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a  b  s  t  r  a  c  t

A  new  approach  for the  determination  of  free  and  total  valproic  acid in  small  samples  of  140  �L human
plasma  based  on capillary  electrophoresis  with  contactless  conductivity  detection  is  proposed.  A  dis-
persive liquid–liquid  microextraction  technique  was  employed  in  order  to remove  biological  matrices
prior  to  instrumental  analysis.  The  free  valproic  acid was determined  by  isolating  free  valproic  acid
from  protein-bound  valproic  acid  by  ultrafiltration  under  centrifugation  of  100  �L sample.  The  filtrate
was  acidified  to  turn  valproic  acid into  its protonated  neutral  form  and  then  extracted.  The  deter-
mination  of total  valproic  acid  was  carried  out by  acidifying  40 �L untreated  plasma  to  release  the
protein-bound  valproic  acid  prior  to extraction.  A solution  consisting  of  10  mM  histidine,  10  mM  3-(N-
morpholino)propanesulfonic  acid  and  10  �M hexadecyltrimethylammonium  bromide  of  pH  6.5  was  used
uman plasma as background  electrolyte  for the  electrophoretic  separation.  The  method  showed  good  linearity  in  the
range of 0.4–300  �g/mL  with  a  correlation  coefficient  of  0.9996.  The  limit  of  detection  was 0.08  �g/mL,
and  the  reproducibility  of  the  peak  area  was  excellent  (RSD  =  0.7–3.5%,  n =  3,  for  the  concentration  range
from  1 to  150  �g/mL).  The  results  for  the  free  and  total  valproic  acid concentration  in  human  plasma  were
found  to  be  comparable  to  those  obtained  with  a  standard  immunoassay.  The  corresponding  correlation
coefficients  were  0.9847  for  free  and  0.9521  for  total  valproic  acid.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Valproic acid (2-propylvaleric acid, VPA) is an eight-carbon
ranched-chain fatty acid. Its structure is shown in Fig. 1 together
ith that of caproic acid which was used as internal standard.
alproic acid is used widely as an anticonvulsant [1] and as a mood-
tabilizing drug in patients with bipolar disorder [2].  Although the
echanisms of action of valproic acid in epilepsy and bipolar dis-

rder are currently not fully understood, the most widely accepted

rocesses for its antiepileptic activity involve an increase in the
oncentration of the inhibitory neurotransmitter �-aminobutyric

∗ Corresponding author at: Department of Chemistry, University of Basel,
pitalstrasse 51, 4056 Basel, Switzerland. Tel.: +41 61 267 10 53;
ax: +41 61 267 10 13.
∗∗ Corresponding author. Tel.: +41 61 267 10 03; fax: +41 61 267 10 13.
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P.C. Hauser).

570-0232/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jchromb.2012.08.037
acid (GABA) in certain brain regions and an inhibition of voltage-
dependent sodium channels [3].

Taking into account the pKa of VPA of 4.6, most valproate in
serum is deprotonated under physiological conditions. Since VPA
is highly bound to albumin (approximately 80–95%), only a small
fraction of VPA exists in the free, pharmacologically active form
[4,5]. The therapeutic range reported for total VPA in human plasma
is 50–100 �g/mL [6].  Therapeutic drug monitoring (TDM) of VPA is
commonly performed for guiding therapy as there is only a poor
correlation between dose and steady state serum concentrations
between patients [7] and the difficulty to monitor the clinical effect
of valproic acid, since seizures are usually rare events. Detailed dis-
cussions are available regarding TDM of VPA in the treatment of
epilepsy [7,8] and bipolar disorders [9].

Several methods have been published for the determination of
free and total VPA in biological matrices. For the determination of

the total concentration, VPA is usually released from proteins by
acidification [10–12],  which converts it into its protonated form. An
alternative method of destroying the protein-binding is precipita-
tion of the serum proteins, e.g. by addition of an organic solvent (see

dx.doi.org/10.1016/j.jchromb.2012.08.037
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:hhsee@ibnusina.utm.my
mailto:Peter.Hauser@unibas.ch
dx.doi.org/10.1016/j.jchromb.2012.08.037
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ig. 1. Structures of valproic acid (VPA) and caproic acid (CPA) used as internal
tandard (IS).

or example [13]). For the determination of free VPA in the presence
f serum proteins and protein-bound VPA, free VPA is removed by a
eparation step such as dialysis, ultrafiltration, ultracentrifugation
r gel filtration [14–16].

