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a b s t r a c t

In the pharmaceutical industry the growing number of samples to be analyzed requires high throughput
and fully automated analytical techniques. Commonly used sample-preparation methods are solid-phase
extraction (SPE), liquid–liquid extraction (LLE) and protein precipitation. In this paper we will discus a
new sample-preparation technique based on SPE for high throughput drug extraction developed and
utomated sample preparation
ethacrylate monolith

C–MS/MS
lasma and blood samples

used by our group. This new sample-preparation method is based on monolithic methacrylate polymer
as packing sorbent for 96-tip robotic device. Using this device a 96-well plate could be handled in 2–4 min.
The key aspect of the monolithic phase is that monolithic material can offer both good binding capacity
and low back-pressure properties compared to e.g. silica phases. The present paper presents the successful
application of monolithic 96-tips and LC–MS/MS by the sample preparation of busulphan, rescovitine,
metoprolol, pindolol and local anaesthetics from human plasma samples and cyklophosphamid from

mice blood samples.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

An ideal sample-preparation method should involve a minimum
umber of working steps and it should be semi or fully automated.
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In the pharmaceutical industry, the new strategy has led to an
increase of the number of possible drug candidates. This has pro-
duced a need for high throughput in bioanalyses for toxicological
and pharmacokinetic studies. Additionally, the need for same-day
rotation of results from large numbers of biological samples makes
high throughput bioanalysis more essential. The development of

faster and higher throughput analytical methods is required for
speed and capable use of time. The procedure must be highly repro-
ducible with a high recovery of the target analytes. Because of the
low concentration levels of drug in plasma and the variety of the
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Fig. 1. UV-polymerized 96-tips pack

etabolites, the selected extraction technique should be virtually
xhaustive.

Recent trends in the sample-preparation area focus on how to
iniaturize the process, increase the sample throughput, use selec-

ive sorbents and on-line couple the sample-preparation units to
eparation system or detection systems [1–4].

The first attempts to miniaturize the process and provide high
ample throughput were done with the introduction of new for-
ats such as SPE disks [5], pipette tips [5–7], column switching

ystems [2,7–10] and multi-well plates [11]. Further, miniaturiza-
ion resulted in development of new extraction techniques such as
olid-phase microextraction (SPME), solid-phase dynamic extrac-
ion (SPDE), stir bar sorptive extraction (SBSE) and microextraction
y packed sorbent (MEPS) [12–27]. The extraction principles SPME,
PDE and SBSE are identical and they utilize the same extraction
edium, PDMS, but the amounts are different. In MEPS any sor-

ent material can be used either as packing bed or as coating. The
orbent material is inserted into a gas tight syringe (100–250 �L)
s a plug. Sample preparation takes place on the packed bed.

In addition to these emerging new techniques, a large number of
on-selective and selective sorbents has been developed to com-
ensate for some of the drawbacks of silica-based materials, e.g.
ome irreversible adsorption of basic analytes.

The trend in analytical chemistry towards miniaturization of
nalytical systems has in sample-preparation area for instance
rompted the development of new formats such as micropipette
ips.

The first commercially available micropipette tip was based on
hromatographic media, micro particulates C18, embedded in the
caffold of a polymer (ZipTip, Millipore, Bedford, MA, USA). Since
hen, different types of pipette tips based on micro particulates,
olymers and monoliths, and with different interaction modes such
s hydrophobic, ion-exchange and affinity have been introduced
5–7,21–25]. In addition to advantages such as reduced sample-
nd solvent consumption, the main advantages of pipette tips based
ample preparation are that it can be used with micropipettors and
ay be used easily with commercially available liquid-handling

ystems for automated high throughput applications. The advan-
ages of organic monolithic phases over e.g. silica particles are ease
f preparation, control of permeability and surface charge, no frits,
nd often greater pH-stability.
Recently we introduced a 96-tips set packed with a plug of a
onolithic adsorbent. Using such a set it is possible to handle a

6-well plate in only 2 min [28–31,38,39]. Packed 96-tips sample
reparation is a clean, high throughput, and automated sample-
reparation method. Samples are prepared in a 96-well plate
h monolithic methacrylate polymer.

format and the analytes adsorb onto the polymer-based mono-
liths in the extraction step. The next step purifies the sample by
washing the sorbent with an appropriate washing solution. In the
present work, sample preparation of plasma samples was carried
out, water being used as washing solution to elute salts and other
polar substances. In a final step the analytes were directly eluted
into a 96-well plate using an appropriate solvent for the analytes
and the subsequent instrumental analysis.

