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Background: A new simple preparation method for a hippurate-intercalated zinc-layered
hydroxide (ZLH) nanohybrid has been established, which does not need an anion-exchange
procedure to intercalate the hippurate anion into ZLH interlayers.

Methods: The hippuric acid nanohybrid (HAN) was prepared by direct reaction of an aqueous
suspension of zinc oxide with a solution of hippuric acid via a one-step method.

Results: The basal spacing of the nanohybrid was 21.3 A, indicating that the hippurate anion
was successfully intercalated into the interlayer space of ZLH, and arranged in a monolayer
fashion with the carboxylate group pointing toward the ZLH inorganic interlayers. A Fourier
transform infrared study confirmed the formation of the nanohybrid, while thermogravimetry
and differential thermogravimetry analyses showed that the thermal stability of the nanohybrid
was markedly enhanced. The loading of hippurate in the nanohybrid was estimated to be about
38.7% (w/w), and the release of hippurate from the nanohybrid was of a controlled manner, and
therefore the resulting material was suitable for use as a controlled-release formulation. HAN
has synergistic properties with tamoxifen toward a HepG2 cell line, with an IC, value of 0.35
compared with hippurate. In the antiproliferative assay, the ratio of viable cells account for cells
treated by the combination tamoxifen with HAN to untreated cells was sharply reduced from
66% to 13% after 24 and 72 hours, respectively.

Conclusion: The release of hippuric acid anions from HAN occurred in a controlled manner,
and the resulting material is suitable for a controlled-release formulation.

Keywords: hippuric acid, nanohybrids, zinc oxide, zinc-layered hydroxide, synergistic effect

Introduction

Discovered in 1824, brucite is the natural mineral form of magnesium hydroxide. The
magnesium ions with a (2+) charge are centered to six octahedrally hydroxides with a
(1-) charge. Each hydroxide is bonded to three magnesium atoms, resulting in neutral
layers that interact with each other by weak forces.'!

Hydrotalcite and hydrotalcite-like materials are derived from the brucite structure,
and can be described by the formula Mg Al (CO,)(OH) -4H,0, formed by isomor-
phous substitution of the Mg?* with AI** and creating layers with a positive charge. These
charges are counter balanced by carbonate anions.! Substitution of the Mg?* and/or AI**
in hydrotalcite by Zn*", Co*, Mn**, Cu**, Cr*", Co**, and Fe*" can result in formation
of hydrotalcite-like materials with exchangeable counter anions, such as OH, CI,
NO,", and CO., and with the general formula [ M2 M3 (OH), | (A™),,,-nH,0,
where M?* refers to divalent cations, M>* refers to trivalent cations, and A™ refers to

x/m

the exchangeable anion with a charge (-m).>?
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A zinc-layered hydroxide (ZLH) structure is derived from
brucite, in which only zinc and hydroxyl constitute the inor-
ganic layers. These can be classified into two types, ie, Type I,
with an empirical formula of Zn,(OH),(NO,), - 2H,0, in which
zine is coordinated octahedrally with six hydroxide groups,
and the nitrate anion interlayers are directly coordinated to the
zine,* and Type II, containing two groups, in both of which
one quarter of the octahedral zinc cations are displaced from
the main layer to tetrahedral sites located above and below
each empty octahedron. Three vertices of the tetrahedron are
occupied by hydroxides shared with the octahedral sheet,
the apex is occupied by water molecules in Group Ila and
takes on a Zn (OH)(NO,), - 2H,O structure. The nitrate ions
are located between the layers and are surrounded by water
molecules.** In Group IIb, the apex is occupied by nitrate ions
which coordinate directly with the zinc tetrahedron and take
on a Zn,(OH)(NO,), structure.* This means that the anions
are coordinated directly with a zinc tetrahedron.

Inorganic nanomaterials have attracted considerable
attention due to their versatile biological applications.®’
There have been a number of recent reports of ZLH com-
pounds with beneficial intercalated organic anions, such
as 4-(2,4-dichlorophenoxybutyrate),® orange G,*!° benzoic
acid,!! succinic acid, glutaric acid and adipic acid,'? sodium
heptanoate,'® organometallic compounds, such as iron(III)
porphyrin,'* and complex compounds, such as oxalato-
oxoniobate complex.'

