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Abstract

In-tube solid-phase microextraction (SPME) based on a poly(methacrylic acid-ethylene glycol dimethacrylate) monolithic capillary column
was investigated for the extraction of amphetamine, methamphetamine and their methylenedioxy derivatives. The monolithic capillary column
showed high extraction efficiency towards target analytes, which could be attributed to its larger loading amount of extraction phase than
conventional open-tubular extraction capillaries and the convective mass transfer procedure provided by its monolithic structure. The extractio
mechanism was studied, and the results indicated that the extraction process of the target analytes was involved with hydrophobic interaction and
ion-exchange interaction. The polymer monolith in-tube SPME-HPLC system with UV detection was successfully applied to the determination
of amphetamine, methamphetamine and their methylenedioxy derivatives in urine samples, yielding the detection limits of 1.4—-4.0 ng/mL.
Excellent method reproducibility (RSD <2.9%) was found over a linear range of 00%#8., and the time for the whole analysis was only
~25min. The monolithic capillary column was reusable in coping with the complicated urine samples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction most of these pretreatment methods involving multi-steps are
time-consuming and may lead to analytes losing. Therefore,
Amphetamine, methamphetamine and their methylene- the development of the pretreatment method that holds ad-
dioxy derivatives are among the list of abusing drugs and vantages such as convenient manipulation, easy automation,
popular in many regions these years. The increasing popular-high sensitivity and specificity towards amphetamines in bi-
ity of amphetamines abuse arises a series of social problemslogical samples is required.
and imperils the public security seriously. Therefore, many  In-tube solid phase microextraction (in-tube SPME) cou-
research works involving GC and LC procedures have beenpled to HPLC is the on-line mode of SPME coupling to lig-
concentrated on their determinatifit]. In analyzing these  uid chromatography, which was put forward by Eisert and
drugs, urine sample has always been involved since it can re-Pawliszyn in 19976] and received wide acceptance since
flect the consumption or exposure during the preceding 1-4then[7]. Since itrequires small volume of the samples and the
days[2] and a suitable sample pretreatment step is usually in- whole manipulation can be easily automated, in-tube SPME-
evitable. Generally, liquid-liquid extraction (LLE) and solid HPLC is especially suitable for biological sample analysis
phase extraction (SPE) are applied for preconcentration of the[8—10], and has also been used for amphetamine analysis in
analytes and get rid of the sample maf{ix3-5] However, urine and hair samplg41,12]
Since the volume of extraction sorbent in in-tube SPME

* Corresponding author. Tel.: +86 27 87867564; fax: +86 27 68754067. 1S generally small, developing sorbent with high extraction
E-mail addressyqgfeng@public.wh.hb.cn (Y.-Q. Feng). efficiency is always an attractive task and therefore, the
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“packed” format of extraction capillaries more than the in- National Ministry of Public Security (Beijing, China). Their
ner wall coated open-tubular ones are brought forward, in- molecular structures are shownhig. 1L A stock standard
cluding molecularly imprinted polymer (MIP) particl§E3] solution of 1 mg/mL for each analyte was prepared in
or alkyl-diol-silica (restricted access material, RANIA] methanol. The composite standard containingv§0nL of
packed PEEK tubes, Zylon fiber-in-tube capillarj&s,16] each analyte was prepared by diluting the stock solution
and silica monolithic capillariefl 7]. However, only MIP, with double distilled water.

RAM and the Zylon fibers are employed in analysis of bio-

!ogipal sa}mples. Thus, furthgr@eveloping thg gxtraction cap-2 2. |nstrument and analytical conditions