2. Discussion

Solid-phase extraction is particularly attractive in drug extrac-
tion from biological samples. Highly polar compounds can be
extracted from aqueous samples and then released into organic sol-
vents on elution. For extraction of relatively polar substances using
liquid–liquid extraction methods, solvent mixtures of relatively
high polarity and these often yield emulsions and high matrix back-
ground retained on a reversed-phase C8 or C18 sorbents, weakly
retained contaminants washed from the sorbent with aqueous
buffers and finally the analytes of interest desorbed for derivati-
sation or direct analysis with solvents such as methanol. SPE
methods are effective for complex biological samples because the
main requirements of the extraction (matrix exchange, desalting,
removal of macromolecules and highly polar compounds) are well
matched to the properties of the sorbent. In practice, the functional
failure of the silica sorbents during the extraction of biological fluids
is almost always associated with blockage, coagulation of sample.
In addition the deterioration caused by aggressive reagents or pH is
well known. Polymeric monoliths as a SPE sorbents can give many
advantages. The advantages of organic monolithic phases are such
as ease of preparation, control of permeability and surface charge,
no frits, and often greater pH-stability.

Organic monoliths dedicated to use in solid-phase extraction
were developed and used for conventional SPE [40] and for on-chip
SPE [41,42]. Our group introduced a new shape of monolithic SPE
formate, this is a 96-tips set, that is packed with a plug of an organic
monolithic adsorbent (Fig. 1). Our monolithic tips were prepared
in two steps. First, an appropriate length of the polypropylene sur-
face was etched and, second, the monolith, of the same length, was
formed and attached to the surface. Using such a set it is possible
to handle a 96-well plate in only 2 min [28–31]. Packed 96-tips

sample preparation is a clean, high throughput, and automated
sample-preparation method. Samples are prepared in a 96-well
plate format and the analytes adsorb onto the polymer-based
monoliths in the extraction step. Weakly retained contaminants
were washed from the sorbent with aqueous buffers and finally
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Fig. 2. (A) Photographic images of UV-polymerized monolith inside a disposable micro
methacrylate) monolith inside polypropylene based pipette tip, Paper IV. The tip was mod
are visible. Porous monolith inside pipette tip modified with (C) MMA/EGDMA 1:1 (%, w
gap between the plastic walls of the tip and the monolith [30].

Fig. 3. Extraction protocol of monolithic methacrylate polymer packed 96-tips.
pipette tip, Paper III. (B) SEM image of poly(ethylene glycol dimethacrylate-butyl
ified with 5 wt% BP in MeOH. No voids between plastic walls of the tip and monolith
/w) with BP (5 wt%) and (D) 5 wt% BP in methanol, The selected area indicates the

the analytes were desorbed with solvents such as methanol. For the
extraction of plasma samples 96-devices have been re-used for at
least 5 times. A good mechanical stability of the monolithic plug is
very important to survive a complete sample-preparation run cycle
(conditioning, sample loading, washing of the interferences and
elution of analyte). In addition, monoliths should have good hydro-
dynamic properties for easy and uniform pumping (draw-eject) of
sample through the bed. Thus, prior to in situ polymerization, the
surface of the polypropylene tips should be modified [30].

3. Preparation of monolithic packed 96-tips

3.1. The preparation of monolithic sorbent at optimum conditions

The preparation of methacrylate based porous polymer mono-
liths and their use in chromatographic separation was published
for the first time in the 1960s by Kubin et al. [32]. Since then, such
monolithic supports have been used in many chromatographic
areas including GC, LC, CE, CEC, SPE and microfluidic devices.

Primarily, the polymerization mixture of methacrylate based
monoliths consists of the monomer(s), a cross-linker and an ini-
tiator in the presence of a combination of porogenic solvents.
The preparation procedure is simple and straightforward. Basi-
cally, after mixing, the polymerization mixture is degassed using

e.g. nitrogen gas in order to remove oxygen and poured into an
appropriate and often surface modified chromatographic device
for polymerization in situ, thermally or under UV light. Surface
modification may be necessary in order to covalently attach the
monolithic polymer to the tubing. This results in a mechanically
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Table 1
Bioanalytical applications of monolithic methacrylate polymer packed 96-tips.

Compound class/compound Sample matrix Sample volume (�L) Analytical method Calibration range Refs.

