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In recent years, the development of microextraction techniques using very little or no
solvent at all has attracted much attention. Several new microextraction methods, e.g. liquid-phase
microextraction, microscale solid-phase extraction and solid-phase microextraction, have been
successfully developed. One of those new techniques, the magnetic solid-phase extraction (MSPE) in
which the extraction solid phase consists of magnetic micro- or nanoparticles immobilized with
selective functional groups or metal oxides film on the surface, has initiated significant interest,
particularly in the fields of biochemistry, biology, and environmental analysis. In comparison with
other extraction methods, the major advantage of MSPE is its simple operation. After mixing the
magnetic nanoparticles with the sample solution, separation of the analyte-adsorbed solid particles
from the mother liquid can be easily performed using a magnet. Neither filtration nor centrifuge is
required. Other advantages of MSPE include: high extraction efficiency due to large surface area of
nanoparticles; low cost and simple process of magnetic particle preparation; versatile selection of
immobilized functional groups.
In this research, we mainly develop new MSPE methods for some phosphate-bearing compounds
(e.g. monophosphate pesticides: glyphosate; biphosphonate pharmaceuticals: alendronate and
ibandronate). During the 3-year period, we have successfully completed the following works: (1)
developing a CE-electrochemiluminescence method coupled with MSPE for the analysis of
ibandronate in drug formulations and human urine; (2) developing an analytical method for
alendronate in human urine and plasma by MSPE and CE-fluorescence detection; (3) developing a

simple and rapid screening method for glyphosate in water using flow-injection with



electrochemiluminescence detection. The results of the research have been published in international

journals.

Keywords: magnetic solid-phase extraction; Fe,O3@Al,O3 nanoparticles; capillary electrophoresis;
ibandronate ; alendronate ; glyphosate
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Capillary electrophoresis-
electrochemiluminescence detection
method for the analysis of ibandronate in
drug formulations and human urine

Asimple, rapid and sensitive CE method coupled with electrochemiluminescence (ECL)
detection for direct analysis of ibandronate (IBAN) has been developed. Using a buffer
solution of 20mM sodium phosphate (pH 9.0) and a voltage of 13.5kV, separation of
IBAN in a 30<m length capillary was achieved in 3 min. ECL detection was performed
with an indium tin oxide working electrode bias at 1.6 V (versus a Pt wire reference) ina
200mM sodium phosphate buffer (pH 8.0) containing 3.5mM Ru(bpy)}” (wher
bpy = 2,2"bipyridyl). Derivatization of IBAN prior to CE-ECL analysis was not needed.
Linear comrelation (r=0.9992, n =7) between ECL intensity and analyte concentration
wasobtained in the range of 0.25-50 uM IBAN. The LOD of IBAN in water was 0.08 yM.
The devdloped method was applied to the analysis of IBAN in a drug formulation and
human urine sample. SPE using magnetic Fe,0,@ Al 0, nanoparticles as the extraction
phase was employed to pretreat the urine sample before CE-ECL analysis. The linear
nrange was 0.2-12.0uM IBAN in human wine (r =0.9974, n= 6). The LOD of IBAN in

wine was 0.06 M. Total analysis time induding sample preparation was <1h.

Keywords:

CE / Electrochemiluminescence detection / Ibandronate / Magnetic SPE / Urine

analysis

1 Introduction

Thandronate sodium ([1-hydroxy-3 (methylpentylamino)pro-
pylidene]bisphosphonic acid monosadium; IBAN) (Fig. 1), a
rekatively new nitrogen-containing bisphosphonate drug, is a
third-generation bisphosphonate for the treatment of bone
disease such as malignant hypercalcemia and postmenopau-
sal osteoporusis [1, 2] Its once-monthly oral and quarterly
intravenous (iv.) dosage regimens have the potential to
improve treatment adherence and persistence, and hence
clinical outcomes, compared with other frequently adminis-
tered oral bisphosphonates. Like other bisphosphonates,
IBAN inhibits osteoclst-mediated bone resorption. Due to
the stability of the P-C-P backbone and their polar nature,
IBAN does not undergo metabdlic biotransformation follow-
ing oral administration and iv. injection. It has been reported
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Chemistry, Tunghsi University, 181 Sec. 3 Taichung Harbor
Road, Taichung City 40704, Tsiwan
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Abbreviations: CV, cyclic voltammetry; ECL, electrochemik
uminescence; Fe,0 @ALO, NPs, alumina-coated iron oxide
nanoparticles; BAN, ibandronate; ITO, indium tin oxide;
Ru(bpy)3 ", tris(2,2-bipyridyl)ruthenium(ll)
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that, in a mass balance study, nearly the entire oral IBAN
dose was excreted unchanged in the feces, and the majority of
iv. IBAN was excreted unchanged in the urine within 24h
[3]. For comprehensive studies of the pharmacology and
phamacodynamic effects of IBAN in biological matrices, a
simple, sensitive and accurate assay is generally required.
Analysis of IBAN represents a challenge because of its
high polarity and bow volatility. Furthermore, IBAN posses-
ses no chromophore or fluorophore, and its tertiary amine
chanacteristic renders derivatization difficukt. Analytical
methods for IBAN reported to date are therefore limited. A
highly sensitive GCMS assay for IBAN in serum/plsma
and urine was first described by Endele et al. []. The
quantification limits could reach low ng/mL level However,
sample preparation was lengthy and tedious. Besides, in
order to lower IBAN's polarity and enhance its volatdity,
derivatization into methyl ester prior to GC separation was
required. A simpl, nonderivatization detection method,
evaporative light-scattering detection (ELSD), coupled with
ion-pair HPLC analysis of IBAN was reported by Jiang and
Xie [5]. The main drawback of this method s its relatively
high LOD of IBAN (176 pg/mL). A post-column photo-
chemical derivatization followed by sensitive fluarometric
detection for HPLC determination of several bisphosphonate
drugs induding IBAN in human urine has been reported by
Pérez-Ruiz et al. [6]. Detection was based on their oxidation
to orthophosphate by the online peroxydisulfate-assisted
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Figure 1. Molecular structure of ibandronate sodium.

photolysis followed by post-column reaction with molybdate
to yiedd phosphomolybdate. This subsequently reacted with
thiamine to generate thiochrome and, finally, the fluores-
cence of thiochrome was measured. This detection strategy is
in the nature of indirect detection mode. The LOD of IBAN
was 72nM (~23 ng/mL). A high-throughput HPLC-MS/MS
method for determining IBAN in human plasma has been
devoped by Tarcomnicu et al. [7]. Liquid-liquid extraction
and methylation derivatzation were used in sample
preparation. The LOQ was 0.2 ng/mL. Recently, a simple ion
chromatography (IC) method for the simuktaneous deter-
mination of IBAN drug and its impurities has been reported
by Narendra Kumar et al. [8]. The LOD of IBAN was 38 ug/
mL. ELISA, the most sensitive method for IBAN to date with
a LOD at pg/mL level, also has been reported [4], but its
reagents were not readily available.

CE has been a popular technique for drug analysis
because of its high efficiency and versatility, very low sample
and reagent consumption, low cost and minimization of
environmental pollution. However, to our knowledge, there
has been no CE method reported for the analysis of IBAN
yet, which might be attributed to the lack of sensitive
detection method for IBAN. There was a report on the
use of CE-indired UV detection for analyzing IBAN-
rebted impurities, i.e. phosphyte and phosphate, but
IBAN itself was not determined [9] In recent years,
tris(2,2'-bipyridyljruthenium(1l) (Ru(bpy)}’)based electro-
chemiluminescence (ECL) has become an important and
powerful detection method for CE due to its high sensitivity
and simple instrumental setup [10]. Itis known that amines,
particularly tertiary amines, can be directly determined by
utilizing their ECL reaction with electrogenerated Ru(bpy);
without the need of derivatization [11, 12]. Since IBAN
structurally belongs to a tertiary amine, we expect that it
should be feasible to analyze IBAN with the CE-ECL
method.

In this paper, we describe a simple, rapid and sensitive
CE method coupled with Ru(bpy);*-ECL detection for the
analysis of non-derivatized IBAN. The electrochemical and
ECL behavior of IBAN and the optimal CE separation and
ECL detection conditions were investigated. The applic-
ability of this method to the analysis of IBAN in drug
formulation and human urine was then examined. In order
to remove the interference from urine matrix and to enrich
the analyte, SPE using magnetic dlumina<oated iron oxide
nanoparticles (FeyO,@AI,0; NPs) as the extraction phase
[13, 14] was employed to the pretreatment of urine sample.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Report on the use of magnetic SPE for the separation of
drugs from biological matrices has been scarce [13]. Appli-
aation of this technique to the extraction of phosphate
bearing drugs has not been reported cither. We believe this
is the first report on both direct CE-ECL analysis and
magnetic SPE with Fe,0,@Al,0, NPs for IBAN.

2 Materials and methods
21 Apparatus

Cyclic voltammetry (CV) and ECL studies were performed
with a CHI model 635 dectrochemical station (Austin, TX,
USA). A three<lectrode cell with an indium tin oxide (ITO)
working edectrode (Dekta Technologies, Stillwater, MN,
USA), an Ag/AgCl/saturated KCl reference and a Pt wire
auxiliary electrode was used for electrochemical measure
ments. Optical signals were captured using a Hamamatsu
R928 PMT (Hamamatsu City, Japan), positioned in front of
the ITO electiode and biased at —900V.

