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Abstract

In this work, a simple method was used to sustained release of losartan (LOS) as a high blood pressure-controller drug using
halloysites (HNT) as a carrier. The present work can be considered as an effective method because of using HNT as a natural
source, which is available, inexpensive, safe with specific structure that led to release of drug, gradually. This carrier was
improved by calcination and etching processes and their effect was investigated on loading amount and in vitro release of
drug from HNT. The products were characterized by various analyses such as: BET (Brunauer—-Emmett-Teller), TG
(thermal gravimetry), TEM (transmission electron microscopy), and XRD (X-ray powder diffraction). According to the
studies, two processes improving had no effect on structure and morphology of HNT and only increased the lumen size of
them. It should be noted, removal water molecules through calcination had binary effect on halloysites: enlargement of
lumen and decreasing the drug loading. Besides, release rate was investigated and it showed that maximum and minimum
release rate of LOS are assigned to simple HNT and etched-HNT (EHNT), respectively. Kinetics studies confirmed that

releasing the LOS molecules from HNT followed by diffusion process that is identified as Fickian diffusion.
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Introduction

Losartan  (2-butyl-4-chloro-1-[[2'-(1H-tetrazol-5-y)[1,1’-
biphenyl]-4-yl]-methyl]-1H- imidazole-5-methanol; LOS)
is used to treat high blood pressure and to assist in pro-
tecting the kidneys from breakdown owing to diabetes. It is
also used in pulling down the danger of strokes in patients
with high blood pressure. LOS is located in a class of drugs
called angiotensin receptor blockers. It operates by relaxing
blood vessels so that blood can flow more comfortably.
LOS is well absorbed following oral administration. Pre-
scription of formal tablets of LOS may exhibit variation in
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the plasma drug levels, resulting either in apparition of side-
effects and decrease in drug concentration at the receptor
site. Therefore, studies on adjustment of drug release by
formulating its controlled release system (Patel 2010; Raju
et al. 2010; Chithaluru et al. 2011; Sarwar and Hossain
2012), would be beneficial as it would reduce the side
effects and improve patient satisfaction.

Nanoscale drug delivery is a novel technique for pre-
vailing the aforesaid problems. These systems are new
technologies for the efficient delivery of chemotherapeutic
drugs in the treatment of diseases mostly cancers. Nano-
particles are used for site-specific drug delivery. They
improve drug bioavailability. Bioavailability is defined as
availability of a drug at target site. It depends on route of
administration, rate of absorption, and metabolism of the
drug by the body. Nanoscale delivery systems can be used
to upgrade current treatment systems such as (i) targeting,
enhancement of the drug concentration at required sites of
action, and reduce systemic levels of the drug and its toxic
effects in healthful tissues, (ii) enhanced solubility, to make
easier parenteral drug provision (Hoffman 2008), (iii)
reduced release, to increase the drug half-life, and (iv)
increased drug stability, to reduce decay and maximize drug
affection (Xin et al. 2016). Bioavailability of drugs may be
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less. Sometimes drug delivery may lead to over dosage
toxicity and consequential inflammatory response. There-
fore, targeted drug delivery aims to deliver the right of
amount of drug at only the site of disease or injury (Zhang
et al. 2017). Nanoscale drug delivery methods are available
as nanocapsules (Xin et al. 2017), liposomes (Alavi et al.
2017), nanoparticles (Baeza et al. 2017), and microemul-
sions (Callender et al. 2017). Within this subject, natural
existing HNT nanotubes (HNTSs, ca. 1 pm in length and 80
nm in diameter) are fascinating a great scientific interest
owing to the special hollow tubular shape (Lvov et al. 2008;
Lvov and Abdullayev 2013). HNTs are two-layered alu-
minosilicates with chemical composition analogous to
kaolin (Zhang et al. 2012; Pan et al. 2014), but differ in
having a hollow tubular structure. In comparison with other
nano-sized materials, e.g., carbon nanotubes, HNTSs
(Al,Si,05(OH)4-nH,0) are easily attainable, much less
expensive, and have peculiar structures (Pan et al. 2011).
The external surface is constituted of Si—O—Si groups and
the internal surface of a gibbsite-like collection of AI-OH
groups. The particular surface chemistry permits the selec-
tive functionalization at the inner or outer side (Cavallaro
et al. 2012; Yah et al. 2012; Cavallaro et al. 2013). HNT
cytocompatibility was manifested (Vergaro et al. 2010), and
its usage as a drug carrier was suggested (Viseras et al.
2008; Vergaro et al. 2012). Because of the high level of
biocompatibility and low cytotoxicity of HNTs, these
materials have been greatly studied for possible biomedical
usages such as controlled drug-delivery systems, stem cell
attachments and multiplication, and nanoreactors for
enzymes immobilization (Cavallaro et al. 2015; Li et al.
2015; Kadam et al. 2017; Kerdsakundee et al. 2017; Nie
et al. 2017). In last years, the functionalization of HNT by
different procedures involving acid-activation (White et al.
2012), intercalation (Nicolini et al. 2009), thermo-chemical
treatment, and chemical modification (Mu et al. 2008) has
fascinated significant interests to make better properties of
HNT and its performance. In general terms, acid treatment
will lead to disaggregation of HNT particles, elimination of
mineral impurities, and even dissolution of the inner layers.
The lumen of HNT nanotube could been enlarged by
selectively etching of alumina from the inner wall using
sulfuric acid according to the report of Abdullayev et al.
(2012). The structure of HNT was destroyed and the surface
activity was improved after acid-treatment at 90 °C (Zhang
et al. 2012). Heat activation can remove the physically
bounded water, demolish the structure water through
dehydroxylation of the structural aluminol groups and result
in the structural rearrangement of HNT, which corre-
spondingly alters the pore structure and surface properties
(Kadi et al. 2012). Therefore, the adsorption properties of
HNT were affected with the changes of its physicochemical
properties. Up to now, acid- and heat-activated HNT