Hippuric acid (N-benzyl glycin) is obtained from the
urine of domestic animals and humans. It is synthesized in
the liver as a derivative of glycin, a metabolite of benzoic
acid urinary excretion.'® Biological investigation of hippuric
acid shows that it has limited antimicrobial activity at acidic
pH values!” and has synergistic potentiating actions on tumor
cell lines when mixed with other components. '

Previous work has also shown that hippuric acid can be
intercalated into Zn-Al-NO, layered double hydroxide by ion
exchange between the nitrate group in the interlayer and the
hippurate anion in solution." This study showed that during
the intercalation process, the nitrate group was not completely
replaced by the anion in solution, which may have an effect on
loading. Recently, new studies have reported that intercalation
of anions into ZLH could be directly accomplished using zinc
oxide as the starting material.*® This method does not need an
anion-exchange reaction to incorporate anions into the ZLH
interlayers. Due to the relatively few studies reported using
this method, the main purpose of this work is to intercalate
the hippuric acid anion into ZLH by direct reaction of zinc
oxide with the anion in aqueous solution.

Materials and methods

Materials

Hippuric acid (98% purity) was purchased from Merck
(Darmstadt, Germany) and used as received. Zinc oxide of
American Chemical Society reagent grade was purchased
from Fisher Scientific (Waltham, MA), and dimethy] sulfox-
ide was purchased from Ajax Finechen (Sydney, Australia)
and used without further purification. Phosphate-buffered
solution was purchased from Sigma-Aldrich (St Louis, MO).
Deionized water was used in all the experiments.

Preparation of HAN

The hippuric acid nanohybrid (HAN) was synthesized by the
direct method using zinc oxide as the starting material as reported
previously,* with minor modification. Hippuric acid solution (0.2
M) was prepared by dissolving 1.8 g of hippuric acid in 20 mL
of dimethyl sulfoxide and adjusting to 50 mL by addition of
deionized water. The zinc oxide powder (0.2 g) was suspended
in water (50 mL). Hippuric acid solution was added dropwise to
the zinc oxide suspension, with vigorous stirring until the addi-
tion was complete and the solution became clear. After adjusting
the pH to 7.9 using an aqueous solution of NaOH (0.5 mol/L),
the resulting solution was magnetically stirred for 18 hours at
70°C. The white precipitate was centrifuged, thoroughly washed
by deionized water, dried in an oven at 60°C overnight, and kept
in a sample bottle for further use and characterization.

MTT cytotoxicity assay

A human liver carcinoma cell line (HepG2) was seeded into
96-well plates and kept at 5% CO, and 37°C for 24 hours, at a
cell density of 50% confluence, and the cells were then treated
with tamoxifen alone and an equivalent cytostatic mixture of
either hippuric acid or HAN. After 72 hours of incubation,
20 uL of MTT solution (5 mg/mL) was added to each well and
incubated for 4 hours. The microplates were turned swiftly to
discard the medium, and the formazan precipitate was dissolved
in 10% sodium dodecyl sulfate in dimethyl sulfoxide containing
0.6% acetic acid. The microplates were then gently shaken in
the dark for 30 minutes, and absorbance at 570 and 630 nm
(background) was measured with a microtiter plate reader. All
experiments were carried out in triplicate. The IC, was gener-
ated from the dose-response curves for the cell line.

Antiproliferation assay

HepG?2 cells were first seeded in six-well plates when they
reached 40-60% confluence. After incubation for 24 hours for
cell attachment, exponentially growing cells were exposed to
tamoxifen (5 pg/mL) alone, and its combination with hippuric
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acid (5 pg/mL) or HAN (5 pg/mL). The plates were incubated
at 37°C, 5% CO,, for 24, 48, and 72 hours. After incubation,
the media was aspirated off, washed with cold phosphate-
buffered saline (PBS) (to get rid of the dead cells) and replaced
with 1 mL 0.05% (2 mg/mL) trypsin-EDTA. The plates were
incubated at 37°C for 10—15 minutes, until the majority of the
cells had lifted off. The cells were harvested then. The cell
suspension was centrifuged at 1000 rpm for 10 minutes, and
the supernatant discarded. Twenty microliters of cell suspen-
sion was mixed with 20 uL of 0.4% trypan blue solution.
Cells were resuspended and dye-excluding viable cells were
microscopically counted using a hemocytometer.