The laboratory-assembled CE-ECL system was similar to
that described previously [15]. Separation capillaries (Poly-
miao Technologies, Phoenix, AZ, USA) were of 50pm
id x 360 um od x 30am length. Prior to use, the capillary
was flushed sequentially with 05 M N2OH (10min), H,0
(10 min) and dectrophoretic buffer (15 min). Following each
five injections, the capillary was rinsed with 0.1 M NaOH,
H,0 and electophoretic buffer for Smin to maintain a
reproducible inner surface. An ITO electrode, situated at the
capillary outlet and biased at 1.6V (versus a Pt-wire refer-
ence), was used for in situ generation of the active
Ru(bpy)i. Sample injection was carried out hydro-
dynamically for 205 at 10 am height.

22 Chemicals

IBAN sodium (2979%) and tris(2,2"bipyridy) uthenium(1)
chloride (Ru(bpy)iClz, 98%) were purchased from Sigma-
Aldrich (Milwaukee, WI, USA). Sodium tripolyphosphate
(NasP304¢) was obtained from Showa (Tokyo, Japan). Iron
oxide (Fey0,, partide size 20-30nm) and sodium silicate
were bought from Alfa Aesar (Ward Hill, MA, USA). All
other chemicals were of analytical-reagent grade. All
solutions were filtered through a 045-um poresiz
membrane filter before use.

23 Urine sample preparation

The fresh human urine sample of a heakhy femak
volunteer was acquired from a student in the laboratory.
Prior to analysis, 1.0mL urine was added with S0pL of
0.1 M NaOH (as blank) or a standard solution of IBAN in
0.1'M NaOH (as sample) and S0yl of 1.0M EDTA. The
solution was thoroughly mixed, followed by ultrafiltration at

www.d ectrophor esis-journsl.com
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14 000 x g for 20 min using a microcentrifuge (modd 3740;
Kubota, Tokyo, Japan) coupled with Millipore’s Amicon®™
Ultra0.5 centrifugal filter devices (nominal molecular
weight limit 3kDa). The filtrate was then subjected to
magnetic SPE using Fey0,@AIl,0; NPs as the solid phase.
Preparation of the Fe,0,@Al,0, NPs has been described
previously [14]. In a 2.0-mL polypropylene vial, 1.0 mL of the
above fitmate was ultrasonically mixed with 1mg of
Fe,0,@Al,0, NPs for Smin. The NPs that conjugated
with IBAN were then aggregated by an external magnet, and
the supernatant liquid was completely removed with a
micopipette. The NPs were ultrasonically washed with
0.5mL of 150mM phosphate buffer solution (pH 9.) for
Smin, and the supernatant liquid was discarded. This
washing step was repeated twice more. Finally, IBAN on the
NPs was rinsed off with 10 pL of 20mM NasP304 solution
(pH 9.0). The eluate was directly injected into the CE-ECL
system for analysis. Due to the concern of possible
contamination to the next sample, the used NPs were
discarded without further cleaning,

3 Results and discussion

3.1 Electrochemical and ECL behavior of IBAN on an
ITO electrode

The electrochemical and Ru(bpy)}*-based ECL behavior of
IBAN in aqueous solution was first studied using CV and an
ITO ekctrode in a threeelectrode cell. Figure 2A illustrates
the cydic voltammogram obtained in a 20mM sodium
phosphate buffer at pH 8.0 (curve a; dotted line). This
background voltammogram is featureless in the potential
range scanned (0-1.6V). With the addition of 5pM
Ru(bpy)3*, the well-known reversible Ru**/** redox waves
appear at ~1.1V (curve b; thin line). In the presence of
0.15mM IBAN, the anodic wave for Ru(bpy)}* oxidation at
~1.1V is significantly enhanced (curve ¢ thick ling). The
catalytic current enhancement was found to be proportional
to the concentration of IBAN in the solution. The redox
waves of IBAN itself were not observed in the potential
range scanned. The corresponding ECL-potential curves
obtained during CV scan are dlustrated in Fig. 2B. There is
no ECL emission in the background electrolyte (curve a in
inset). In the presence of 5uM Ru(bpy)}*, weak ECL
emission emerges following the oxidation of Ru(bpy)} " and
reaches 3 maximum at ~14V (curve b in inset). With the
addition of 0.15 mM IBAN, significant enhancement (~100-
fold) of ECL emission results (curve ¢}, which evidences the
electrocatalytic effect of IBAN on the Ru(bpy)3 -based ECL.
Since IBAN is a tertiary amine, its dectrochemical and ECL
behavior in the Ru(bpy)3* solution should be similar to that
of Ru(bpy)}* /tripropylamine system [16], and the mechan-
ism of ECL reaction between Ru(bpy)}" and tertiary amine
has been well-known [11]. Judging from the above resuks,
Ru(bpy)3 "-based ECL can be utilized as a sensitive tool for
direct detection of IBAN.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CEandCEC 2157

A 2.0

2.0
4.0
6.0

Cuarrent / 1e-6A

8.0

-10.0 oy v ———
16 14 12 10 08 06 04 02 0

Potential (V vs Ag/AgCY)

¢ Er~

L E R I O T
Promael (V0 AggCD)

ECL intensity /mV D
2328883

16 14 12 10 08 06 04 02 O
Potential (V vs Ag/AgCl)
Figure 2. (A) Cyclic votammog of 20mM sodium phos-
phate, pH 80 (curve 8), 5uM RulbpyR* in phosphate buffer
(curve b) and 0.15 mM IBAN in phosphate buffer containing SuM
Rulbpy)3* (curve c). (B) Corresponding ECL-potential curves of
(A). Conditions: working electrode, ITO (0.25cm’L; reference
dectrode, Ag/AgClsaturated KCI; counter dectrode, Pt wire;
potentisl scan rate, 50 mV/s; PMT voltage, -900V.

3.2 Optimization of CE-ECL procedure
3.2.1 Effect of detection potential

Inthe present work, a simple two-electrode cell with an ITO
working dectrode and a Pt wire pseudo-reference was used
as the ECL detector for CE. The optimal detection potential
was investigated by repeated injection of 10 M IBAN
standard into CE whike varying the applied ITO electrode
potential in the range 1.0-2.0V. The ECL intensity started to
increase from 12V with increasing detection potential and
reached a plateau at ~1.6V (data not shown). The optimal
detection potential for IBAN was therefore set at 1.6 V. This
potential comelates well with the ECL result shown in
aurve ¢ of Fig. 28.

3.2.2 Effect of Ru(bpy )~ concentration in the detec-
tion cel

The variation of ECL intensities on the concentrations of
Ru(bpy)3" in the range of 1-5mM was examined next. As

www. d ectrophor esis-journsl.com
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expected, the intensity of ECL emission increased with
increasing Ru(bpy)3 " concentration in the detection cell, but
the background noise also increased with higher concentra-
tion of Ru(bpy)3*. The §/N ratio of ECL began to deteriorate
after reaching the maximum at a Ru(bpy)* concentration
of 3.5 mM. Therefore, 3.5 mM Ru(bpy)}* was chosen as the
optimum.

3.2.3 Effect of buffer pH

The effect of buffer pH on the CE of IBAN was examined in
the pH range of 7.5-10. Using 20mM sodium phosphate as
the dectrophoretic buffer, the optimal migration time and
peak shape were found at pH 9.0. It is known that ECL
intensity for the reaction of Ru(bpy)}* and tertiary amine is
pH-dependent, and the optimal range is about pH 7-8 [17].
In the present study, we found that the optimum pH for
ECL detection of IBAN was 8.0. Since the CE buffer (pH 9.0)
in capillary continuously flowed into the detection cell
during analysis, in order to offset the possible pH variation
in the detector caused by CE eluate, a 200mM sodium
phosphate buffer at pH 8.0 was used in the ECL detection
cdll. This buffer solution was replaced with fresh one every
4h to keep the pH value constant.

3.2.4 Effect of injection time

In the present study, sample injection was performed
hydrodynamically by immersing the capillry inkt in the
sample solution at 10cm height relative to the outlet of the
capillary for a fxed time period. The effect of injection time on
the ECL intensity of IBAN peak was examined in the range of
5-40s. The ECL intensity increased with increasing injection
time. However, the effidency, caladated as the number of
theoretical plates, N, decreased with lengthy injection ime. An
injection time of 20s was judged optimal, a5 a compromise
between detection sensitivity and CE efficiency.

Figure 3 illustrates a typical dectropherogram of IBAN
obtained with ECL detection under the optimal experi-
mental conditions described above. Sharp and symmetric
peak could be observed. The number of theoretical plates, N,
claulated from N=555x (to/m, )", was 1.05x 10"
Complete elution of IBAN was achieved in about 28min
with a capillary of 30cm length. There is an elution band
appeared at about 0.2min in Fig. 3. Although this band
showed up in most of the electropherograms obtained in
this work, its cause is not clear at present. The small peak
emerged at 1.3 min i probably due to impure constituent in
the commerdial IBAN chemical (labeled purity =97%) used
for the preparation of standard solution.