samples were mainly used as adsorbents for dyes and metal
ions. However, little information can be seen concerning the
effects of acid- and heat treatments of HNT on its release
property for drugs although HNT is a well-known promis-
ing carrier for drug delivery. In this work, the effects of
acid- and heat-treatments on structure and morphology of
HNT, its sustained-release properties for LOS were studied.
To study the effect of preparation processes on the perfor-
mance of HNTs, HNTs were improved by calcination and
etching. According to the findings, these processes both
increase the lumen size of HNT but calcination decreases
the amount of drug-loading and increases the release rate
compared with EHNT, owing to removal of water mole-
cules, which affect the performance of carrier, severely.
Besides, reaction of H* with aluminol groups existed in
internal surfaces of HNTs led to sustained release and
provided the best performance. So that, the release rate of it
was only ~52.5 % after 70 h.

Materials and methods
Materials

Halloysite clay was supplied by naturalnano-US. LOS was
supplied by Abidi Pharmaceutical Co., Ltd (Islamic republic
of IRAN). Other agents used were all of analytical grade
and all solutions were prepared with distilled water.

Etching process of HNTs

The etching process of HNT was carried out as follows: 1.0
g of HNT powder was added to the 500 mL of aqueous
solution of H,SO4 2 M (mol L’l) at room temperature and
the mixture was stirred at 90 °C for 6 h. Next, in order to
naturalize the pH of solution, it was washed by distilled
water, several times. Then, white-color product was dried in
vacuum oven at 90 °C and was branded as EHNT.

Calcination process of HNTs

According to the TG analysis, HNT structure is stable until
400 °C (Wang et al. 2014). So, in this work calcination
temperature was adjusted at 400 °C. In total, 1.0 g of HNT
powder was put in furnace and heated at this temperature
for 2 h. Then, product was cooled to room temperature and
was identified as CHNT.

Loading process of LOS in HNTs
In typical process, drug loading is done as follows: a super-

saturated solution of drug was prepared, then HNT was
added to it and the mixture was alternately vacuumed for 2
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h during the certain periods as 20 min in vacuum and 10
min in atmosphere pressure. By considering the high solu-
bility of LOS in water (>500mgmL™"), super-saturated
solution of LOS was prepared in ethanol (solubility of
LOS in ethanol=>20mgmL™"). Entrance of drug to
HNTs induced by capillarity force that is owing to their
hollow cylindrical structures in the presence of polar
liquids (Wei et al. 2014). Besides, electrostatic
interactions between inner surfaces of HNTSs (positive
charge of alumina groups) with negative charge of LOS can
be considered as another agent for conjugation of LOS with
HNTs.

