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Abstract

Background and purpose: Layered double hydroxides (LDHs) as inorganic materials are being used in
controlled release and drug delivery systems. These materials are more stable than conventional drug carriers.
In this investigation, Mg/Al-ascorbic acid (ASA) LDH nanohybrid was synthesized by ultrasonic-assisted
co-deposition techniques.

Experimental approach: In this study, Mg/Al-LDH to adsorption of ASA anions from the alkaline solution
was assembled by a facile coprecipitation technique. During this process, ultrasonic irradiation was used to
increase the rate of ion exchange between LDH and ASA. The intercalated-layered structure was characterized
by FT-IR spectroscopy, XRD, thermogravimetric analysis, field emission SEM, and TEM. ASA releasing from
Mg/Al-ASA LDH nanohybrid was carried out in incubation sodium carbonate solution (0.5 M) at 35 °C using
UV-Vis absorbance analysis at A = 265 nm

Findings/Results: The used techniques confirmed the structure of Mg/Al-LDH and indicated successful
intercalation of ASA into the interlayer galleries of the LDH host. The obtained results also have shown that
Mg/Al-ASA LDH nanohybrid was generated with an average diameter size of 25 nm and narrow size
distribution. Analysis of the release profiles using several kinetic models suggested that the first-order rate
model is the most appropriate for describing the release of ASA from Mg/Al-LDH which means the amount
of drug released is proportional to the amount of remaining drug in the matrix. Thus, the amount of activity
released tends to decrease in function of time.

Conclusion and implications. The results showed that LDHs are good host materials to preserve the
biomolecule and modify its release rate and bioavailability.

Keywords: Ascorbic acid; Controlled release; Coprecipitation; Layered double hydroxide; Ultrasonic
irradiation.

INTRODUCTION

Layered double hydroxides (LDH) or
hydrotalcite clay is organized into a broad
family of synthetic 2D-nanostructured materials
(1,2). They have 2D structure of layers shaped by
trivalent and divalent cations carve-up by water
and anions molecules with the general formula
M1x>"Mx* (OH)2]* (Axa™).mH20, where M?*
and M?*" usually stand for the divalent and
trivalent metal ions, A™ is an anion in the
interlamellar region, m is the amount of H2O
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present in the same region, and x constant value
usually corresponds to 0.2 < x < 0.4 in forming
a new LDH phase (3-8).

Among the nanoparticles, LDHs as the
bioinorganic hybrid systems have recently
received outstanding attention in the fields of
drug carriers and catalysts, etc (9-13).
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The incorporation of the therapeutic guest
molecules into layered inorganic constituents,
as hydrotalcite or other LDH, can act as a
reservoir or chemical flask jacket for
biomolecules guests (14-16). The framework of
the LDH structure can protect biomaterials
against harsh external conditions and cause
noticeable longevity and stability in them in
unsuitable conditions physically, chemically,
and biologically. Furthermore, the LDHs by
controlled release drugs can be decreased the
undesirable effects caused by excessive dosage.
(17-21).

Various therapeutic molecules and bio-
functionalized molecules such as ascorbic acid
(ASA) were successfully intercalated into the
gallery space of LDH, which presents a new
route to safe preservation and controlled release
of biomolecules (22-24). Vitamin C or ASA,
due to having outstanding properties, can assist
in reducing the tumor cell, prohibit scurvy,
protect tissues from free radical damage,
supports the cardiovascular system, and
decrease low-density lipoprotein cholesterol in
the plasma (25). Nevertheless, the various
environmental conditions such as light, moisture,
metal ions, heat, and base can cause denaturation
and  decomposition of physicochemical
properties in ASA. Mg-Al LDH as an antacid
and anti-pepsin agent is quite biocompatible, so
it can be used as a good reservoir to protect
ASA against decomposition (26-30).