3.3 Analytical performance characteristics
Calibration graph was constructed for IBAN in the

concentration range 025-50uM. The linear regression
equation was y=2.14(+0.17) x 10’x-0.19{ +002) x 10*

© 2011 WILEY-VCH Vertag GmbH & Co. KGaA, Weinheim
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Figure 3. Electropherogram of IBAN obtained with ECL detec-
tion. Conditions: capillary size, 50 ym id x 380 ym odx 30 cm
length; snodic buffer, 20mM sodium phosphate (pH 9.0);
cathodic buffer, 200 mM sodium phosphate (pH 8.0) containing
35mM Rulbpy *; CE voltage, 135 kV; hydrodynamic injection,
205 at 10cm height; ITO potential, 1.6V; PMT woltage, -900 V.
IBAN concentraion: 1uM.

Table 1. Intraday and inter-day precisions of migration time
and pesk ares for IBAN at different concentrations

(n=5)
Concentraton (uM) RSD (%)
Mgraton time Peak ares
hvedsy Imer-dsy hvadsy Inter-day
05 05 07 51 13
25 08 07 39 58
2 04 08 3 “

(r=09992, n=7), where y is the peak area and x is the
concentration (M) of IBAN. The LOD (S/N= 3) and LOQ
(S/N=10) for IBAN in water were 0.08 and 025 uM,
respectively, calculated from the signal height (0.348 mV) of
025uM IBAN and the mean noise level (0.035mV) at
28 min on the electropherograms of blank solution.

The intra-day precision of the methad was eamined by
repeated injection of three standard IBAN solutions at low
(05 pM), medium (25 M) and high (2 M) concentrations
for five imes on the same day. The inter-day precision was
studied by analyzing the three standard samples one time each
day for five consecutive days. The RSD values of the migration
time and the ECL peak area are summarized in Table 1. The
intra-day RSDs for migration time and peak area were <06
and 5.19%, respectively. The inter-day RSDs for migration time
and peak area were <08 and 7.3%, respectively.

4 Applications
4.1 Analysis of drug formulation

The applicability of the developed CE-ECL method was fust
eamined by analyzing an . famulation of IBAN (Bonviva®)

www.dectrophor esis-journal.com
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from Roche (Switzerkind). Owing to its relatively simple matrix,
the only pretreatment perfarmed was a 350-fold dilution with
the CE buffer. Figure 4 shows the typical dectropherogram
obtained for IBAN in diluted Banviva®. A single and sharp
peak was observed. Based on triplicate aralyses, the IBAN
content in Bonviva® was found to be 1003 475 pg/mL (n=3),
which agrees well with manufacturer’s certified value (3mg
ibandronic acid per 3 mL solution for iv. injection).

4.2 Analysis of human urine

In arder to assess the applicability of the method for biolgical
or clinical analysis, IBAN spiked human urine was used as the
test sample. Due to the complex matrix of human urine, direct
CEEQL analysis of IBAN in wine was difficult. Tedious and
timeconsuming pretreatment of biologial materials was
always involved prior to IBAN analysis 4, 6, 7). In this study,
we attempted © develop a simple SPE procedure for IBAN in
urine sample. SPE using magnetic Fe,0,@AL,0; NPs has
been a popular echnique for sdective emrichment of
phosphatebearing biomoleules, eg. phosphopeptides and
phosphoprokins, from complex biological samples [18, 19.
We had abso efficiently extracted a phosphate-bearing herbicide,
glyphosate, from aqueous samples with SPE using Fe,0,@A-
1,0, NPs as the solid phase [14]. The high specificity isdue to a
bidentate binding natwre between the phosphate group and
metal acide surface [20]. The paramagnetic properties of these
particles also allow an easy isdation of products in solution by
attracting them with the aid of an etemal magnetic fidd. In
addition, magnetic NPs possess lge surface ara which
faclitates SPE. Since IBAN is a bisphosphonate compound, 3
specific interaction between IBAN and FeyO,@ALO; NPs
should also exist. A magnetic SPE procedure for IBAN in urine
was therefore developed, as described in Section 23. This
procedure was modified from our previaus tactics of extracting
the uniphosphonate herbicide, glyphosate, from aqueous
sample with Fe,0,@A},0, NPs [14). Instead of using Na,P,0,
solution as the ehuting agent, IBAN attached on the magnetic
NPs was rinsed off with NasPyOy0 solution. This modification
was necessary because PyO}; revealed a higher euting strength

[l wy
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ECL intematy (mV)

e
" ] 4
Thowe (ke

Figure 4. Electopherogram of sn intravenous formulation of
IBAN (350-fold diluted Bonviva®). Conditions as in Fig. 3.
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than P07 for IBAN. The optimal concentration of NasPiOs
was found to be 20mM. Figure 5(A) shows the typical
dectropherogram of a wine sample spiked with 05 yM IBAN
and subjected to ultrafitration only. Despite the selectivity of
Ru(bpy)3"-ECL detection, large extrancous peaks appear in the
background, indicating that it is not possible to remove the
interfering components in urine matrix by a single ultrafitra-
tion pretreatment. Accurate determination of IBAN signal size
would be difficult because the analyee peak situated very dose
to the huge extraneus peaks. Furthenmore, the stability of CE
capilary as well as the sensitivity of ITO eectrode in the
detection cell deteriorated rapidly with cansecutive injections of
wine sample, probably caused by fauling of the capillary wall
and dectrode surface. The dectropherogram of the same urine
sample subjected to ultrafitration folowed by SPE with
Fe04@ALOy NPs is dlustated in Fig. 5B. In comparison
with Fig. SA, those large matrix peaks tatally disappear and just
asingle IBAN peak shows up. Besides, the peak size of IBAN
in Fig, 5B is significantly larger than that in Fig. SA, which
evidences the effidency and specificity of SPE with Fe,O,@A-
1,0, NPs for IBAN. The slight spreading of peak shape and
longer migration time of IBAN observed in Fig, 5B, compared
with Figs 3 and 4, may be due to conductivity and for pH
differences between injected analyte zone and CE background
dectrolye [21).

Calibration graph was constructed using 1BAN-spiked
human urine in the concentration range of 02-120 M.
The linear regression equation was y=11.43(+067) x
10*x-0.99(0.12) x 10* (r= 09974, n= 6, where y is the
peak area and x is the IBAN concentration in pM). The LOD
and LOQ for IBAN in urine were 0.06 and 0.2uM (19 and
64 ng/ml), respectively. As a comparison, Table 2 lists the
reported LOD andjor LOQ values of IBAN in various
sample matrices by different analytical methods. The LOD/
10Q values obtained with the developed CE-ECL method

10
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£
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£
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E IBAN
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o. 'é 'i" é" i
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Figure 5. Electropherograms of human urine sample containing
0.5uM IBAN. (A) Sample pretrestment with ultrafiltration only.
(B) Sample pretrestment with ultrafilyation followed by SPE
using magnetic Fe;0,@ALO; NPs s the solid phase. Other
conditions as in Fig. 3
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Table2. Comparison of reported LODALOQ values of IBAN by

various anslytical methods
Method Sample  LODAOQ fng/ml)  Reference
GC-Ms” Plasma -1 4
Urine -2
ELISA Seum  -/0.05
HPLC-MSMSY Plasma  -f02
HPLC-ELSD Water 176 000~

HPLCAluorometry®  Water  23-

4
1
5
1C-conductometry Drug 38000113000 8
6
CE-ECL Urine 1964 Th

is work

8) Derivatization required.

are more than three orders of magnitude lower than those of
HPLC-ELSD [5] and IC conductometry [8] methods, and are
similar to that of the technically complicated HPLC-photo-
chemical derivatization-fluorometric detection method [6].
Although GC-MS [4] and HPLC-MS/MS [7] methods could
provide lower ng/mL level LOQ for IBAN in biological
fluids, both analyte derivatization and high-cost instru-
mentation were required. ELISA & the most sensitive and
selective method for IBAN reported to date. However, its
specific reagent & not readily available.

The intra-day and inter-day precisions of the method
were evaluated using urine samples spiked with 05 and
5.0uM IBAN. The intra-day RSDs (n =5) for 0.5 and 5 yM
IBAN were 7.7 and 4.6%, respectively. The inter-day RSDs
(n=5) for 0.5 and 5 M IBAN were 9.4 and 6.1%, respec-
tivdly. Mean recoveries, calculated as the ratio of IBAN
concentration found to that originally spiked, for 0.5 and
SuM IBAN were 102 and 97% (n =5), respectively. Total
analysis time for each urine sample including pretreatment,
SPE and CE-ECLwas <1h.