Characterization

Powder X-ray diffraction patterns were recorded with a Shi-
madzu XRD-6000 instrument (Shimazdu, Tokyo, Japan) using
CuK  radiation (A =1.5418 A) and a dwell time of 4 degrees
per minute. Fourier transform infrared spectra were recorded
over the 400—4000 cm™! range on a Perkin-Elmer (Boston,
MA) 1752X spectrophotometer, using an approximately 1%
sample in 100 mg of spectroscopic grade potassium bromide,
the pellets being pressed at 10 tons. The carbon, hydrogen,
and nitrogen content in the nanohybrid was analyzed on a
CHNS-932 (LECO Instruments, St Joseph, MI). The chemi-
cal composition of the samples was analyzed for zinc ions by
inductively coupled plasma atomic emission spectrometry
using a Perkin-Elmer spectrophotometer model Optima
2000DV (Perkin-Elmer) under standard conditions. Thermo-
gravimetry and differential thermogravimetry analyses were
performed in 150 pL alumina crucibles using a Metter-Toledo
instrument (Longview, WA) at a heating rate of 10 degrees
per minute in the range of 20°C-1000°C. Surface character-
ization of the materials was carried out using a nitrogen gas
adsorption-desorption technique at 77 K with a Micromeritics
ASAP2000 (Norcross, GA). The sample was degassed in an
evacuated heated chamber at 100°C overnight. The surface
morphology of the samples was observed by scanning elec-
tron microscopy using a JOEL JSM-6400 (Joel Inc, Peabody,
MA), and an ultraviolet-visible spectrophotometer was used
for elucidation of the optical properties.

Release of hippuric acid from HAN

The release of hippuric acid from the nanohybrid into media
was accomplished using an 0.08 M aqueous solution of
Na,CO,?" and a phosphate-buffered solution of pH 4.8 and
7.4%2 at room temperature. The phosphate-buffered solution
contains a number of anions, such as CI~, monobasic phos-
phate H,PO,", and dibasic phosphate HPO,*". About 85 mg

B
o<
@
~
N
-
3
©
N
>
b~
(7]
c
L
c <
- ™~
o
\—°< e<°<
~
. M

A Aol
o
o bl
O«
3 ~ =
o ~
e
]
1 | 1 | 1 | 1 | 1 | 1
10 20 30 40 50 60
20/degrees

Figure | Powder X-ray diffraction patterns of (A) ZnO, (B) HAN, and (C) HA.
Abbreviations: ZnO, zinc oxide; HAN, hippuric acid nanohybrid; HA, hippuric acid.

of HAN was added to 500 mL of the media. The accumulated
amount of hippuric released into the solution was measured at
A, =228 nm using a Perkin Elmer ultraviolet-visible spec-
trophotometer, model Lambda 35. To compare the release
rate of hippuric acid from HAN with that from the physical
mixture of hippuric acid and pristine ZLH (prepared for this
purpose), 0.6 mg of the physical mixture of hippuric acid
(0.24 mg) and ZLH (0.36 mg) was used to perform the same

hippuric acid release experiments, as stated earlier.

Results and discussion

Powder X-ray diffraction and structural
model

Figure 1A, B, and C show the powder X-ray diffraction pat-
terns for zinc oxide, HAN, and hippuric acid, respectively.
As reported in the literature, the zinc hydroxide nitrate has a
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sharp reflection peak with d spacing of 9.74 A at 26 =9.12
due to the 200 plane of the monoclinic structure.?? After the
intercalation process, the basal distance increased by more
than 9.74 A. The expansion is due to the spatial orientation and
the dimensions of the intercalated compounds.” Figure 1A
shows that zinc oxide has five intense peaks between 30° and
60°, corresponding to diffractions due to the 100, 002, 101,
102, and 110 planes. The X-ray diffraction patterns of HAN
are shown in Figure 1B, without any reflections of the zinc
oxide phase and at same time displaying a sharp intense peak
at a low 20 angle, with d spacing of 21.3 A, which indicate
successful intercalation of the hippurate anions into the
interlayers of zinc-layered hydroxide. In addition, Figure 1B
shows another four harmonics at 20 = 8.32°, 12.50°, 16.68°,
and 20.84°, with d values 0of 10.7,7.1,5.3,and 4.3 A, respec-
tively, resulting in an average d value of 21.3 A.

The mechanism of formation of HAN synthesized by
direct reaction of zinc oxide in an aqueous environment can
be described as follows.*?* Thin layers of zinc hydroxide, ie,
Zn(OH),, form on the surface of the solid particles as a result
of hydrolyzed zinc oxide in an aqueous environment; Zn**
species form by dissociation of Zn(OH), in a solution-solid
interface; and Zn*" ions react with hydroxyls, hippurate anions,
and water in solution to form the layered HAN compound.

Figure 2A shows the three-dimensional molecular size of
hippuric acid estimated by Chemoffice software (Cambridge,
MA). The long and short axes and molecular thickness of
hippuric acid are 11.3, 7.4, and 4.1 A, respectively. Based on
the average basal spacing of 21.3 A for HAN observed by
X-ray diffraction, and subtracting the thickness of the brucite
layer (4.8 A) and 2.6 A for each zinc tetrahedron,’ the gallery
height is calculated to be 11.3 A, which is identical to the
longest axis of hippuric acid. Therefore, it is proposed that

11.3A
A N
0
OH
N
Y
0
® Oxygen
@ Nitrogen
@® Carbon
O Hydrogen .
4.1A &2

hippurate molecules are arranged in a vertical monolayer, as
shown in Figure 2B.

