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Abstract

Mesoporous silica with hexagonal type structure containing amine functional group
was introduced. Firstly, aminopropyl hexagonal mesoporous silica was synthetized
in a co-condensation process, via templating route of n-dodecylamine. Then
synthesized mesoporous material were characterized, and FT-IR spectrum
confirmed the presence of amine group and CHN analysis determined the
amount of organic layer. The high surface area (750 m?/g) was determined by
applying nitrogen adsorption-desorption technique. The morphology was
examined by scanning electron microscopy which proved hexagonal structure.
The crystallinity of mesoporous material was observed in XRD pattern of this
material. According to previous background of such material in adsorbing drug,
herein, the efficiency of this material in adsorbing of 5-fluorouracil was evaluated
through solid phase extraction method in aqueous and plasma media with high
performance liquid chromatography. The extraction efficiency was evaluated for
drug concentrations of 500—2000 ng/ml by means of 5—20 mg/ml hexagonal

mesoporous silica in both media. The results showed good to excellent recovery
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rate of in both aqueous and plasma medium which confirmed that the aminopropyl
functionalized hexagonal mesoporous silica could be considered as promising
device for drug bioanalysis.

Keywords: Pharmaceutical science, Materials chemistry, Pharmaceutical chemistry

1. Introduction

The pyrimidine analogue, 5-fluorouracil (5-FU), has found a wide range of therapeu-
tic applications, in various malignant tumors, including colorectal, breast, head and
neck, ovarian and pancreatic cancers [1]. This chemotherapeutic agent is the drug of
choice in treatment, for example, colorectal carcinoma, which have to be adminis-
trated in high dose and continuously, to provide desired level of drug concentration
in target sites [2]. The high and repeated dose of IV infusion of this antineoplastic
agent increases the risk of toxicity, mostly without any evidence of toxicities [3].
However, bone marrow depression to the point of leukopenia and critical thrombo-
cytopenia, hemorrhagic tendency, intractable vomiting and ulcerations in the gastro-
intestinal tracts are acute and chronic symptoms of toxicity that probably occur in
such treatment processes [4]. Accordingly, developing a sensitive, selective and
rapid method for proper monitoring and pharmacokinetics determination of 5-FU
is essential in proper dosage adjustment [5]. To determine the precise concentration
of 5-FU in a biological medium some techniques have been developed, including
high performance liquid chromatography (HPLC) [6], electrochemical assay [7],
chromatography [8], electrophoresis and solid-phase extraction method [9]. Solid-
phase extraction (SPE) has greatly considered in analyte extraction from complex
matrices, recently. This technique finds increasing applications in the area of food,
environmental and pharmaceutical analysis [10, 11]. SPE offers various advantages
such as simplicity of sample preparation, minimizing organic solvent consumption,
high selectivity and sensitivity [12], and can be coupled with different analytical
techniques, including gas chromatography (GC) [13, 14, 15], HPLC [16, 17], liquid
or gas chromatography with mass spectrometry [18, 19] and capillary electropho-
resis (CE) [20, 21]. In recent years nanomaterials have been intended as an inter-
esting device in isolation and extraction techniques due to their high surface area
[22] which provided sufficient capacity for the adsorption of analytes. According
to this, meso structures have attracted significant attention; and one of the well-
known such materials is mesoporous silica (MS) which are typically synthesized
by utilizing templating precursor mostly a surfactant-type agent and alkoxysilane
precursors [23, 24, 25]. The inorganic framework would form around organic tem-
plate which will be removed after silanization. By altering template structure
different kinds of MS materials would be obtained like; SBA-15, HMS and
MCM-41 while all types have high surfaces area [25]. Hexagonal mesoporous silica
(HMS), are prepared through soft templating route by n-dodecyl amine as neutral
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long chain template which offer ease of removing [26, 27]. Long chain template re-
sulted in the formation of long range hexagonal structure. Diverse applications of
these materials in different fields include; separations and purification technology
[28], catalysis [29], advanced engineered materials [30], selective adsorption as
well as being the host for guest molecules [31, 32, 33]. Moreover, high chemical/
thermal stability, well defined and manageable morphology, and the capability of
intimate functionalization even through co-condensation step or after purification
made them as potential candidates for biological applications [32, 34].

