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An ionic liquid coating for determination of sildenafil
and UK-103,320 in human serum by capillary zone
electrophoresis-ion trap mass spectrometry

Ionic liquid (IL) was covalently bonded onto the silica capillary surface and the electro-
osmotic flow was reversed over a pH range of 3.5 to 7. Sildenafil (SL) and its metabolite
UK-103,320 (UK) in human serum were detected by solid-phase extraction followed
by capillary zone electrophoresis-mass spectrometry analysis. The running buffer con-
tained 10 mM acetic acid adjusted to pH 4.5 with 1 M ammonia, and the separating
voltage was set to �25 kV. The adsorption of the analytes onto the bare capillary wall
was eliminated by the IL coating and the drugs were baseline-separated within 14 min
with detection limits (S/N = 3) of 14 and 17 ng/mL for SL and UK, respectively. The
method developed showed good intraday precision in terms of relative standard devia-
tion (RSD) with respect to migration time (RSD � 0.76%, n = 5) and peak area (RSD �

3.4%, n = 5); the relative coefficients of linear regression for both targets were better
than 0.99 within linear dynamic range (SL: 50–600 ng/mL; UK: 40–400 ng/mL). Satis-
factory interday precision was obtained with respect to the slope of the regression
(RSD � 4.21%, n = 9) and the migration time (RSD � 1.1%, n = 9). The IL coating could
be used with stable electroosmotic flow (RSD = 2.78%, n = 10) for at least 80 h.

Keywords: Capillary zone electrophoresis / Ionic liquid / Mass spectrometry / Sildenafil metabo-
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1 Introduction

Sildenafil citrate (Viagra), used for the treatment of erectile
dysfunction, has become one of the most popular and
widely used drugs. Sildenafil (SL), 1-[4-ethoxy-3-(6,7-di-
hydro-1-methyl-7-oxo-3-propyl-1-H-pyrazolo-[4,3-d]py-
rimidin-5-yl)phenylsulphonyl]-4-methylpiperazine, is a po-
tent inhibitor of the cyclic guanosine monophosphate
(cGMP)-specific phosphodiesterase type 5 enzyme (PDE5)
found predominantly in the penile corpus cavernosum [1].
After oral administration, it is absorbed and metabolized
to UK-103,320 (UK), 1-[4-ethoxy-3-(6,7-dihydro-1-methyl-
7-oxo-3-propyl-1-H-pyrazolo[4,3-d]pyrimidin-5-yl)phenyl-
sulphonylpiperazine, which exhibits approximately 50%
of the potency of the parent drug and contributes to the
observed pharmacological effects [2]. Because of its
increasing usage and potential side effects [3, 4], detection
of both SL and its metabolite in biological samples is
becoming important.

There is only one methyl difference between the two com-
pounds (Figs. 1A and B) and both have basic functional
groups with a pKa value of ca. 8.7 [5], therefore their intrin-
sic mobilities will be very close to each other under a wide
pH range. Our experiments demonstrated that the elec-
trophoretic mobilities of SL and UK in 10 mM ammonium
acetate at pH 4.5 ranged from 1.7 to 1.9�10�4 cm2V�1s�1

and they could only be partially separated under capillary
zone electrophoresis (CZE) mode in a 70 cm bare-silica
capillary. High-performance liquid chromatography (HPLC)
was employed to determine the two drugs in human blood
and urine, etc. [6–8]. They were also separated by gas chro-
matography (GC) [16]. Nevado and co-workers [5] deter-
mined SL and UK in human serum by micellar electrokinetic
capillary chromatography (MEKC).

A theoretical equation for resolution of two zones in CZE
considering the effect of electroosmotic flow (EOF) can
be expressed as [19]:

R � 1

4
���
2

� ��

������������������������
V

D ��� �eof� �

�
(1)

where R is the resolution of the neighboring peaks, ��
is the difference between electrophoretic mobilities of
the analytes, V is the separating voltage, D is the diffusion
coefficient of the analytes in the buffer, �� is the average
electrophoretic mobility of the analytes, and is �eof the
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Figure 1. Structure and mass spectra of (A), (C) UK and (B), (D) SL, respectively. MS conditions: syringe infusion flow rate
at 10 �L/min; capillary temperature at 270�C; concentrations of SL and UK are 100 ng/mL each.