Local anaesthetics
Lidocaine Human plasma 100 LC–MS/MS 14–5000 nM [28]
Ropivacaine Human plasma 100 LC–MS/MS 2–2000 nM [29]
Bupivacaine Human plasma 100 LC–MS/MS 2–2000 nM [29]

Anticancer drugs
Cyclophosphamide Mice blood 20 LC–MS/MS 10–2000 nM [39]
Busulphan Human plasma 100 LC–MS 5–2000 nM [38]
Roscovitine Human plasma 100 LC–MS/MS 14–5000 nM [28]
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wall. The surface of the pipette wall in this part appears to be much
smoother compared to the surface in the upper part of the image.
Hence, the surface modified part seems to have obtained a more
adhesive surface.
ˇ-Blockers
Pindolol Human plasma 100
Metoprolol Human plasma 100

table chromatographic device without voids forming between the
onolith and the tubing walls. Before use, the monolithic mate-

ial is washed with an organic solvent such as methanol to remove
ossible unreacted compounds.

Recently, we introduced the preparation procedure of mono-
ithic pipette tips [28–31,38,39]. Basically, a solution containing
lycidyl methacrylate (20%), ethylene glycol dimethacrylate
15.5%), butyl methacrylate (3.5%), AIBN (1 wt% with respect to

onomers), 1-dodecanol (30%) and cyclohexanol (30%) was vor-
exed for 10 min and purged with nitrogen for 10 min in order to
emove oxygen.

The pipette tips (550 �L) were filled to about 8 mm (6–7 �L) by
he capillary action and placed vertically inside the polymerization
pparatus, a Spectrolinker XL-1500 UV Crosslinker Spectronics Cor-
oration (Westbury, NY, USA), calibrated at 254 nm UV light. The
olymerization was allowed to proceed first for 60 min with the
harp end of the tip down and at a distance to the lamp of 15 cm, and
hen for 25 min with the sharp end up and at a distance to the lamp
f 5 cm. After completion of polymerization the tips were removed,
nspected under microscope for bubbles, and washed with acetone
o remove the porogenic solvents and other compounds remaining
n the monolith.

An important issue is a good mechanical stability of the mono-
ithic plug and the monoliths should have good hydrodynamic
roperties for easy and uniform pumping (draw-eject) of sample
hrough the bed. Therefore, prior to in situ polymerization, the sur-
ace of the polypropylene tips was modified [30]. Briefly, pipette
ips were filled to about 8 mm with a methanol containing 5% ben-
ophenone. After purging with nitrogen to remove oxygen, the
ips were placed inside the polymerization apparatus (mentioned
bove) and irradiated using 254 nm UV light for certain time. After
hat, the tips were washed with methanol and dried at 40 ◦C for
0 min.

.2. Factors affecting the performance of packed 96-tips

There are a number of factors affecting the porous properties of
he monoliths. The factors to be considered are not only more or
ess all components included in the polymerization mixture such as
he composition and amount of the porogenic solvents, the cross-
inker, the type and amount of initiator, but also the polymerization
emperature or the intensity of the UV light. Of these factors, the
ype and composition of the porogenic mixture seem to be the key
actors most often used for fine tuning of the final properties of
he polymeric monoliths. A commonly used porogenic mixture for
he preparation of the monoliths is cyclohexanol and 1-dodecanol.

n such a porogenic mixture the pore size seem to increase as the
ercentage 1-dodecanol in the polymeric mixture increases [33].
he polymerization temperature is another factor effecting pore
ize distribution of the monoliths. Usually, at higher temperature
maller pores are obtained. A number of papers dealing with fac-
LC–MS/MS 0.5–5000 nM [31]
LC–MS/MS 0.5–5000 nM [31]

tors effecting surface properties of monoliths have been published
[34–37].

Fig. 2A–D displays scanning electron microscopy (SEM) images
of the monolithic structure inside a pipette tip indicating complete
filling of the polymer across the tube. No significant differences
and no voids between the polymer matrix and the tip can be seen.
In Fig. 2C, the SEM image of a monolith inside a pipette tip modi-
fied with MMA/EGDMA 1:1 with 5% BP shows binding between the
monolith and the pipette wall. The monolith inside the tip surface
modified with 5% BP in MeOH shows binding between monolith
and wall in the upper part of the image (Fig. 2D). The lower part
of the image shows a gap between the monolith and the pipette
Fig. 4. Total ion chromatogram of the SIR analysis obtained from spiked and blank
sample of busulphan in human plasma at LLOQ (5 nM).



Z. Altun et al. / J. Chromatogr. A 1217 (2010) 2581–2588 2585

iked a

3

d

-

-

-

-

-

e
a

p
c
a

F
s

Fig. 5. Total ion chromatogram of the MRM analysis obtained from sp

.3. Extraction procedures

Plasma samples were diluted four times while blood samples
iluted 20 times with water.

