water sorption process was stud-
ied by monitoring the water imbibed by the hydro-
gels using Equation (2) [25]:

BB 4 )

where W; and W.. is the weight of swollen hydrogel
at time ¢ and at infinitely equilibrium swollen state,
respectively, K is a characteristic constant and n is a
characteristic exponent of the mode transport of the
water. According to the classification of the diffu-
sion mechanism, n = (.5 indicates a quasi-Fickian
diffusion; for 1/2 < n < 1 anomalous, non-Fickian
diffusion model operates and for n =1 occurs a
non-Fickian case II mechanism [25]. Table 3 sum-
marizes the diffusion parameters of the PV A-based
hydrogels. The obtained data indicate that the
swelling transport mechanism is consistent with a
quasi-Fickian process. This feature reveals a simul-
taneous contribution of the random mobility of
water molecules into the PVA matrix and the solva-
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Table 3. Transport properties of nanocomposite hydrogels

Diffusion Kinetic | Correlation | Diffusion

Sample | exponent constant | coefficient | coefficient

(n) (K) (r2) [em?/s]-108
PVA 0.52 0.040 0.996 1.48
PVAR 0.47 0.052 0.994 1.75
PVASI 0.51 0.330 0.996 1.25
PVASS 0.46 0.420 0.993 4.79
PVASIR 0.51 0.340 0.994 2.03
PVAS5R 0.48 2.920 0.996 2.34

tion of the high hydrophilic groups of PVA chains.
The following model (Equation (3)) was used to
calculate the diffusion coefficient, D, for Wy/W.. <
0.8 [25]:

0.5
& =4 [2) 3)
W, il

oo

where [ is the initial thickness of the hydrogel. The
calculated diffusion coefficients are shown in
Table 3. Since the degree of crystallinity of PVAR
is higher than pure PV A, increase of diffusion coef-
ficient of PVAR can be evaluated in terms of the
interactions between rifampicin and PVA. The
hydrophobic nature of rifampicin contributes to
impede the complete solvation of the hydrophilic
groups of PVA by water molecules. Besides this
fact, hydrogen bonding between rifampicin and
PVA leads to a hindered effect to the water mole-
cules; therefore, the migration of water is more pro-
nounced in the polymeric matrix, resulting in
higher diffusion coefficient.

The effect of the dispersion state of sepiolite on the
PV A matrix could be confirmed in PVAS1 sample.
The obstruction effect caused by the highly dis-
persed clay fibers contribute to a slow-mode migra-
tion of the water molecules, leading to a decrease of
diffusion coefficient. As a fact, PVAS1 shows
lower diffusion coefficient and the same X. of pure
PVA. An interesting result is observed to PVASS.
Decreasing diffusion coefficient is expected with
both higher clay content and X.. Nevertheless, 5%
of sepiolite leads to highest diffusion coefficient
between the samples. Increasing content of sepio-
lite leads to aggregation of the clay fibers, as
observed in WAXS patterns. However, the aggre-
gation state contributes to form preferential water
channels by the zeolite-like porous of sepiolite,

resulting in an increasing diffusion coefficient
when compared to PVA. Zhang and collaborators
have found a similar behavior in poly(acrylic acid-
co-acrylamide)/sepiolite nanocomposite hydrogels
[26]. In the case of PVASIR and PVASS5R sam-
ples, it seems that the amorphized rifampicin tends
to block the access of water molecules to sepiolite
pores, leading to a decrease of diffusion coefficient.
In order to evaluate the use of the nanocomposite
hydrogels for drug release systems, it is necessary a
complete understanding of how the presence of
both rifampicin and sepiolite changes the swelling
capacities and crystallinity of the hydrogels.

4. Conclusions

Nanocomposite hydrogels based on poly(vinyl
alcohol) and sepiolite with loaded-rifampicin was
successfully prepared. High amounts of sepiolite
lead to an increasing degree of crystallinity and to a
decrease in swelling capacities. However, the
aggregation state of the clay fibers favors the for-
mation of water channels, resulting in higher diffu-
sion coefficient of water. High degree of dispersion
was achieved with 1% (w/w) of sepiolite. This fact
contributes to diminish the swelling capacity and
the water migration into the PV A matrix. The pres-
ence of amorphized rifampicin contributes to
decrease diffusion coefficient of water and changes
the nature of the crystalline domains of PVA. The
overall changes on swelling behavior and crys-
tallinity of the nanocomposite hydrogels must be
understood in order to evaluate the drug release
profile of rifampicin under in vitro and in vivo con-
ditions.
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