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Development of capillary zone electrophoresis-
electrospray ionization-mass spectrometry for the
determination of lamotrigine in human plasma

A method of coupling capillary zone electrophoresis (CZE) with electrospray ionization-
mass spectrometry (ESI-MS) detection has been developed for monitoring an antiepi-
leptic drug, lamotrigine (LTG) in human plasma. The CZE-MS was developed in three
stages: (i) CZE separation and ESI-MS detection of LTG and tyramine (TRM, internal
standard) were simultaneously optimized by studying the influence of CZE background
electrolyte (BGE) pH, BGE ionic strength, and nebulizer pressure of the MS sprayer;
(ii) sheath liquid parameters, such as pH, ionic strength, organic modifier content, and
flow rate of the sheath liquid, were systematically varied under optimum CZE-MS con-
ditions developed in the first stage; (iii) MS sprayer chamber parameters (drying gas
temperature and drying gas flow rate) were varied for the best MS detection of LTG.
The developed assay was finally applied for the determination of LTG in plasma sam-
ples. The linear range of LTG in plasma sample assay was between 0.1–5.0 mg/mL with
a limit of detection as low as 0.05 mg/mL and run time less than 6 min. Finally, the con-
centration-time profile of LTG in human plasma sample was found to correlate well
when CZE-ESI-MS was compared to a more established method of high-performance
liquid chromatography with ultraviolet detection.

Keywords: Capillary zone electrophoresis / Electrospray ionization-mass spectrometry / Lamo-
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1 Introduction

Lamotrigine (LTG, [3,5-diamino-6(2,3-dichlorophenyl)-
1,2,4-triazine]) is one of the recently developed anti-
epileptic drugs [1]. This drug has a therapeutic range
(steady-state through plasma LTG concentration) of 1–
4 mg/L LTG and a mean elimination half-life of 25 h [2, 3].
However, due to common interaction with the other
drugs, the mean elimination half-life of LTG could vary
from 15 h to 59 h [4]. In order to maintain the therapeutic
plasma concentrations and to avoid toxicity of LTG, ther-
apeutic drug monitoring has been studied for LTG-treated
patients [5]. Therefore, it is important to develop a reliable
analytical method for LTG assay.

Several immunological methods, including radioimmu-
noassay [6] and immunofluorimetic assay [7], have been
reported for the determination of LTG in human plasma.
However, because lack of reliable commercialized proce-
dure, these methods are not commonly used. A number

of high-performance liquid chromatography (HPLC) [5, 8–
15] and capillary zone electrophoresis (CZE) [16, 17]
methods, both with ultraviolet (UV) detection have been
reported for measurement of LTG in human plasma. Al-
though HPLC-UV method is more popular than CZE-UV
method for LTG assay, the drawbacks, such as poor effi-
ciency, large-volume sample consumption, and tedious
sample preparation of the former method, make it prob-
lematic. Based on electrophoretic separation mechan-
ism, with migration time as the basic for identification,
the CZE-UV method was developed by Shihabi and Oles
[16] and recently validated by Theurillat et al. [17]. The
CZE-UV method appears to be rugged and robust [16,
17]. However, it shows lack of sensitivity and specificity
due to the on-column UV detection, along with the inter-
ference from the matrix which hinder the application of
CZE-UV method [16, 17]. In addition, for the analysis of
plasma samples, reproducible migration times are some-
what problematic due to irreversible adsorption on the
capillary surface. Thus, there is a growing interest for
developing a replacement method with high sensitivity,
high selectivity, high specificity, and high throughput for
LTG assay. The CZE coupled with electrospray mass
spectrometric detection (ESI-MS) seems to have a poten-
tial to serve as an alternative method applied for LTG
assay. This is because CZE-ESI-MS combines high sen-
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sitivity, high specificity, and high selectivity provided by
ESI-MS with high efficiency, high resolution, and high
throughput of CZE. Thus, CZE-ESI-MS could be proved
as one of promising technique in drug and pharmaceuti-
cal analysis [18–27]. In this study, the feasibility of CZE-
ESI-MS method was investigated for the LTG assay. To
our knowledge, this is the first report in which CZE-ESI-
MS was developed and applied for LTG assay.

