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INTRODUCTION

In view of the great challenges in curing cancer, chemo-
therapy is still a successful medical protocol in its treatment.
An important chemotherapeutic agent that has been widely
used is 5-fluorouracil (5-FU). It is a water-soluble pyrimidine
analogue that rapidly enters body cells and is converted to the
active metabolites that disrupt RNA synthesis and acts as an
inhibitor of thymidylate synthase, a nucleotide synthesis
enzyme [1]. It is effectively used in the treatment of various
kinds of cancers including colon, breast and skin [2-4].
However, 5-fluorouracil is poorly adsorbed and has a short
plasma half-life of about 0.5 h [5]. The rapid enzymatic
metabolism of S5-fluorouracil requires continuous administration
of high doses which lead to high toxicity [6]. Encapsulation
of 5-fluorouracil in a delivery system may help in overcoming
some drawbacks associated with the use of 5-fluorouracil and
may allow for oral administration. In this study, loading of
5-fluorouracil onto zeolite nanoparticles and its release into
simulated body fluid (SBF) have been investigated.

Zelites are microporous aluminosilicate materials charac-
terized with their well-ordered pore structures, high specific
surface area of excess than 400 m%/g and their good stability
in different media [7,8]. With these attractive properties,
zeolites have been used as adsorbents, heterogeneous catalysts
and recently as drug delivery systems (DDS’s). As a microporous
material, zeolites were employed as carriers for small size
drugs, such as loading of zeolite Y with sulfonamide antibiotics
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[9], a-cyano-4-hydroxycinnamic acid [10], doxorubicin [11]
and aspirin [12]. Microparticles of the zeolites HY [13], zeolite
NaX-FAU [14] and ZSM-5 [15] have been studied as drug
delivery system for 5-fluorouracil. Recently there is an increa-
sing interest in using nanoparticles for drug delivery, due to
their nano scale particle size and relatively high surface area.
In addition, they have certain capabilities such as enhancement
of drug distribution, decreasing drug toxicity, improving drug
solubility and increasing drug stability. The first nano-based
drug (Doxil) was approved in 1995 [16]. In this study, nano-
particles of ZSM-5 with different SiO,/Al,O5; were loaded with
5-fluorouracil and then used to study the release profiles of
5-fluorouracil into simulated body fluid at 37 °C.

EXPERIMENTAL

Tetraethyl orthosilicate (TEOS) (Aldrich Chemicals),
aluminum nitrate nonahydrate (Sigma-Aldrich), sodium
chloride (BDH), barium chloride dihydrate (Merck), calcium
chloride dihydrate (Merck), magnesium chloride hexahydrate
(SD fine-Chem Limited), sulfuric acid (98 %, SD fine-Chem
Limited), ammonium nitrate (RPL), sodium bicarbonate
(Merck), KC1 (Riedel de Haén), dipotassium hydrogen
trihydrate (Merck), Sodium hydroxide pellets (BDH), sodium
sulfate (Merck), hydrochloric acid (35 %, SD fine-Chem
Limited), nitric acid (95 %, Merck), 5-fluorouracil (Acros
Organics, 99 %) and tris(hydroxymethyl)aminomethane
(Merck) were used as received.
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Preparation of ZSM-5 nanoparticles: Nanoparticles of
zeolite ZSM-5 with different molar SiO./Al,Os ratios were
prepared following a literature procedure [17], with some
modifications. In a typical procedure: Tetraethyl orthosilicate
(12.50 g) was added to a solution containing tetrapropylammo-
nium hydroxide (12.00 g, 25 m % in water) and deionized
water (50.0 mL). The flask containing the mixture was placed
in a water bath/shaker at 80 °C for 24 h. A solution of appro-
priate amount of aluminum nitrate nonahydrate (0.45, 0.75 or
1.50 g), sodium hydroxide (0.24 g) and deionized water (4.00 g)
was prepared and added to the mixture. The mixture was then
placed in an autoclave lined with Teflon and heated at 170 °C
for 24 h, for crystallization. The molar composition of the gel
was: 1510,:nALLO3:0.25TPAH:0.5Na,0:50H,0. The value of
nis dependent on the amount of aluminum nitrate nonahydrate
used. The product was collected by centrifugation and calcined
at 550 °C for 6 h. The ZSM-5 nanoparticles were coded as
n-ZSM-5(30), n-ZSM-5(60) and n-ZSM-5(100). The chemical
composition of samples was determined using an X-ray fluore-
scence spectrometer (SHIMADZU model XRF-1800).