Conditioning
The sorbent was conditioned with 150 �L methanol and sub-

sequently with 150 �L water.
Sample loading

Sample can be loaded by multiple aspirates-dispenses cycles
(5 × 100 �L).
Washing step

The sorbent was washed after sample loading by 150 �L water.
Drying step

The sorbent was dried with 300 �L air.
Elution of the analytes

Elution solution was organic solvent (≥ 60%).

In our applications the elution solution was methanol. The
lution was carried out by pumping 100 �L methanol (3–5
spirates–dispenses cycles).
In addition to robot protocol we added a pause of 20 s after sam-
le loading, washing and elution steps to make sure all fluid had
ompletely dripped into the 96-well plate. Also, amount of 300 �L
ir was aspired before each step to increase the pressure on the

ig. 6. Total ion chromatogram of the MRM analysis from human blank plasma and
piked plasma sample (LLOQ) with roscovitine [28].
nd blank sample of cyclophosphamide in mice blood at LLOQ (10 nM).

liquid to pass through the monolith bed. Fig. 3 shows extraction
protocol for 96-tips using Personal Pipettor robot (PP-550 N-MS),
obtained from Apricot Designs Inc. (CA, USA).

4. Monolithic packed 96-tips applications

Monolithic packed 96-tips device was applied for extraction
of drugs from biological samples. An outline for different drugs
extracted by packed 96-tips is summarised in Table 1.

4.1. Anticancer drugs in plasma and blood samples

4.1.1. Busulphan in human plasma samples by LC–MS
Busulphan is an alkylating agent that is often used to treat

chronic myeloid leukaemia (CML). In addition, busulphan is used
in high doses as preparative regimen before stem cell transplanta-
tion (SCT). We used the packed 96-tips to extract busulphan from
human plasma samples. The calibration curve in human plasma
samples was in the concentration range of 5–2000 nmol/L. The
validation of the method showed that the coefficients of determi-
nation (R2) were ≥0.99 for all runs. Using six individual sources
of blank matrix, the interferences from endogenous plasma com-
pounds were less than 20% of the response of the lower limit of
quantification (LLOQ). Fig. 4 shows chromatograms of busulphan,
in human plasma at LLOQ and blank plasma sample. The within-day
precisions (CV%) were about 4–8% (n = 6), while the between-day
precisions (CV%) were in the range 7–10%. The accuracy varied from
99% to 105%. [38]. The LLOQ was set to 5 nmol/L. At this concentra-
tion the accuracy of the LLOQ was varied by ± 20% and the precision
had a deviation ≤10%.

4.1.2. Cyclophosphamide in mice blood samples by LC–MS/MS
Cyclophosphamide (CPA) is one of the most widely used anti-

cancer agents in the treatment of haematological malignancies as
well as solid tumours. CPA is also used to treat some autoimmune
disorders, like rheumatoid arthritis and systemic lupus erythe-
matosus. In this work [39] the constructed calibration curves

consisted of seven standard samples with a concentration between
10 and 5000 nmol/L in mice blood for cyclophosphamide. The anal-
ysis of the blank blood samples showed no significant interference
peaks with the quantification of cyclophosphamide. The within-
day precisions (CV%) were 4–11% (n = 6), while the between-day
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recisions were in the range 15–16% (n = 18). The accuracy values
f the QC samples were 103–108%. The lower limit of quantifica-
ion (LLOQ) was set to 10 nM. At this concentration the accuracy
as between 90% and 106% and the precision (CV%) was 10% (n = 6).

ig. 5 shows chromatograms of blank mice blood and mice blood
piked with cyclophosphamide at LLOQ.

.1.3. Roscovitine in human plasma samples by LC–MS/MS
Monolithic packed 96-tips device was also used to extract

oscovitine in human plasma samples. Roscovitine, (2-(R)-(1-
thyl-2-hydroxyethylamino)-6-benzylamino-9 isopropylpurine),
as been recently considered as a possible new chemopreventive
nd chemotherapeutic agent [43]. The calibration curve is con-
tructed in human plasma samples in the concentration range
4–5600 nmol/L. The “R2′′

values for calibration curves were ≥0.999
or all runs of roscovitine. The intra-assay precisions at three
ifferent concentrations for QC samples were 5–8% while the

nter-asssay precision ranged from 5% to 11%. The accuracy of QC
amples varied from 95% to 104% [28]. The LLOQ was set to 14 nM
nd the accuracy of LLOQ was 90%. Fig. 6 shows chromatograms
f blank plasma and spiked plasma samples with roscovitine
t LLOQ.