Fourier transform infrared spectroscopy
The Fourier transform infrared spectra for pure hippuric acid
and HAN are shown in Figure 3. The main Fourier transform
infrared absorption bands for hippuric acid and HAN are
listed in Table 1. Figure 3A shows intense sharp bands at
3342 cm™ and 3072 cm™ which are assigned to the N-H
stretching mode.” A band at 2938 cm™' can be attributed to
C—H stretching.?® An intense sharp band at 1760 cm™ and
1744 cm™ is due to the C=0 stretching of COOH.?’ The
bands at 1621 cm™ and 1608 cm™ are due to 8 (N—-H).* The
band at 1558 cm™ is due to a C=C in the benzene ring. Other
band assignments are shown in Table 1.

The Fourier transform infrared spectrum of HAN in
Figure 3B shows similar bands, characteristic of pure hip-
puric acid. This indicates that the hippuric anions have
been intercalated into the interlayer galleries of the ZLH.
A broad absorption band at around 3427 cm™! is assigned
to O—H stretching.”® The absence of the absorption bands
at 1760 cm™ and 1744 cm™', which are due to a carboxylic
group (COOH), clearly indicates that the hydrogen ions
in the hippuric acid molecules are removed and that the
hippurate anion is attached to the positively charged inor-
ganic ZLH interlayers. The asymmetric stretching of the
carboxylate group between 1551 cm™ and 1578 cm™!,527:%
as well as the symmetric vibration at 1412 cm™', confirm
the intercalation of the hippurate, and the formation of
HAN. Some of the bands are slightly shifted in position
due to the interaction between hippurate anions as a host
interlayer, as a result of the intercalation process that is
shown in Table 1.
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Figure 2 Molecular structure of HA and three-dimensional molecular size of (A) HA and (B) spatial orientation of hippuric acid in ZLH inorganic interlayers.

Abbreviations: HA, hippuric acid; ZLH, zinc layered hydroxide.
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Figure 3 Fourier transform infrared spectra of (A) HA and (B) HAN.
Abbreviations: HA, hippuric acid; HAN, hippuric acid nanohybrid.

Thermal stability

One of the most important physicochemical properties of
the ZLH nanohybrid is its thermal stability. In the case of
pure hippuric acid, the thermogravimetry and differential
thermogravimetry analyses (Figure 4A) showed a single
sharp weight loss starting at 188°C, but no weight loss could
be observed below this temperature. Hence the hippuric acid
was found to be stable up to 188°C. The nature of the weight
loss illustrates volatilization rather than degradation®® with
81.5% weight loss occurring at 188°C—433°C.

The thermal behavior of HAN (Figure 4B) shows five
stages of weight loss between 51°C and 701°C. The first
and second weight loss steps between 51°C and 120°C and
between 127°C and 180°C are attributed to the removal
of surface physisorbed water molecules with 7.2% and

Table | Fourier transform infrared assignments for HA and
HAN25,27,30,3 |

Assignments HA HAN

v (O—H) in the layer; H,O - 3428

v (N=H) 3342 -
3072

v (C—H) 2938 2930

v (C=0) in COOH 1760 -
1744

v, (COOY) - 1578-1551

v, (COO") - 1412

3, (N—H) 1621 1613
1608

C—H deformation 1490 1492

8, (CH,) 1336 1297
1318
1304

v (C=C) 1258 922
943 833
851

8, (CH), in plane bend 1180 1187

1160

8, (CH,) 1079 1078
1030 1030
1000 1004

§, (CO0O") - 717

Abbreviations: HA, hippuric acid; HAN, hippuric acid nanohybrid.

intercalated structure water with 6.3% mass reduction,
respectively. Correspondingly, the differential thermogra-
vimetric curve shows two peaks at 101°C and 159°C. The
other stages of weight loss are due to dehydroxylation
of the hydroxide layers and elimination and combustion
of the hippurate anions, which are usually overlapping.®
Therefore, the stages between 251°C and 700°C are due to
these thermal behaviors, with a total weight loss of 36.6%.
The differential thermogravimetric curve shows one peak at
607°C, which corresponds to decomposition of the benzene
ring.* Table 2 shows the elemental analysis of HAN which
contains 23.3% carbon, 3.5% hydrogen, and 3.1% nitrogen;
the loading percentage of hippuric acid in the nanohybrid
is 38.7%. It should be noted that the temperature region in
HAN is obviously higher than that of pure free hippuric acid,
suggesting that the thermal stability of organic hippuric acid
species in HAN is clearly enhanced due to the interaction
between hippurate anions and the positively charged host,
ie, ZLH.