Preparation of the acid-activated ZSM-5 nanoparticles:
Nanoparticles of the zeolite (sodium form), n-ZSM-5, was acid
activated into n-H-ZSM-5 using the following typical proce-
dure: a sample of n-ZSM-5 (1.00 g) was added to a solution
of ammonium nitrate (50.0 mL; 2.0 M) and the mixture was
placed in a water bath/shaker at 80 °C for 24 h, to obtain the
ammonium exchanged zeolite, n-NH,;-ZSM-5. The ammonium
form of the zeolite was transformed to the acid form by
calcination at 500 °C for 4 h [18]. The acid activated samples
were coded as n-H-ZSM-5-(30), n-H-ZSM-5-(60), n-H-ZSM-
5-(100).

Characterization of the ZSM-5 nanoparticles: All
samples of ZSM-5 (sodium form, acid form and drug-loaded)
were characterized by using X-ray powder diffraction (XRD).
The XRD spectra were measured using XRD-7000 Shimadzu
diffractometer (Cu-K,, radiation source, A = 1.5418 /&) at a
scan rate of 2 °C/min.

Morphologies of ZSM-5 nanoparticles were monitored
by SEM using an FEI-FEG INSPEC F50 instrument. Random
micrographs of the nanoparticles were taken at different magni-
fication powers. The thermogravimetric data was used to
evaluate the loading capacity of the drug-loaded samples. The
thermogravimetric curves were recorded at a heating rate of
20 °C per min under nitrogen and in the temperature range,
room temperature-1000 °C, using Netzsch Sta 409 PC instru-
ment (NETZSCH-Ger) and a Mettler-Toledeo DSC 823 E
instrument. Supporting evidence for the drug loading onto
ZSM-5 was also obtained from FTIR-spectrometry. FTIR
spectra (4000-400 cm™, KBr pellets) of the drug, unloaded
ZSM-5 and drug-loaded ZSM-5 nanoparticles were recorded
using a Thermo Nicolet NEXUS 670 FT-IR spectrometer.

Loading of 5-fluorouracil into ZSM-5 and H-ZSM-5
nanoparticles: 5-Fluorouracil was loaded into samples of
nanoparticles of ZSM-5 having different Si0./Al,O; molar
ratios via the following general procedure: A solution of 5-
fluorouracil (0.4 g) in water (25.0 mL) was added to a flask
containing nanoparticles of ZSM-5 (0.2 g). The mixture was
stirred in the dark at room temperature for 24 h. The drug-

loaded nanoparticles were separated using high speed
centrifuge and then dried under vacuum at 60 °C for 2 h.

Loading capacity measurements: The loading capacities
of drug-loaded samples were determined by TGA within the
temperature range 25-1000 °C. The loading capacities were
also determined by UV-visible absorption spectrophotometer.
In this case, a predetermined amount of drug-loaded carrier
(0.0150 g) was suspended in deionized water (100 mL) and
the mixture was stirred for 24 h at room temperature. The mix-
ture was then filtered and the concentration of 5-fluorouracil
was determined by measuring the absorbance at 266 nm using
Cary 100 Bio UV-visible spectrophotometer (Varian). The total
amount of drug in the carrier was calculated with reference to
a calibration curve in deionized water.

in vitro Release studies: The in vitro release studies help
in evaluating the drug carrier and its suitability for in vivo
applications. The in vitro release of 5-fluorouracil out of the
loaded samples was carried out using the dialysis method
(dialysis bag diffusion technique). An exactly measured sample
(about 0.0500 g) of zeolite loaded with 5-fluorouracil was
introduced into a dialysis bag (MWCO = 3500 Da) containing
simulated body fluid solution (2 mL; pH = 7.4). The sealed
dialysis bag was immersed in a flask containing 198 mL
simulated body fluid (SBF). The flask was covered and placed
in a shaking water bath at 37 °C and at constant shaking rate
of about 50 shakings per min. At predetermined time intervals
(0.083, 0.25, 0.50, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10.0 h), an aliquot (2 mL) was withdrawn from the flask and
replaced by an equivalent amount of fresh simulated body fluid,
to maintain a constant volume. The release experiments were
conducted in triplicate. The concentration of 5-fluorouracil
released was determined by measuring the absorbance at 266
nm relative to a calibration curve of 5-fluorouracil in simulated
body fluid. The absorbance was measured using a Cary 100
Bio UV-visible spectrophotometer (Varian).The simulated
body fluid was prepared following a literature procedure [19]
by dissolving the following salts into 1 L solution of deionized
water: 8.036 g NaCl, 0.352 g NaHCO;3, 0.225 g KCl, 0.230 g
K,HPO,-3H,0, 0.311 g MgCl»-6H,0, 40.0 mL 1M HClI, 0.388
g CaCl,-2H,0, 0.072 g Na,SO, and 6.063 g tris(hydroxymethyl)-
aminomethane. The pH was adjusted to 7.4 by using 1.0 M HCI.

