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Abstract This study first synthesized and characterized
the ternary magnesium/zinc/aluminum layered double
hydroxides (Mg/Zn/Al-LDHs) intercalated with folic acid.
We prepared the ternary (Mg, Zn, Al) LDH carrier by the
introduction of zinc, because magnesium and zinc are both
vital minerals of human body. The nanohybrids were pre-
pared by the method of coprecipitation and were charac-
terized by powdered sample X-ray diffraction (XRD),
Fourier transform infrared spectra (FT-IR), UV-vis spec-
tra, and MTT assay. The loading amount of intercalated
folic acid was increased to 45.2%, and showed a profile of
sustained release with 75% in 250 min. In addition, the
folic acid-LDH nanohybrids showed an enhanced thermal
stability and a profound buffering property, which dem-
onstrated that the hybrids could protect folic acid against
heat degradation and prompt its available diffusion. The
cell viability of HEK293T was over 80% after treated with
nanohybrids for 72 h. Our results suggested that the ternary
folic acid-LDH nanohybrids may function as a useful
nutritional tablet to promote the bioavailability of folic acid
delivery.
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Introduction

Folic acid (Fig. 1), the supplemental form of a B complex
vitamin, plays a crucial role in the prevention of disease.
Previous reports [1-4] demonstrated that folic acid can
prevent birth defects known as neural tube defects and
other malformations. Folic acid supplementation can
reduce plasma homocysteine levels and improve the total
plasma antioxidant capacity in coronary artery disease and
hemodialysis patients [5, 6], delay atherosclerotic lesion
development [7], and lower blood pressure slightly [8, 9].
Many studies [10—12] have shown the inverse association
between folic acid and cancer risk. The deficiency of folic
acid causes DNA damage and higher incidence of carci-
nomas [13]. Also, folic acid deficiency may result in psy-
chiatric symptoms and increase the severity of other mental
diseases [14, 15]. Folic acid deficiency is mainly caused by
its low daily intake from food, because 50 to 95% of folate
is lost during prolonged storage and cooking. Therefore,
many strategies have been employed to increase folic acid
absorption with a carrier-mediated transport antacid
[16, 17].

Layered double hydroxides (LDHs), commonly known
as hydrotalcite-like materials or anionic clays, are a family
of layered nanomaterials with wide application in catalysts,
absorption, pharmaceutics, and photochemistry [18-20].
Recently, LDHs have received considerable attention as
drug delivery system owing to its low cytotoxicity, good
biocompatibility, and total protection of the loaded drugs
[19, 21]. Many drugs have been successfully intercalated
such as captopril, ascorbic acid, gliclazide, anti-inflam-
matory drugs fenbufen, anticoagulant heparin, and anti-
cancer drugs podophyllotoxins [22-27]. Furthermore, the
effectiveness of LDH as an antacid has already been
reported [19]. Most LDH materials can be represented by
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Fig. 1 Molecular formula of folic acid

the general formula [M}., MY (OH),1*" (A™)ym-nH,0,
where M" is a divalent metal cation as Mg>", Zn>", Ni**,
etc., M a trivalent metal cation as AT, Fe**, Cr* ™, etc.,
and A™ is interlayer anion as NO3 ™, C032_, and CI™ [28,
29]. These materials can present different properties,
depending on the kind of di and trivalent cations, their ratio
and the ionic strength conditions, as well as the interla-
mellar anion [30, 31]. In this study, the ternary system Mg/
Zn/Al-LDH was used instead of the reported Mg/Al-LDH,
because Mg>" and Zn>" are vital minerals in many bio-
logical functions. Zinc is essential for the synthesis of DNA
and protein, cell division, and metabolic activities of 300
enzymes [32, 33]. It is also critical to the tissue growth, the
immune system function, and the fetal growth. Zinc defi-
ciency may result in birth defects, growth retardation,
cancer and depression [33, 34]. Magnesium, also an
important element for health, can activate over 300 dif-
ferent biochemical reactions and protect against heart dis-
eases, heart attacks, high blood pressure, stroke, and type 11
diabetes [35, 36].

In this study, the Mg/Zn/Al-LDHs intercalated with folic
acid were synthesized. And after a set of characterizations,
the buffer-effect and release behavior have been evaluated.
The in vitro cell cytotoxicity was examined as well.