The sonochemical technique has shown an
economical and suitable approach for the
synthesis of LDHs (31-35). In this method, in
the effect of acoustic waves, a series of
mechanochemical impacts, such as high shear
forces, shock waves, and microbubbles, are
produced in the liquid and are made the state of
too high temperatures and pressures, so-called
hot spots. These local conditions are
accountable for inducing dramatic changes in
product morphology and dispersion of particles
(31). According to the previous works, the
ultrasonic-assisted route immensely increases
anion-exchange capability, enhances the
porosity and surface morphology of the LDH,
and also improved the metal-ion distribution on
the surface (32-35).

In this context, preparation hydrotalcite
containing Mg?" and AI’*" in the brucite-like
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layers and the interaction of ASA into them by
a simple coprecipitation technique under
ultrasonic irradiation is reported. It is believed
that by the use of ultrasonic irradiation, the
intercalation rate of ASA guests into the space
of the LDH will be improved. The LDH
structure and thermal behavior of ASA located
in the interlayer gallery of LDHs are examined
by transmission electron microscopy (TEM),
field emission scanning electron microscopy
(FE-SEM), X-ray diffraction (XRD),
thermogravimetric  analysis (TGA), and
Fourier-transform infrared (FT-IR). In final, the
quantitative determination of the intercalated
ASA and the deintercalation behavior of ASA
from the host supramolecular clays was
investigated by the ion exchange method with
CO3* using ultraviolet-visible (UV-Vis)
absorbance analysis.

MATERIALSAND METHODS

All solvents and chemicals were supplied by
Aldrich and Merck Chemical Co. Sodium
hydroxide, Mg(NO3)2 -6H20, and
AI(NO3); 9H20 were used without further
purification. The deionized water was used
during all experiments.

The FT-IR spectra in the range of
4000-400 c¢cm! on the Jasco-680 (Japan)
spectrophotometer were obtained with a

nominal resolution of 4 cm’. Elemental

analyses were performed with a LECO CHNS-
932. Aluminum and magnesium contents were
determined in triplicate by inductively coupled
plasma  optical emission  spectroscopy
(ICP OES) on a Spectro Arcos spectrometer.
The XRD patterns of samples were recorded
using a Philips Xpert MPD diffractometer
equipped with graphite-filtered CuKa radiation
(A =0.151418 nm) in 26 range of 5-80° at the
scanning speed of 0.05°/min. The surface
morphology of the LDH-ASA was observed
using FE-SEM (HITACHI (S-4160); Tokyo,
Japan) and TEM (Philips CM 120; Eindhoven,
Netherland) microscope with an accelerating
voltage of 100 kV. The thermal stability of the
Mg/Al-ASA LDH nanohybrid was carried out
by recording TGA and performed with an
STAS503 win TA at a heating rate of 20 °C/min
from 25 °C to 800 °C under an argon flow.



An SW-3H ultrasonic homogenizer device with
a power and frequency wave of 100 W and
25 Hz was utilized in the preparation of the
samples. The UV-vis spectra of Mg/Al-ASA
LDH nanohybrid were measured on UV/Vis/NIR
spectrophotometer, JASCO, V-570 (Tokyo,
Japan), with the liquid sample in the 265 nm.

Preparation of hydrotalcite-intercalated drug

A salt solution was prepared by adding
10 mL of deionized water to 0.37 g (1 mmol)
AI(NO3)3.9H20 and 0.5 g (2 mmol)
Mg(NO3)3.6H20. The obtained solution was
slowly added within 10 mL of an alkaline
solution containing the 0.258 g ASA in pH =9.
The reaction was carried out at room
temperature during vigorous magnetic stirring.
During this operation, the required amount of 1
M NaOH was added drop-wise into a mixed
aqueous solution until maintaining the pH at a
value close to 9. The resultant light-red
precipitate was ultrasonicated in a water bath
for 3 h under N2 flow. The suspension was then
collected by centrifugation and repeatedly
washed by redispersion in deionized water
followed by centrifugation and air-dried for 8 h
at 50 °C. Mg/Al-LDH without ASA and
Mg/Al-ASA LDH with 1 h sonication were
prepared by a similar procedure.