Optical properties

Ultraviolet absorbance curves for hippuric acid and HAN are
shown in Figure 5A. For hippuric acid, the absorption peaks
are observed at 223 nm and 280 nm, due to T—7* and n—7w
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Figure 4 Thermogravimetric and differential thermogravimetric analyses of (A) HA and (B) HAN.

Abbreviations: HA, hippuric acid; HAN, hippuric acid nanohybrid.

transitions. In the nanohybrid, HAN, the peaks are shifted to
225 nm and 285 nm, respectively. The small shift of about
AM . = 2-5 nm, suggests that the positively charged layers
of ZLH withdraw electrons of the carbonyl group* into the
hippurate anion. These results also confirm that the hippuric
acid molecules are stabilized by electrostatic interaction with
the positively charged ZLH. In order to calculate the band
gap energy of HA, HAN, and zinc oxide, the optical proper-
ties of the materials were studied using the Kubelka-Munk
equation:®

(M

where F is the Kubelka-Munk, h is Planck’s constant, Eg
is the band gap energy in eV. The band gap energy can be
obtained by plotting the (F-hv)? against hv. Using the data
obtained from Figure 5B, the band gap energy E, for zinc

(F-hv)>=A(hv — E)

oxide is 3.27 eV, showing a typical band gap energy for zinc
oxide.* The band gap for HAN is 3.94 ¢V, compared with
3.39 eV for pure hippuric acid.

Surface characterization

Figure 6A shows the adsorption-desorption isotherms
for zinc oxide and HAN. As shown in Figure 6A, the

Table 2 Physicochemical properties of ZnO and HAN

adsorption-desorption isotherm for zinc oxide is Type IV by
International Union of Pure and Applied Chemistry classifi-
cation, showing a mesopore type of material. The adsorbate
uptake is slow at the relative pressure range of 0.0-0.9, after
which rapid adsorption can be observed. The optimum uptake
is only about 8 cm¥/g, indicating a low capacity for uptake
of nitrogen gas.

The isotherm for HAN was not very different from that for
zinc oxide, ie, the Type IV isotherm still remained. However,
for HAN, the adsorption increased fairly rapidly at low relative
pressure in the range at 0.0-0.05, followed by slow uptake
of the adsorbent at a relative pressure of 0.05-0.8. Further
increase of the relative pressure to >0.8 resulted in rapid
adsorption of the absorbent, and reached an optimum peak
at 27 cm?/g. The desorption branch of the hysteresis loop for
zinc oxide is much narrower compared with HAN, indicating
a different pore texture for the resulting material. As a result of
nitrogen adsorption, the surface area of the materials as deter-
mined by the BET method is shown in Table 2. The increase
in surface area from 6 m*/g for zinc oxide to 12 m*g for HAN
is due to a change in the pore texture as a result of formation
of the nanohybrid compound, which indicates a decrease in
the pore size and an increase in the pore volume.

Sample C% H% N% Zn Anion BET surface BJH pore BET average BJH average
(%wiw) (%wiw) area m%/g volume cmd/g pore diameter A pore diameter A

ZnO - - - (80.3) - 6 0.01 64 I

HAN 233 35 3.1 38.3° 38.7° 12 0.04 107 130

Notes: Values in parentheses are theoretical value. *Estimated from CHNS analysis; *estimated from ICP analysis.
Abbreviations: HA, hippuric acid; HAN, hippuric acid nanohybrid; ZnO, zinc oxide; BJH, Barret-Joyner-Halenda; BET, Brunauer, Emmett, and Teller.
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Figure 5 Solid-state ultraviolet-visible spectra of (A) pure HA and its nanohybrid, HAN and (B) a Kubelka-Munk plot of HA, HAN, and ZnO.
Abbreviations: HA, hippuric acid; HAN, hippuric acid nanohybrid; ZnO, zinc oxide.
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Figure 6 (A) Adsorption-desorption isotherms and (B) BJH pore size distribution for HAN and ZnO.
Abbreviations: BJH, Barret-Joyner-Halenda; HAN, hippuric acid nanohybrid; ZnO, zinc oxide.