5 Concluding remarks

A simple, rapid and sensitive CE-ECL method for the analysis
of IBAN has been developed. Compared with most chromato-
graphic methods for IBAN reported to date, derivatization of
the analyte prior to CE-ECL. anualysis is not necessary. High-cost
instrumentation is also not required. The feasibility of efficient
and accurate deermination of IBAN in drug formulation by
the new method was demonstrated. In couple with SPE
pretreatment using magnetic Fey04@ALOy NPs as solid
phase, the proposed method was successfully applied to the
determination of IBAN at sub-yuM level in human urine. The
novel magnetic SPE procedure developed for IBAN in urine
sample was simpler and faster than cther reported pretreat-
ment methods. Combining the selectivity of Ru(bpy)}*-ECL
detection and the specificity of Fe,0,@Al,0, NPs extraction,
this method seems particularly suitable for the analysis of
phosphate-containing amines in biological and environmental

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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materiadls. To ow knowledge, this is the fst weport on the
development of both CE-ECL methad and magnetic SPE
pretreatment for trace IBAN in biological sample. Research on
the devdopment of CE-ECL method for other structurally

similar bisphosphonate drugs is in progress.
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Analysis of alendronate in human urine and
plasma by magnetic solid-phase extraction
and capillary electrophoresis with
fluorescence detection

A simple, rapid and sensitive CE-fluorescence (FL) detection method for the analysis of
alendwonate (ALEN), a bisphosphonate drug, has been developed. Using a buffer solution
of 20mM sodium phosphate (pH 10.0) and a voltage of 24kV, separation of ALEN in a
55-am length (35-am effective length) capillary was achieved in Smin. FL detection of
ALEN was performed via precolumn derivatization with 23-naphthalene dicarbox-
yaldehyde (NDA). Linear corrdation (r = 0.9981, n = 6) between FL intensity and analyte
concentration was obtained in the mnge of 7-200 ng/mL ALEN. The developed CEFL
method was applied to the analysis of ALEN in human urine and plasma samples. In
order to dliminate the interfering matrix components, SPE using magnetic Fe,0,@Al,0,
nanoparticles as solid sorbents was employed to dean the biological fluids before CE-FL
analysis. The linear ranges of ALEN in urine and phsma were 5-100ng/mL (r = 0.9982,
n=7) and 570 ng/mL (r= 09954, n =7), respectively. The LOD and LOQ in both urine
and plasma samples were 15 and Sng/mL ALEN, respectively. Total analysis time
induding sample pretreatment and CE separation was less than 15 h.

Keywords: Alendronate / CE-fluorescence detection / Human urine / Magnetic

SPE / Plasma

DOI 10.1002/js5¢.201100824

1 Introduction

Alendronate ((4-amino-1-hydroxybutylidene)bis phosphonate;
ALEN) (Fig. 1)is a second generation amino-bisphosphonate
drug widdy used for the treatment of a variety of bone
diseases including postmenopausal osteoporosis, Paget's
disease and metastatic bone disease [1, 2] Its primary
mechanism of action involves the inhibition of osteochstic
bone resorption. The bioavailability of ALEN in human is
low, only about 0.75% [3). Besides, it does not undergo
metabolic biotransformation in human [4). Following oml or
intravenous administration, ALEN is either sequestered in
bone or exaeed unchanged in the urine. Since urinary
exaetion is the sole means of ALEN dimination, renal
dearance measurements provide the most useful approach
for bioequivalence studies [5).

Correspondence: Dr. Chen-Wen Whang, Department of Chem-
istry, Tunghsi University, Taichung 40704, Taiwan

E-mail: cwwhang @thu edu.tw

Fax: +886-4-23506473

Abbreviations: ALEN, slendronate; Fes0 @ALO, NPs,
alumina-coated iron oxide nanoparticles; NDA, 23-
naphthalene dicarboxyakdehyde

© 2012 WILEY-VCH Vertag GmbH & Co. KGaA, Weinhaim

Analysis of ALEN, and other bisphosphonate drugs as
well, often represents a challenge because of their polar
ionic nature and chelation pro perties; they may interact with
metak in HPLC systems resulting in poor peak shape and
irreproducible chromatography. In addition, ALEN posses-
ses no chromophore or fluomphore, complexation with
metal ions or derivatization with fluorescent dyes prior to
UV or fluorescence (FL) detection is necessary. Further-
more, bisphosphonates are not typically amenable to
analysis by HPLC with MS/MS detection because they
produce a distribution of multiply charged ions and are
prone to adduct formation under ESI conditions; these
fators imit assay sensitivity [6) A review of analytical
methods for the determination of various bisphosphonates,
induding ALEN, in phamaceutical and biokgical material
has been published recently [7). In general, RP HPLCFL
methods with precolumn derivatization using 2,3-naph-
thalene dicarboxyaldehyde (NDA) (8, 9], 9-fluorenylmethyl
chloroformate (FMOG) [10-12), o-phthalaldehyde (OPA) [13]
and fluorescamine [14) have been the most popular for the
determination of ALEN in drug formulation, plasma and
urine samples. lon chromatography (IC) coupled with non-
derivatization detection methods, such as indirect UV
detection [15, 16), conductivity detection [17), refmctive
index detection [18] and inductively coupled plasma
(ICP)-MS detection [19] also hawe been emplyed to the
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Figure 1. Structural formuls of slendronate sodium and pami-
drongte sodium.

analysis of ALEN in pharmaceutical and biokgical samples.
Derivatization with isobutyl chloroformate followed by
HPLCMS analysis has been reported for ALEN in human
urine (20} Derivatization with dizzomethane followed by
HPLCMS/MS analysis also has been developed for ALEN
in human serum and urine [21). LOQs of ALEN in serum
and urine were 0.05 and 1ng/ml, respectively, which were
the lowest LOQs reported to date.

CE has been a popular technique for drug analysis
because of its high efficiency and versatility, very low sample
and reagent consumption, low cost and minimization of
environmental pollution. However, the number of literature
related to the use of CE for ALEN is limited, which may be
attributed to the lack of sensitive detection method. A
CE-UV procedure for the determination of ALEN in dosage
form was described [22). Direct UV detection was based on
the online fomation of a chromopharic complex between
ALEN and Cu(ll) present in the BGE. LOQ was in the
yg/mL levdl. Several amino-bisphosphonate pharmaceuticals
including ALEN in dosage form and human urine have been
determined by multidimensional CE techniques [ CITP
was emplyed a5 a preseparaton and online sample
concentration step prior to amalytical determination using
cther CITP or CZE coupled with conductivity detection.
LOQs of ALEN in urine were about 3-10ng/mL. Recently, a

npid CEindirect UV method for alkylphosphonate drugs
inchuding ALEN in dosage form was repotted [23}. Indirect
UV detection of those non-chromophore drugs was based on
the use of multiple probes BGE. The main dmwback of this
method was its relatively poor LOD (50 g /ml) of ALEN.
From the viewpoint of drug analysis, CE assays with
LOQs<10ng/mL are required to support pharmacokinetic
studies because of the low bicavailability of ALEN and is low
ng/mL levels in urine or plasma at therapeutic doses.
Matrix interference has always been a problem during
analysis of ALEN in biological samples. According to the
literature, a sequence of sample pretreatment steps is
generally involved prior to instrumental analysis. Predpita-
tion of ALEN 2 aldum sakt in alkaline medium, followed
by acid dissolution of the precigpitate and SPE purification of
the analyte, has been an effident and widdy applied
protocol [8, 9, 12, 13). Howewer, the pmcedure was tedious
and timeconsuming. Recently, SPE using magnetic mate-
nials as solid sorbents has become a mpid and versatile

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhaim
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technique for sample treatment and analyte pre-concentra-
tion [24). Magnetic Fe,0, coated with Al,0, or TiO, core-
shell nanoparticles have been particularly employed to the
selective enrichment of phosphatebearing biomolecules,
¢g. phosphopeptides and phosphoproteins, from complex
biological samples [25, 26]. The high spedificity i due to a
bidentate-binding nature between the phosphate group and
metal oxide surface. The paramagnetic properties of these
particles also allow an easy isolation of products in solution
by attracting them with the aid of an external magnetic field.
Furthermore, magnetic NPs possess large total surface area
that facilitates SPE operation.

In this paper, we describe a simple, rapid and sensitive
CE-FL method for analysis of ALEN in human urine and
plasma. Pre-column derivatization of ALEN was performed
using NDA, followed by CE with FL detection. In order to
suppress interference from biological sample matrix and to
enhance sdectivity, magnetic SPE using alumina-coated
iron axide manoparticles (Fe,0,@Al,0, NPs) as extraction
phase was employed to the pre-treatment of urine and
plasma samples. Report on the use of magnetic SPE for the
separation of drugs from biological matrices has been scarce
[24}. Recently, we have demonstrated the successful use of
Fe04@AL03 NPs as a selective sorbent to extract iban-
dronate, also an aminobisphosphonate drug, from human
urine 27}, In this work, we attempt to employ this magnetic
SPE protocol to ALEN in urine and plasma samples. To our
knowledge, this is the first weport on both CE-FL analysis
and magnetic SPE of ALEN drug.

2 Materials and methods
2.1 Apparatus

The CE-FL system was assembled in laboratory. A 0-30-kV
power supply (Glassman High Voltage, Whitehouse Station,
NJ, USA) provided the separation voktage. Fused-ilica
apilaries (S0pm idx365um odx S5em total length,
Polymicro Technologies, Phoenix, AZ, USA) were used for
separation. Prior to use, the capillary was flushed sequen-
tially with 05M NaOH (10 min), H,0 (10 min) and
electmphoretic buffer (15 min). Following each five injec-
tions, the capillary was rinsed with 0.1 M NaOH, H,0 and
electmphoretic buffer for 5 min to maintain a reprodudble
inner surface. FL detection was performed with an Arges
2508 fluorescence detector (Flux Instruments AG, Basd,
Switzerland). The detector consisted of a CE flow-cell
module, spedial collection optics, optical fiber conduit, filter
holder and a photomultiplier tube (PMT). A 75-W Xe-Hg arc
lamp was used as the exdtation source. The excitation
wawelength was centered at 420 nm using an interference
filter. The fluorescence emission was colleted with
a 495-nm cut-off filter. The PMT was operated at ~950V.
Sample injection was generally carried out in hydmdynamic
mode for a fixed time period at 20 am height, unless stated
otherwise.
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22 Chemicals and solutions

Alendronate sodium, pamidronate disodium (as internal
standard; 1.5.) and aluminum isopmpaxide were purchased
from Sigma-Aldrich (Milwaukee, WI, USA). NDA was
obtained from Fluka (Buchs, Switzerland). Potassium
cyanide was acquired from E. Merck (Darmstadt, Germany).
Sodium tripolyphosphate (NasP3Oy) was obtained from
Showa (Tokyo, Japan). Iron oxide (Fe,0,, partick size
20-30nm) and sodium silicate were obtained from Alfa
Aesar (Ward Hill, MA, USA). All other chemicals were of
analytical-reagent grade.

