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a b s t r a c t

An approach using microwave-assisted derivatization (MAD) following solid-phase extraction (SPE) com-
bined with gas chromatography–mass spectrometry (GC–MS) was developed to determine amphetamines
in urine samples. The parameters affecting the derivatization efficiency – including microwave power and
irradiation time – were investigated. Besides, solvent is thought critically important to MAD. Derivatization
performance was studied using various solvents and compared with the performance obtained without
solvent. Derivatization efficiency was clearly found to be enhanced by the presence of solvent. The highest
derivatization efficiencies were obtained in ethyl acetate (EA) under microwave power of 250 W for 1 min.
Calibration curves for all amphetamines were linear over a range from 1 to 1000 ng/mL, with correlation
GC–MS

Microwave-assisted derivatization
Solvent
U

coefficients above 0.9992. The intra-day and inter-day precision were less than 15%. The applicability
of the method was tested by analyzing amphetamine-abusing subjects urine samples. Accordingly, the
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. Introduction

The most readily available amphetamines are amphetamine
AM) and methamphetamine (MA) [1]. They belong to the group
f drugs called central nervous system stimulants which increase
lertness, competitiveness, and aggression [2]. They are also asso-
iated with psychosis, paranoia, violence and increased stroke risk
3]. Amphetamines use is dramatically increasing worldwide and
onstitutes a serious social problem. The United Nations Office on
rugs and crime estimates 25 million people used amphetamines
timulants globally in 2004 [4]. To successfully analyze large num-
ers of samples, clinical and forensic laboratories require rapid
nalysis methods.

Gas chromatography–mass spectrometry (GC–MS) has been the
rimary method for determining the presence of amphetamines
5–7]. Derivatization prior to GC–MS is used to improve chromato-

raphic properties and assist formation of characteristic ions for
dentification via mass spectra [8,9]; these derivatization proce-
ures typically are time-consuming and laborious. Microwave is a
orm of electromagnetic energy that substantially penetrates into
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method appears to be adequate for determining amphetamines in urine.
© 2008 Elsevier B.V. All rights reserved.

eaction vessels, directly imparting energy to molecules, thereby
educing energy transfer time [10]. Therefore, microwave-assisted
erivatization (MAD) cannot only save time, but also make the pro-
edure more efficient.

Microwave-assisted derivatization has been recognized as a
owerful technique and its application has increased considerably

n recent years [11–14]. Among these studies, Thompson et al. [12]
nd Peter et al. [13] used MAD for determination of amphetamines,
ut the derivatization process is still critical in the consideration
f solvent. A solvent-free system, which was used by Thompson et
l. [12], is particularly attractive due to ease of handling and envi-
onmental friendliness; in addition, no solvent stripping would be
equired. However, solvent plays a very important role in deriva-
ization. Li et al. used solvent to optimize the derivatization and
he results suggest that solvent could accelerate the reaction and
nhance analyte response [15]. Li et al. described suitable solvents
o reduce derivatization time, which is completed quantitatively
ithin 15 s in acetone, while in other solvents reaction requires
ore than 1 h [16]. Because derivatization is solvent-dependent,
he solvent effect’s impact on MAD should be considered. To date,
ew studies have addressed solvent effects on MAD performance.
hompson et al. [12] used 1-chlorobutane as MAD solvent; even so,
he solvent was considered only for extraction not derivatization
f amphetamines in MAD. Deng et al. [14] have made reference to
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his important matter. The authors selected acetonitrile (ACN) as
he solvent for MAD based on its higher dipolar moment compared
o other two solvents; however, additional experiments would be
equired to verify this as the optimal choice. Hence, further study
s needed to determine the solvent effect on maximum MAD effi-
iency.

In this study, solvent was assessed to optimize MAD conditions
or determining amphetamines in urine. The impact on the deriva-
ization efficiency – of microwave power and irradiation time –
as also systematically investigated. The parameters were varied

o assess their effect on linear range, limit of detection (LOD), limit
f quantification (LOQ) and precision. Finally, the solvent-enhanced
AD technique was applied to quantify AM and MA in urine sam-

les.