illaries with both biocompatibility and specificity towards a

certain kind of analytes will be useful. ~ The in-tube SPME-HPLC system consisted of the pre-
The interest in synthesis and application of the organic extraction segment, which included a Shimadzu LC-4A six-
polymer monolithic materials to chromatography and related ot yalve (valve 1), a Jasco PU-1580 pump (pump A) (Tokyo,
technologies has increased inrecent yg8s22} The poly-  japan) and a PEEK tube (0.03in. i.d., 0.7 mL total volume),
mer monolithic material can be easily in situ synthesized and 5 the analytical segment, which included a Jasco PU-1580
is able to provide tunable monolithic structures and tailored pump (pump B) (Tokyo, Japan), Rheodyne 7725i six-port
functional groups for specific purposes. Many of these mate- ,,5}ye (valve 2) with a 2Q.L loop (Cotati, CA, US) and a
rials are also able to provide biocompatibility and pH stability, ynimicro UV-detector (Unimicro Technologies, CA, USA).
which enables them to deal with the biological samples and The extraction manipulation has been detailed in our previous
be used even at extreme pH val{g8]. Moreover, the mono-  york [25]. The extraction flow rate was set to 0.04 mL/min.
lithic porous structure offers convective mass transfer proce- Tpe desorption of the analytes was carried out by directing
dure[24], which is preferable in extraction process. Inrespect the mobile phase to flow through the capillary at 0.02 mL/min
of these attractive merits of polymer monolithic materials, we ¢4, 5 min.
recently introduced a poly(methacrylic acid-ethylene glycol  The analytical column was 250 mm4.6 mm, i.d. packed
dimethacrylate) (MAA-EGDMA) monolithic capillary col-  \yith Kromasil ODS (50m), which was purchased from Eka
umn into in-tube SPME-HPLC system for extraction of basic chemicals (Bohus, Sweden). The optimized mobile phase

analytes from serum and urine samjles, 26] High extrac-  congsisted of 12.5% acetonitrile and 87.5% buffer solution
tion efficiency was achieved and the column was proved to (v/v) that containing 0.02 mol/L N&iPO, and 0.02 mol/L
be robust in biological sample analyses. methanesulfonic acid, with pH adjusted to 2.9. The flow rate

In this study, in-tube SPME-HPLC system based on \yas 1.0 mL/mim and the detection was performed at 210 nm
the poly(acrylic acid-ethylene glycol dimethacrylate) mono- \yith the UV detector for the four analytes.
lithic capillary column was investigated for the extraction

of amphetamine, methamphetamine and their methylene-
dioxy derivatives, 3,4-methylenedioxyamphetamine and 3,4-

methylenedioxymethamphetamine, from urine samples. An .
y y P P Urine samples were collected from drug-free, healthy vol-

investigation of the extraction mechanism was also involved unteers. Any precipitated material was removed by centrifug
in this paper, which indicated that the hydrophobic and ion- . ' . .
pap yerop ing the sample at 5000 rpm for 10 min. The supernatant of

exchange interactions are dominant in the extraction process. - directl ied with f hetami dth
Finally, urine samples from amphetamines abusers were alsg'f'n€ Was directly spiked with four amphetamines and then

analyzed under the optimized conditions.

/
NH, HN
2. Experimental
AN AN
2.1. Chemicals and materials
= e
PA MPA

2.3. Sample preparation

Ethylene glycol dimethacrylate (EGDMA) was pur-
chased form Acros (Sweden). Methacrylic acid (MAA),

2,2-azobis(2-methylpropionitrile) (AIBN), dodecanol and NH, HN/
toluene were obtained from Shanghai Chemical Co. Ltd.
(Shanghai, China) and were of analytical reagent grade. The o o
poly(MAA-EGDMA) monolithic column was synthesized
by a polymerization method described previo&l]. Dou- < <
ble distilled water was used for all experiments. o o

Amphetamine (PA), methamphetamine (MPA), 3,4-meth- MDA MDMA

ylenedioxyamphetamine (MDA) and 3,4-methylenedi-
oxymethamphetamine (MDMA) were obtained from China Fig. 1. Structures of amphetamines studied.
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diluted with equal volume of 10 mmol/L phosphate buffer mAU
solution to adjust the pH to 5. The obtained samples at the 150 (@)
concentration range of 50-5000 ng/mL were used directly for ] MDA
analysis. The urine samples from suspected addicts, donated 140
by Wuhan Public Security Bureau (Wuhan, China), were pre- 1 MDMA
pared in the same way without spiking. 130

120
3. Results and discussion 110
3.1. Desorption of the analytes from 100 PA
poly(MAA-EGDMA) monolithic capillary 90_‘