2 Materials and methods

2.1 Standards and chemicals

LTG was a kind gift of GlaxoSmithKline (Philadelphia, PA,
USA). Ammonium acetate (as 7.5 M NH4OAc solution),
thiourea (used as electroosmotic flow (EOF) marker) and
tyramine hydrochloride (TRM, as internal standard) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).
Acetonitrile (ACN) and methanol (MeOH), both HPLC-
grade, were purchased from Burdick & Jackson (Muske-
gon, MI, USA). Ammonium hydroxide (NH3?H2O), acetic
acid (HOAc), and hydrochloric acid (HCl) were supplied
by Fisher Scientific (Springfield, NJ, USA). Water used in
all of the experiments was triply deionizied and obtained
from Barnstead Nanopure II water system (Barnstead
International, Dubuque, IA, USA).

2.2 Preparation of buffer and sample solution

All aqueous buffers were obtained by first adjusting the
pH of NH4OAc buffer to the desired value with HOAc
(for pH , 6.8) or NH3?H2O (for pH . 6.8). The pH of
the aqueous buffer was checked and adjusted with an
Orion 420A pH meter (Beverly, MA, USA). The sheath
liquids were prepared by mixing aqueous NH4OAc buffer
(adjusted to the desired pH value prior to mixing) with
an appropriate volume ratio of MeOH. The final CZE buf-
fer or sheath liquid was degassed for 30 min and filtered
with 0.45 mm PTFE membrane before use. The stock
solutions of LTG, TRM, and thiourea were prepared at
1.0 mg/mL by dissolving an appropriate amount of each
in 50% v/v MeOH and diluted to desired concentration
before use.

2.3 Plasma sample preparation

The sample preparation procedure for plasma was
similar to the procedure reported by Shihabi and Oles
[16]. The plasma samples were collected over a period
of 96 h from a subject after oral administration of 50 mg
LTG [15]. Both blank human plasma samples and the
subject plasma samples were obtained from Mercer

University Southern School of Pharmacy (Atlanta, GA,
USA) and stored under 2787C until analysis. In order
to set up the calibration curve, each 100.0 mL aliquot
of plasma was spiked with the desired volume of LTG
solution at levels of 0.1, 0.25, 0.5, 1.0, 2.0, 3.0, and
5.0 mg/mL. To each of the 100 mL aliquot of plasma
(spiked blank plasma or plasma from the subject) con-
tained in a 1.5 mL microcentrifuge tube, 3 mL of the
internal standard solution (containing 10 mg/mL TRM),
and 200 mL of ACN were added. The tube was vor-
texed for 1 min and then centrifuged at 10k rpm for
10 min. After centrifugation, the supernatant was trans-
ferred into a Spin-x microcentrifuge filter cartridge
(0.22 mm Nylon filter; Corning, NY, USA) followed by
centrifugation of the cartridge at same rpm for another
3 min. The filtrate was combined with 5 mL HOAc and
an aliquot of each mixture was used for CZE-MS
analysis.

2.4 Instrumentation

The CZE-UV-MS experiments were carried out with an
Agilent Capillary Electrophoresis system (including an
autosampler and a diode-array detector) interfaced to
a quadrupole mass spectrometer, Agilent 1100 series
MSD, a G1603A CE-MS adapter kit, and a G1607
CE-ESI-MS sprayer kit, all from Agilent Technologies
(Palo Alto, CA, USA). A 120 cm long fused-silica capillary
(OD 363 mm, ID 75 mm; Polymicro Technologies, Phoenix,
AZ, USA) was used for CZE-UV-MS separation. The UV
detection window was fabricated by burning 1–2 mm
segment of polyimide coating of the capillary at 30 cm
from the inlet side. For CZE coupled with ESI-MS detec-
tion only, shorter capillaries (60–65 cm long, OD 363 mm,
ID 75 mm) were used since the diode-array detector was
bypassed. The capillary outlets for both CZE-UV-MS and
CZE-MS have 1–2 mm segment coating removed for
exposure to the atmospheric pressure ionization source
of the electrospray. An Agilent 1100 series HPLC pump
equipped with 1:100 splitter was used to deliver the
sheath liquid. The Agilent ChemStation and CE-MS add-
on software were used for instrument control and data
analysis.