Salution 1

\Ig[N(l_ﬂ:.ﬁll;T‘;\' '(._F._‘T\In'(l_‘l

Solution 2
/'\ ’/\ NaOH
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irring
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Drug release studies by ion-exchange method
To investigate the release behavior of ASA
anions from nanohybrid by ion exchange,
50 mL of 0.05 M NaxCOs solution was placed
in a 100 mL beaker together with 0.1 g of
Mg/Al-ASA LDH and was stirring vigorously
at a constant temperature of 35 °C. Then, 7 mL
of suspension was withdrawn and was
separated by centrifugation at a different time
to determine the amount of drug released by
UV-vis absorption at wavelengths 265 nm. For
every aliquot removed, 7 mL fresh buffer was
added. The amount of ASA obtained at every
interval was quantified using the UV-Vis.

RESULTS

Hydrotalcite-intercalated ASA was prepared
through the co-precipitation method by using
ultrasonic irritation according to Scheme 1. To
confirm the presence of ASA anion in LDHs,
release profiles of Mg/Al-ASA LDH in
deionized water at 265 nm belonging to n-m*
transition of ASA was performed (Fig. 1) which
showed a strong absorption peak at this
wavelength. Chemical structures of synthesized
intercalated LDH were confirmed by IR, XRD,
and CHN methods. The results of the analysis
are as below:

0.97 nm

Scheme 1. Schematic illustration of the synthesis and possible interlayer arrangement of ascorbic acid in the Mg/Al

layered double hydroxides.
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FT-IR spectrum of neat ASA, LDH-ASA after
1 h ultra, LDH-ASA after 3h ultra, and also
LDH-COs are shown in Fig. 2. Although FT-IR
spectroscopy is not a precise diagnostic
technique for LDH, it is useful in characterizing
the interaction between the interlayer anions
and the basal sheets described in the discussion
part.

Figure 3 shows the XRD pattern of the neat
LDH and LDH/ASA samples synthesized at

characteristic reflections of doos = 0.76 and
doos = 0.38 nm peaks. The XRD patterns of
Mg/Al-ASA  LDH displayed sharp and
symmetric (003) and (006) Bragg reflection
shifts to lower 20 angles. Also, the thickness of
the brucite-like layer of Mg/AI-LDH was
0.48 nm. After embedment of ASA into the
nano-size domain of the LDH interlayers, the
gallery height was modified to doos = 0.98 nm
(doos = 0.49 nm) by subtracting the thickness of

pH = 9 under ultrasonic irradiation. The LDHs layer (0.98-048 nm = 0.50 nm)
samples showed  the hydrotalcite-like from its doos.
25
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Fig. 2. Fourier-transform infrared spectrum of neat ASA,
LDH-ASA 3 hultra, LDH-ASA 1 h ultra, and LDH-CO:s.
ASA, Ascorbic acid; LDH, layered double hydroxides.

Wavelength (nm)
Fig. 1. UV-visible absorption spectra of ASA and LDH-ASA. ASA; Ascorbic acid; LDH, layered double hydroxides.
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Fig. 3. X-ray diffraction pattern of the neat LDH and
LDH/ASA with 3 h ultrasonic irradiation. ASA, Ascorbic
acid; LDH, layered double hydroxides.



Morphology characterization of the Mg/Al-
ASA LDHs was performed by TEM and FE-
SEM at different ultrasonic treatment times as
shown in Figs. 4 and 5.

The thermal behavior of the Al/Mg-LDH
and LDH-ASA system were examined by TGA
analysis to determine the degradation
temperature and the interacted anion amount
under the N2 atmosphere (Fig. 6).