Figure 7 Field emission scanning electron microscopic images of (A) ZnO with 50,000x magnification, (B) HAN with 25,000x magnification and (C) HAN at higher

magnification 50,000x.
Abbreviations: ZnO, zinc oxide; HAN, hippuric acid nanohybrid.
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Figure 6B shows plots of the Barret-Joyner-Halenda
(BJH) desorption pore size distribution for zinc oxide and
HAN. As shown, a single-peak pore size distribution is
observed for zinc oxide, centered at around 33 A. On the other
hand, the HAN sample showed a single peak at 68 A. The
average pore diameter by BET or BJH desorption is shown
in Table 2. The average BET pore diameter increased from
64 A to 107 A for zinc oxide and HAN, respectively. The
BJH desorption pore volume increased from 0.01 cm?/g for
zinc oxide to 0.04 cm®/g for HAN.

The surface morphology of the samples for zinc oxide and
HAN studied by field emission scanning electron microscopy
are shown in Figure 7. Zinc oxide has a nonuniform granu-
lar structure without any specific shape, and with various
sizes (Figure 7A). This structure was transformed into a
rod-like agglomerated structure with nonuniform size, as
shown in Figure 7B and C, when intercalation of hippuric
acid into the interlayers of ZLH took place.

Release behavior of HA

The release profiles for hippuric acid from HAN, and the
physical mixture of hippuric acid with ZLH in an aqueous
solution of 0.08 M Na,CO, and phosphate-buffered solution
at pH 7.4 and pH 4.8 are shown in Figure 8. It can be seen
(Figure 8D, E, and F) that the physical mixture exposed to
Na,CO, and phosphate-buffered solution at pH 4.8 and 7.4
released hippuric acid quickly and completely at 16, 37, and
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Figure 8 Release profiles of HA from the HAN into (A) phosphate-buffered solution
at pH 4.8 and (B) pH 7.4 and in (C) aqueous solution containing 0.08 M Na,CO,. Inset
shows release profiles of physical mixture of HA with ZLH into phosphate-buffered
solution at (D) pH 4.8 and (E) pH 7.4 and (F) aqueous solution of Na,CO,.
Abbreviations: HA, hippuric acid; HAN, hippuric acid nanohybrid; ZLH, zinc-layered
hydroxide.

50 minutes for pH 4.8, pH 7.4, and Na,CO,, respectively. The
release rate of hippuric acid from HAN was obviously very
much lower than that from the physical mixture, indicating
that the HAN nanohybrid is a potential controlled-release sys-
tem. This may be due to the electrostatic attraction between
the interlayers of ZLH and the hippuric acid molecules that
were intercalated.

The hippuric acid release profiles from HAN into 0.08 M
Na,CO, solution (Figure 8C) showed a fast release at the
beginning, 39% for the first 2 hours, followed by a relatively
slower stage of 95.7% for the second 70 hours. The early
stage of fast release is possibly attributable to the release of
hippuric acid anions from the external part of the nanohy-
brid structure, and the slow release is due to the exchange
of hippuric acid in the internal part of the interlayers with
anions in solution.

Figure 8 A and B show the release profiles of hippuric acid
into phosphate-buffered solution at pH 4.8 and 7.4, respec-
tively. The release rate of hippuric acid from the nanohybrid
obviously depends on the pH; the release rate at pH 7.4 is
remarkably lower than that at pH 4.8. The percentage release
of hippuric acid from the nanohybrid reaches 99.8% within
about 21 hours when exposed to the pH 4.8 solution. When
the pH of the solution was changed to 7.4, the release rate
of hippuric acid was lower, with the time taken for 56.4%
release being 63 hours.

The different release rates at pH 4.8 and 7.4 are possibly
due to the different release mechanism for hippuric acid from
the inorganic host interlayers. At an acidic pH, ZLH may
be easily dissolved and the release of the interlayer anions
might occur due to the disintegration of the ZLH interlayers
together with the ion exchange process. On the other hand,
at pH 7.4, ZLH are more stable, and as a result, release
would occur through an anion exchange process involving
the intergallery of ZLH.

Release kinetics of hippuric
acid from HAN

In order to study further the release behavior of hippuric
acid from HAN, first-order’” and pseudo-second order™®
models were chosen to investigate the release kinetics of
this system:

Log(M/M ) = K t ©)
t/q,= 1/k,q .+ t/q, 3)

where M and M, are the amount of hippuric acid between
the layers at release time 0 and t, respectively; k is the cor-
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Figure 9 Fitting of the data for HA release from HAN into various solutions to the first-order, pseudo-second order kinetics and the Bhaskar equation for 0.08 M Na,CO,
(A and B), pH 7.4 (C, D, and G) and pH 4.8 (E, F, and H).
Abbreviations: HA, hippuric acid; HAN, hippuric acid nanohybrid.

responding release rate constant; q, and q, is the amount

released at equilibrium and at time t, respectively.