. Experimental

.1. Chemicals and reagents

Amphetamine and methamphetamine were obtained from Cer-
lliant (Round Rock, TX, USA). Methamphetamine-d5 (MA-d5) as
n internal standard was purchased from Cerilliant. Heptafluo-
obutyric anhydride (HFBA) was from Supelco (Bellefonte, PA,
SA). Analytical grade acetonitrile, ethyl acetate (EA), hexane,
ethanol and dichloromethane were obtained from Merck (Darm-

tadt, Germany) and used without further purification. Potassium
ihydrogenphosphate was bought from Riedel-de Haën (Seelze,
ermany). Acetic acid and phosphoric acid were obtained from
EDIA (Fairfield, OH, USA). Ultra-pure water (18.2 M� cm) was
btained from a Milli-Q water purification system (Millipore,
edford, MA, USA). Artificial urine was purchased from Hycor
iomedical (Garden Grove, CA, USA). The stock solution was pre-
ared by mixing AM and MA at a concentration of 100 �g/mL in
ethanol and stored at 4 ◦C. This stock solution was further diluted

o yield an appropriate working solution of artificial urine. A pH
buffer solution was prepared with 0.1 M potassium dihydrogen-
hosphate, adjusted to pH 6 with 1.0 M phosphoric acid. Urine
amples obtained from amphetamine-abusing suspects were sup-
lied by the Institute of Medical and Molecular Toxicology at Chung
han Medical University, and kept frozen at −30 ◦C. A 5 mL urine
ample containing 50 �L of a 10 �g/mL MA-d5 solution was diluted
ith 3 mL of pH 6 buffer solution for solid-phase extraction (SPE).

.2. SPE procedure

An SPE cartridge with 200 mg of a drug of abuse phase, con-
isted of octyl and strong cation exchange mode, was purchased
rom Chrom Expert (Sacramento, CA, USA); a 12-fold Visiprep SPE

anifold was sourced from Supelco. The extraction procedure was
ecommended by the manufactory [17]. Prior to extraction, the car-
ridge was conditioned sequentially with 6 mL of methanol and
mL of pH 6 buffer solution. Urine samples were then loaded

nto the cartridge and the interferences washed off using 3 mL of
ltra-pure water, 3 mL of 0.1 M acetic acid and 3 mL of methanol
uccessively. The cartridge was then dried under full vacuum for
min, and the analytes eluted using a 3 mL mixed solvent solution
f dichloromethane:2-propanol:hydrochloric acid (60:40:1, v/v/v).
he eluate was collected in a 5 mL glass vial and evaporated to dry-
ess at 55 ◦C under a gentle stream of nitrogen. The recovery was
ested and obtained 93.28% for AM and 103.55% for MA.
.3. Microwave-assisted derivatization

A Discover System microwave apparatus (CEM, Matthews, NC,
SA) was used with a maximum microwave power of 300 W. Fol-
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owing the SPE, 100 �L of solvent, together with 100 �L of HFBA,
as added to the vial for microwave irradiation. Following irradia-

ion, the vial was cooled and the solution evaporated to dryness
nder a gentle stream of nitrogen. The dry residues were re-
issolved in 100 �L EA. 1 �L of the solution was injected into the
C–MS system for analysis.

.4. GC–MS conditions

GC–MS analysis was performed using a CP-3800 GC with Varian
000 MS (Walnut Creek, CA, USA). A 1079 injector was maintained
t 250 ◦C in splitless mode. Separations were conducted using a
apillary column DB-5 MS with 30 m length, 0.25 mm inner diam-
ter, and 0.25 �m film thickness (Agilent, Palo, CA, USA). Helium
99.999%) was used as carrier gas at a constant flow of 1 mL/min. The
C oven was initially set at 80 ◦C for 1 min, programmed to 220 ◦C
t a rate of 15 ◦C/min, and then maintained at 220 ◦C for 2 min [6].
he GC–MS interface, external source and ion trap temperatures
ere set at 250, 200 and 200 ◦C, respectively. Mass spectra were

btained using the electron ionization mode. A mass range of m/z
0–300 was scanned to verify the analytes. The following ions were
onitored for each derivative; ions selected to quantify the deriva-

ives are underlined: m/z 91, 118, 240 for AM-HFBA; m/z 118, 210,
54 for MA-HFBA; m/z 213, 258 for MA-d5-HFBA. Selected ion stor-
ge mode was performed to quantify the analytes with multiplier
ffset voltage at 280 V and filament emission current at 230 �A.