2.5 CZE-MS conditions

After installation of CE column on the cartridge and
mounting in the nebulizer, the column was flushed for
40 min with , 2 M NH3?H2O followed by flushing for
40 min with CE run buffer. Injection was made by applying
0.435 psi (30 mbar) pressure for 2 s. The separation
voltage was set at 20 kV, employing a voltage ramp of
3 kV/s. Between each run, the capillary was flushed with
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run buffer for 3 min. Unless otherwise stated, the follow-
ing ESI-MS conditions were used to obtain optimum
simultaneous separation of LTG and TRM in CZE. Sheath
liquid, MeOH-H2O (90:10 v/v) containing 50 mM NH4OAc,
pH 6.8; sheath liquid flow rate, 7.5 mL/min; capillary volt-
age, 4000 V; fragmentor voltage, 70 V; drying gas flow
rate, 5 L/min; drying gas temperature, 1507C; nebulizer
pressure, 4 psi. The MS detection was performed in the
selective ion monitoring (SIM) mode. Since both LTG and
TRM exist as cations in acidic solutions, positive [M1H]1

ions were monitored at 256.0 and 138.0 m/z, respectively.
The EOF velocity was determined by injecting thiourea
sample solution under similar conditions except positive
SIM mode was used at 77.0 m/z.

2.6 Direct infusion method

The electrospray ionization (ESI) mass spectrum of LTG
was obtained by the direct infusion method, which
involves continuously flushing 1 mg/mL LTG through a
60 cm long, 75 mm ID open tubular capillary at 0.725 psi
(50 mbar) to the ESI interface. Sheath liquid and MS spray
chamber parameters were same as described in Sec-
tion 2.5. Data were collected in positive scan mode over
the range of 50–500 m/z.

2.7 Calculations

The resolution (Rs) and selectivity (a) between LTG and
TRM as well as the separation efficiency (N) of analytes
were calculated with Agilent Chemstation software (V9.0)

as reported in [28]. All electropherograms shown were
smoothed with a factor of 0.1 min. The noise level was
determined using peak-to-peak noise method for a
selected time range between 1 min to 2 min with the
Chemstation software. The signal-to-noise ratio (S/N)
was obtained by the ratio of LTG peak height over the
noise level. The LTG calibration curve was obtained by
plotting the peak area ratio of LTG to the internal standard
(TRM) versus LTG concentration. To assess linearity, the
line of best fit was determined by least squares regres-
sion.

3 Results and discussion

For LTG assay, TRM was chosen as the internal standard
according to the study of Shihabi and Oles [16] who
used a background electrolyte (BGE) containing 130 mM

sodium acetate-acetic acid at pH 4.8. However, due to
the nonvolatility of the sodium acetate, such a BGE is not
suitable for the ESI-MS detection. Thus, a BGE containing
volatile NH4OAc-HOAc is used for the CZE-MS study.

3.1 Comparison of CZE-UV detection with
CZE-ESI-MS detection

Initially, a 120 cm long CE capillary was employed for
simultaneous UV and ESI-MS detection of LTG and inter-
nal standard, TRM as well as to compare the limit of
detection (LOD) of these two techniques (Fig. 1). The
CZE-UV at 214 nm showed a shorter analysis time of
, 4 min due to shorter effective separation capillary

Figure 1. Electropherograms of
CE-UV-MS showing the simulta-
neous separation at the LOD of
LTG and TRM at (a) UV LOD
(0.1 mg/mL LTG) and (b) ESI-MS
LOD (0.02 mg/mL LTG). Condi-
tions: 120 cm long, 75 mm ID
open tubular capillary (UV win-
dow located 30 cm from the
inlet); run buffer, 20 mM NH4OAc,
pH 3.0. For other conditions,
see Section 2. (c) ESI-MS spec-
trum of LTG obtained by direct
infusion method.
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length (, 30 cm from the injection end) as compared to
the ESI-MS detection (, 120 cm from the injection end).
However, it is important to note that ESI-MS detection
showed ca. 5 times better sensitivity (, 0.02 mg/mL,
Fig. 1b) as compared to UV detection (, 0.1 mg/mL,
Fig. 1a). In addition, CZE-UV detection suffers due to
the matrix interferences. For example, the presence of
endogenous compounds in blank plasma or patient sam-
ples as well as the appearance of the solvent peaks was
a problem with UV detection (data not shown). As dis-
cussed in Section 3.5, matrix interference from plasma
samples also influences the ionization in ESI-MS, but
such interference has much less effects on CZE coupling
with ESI-MS since selected ion monitoring mode (SIM,
positive ion, m/z 256.0, Fig. 1c) used in ESI-MS provides
a highly specific and selective detection. Therefore, UV
detection was not employed in the following experiments
and only ESI-MS detection was carried for the CZE
separation. For CZE-MS experiments, the capillary was
cut to reduce the length to , 60 cm. Consequently, as

shown in the following sections, faster separation (with
analysis time equivalent to CZE-UV) was achieved with
a high sensitivity for ESI-MS.