For the last two kinetic models, the fitting results of
hippuric acid release data are given in Figure 9 and Table 3.
Figure 9B shows that the pseudo-second order kinetic model

Table 3 Correlation coefficient (r?), rate constant (K), and half-time (t

can be used better to describe the hippuric acid release

behavior in Na,CO, solution with a correlation coefficient

12

into 0.08 M Na,CO, and in phosphate-buffered solution at pH 7.4 and pH 4.8

of R? = 0.9907 and a rate constant of 0.001 g/mg-hour.
The same kinetic models were also applied to the phos-
phate-buffered solution at pH 7.4. Figure 9C shows that

) obtained by fitting the data of the release of HA from HAN

Aqueous Saturation r? Rate constant (k) t,, (hours)
solution release (%) First-order Pseudo-second order Bhaskar equation

Na,CO, 95.7 0.9865 0.9907 0.9802 0.001 g mg'-h™'? 9.35°

pH 7.4 56.4 0.9937 0.9252 0.9817 0.012 h'* 57.8°

pH 4.8 99.8 0.7361 0.1298 0.8133 _ 0.09¢
Notes: *Estimated using pseudo-second order kinetics; bestimated using first-order kinetics; ‘estimated using the Bhaskar equation.
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Figure 10 MTT assays of HepG2 cells after 72 hours of treatment with combination
of tamoxifen with HA (B), HAN (C), and ZLH (D). Inset shows MTT for free
tamoxifen (A).

Abbreviations: Tam, tamoxifen; HA, hippuric acid; HAN, hippuric acid nanohybrid;
ZLH, zinc-layered hydroxide.

the release profile at pH 7.4 fitted better with the first-
order kinetics model, having a correlation coefficient of
R?=10.9937 and a rate constant of 0.012 per hour, and a
similar result was obtained for a captopril-layered double
hydroxide composite.* The fitting results at pH 4.8 are
shown in Figure 9E and F. The release of hippuric acid did
not obey either equation, with correlation coefficients of
R?=0.7361 and 0.1298 for first-order and pseudo-second
order kinetics, respectively.

The drug release could be controlled by diffusion through
the layered double hydroxide, or by the diffusion through the
solution layer surrounding the particle. The release rate of

the drug molecules would be determined by the slower step
of these two processes. Bhaskar et al*® developed a simple
procedure to establish whether diffusion through the particle
was the rate-limiting step:

In (1 - X) =~1.59(6/d "> DO 065 )

where dp is particle diameter, D is diffusivity, and X is the
release fraction.

This equation suggests that particle diffusion can be fit-
ted to Eq (4), by plotting log (1 — X)) versus t*®. The good
linear relationship indicates that diffusion through the ZLH
particles is the rate-limiting step. This method was applied
to the experimental data for different pH values. The results
are shown in Figure 9G and H. The correlation coefficient
(R>=0.9817) was obtained for phosphate-buffered solution at
pH 7.4 (Figure 9G), while for pH 4.8 solution, the correlation
coefficient was R? = 0.8133 (Figure 9H).

AtpH 4.8, the release of hippuric acid from HAN did not
follow the first-order or the Bhaskar equation very well. This
phenomenon was presumably due to coeffect behavior,? ie,
dissolution of the nanoparticles and ion exchange between
the intercalated anions in the interlayer host and phosphate
anions in the buffer solution. Table 3 shows the t , time
release of hippuric acid in Na,CO, and phosphate-buffered
solution at pH 7.4 and 4.8 which was 9.35 hours (for pseudo-
second order kinetics), 57.8 hours (for first-order kinetics),
and 0.09 hours (for the Bhaskar equation), respectively.

Synergistic effect study of HAN with

tamoxifen and antiproliferative assay

An MTT assay was conducted to observe the effect of tamox-
ifen on a human liver carcinoma cell line (HepG2), as well
as the synergistic potentiating effect of hippuric acid and
HAN with tamoxifen (Figure 10). The HepG2 cell line was
treated with serial dilutions of tamoxifen from 20 pg/mL to

Table 4 Untreated HepG2 cells during incubation with tamoxifen alone, and combination of tamoxifen with HA, HAN, and ZLH

Concentration
of Tam (ug/mL)

Untreated cells (%)

Concentration of Tam:
HA or HAN or ZLH

Untreated cells (%)

HA HAN ZLH
(ug/mL)