The results of ICP analysis showed that the
atomic Mg?*/Al*" ratio in the prepared samples
was close enough to the 2:1 ratio of the co-
precipitation method. Moreover, the general
formula of the synthesized LDH-ASA was
determined by simultaneous considering of the
CHNS analysis and TGA results. According to
the CHNS results, the experimental weight
contents of C, H, and N are 18.93, 3.89, and
2.57, respectively. Based on the general

Layered double hydroxide as a nanocarrier for ascorbic acid

formula of LDH materials and element analysis
data of carbon, the degree of intercalation of
ASA was estimated as 91%. Accordingly, the
ideal formula of Mg/Al-ASA LDH is deduced
as Mg2Al(OH)s(ASA)0.91(NO3%)0.4H20.

100 =

Weight (%)

400 600 800
Temperature (*C)

Fig. 6. Thermogravimetric analysis curves of Al/Mg-

LDH and LDH-ASA system with 3h ultrasonic

irradiation. ASA, Ascorbic acid; LDH, layered double

hydroxides.
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Fig. 4. Transmission electron microscopy of Mg/Al-ASA LDH with 3 h ultrasonic irradiation.
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Fig. 5. Field emission scanning electron microscopy and corresponding particle size distribution histograms of (A) the
Mg/Al- ascorbic acid layered double hydroxides with 1 h ultra and (B) 3 h ultrasonic irradiation.
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Fig. 7. (A) Deintercalation of the ASA in concentrations 0.05 M of the Na,CO3 aqueous solution for periods of up to
315 min and linear fitting of various models to the release of ASA fits by (B) the modified Freundlich equation, (C) the
first-order rate model, (D) the Avrami-Erofe’ev model, (E) the Elovich model, and (F) the parabolic diffusion equation.

ASA, Ascorbic acid.

Deintercalation of the ASA-Mg-Al hybrids
was performed at 0.05 M of the Na2COs3
aqueous solution for periods up to 315 min.
After the required time interval, the product was
filtered, and the concentration of ASA in the
filtrate collected was estimated by UV-Vis
spectra at a wavenumber of 265 nm. The curves
related to the kinetic profile of intercalated
ASA and its fitted models are shown in Fig. 7.

DISCUSSION

One of the most straightforward ways for
inserting organic anion species into the
interlayer spacing LDHs is one step

co-precipitation method. In this method, the
excess positive charge in formulas was
compensated by nitrate, ascorbic anions, and
water molecular present in the interlayer region
(Scheme 1). In LDHs, a steady-state of crystal
structure was attained by electrostatic
interactions and hydrogen bonds between the
host cationic brucite-like layers and the
contents of the gallery, which keep the layers
together. The spectrum of pure sodium ASA
revealed one strong absorption at 265 nm
belonging to m-n~ transition (22). A similar
strong absorption peak at 265 nm (Fig. 1) was
observed for Mg/Al-LDH ASA, confirming the
presence of ASA anion in LDHs.
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According to FT-IR analysis, in the
spectrum of Mg/Al-LDH broad bands in the
3460 and 1625 cm™' are associated with
stretching and deformation vibration of
hydroxyl basal layer and interlayer H2O
molecules. The bands at 1383 and 783 cm'! are
associated with the asymmetric stretching and
out-of-plane deformation of the nitrate anion
and carbonate groups (CO3*) in the layers.
Absorption occurring below the 1000 cm’!
region is attributed to metal oxide stretching
within the LDH basal layer. The recorded FT-
IR spectrum of neat ASA showed absorption
peaks in regions of 1672 cm™! (C=0), 1672-
1497 cm?! (conjugate C=C), 1363 cm!
(C-O-C), and 1321 cm™! (C-O). After ultrasonic
irradiation at different treatment times, Mg/Al-
ASA LDH spectra were indicated characteristic
bands of ASA with the minor changes in the
intensity of the absorption band, which
confirmed the presence of ASA molecules
within LDH layers. Moreover, somewhat
shifted in absorption bands toward higher
wavenumbers possibly are corresponded to the
intramolecular H-bonds and electrostatic
interaction between negative ASA and positive
LDH basal layer, to suggest their safe
stabilization in the interlayer space of LDH. As
shown in Fig. 2, by increasing the reaction time
from 1 h to 3 h under ultrasonic irradiation, the
amount of ASA in hybrid was increased, so it
was used for further investigation.