In vitro release tests

The drug release kinetics of LOS-loaded HNTs were mea-
sured under a static release condition using the dialysis bag
technique. About 0.5 g of LOS-loaded HNTs was placed in
a dialysis bag. The dialysis bag was immersed into 25 mL of
buffer solution (pH = 7.4) at 37 °C under magnetic stirring.
At different time intervals, buffer samples were collected,
replaced with fresh buffer, and the concentration of deso-
rped LOS was determined by UV-vis in the withdrawn
samples. UV-vis evaluation of LOS was done at 232 nm.
The tests were carried out in triplicate, and the results were
recorded as an average. Cumulative LOS release (%) was
calculated as follows:

M
Cumulative release rate (%) = A7t x 100 (1)

0
where M, is the amount of LOS released from the HNTs at
time ¢ and M, is the amount of LOS initially loaded onto the
HNTs.

The kinetics of the LOS released from HNT samples was
determined by fitting the release profiles to the following
theoretical models:

First order model:

fi=1—et (2)

where f; is the portion of drug dissolved in time ¢, and k; is
the first order release constant.
Higuchi model:

ﬁ — kHZOAS (3)

Where ky is the Higuchi release constant.
Power law model:

ft:kptn (4)

Where k,, is the release constant; n is the diffusion exponent,
property of the release mechanism.
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Characterization of HNTs

The crystalline phase of the HNT, CHNT, and EHNT were
analyzed using a diffractometer of the Philips Company
with X’Pert Promonochromatized Cu Ko radiation (4=
1.54 A). Transmission electron microscopy (TEM) was
conducted using a LEO 912AB Zeiss electron microscope
(Germany) at 120 kV to describe the shape and structure of
HNT nanotubes. Nitrogen adsorption—desorption isotherms
studies were performed on an Autosorb-1 Quantachrome-
Sorptometer (USA). The surface areas were calculated
using the Brunauer—-Emmett-Teller (BET) method and the
pore size distribution and pore volume were calculated
using the Barrett-Joyner—Halenda (BJH) method. Thermo-
gravimetric analyses (TGA) were performed from 30 to
900°C (heating rate of 10°C/min) under air flow, using a
Mettler TC-10 thermo-balance.

Statistical analysis

Statistical analysis for the determination of differences in
the release properties within groups was performed by one-
way analysis of variance, executed with a statistical pro-
gram (Origin 5.0). The data were considered to be mean-
ingfully different at p < 0.05. All data are presented as mean
values with standard error (mean + SD).

Results and discussion
Characterization and physicochemical aspects

Figure la—c illustrates the N, adsorption—disorption iso-
therms of HNT, EHNT, and CHNT, before loading,
respectively. According to the IUPAC classification, these
isotherms are type II and hysteresis loops are H3. These
characteristics are indicator of meso- and macro pores
structures. The results were summarized in Table 1. As
shown, the maximum and minimum BET-specific surface
area are related to the EHNT and HNT, respectively. As
expected, etching process increases the lumen size during
three steps as follows: infiltrating of H™ ions to inner tube,
reaction of these ions with alumina that exists on inner
lumen and exodus of the produced products (Abdullayev
et al. 2012). Also, insignificant increase of BET surface area
and pore size of CHNT compared with HNT can be induced
by dehydration of HNT during the calcination process.

Pore size distribution curves of HNT, EHNT, and CHNT
determined from desorption branch of the N, isotherm using
Barret-Joyner—Halenda (BJH) method are shown in Fig.
2a—c, respectively. These curves represent three index peaks
at 3, 25, and ~ 78 nm, approximately.
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Fig. 1 The nitrogen adsorption—desorption isotherm of a HNT, b EHNT, and ¢ CHNT

Table 1 Collection of the data of BET analysis, briefly

Characteristics (m2/g) HNT EHNT CHNT
BET surface area (mZ/g) 25288  42.2049 27.5292
BJH desorption volume (1.7-300nm)  0.1058 0.1476  0.1218
(m*/g)

Pore volume (cm3/g) 0.0742  0.0976  0.0806

The low-width hysteresis loops at relative pressure
(P/Py) > 0.4 confirmed the broad pore size distribution from
meso- to macro pores in these samples (Wang et al. 2014).
According to that reported in the previous works, 3.5 nm
meso-pores with slit-shaped longitudinal structures can be

formed by dehydration of HNTs or tensile strength effect
(Groen et al. 2003; Tan et al. 2013). In fact, these pores are
artificial pores that are created during preparation process of
HNT. The other meso-pores are the lumens of HNTSs. As
expected, etching process can be effective on lumen pores
as it increases the distribution particle size and intensity of
these pore sizes.