Materials and methods
Synthesis of Mg/Zn/Al-LDH

The samples were prepared after a coprecipitation method
[37]. A mixed solution (10 mL) containing 0.15 M Mg(NO3),,
0.15 M Zn(NO3),, and 0.1 M AI(NO3); (M*"/M’" ratio,
3:1) was added into a solution (40 mL) of 0.17 M NaOH
with vigorous stirring under nitrogen atmosphere at room
temperature for 10 min. The resultant precipitates were
centrifugated and washed twice with deionized water, then
dispersed in 40 mL of double distilled water and treated in a
autoclave at 50 °C for 12 h. The LDH solid was harvested by
filtering and vacuum drying overnight.
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Synthesis of folic acid-Mg/Zn/Al-LDH

The preparation of folic acid-Mg/Zn/Al-LDH followed a
similar method. A mixed solution (40 mL) of 0.17 M NaOH
and 0.1 M folic acid was stirring at room temperature
for 10 min, and then a solution (10 mL) containing
0.15 M Mg(NO3),, 0.15 M Zn(NO3),, and 0.1 M AI(NO3);
was added. The mixture was kept vigorous magnetically
stirring under N, for 3 h. The resultant slurry was then
treated, as aforementioned, including wash, and hydrother-
mal treatment. The product was denoted as folic acid-LDH.

Characterization

Powder X-ray diffraction (XRD) was recorded on a Rigaku
Diffractometer Model Miniflex using CuKo source
(4 = 0.154060 nm) at 40 mA and 40 kV. Fourier trans-
form infrared spectra (FT-IR) were obtained on a Bruker
Vector22 spectrophotometer using KBr pellet method
(sample/KBr = 1/100) in the range of 4000-500 cm ™.
Thermogravimetry (TG) and differential thermal analysis
(DTA) curves were recorded in flowing air with a heating
rate of 10 °C/min on a Perkin-Elmer Pyrisl TG/DTA
instrument. UV-vis spectra were measured on a CARY50
spectrophotometer.

Evaluation of the buffer effect

The pH, which changes in each suspension after the addi-
tion of I M HCI aqueous solution, was recorded to measure
the buffer effect of folic acid-LDH [38, 39]. HCI aqueous
solution was subsequently added to the suspension (10 mL)
containing folic acid-LDH (100 mg) with continuously
stirring at 37 °C, until pH stabilized at an approximate
value of 1.

Determination of loading amount and in vitro
release test

The amount of intercalated folic acid was determined by
UV-vis spectroscopy. A known weight of nanohybrids was
placed in a 10-mL flask, then 0.5 mL of 5 M HCI solution
was added and the flask was filled with 0.02 M phosphate
buffer solution. After the hybrids were totally dissolved,
the concentration of folic acid was determined by moni-
toring the absorbance at 280 nm with a UV-vis spectros-
copy. The concentration was calculated according to an
already obtained standard curve of folic acid (A = 0.09085
C + 0.01227, r = 0.99962).

The folic acid release test was performed in 200 mL of
pH 7.4 phosphate buffer solution (0.02 M) containing
0.02 g folic acid-LDH at constant temperature 37 £ 1 °C.
The paddle rotation speed was 100 rpm. Aliquots (2 mL)
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were withdrawn at desired time intervals and filtered

through a 0.45 pm syringe filter. The accumulated amount 142

of folic acid released was determined by UV absorption at s nm

280 nm. Four dissolution—diffusion kinetic models were (003) (b)

used to fit the in vitro folic acid-LDH release profiles
(Table 2). The zero- and first-order model are normally
used to describe the dissolution phenomena, while the
parabolic diffusion model expresses the diffusion-con-
trolled release process and the modified Freundlich model
elucidates the diffusion behavior via ion-exchange[40].