The XRD pattern of the neat LDH and
LDH/ASA samples showed the hydrotalcite-
like characteristic reflections of doos = 0.76 and
doos = 0.38 nm peaks (Fig. 3), which can be
indicated well-stacked lamellar structure and
confirmed that the structure of the LDHs is not
destroyed after sonication. In the case of
Mg/Al-ASA LDH, sharp and symmetric (003)
and (006) Bragg reflection shifts to lower
20 angles confirmed the interaction of ASA
with hydroxides and decreases the crystallinity
of LDH structure. Also, inserted ASA into the
gallery space of LDH caused the increase of the
interlayer distance and the growth of basal
spacing. The crystallographic structure of the
LDH-ASA is schematically shown in Scheme
1. According to a previous report (24), the
molecular size of ASA is estimated at 0.49,
0.60, and 0.36 nm in length, width, and

Layered double hydroxide as a nanocarrier for ascorbic acid
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thickness, respectively. The thickness of the
brucite-like layer of Mg/Al-LDH is 0.48 nm.
After embedment ASA into the nano-size
domain of the LDH interlayers, the gallery
height was modified to doos = 0.98 nm
(doos = 0.49 nm) by subtracting the thickness of
LDHs layer (0.98 - 0.48 nm = 0.50 nm) from its
doos, this displacement suggesting that the
framework of the ASA oriented in a
perpendicular direction from the backbone of
the hydroxide sheets.

TEM images of Mg/Al-ASA LDH with 3 h
ultra showed that Mg/Al-ASA LDH nanoflakes
with a well-order layer-by-layer structure are
nanoscaled. These images point to the LDH
platelets with a mean diameter of 25 nm and
somewhat rounded and irregularly shaped
particles were dispersed (Fig. 4). The surface
morphology of the Mg/Al-ASA LDHs at
different treatment times and corresponding
particle size distribution histograms of them
were investigated by FE-SEM, as shown in Fig.
S5A and B. FE-SEM micrograph related to
Mg/Al-LDH-ASA with 1 h ultra demonstrated
that the globular particle was distributed in
surface organoclay platelets in a mean range of
24 nm. Figure 5B showed that after 3 h
ultrasonic irradiation, particles with different
morphology were wholly dispersed in the
surface sheet. Furthermore, this work found that
the degree of particles' dispersion is influenced
by the function of treatment times, and
dispersion of ASA into LDH apace can be
improved by increasing the sonication
treatment times.

The results of ICP analysis indicated that the
atomic Mg?*/A’" ratio in the prepared samples
was close enough to the 2:1 ratio of the co-
precipitation method. Moreover, the general
formula of the synthesized LDH-ASA was
determined by simultaneous considering of the
ICP and TGA results. The thermal behavior of
the Al/Mg-LDH and LDH-ASA system were
examined by TGA analysis to the determination
of the degradation temperature and the
interacted anion amount under the N
atmosphere. According to Fig. 6, both samples
have exhibited three steps decomposition
events of a hydrotalcite-like phase with
progressive mass losses in the TGA curve. The
first step with mass loss below about 130 °C is
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associated with the removal of physisorbed
water from the external surface of the
crystallites, and the second mass loss around
200-300 °C is probably corresponded to the
dehydroxylation of the hydroxide sheets,
together with the removal of water molecules
bonded from the interlayer. The last mass loss
is started around 250 °C, is attributed to the
combustion of the organic anions present in the
interlayer space, and extends up to 500 °C. The
obtained results from the mass losses indicated
that there is an acceptable agreement with
element chemical analysis data.