Stock solutions of ALEN and LS. at 1mg/mL were
prepared in distilled-deionized water. NDA solution of
10mM was prepared in HPLCgrade methanol. KCN solu-
tion of 10 mM was prepared in 20 mM Na,HPO, solution
(pH 10.0). All solutions were filtered through a 0.45-ym
pore-size membrane fikter before use.

2.3 Preparation of urine sample

The fresh human urine sample of a healthy female
volunteer was acquired from a student in the hbomtory.
Prepantion of urine sample was similar to that described
previously 27). In brief, 1.0 mL urine was added with 50 L
of 0.1 M NaOH (as blank) or a standard solution of ALEN in
0.1 M NaOH (as sample) and 50 L of 1.0 M EDTA. The
solution was thoroughly mixed, followed by ultrafiltration at
14000 x g for 20 min using a microcentrifuge (model 3740;
Kubota, Tokyo, Japan) coupled with Millipore's Amicon®
Ulra-0.5 centrifugal fiker devices (nominal molecular
weight limit (NMWL) 3 kDa). The filtrate was then subjected
to magnetic SPE using Fe,0,@ALO, NPs as the solid
phase. Fe,0,@AL,0; NPs were prepared following the
procedure depicted in the literature 28],

2.4 Preparation of plasma sample

Blood samples placed in freeze-dried EDTA tubes were
centrifuged immediately to obtain the plasma, which was
stored —20°C until analysis. To 400 uL of plasma sample,
SOuL of ALEN standard solution was added. The plasma
mixture was deproteinized by adding 450 L of acetonitrle.
After centrifugation at 20000 x g for 15min, the super-
natant liquid was subjected to magnetic SPE treatment
described below.

25 Magnetic SPE procedure

In a 2.0-mL polypropylene vial, 1.0mL of the above urine
fitrate or 08mL of the abowe phsma filtrate was
ultrasonically mixed with 1mg of Fe;0,@AL0; NPs for
Smin. The NPs that conjugated with ALEN were then
aggregated by an external magnet, and the supernatant

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wenham
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liquid was completely removed with a micropipette. The
NPs were ultrasonically washed with 0.5mL of 150mM
phosphate buffer solution (pH 90) for Smin, and the
supernatant liquid was discarded. This washing step was
repeated twice. Finally, ALEN on the NPs was rinsed off
with 10 4L of 20mM Na;P;0,, solution (pH 9.0). The ehuate
was then subjected to derivatization treatment as described
below. Due to concern of possible contamination to the next
sample, the used NPs were discarded without further

deaning.

26 Derivatization protocol

The NDAderivatization procedure followed that reported by
Roach and Harmony [29] Optimized derivatization para-
meters, eg. NDA concentration, reaction pH, time and
temperature, were adopted from our previous work [30). Ina
1.0-mL polypropylene vial, 10 L of ALEN standard or the
above eluate were mixed with 5 uL of 1 g/mL pamidronate
(L.S.) and 1.5 pL of 10 mM KCN solution (pH 10.0). A 1.5-uL
aliquot of 10mM NDA solution was then added. The
reaction vial was covered with aluminum foil to prevent
photochemical decompesition of the product and the
solution mixture was thoroughly mixed at mom tempera-
ture for 20min using a vibrating mixer. The resulting
solution was directly injected into the CEFL system for
analysis. All ALEN concentrations reported in this work
were the initial concentration of ALEN in the sample
solution prior to treatment and derivatization.

3 Results and discussion
3.1 Study of CE-FL conditions for ALEN

NDA reacts with primary amines in the presence of CN~ to
form 1-cyanobenziffisoindole derivatives, which possess
excellent thermal stability and high quantum yields [29).
In addition to an intense absorption band in the UV region
at approximately 250 nm, the derivatives exhibit two weaker
excitation maxima in the visible region at approximately 420
and 440 nm with fluorescence maximum at 490 nm. In this
study, FL detection of the NDA-derivatized ALEN and LS.
was performed with an excitation wavelength of 420 nm and
light collected at wavelength >495 nm. Pamidro-
nate (Fig. 1), a fist generation bisphosphonate drug
structurally similar to ALEN, was selected as the LS. Effect
of BGE concentrations (sodium phosphate buffer, pH 10.0)
on the separation of the two NDA-hbded bisphosphonate
drugs was examined first. Figure 2A shows the variation of
mobilities of ALEN and LS. in the BGE concentration range
1040 mM. Sepamtion between the two NDA derivatives
improved with increasing BGE concentrations. A resolution
(Ry) of 1.24, cakculated as 2(t; s ~1a) /(w1 +wa), where 1,
tyand wy g, w, are the migration times and peak widths of
the two derivatives, respectively, can be achieved with a BGE
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Figure 2. Effect of (A) BGE concentraion and (B) BGE pH on the
mobilities of NDA{abeled ALEN and LS.

concentration of 20mM. Higher concentrations kaded to
Larger R, values, but with longer migration times. Therefore,
20mM sodium phosphate buffer was chosen asthe optimal.

Both ALEN and LS. are amphiprotic compounds with
multiple pK, values. After derivatization, the NDA-labdled
ALEN and LS. mainly exist as anions in aqueous BGE. Their
charges as well s electmphoretic mobilities will depend
upon the pH of BGE. Effect of pH on the mobilities of the
two bisphosphonate derivatives was studied in the pH range
90-110 using 20 mM sodium phosphate buffer as BGE.
The results are shown in Fig. 2B. Sepantion of the two
derivatives was better at lower pH, but gradually deterio-
nted with increasing pH. This was probably caused by an
increase in EOF at higher pH values of the BGE, which
reduced the resolution of the given peak pair under coun-
terelectroosmotic CE mode [31). Poor resolution (R,<1.0)
was observed at pH 105 and beyond, and optimal separa-
tion of the two peaks can be obtained at pH 10.0. In order to
achieve the objective of rapid separation and optimal reso-
lution, the pH of the BGE was sdected at 100. Howeer,
due to its rdatively poor buffer capacity at this pH, unstable

© 2012 WILEY-VCH Veriag GmbH & Co. KGaA, Wenham
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Figure 3. Electropherograms of ALEN and LS. in water with FL
detection. (A) NDA-lsbeled ALEN (pesk A) and pamidronate
{pesk 1.5); (B) blank. Conditions: capillary, 50 um id x 366 um
od x 55¢em length (35 cm to the detector); BGE, 20 mM sodium
phosphate (pH 10.0); separaion voltage, 24 KV; hydrodynamic
injection, 10s &t 20cm height FL detection, J.e: 420nM, Jgm:
>495nm; PMT voltage, ~950 V. Analyte concentration, ALEN,
100 ng/mL; LS., 280ng/mL.

migration times were sometimes observed. On the other
hand, the relative migrtion times of ALEN/LS. were found
fairly constant, which could be attributed to the proper use
of 1.S. The BGE solution of CE was replaced with fresh one
every 1-2h in order to keep the pH value constant and the
absolute migration times stable.

A typical dectrophemgram of NDA-labdled ALEN and
LS. is shown in Fig. 3. Sharp and symmetric peaks for the
two NDA derivatives were obtained, with an avenge theo-
retical plate number of ca. 14 000. Under a capillary length
of 55 am (effective length 35 am) and a separation voltage of
24kV, optimal separation (R, =1.27) of ALEN and LS. was
achieved in Jess than 5 min. The extraneous peaks appeared
in Fig. 3A before 3min and the two small peaks at
3.5-4.0min may be due to reaction pwducts between the
excess derivatizing agent and the impurities in background
solvent, as shown by the blank dectropherogmm (Fig. 3B).