Cytotoxicity assay

Human Embryonic kidney (HEK 293T) cells were routinely
cultured at 37 °C in the atmosphere of 5% CO, in the flasks
containing 10 mL of DMEM growth medium supplemented
with 10% Fetal bovine serum (FBS), 100U/mL penicillin,
and 100 pg/mL streptomycin. At 80-90% confluence, cells
were differentiated with trypsin—-EDTA and plated at an
optimum density of 1 x 10 cells per well in a 100 L total
volume of appropriate medium on 96 well. After incubation
at 37 °C in a 5% CO, humid for 24 h, triplicate wells were
treated with folic acid-LDH, free folic acid, and LDH in the
various concentrations from 10 to 100 pg/mL. The plates
were then incubated as described above for 24, 48, and 72 h,
respectively. A control experiment was performed without
treated under the same conditions. The number of living
cells was determined by MTT assay with 3-(4,5-dimethyl-
thiazole-2-yl)-2,5-phenyltetrazolium bromide. After cells
incubated with 20 pL. of MTT for 4 h under light-blocking
condition, the medium was removed and 150 pL of DMSO
was added into each well [41]. Absorbance was measured
at 490 nm using ELX 800 reader, and cell viability was
calculated by the following formula:

Cell viability (%) = (ODugg(test) / ODggo(control))
x 100%

The lactate dehydrogenase activity was used as an
indicator of cell membrane integrity and serves as a general
means to assess cytotoxicity resulting from nanohybrid
effect after 72 h [42]. It was measured by the LDH
Cytotoxicity Assay Kit.

This study to work on HEK293T cell line was approved
by the Institutional Human Research Ethics Committee
(HREC 02247/02267).

Results and discussion

XRD analysis

The powder XRD patterns for Mg/Zn/Al-LDH and its
intercalated nanohybrid are presented in Fig. 2, and the
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Fig. 2 Powder X-ray diffraction patterns for (a) Mg/Zn/Al-LDH and
(b) Folic acid-LDH

basal spacing calculated from the XRD patterns are shown
in Table 1. As shown in Fig. 2a, pristine Mg/Zn/Al-LDH
exhibits the typical diffraction peaks of LDH compound
[43]. The basal spacing dgg; of 0.88 nm and dyy of
0.45 nm are similar to the values reported previously [44],
which suggest that Mg/Zn/Al-LDH was well crystallized
and high ordered. For pattern of folic acid-LDH in Fig. 2b,
the reflection peaks shift to lower angles and become
weaker. Also, it is observed that the successful intercala-
tion of folic acid anions increases the basal spacing from
0.88 to 1.42 nm. Since the brucite-like layer thickness of
LDH is 0.48 nm [45] and the gallery of height is calculated
as 0.94 nm, which is shorter than the molecular length of
folic acid (=~1.9 nm). So the folic acid molecules are
arranged in tilted monolayer with tilting angles of about
60°, as illustrated in Fig. 3.

As shown in Table 1, the loading amount of folic acid in
ternary metal Mg/Zn/Al-LDH is 45.2%. Compare to our
previous study [46], It is much higher than the amount
intercalated into binary metal Mg/Al-LDH of 19.32%. It is
possible that the attractive force between the positively
charged brucite-like layer and the anion located in the
interlayer region has become stronger, by introducing a
cation of Zn*" with higher electronegativity [43].

FT-IR and UV-vis spectroscopy

As shown in Fig. 4, all samples exhibit a broad absorption
peak centered around 3400 cm ™', which could be assigned
to the presence of OH stretching modes of the hydroxide
basal layer and water molecules. The Mg/Zn/Al-LDH
(Fig. 4a) displays a sharp and intense absorption band at
1386 cm™!, which is ascribed to the NO;~ vibration. This
absorption band disappeared in folic acid-LDH (Fig. 4b,
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Table 1 The d-value of nanohybrid and folic acid loading

Nanohybrid d-values/nm Gallery Folic acid
height/nm loading/%,w/w
doos doos diio
Mg/Zn/Al-LDH 0.884 0.446 0.153 0.404 -
Folic acid-LDH 1.42 0.791 0.152 0.940 45.2 £ 2.2%" (47.2%)

2 Measured by UV-vis spectroscopy; ” calculated by TG-DTA profiles

1.42nm

Fig. 3 Schematic structural model of folic acid-LDH
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Fig. 4 The FT-IR spectra for (a) folic acid, (b) folic acid-LDH, and
(c) Mg/Zn/Al-LDH

which indicates NO3;~ anion is completely replaced by
folic acid anions. In the low-frequency region, the bands at
825, 634, and 436 cm™! can be attributed to M—O and
O-M-O vibration [28]. These bands can also be observed
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in folic acid-LDH (836, 645, and 439 cm_l) with small
shift, which results from the existence of host—guest
interaction between the interlayer folic acid and hydroxyl
groups of LDH layers [25]. In addition, the band at
1635 cm ™! is due to the H-O-H bending vibration [47].
The characteristic peaks around 1697 cm™"' presented in
both folic acid and folic acid-LDH correspond to the (C=0)
stretching vibration of carboxyl group, while the bands at
1486 and 1404 cm™' correspond to the (C=C) stretching in
the backbone of the aromatic phenyl ring [45, 48]. More-
over, other folic acid absorption bands at 1606, 1338, and
1188 cm™' observed in folic acid-LDH are assigned to
N-N and C-H vibration, respectively [48, 49]. Therefore,
it is clear that folic acids have successfully intercalated
into LDH.