3.2 Optimization of CZE-ESI-MS separation

To optimize a CZE-MS method, pH and concentration of
the volatile BGE as well as nebulizer gas pressure are
essential parameters that influence both the CZE separa-
tion as well as the MS detection sensitivity. Therefore these
parameters are optimized first, followed by optimizing the
sheath liquid parameters and the spray chamber param-
eters (drying gas temperature and drying gas flow rate).

3.2.1 Effect of BGE pH

Because LTG and TRM are weak bases, a series of BGEs
containing 20 mM NH4OAc-HOAc were studied over the
range of pH between 4.0 and 6.8. As demonstrated in
Figs. 2a–e, TRM has a shorter migration time than LTG

Figure 2. (a) Effects of buffer pH for EOF velocity and effective mobility of TRM and LTG. Electropherograms (b)–(e), bar
plots (f)–(h) effects of buffer pH for separation of TRM and LTG. The bar plots (f)–(h) represent (f) resolution, (g) selectivity,
and (h) S/N. Conditions: 65 cm long, 75 mm ID open tubular capillary; run buffer, 20 mM NH4OAc at pH (b) 4.0, (c) 5.0, (d) 6.0,
and (e) 6.8. For other CZE-ESI-MS conditions see Section 2.
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since its basicity (pKa = 10.67) is higher than LTG (pKa =
3.31). Consequently, as the BGE pH increased from 4.0
to 6.8, the effective mobility of these two analytes
showed different trends (Fig. 2a). The migration time of
TRM showed a significant decrease while the migra-
tion time of LTG was more or less the same (Figs. 2b–e).
This observation is associated with different electro-
phoretic mobility (which is dependent on effective posi-
tive charge) of these two analytes as well as electro-
osmotic flow (EOF) at different pH. Thus, TRM, which is
predominantly cationic within the investigated pH range,
showed increase migration time at lower pH mainly due
to lower EOF, even though its effective electrophoretic
mobility does not change significantly over the studied
pH range (Fig. 2a). In contrast, LTG, which acquires
more positive charge when decreasing the BGE pH
from 6.8 to 4.0, its effective electrophoretic mobility to-
wards the anodic end (MS detector end) is enhanced.
However, at the same time, the decrease of BGE pH
also increases the BGE ionic strength (due to the addi-
tion of HOAc), which in turn decreases EOF. Therefore,

there is no net change in the migration time of LTG due
to a balance between electrophoretic mobility of LTG
and EOF. As a result of increasing selectivity between
these two analytes (Fig. 2g), the resolution (Rs) between
these two analytes increases from 3.3 to 11.3 as the
BGE pH was increased from 4.0 to 6.8 (Fig. 2f). The
BGE pH also influences the detection sensitivity. As
shown in Fig. 2h, a BGE at pH 5.0 provides the highest
S/N due to lower noise level at this pH. Thus, the BGE
containing 20 mM NH4OAc-HOAc at pH 5.0 was selected
for the further study since it provided a reasonable com-
promise between resolution and detection sensitivity.

3.2.2 Effect of BGE ionic strength

The ionic strength effects were investigated with a series
of BGEs containing different concentrations (5.0, 10.0,
20.0, and 30.0 mM) of NH4OAc-HOAc at pH 5.0.
As demonstrated in the electropherograms (Fig. 3a–d),
when the BGE concentration was increased from 5 mM