EOF. Equation (1) suggests that EOF affects the separa-
tion of analytes: when EOF migrates in the same direction
as the targets, the resolution will decrease. When they
migrate in opposite directions, there is a chance that
the resolution between analytes can be improved. The
enhancement of the resolution depends upon the differ-
ence between EOF and the electrophoretic mobility of
the analyte; the highest resolution could be reached when
�eof = ���, however the analysis time will be infinite. The
EOF of the silica capillary can be reversed by dynamic or
static coatings [18, 21, 22], in which cationic ions adsorb
or covalently bond to the internal capillary surface.

Ionic liquids (ILs), predominantly the dialylimidazolium-
based materials, are generating enormous interest.
Their potential applications as low-cost electrolytes in
rechargeable batteries, photoelectrochemical cells and
electroplating, as solvents for organic reactions and
liquid-liquid extraction, as stationary phases in GC, and
as electrolytes in capillary electrophoresis (CE) have been
investigated [9–14]. Recently, the IL was coated onto the
silica powder surface for catalyst research [15]. We ob-
served, the EOF of the silica capillary could be efficiently
reversed by coating the surface with IL cation (dialkyl-
imidazolium) via covalent bonding. At pH lower than 7,

the drugs are positively charged and the interactions be-
tween the drugs and the coating will be predominantly
electric repulsion. The analytes may be separated under
CZE mode rather than capillary electrochromatography
(CEC). Since there is no involatile surfactant added to
the buffer which is needed in dynamic coating, the ana-
lytes can be detected by a mass spectrometer. Mass
spectrometry (MS) has been coupled to various separa-
tion techniques, such as HPLC, GC, and CE in gathering
structural information of separated compounds. Targets
in complicated matrices can be identified by techniques
such as MSn scan or consecutive reaction monitoring
(CRM) mode. We report in this study a method developed
for determining SL and UK in human serum by solid-
phase extraction (SPE) followed by CZE-MS/MS con-
ducted in an IL-coated capillary.

2 Materials and methods

2.1 Chemicals

Research samples of sildenafil and UK were kindly pro-
vided by Dr. Liu of the Institute of Molecular & Cell Biology
(Singapore). 3-Chloropropyl-trimethoxysilane (CPTMS)
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Figure 2. Scheme representation of the IL coating proce-
dure. Me, methyl.

was obtained from Fluka (Buchs, Switzerland). 1-Methyl-
imidazole was from Aldrich (Milwaukee, WI, USA). Di-
methyl sulfoxide (DMSO) was supplied by Merck (Darm-
stadt, Germany). HPLC-grade ethyl acetate was product
of J. T. Baker (Phillipsburg, NJ, USA). HPLC-grade meth-
anol was obtained from Fisher Scientific (Fair Lawn, NJ,
USA). The deionized water in the experiments was pre-
pared by a Milli-Q system (Bedford, MA, USA). All the
other chemicals were obtained at highest quality.

2.2 Capillary coating

Imidazolium-based IL was covalently coated onto the
inner surface of a fused-silica capillary (Polymicro Tech-
nologies, Phoenix, AZ, USA) by the procedures below
(Fig. 2): The fresh capillary was flushed with 0.5 M sodium
hydroxide for 2 h, then with 1 M hydrochloric acid for
1 h, and rinsed with deionized water and methanol for
10 min, respectively. The capillary was then flushed with
nitrogen gas and heated to 120�C overnight. In a nitrogen-
filled glove box, CTPMS was filtered with a 0.20 �m filter
(Millipore) then introduced into the capillary with positive
pressure. The capillary was sealed on both ends and kept
at 90�C for 15 h. After that the capillary was flushed with
nitrogen, tolune, dichloromethane, and methanol, to pro-
gressively drive out the unreacted CTPMS. The capillary
was again dried with nitrogen at 70�C for 3 h, then rinsed
with 1-methylimidazole for 10 min and consequently
sealed and kept under 80�C for 10 h. The pretreated cap-
illary was rinsed successively for 10 min with toluene,
10 min with methanol and 30 min with deionized water at
room temperature before use.

2.3 Serum sample and SPE

Fresh serum obtained from volunteers was stored at
�15�C and defrosted before use every time. SPE of SL
and UK was performed on a 500 mg Varian (Harbor City,
CA, USA) octadecylsilane (C18)-bonded silica cartridge.