RESULTS AND DISCUSSION

Synthesis and characterization of nanoparticles of ZSM-
5 and H-ZSM-5: Nanoparticles of ZSM-5 (sodium form) were
prepared with three different SiO»/Al,O; molar ratios by using a
constant amount of tetraethylorthosilicate and changing the mass
of aluminum nitrate in the hydrogel (Table-1). As clearly seen in
Table-1, the Si0O,/Al,O; molar ratio in the final product is less
than that in the precursor gel indicating that not all tetraethyl-
orthosilicate participate in the polymerization process. The
produced nanoparticles were separated by centrifugation, washed
with deionized water and then calcined at 550 °C to remove the
template. Zeolite ZSM-5 nanoparticles were then acid activated
into n-H-ZSM-5 via a two-step procedure; the first step involves
exchange of the sodium ions by ammonium ions to form (n-
NH,-ZSM-5) and then transformation of the ammonium form
into the acid form via pyrolysis.




Vol. 28, No. 7 (2016)

in vitro Evaluation of Zeolite Nanoparticles as Carrier for Delivery of 5-Fluorouracil 1481

TABLE-1
Si0, TO ALO; RATIO BASED ON THE AMOUNT
OF ALUMINUM NITRATE NONAHYDRATE
AND TETRAETHYLORTHOSILICATE

Mass of Mass of .
Sample codes  AI(NO,);9H,0)  (EtO)Si 51012’ UG
() @ (molar ratio)
n-ZSM-5-(30)* 1.50 125 30 (17)*
n-ZSM-5-(60) 0.75 125 60 (41)
n-ZSM-5-(100) 0.45 125 100 (75)

*The number in brackets is the molar ratio of SiO,/Al,O;in the starting
gel. **The molar ratio of Si02/Al203 in the final product.

The XRD spectra of n-ZSM-5 with different Si0-/Al,05
molar ratios appear almost the same and show the characteristic
peaks of MFI structure. The XRD spectra of acid-activated
samples are also in full agreement with the typical pattern for
zeolite ZSM-5 confirming that zeolite ZSM-5 keeps its
structure upon acid activation, as shown in the example given
in Fig. 1.
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Fig. 1. XRD spectra of n-ZSM-5-(100) and n-H-ZSM-5-(100)

0

The formation of zeolite nanoparticles was confirmed by
scanning electron microscopy. Estimates of the particle sizes of
n-ZSM-5 and n-H-ZSM-5 and their morphologies were obtained
through SEM micrographs. The particles have hexagonal pris-
matic shapes with particle size distributions in the range of
300-400 nm. Fig. 2 shows the micrographs of n-ZSM-5-(60)
and n-H-ZSM-5-(60).

Loading of 5-fluorouracil onto n-ZSM-5 and n-H-ZSM-5:
5-Flourouracil is relatively a small molecule with approximate
dimensions 0of 4.9 x 5.3 A. Attempts to use mesoporous materials
with large pores for loading of small size drug molecules result
in low percent loading. Accordingly and in order to increase the

Fig. 2. SEM micrograph of (a) n-ZSM-5-(60) and (b) n-H-ZSM-5-(60)

drug loading capacity, the micro-porous zeolite ZSM-5 was
chosen. 5-Fluorouracil was loaded onto samples of n-ZSM-5
and n-H-ZSM-5 with different Si0O,/Al,O; molar ratios by the
impregnation method. The highest percent loading was
obtained using an aqueous medium of 0.40 mg of 5-fluoro-
uracil and 0.20 g of the zeolite carrier in 25.00 mL DI water
with stirring for a period of 24 h at room temperature. Loading
of the drug onto the ZSM-5 was confirmed by FTIR-spectro-
metry and XRD spectra. Comparison of the FTIR spectra of
n-ZSM-5, 5-fluorouracil and loaded n-ZSM-5, in the region
2000-400 cm™ (Fig. 3), confirms the presence of the drug in
the loaded zeolite. The band at 1770 cm™, that does not appear
in the spectrum of unloaded zeolites, appears as a strong band
in the spectrum of free 5-fluorouracil and as a weak band in
the spectra of loaded samples of n-ZSM-5 and n-H-ZSM-5.
The substantial decrease in the intensity of drug stretching
vibrations is characteristic of compounds confined in the pores
of porous materials [13,20].