20.0 25.1 20:20 20.8 1.9 16.4
10.0 37.1 10:10 35.7 17.7 332
5.0 385 5:5 355 19.0 344
2.5 48.6 2.5:2.5 448 239 447
1.25 55.0 1.25:1.25 54.0 27.7 55.0
0.625 74.1 0.625:0.625 72.1 333 733
0.3125 80.8 0.3125:0.3125 77.2 52.4 83.2
0.00 100.0 0:0 100.0 100.0 100.0

Abbreviations: Tam, tamoxifen; HA, hippuric acid; HAN, hippuric acid nanohybrid; ZLH, zinc-layered hydroxide.
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Figure |1 Antiproliferative assay of HepG2 cells after, 24, 48 and 72 hours of treat-
ment with free tamoxifen and combination of tamoxifen with HA and with HAN.
Abbreviations: Tam, tamoxifen; HA, hippuric acid; HAN, hippuric acid nanohybrid.

0.3125 pg/mL for 72 hours, and Figure 10A shows that the
IC,, value is 2.23 ug/mL.

To investigate the synergistic potentiating effect of hippu-
ric acid and HAN with tamoxifen toward HepG2 cells, we used
a combination of components. The composition of tamoxifen,
hippuric acid, and HAN are shown in Table 4 and Figure 10B
and C. Table 4 shows that the cytotoxicity of tamoxifen at 0.62
pg/mL was 2.2-fold greater when HepG2 cells were co-treated
with 0.62 pg/mL HAN, whereas co-treatment with hippuric
acid only has not increased this toxicity. The combination of
tamoxifen with HAN had an approximately 6.4 time lower IC_
(0.35 pg/mL) value than that for those treated with tamoxifen

Table 5 Antiproliferative assay of HepG2 cells after 24, 48 and
72 hours of treatment with free tamoxifen and combination of
tamoxifen with HA and with HAN

Concentrations x10° cell x10° cell x10° cell
count in count in count in
24 hours 48 hours 72 hours

Untreated 5.6 12.3 21.2

5 ug Tam 49 5.2 7.5

5 ug Tam + 49 5.1 7.2

5 ug HA

5 png Tam + 37 34 29

5 ug HAN

Abbreviations: Tam, tamoxifen; HA, hippuric acid; HAN, hippuric acid nanohybrid.

only (2.23 pg/mL). MTT results demonstrated that this com-
bination has a higher inhibitory effect on the cell growth of
human liver cancer cells when compared to tamoxifen alone.
It is worth mentioning that the combination of tamoxifen with
ZLH in Figure 10D has an IC, of 1.86 ug/mL.

Figure 11 shows the antiproliferative effect of free
tamoxifen and a combination of hippuric acid and HAN
on HepG2 cells at various incubation times of 24, 48, and
72 hours. Table 5 shows that the cell counts for untreated
HepG2, viable (unstained) cells were 5.6, 12.3, and 21.2
(x10%) cells/mL for exposure times of 24, 48, and 72 hours,
respectively. As expected, the percentages of cell survival
of tamoxifen-treated HepG2 cells were reduced markedly
with increase in the exposure time compared to control
cells (nontreated cells). The ratio of the viable cell counts
for those cells treated by the combination tamoxifen with
HAN to untreated cells was sharply reduced from 66% to
13% after 24 and 72 hours, respectively, and this reduction
in cell growth was higher than that shown for tamoxifen only.
Supporting the MTT results, the combination of tamoxifen
with HAN showed this inhibitory effect when compared to
tamoxifen only. This is because HAN can permeate across
the cell membrane much more effectively than hippuric acid
alone, and increase the synergistic effect of hippuric acid with
tamoxifen in the cells. This indicates the delivery function
of nanoparticles.

Conclusion

This study shows a simple preparation method for a ZLH-
hippurate nanohybrid, HAN can be formed in an aqueous
environment via a one-step method, in which an aqueous
suspension of zinc oxide is reacted directly with hippuric
acid solution. This method does not need preparation of ZLH
in advance, and is followed by an anion exchange step to
intercalate the guest hippurate anion into the ZLH interlayers.
Therefore, this method is relatively simple and cost-effective.
The resulting nanohybrid has a basal spacing of 21.3 A, with
38.7% (w/w) loading of the active. Fourier transform infrared
results demonstrated an interaction between the negatively
charged carboxyl group on hippuric acid and the inorganic
interlayers of ZLH. The intercalation process resulted in
improved thermal stability of hippuric acid compared with
free hippuric acid. The release of hippuric acid anions from
HAN was found to occur in a controlled manner, so the result-
ing material is suitable for a controlled-release formulation.
HAN showed synergistic activity with tamoxifen toward the
HepG2 cell line, with an IC | value of 0.35 compared with
hippuric acid.
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