Biomolecules are well stabilized in LDH
lattice by both electrostatic and lateral
interactions not only in interlayer space but also
at the surface site of the host and in exceptional
condition can be deintercalated by ion-
exchange reaction with other anion or
atmospheric CO2. These features will allow
LDHs to be applied as new drug carriers.

The release percentage of the intercalated
ASA was studied at 0.05 M of the NaxCOs3
aqueous solution for periods of up to 315 min at
265 nm (Fig. 7). The kinetic profile indicated
that almost 60% ASA was released instantly,
followed by a slower process taking place up to
315 min. The fast initial stage was assigned to
release the ASA anions on the surface, and the
external part of layered crystallites can be
exchanged quite easily, which a burst release
pattern. Following this step, the drug intra-
particle from LDH crystallite was diffused to
the external part and then to the solution, which
results in a steady-slow release rate. The LDH
crystallite size and the anion affinity for LDH
production are essential factors for the
controlled release of drug molecules.

To describe the kinetics of the release
behavior of ASA guests from the lamellar space
of LDH, we have attempted to fit the measured
data with the following five commonly used
models (22,23).

A first-order rate model has been utilized
widely in the ion exchange reaction or
adsorption process and can be expressed as the
following equation:

Ln (Ci/ Co) =-Kat (H

A parabolic diffusion equation has been
applied to illustrate diffusion-controlled
phenomena in hydroxide layers:
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(1-Cy/ Co) t=Kqt 09 + 3 )

A modified Freundlich equation can be
expressed as the following equation:

In (1- C¢/ Co) =1n (Kqg) + a In (t) 3)

Which has been used to experimental data on
ion exchange or release with clays by many
researchers.

An Elovich model was used to study the
sorption of ASA into clays sheet:

1-C/Co=aln(t)+b 4)
An Avrami-Erofe’ev model:
In(-In(1-a))=nln (Kd) +nln(t) 5)

In each equation, Co and C: is the total
amount of incorporated ASA in the hybrid at
zero time and ¢, respectively, and the rate of
release was represented by ks, respectively.
A, b, and n are specific constants of the
mathematical used models and a is the extent of
reaction.

It can be seen from Fig. 7 that first-order
rate, Avrami-Erofe’ev, and somewhat modified
Freundlich models can be used to describe the
kinetics of release of ASA. In these models,
according to the visual inspection of these
“linear” plots and R2 values, it appears that the
first-order rate model is the most appropriate
for describing the release of ASA. The values
of K4 may be determined from the slope of the
fitted plots which is equal to -0.009. In the first-
order rate model, changes in concentration
related to the time are dependent only on
concentration. On the other hand in this
ASA-Mg-Al hybrids as a porous material, the
amount of drug released is proportional to the
amount of remaining drug in the matrix. Thus,
the amount of activity released tends to
decrease in function of time.

CONCLUSION

An Mg/Al-LDH layered double hydroxide
containing Mg?" and AIP* in the brucite-like
layer and ASA as counter-anion was fabricated
by the coprecipitation method under fast
sonochemical treatment. These hybrid organic-
inorganic materials can absorb, store, and
control the release of ASA by using the ability
of the hydrotalcite-like anionic clay. From the
results of XRD and FTIR, it can be concluded



that the ASA was successfully stabilized in the
gallery of the LDH lattice through electrostatic
interaction. The obtained results from FE-SEM
images revealed that the morphology is
significantly influenced by the sonication time
of treatment. Also, the thermal behavior of
Mg/Al-ASA LDH showed weight loss carried
out in three steps, involving the elimination of
intercalated constitution water, destruction of
hydroxylate layers, and pyrolysis of
intercalated organic anions. The ASA release
profile indicated that the amount of drug
released from the synthesized Mg/Al-ASA
hybrid as a porous material, is proportional to
the amount of remaining drug in the matrix and
the first-order rate model is the most
appropriate for describing the release from
Mg/Al-LDH.
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