To evaluate the amount of loaded drug into HNTs, TGA
analysis was used. Figure 3a—c shows the TGA curves of
HNT, EHNT, and CHNT loaded by drug, respectively. In
all of curves, a continuous mass loss is shown at range 275—
800 °C that is including: mass loss of HNT at 475-575 °C
(Hemmatpour et al. 2015) and mass loss of LOS potassium
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Fig. 3 TGA results of a HNT, b EHNT, and ¢ CHNT

at 275-860 °C during the three steps: 275-365, 365-535,
and 535-860°C (M. Ibrahim 2015). So, loss mass at
275-365°C is just related to LOS, which removes
CsHgNCI. By considering the ref., mass loss % of losartanat
the first step is ~25.2, therefore the drug percent into the
HNT, EHNT, and CHNT were approximately calculated as
4, 8, and 2%, respectively. The slope of loss mass in these
curves at T=275-365 °C are dependent on the loaded-drug
amount, the more drug the shaper slope. As shown, the
maximum loading of drug is assigned to EHNT that the
lumen size and the capacity of them increased by etching
process. It was assued that the calculated drug content into
HNTs is accordance with the lumen size of them. But the
results illustrated that inspite of the bigger lumen size in
CHNT, loaded-drug amount of it is lower than HNT.
During calcination process, HNTs are dehydrated and the
interlayer water molecules that play the main role for
intercalation of HNT's are removed (Tan et al. 2013). So, the
least drug was loaded into CHNT.

The results of TGA of the HNT and EHNT after loading
were in agree with the results of BET analyses of them

@ Springer

The simple HNTs have two main peaks at 20 =12, 24.9
that the first is known as dehydrated peak of HNT, which is
assigned to the reflection peak with miller index (0 0 1) with
d=0.74nm and the latter confirms it (Wang et al. 2014).
LOS potassium is identified by four peaks at about 20 =
10.8, 13.6, 20, and 24.2 in XRD pattern (Mokale et al.
2014). The other peaks can be assigned to calcite and quartz
that was considered as impurities. As seen, peak positions
of HNT and drug is very close and the distinction of them is
difficult. Loading of drug had no obvious effect on intensity
of peaks of HNT after loading compared with before
loading because of the ratio of drug to HNT is low. As
shown, the crystallinity of HNTs after loading has been
increased that is due to the presence of drug into them.
Furthermore, the effect of etching and calcination processes
were investigated on XRD pattern of HNTs. The results
showed that XRD pattern and crystallinity of EHNT is same
as XRD pattern and crystallinity of HNT in the similar
condition but they are different with CHNT. Calcination
process removes the coordinated water of HNT, so the
intensity of XRD peaks and crystallinity of calcined HNT is
more than the others. Actual graphs of XRD have been
provided in Fig. S1-A, B, C, D, E, and F from supple-
mentary information.
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Fig. 4 XRD patterns of a HNT, b EHNT, ¢ CHNT before loading and d HNT, e EHNT, f CHNT after loading, respectively

Figure Sa—c displays the TEM image of HNT, EHNT,
and CHNT, respectively. These images obviously show the
cylindrical structures with hollow centers that are parallel to
outer cylinder structures. These structures are open-ended
and the inner hollow cylinder is known as lumen. The
effects of calcination and etching processes on morphology,
size, and structure of HNTs were studied. The dimensions
of HNTs was determined by Digimizer software. According
to Fig. 5a, diameter of outer cylinder and size of lumen were
estimated ~113.2 nm and 25.26 nm, respectively. As seems,
these amounts were changed by calcination and etching
processes. As shown in Fig. 5b, c, the lumen sizes of EHNT
and CHNT are ~62.7nm and 28.57, respectively. As
expected, the lumen size of EHNT is more than the others
because of etching process removes alumina molecules
forming the inner surface of HNTs. On the other sides, HNT
dehydrated by elimination of coordinated water molecules

during the calcination process, so the size of lumen of
CHNT becomes more than the simple HNT. These images
indicated that calcination and etching processes have no
significant effect on morphology of HNTs and the structure
of them are maintained. These findings are agreement with
the results of pore size distribution concluded from
analyses.