.5. Method validation

Artificial urine was spiked with 1, 10, 100, 250, 500, 750 and
000 ng/mL of AM and MA, then analyzed with the corresponding
rocedure to generate calibration curves. These calibration curves
ere plotted with peak area ratio (analyte to internal standard) as a

unction of the concentration. The LOD and LOQ were defined as the
oncentrations with signal-to-noise ratios of 3 and 10, respectively
18]. The precision of assay was evaluated with quality control (QC)
amples generating intra-day and inter-day variability data. The QC
amples were prepared at three different concentrations of low,
edium and high, which were 1, 500 and 1000 ng/mL, respectively.

or intra-day precision, five QC samples were analyzed in 1 day. For
nter-day precision, five QC samples were analyzed on consecutive
ays.

. Results and discussion

.1. Optimization of microwave-assisted derivatization
arameters

.1.1. Selection of solvent
Three solvents, namely ACN, EA and hexane, were assessed in

n effort to find the optimal MAD conditions. The selection of ACN
as based on its polarity [14], EA was a common solvent of heating
erivatization [6], and hexane was usually discussed in fast deriva-
ization [15,16]. The derivatization efficiency in a solvent system
as investigated and the results compared with those of a HFBA

lone system. In Fig. 1, the peak area of derivatives was improved
y the addition of solvent, indeed, by up to three orders of magni-
ude as compared to the HFBA alone system using EA on MA-HFBA,
or the same reaction time. This result is in agreement with that
escribed by Li et al., in which solvent was shown to enhance ana-
yte response in derivatization [15]. The presence of solvent was
lso shown to increase the derivatization efficiency within a short
ime using MAD.

The derivatization efficiency was slightly elevated when using
exane, and much higher in ACN and EA, compared to the HFBA
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ig. 1. Effects of solvent on peak area of AM-HFBA and MA-HFBA. Experimental
onditions: 500 ng/mL of amphetamines; microwave power of 250 W; irradiation
ime of 30 s.

lone system. In terms of enhancing derivatization efficiency, hex-
ne is likely a weaker solvent than ACN and EA because of the low
olubility of analytes and completely non-polar molecule of hexane
11]. Higher derivatization efficiency was obtained with EA than
CN, due to that the addition of EA fascinated the derivatization

10]. Further, it is noteworthy that with the use of EA as a solvent, the
erivatization efficiency of MA-HFBA exceeded that of AM-HFBA,
hich is comparable to the previous literature [13]. Consequently,

A was chosen as the optimal solvent, of those studied, for MAD of
M and MA.

.1.2. Effects of microwave power and irradiation time
Microwave power and irradiation time can affect derivatization

fficiency [19], so they were studied in order to optimize reac-
ion conditions. Fig. 2 shows the peak areas of derivatives with
icrowave power varying from 100 to 300 W. The derivatization
fficiency increases as the microwave power increases, from 100 to
50 W, and then decreases at higher power, possibly due to degra-
ation of the derivatives [20]. The highest derivatization efficiency

ig. 2. Effects of microwave power on peak area of AM-HFBA and MA-HFBA. Exper-
mental conditions: 500 ng/mL of amphetamines; addition of EA; irradiation time
f 30 s.
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ig. 3. Effects of irradiation time on peak area of AM-HFBA and MA-HFBA. Experi-
ental conditions: 500 ng/mL of amphetamines; addition of EA; microwave power

f 250 W.

as observed at 250 W and determined to be the optimal power
evel for further analysis.