In manipulating the in-tube SPME-HPLC system, thede- g gy MPA
sorption of the analytes can be achieved by simply direct- § :
ing the mobile phase to flow through the capillary with once g 70
valve switch. The introduction of the additional desorption £ 1
solvent is unnecessary. In our experiment, the optimized mo- 60-_
bile phase performed well in desorption of PA, MPA, MDA 50 ) ] L
and MDMA from the monolithic column. This could be con- ) T“
firmed by the blank analysis performed after extraction with- 40+ (b)
out finding carryover. Besides, the addition of the ion-pair :
reagent methanesulfonic acid to the mobile phase did not 30”_
show any negative influence on the extraction and desorp- 20
tion. i M
10 v
3.2. Optimization of the in-tube SPME conditions o]
0 2 4 6 8 10 12 14 16 18 20
When applying in-tube SPME with poly(MAA-EGDMA) Time / min

monolithic capillary column to determination of am-
phetamines, great improvement in sensitivity was achieved Fig. 2. HPLC chromatograms of PA, MPA, MDA, and MDMA by (a) in-
in comparison to that of the direct injection as can be Seentube SPME-HPLC with the monolithic column and (b) direct injection of

. . o the standard sample. Amphetamines were spikedua@i/rhL. The volume
fromFig. 2 In order to further access the extraction ability of for direct injection was 2Q.L. In-tube SPME conditions: the flow rate was

pon(MAA—!EGDMA) monolit_hic capillary COlumn_ towa-rd-s 0.04 mL/min. Extraction time was 10 min. HPLC conditions outlined in Sec-
amphetamines and also achieve the best extraction efficiencyjion 2.

several parameters, including extraction time profile, pH of
the sample matrix and the concentration of inorganic salt,
were optimized.

The extraction time profiles of the poly(MAA-EGDMA) 3500
monolithic capillary column for extraction of PA, MPA, MDA —a—PA ,/'
and MDMA were monitored by increasing the extracting 3000 :'I\\/'ABQ / "
time at constant extraction flow rate of 0.04 mL/min in ex- 2500 ] —»—MDMA /‘/
tracting 1ug/mL of standard sample solution. As shown in ,/'
Fig. 3 the amount of the amphetamines extracted, presented § 2000-| /-
as the peak area, increased rapidly with the increasing of § 1500 /"
the extraction time from 0 to 16 min. The sharp slopes of o / —1
the profiles indicated that the monolithic column showed re- 1000 / _///,1-///’:"
markable extraction capacity towards these analytes. Thus, ¥ _;_;,ﬁ‘
the extraction time can be chosen according to the sensitivity 5007 {éf;ﬁl
required and the time acceptable for a whole analysis. Gener- o4 I
ally, further prolonging the extraction time was not desirable o 2 4 6 8 10 12 14 16 18
for routine analysis and an extraction time of 10 min was se- Extraction time / min
Iect_ed for subsequent analyses with satisfactory sensitivity Fig. 3. In-tube SPME-HPLC extraction time profile of PA, MPA, MDA
achieved. and MDMA. Sample solution consisted of four amphetamines spiked at

As to SPME, the pH of the samples relates closely to the 1ug/mL. Extraction flow rate was 0.04 mL/min. HPLC conditions outlined
interactions between analytes and the extraction phase. Thén Section2.
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Fig. 4. Optimization of pH of the sample matrix. Four amphetamines were Fig. 5. Effect of the NaCl added to the sample matrix on the extraction.
spiked in 0.01 mol/L phosphate buffer solution at different pH agimL. Amphetamines were spiked auty/mL. In tube SPME conditions: the flow

Extraction flow rate was 0.04 mL/min. Extraction time was 6 min. HPLC  rate was 0.04 mL/min. Extraction time was 6 min. HPLC conditions outlined
conditions outlined in Sectiok in Section2.