The cartridge was first rinsed with 3 mL methanol, then
with 3 mL of 20 mM NH4HCO3 solution. Care was taken
not to dry the column prior to extraction addition. Human
serum (3 mL) spiked with the desired concentration of
drugs was loaded and slowly passed through the
cartridge. The cartridge was then washed with 3 mL of
the aforesaid NH4HCO3 solution, and dried with nitrogen
for 10 min. The analytes were eluted from the cartridge
with 3 mL ethyl acetate. The eluent was evaporated to
dryness under 40�C by a stream of nitrogen gas. The resi-
due was dissolved in 500 �L water-methanol (70:30 v/v)
for analysis.

2.4 EOF measurement

EOF was determined by the migration time of neutral mar-
ker (DMSO solution) from inlet to detector in a 75 �m ID
capillary filled with buffer containing 10 mM sodium di-
hydrogen phosphate adjusted to desired pH with 6 M

sodium hydroxide or 6 M phosphoric acid. A CE Re-
sources CE-L1 (CE Resources, Singapore, Republic of
Singapore) and a Prince CE System (Lauerlabs, Emmen,
Netherlands) were used for CE experiments. The marker
was introduced into the capillary hydrodynamically by
positive pressure (60 mbar, 2 s) and then electrophoresed
in a field of 250 V/cm (positive for the bare and negative
for the coated capillary). Detection was performed with a
Linear Instrument (Reno, NV, USA) UVIS 200 detector at
260 nm.

2.5 Drug recovery in CE

The method measuring protein recovery described by
Regnier and Towns [20] was modified to determinate
recoveries of SL and UK. A bare or IL-coated capillary of
80 cm length was burned at 40 and 70 cm from the inlet
to make detecting windows. CZE was conducted in 10 mM

acetic acid-ammonia buffer (pH 4.5) under 313 V/cm
electric field. Only one UV detector (set to 230 nm) was
used and the recovery of the drug of interest was deter-
mined by areas in two consecutive runs, in which all the
other experimental conditions were the same except that
the UV detector was put on different detection windows.
The capillary was rinsed progressively after each run to
remove the adsorbed analytes (if any). For the bare capil-
lary: 2 min with deionized water, 10 min with 50 mM acetic
acid-ammonia buffer at pH 9.5, 2 min with deionized
water, 2 min with running buffer; for the IL-coated capil-
lary: 10 min with 50 mM acetic acid-ammonia buffer at
pH 4.5, 2 min with deionized water, 2 min with running
buffer. A lab-made cartridge was used to hold the unused
detecting windows tightly to avoid breakage.
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2.6 CZE-MS/MS analysis

MS was performed on a Finnigan LCQ ion trap instru-
ment (Finnigan MAT, San Jose, CA, USA) coupled with an
electrosprary ionization (ESI) source. The CE separation
voltage was set to �25 kV; a capillary of 70 cm�75 �m
ID was used for separation. The aux gas pressure was set
to zero; sheath gas (N2) pressure was at 20 arbitrary units
and a mixture of methanol-water (70:30 v/v) containing
0.5% acetic acid at a flow rate of 2 �L/min was used as
sheath liquid. The ion spray voltage was 3.8 kV; the
temperature of the heated capillary was set to 230�C.
The instrument was controlled by the Xcalibur 1.0 soft-
ware (Finnigan). In order to optimize the MS conditions
for CZE analysis, the buffer solution of the analytes was
injected into the mass spectrometer through the capillary
by a positive pressure of 35 mbar, under which the migra-
tion velocity of the analyte was approximately the same
as that in the CZE procedure. The initial ionization evalua-
tion of the analytes using both positive and negative ESI
sources indicated that the positive mode provided greater
signal-to-noise ratios. The ESI conditions were optimized
by autotuning to the best signal of the quasi-molecular ion
of sildenafil ([M�H]� at m/z = 475.3). MS/MS was per-
formed during the detection and the full spectra were
used for identification and confirmation. Two unique frag-
ments, at m/z = 282.3 and 311.2, were found to have the
highest abundance in MS/MS spectra of both SL and UK;
they were summed for quantification.