To ensure optimal conditions and to minimize the assay time,
he effect of varying the irradiation time, from 20 to 100 s, was
ssessed. As shown in Fig. 3, microwave irradiation raised the peak
rea of derivatives as time increased from 20 to 60 s. However,
xtending the irradiation time beyond 60 s led to lower deriva-
ization efficiency based on the tolerances towards microwave
reatment [20]. Therefore, the optimal irradiation time was deter-

ined to be 60 s for MAD. In EA, the microwave power of 250 W
or 1 min was used; in the presence of 1-chlorobutane, microwave
ower was 340 W for 6 min [12] or in the absence of solvent was
40 V for 5 min was found to be optimal [13]. This indicates that
hen using EA, lower power and shorter timeframes are required

or the effective application of MAD to identify the presence of
mphetamines.

.2. Method validation

The linearity, LOD, LOQ and precision were investigated under
he optimum MAD conditions applying SPE, followed by GC–MS.
he correlation coefficient of AM is 0.9992 and that of MA is 0.9994
n the linear range. Linear response was found over a concentration
ange of 1–1000 ng/mL, consistent with reports in the literature,
hich indicate linear response over the ranges of 250–2500 ng/mL

12] and 5–1000 ng/mL [13]. The sensitivity was evaluated by deter-
ining the LOD and the LOQ. The LODs are 0.05 ng/mL for AM and

.23 ng/mL for MA. The LOQs are 0.17 ng/mL for AM and 0.77 ng/mL
or MA. This method was indicated good sensitivity comparing with
he previous study, in which LOD was 20 ng/mL for AM, 5 ng/mL for

A and LOQ was 50 ng/mL for AM, 10 ng/mL for MA [21]. Preci-
ion in terms of intra-day and inter-day variation is expressed as a
elative standard deviation (RSD) of the QC samples. As shown in
able 1, the RSDs range between 2.6 and 13.7% for intra-day preci-
ion. The RSDs range from 6.4 to 14.6% for inter-day precision. The
SDs are within 15% for all measurements, indicating the adequate
recision of this method [22].
.3. Application

The applicability of the new methodology was investigated for
etermination of AM and MA in urine samples obtained from
mphetamine-abusing suspects. The chromatogram of the artificial
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Table 1
Precision for three QC samples in urine (n = 5)

Compound QC concentration
(ng/mL)

Intra-day precision
(RSD, %)

Inter-day precision
(RSD, %)

AM 1 13.0 13.8
500 11.2 12.4

1000 7.5 7.1

MA 1 13.7 14.6
500 5.8 10.1

1000 2.6 6.4
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ig. 4. Mass ion chromatograms of (A) the spiked 1000 ng/mL amphetamines in
rtificial urine, (B) U1 sample and (C) U2 sample.

rine sample spiked with 1000 ng/mL of amphetamines is depicted
n Fig. 4A, and those of the actual urine samples are illustrated in
ig. 4B and C. Fig. 4A shows no interference peak, and in Fig. 4B and
, the peaks of other components are well separated from those
f the analytes. In the chromatogram, amphetamines were found
n the urine samples. The U1 sample was found to contain AM at
4 ± 3 ng/mL and MA at 321 ± 47 ng/mL. The U2 sample contained
M at 117 ± 25 ng/mL and MA at 638 ± 48 ng/mL. The accuracy of
hese results were verified by the Institute of Medical and Molec-
lar Toxicology at Chung Shan Medical University, their results
how the U1 sample with a 13 ng/mL concentration of AM and a
15 ng/mL concentration of MA; the U2 sample had 104 ng/mL AM
nd 688 ng/mL MA.
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. Conclusion

A rapid derivatization coupled with SPE and GC–MS analysis was
eveloped for determination of amphetamines in urine. Solvent-

nduced MAD was successfully demonstrated in the presence of
A and ACN, showing results roughly 1000 times greater than that
ith a solvent-free system using HFBA. The optimal conditions

mploy EA as the solvent. Amphetamines can be derivatized with
FBA at microwave power of 250 W for 1 min, whereas greater
icrowave power and longer times are required without solvent.
iven its impact on reducing the required time and power, EA is

ecommended to facilitate MAD for determining the presence of
mphetamines in urine.
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