As it was described in our previous study, such materials play an impressive role in
biological applications including drug adsorbing and delivery [31]. The aim of pre-
sent study is to apply hexagonal modified mesoporous silica (HMS) as a solid sor-
bent of 5-FU through SPE method and evaluate the extraction performance in

aqueous and human plasma media. Fig. 1 is an illustration of the whole processes.

2. Materials and methods
2.1. General remarks

5-FU was purchased from Ebewe Pharma (in concentration 50 mg/ml, Astria). All
other chemicals were purchased from Merck and Sigma-Aldrich Company and
used without further treatment. Aanalytical techniques including, FT-IR, CHN,
XRD, were utilized for characterizing HMS-NH, functionality and structure. N,
adsorption-desorption technique were applied to assess the specific surface area of
the samples using the Brunauer—Emmet—Teller (BET) method. Particle size anal-
ysis with DLS, scanning electron microscopy (SEM) and atomic force microscopy
(AFM) were performed to determine the sizes and the particle sizes distribution.
5-FU assay was performed by high performance liquid chromatography (HPLC).
The instruments’ applied for characterizations are listed here. Fourier transform
infrared spectroscopy (FT-IR)/Shimadzu FTIR-8300 (Japan), X-ray diffraction
with XRD MPD 3000, SEM with Philips (Germany)/XL-30 FEG, surface area by
Quantachrome Chem BET-3000, AFM with JPK nanowizard I and CHN analysis
was performed using TermoFinningan, FIASHEA IIIZ, Germany for CHN analysis
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Fig. 1. An illustration of HMS application in solid-phase extraction of 5-Fu and determination of the
extracted amount by HPLC.
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were applied for material characterization. HPLC was performed by Knauer, Well-
chrom®/model k-1001.

2.2. Synthesis of HMS-NH,

Aminopropyl hexagonal mesoporous silica (HMS-NH,) was prepared according to
previously reported procedure [27]. Briefly, tetracthyl orthosilicate (0.045 mol) and
(3-aminopropyl) trimethoxysilane (0.02 mol) were admixed in a solution of absolute
ethanol/deionized water (23 ml/27ml) containing n-dodecylamine (0.013 mol) at
20 °C for 18 hours. After that, the resulting white solid was recovered by sinter glass
filtration and washing with ethanol and acetone. By the end, for template removing
(n-dodecyl amine) was extracted by refluxing in acidic ethanol solution containing
ethanol and hydrochloric acid (ethanol/HCI: 5/1) for 24 hours in ethanol, followed
by filtering and drying in oven at 50 °C.

2.3. Extraction procedure

Stock solution of 5000 ng/ml of 5-FU in deionized water were prepared. The stan-
dards were diluted using phosphate buffer solution (PBS; composed of disodium hy-
drogenphosphate 1.38 g, potassium dihydrogenphosphate 0.19 g, sodium chloride
8.0 g, and purified water q.s. 1000 ml, pH of 7.4) and human plasma.

To evaluate the recovery of the 5-FU from matrices, the drug concentration of 500,
1000 and 2000 ng/ml were prepared by 1:10 dilution of the corresponding solutions
with plasma, and PBS. This test was performed in triplicate for each medium. Then,
HMS-NH; nanoparticles in 5, 10 and 20 mg/ml concentration were added to sam-
ples. The mixtures were shaken for 30 min and centrifuged (10,000 g) for 10 min.
The nanoparticles were re-dispersed in deionized water and to detach the drug mol-
ecules, 80 pl/ml of trichloro-acetic acid (2N in ethanol) were mixed with each sam-
ple. The samples were shaken again for 30 min and centrifuged at 10,000 g for 10
min. Finally, 100 pul of the clear supernatant was injected to the chromatographic

system.

The relative recovery of the method for drug by these mesoporous nanoparticles
were defined and calculated. The percent ratio of the AUC (area under the curve)
of the drug samples in human plasma and PBS to the corresponding AUC after direct
injection of aqueous solution of the analyte was determined as the relative recovery

index of 5-FU from the mentioned matrices.