pH optimization results for extraction of amphetamines by salt concentration. In respect of the extraction efficiency in-
poly(MAA-EGDMA) monolithic column are found to be in- creasing with the increasing of the NaCl concentration, the
teresting. As can be seen froRig. 4, the extraction effi- salting-out effect is thought to be responsible for, which is
ciency is highest at pH around 5 and decreases at pH belowdlso commonly found in the extraction process involving hy-
or higher than 5. This triangle-like trend indicates that the drophobic interaction. This phenomenon further confirmed
ion-exchange interaction is involved in the extraction process the existence of the mix-mode mechanism for the monolithic
[27]. Considering the acid—base equilibrium of the analytes column.
and the poly(MAA-EGDMA) column, the amphetamines are
likely to exist in positively charged forms at pH below 5 be- 3.3. Extraction mechanism for SPME with
cause their a values are in the range of 9.6-1028]; poly(MAA-EGDMA) monolithic column
while for poly(MAA-EGDMA), the amount of the ionized
carboxylic groups decreases with the decreasing of the ma- Inthe above discussion, the mixed-mode interactions were
trix pH, resulting in the weakening of ion-exchange inter- thought to be involved in the extraction with poly(MAA-
action between the polymer and the amphetamines and thus€£GDMA) monolithic capillary and therefore, a consider-
poor extraction performance. For pH higher than 5, the car- ation of the adsorption controlled extraction process was
boxyl groups are ionized efficiently while the amphetamines generated and further validating experiment was carried
tend to be their neutral forms with the increasing of the pH, out.
also resulting in the decrease of the ion-exchange interac- The extraction efficiency for PA and MDA obtained by ex-
tion. However, the hydrophobic interaction between the am- tracting a sample containing only PA or MDA was compared
phetamines and the polymer main chains is intensified with to that achieved by extracting a mixture sample containing all
the increasing of the pH, which compensates for the reduc- the four amphetamines by constructing the calibration curves,
tion of the ion-exchange interaction between the polymer respectively. As a result, the slopes of the calibration curves
and the analytes, leading to only slight decrease of the ex-of the latter at high sample concentrations were smaller than
traction efficiency. As a result, the highest extraction effi- those of the former. Therefore, the competing effect was con-
ciency was achieved at pH 5, where the ion-exchange inter-firmed when mixture samples were used. However, at lower
action and hydrophobic interaction both contributed to the concentration ranges, the phenomenon was not found and the
extraction. calibration curves for extraction of sole or mixture samples
Generally, the addition of inorganic salt to aqueous sam- showed almost the same slopes. This is in accordance with
ples increases the extraction efficiency for neutral organic the extraction behavior of the sorbent based on adsorption
molecules, especially for those polar or28]. In our ex- mechanism: at low sample concentration, the amount of the
periment, NaCl was added to the sample solution in the active adsorption sites of the sorbent is able to satisfy the
range of 0-100 g/L. The relationship between the extraction adequate retention of all the analytes; while at high concen-
efficiency and the salt concentration is displayed-ig. 5 tration, the amount of the analyte molecules is larger than that
with the “V"-like curves obtained. The decrease trend of of the available active sites and the competition between the
the curves can be attributed to the existence of the ion- different analytes occulf80,31] Therefore, when applying
exchange interaction, which is sensitive to the inorganic such kind of monolithic column to perform extraction of the
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Table 1

logP and [Ka values of the basic analytes

Compound lod® pKa
Amphetamine 6 99
Methamphetamine .a7 987
3,4-Methylenedioxyamphetamine .64 967
3,4-Methylenedioxymethamphetamine 12 1038
Caffeine -0.07 104
Theophylline —-0.02 88
Theobromine -0.78 99
Ketamine 312 78
Nicotine 117 79
Chloramphenicol 14 1103

The logP (octanol/water partition coefficient) an&p values were obtained
fromweb sitehttp://chemfinder.cambridgesoft.camd web databases from
Syracuse Research Corporation.

mixture samples, the linear range of the sample concentra-
tion that the quantification can be taken efficiently should be

considered carefully.
In order to further investigate the interactions dominat-
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Fig. 6. logK), ~ log P relationship. The sample solution for extraction con-
tained only one analyte spiked apy/mL. The extraction flow rate was

0.04 mL/min. Analysis conditions for TB, TP, CA and Ke were detailed
in refs.[25,26] HPLC conditions for nicotine: mobile phase consisted of

ing the extraction process, the extraction behavior of several20% methanol and 80% 0.025mol/L NaAc buffer solution (pH 5.5) in vol-

other basic analytes was also taken into account. The ana

lytes spiking at J.g/mL individually were extracted under

ume ratio. The flow rate for chromatographic separation was 1.0 mL/min;