.2. ˇ-Blocker drugs metoprolol and pindolol in human plasma
y LC–MS/MS

The extraction of metoprolol and pindolol from human plasma
amples was carried out using packed 96-tips in a concentration

ange of 5–5000 nmol/L [31,39]. The accuracy for quality control
QC) samples varied from 94% to 114% pindolol, and from 101%
o 103% for metoprolol (n = 18). The between-day precisions (RSD)
ere 9–13% for pindolol, and 9–15% for metoprolol (n = 18). The

LOQ for the analytes studied was set to 5 nM for both analytes

ig. 8. Total ion chromatogram of the MRM analysis of metoprolol and internal standard
recipitation was used.
Fig. 7. Total ion chromatogram of the MRM analysis from human spiked plasma
sample at LLOQ (5 nM) with pindolol and metoprolol [31].

(Fig. 7). At this concentration the accuracy of the LLOQ was between
94% and 108% and the precision had a deviation <12% (n = 6) for both

studied analytes. Effect of elution solutions containing different
amounts of methanol in water (10%, 30%, 60% and 100% methanol)
on analyte response was also investigated. Highest response
was obtained with 100% methanol as elution solution while it

from spiked human plasma sample (42 nmol/L): (A) treated by 96-tips, (B) protein
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ig. 9. Representative mass chromatograms of lidocaine, ropivacaine and bupiva-
aine at 2 nmol/L.

ecreased by 13% when 60% methanol in water was used as elution
olution.

In Fig. 8, packed 96-tips extraction method was compared with
rotein precipitation for the sample preparation of metoprolol and
indolol from human plasma samples. Using monolithic sorbents
o clean-up the analytes, no ion suppression was detected. On the
ther hand, high ion suppression was observed when using the pro-
ein precipitation method (acetonitrile:plasma, 1:1 containing 0.1%
COOH). The protein precipitation gave higher variations at all QC

amples compared to 96-tips. The signal-to-noise (S/N) ratio was
mproved about 2-fold using packed 96-tips in comparison with
P as sample-preparation method (Fig. 8). In addition, monolithic
ethacrylate 96-tips were compared with commercial silica-based
onolithic packed tips (OMIXC18 obtained fromVarian). The pre-

ision was within the acceptable range for the two methods, but
etter accuracy was obtained with methacrylate monolithic tips
ompared to the commercial tips [39].

.3. Local anaesthetics in human plasma by LC–MS/MS

The use of Packed 96-tips for the extraction of the amide-
ype local anaesthetics lidocaine, ropivacaine and bupivacaine
rom human plasma samples was reported [28,31]. Fig. 9 shows
hromatogram at concentration 2 nmol/L of lidocaine, ropiva-
aine and bupivacaine in human plasma utilizing 96-tips followed
y LC–MS/MS. LC–MS/MS analysis of the blank plasma samples
howed no significant interference peaks with the quantitation of

opivacaine and bupivacaine. Using six individual sources of blank
atrix, the interferences from endogenous plasma compounds
ere less than 20% of the response of the lower limit of quanti-

ation (LLOQ). The calibration range 2–2000 nM and the extraction
ecovery was 60%. The results showed good correlation coefficients

[

[

[
[
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(r2 > 0.99) for all runs. The within-day precisions were about 3–14%
for studied analytes in plasma samples, while the between-day pre-
cisions were in the range 3–17%. The accuracy varied from 101% to
118% [28,31].

5. Conclusions

A new method using monolithic methacrylate polymer bed
in 96-tips was developped and recently introduced for bioanaly-
sis application. UV-polymerization was performed in situ within
polypropylene pipette tip after surface modification. Using a mono-
lithic methacrylate packed 96-tips, 96 samples could be treated in
2–4 min. A good accuracy and precision could be reached. Further-
more, the present method reduces the sample-preparation time,
which is of great importance in bioanalysis.

Evaluation of monolithic packed 96-tips for the extraction of
drugs such as busulphan and roscovitine from human plasma and
cyclophsphamide from human blood samples has been developed
and validated. Whole blood samples can be handled by 96-tips and
both commercial and packed 96-tips gave good accuracy and preci-
sion. Utilizing plasma samples the tips could be used several times
(5 times). Utilizing blood samples, packed tips could only be used
once. The results showed that the method is selective and accurate.
It was shown that small sample volumes can be handled, solvent
consumption was low and the procedure was fast.
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