3 Results and discussion

3.1 EOF of the IL-coated capillary

Measuring the EOF is an effective way to evaluate proper-
ties of the coating. Figure 3 shows that cationic EOF
increases with pH for the bare-silica capillaries, while
reversed EOF is observed for the IL-coated capillary due
to the cationic surface-bonded imidazolium and the ve-
locity decreases with increasing pH value. The cathodi-
cally increasing EOF of IL-coated capillary under alkaline
conditions suggests incomplete coverage of the IL coat-
ing on the capillary surface; more uncovered silanols will
deprotonate at higher pH thus the surface negative
charge density increases. The coating procedure param-
eters also affect EOF; our experiments on reaction time of
the 1-methylimidazole alkylation indicated that the
reversed EOF reached maximum after 8 h reaction at
80�C (Fig. 3), suggesting the maximum coverage of dia-
lkylimidazolium on capillary surface. A capillary coated
with imidazole was also prepared following the procedure
described in literature [18] to test the feasibility of being
used in the separation. However, compared with the IL-

Figure 3. Influence of alkylation time and buffer pH on
the EOF of the capillary. (�) Bare-silica capillary; (�) 2 h;
(�) 4 h; (�) 6 h; (�) 8 h. Other conditions are described
in Section 2.4.

coated capillary, its EOF was lower in the pH range inves-
tigated, which would lead to longer analysis time in this
experiment.

3.2 Adsorption of the analytes onto the internal
wall of the capillary

Adsorption of the drugs onto both the bare and coated
capillaries was first tested by filling the capillary with
drug standard solution and then rinsing it with run buffer
at positive pressure of 100 mbar. It was observed that
SL and UK were prone to adsorb onto the bare capillary
surface over a pH range of 3.5 to 7: the drug residues
could be found from the mass spectrum even after
10 min flush. But for the IL-coated capillary, may be
attributed to the electric repulsion between coating and
analytes, no detectable analyte residue was found after
rinsing for 5 min with run buffer. To assess the adsorp-
tion quantitatively, their recoveries after passing through
a 30 cm capillary were determined by three consecu-
tive runs. For the bare capillary: SL, 79.2�2.4%; UK,
77.9�3.7%. For the IL-coated capillary: SL, 98.2�1.9%;
UK, 100.0�2.7%.

3.3 Influence of pH

Buffer pH influences both the mobilities of the analytes
and the EOF of the IL-coated capillary. In this study, the
EOF migrated at higher velocity but in the opposite
direction to the electrophoretic mobilities of the drugs,
and the drugs were drawn to the detector by EOF. Change
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Figure 4. Influence of pH on the CZE performance. Cap-
illary, 75 �m ID�70 cm. Applied voltage, �25 kV, running
buffer, 10 mM acetic acid adjusted to pH 4.5 by 1 M ammo-
nia. Other conditions are described in Section 2.6.

of pH would affect the resolution between the analytes
according to Eq. (1), and would substantially influence
the analysis time. Figure 4 shows that both migration
time and resolution increase with pH. The analytes could
be baseline separated in the pH range investigated. How-
ever, at pH higher than 6, the repeatability of migration
time was not good and might be due to the low buffer
capacity of acetate (pKa of acetic acid is ca. 4.75). Addi-
tionally, analysis time increased significantly at higher pH;
at pH 7, the migration time of UK was even longer than
30 min. Considering the above factors, a pH value of 4.5
was chosen.

3.4 Influence of the buffer concentration

Moderately high-concentration buffer favors stable base-
line and well-shaped peaks; it is also needed in electro-
stacking. However, it has other effects, such as decreas-
ing the double layer thickness and enhancing viscosity,
usually resulting in longer analysis time. Moreover, such
high-concentration buffer entering the mass spectrome-
ter will cause high levels of background noise. Buffer con-
centrations ranging between 5 and 30 mM were tested;
stable baseline and well-shaped peaks could be ob-
tained from a concentration of 10 mM onward. The anal-
ysis time increased from 9 to 23 min as buffer concentra-
tion increased from 5 to 30 mM.

3.5 Influence of injection time

The sample amount introduced into the capillary is pro-
portional to the injection time in hydrodynamic injection;
hence the detecting limit decreases due to the stacking

Figure 5. Electropherogram of SL and UK in human
serum. The spiked concentrations before SPE are
100 ng/mL each. (A) Detected by MS/MS, conditions as
described in Section 2.6; (B) detected by TIC, the detect-
ing m/z range is 50–500. Peaks: 1, SL; 2, UK. CE condi-
tions as in Fig. 4.

effect. However, both the separation efficiency and reso-
lution decreased due to lengthened sample plug. Injec-
tion time of 12 s at 130 mbar (ca. 160 nL in volume) was
optimal; when the injection time was longer than 15 s,
there was obvious peak broadening.