Figure 5 shows the UV-vis absorption spectroscopy of
all samples. The folic acid shows the characteristic
absorption peak at approximately 280 nm and broad peak
at 350 nm, similar to the literature reported [50]. The
typical absorption band of the folic acid-LDH nanohybrid
exhibits a small red shift attributed to the transitions of
n — m* in carboxylate [51], which suggests folic acids are
intercalated and stabilized by electrostatic interaction with
positively charged layers of LDH. In comparison with
them, neither the ternary metal Mg/Zn/Al-LDH nor binary
metal Mg/Al-LDH shows the absorption peak at 285 nm.

Thermal stability

The TG and DTA curves of pristine LDH, folic acid and
folic acid-LDH nanohybrid are depicted in Fig. 6. For pure
folic acid, two main weight losses are observed (Fig. 6a).
The first step occurred in the temperature around 100 °C
arising from the dehydration, accompanied with an endo-
thermic DTA peak at 103 °C. The other extensive weight
loss stage, in the temperature range of 200-650 °C, mostly
attributed to the decomposition of folic acid [52]. There are
two broad endothermic peaks (255 and 588 °C) and an
exothermic peak at 310 °C in the DTA curve correspond-
ingly. By comparison, the TG curve of folic acid-LDH
shows three noticeable thermal events (Fig. 6b). The first
main weight loss with two small endothermic peaks (108
and 200 °C) occurs from 50 to 300 °C. It is mainly owing
to the evaporation of adsorbed and interlayer water,
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Fig. 5 UV-vis spectra for the folic acid, folic acid-LDH, and LDH

overlapping with trace dehydroxylation of LDH layer [46].
The following mass loss (300-500 °C) is attributed to de-
hydroxylation of the hydroxide layer and thermal degra-
dation of intercalated folic acid molecules [53].
Correspondingly, the DTA curve shows two small endo-
thermic peaks (397 and 490 °C) and a broad radiative one
at 442 °C. The last step (500-600 °C) which accompanied
with an exothermic peak at 600 °C is mostly resulted from
the strong combustion of intercalated folic molecule. All
these temperatures are higher than the decomposition
temperature of pure folic acid, which demonstrates the
thermal stability of intercalated folic acid molecule was
enhanced. It is confirmed that LDH hosts have stable
electrostatic interaction with folic acid. Furthermore, the
major weight loss of folic acid-LDH in the temperature
ranging from 250 to 600 °C is approximately 47.2%, which
is similar to the loading amount of folic acid measured by
UV-vis spectroscopy (45.2%, Table 1). As shown in the
Fig. 6c, the weight loss of Mg/Zn/Al-LDH is similar to the
folic acid-LDH, attributed to the removal of surface-
absorbed and interlamellar water and the dehydroxylation
of host layers, respectively.

Buffer effect of folic acid-LDH

Gastric fluids were mimicked to study the buffer effect of
folic acid-LDH nanohybrids by monitoring the changes on
the pH values with the addition of 1 M HCI [39]. Figure 7
depicts the correlation between pH value and volume of
added HCI. The pH curves of all samples show a profound
buffering property when pH value is around 4. The neu-
tralizing and buffering capabilities of folic acid-LDH
nanohybrid might come from its hydroxyl groups in the
layer, and this function verifies LDH’s effective role of
antacid, which is also described in previous study [19].
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Fig. 6 TG-DTA curves for a folic acid, b folic acid-LDH, and
¢ LDH

Thus, LDH is an ideal antacid to prompt the available folic
acid diffusion in simulated gastric fluid.