In both approaches for the quantification step the most com-
only used methods are enzyme immunoassays [17,18]. This

echnique is simple and reliable, but relatively expensive. A
umber of chromatographic techniques such as gas chromatog-
aphy (GC) [19] and liquid chromatography (LC) [20–23] have
lso been reported, and have been used in conjunction with
arious sample pretreatment steps. Commonly used pretreat-
ents are, for instance, liquid–liquid extraction (LLE) [24], solid

hase extraction (SPE) [10], solid-phase microextraction (SPME)
25], liquid-phase microextraction (LPME) [12] and dispersive
iquid–liquid microextraction (DLLME) [11]. A major drawback of
he reported chromatographic approaches is the requirement of
rior derivatization of VPA to either render it volatile or suitable
or UV-detection.

More recently, capillary electrophoresis coupled with contact-
ess conductivity detection (CE-C4D) has become an attractive
lternative analytical method due to its universal characteristics in
etecting any charged species without requiring a chromophore.

 further distinct advantage is the ability to carry out an analysis
n very small sample volumes. Several recent general review arti-
les on CE-C4D are available [26–28].  A series of applications of the
ethod for clinical analysis of diverse biological samples have been

eported [29–40].  Recent reviews on the applications of CE-C4D in
harmaceutical analysis [41,42] can also be found.

The potential usefulness of CE-C4D for the determination of VPA
n clinical samples has been shown by Belin et al. [13]. However,
n these investigations, no distinction between free and protein-
ound VPA was made and the amount of biological sample used was
oo high for monitoring pediatric patients. We  therefore improved
his method by reducing the plasma sample size needed and by

aking the method suitable for the determination of both free and
otal VPA.

. Experimental

.1. Reagents and materials

All chemicals were at least of analytical grade and purchased
rom Aldrich or Fluka (both Buchs, Switzerland). Ultrapure deion-
zed water was produced using a Nano-Pure water purification
ystem (Barnstead, IA, USA). Separation buffers were prepared
aily. Stock solutions of VPA sodium salt and caproic acid sodium
alt (CPA) as internal standard (IS) at the concentration of
000 �g/mL were prepared in deionized water and kept at 4 ◦C.
orking standard solutions of lower concentrations were prepared

y dilution with deionized water.
.2. Plasma samples

Blank and VPA containing plasma samples were obtained
rom the Clinical Pharmacology and Toxicology Laboratory of the
gr. B 907 (2012) 74– 78 75

University Hospital of Basel, Switzerland. All plasma samples were
kept at −20 ◦C in a freezer until the experiments. The reference
values for free and total VPA content in the collected plasma
samples were measured using standard protocols adopted at the
Clinical Chemistry Laboratory of the University Hospital of Basel.
The total VPA concentration was determined using a homoge-
nous enzyme immunoassay in a Cobas 6000 analyzer (Roche
Diagnostics, GmbH, Mannheim, Germany) using reagents from
Roche Diagnostics (Basel, Switzerland) instrument. The free VPA
was  determined by first carrying out ultracentrifugation for iso-
lation of the free VPA followed by a fluorescence polarization
immunoassay on a TDx analyzer (Abbott Laboratories, Abbott Park,
IL, USA).

2.3. Sample pretreatment procedure

For the determination of free VPA, 100 �L of plasma sample was
pretreated by ultracentrifugation using Amicon ultracentrifugal fil-
ters (cut off >10,000 Da) (Millipore Corporation, Billerica, MA,  USA)
for 15 min  at 14,000 × g. After ultrafiltration, 40 �L of the filtrate,
which contained free VPA, was placed into a 1.5 mL conical bottom
polypropylene tube. Subsequently, 10 �L of a solution containing
25 �g/mL CPA (internal standard resulting in a final concentration
of 5 �g/mL) was  added and the sample acidified with 10 �L of 1 M
HNO3 to protonate VPA. The mixture was vortexed for 30 s and VPA
extracted as described below. For the determination of total VPA,
10 �L internal standard and 10 �L 1 M HNO3 were added directly
to 40 �L of the raw plasma sample.