UV detection was performed at 260 nm. For chloramphenicol, the mobile
phase consisted of 55% methanol and 45% 0.025 mol/L NaAc buffer solu-

the same conditions with the same column, and the adsorp-tion (pH 4.5) in volume ratio. The flow rate for chromatographic separation
tion constants calculated thereby were taken for comparison.was 1.0 mL/min; the detection wavelength was 278 nm. HPLC conditions
The analytes investigated and their molecular parameters ardor amphetamines outlined in SectiariTP, theophylline; TB, theobromine;

listed inTable 1

Generally, when adsorption of the analyte happens in the
surface of the extraction sorbent, the complex of the analyte

A and the active sit&c can be expressed i)
A+ Sac —~> Aad

where Ay is the adsorbed analyte A on the active site in the
sorbent. Defining the adsorption constant of analyte Kas
we obtain the following equation

KaCsa
1+ KaCsa

whereCpp is the concentration of analyte A in the sorbent
(polymer monolithic column)Cpmax is the maximum con-
centration of active sites on the sorbent, &3dis the analyte
concentration in the sample, and a rearrangement of1Bqg.
results in

@)

CpA = Cpmax

CpA
Csp = 2
s KA(Cpmax— CpA) ( )
According to the mass balance equation,
CgAVs = CsaVs+ CpaVp, (3)

where ch is the initial concentration of analyte A in the
sample solutionys andV,, are the volumes of the sample

CA, caffeine; Ke, ketamine; ClI, chloramphenicol; Ni, nicotine.

whereny is the amount of analyte A extracted. When the
sample concentration is low enough, the &).can be sim-
plified by assumin@Cpmax>>> Cpa andKa can be expressed
as

_ naVs
Cpmapr(CgAVs - nA)

Ka %)
Generally, Comax is hard to access, whiley and Vp
are measurable and; and CSA are known. Therefore, we
can define the revised adsorption const&nt, represent-
ing KaCpmax to compare the different retention behav-
ior of the various analytes on the monolithic column un-
der the same extraction conditions. After calculation, we
plotted logk), as the function of the octanol/water parti-
tion coefficient, lod® (seeFig. 6). After linear fitting the
plots, we can figure out that almost all the plots locate
around the line, indicating that the hydrophobic interac-
tion do work during the extraction process. And the de-
viation of the plots from the line also indicated the exis-
tence of other interactions. For example, the extraction ef-
ficiency for the three xanthines (theophylline, theobromine
and caffeine) were obviously smaller than that of other in-
vestigated analytes, which could be attributed to their small

solution and the polymer sorbent, respectively. Combining hydrophobicity represented by the negative Rogalues.

Egs.(2) and(3), we can obtain the following equation as

KaVp VSC(SJA(Cpmax - CpA)
Vs+ [Ka Vp(Cpmax — CpA)]

(4)

na = CpAVp ==

And for theophylline, which possesses similar Pgalue

to that of caffeine but shows the lowest adsorption con-

stant of the three, its low extraction efficiency should be

attributed to its weak basic character represented by the
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Fig. 7. Chromatograms obtained by in-tube SPME of (a and c) spiked urine
sample at lug/mL and (b) blank urine sample, (a) with 75 s of washing; (b
and c) with 3 min of washing. The extraction flow rate was 0.04 mL/min.
Extraction time was 10 min; HPLC conditions outlined in Sec2on

smallest Ka value, which results in weak ion-exchange
interaction with the poly(MAA-EGDMA) monolithic
column.

3.4. Urine samples analysis

Under the optimized conditions, the poly(MAA-
EGDMA) monolithic column was applied for determination
of amphetamines in urine sampldsg. 7 shows the chro-
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edly, the sample matrix was coextracted from the urine and
interfered the analysis of the amphetamines, especially for
PA, as shown irig. 7a. Therefore, a washing step after ex-
traction was optimized. The washing step could be realized
by allowing the carrier solution, phosphate buffer solution,
to flow through the capillary after valve one reswitched to
LOAD position. The components adsorbed weakly to the
monolithic column were expected to be removed by the
washing step. By prolonging the washing time from 75s
to 3 min, the matrix peaks were suppressed obviously. This
could be proved by extracting the blank urine sample with
a washing step of 3min, showing a clean chromatogram
depicted inFig. 7b. Applying the same washing step to
the spiked urine sample, satisfactory results was achieved
for the four amphetamines: no decrease of the peak height
was found for the analytes in comparison to that obtained
by extracting the standard samples and the matrix peaks
could hardly be seen from the chromatogram, as displayed in
Fig. 7c.