In vitro release of folic acid-LDH

The release profiles for folic acid-LDH nanohybrid and
physically mixed powder are presented in Fig. 8. LDH can
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Fig. 7 Titration curves of folic acid-LDH and LDH (V represents the
added volume of 1 M HCl aqueous solution)
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Fig. 8 Release profiles of folic acid from folic acid-LDH and
physically mixed powder of folic acid and Mg/Zn/Al-LDH (2/3
weight ratio)

significantly extend the release time of folic acid in buffer.
As to the physical mixture of folic acid and LDHs, the
released rate reached 87% immediately after 25 min, due
to weak electrostatic interaction between folic acid mole-
cules and LDH surface. Thereafter a slow decline of folic
acid was observed with only 80% folic acid left in solution
after 250 min, which may be attributed to the intercalation
of folic acid into LDH similar to the release of other drugs
from physical mixture reported in literature [26]. As to the
folic acid-LDH, the release curve showed a burst release of
only 67% during first 25 min when compared to the 87% of
physical mixture. And that initial burst is probably arose
from the release of the folic acid that adsorbed in the
surface of LDH particles. A more persistent and gradual
release process occurred subsequently with released
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percentage of 67, 70, and 75% after 25, 100, and 250 min,
respectively. The following sustained release may be
explained by the ion-exchange reaction between the
intercalated folic acid anions and phosphate anions in the
buffer [22, 24, 47]. In a word, it can be concluded that folic
acid-LDH shows an obvious effect of sustained release of
folic acid. This nanomaterial could help increase the
practical delivery activity of folic acid as the literature
reported [54].

As reported, the mechanism of release based on drug-
LDHs system could be either diffusion- controlled or dis-
solution-controlled by LDH particles [47]. In order to
explore the release mechanism, we applied four kinetics
models to fit the release kinetic data (Fig. 9), and calcu-
lated the corresponding linear correlation coefficients (R%)
(Table 2). Compared with the other kinetics models, the
parabolic diffusion model is the most fitted model for the
release of folic acid, which is reflected by the obviously
higher linear correlation coefficient of R? = 0.98. As the
parabolic diffusion model describes intraparticle diffusion
or surface diffusion [40], the simulation results in this study
suggest that the release process based on folic acid-LDH is
controlled by the diffusion of folic acid anions from inside
to the surface of LDH particles.

Cytotoxicity of LDH nanohybrids

Figures 10 and 11 show the viability of HEK293T cells in
the presence of different nanohybrids at various concen-
tration and incubation times, respectively. The rate of liv-
ing cell is kept around 90% after incubated with free folic
acid and pristine LDH for 48 h at different concentrations.
In comparison with them, folic acid-LDH almost has no
significant suppression efficiency. No obvious cytopatho-
logic effect is observed (Fig. 10).

Figure 11 exhibits the viability of cells treated with folic
acid-LDH decreased slightly when incubated after 72 h at a
concentration of 100 pg/mL. Similar results were found
when cells were treated at other concentrations for
respective time. Although the cells viability shows a low
degree of decrease by the incubation time-dependent, the
survival rate maintains over 80% which represents the
irreversible damage threshold of cell membrane [55].
Figure 12 shows the cell viability of HEK293T after
nanohybrid treatment for 72 h using the measurement of
lactate dehydrogenase activities. It indicated that the loss of
membrane integrity is below 20%, which is consistent with
the result of MTT assay.

Therefore, it can be confirmed that the folic acid-LDH is
hardly harm to 293T cells after 72 h incubation, and can
serve as a noncytotoxic drug delivery system. The overall
results demonstrate LDH is an appropriate and promising
delivery vector for folic acid.
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Table 2 Rate constants and correlation coefficients of the Dissolution—Diffusion Kinetic Models applied to folic acid release from folic acid-

LDH based on several models

Kinetic model Kinetic equation R? k a
Zero-order M, — My =kt + a 0.46300 0.08944 58.00651
First-order Ln(M,/My) = —kt + a 0.54873 0.00242 —0.88601
Parabolic diffusion model (1 — MMt =kt ™ + a 0.98244 0.31690 —0.02864
Modified Freundlich model 1 — MMy = kt* 0.75546 0.51630 0.06968
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Fig. 10 The effect of folic acid, folic acid-LDH, and LDH on the
growth of HEK293T cell. The cells were treated with one of three
agents for 48 h

Fig. 11 The effect of folic acid-LDH on the growth of 293T cell. The
cells have been treated for 24, 48, and 72 h, respectively
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