The optimization of the extraction step was carried out by
using blank plasma samples into which VPA was  spiked at the
same level as the internal standard. For the extraction a mix-
ture of extraction and dispersive solvent was rapidly injected
into the sample tube, the solution vortexed for 30 s and finally
centrifuged for 10 min  at 6000 × g at room temperature. After
centrifugation, the lower (organic) phase was withdrawn using a
100 �L microsyringe and transferred to a 200 �L polypropylene
bullet tip tube. 20 �L of triethylamine (TEA) solution of different
concentrations (see Section 3) was  then added to the collected
organic phase, vortexed for 30 s, and centrifuged for 10 min  at
6000 × g. The target analyte was back-extracted into the diluted
TEA solution and the supernatant was injected into the CE-C4D
system.

2.4. CE-C4D analysis

The capillary electrophoresis instrument was  purpose-built and
utilized a commercial high voltage power supply module (CZE
2000R, Spellman, Pulborough, UK). The C4D detector was built-in-
house, details can be found elsewhere [43]. The detector signals
were recorded with an e-corder data acquisition system (eDAQ,
Denistone East, NSW, Australia). A bare fused silica capillary of
50 �m I.D. and 363 �m O.D. (Polymicro Technologies, Phoenix,
AZ, USA) with a total length of 50 cm and effective length of
45 cm was employed. The new capillary was conditioned by first
flushing with 0.1 M NaOH for 15 min  and followed by water for
10 min. The pre-conditioned capillary was  then rinsed with the
separation buffer for 30 min. The running buffer employed was
slightly modified from the previous work [13] and consisted of
10 mM  3-(N-morpholino)propanesulphonic acid (MOPS), 10 mM
histidine (His), and 10 �M hexadecyltrimethylammonium bromide
(CTAB) (pH 6.5). After each injection, the capillary was  rinsed

with separation buffer for 3 min  to maintain the reproducibil-
ity of the analysis. Injections were performed by siphoning at
18 cm height difference for 10 s. The separation voltage was set
at −16.5 kV.
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reached a maximum in the range from 125 to 175 �L. Although
the total solvent volume used in this study is relatively high com-
pared to the amounts used in most of the studies reported, the
6 T.T.T. Pham et al. / J. Chr

. Results and discussion

.1. Optimization of the dispersive liquid–liquid microextraction

First tests were carried out using direct injection of plasma
amples into the CE system as reported previously [13]. It was
ound however, that some samples showed overlaps with peaks of
nknown origin. Therefore an extraction procedure was adopted

n order to consistently obtain electropherograms free of unde-
ired matrix elements. Dispersive liquid–liquid microextraction
DLLME) allows efficient extraction of small samples. In this pro-
edure a mixture of two solvents, one soluble in water, the other
ot, is rapidly injected into an aqueous sample. This leads to the

ormation of finely dispersed droplets into which the extraction of
he analytes occurs. Subsequently, phase separation is performed
nd the enriched analyte can then be determined in the sedimented
hase [44,45].  Several factors affecting the extraction efficiency of
LLME were comprehensively examined to seek for optimum con-
itions. For these tests, valproate and caproate as internal standard
ere added to blank plasma samples (both at a final concentration

f 5 �g/mL) and these were acidified in order to protonate, and thus
eutralize, analyte and internal standard. Caproic acid (CPA) has a
olecular structure which is very similar to that of valproic acid

VPA) (see Fig. 1).

.1.1. Selection of extraction and dispersive solvents
An ideal extraction solvent in DLLME should demonstrate char-

cteristics such as higher density than water, high extraction
apability for analytes of interest, low solubility in water, and low
olatility [44,46]. On the other hand, the dispersive solvent should
e miscible with the extraction solvent as well as the sample solu-
ion to enlarge the contact area between the extraction solvent and
he sample solution. Based on these requirements, 3 extraction sol-
ents namely tetrachloroethylene (C2Cl4), chloroform (CHCl3) and
arbon disulfide (CS2) were studied in combination with 4 disper-
ive solvents, i.e. acetonitrile (MeCN), methanol (MeOH), acetone
Ace), and 2-propanol (IPA). It was found that CHCl3 hardly formed
n emulsified solution when added to plasma regardless of the dis-
ersive solvent being used. When CS2 was employed, emulsified
olutions were observed, but clear phase separation could not be
chieved after centrifugation. Nevertheless, mixtures of C2Cl4 with
arious dispersive solvents studied were found to be able to form
atisfactory emulsified solutions and phase separation was  instan-
aneously achieved after the vortex and centrifugation processes.
ence, C2Cl4 was selected as extraction solvent and its performance
ith various dispersive solvents was evaluated. In order to main-

ain consistency, 13 �L of each dispersive solvent with 87 �L of
2Cl4 was always added to the 40 �L of the blank plasma to which
cid as well as VPA and CPA had been added. As can be seen in
ig. 2, the highest VPA peak area response was obtained when IPA
as used as dispersive solvent. The same result was  obtained for
PA.