A calibration curve for ALEN was constructed over the
concentration range 7-200 ng/mL. The ratio of peak area of
ALEN/LS. versus concentration plot showed a good linearity
(p=26x10"*x+64 x 10~ with a correhition coeffident
(r) of 09981 (n= 6). At a concentration level of 50 ng/mL
ALEN, the RSD values on the ratios of migration time and
peak area of ALEN/LS. were 053 and 2.31%, respectively.
The LOD (S/N=3)and LOQ (S/N= 10) values for ALEN in
aqueous solution were alculated to be 2 and 7ng/ml,
respectively.
32 Analysis of human urine
Despite that bow ng/mL level of LOD and LOQ were readily
achievable with CE-FL method, direct analysis of ALEN in
urine sample was problematic due to complex matrix of

human urine. In addition, the dervatzation reaction
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between ALEN and NDA may be affected by those
endogenous urine components because NDA can react with
other primary amines and amino adds as well. Recently, we
had developed a magnetic SPE procedure foribandronate, a
hh@omt& dng. in human urine I.lﬂ.lls Fe,O‘@AI,O,
NPs as solid sorbents [27]. In this study, we attempted to use
asimilar extraction strategy for ALEN in urine sample. The
procedure was described in Section 25. Figure 4 demon-
strates the efficacy of magnetic SPE for ALEN in human
urine. The electropherogram of a blank urine sample
subjected to ultnfiltration only but without magnetic SPE
treatment is shown in Fig. 4(A). The huge extraneous peaks
in the background were caused by the endogenous urine
matrix, indicating that it is impossible to remowe the
interfering components in urne matrix by a single
ultrafiltration pretratment (sce Section 2.3). Analysis of
ALEN would be difficult because the analyte signal situated
very dose to the large extraneous peaks. In addition, the
stability of CE capillary deteriorated rapidly with consecutive
injections of urine sample, probably due to fouling of the
apillary wall. The dectropherogram of the same urine
sample subjected to ultrafiltration and followed by magnetic
SPE with Fe;04@A1,03 NPs as the solid phase is illustrated
in Fig 4B. In comparison with Fig. 4A, the matrix
interference was dearly removed and a flat baseline at the
migration time region (ca. 45-5 min) of ALEN and LS. was
observed. The dleanness of the background was attributed to

B

H
4
z £

FL istensity (mV)
H
FL intensity (mV)
: g

£
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Caw

FL intensity (mV)
H
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the selectivity of Fe;04@Al203 NPs and the efficiency of the
wiplicate washing steps with 150 mM phosphate buffer
(pH 9.0) prior to the final desomption step. Without an
appropriate washing, such a flat baseline could not be
achieved. The electropherogram of the same urine sample
spiked with 30 ng/mL ALEN and subjected to ultafiltration
and magnetic SPE treatment is shown in Fig, 4C. Sharp and
significant peaks for the NDAJabeled ALEN and LS. were
readily obtained. No interference from the urine matrix was
found, which evidenced the high effidency and specificity of
the magnetic SPE for ALEN in urine. Total sample
treatment time including extraction and derivatization was
about 1h, and CE analysis time was 5 min.

33 Analysis of plasma

The developed method was also applied to analyzing ALEN
in human phsma. Due to its high protein content,
depmtanization of plasma sample prior to analysis was
required. Deproteinization by ultrafiltration was initially
attempted, but the centrifugal filter device (NMWL 3kDa)
was easily clogged. Deproteinization using acetonitrile in a
1:1 v/v ratio was akernatively carried out prior to magnetic
SPE and deriatization treatment. Figure 5 shows the
resubts of plasma analysis. The electropherogram of a
depmoteinized plasma sample & illustrated in Fig. SA.

Figure 4 Electropherograms
of ALEN in urine with FL detec-
tion. (A) Blank urine subjected
to ultrsfiltration only; {B) blank
urine subjected to ultrafiltra-
tion and magnetic SPE;
@ A () urine spiked with 30 ng/mL
ALEN followed by ultrsfiltra-
tion and magnetic SPE. Condi-

0 —— 0 T —r
o1 2 ) 4 5 8 012 3 4 5
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’ tions ss in Fig. 3 except

b1 S b dodynamic injecion Sme
Time (min) Bs

C =0 Figure 6. Electropherograms
of ALEN in plasma with FL
0 detecion. (A) Blank plasma
subjected to deproteinization
only, (B) blank plasmas
subjected to both deprowiniza-
tin and magnetic SPE; (C) plas-
LS. maspiked with 10 ng/mL ALEN
followed by deproteinization
@ and magnetic SPE. Conditions
& in Fig. 3, except that the
concentration of LS. sdded

B

FL imezsity (=V)
8
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0 was 60 ng/mL and the electro-

kinetic injection time was 2s at
Time (m) 20KV,
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The huge extraneous peaks were caused by the endogenous
plasma components, which may incude various amino
acids and peptides. Obviously, a single deproteinization
treatment was insuffident to remowe those small amino
compounds in plasma. It would not be possible to analyze
trace ALEN in deproteinized plasma sample without further
purifiation. The dectrophemgram of a deproteinzed
plasma sample ako subjected to magnetic SPE using
Fe;0,@Al,0; NPs as solid sorbents is shown in Fig, SB.
In comparison to Fig. 5A, most interfering components in
plasma matrix were removed and a flat basdline appeared at
the region of expected migration times of analytes, which
again proved the effidency of magnetic SPE treatment. The
dectropherogram of a plasma sample spiked with 10 ng /mL
ALEN followed by deproteinization and magnetic SPE is
shown in Fig 5C. Despite the rdatively complex back-
ground, both ALEN and LS. peaks could be readily
identified without interference. It is noted that in order to
maintain an optimal resolution, the concentration of LS.
contained in the final sample sohution was lowered 1 60 ng/mL
and injection was performed dectrokinetically at 21kV
for2s.

3.4 Analytical figures of merit

CGalibration graphs were constructed using ALENspiked
human urine and phsma in the concentration ranges of
5-100ng/mL (for urine) and 5-70ng/mL (for plasma).
The two linear regression equations were y=
41x 1074610 (r=09982, n=7) for urine and
p=21x10"2%+17x107* (r=0.9954, n=7) for plasma,
where y is the ratio of peak area of ALEN/LS. and x is the
concentration of ALEN in ng/mL. The LOD (S/N=3) and
LOQ (S/N=10) for ALEN in both urine and plasma were
15 and 5 ng/ml, respectively. These LOD/LOQ values were
more than three orders of magnitude lower than those
weported using CE with direct [22] or indireat [23] UV
detection, and were in the same order of magnitude as those
reported using multidimensional CE-conductivity detection
[5) for urine analysis. In comparison to HPLC methods
coupled with FL detection 8, 9], electrochemical detection
9], MS [20] and MS/MS [21] detection in plasma and urine
analyses, the devdoped CE-FL method had a similar
analytical sensitivity but simpler sample preparation proce-
dure.

Withinday and between-day recovery and precision of
the method were evaluated using urine and plasma samples
spiked with low (10ng/mL), medium (30ng/ml) and high
(80 ng/mL for urine and 50 ng/mL for plsma) concentra-
tions of ALEN. The results of this analysis are illustrated in
Table 1. Withinday and between-day recoveries for the three
spiked levels of ALEN in urine are in the mnges 101-115
and 99-109%, respectively. Within-day and between-day
predsions, represented as RSD, for the three spiked levels of
ALEN are in the ranges 1.7-5.5 and 3.5-7.6%, respectively.
Within-day and betweenday recoveries of ALEN in plasma

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA Weinham
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Table 1. Within-dsy and between-dsy recovery and precision
for CEFL analysis of alendronste in human urine and

plasma (n =5
Nominal concentration Within-day Between-day
IngimL)
Recovery Precision Recovery Precision
(A %
Urine
10 15 55 108 156
Kl 0 36 101 45
L] 10 11 ] 35
Plasms
10 105 18 n 103
K] «® 51 % 8.1
L] w LA 10 54

8) Recovery expressed as [imesn observed concentration)/
{nominal concent ation)] x 100.
b) Precision expressed as RSD.

are in the ranges 97-105 and 96-112%, respectively. Within-
day and between-day predisions of ALEN in plasma are in
the ranges4.1-7 8 and 54-103%, respectively. These values
meet the aiteria of accuracy and precision set in the bica-
nalytical method validation guidance [32).

Intermediate predsion, defined as the long-term varia-
bility of the measurement process within a single hbortory
over a number of weeks [33), was also examined. Plasma
samples spiked with 10, 30 and S0ng/mL ALEN were each
analyzed six times at different days randomly within a span
of three weeks. The recoveries were 96, 98 and 102%, and
the RSD values were 8.6, 5.6 and 3.5 for 10, 30 and 50
ng/mL ALEN, respectively. The stability of the method
could be attributed to the proper selection of pamidronate as
the LS., which is structurally very similar to ALEN. We did
observe some changes on the absolute migmtion times and
peak areas of analytes in dectropherograms acquired at
different days, but the relative migration times and peak
areas of ALEN/LS. were always constant. Therefore, the use
of an appropriate LS. & important in quantitative works
with CE, particularly for analyzing biological samples.

4 Concluding remarks

A simple, rapid and sensitive CE-FL method for the analysis
of ALEN in biological fluids has been developed. In couple
with SPE pre-treatment using magnetic Fe,0,@AL,0, NPs
as the solid phase, the poposed method was successfully
applied for the determination of ALEN at lowng /mL level in
human urine and plasma. The magnetic SPE procedure
developed for ALEN in urine and plasma was simpler and
faster than other reported sample pretreatment strategies.
Combining the efficiency of CE separation, the sensitivity of
FL detection and the spedficity of magnetic SPE using
Fey0,@Al,0, NPs, this method seems particularly suitable

www jss-journal com
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for the analysis of phosphatebearing amino drugs in
biological materials. We trust that this is the first report
on the development of both CEFL method and magnetic
SPE pretmatment for trace ALEN in biological samples.
Application of this method to other structurally similar
bisphosphonate drugs is in progress in our laboratory.