Figure 3. Electropherograms (a)–(d), bar plots (e)–(g) effects of buffer concentration (ionic strength) for the separation of
TRM and LTG. The bar plots (e)–(g) represent (e) resolution, (f) efficiency, and (g) S/N. Conditions: 60 cm long, 75 mm ID open
tubular capillary; run buffer, (a) 5 mM, (b) 10 mM, (c) 20 mM, and (d) 30 mM NH4OAc, pH 5.0. For other CZE-ESI-MS condi-
tions, see Section 2.
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to 30 mM, the migration time of both analytes decreased,
which could be associated with decrease of EOF. Since
the double layer is composed of compact and diffuse
layer, an increase of ionic strength increases the thickness
of compact layer with a concurrent decrease of the
diffuse layer thickness. Because the zeta potential is
predominantly controlled by the diffuse layer thickness,
a decrease in EOF is observed at higher BGE con-
centration. In addition, several observations in the bar
plots (Fig. 3e–g) are noteworthy. As the concentration of
NH4OAc/HOAc increased, the Rs between LTG and TRM
increased mainly due to the concomitant increase in effi-
ciency (N). For the same reason, the S/N at 20 mM is
higher than the other two lower concentrations. How-
ever, it should be noted that at the highest concentration,
i.e., 30 mM NH4OAc, the current is close to 50 mA (the
upper limit of the CE-MS instrument used in this study).
Most probably the Joule heating effect contributes to a

much higher noise level at the highest concentration of
BGE. Therefore, a 20 mM NH4OAc-HOAc at pH 5.0 was
selected for further optimization.

3.2.3 Effect of nebulizer gas pressure

The nebulizer gas pressure is also a key parameter
needed to consider for optimizing the CZE-ESI-MS sepa-
ration. The nebulizer gas pressure was varied from 2 psi to
10 psi while the other parameters (including BGE pH
and concentration) were kept constant. As expected, the
migration time of analytes decreased while increasing the
nebulizer gas pressure (Figs. 4a–e) because the nebulizer
gas pressure has the potential to generate a suction
force at the capillary outlet [29]. As a result, a laminar
flow is formed inside the capillary, thus the separation effi-
ciency drops and so does the Rs between two analytes

Figure 4. Electropherograms (a)–(e), bar plots (f)–(h) effects of nebulizer gas pressure for the separation of TRM and LTG.
The bar plots (f)–(h) reprsent (f) resolution, (g) efficiency, and (h) S/N. Conditions: 60 cm long, 75 mm ID open tubular capil-
lary; run buffer, 20 mM NH4OAc, pH 5.0; nebulizer gas pressure at (a) 2 psi, (b) 3 psi, (c) 4 psi, (d) 6 psi, and (e) 10 psi.
For other CZE-ESI-MS conditions see Section 2.
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(Figs. 4f, g). It was also observed that the nebulizer gas
pressure not only affects the CZE separation, but also
the detection sensitivity. As the nebulizer gas pressure
increased from 4 psi to 10 psi, the abundance of LTG
improved by about 20%, but the S/N ratio at 10 psi
was 20% lower than at 4 psi due to higher noise level
(Fig. 4h). This indicates that high nebulizer gas pressure
could influence the stability of the electrospray [25]. As
a compromise for analysis time, resolution and S/N, the
nebulizer gas pressure was set to a moderate value of
4 psi.

3.3 Optimization of the sheath liquid
parameters

In a normally designed CE-ESI-MS system, the flow rate
through the CE column (10–100 nL/min) is too low for
supporting a stable electrospray (typically a few mL/min
flow rate required for the electrosprayer used in this
study). Hence, the sheath liquid is introduced at post-
column as the make-up liquid to stabilize the electro-
spray. In addition, similar to CEC-ESI-MS [30], the sheath
liquid for CZE-ESI-MS not only serves to establish an
electrical connection between the outlet end of the CZE
column and electrosprayer, but also serves as a terminal
pH and electrolytic reservoir. Therefore, it is important to
optimize the sheath liquid parameters for achieving high
ESI-MS sensitivity. In this section, the sheath liquid ionic
strength was studied first, followed by organic modifier
composition, pH and flow rate of the sheath liquid. At
the first stage, the impact of these parameters on the
separation was investigated by varying these parameters
but kept the other separation parameters constant. As
expected, none of sheath liquid parameters have signifi-
cant effects on the separations (data not shown). Their
effects on the detection sensitivity are discussed as fol-
lows.

3.3.1 Effect of the sheath liquid ionic strength

The effect of sheath liquid ionic strength was investigated
by increasing the sheath liquid NH4OAc concentration
from 5 mM to 50 mM but keeping other conditions con-
stant. As shown in Fig. 5a, the lowest NH4OAc concentra-
tion (i.e., 5 mM) in the sheath liquid gives the highest abun-
dance probably due to higher ion transmission efficiency
[31]. Although the magnitude of error bars suggests that
the S/N value is not significantly different at different con-
centration of NH4OAc in sheath liquid (Fig. 5b), the 50 mM

NH4OAc buffer was chosen as the optimum since higher
NH4OAc concentration stabilizes the electrospray which
leads to a relatively lower noise level [31].