.1.2. Effect of extraction/dispersive solvent ratio and volume of
olvent mixture

Different ratios of C2Cl4:IPA solvent mixtures were studied to
eek for optimum extraction conditions. The volume of the solvent
ixture was fixed at 100 �L and this was again added to the 40 �L

f the blank plasma which had then been acidified and spiked with
PA and CPA. As can be seen from Fig. 3, the peak area response

or the VPA extract increased according to the increase of C2Cl4

ercentage in the mixture. A significant increase of VPA responses
as observed from 20% of C2Cl4 to 50% and ultimately reached its
aximum at 87% of C2Cl4. When the percentage of C2Cl4 was fur-

her increased, no significant further enhancement of VPA and CPA
Fig. 2. Effect of dispersive solvents on the peak area response of VPA (n = 3). Extrac-
tion  conditions: sample volume, 50 �L; extraction solvent, 87 �L C2Cl4; dispersive
solvent, 13 �L; concentration of VPA, 5 �g/mL.

response was  observed. Hence, the C2Cl4:IPA ratio of 87:13 was
adopted.

To consider the effect of the solvent volume on extraction effi-
ciency, different volumes of C2Cl4:IPA mixtures with the optimum
ratio of 87:13 were tested. The volumes ranged from 50 to 175 �L.
It was found that when even smaller volumes were employed
(<50 �L), the organic droplets were not properly formed and not
well-dispersed in the relatively viscous plasma sample. As can be
seen from Fig. 4, the amount of VPA detected increased signifi-
cantly by increasing the solvent volume from 50 to 125 �L and then
Fig. 3. Effect of the volume ratio of C2Cl4:IPA on the peak area response of VPA
(n  = 3). Extraction conditions: extraction solvent, C2Cl4; dispersive solvent, IPA; total
solvent volume, 100 �L. Other conditions as for Fig. 2.
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Fig. 4. Effect of the volume of solvent mixture on the peak area response of VPA
(n  = 3). Extraction conditions: ratio of extraction solvent (C2Cl4):dispersive solvent
(
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Fig. 5. Electropherogram for (a) blank plasma spiked with CPA (5 �g/mL, as internal
standard, IS) and (b) blank plasma spiked with VPA (5.4 �g/mL) and CPA (5 �g/mL).

1 to 150 �g/mL. For illustration, electropherograms for an extract

T
Q

IPA), 87:13. Other conditions as for Fig. 2.

ew approach involves an additional back-extraction procedure
hat effectively transfers the analyte into only 20 �L of TEA solu-
ion prior to CE-C4D analysis. In order to ensure a high consistency
f extraction performance, the solvent volume was  fixed to 150 �L
or the subsequent experiments.

.1.3. Optimization of triethylamine percentage for back
xtraction

As mentioned previously, the VPA enriched in the organic phase
as back-extracted into a diluted aqueous solution of TEA [24],
hich was compatible with the subsequent CE-C4D analysis. 20 �L

f this solution was used as this was the minimum volume which
ould be handled reliably with the CE-system employed. Concen-
rations of 0.05%, 0.1%, 0.25%, 0.5%, 1% and 2.5% were tested for
heir suitability. For TEA solutions of 0.05% and 0.1%, the extrac-
ion recoveries for VPA were generally unsatisfactory with values
f 47–62%. An increase of the TEA percentage to 0.25% and 0.5%
esulted in improved extraction recoveries of 86%. The result for
PA was identical. For higher concentrations, poor baseline stabil-

ties resulted in the CE-C4D analysis. Hence, a percentage of 0.5%

f TEA was adopted for the back-extraction solution for the subse-
uent CE-C4D analyses.

able 1
uantitative results for free and total VPA in human plasma samples.