Financial support from the National Science Council of
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A simple and rapid screening method for glyphosate in
water using flow-injection with
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A flow-injection (FI) system coupled with the electrochemiluminescence (ECL) detection method for rapid
screening of glyphosate (GLY) in water has been developed. A wall-jet type ECL detector coupled with an
Indium/tin oxide (1ITO)-coated glass working electrode was modified from a thin-layer electrochemical cell,
and tris(2,2-bipyridylruthenium(s) (Ru(bpy),**)-based ECL reactionwas used for the sensitive detection of
GLY. Under optimized conditions, the linear range of the method was 0.03-281 mg L™" GLY with R* =
09998 (n = 7). Repeatability was 53% (n = 27) and the detection limit (3a) was 0.03 mg L™ GLY.
Sample throughput was about 100 injections h™". Possible interference from some muitivalent cations
can be readily eliminated by passing the acidified water sample through a solid-phase extraction
column packed with strong cation-exchange materials before analysk The method was examined by
application to surface waters including tap water and irigation water.
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1. Introduction

Glyphosate (N-{phosphonomethyl)glycine; GLY) is a broad-
spectrum herbicide widely used to kill unwanted plants both in
agricultural and in nonagricultural landscapes. Due to its rela-
tively low mammal toxicity, GLY has become the most exten-
sively used herbicide worldwide. However, GLY resistance in
weeds has evolved under current GLY usage, with little or no
diversity in weed management practices.' Besides, its indis-
criminate application also generates some concerns regarding
the possible health hazard and environmental contamination
caused by GLY.*"In order to protect human health, various
countries have set up maximum residual limits of GLY in water
and crops. The US Environmental Protection Agency (EPA),*
Health Canada,’ and China's Ministry of Water Resources* have
set the maximum acceptable concentration (MAC) of GLY in
drinking water at 0.7, 0.28 and 0.7 mg L™, respectively.
In Taiwan, the MAC of GLY in effluent was setat1.0mgL™""In
this regand, ther is a growing need to develop a rapid and
sensitive method for monitoring GLY at residue levels in envi-
ronmental waters.

Various methods have been reported for quantitative anal-
ysis of GLY in water, environmental matrices and agricultural
products.* It is known that GLY often represents an analytical
challenge because of its high water solubility and organic
solvent insolubility, which make the extraction and pre-
concentration of GLY from sample matrices difficult. Moreover,
since GLY possesses no chromophore or fluorophore in its

Pa of Chemiszy, Tunghai University, Taichung 40704, Taiwan. E-mail
cowhang@thuedunw Fax: +886 423506473, Tel: 4886423590248 ext. 311
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molecular structure, both pre- and post-column derivatizations
have therefore been employed to GC,*** HPLC'™* and CE'*" of
GLY followed by spectrophotometric detection. However, the
procedure of derivatization is always tedious and time-
consuming, and sometimes generates unstable products.
Non-derivatization methods, such as indirect UV detection,'*
indirect fluorescence detection,'® electrospray ionization-MS
detection,'” amperometric detection,'* coulometric detection,'*
contactless conductivity detection,” electrochemiluminescence
(ECL) detection,® and inductively coupled plasma (ICP)-MS
detection®® have also been coupled to HPLC or CE for GLY
analyses. These methods often suffer from drawbacks such as
inadequate sensitivity and the requirement of costly apparatus.
In addition, due to the inclusion of a chromatographic or an
electrophoretic separation process in the method, the speed of
analysis, and therefore sample throughput, is always low. The
commercial immunoassay kit for GLY can provide fast, selective
and highly sensitive screening analysis,™ but it is highly
expensive, As a screening method, it should be able to select
from an initial set of samples, those that are above a pre-set
concentration level in a simple, fast, economic and reliable way.
Only those samples that provide a positive response need to be
further processed with a more sophisticated and expensive
analytical method.

Flow injection (FI)* analysis is a simple, rapid, and versatile
technique that is now firmly established, with widespread
application mainly in environmental and clinical areas. Deter-
mination of GLY by the FI method is not common. Adcock
et al.® reported a Fl-chemiluminescence (CL) method for the
analysis of GLY in industrial and commercial formulations. The

active CL reagent, tris(2,2-bipyridyljruthenium(is) (Ru(bpy),™"),
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was chemically generated using a lead dioxide recirculating
system. Colombo and Masini* developed a sequential injection
method for the fluorometric determination of GLY based on the
adaptation of the post-column derivatization reaction between
glycine and o-phthaldialdehyde in the presence of 2-mercap-
toethanol, applicable to soil and sediment samples. Recently,
Silva et aL” published a screening method for the determina-
tion of GLY in water samples using a multi-pumping flow
system. The method was based on the reaction between GLY
and pdimethylaminocinnamaldehyde in an add medium
where the reaction product can be measured spectrophoto-
metrically. In comparison with chromatography- or electro-
phoresis-based methods, FI is advantageous as a screening
method due to its high sample throughput, simple apparatus
and versatile detection schemes.

In this paper, we describe a simple, rapid, and sensitive
screening method for GLY in water samples using FI coupled
with Ru(bpy),*"-based ECL detection. This detection strategy
has been successfully employed to HPLC* and CE*** of GLY.
The applicability of the developed FI-ECL method was examined
by analyzing GLY in surface water samples.

2. Experimental

2.1. Apparatus

The FFECL detection system was assembled in the laboratory.
The FI system consisted of a Rainim model RP-1 peristaltic
pump (Emerywille, CA, USA), a Rheodyne model 9125 injection
valve with 10 pL sample loop, an interconnecting Teflon tubing
(250 pm i.d.) and a wall-jet type ECL detector modified from a
commercial Zensor model SF-100 thindayer electrochemical cell
(Taichung, Taiwan). The schematic diagrams of the FI-ECL
system and the ECL detector are represented in Fig, 1.

Alcm x 3.5 cm indium/tin axide (ITO)}coated glass plate
(Delta Technologies, Stillwater, MN, USA), situated at the bottom
block of the cell, was used as the working electrode for in situ
generation of the active Ru(bpy),*". The potential of the 170
clectrode (vs. Ag/AgCl reference) was controlled with a BAS
(Bioanalytical System, Inc., West Lafayette, IN, USA) model
LC-4C potentiostat. The stainless steel outlet tubing also func-
tioned as a counter electrode. A small cone-shaped hole was
drilled on the cell body under the ITO plate, and the emitted ECL
was captured using a Hamamatsu R928 photomultiplier tube
(PMT; Hamamatsu city, Japan) biased at 930 V and positioned
under the detection cell. The photocurrent was amplified by a
Keithley model 485 picoammeter (Cleveland, OH, USA), con-
verted to voltage and recorded using a PC equipped with a data
acquisition interface. The whole ECL detector was held in a light-
tight box constructed from black Plexiglass to exclude stray light.

2.2, Chemicals

Glyphosate (GLY, 96%) and tris(2,2"-bipyridyljruthenium(n)
chloride (Ru(bpy),Cl,, 99.95%) were purchased from Aldrich
(Milwaukee, W1, USA). All other chemicals were of analytical-
reagent grade. All solutions were filtered through a 0.45 um
pore-size membrane filter before use.

This journal i © The Royal Society of Chemistry 2013
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Fig.1 (A) Schematic dngram of the FHEQ detection system; (B) exploded view
of the ECL detector.

23. Sample preparation

Tap water was acquired from the campus and irrigation water
was collected from a local rice field. Waters were collected in
clean polypropylene (PP) bottles, acidified to pH 2 with nitric
acid, filtered through a 0.45 ym pore-size nylon membrane filter
and stored at 4 °C. Before analysis, 3 mL of water sample was
passed through a Varian Bond Elut SCX column (500 mg/3 mL;
H' form) at a rate of 0.5 mL min™". A 100 uL working solution
was prepared by mixing 10 pL of 40 x 10~ mol L™ aqueous
Ru(bpy),™" solution with 90 uL of the above percolate. This
solution was used for FI-ECL analysis. The GLY-spiked sample
was prepared by adding appropriate amounts of GLY standard
solution into the acidified water sample prior to membrane
filtration and solid-phase extraction pre-treatment.

3. Results and discussion
3.1, Characteristics of the FI-ECL system

Itis known that the CL emission can be generated via reaction
between tertiary or some secondary amines and Ru(bpy),*. The

Aral. Methods, 2013, 5, 6186-6191 | 6187
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latter can be formed by ether chemical or electrochemical
oxidation of Ru(bpy),"".® However, the active Ru(bpy),”
reagent produced by the chemical method often suffers from
the problem of limited temporal stability with respect to
reduction. Despite that some on-line chemical generation
systems of Ru(bpy),” had been developed to overcome the
problem, to date, electrochemical oxidation is still the most
predominant means of Ru(bpy),"* production which can
provide a reliable and constant source of Ru(bpy),”". Since GLY
is structurally a secondary amine, the possible mechanism of
the CL reaction between GLY and electrochemically generated
Ru(bpy),"" can be depicted as follows:*

Rufbpyh™ - ¢ = Ru(bpy),™
GLY ¢~ = [GLY]" = GLY + H'
Ru(bpy)®* + GLY - Ru(bpy):®*" + products

Ru(bpy ™" = Ru(bpys™ + kv

In conventional FI with Ru(bpy),*"-based CL**# or ECL¥
detection, a manifold flow assembly was always used to
continuously deliver the buffer carrier, Ru(bpy)™* reagent, and
catalyst to the reaction/detection zone. In our system, just a
single flow channel was employed to deliver the buffer solution
while the Ru(bpy),”* reagent was concomitantly injected with
the sample solution via a six-port loop injector, With this flow
scheme, significant reduction in the consumption of the
expensive Ru(bpy),*" reagent can be achieved. Besides, flow rate
adjustment is much easier.