Figure 5. Effects of sheath liquid (a), (b) NH4OAc con-
centration, (c), (d) MeOH content, and (e), (f) sheath
liquid flow rate upon abundance and S/N for LTG. The
error bar in each plot represents one standard deviation
(SD) of three measurements. Conditions: nebulizer gas
pressure, 4 psi; sheath liquid in (a), (b) containing various
concentration of NH4OAc in 90% v/v MeOH; flow rate,
7.5 mL/min. Sheath liquid in (c), (d): 50 mM NH4OAc in
various % v/v MeOH; flow rate, 7.5 mL/min. Sheath
liquid in (e), (f): 50 mM NH4OAc in 90% v/v MeOH; flow
rate, 2.5–10.0 mL/min. Other conditions as in Fig. 4 or
described in Section 2.

3.3.2 Effect of the sheath liquid pH

The effect of sheath liquid pH was studied by gradually
increasing the sheath liquid pH from 4.0 to 8.5. However,
no significant effects were found by varying the sheath
liquid pH in this range (data not shown). This is despite
of the fact that in the aqueous solution, the pKa value of
LTG is around 3.3. One possible interpretation of this
result supports the hypothesis that the solution-phase
basicity (e.g., in aqueous solution) is not related to the
gas-phase proton affinities (e.g., in the electrospray ioni-
zation source) [31]. A sheath liquid pH 6.8 was chosen
because no acid or base is required to adjust the pH
value of the NH4OAc (pH 6.8 being the natural pH of
NH4OAc).
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3.3.3 Effect of the sheath liquid organic modifier
composition

The effect of sheath liquid organic modifier composition
was studied by varying the volume fraction of MeOH
from 50–90% v/v. Again, a number of trends are note-
worthy. First, the use of 50% v/v MeOH in the sheath
liquid provides , 40% less response as compared to
70% or 90% v/v MeOH. This could be explained by the
fact that the solution containing a large content of MeOH
decreases the droplet size which in turn results in higher
efficiency for desolvation [31]. Unlike the abundance,
the S/N keeps increasing as the MeOH composition
increases from 50% v/v to 90% v/v (Fig. 5d). The S/N
increase could be due to low liquid surface tension that
stabilizes the electrospray at such high content of MeOH,
thereby causes a decrease in the noise level. Therefore, a
sheath liquid containing 90% v/v MeOH was chosen for
the further study.

3.3.4 Effect of the sheath liquid flow rate

The sheath liquid flow rate was varied from 2.5 mL/min to
12.5 mL/min. It was observed that the LTG response was
decreased while the flow rate increased due to the dilu-
tion effect (Fig. 5e). In contrast to the abundance, a max-
imum S/N was found at 5 mL/min (Fig. 5f). At the lower end
of the sheath liquid flow rate (i.e., 2.5 mL/min) high noise
was observed since this low flow rate is unable to support
a stable electrospray, although this flow rate provided the
highest abundance. As a result, 5 mL/min was selected as
the optimum sheath liquid flow rate.

3.4 Optimization of the MS spray chamber
parameters

Because the effect of nebulizer gas pressure has been
investigated in Section 3.2.3, we mainly focused on
the drying gas flow rate and drying gas temperature. As
expected, these two parameters were found to have no
significant impact on the CZE separation. On the other
hand, their influences on the MS detection sensitivity
were noticed.

3.4.1 Effect of drying gas flow rate

The effect of drying gas flow rate was studied by varying
the flow rate from 2.5 to 10 L/min under optimum CZE
separation and sheath liquid conditions. The abundance
of LTG was more or less the same, which indicated
that the LTG signal intensity could be independent of
the drying gas flow rate. Unlike the abundance, S/N of

LTG showed the highest response at 5 L/min due to low
noise level at this flow rate. Consistent with the results
obtained by Huikko et al. [32], our data suggest that dry-
ing gas flow rate could influence the stability of electro-
spray, which in term affects the noise level. Thus, a dry-
ing gas flow rate at 5 L/min was chosen for the further
study.