The presence of 5-fluorouracil in the pores of ZSM-5 nano-
particles was also detected by XRD. The 5-fluorouracil charac-
teristic peak at 26 =29° appears in the XRD spectrum of drug-
loaded n-ZSM-5-(100) (Fig. 4). Although the appearance of
this peak confirms drug loading, it also suggests that loading
is accompanied with crystallization of 5-fluorouracil in the
carrier pores.
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Fig. 3. FTIR spectra of (a) n-ZSM-5-(60), unloaded, (b) n-ZSM-5-(60)
loaded with 5-fluorouracil, (¢) Free 5-fluorouracil

The loading capacity of the drug-loaded nanoparticles was
determined by thermal gravimetric analysis and UV-visible
spectrometry. Examples of the thermogravimetric curves (for
n-ZSM-5(30) and n-H-ZSM-5-(30)) are shown in Fig. 5. The
loading capacity was also determined by UV-visible spectro-
photometer, using the following equation:

Mass of drug loaded into carrier %100

Loading (%) = :
Mass of loaded carrier

The calculated values of percent loading obtained from
TGA measurements and those obtained by UV-visible
spectrophotometer are presented in Table-2.

Table-2 reveals two important trends. First, the percent
loading of 5-fluorouracil into the nanoparticles of acid-activated
forms of ZSM-5 are higher than the corresponding non-activated
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Fig. 4. XRD spectra of (a) 5-fluorouracil, (b) n-ZSM-5-(100) loaded with
5-fluorouracil and (c) unloaded n-ZSM-5-(100)
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TABLE-2
PERCENTAGE LOADING OF 5-FLUOROURACIL INTO n-ZSM-5
AND n-H-ZSM-5 WITH DIFFERENT SiO,/ALO; MOLAR RATIO

UV-visible TGA measurement

PANIES NN measurement (%) (%)
n-ZSM-5-(30) 332 349
n-H-ZSM-5-(30) 52.4 54.9
n-ZSM-5-(60) 30.1 35.7
n-H-ZSM-5-(60) 39.7 42.3
n-ZSM-5-(100) 29.5 30.8
n-H-ZSM-5-(100) 30.3 25.2

forms, with the difference is more pronounced in case of ZSM-
5 samples with the lowest Si0,/AL,O; ratio. Second, it has been
observed that percent loading increases with decreasing the
Si0,/Al,O; ratio, whether the sample is acid-activated or non-
activated. This could be attributed to increase of zeolite framework
polarity with increasing aluminum content. Accordingly, the
highest percent loading was observed for acid-activated ZSM-
5 nanoparticles with SiO,/ALO; ratio of 30, which is about twice
the percent loading of non-activated ZSM-5 nanoparticles with
Si0,/ALO; ratio of 100.

Release of 5-fluorouracil from zeolite ZSM-5: The release
of 5-fluorouracil into simulated body fluid at 37 °C and a pH
= 7.4 has been conducted using dialysis bags with MWCO of
3500 Da. In these experiments the effect of acid activation
and Si0O,/Al,0; ratio on the release of 5-fluorouracil from all
ZSM-5 nanoparticles (n-ZSM-5-(30), (n-H-ZSM-5-(30),
n-ZSM-5-(60), n-H-ZSM-5-(60), n-ZSM-5-(100), n-H-ZSM-
5-(100)) have been studied. Aliquots from the release medium
were withdrawn at regular time intervals and were directly
replaced by samples of simulated body fluid at the same tempe-
rature, thus keeping the simulated body fluid volume constant.
The experiments were conducted in triplicate and the averages
were used for data analysis. The absorbance of 5-fluorouracil
in the release medium was measured at A, = 266 nm, using a
blank sample for base correction. The measured values were
then fitted against a calibration curve determined with pure
5-fluorouracil dissolved in simulated body fluid. The drug
release profiles for acid-activated and non-activated n-ZSM-5
are presented in Fig. 6. The concentration of 5-fluorouracil in
the release medium was used to determine the mass of 5-fluoro-
uracil (W,) released at time t. This quantity was corrected for
the amount of 5-fluorouracil in the previously withdrawn
samples by adding the amount of drug in all withdrawn samples
prior to that point. The total quantity of drug released at the

end of reaction was designated as W .. The full release profiles
were fitted with the first order release model [21]:

Wl

— L =]-¢™

wmax
where W/W ..« is the fraction of drug released, k is the release
rate constant and (t) is the elapsed time. The above relation
was used to model the release profiles of water-soluble drugs
from nonswelling porous matrices [22]. The calculated first
order rate constants were determined by fitting W, against the
sampling time (t).

All release profiles (Fig. 6) show an initial burst rate of
5-fluorouracil with about 50 % in the first 15 min. The strong
initial burst could be due to the 3D pore structure of ZSM-5
that allows fast release of the drug, or probably due to the
existence of 5-fluorouracil at the opening of the pores. The
time for maximum release varies between the different system
and ranges between 2-4 h. For example, the release from
n-ZSM-5-(30) was complete in 2 h, whereas from H-n-ZSM-
5(100) it was complete in 4 h. In general, the percent release
from the acid-activated ZSM-5 nanoparticles is lower than the
corresponding non-activated form. This could be due to
the stronger interaction between 5-fluorouracil and the acid-
activated inner surface of zeolite pores.

The kinetic parameters for the release of all systems are
shown in Table-3. Analysis of these data indicates two general
trends: (a) The first order release rate constant increases with
increasing the Si0»/Al,Os ratio. (b) In all cases, the release rate
of the acid-activated systems is slower than the corresponding
non-activated systems.

Conclusion

In this study, 5-fluorouracil was successfully loaded onto
nanoparticles of acid-activated and non-activated ZSM-5 that
were prepared with different Si0,/Al,Os ratios. Loading was
carried out by impregnation method and the loading capacity
was evaluated by UV and TGA. In all cases, the loading capa-
cities of the acid-activated ZSM-5 nanoparticles are higher
than the corresponding non-activated systems, with n-H-ZSM-
5-(30) has the highest loading capacity. On the contrary, values
of percent release of the acid-activated ZSM-5 nanoparticles
are lower than the corresponding non-activated systems. The
release of S-fluorouracil into simulated body fluid at 37 °C
and pH = 7.4 followed exponancial decay behaviour. The study
represents an evaluation for the suitability of nanoparticles of
acid-activated and non-activated ZSM-5 for drug delivery.

TABLE-3
LOADING AND RELEASE KINETIC DATA PARAMETERS OF 5-FLUOROURACIL FROM n-ZSM-5 AND
n-H-ZSM-5 WITH DIFFERENT SiO,/ALO; RATIOS. MODELING OF % RELEASE (W,/W,,.) WAS
CARRIED OUT USING THE FIRST ORDER RELEASE MODEL [W/W,, =1 — ¢

Svst Loading data Release data (W/W,,, = 1 —e™)

. m, (mg)* m, (mg)" Loading (%) W (Mg)° Release (%)° k (h')e
n-ZSM-5-(30) 48.8 16.7 34.2 14.3 85.5 7.86
n-H-ZSM-5-(30) 57.3 30.1 52.6 21.9 72.8 4.34
n-ZSM-5-(60) 53.6 16.1 30.1 13.4 83.3 291
n-H-ZSM-5-(60) 50.2 19.6 39.7 16.1 82.2 2.69
n-ZSM-5-(100) 50.6 149 29.5 14.5 97.4 2.37
n-H-ZSM-5-(100) 50.4 20.0 39.7 16.7 83.8 1.92

*mg= Average mass of the drug-loaded sample; ® m, = Average mass of the drug in the loaded sample; ¢ W,,,. = Maximum mass of drug released
into the simulated body fluid buffer solution; “Release (%) = W/m, x 100; °k = First order rate constant.
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Fig. 6. Release profiles (fitted to first order release kinetics) of 5-fluorouracil from (a) n-ZSM-5-(30), (b) n-H-ZSM-5-(30), (c) n-ZSM-5-

(60), (d) n-H-ZSM-5-(60), (¢) n-ZSM-5-(100), (f) n-H-ZSM-5-(100)
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