The TGA results illustrated that the drug contents in
EHNT is more than the other. So it can be concluded that
drug-loading in HNTs is followed by various parameters
and lumen size is not the only effective parameter.

In vitro release of LOS from HNTs
The release profiles of all three loaded HNT samples are

shown in Fig. 6. As can be seen, the cumulative release
rates in EHNT show significant differences with HNT and
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Fig. 5 TEM images of a HNT,
b, EHNT, and ¢ CHNT (@)

Release (%)

.4 HNT —@

C-HNT —f— E-HNT
10

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
Time (h)

Fig. 6 Release profiles of LOS from the HNTs, CHNTSs, and EHNTSs
in phosphate buffer solution (pH = 7.4.) Data are presented as means
+SD (n=3)

CHNT (p <0.05). LOS could release rapidly from LOS-
loaded HNT and the release reached 95% in 20 h, which
was ascribed to hydrophilic characteristic of HNTs and
good solubility of LOS in pH 7.4 phosphate buffer solution.
The release rate from LOS-loaded CHNT and LOS-loaded
EHNT notably decelerated. Only 42 and 21.5% of LOS
released from CHNT and EHNT in the first 10 h, respec-
tively, and the release rate gradually increased to ~76% in
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Lumen Size: 25.26 nm , ;

100 nm

50h for CHNT. In comparison with that from CHNT, the
release rate of LOS further reduced in EHNT. A nearly
constant release of LOS was obtained from EHNT, the
release rate only increased to 52.5% in 70 h.

Three kinetics (Higuchi, first order, and power law)
models usually used to explain the release of guest mole-
cules from porous substrates, were used to simulate the
release of LOS from HNTs. The release profiles of LOS
from HNT samples were fitted using the above models.
Moreover, the values of correlation coefficient (R%) and the
release parameter values were shown in Table 2.

The R* of power law kinetic model were larger than
those of other models. It was found that the release of LOS
from the all HNTs samples (HNTs, CHNTSs, and EHNTSs)
were controlled by a drug diffusion process or Fickian
diffusion (n =0.48, 0.45, and 0.43 for HNTs, CHNTS, and
EHNTSs, respectively). It could be concluded that the LOS
molecules are released from the HNT inner lumen by a
diffusion process. The calculated diffusional exponents
(0.48 and 0.43) vary slightly from expected value (0.45) for
Fickian diffusion. This difference is owing to the experi-
mental condition not fully satisfying the assumption of the
power model (an ideal geometry, uniform conditions, and a
single release mechanism, etc.) (Yuan et al. 2012).
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Table 2 Parameters of the three - - N

fitting models of LOS-loaded Samples Power law First order Higuchi’s model

halloysite samples ky n R? ki R? ky b R?
HNTs 1.349 0.48 0.9205 0.044 0.5517 1.766 0.673 0.8671
CHNTs 1.184 0.45 0.9407 0.016 0.5764 0.839 1.173 0.9234
EHNTSs 0.803 0.43 0.9815 0.016 0.6998 0.547 0.533 0.9473

Conclusions

In this work, a simple and effective method was used for
sustained release of LOS as a high blood pressure—con-
troller drug using HNTs. HNTs are natural materials that are
categorized in kaolin group, so this work can be considered
as eco-friendly method that is compatible, safe, and
appropriate for drug-delivery systems. Herein, HNTs were
improved by two processes: calcination and etching, and the
effect of them on characteristics of HNT was studied. The
results showed that activation of HNTs through calcination
and etching processes can be effective on drug-loading
amount and release rate of it. However, whereas etching
process increased both the BET-specific surface area and
drug-loading amount, the calcination process only increased
the surface area and decreased drug-loading amount,
because of removal of water molecules that play key role in
loading step. Therefore, EHNT loaded the maximum
amount of LOS and CHNT loaded the minimum amount of
it. According to the findings, lumen sizes of HNTs were
changed by the activation processes, but they had no effect
on morphology and structure of HNTs. Release rate of drug
from various HNTs was investigated and it was concluded
that maximum and minimum release rate of LOS are
assigned to simple HNT and EHNT, respectively. It was
found that, the lumen size is not the only parameter on
loading amount and the other parameters such as water
molecules can also be effective on it. Kinetics studies
confirmed that releasing the LOS molecules from HNTs
followed by diffusion process is identified as Fickian
diffusion.
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