3.4.2 Effect of drying gas temperature

The effect of drying gas temperature was studied by vary-
ing the temperature from 150 to 3507C but keeping other
conditions constant. As shown in Fig. 6c, the LTG abun-
dance showed only a slightly increase upon increasing
the drying gas temperature from 150 to 3507C. This is
due to higher efficiency for desolvation at higher drying
gas temperature. The S/N of LTG was slightly higher at
200 and 2507C compared to lower (1507C) or higher (300
and 3507C) drying gas temperature (Fig. 6d). This is be-
cause higher noise was experienced at lower or higher
drying gas temperature. It should be noted that drying
gas temperature at 2007C was chosen as the optimum
since the magnitude of the error bar was significantly
less at 2007C than 2507C (Fig. 6d).

Figure 6. Effects of (a), (b) drying gas flow rate and (c),
(d) drying gas temperature upon abundance and S/N
of LTG. The error bar in each plot represents one stand-
ard deviation (SD) of three measurements. Conditions:
nebulizer gas pressure, 4 psi; sheath liquid, 50 mM

NH4OAc in 90% v/v MeOH; flow rate, 5.0 mL/min. (a),
(b) Drying gas flow rate, 2.5–10.0 L/min; constant dry-
ing gas temperature, 1507C. (c), (d) Drying gas tem-
perature, 1507C–3507C; constant drying gas flow rate,
5.0 L/min. Other conditions as in Fig. 4 or described in
Section 2.
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3.5 LTG assay for human plasma samples

Human plasma is a complex matrix containing various
amounts of protein and salt. Therefore, it is necessary to
employ a deproteinization process before injecting the
plasma samples into the capillary for CZE-ESI-MS analy-
sis. We chose a protein precipitation process by mixing
plasma sample with ACN [16] followed by an ultrafiltra-
tion step (for removal of large molecular weight protein
and sub-mm particles). Furthermore, to obtain good peak
shapes, a small amount of HOAc (5 mL) was added in the
deproteinized sample before injection.

In order to set up the calibration curve, blank plasma was
spiked with desired volume of LTG solution at levels of
0.1, 0.25, 0.5, 1.0, 2.0, 3.0, and 5.0 mg/mL, and TRM solu-
tion at 3 mg/mL. After aforementioned sample preparation
and the CZE-ESI-MS analysis, the peak area ratios of
LTG to TRM were plotted versus the LTG concentration.
The calibration curve (Fig. 7a inset) shows good linearity
within the studied concentration range (R2 = 0.9996). The
LOD of LTG in plasma sample was found to be as low as

Figure 7. (a) Blank human plasma spiked with 3 mg/mL
LTG and TRM. The inset shows the calibration curve of
LTG using TRM as the internal standard. (b) Subject
plasma sample (collected at 3 h after oral administration
of 50 mg LTG). Conditions: 63 cm long, 75 mm ID open
tubular capillary; run buffer, 20 mM NH4OAc, pH 5.0,
30 kV; sheath liquid, 50 mM NH4OAc in 90% v/v MeOH;
flow rate, 5.0 mL/min; nebulizer gas pressure, 4 psi; drying
gas flow rate, 5.0 L/min; drying gas temperature, 2007C.
Other conditions are described in Section 2.

0.05 mg/mL (data not shown) which was slightly poorer
than LOD observed in pure standard solutions (Fig. 1b). It
should be noted that the electropherograms of plasma
sample spiked with LTG and TRM (Fig. 7a) show slightly
longer migration times of LTG and TRM compared to the
electropherograms obtained using pure standards of the
same two analytes (Figs. 2–4). This could be attributed to
the unavoidable modification of the CZE capillary wall
when analyzing the plasma samples. In addition, an extra
peak marked with the asterisk (*) in Fig. 7a was observed
after LTG peak. This peak was eluted after both cationic
TRM and LTG, and it was observed in both pure standard
(peak marked with the asterisk, see Figs. 2–4) and blank
plasma as well as the subject plasma sample (Fig. 7b).
Because the appearance of this peak is even independ-
ent to the m/z setting for SIM (data not shown), we hy-
pothesize that this peak is presumably associated to
result from solvent (e.g., ACN) displacement. Hence,
further study is required to evaluate the potential of using
this peak as the EOF marker in CZE-MS.