The walljet type ECL detector was modified from a
commercial thin-layer electrochemical cell specifically designed
for use with disposable screen-printed electrodes (SPEs).* The
cell was made of foldable polyaxymethylene thick platelets with
the bottom portion consisting of a cavity trackto drag the SPE in
position (see Fig. 1B). Since the chosen ITO-coated glass plate
has the same thickness (0.7 mm) as the disposable SPE, if cut to
the appropriate length and width, it can readily fit the tray-cavity
amangement of the cell assembly. The wall-jet design through
the center micro-hole can guide the inlet cluent to function
properly on the ITO working electrode. In order to collect the
emitted ECL from the back of the transparent ITO glass plate, a
small coneshaped hole was drilled on the bottom block of the
cell assembly precisely opposite to the inlet micro-hole on the
top block. The major advantage of this button-and-lock type
ECL detector is its ease of assembling the detection cell and
changing the sensing electrode.

3.2. Optimization of experimental conditions

The observed CL intensity in the FI-ECL system was dependent
on the operating parameters such as concentration of
Ru(bpy),*", detection potential, pH, and flow rate of buffer
carrier, During optimization, effects of various parameters were
investigated using a univariate approach. All the studies were
performed with a 2.1 mg L™ GLY standard solution.

6188 | Anal Methods, 2013, 5, 6186-6191

View Artida Online

Paper

Table 1 Optimal conditons for FHECL analysis of GLY

Parameter Condition

Carrier solution 20 x 10 mol L™ sodium
phosphate buffer

pH of bufler solution 9.0

Ru(bpy):”* concentration 40 x 107 mol L™

Flow rate 026 mL min™"

ITO electrode potential 1.6V (vs. Ag/AGC reference)

Vokage of PMT -930V

The effect of Ru(bpy),** concentrations on the ECL intensity
of GLY was first examined in the concentration range of 0.2-
6.0 x 107" mol L™ Ru(bpy)s™". The results showed thatthe ECL
intensity increased continuously with increasing Ru(bpy),**
concentration. A rdatively constant peak size was observed after
the Ru(bpy)s** concentration reached 4.0 x 107 mol L™, An
injected sample solution of GLY concomitantly containing 4.0 x
10~* mol =" Ru(bpy),*" was chosen as the optimal sample.

The optimal detection potential for GLY was investigated in
the range of 1.0-2.0 V (vs. Ag/AgCl reference). The results indi-
cated that the largest ECL signal was obtained at 1.6 V. This
potential was therefore selected as the optimal potential,

It is known that the ECL intensity for the reaction of
Ru(bpy),*" with amines is dependentupon pH values. The effect
of buffer pH on the ECL of GLY was examined in the pH range of
7-10. With 220 x 10~ mol L™" sodium phosphate buffer as the
carrier solution, the largest signal was obtained at pH 9.0.
Accordingly, this pH was selected as the optimal.

The effect of flow rate on the ECL intensity of GLY was
investigated in the range of 0.10-0.56 mL min™", It was found
that the ECL intensity of GLY increased with increasing flow
rate in the range of 0.10-026 mL min™", When the rate was
higher than 026 mL min™, the ECL intensity decreased,
probably due to the less contact time between the analyte and
the ITO electrode surface under a high flow rate. Therefore, a
flow rate of 0.26 mL min™" was used for all analyses.

The optimal conditions for FI-ECL analysis of GLY are listed

in Table 1.
100my

(8

a b ¢ d o f g h

Fig.2 R-ECLresponses of GLY. Concentrations of GLY (mgL™"):() 0; () 0.03;(c)
0.06;(d)0.14; ) 0.28; (f) 056 {g) 1.40: ) 280.
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Table 2 Compadson of flow-njection methods for the analysis of GLY

View Articla Online
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Detection Linear range (mg L™") LOD (mg L™Y) Sample Reference

Chemiluminescence 0.002-0.034 0.001 Industrialcommercial 28
formulagons

Fluorescence 0043-43 0014 Soil and sediment 26

Spectrophotometry 05-10 017 Water 27

Electrochem lum inesce nce 003281 003 Water Thiswork

il _

Fig.3 Repeatabiity of continuows injection of 1.0 mg L~' GLY (n = 27).

3.3. Analytical performance

Under the optimum conditions, a calibration graph was con-
structed in the concentration range of 0.03-2.81 mg L™* GLY.
After subtracting the avemage peak height of the blank, the
corrected peak heights (mV) were plotted against the concen-
tration (mg L~°) of GLY analyzed. Using the least-square
method, the regression equation was found to be y = 189.3x -
1.3(R* = 0.9998; n= 7). Fig. 2 shows typical FECL responses of
GLY standards. The limit of detection (LOD), based on 3x
standard deviation of blank height, was calculated to be
0.03 mg L™" GLY. This detection sensitivity is similar to that
obtained with the HPLC-ECL method,™ but somewhat inferior
tothat obtained with the FI-CL method using on-ine chemically
generated Ru(bpy),"".* Comparison of linear range and LOD
values for GLY among various FI methods is shown in Table 2.
Further, a lower LOD value with the present method can be
obtained by increasing the volume of sample solution injected;
however, the present LOD has been adequate enough for
screening residual GLY in drinking water and surface water at
the MAC levels set by various countries.*” Repeatability of the
method was examined by 27 consecutive injections of
1.0mg L™ GLY into the FI-ECL system, as illustrated in Fig. 3.
The RSD of peak height was calculated to be 5.3%. The sample
throughput was about 100 injections h™",

3.4, Interferences

The possible interference of foreign ions in water was studied by
analyzing a standard solution of 1.0 mg L™ GLY to which
various amounts of salts containing foreign ions had been
added. The obtained signals were compared with a pure GLY
standard at the same concentration. A species was considered
not to interfere if itcaused a relative signal change less than 5%.
The effect of possible interference on GLY analysis is shown in
Table 3.

This journal s @ The Royal Society of Chemistry 2013

It can be seen that the most commonly found cations and
anions in natural waters did not interfere at a 200-fold
concentration ratio of foreign ions to GLY. Glufosinate, another
commonly used phosphonic and amino acid group-containing
pesticide, and aminomethylphosphonic acid (AMPA), the major
metabolite of GLY, also did not interfere. Since natural organic
matter (NOM) concentration in surface water typically ranges
from 0.1 mgL~" to20mgL~" and is mainly composed of humic
substances,® humic acids at 10 mg L™" level were examined to
assess the possible effect of NOM on the analysis of GLY in
water, No interference due to the co-existence of humic acids
was observed. However, a significant suppression of ECL signal
intensity due to Fe*’, Ca*', Pb™", Cu™’, AI"" and Fe*" was found,
probably due to the formation of complexes between phos-
phate-bearing GLY and some multivalent cations.™ Mast
interferences caused by divalent cations can be effectively
climinated by first acidifying the water sample to pH 2 followed
by pretreating the sample with a disposable solid-phase
extraction column packed with strong cation-exchange (SCX)
materials. Results indicated that interference in the detection of
1.0 mg L™ GLY standard was insignificant (<5%) at a 200-fold
concentration ratio of interfering cations to GLY if the acidified
water sample was passed through a Bond Elut SCX column
(Varian) in the H' form prior to FI-ECL analysis. Interference
due to trivalent cations, e.g A" and Fe’, was more trouble-
some. We found thatthe tolerance concentration ratios for AI""/
GLY and Fe"'/GLY at 1.0 mg L™" GLY level were 50 and 20,
respectively. Generally, in waters with higher dissolved organic
carbon (DOC), such as surface water, some of these

Table 3 Effect of coexisting ions on ECL intensity of GLY at 10 mg L'

Concentration  Change in
Species (mgL™") ECL intensity

Na', K, Mg, Ba 2, Cd¥ I, 200 <5%

NO, 7, HCO,™, HSO,~, H,PO,",

€0,™, 504, glufosinate, AMPA*
¥

Fe 200 -
ca* 200 -18%
pb* 200 -35%
cu® 200 -52%
AP 200 -49%

50 <5%
Fe* 200 -76%

20 <5%
Humic acids 10 <5%

* AMPA = aminomethylphosphonic acid.
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Tap warter Imgaton

Lol

T

Fig.4 Analyis of GLY in (A)tap water and (B) rice field irrigation water. Signal
identitees: (a) original water; (b) water spiked with 1.0 mg L™ GLY.

interferences will be reduced due to a partial complexation of
interfering cations in the organic matter.

3.5. Applications

The applicability of the method was examined by analyzing GLY
in two authentic samples, viz., tap water and rice-field imigation
water, The results are shown in Fig. 4. No detectable GLY was
found in cither water sample. On the other hand, a significant
ECLsignal could be observed in waters fortified with 1.0 mgL™*
GLY. Recoveries of spiked GLY were 97% and 95% for tap water
and irrigation water, respectively, as determined with the
method of standard addition.

4. Conclusion

A flow-injection method coupled with Ru(bpy),**-ECL detection
for analyzing trace GLY in water has been developed. The single
flow channel F1 system including the wall-jet type ECL detector
was casily assembled. As a screening method for residual GLY
in water, this method has the advantages of simple apparatus,
selective and sensitive detection capability, and high sample
throughput. Besides, screening water samples for GLY at the
MAC level can be readily performed without any derivatization
or pre-concentration treatment. In comparison with the similar
FICL method using the chemically generated active reagent
Ru(bpy)s*",* the main advantages of this FIECL method
indude significant reduction in consumption of the expensive
Ru(bpy)s™" reagent and simple flow assembly. This method is
applicable to the rapid screening of residual GLY in drinking
water and surface water.
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