3.6 Influence of the separation voltage

The separation voltage is one of important parameters to
be considered in a CE system. The effect of separation
voltages ranging from �10 to �30 kV was investigated.
Although the two peaks could be separated at �10 kV,
the analysis time was longer than 25 min. The analysis
time decreased with the increasing applied voltage, while
the resolution of the analytes reached maximum at�20 kV
and began to decrease from �25 kV. The separation volt-
age was set to �25 kV considering the resolution and
run time.

3.7 Validity of the method

Figure 5 shows the representative electropherogram of
SL and UK in human serum separated using the optimal
parameters obtained and detected under both MS/MS
and total ion chromatogram (TIC) modes. It can be seen
that the signal/noise ratio in MS/MS is much higher than
that under TIC mode due to the enhanced specificity
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Table 1. Recovery, repeatability and LOD of the SPE-CZE-MS/MS method

% Recovery � % RSD (n = 5) RSD of tm (%) RSD of Ap (%) LOD

30 ng/mL 100 ng/mL 300 ng/mL (n = 5) (n = 5)a) (ng/mL)

SL 97.6 � 7.1 100.5 � 4.9 98.0 � 4.2 0.69 2.5 14
UK 102.3 � 6.7 98.3 � 5.1 98.3 � 4.6 0.76 3.4 17

a) The spiking concentration was 100 ng/mL.

by monitoring the mother-daughter fragments reaction.
The recovery of the SPE procedure and the intraday
precision of CE analysis were studied and recorded in
Table 1. It should be stated that all the concentrations in
this section correspond to the spiked concentrations in
human serum before SPE procedure. The linear dynamic
range (LDR) of detection was determined by the analysis
of drug-spiked serum. The LDR of the calibration curves
were 40–400 ng/mL for SL and 50–600 ng/mL for UK.
Five concentration levels, namely 50, 100, 150, 200, and
300 ng/mL were used for the linearity study. The calibra-
tion curve of peak area (after corrected against migra-
tion time) y vs. concentration x (ng/mL) for each drug
was constructed and their regression equations and
correlation coefficients r were calculated: SL, y = 335.9x
�154.7 (r = 0.9994); UK, y = 318.3x � 190.0 (r = 0.9991).
In order to assess the reproducibility of the calibration
curve, a three-day validation was carried out. In each
day, all the five levels of standard solutions were meas-
ured three times. Each drug was evaluated with all the
nine curves. The correlation coefficients for the linear
best fit were better than 0.99, and the relative standard
deviations (RSD) for the slopes were no more than
4.21%. The RSD of the retention times of the drugs
within the three days were no more than 1.1%. The
stability of the IL coating was evaluated in a 10 day
assay (8 h per day) by measuring EOF in the run buffer;
the RSD of the EOF was 2.78% (n = 10). The coating
stability was also assessed by the migration times and
peak areas of the standard mixture in a 21 day assay.
The run buffer was left in the capillary after experiments
so that it kept contacting the coating during the whole
period. The migration times of SL and UK shifted from
11.41 and 12.38 on the first run to 12.80 and 13.96 min
on the last run, respectively. But their corrected (against
migration time) peak areas did not show a notable de-
creasing trend. The above experiments suggest that
the IL coating might suffer slight degradation caused
by gradual hydrolysis of the Si-O-Si bond; however the
degradation is so slow that it only causes a slight change
of EOF while causing no detectable deterioration of cap-
illary performance.

4 Concluding remarks

In this study, the EOF of the capillary was reversed with
covalently bonded IL coating; the rate of the EOF was
influenced by the buffer conditions as well as the param-
eters of the coating procedure. The IL-coated capillary
could be used for at least 80 h with relatively stable
EOF. The resolution between SL and UK enhanced in the
IL-coated capillary due to the modified EOF. Additionally,
the adsorption of the drugs onto the internal capillary sur-
face which occurred in bare capillary was eliminated due
to the electric repulsion between the positively charged
analytes and the coating. The SPE-CZE-MS/MS method
developed in this study is of good recovery, high sensitiv-
ity and selectivity; it can detect SL and UK in human
serum at concentrations as low as 14 and 17 ng/mL,
respectively.
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