The 14 human plasma samples were collected from a
subject over a period of 96 h after oral administration of
50 mg LTG. By applying the developed CZE-ESI-MS
method, these samples were analyzed. As demonstrated
in Fig. 7b, the electropherogram of subject plasma
showed high specificity for LTG and TRM (the peak
marked with an asterisk was also present). The concen-
trations of LTG determined by using both CZE-ESI-MS
and HPLC-UV method are compared in Fig. 8b. Despite
the fact that 24-h and 96-h samples for the two methods
are different, it is clear that the two methods showed
a reasonable correlation of the concentration profile of
LTG. The differences in LTG concentration obtained by
the two methods suggest a detailed validation process
of the newly developed CZE-ESI-MS is warranted.

Although these two methods have similar detection limits
(Jann et al., submitted), in terms of sample throughout,
the CZE-ESI-MS method demonstrates significant ad-
vantages over the HPLC-UV method. For example,
15 min of sample preparation and ca. 6 min of separa-
tion/sample were needed in CZE-ESI-MS and due to
processing the samples in batches (24 samples/batch),
the average time required for each sample preparation
can be reduced to less than 1 min/sample. In contrast,
40 min of sample preparation and 15 min of separation/
sample make the HPLC-UV method very time-consum-
ing. The longer sample preparation time in HPLC-UV
is mainly due to tedious liquid-liquid extraction followed
by additional steps that involve evaporation to dryness
and reconstitution of the dry residue in a suitable solvent.
Thus, overall faster sample throughput with better sepa-
ration efficiency and higher specificity were achieved with
CZE-ESI-MS.
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Figure 8. Variation of LTG concentration as a function of
time in a series of plasma samples (collected from the
subject over a period of 96 h after oral administration of
50 mg LTG) using CZE-ESI-MS and HPLC-UV methods
[15]. The CZE-ESI-MS conditions are as in Fig. 7.

4 Concluding remarks

In this study, CZE separation coupled with ESI-MS detec-
tion was developed and applied for LTG assay. Several
conclusions are noteworthy. (i) The BGE pH and concen-
tration of NH4OAc as well as nebulizer gas pressure were
found to be the key parameters that influence both the
CZE separation and the MS detection sensitivity. The
BGE pH influenced migration time of LTG along with
the resolution between LTG and internal standard, TRM
by affecting the electrophoretic mobility and EOF. The
NH4OAc concentration in the BGE affected the resolution
and migration time through affecting the EOF velocity and
separation efficiency. The nebulizer gas pressure influ-
enced the resolution and migration time as well as the
separation efficiency by generating a suction force at
the outlet of the CE capillary. In addition, it was revealed
that nebulizer gas pressure influences the stability of the
electrospray, in turns of the detection sensitivity. (ii) The
sheath liquid parameters (ionic strength, MeOH content,
and flow rate) had no impact on the separation, but mainly
influence the detection sensitivity for LTG. However, the
sheath liquid pH shows no impact on the detection sensi-
tivity for LTG despite of the fact that in the aqueous solu-

tion, the pKa value of LTG is , 3.3. (iii) As observed for
the sheath liquid parameters, the electrospray chamber
parameters (drying gas flow and drying gas temperature)
mainly influence the detection sensitivity for LTG. The
drying gas flow rate influences the stability of electro-
spray, which in term affects the noise level; the drying
gas temperature affects the abundance of LTG by in-
fluencing the desolvation efficiency.

Under the optimum conditions (ca. 60 cm long, 75 mm ID
capillary; BGE containing 20 mM NH4OAc-HOAc, pH 5.0;
injection, 0.435 psi (30 mbar) for 2 s; 90% v/v CH3OH
sheath liquid containing 50 mM NH4OAc (pH 6.8), flow
rate 5 mL/min; drying gas flow rate, 5 L/min; drying gas
temperature, 2007C; nebulizer pressure, 4 psi; capillary
voltage, 4000 V; fragmentor voltage, 70 V; SIM, positive
ion mode at 256.0 and 138.0 m/z), the CZE-ESI-MS meth-
od was applied to assay blank plasma samples spiked
with LTG. Good linearity of calibration curve and limit of
detection (0.05 mg/mL LTG) were achieved. Finally, the
developed method was applied to analysis of the plasma
samples collected from an LTG-treated subject. The LTG
concentrations measured by the CZE-ESI-MS method
showed reasonable correlation with the results deter-
mined by the HPLC-UV method [15]. In addition, the
CZE-ESI-MS demonstrated higher chromatographic effi-
ciency, higher specificity, and fast throughout over the
HPLC-UV method. The extensive validation of this CZE-
ESI-MS method is currently under investigation in our
laboratory.
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