2.4. Drug assay

Determination of 5-FU was performed by HPLC method. In this regard flow rate was
set on 1.0 ml/min using a C18 column (Eurospher 100-5 C18, 150 mm X 4.6 mm)

within the isocratic elution with a mobile phase consisting water/methanol (95/5 v/v)
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as the stationary phase. The wavelength was adjusted at 261 nm for ultraviolet absor-
bance. The software (EZChrom Elite®, Germany) were applied for analyzing of the
relevant chromatograms.

2.5. Validation test

Prior to samples measurement, validation tests were performed according to the
FDA/US Food and Drug Administration, and reported procedure [35].

3. Results and discussion

Application of mesoporous silica materials with their high surface area and tunable
pore sizes afford great opportunity for setting-up new extraction methods [36]. Here,
aminopropyl hexagonal mesoporous silica (HMS-NH,) was synthesized and charac-
terized for utilization in extraction of 5-FU. In this regard, TEOS and APTES are
mixed in the presence of templating agent (n-dodecylamine), and after reaction
completion, the template was extracted completely to construct HMS-NH,. Struc-
tural characterization was performed by FTIR technique and showed peaks at 799
cm ', and broad band at 1000-1200 cm " attributed to Si-OH and Si-O-Si stretching
vibration, respectively (Fig. 2). The N-H and CH; of aminopropyl bending vibration
appeared at 1542 and 1636 cm™'. CHN analysis showed that the amount of organic

layer is equal to 1.37 mmol/g.

The structure crystallinity was determined by XRD technique. XRD showed
required crystallinity planes of HMS (Fig. 3). The XRD diagram of HMS-NH,
showed expected crystallinity of mesoporous by appearing a sharp peak at 1.5° as
an indicative of 100 hkl indices of crystallographic plane in xyz directions.
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Fig. 2. FTIR of HMS-NH,.
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Fig. 3. XRD of HMS-NH,.

Moreover, the presence of amorphous silica resulted in the appearance of a broad
peak around 20°.

Morphology observation was carried out through SEM images and showed well-
ordered HMS nanoparticles in hexagonal format with dimension sizes from 200 to
500 nm (Fig. 4).

N, adsorption, desorption test was performed to determine the specific surface area of
HMS-NH,, which calculated by BET equation to be 750 m%g. To Define particles
distribution AFM analysis were performed by nanowizard instrument which provide
2-D, 3-D and size histogram (Fig. 5 a,b,c). The 2-D deflection image showed fine dis-
tribution of spherical nanoparticles with sizes less than 50 nm while 3-D image
confirm this observation and also display minor agglomeration (Fig. 5 a,b). The his-
togram display that HMS-NH, contains spherical particles with majority diameter

sizes of 10 nm and minor part lies between 10-30 nm without agglomeration (Fig. 5 c).

To determine hydrodynamic size of the prepared particles, DLS analysis was per-

formed. Through this analysis the hydrodynamic sizes were measured to be in

0.0 K PHOTO

Fig. 4. SEM image of HMS-NH,.
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Fig. 5. AFM images of HMS-NH,; 2-D deflection image (a), 3-D image (b), and height histogram (c).

average 400 nm (Fig. 6). To illustrate, it should be emphasized that this observation
which is higher than the results of TEM, SEM and AFM is due to high solvation of

nanoparticles in aqueous medium.

Prior to assessment of HMS-NHj efficiency in extraction, the HPLC method of 5-Fu
characterization was validated [35]. The linearity was determined to be in the range
of 25—500 ng/ml, LOQ of 25 ng/ml and LOD of 10 ng/ml.

To determine the efficiencies of HMS-NH, in extraction of 5-FU by HPLC method,
a series of tests were performed (Fig. 7). The results indicate the comparative recov-
ery of the 5-FU extraction at the concentrations of 500, 1000 and 2000 ng/ml by
means of initial concentrations of dispersed HMS-NH, nanoparticles in 5, 10 and

20 mg/ml obtained from aqueous and human plasma samples, respectively.

The outcomes of these series of tests were indicative of a proper separation efficacy

while size-proportional. The relative recoveries of the developed SPE method in

58

48

w
5]

N
0

Channel %

—
=)

0 200 400 600 800 1000 1200
Size (nm)

Fig. 6. DLS size distribution of HMS-NH, particles.
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Fig. 7. The comparative recovery of 5-FU extraction by HMS-NH, nanoparticles in aqueous medium.