The in-tube SPME of the four amphetamines spiked in
urine samples in the range of 0.05:8/mL was success-
fully accomplished under the optimized conditions. The re-
sults are listed infable 2 The regression coefficients were
better than 0.999 and the detection and quantification limits
were also calculated with the signal-to-noise ratio set at 3 and
10, respectively, which were found to be adequate for practi-
cal analyses. The extraction recovery was also calculated by
comparing the extraction efficiency obtained by extracting
1 wg/mL urine sample to that of the standard sample with the
results obtained as 98.4,101.9, 99.1 and 99.3% for PA, MDA,
MPA and MDMA, respectively, which confirmed again that
the urine matrix hardly affected the extraction. The precision
of the constructed in-tube SPME method was evaluated with
the results also listed imable 2 very good reproducibility
of the analysis was achieved with the RSD values better than
2.9%.

Urine samples from suspected amphetamines abusers
were extracted with the chromatograms showhim 8a—c.

The detected amphetamines were mainly MDA and MDMA
and small amount of MPA, indicating that the addicts might
be “Ecstasy” abusel82]. There were also some undefined
peaks appearing in the chromatograms, which were thought
to be the metabolites of the MDMA after digestion and had
not been identified for the moment. The results confirmed that
the in-tube SPME method based on poly(MAA-EGDMA)
monolithic column could be directly applied to real sample
analysis.

Generally, a routine method dealing with biological sam-
ples, such as serum and urine, requires acceptable reusabil-
ity of the extraction sorbent. In the experiment, the decrease
of the extraction efficiency for the poly(MAA-EGDMA)
monolithic column towards amphetamines was not observed
even after hundreds of usages and abnormal fluctuation
of the column backpressure was also not observed, which

matograms obtained by in-tube SPME of the urine sample can be attributed to the biocompatibility of the monolithic

with the four amphetamines spiked ap@/mL. Unexpect-

column.
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Table 2
Calibration curves and the precision data for in-tube SPME of PA, MPA, MDA and MDMA from urine samples
Linear range ¢gmL™1)  Calibration curves LOD (hgmt!)  LOQ (ngmL™1)  Precision
Slope Intercept r Intraday RSD (%)  Interday RSD (%)

PA 0.05-2.5 803 453 09990 29 9.7 19 28

MDA 0.05-5 19783 1281 0.9992 14 4.6 23 18

MPA 0.05-5 8217 17 09995 40 133 29 23

MDMA 0.05-5 21983 1546 0.9990 16 52 19 13

Number of data point for calibration curves is 6. The extraction flow rate was 0.04 mL/min. Extraction time was 10 min. The intraday precisionsi\atze calc
by performing four extractions of independently prepared urine samples with amphetamines spijednait bver a day. Interday precision was accessed
by performing extraction of independently prepared urine samples with amphetamines spikgdnat for continuous 5 days. HPLC conditions outlined in
Section2.
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Fig. 8. Chromatograms from in-tube SPME-HPLC of abusers’ urine samples. In-tube SPME conditions: the flow rate was 0.04 mL/min. Extraction time was
10 min. HPLC conditions outlined in Secti@n

4. Conclusions The mechanism for poly(MAA-EGDMA) extracting the
basic analytes was investigated and an adsorption process was
Poly(methacrylic acid-ethylene glycol dimethacrylate) thought to be involved in the extraction procedure. The ion-
monolithic capillary columnwas introduced successfullyinto exchange (acid—base) interaction and the hydrophobic inter-
in-tube SPME coupled to HPLC for direct determination of action were regarded as the two main factors that dominated
amphetamine, methamphetamine and their methylenedioxythe retention of the analytes on the monolithic column.
derivatives in urine samples. High extraction efficiency and  Since such kind of polymer monolithic column shows
great improvement in sensitivity were confirmed. The wash- good compatibility in deal with biological sample and can
ing step after extraction was found to be effective for sample be easily obtained, we believe that application range of the
matrix removal, which favored the practical analysis well.  constructed in-tube SPME-HPLC method can be easily ex-
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