Sample ID Free VPA (�g/mL) 

DLLME–CE-C4Da Immunoassa

BVS11 16.2 ± 0.3 14.8 

EH4 5.4  ± 0.1 3.7 

AP10  4.8 ± 0.2 3.6 

JS09  5.4 ± 0.6 5.3 

GP14 7.0  ± 1.3 6.0 

EH5  4.6 ± 0.2 3.6 

a Errors are standard deviations (n = 3).
CE  conditions: buffer 10 mM MOPS/10 mM His, pH 6.5, CTAB 10 �M,  siphoning injec-
tion at 18 cm height difference for 10 s, separation voltage −16.5 kV.

3.2. Method validation

The optimum DLLME parameters finally arrived at were as fol-
lows: 40 �L of plasma sample acidified with 10 �L 1 M HNO3, 10 �L
of 25 �g/mL CPA internal standard solution (5 �g/mL final concen-
tration), 150 �L of 87% C2Cl4:13% IPA as solvent mixture, and 20 �L
of 0.5% TEA solution as back-extraction medium. Normalization
of the peak areas obtained for VPA with the peak areas for CPA
resulted in a good linearity for VPA with a correlation coefficient
of 0.9996 in the concentration range from 0.4 to 300 �g/mL (note
that these tests were carried out for unfiltered plasma). This linear
range covered the entire therapeutic range of VPA in human plasma
which is 5–10 �g/mL for free and 50–100 �g/mL for total valproate.
The limit of detection (LOD) and limit of quantification (LOQ) were
determined as 0.08 �g/mL and 0.24 �g/mL, respectively (calculated
for signal-to-noise ratios of 3 and 10 from a comparison of peak
heights with the maximum amplitude of the short term baseline
deviations). The reproducibilities for peak area were found to be
between 0.7% and 3.5% (RSD, n = 3) for the concentration range from
of blank plasma spiked with CPA and for an extract of blank plasma
spiked with CPA and VPA are shown in Fig. 5.

Total VPA (�g/mL)

y DLLME–CE-C4Da Immunoassay

116.2 ± 1.0 99.5
56.5 ± 1.6 56.5
37.2 ± 0.7 33.8
61.1 ± 4.2 63.0
71.9 ± 10.7 75.7
43.5 ± 5.3 44.2



7 omato

3

c
p
e
i
2
D
p
t
F
t
t
p
i
d
V

4

v
q
i
a
n
l
q
a
f

A

s
t
N
a

R

[

[

[
[
[
[
[
[

[

[
[

[
[
[

[
[

[

[
[
[
[
[

[
[
[
[

[
[

[
[

[

[
[

8 T.T.T. Pham et al. / J. Chr

.3. Analysis of human plasma samples

A total of 6 human plasma samples had been collected in a
linical study conducted at the University Hospital of Basel. The
lasma samples were first tested using standard protocols based on
nzyme immunoassay techniques employed in the Clinical Chem-
stry Laboratory of the University Hospital of Basel (see Section
.3 for details), followed by measurement using the developed
LLME–CE-C4D approach. Note that the appearance of the electro-
herograms of these samples containing VPA is very similar from
hose of blank plasma to which VPA had been spiked as shown in
ig. 5. The results for free (for the filtered sample) and total VPA (for
he not filtered sample) are summarized in Table 1. It is observed
hat the overall results obtained using DLLME–CE-C4D are com-
arable to the results obtained employing the standard enzyme

mmunoassay. The correlation coefficients, r, for the two  pairs of
ata were determined as 0.9847 for free VPA and 0.9521 for total
PA, indicating an acceptable relationship.

. Conclusion

In this work, the determination of free and total VPA in a total
olume of only 140 �L of human plasma employing CE-C4D for
uantification was developed. The method requires a filtration step

n order to be able to distinguish between free and bound analyte
nd an extraction procedure to avoid potential peak overlaps, but
o chemical or enzymatic conversion steps, as needed for the estab-

ished methods, are required to make the analyte amenable for
uantification. The method is deemed suitable for the routine ther-
peutic drug monitoring (TDM), in particular for pediatric patients
or whom the available sample volumes are limited.
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31] P. Tůma, K. Málková, Z. Wedellová, E. Samcová, K. Štulík, Electrophoresis 31
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