PBS and plasma for 5-FU by HMS-NH, nanoparticles for various drug and particle
concentration were from 63.2 to 93.4% and 59.5 to 81.7% in aqueous and plasma
medium, respectively. As expected, the recovery in aqueous medium is higher
than plasma medium because of possible drug-protein interactions in plasma.

Furthermore, although, no exact relationship was not found between the drug and
nanoparticle concentration in recovery efficiency, it was clear that in high concentra-
tion of nanoparticles the value of recovery is reduced. This might be due to the
reduction of drug molecules detachment from nanoparticles in the last step of mir-
oextraction. Also, HMS-NH, nanoparticles shows remarkable relative recovery
due to their amino groups which are suitable functional groups to isolate and extract
5-FU selectively.

Previous methods in solid phase extraction of 5-Fu in regard with type of solid phase/
determination technique/medium/linearity/limit of detection (LOD)/limit of quantifi-
cation (LOQ) and recovery are summarized in (Table 1). Herein, by having HMS-
NH, as solid phase within HPLC technique in plasma and aqueous phase with
LOD of 10 ng/ml, linearity of 25—500 ng/ml, LOQ of 25 ng/ml and maximum re-
covery of 93.4% in aqueous media and 81.7 in plasma, good to excellent results
were obtained. According with Forough et al. who made an innovation by applying
anchored silver nanoparticles to MCM-41-reinforced hollow fiber (AgNPs@MCM-
41-HF) in solid/liquid phase extraction, the utilization of MCM-41 as mesoporous
silica source made positive effect in adsorption rate, amount and selectivity.

The utilization of mesoporous silica for SPE would offer advantages such as ease of
recovery with high percentage. This method could be more selective by designing

engineered mesoporous silica structures.
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Table 1. Previously reported procedures for SPE of 5-Fu.

NO. Solid phase type Determination technique Medium Linearity LOD LOQ Recovery Ref.
1 OasisWax extraction LC-MS/MS human cultured cellular 7.5—150 (ng/ml) - 7.5 (ng/ml) 85%  (37)
cartridge matrix
3 Oasis HLB (copolymer LC-MS human plasma 0.05—25 (pg/ml) - 8.4 (ng/ml) 73.1-74.8%  (38)
of poly(di- vinylbenzene-
co-N-vinylpyrrolidone))
cartridge column
4 Isolute ENV+ column GC—MS/MS hospital water (waste and 2-106 (ng/L)  0.48 (ng/L) for waste 1.6 (ng/L) for waste ~ 53% for waste ~ (39)
surface water) and 0.16 (ng/L) and 0.54 (ng/L) and 93% for
for surface water for surface water surface water
5 ENV+ columns Capillary electrophoresis hospital waste water 5—500 (pg/ml) 1.7 (pg/ml) 8.6 (ng/ml) 80—96%  (40)
samples
6 Isolute GC/MS-MS hospital waste water 0.09—40 (ng/L) 12 (ng/L) 40 (ng/ml) 93—101%  (41)
ENV+ cartridges
7 C18 Chem Elut HPLC human plasma 25—1000 (ng/ml) - 20 (ng/ml) 35%  (42)
Cartridge
8 AgNPs@MCM-41-HF capillary electrophoresis Human plasma 25—1000 (ng/ml) - 25 (ng/ml) 98%  [43]

with in-column field-amplified

sample injection
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4. Conclusion

Here, highly sensitive method based on SPE and application of HMS nanoparticles
were reported for determining low concentration of 5-FU. By this mean, HMS-NH,
were synthesized by simple method, and fully characterized by mentioned tech-
niques. The hexagonal geometry was clear in SEM image. AFM images and histo-
gram showed highly dispersed HMS-NH,, with diameter of 10 nm. With the aim of
analyte extraction, the efficiency of this material was evaluated by HPLC in extrac-
tion of 5-FU from aqueous and plasma medium. The extraction efficiency was eval-
uated for drug concentrations of 500, 1000 and 2000 ng/ml by means of 5, 10 and 20
mg/ml hexagonal mesoporous silica in both media. The results of recovery (for
various drug and particle concentration from 63.17 to 93.38% and 59.49 to
81.69% in aqueous and plasma medium, respectively) confirm that the aminopropyl
functionalized hexagonal mesoporous silica could be considered as promising de-

vice for drug bioanalysis.
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