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a b s t r a c t

A simple, sensitive and selective determination of diltiazem hydrochloride (DLT) is described using cap-
illary electrophoresis electrochemiluminescence (CE-ECL). The CE-ECL parameters that affect separation
and detection were optimized. Under the optimized conditions, the linear range of DLT was from 0.02
to 100 �mol/L (r2 = 0.9983), with the detection limit of 5.1 nmol/L (3�). The relative standard deviations
of ECL intensity and the migration time were <2% for 0.1 �mol/L and 22 �mol/L DLT (n = 11). A new
technique for determining of the number of binding sites and binding constant between DLT and HSA
was developed using ultrasonic microdialysis coupled with CE-ECL. The number of binding sites and
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binding constant were 5.9 and 6.3 × 10 L/mol, respectively. The time required for ultrasonic microdial-
ysis was 10 times less than that for traditional dialysis. Compared with traditional dialysis, ultrasonic
microdialysis is simple, rapid, and should be applicable to a wide range of interactions of drugs and
biomacromolecules.

1

c
c
m
[

t
i
e
[
a
a
h
o

h
[
p
(

0
d

. Introduction

Diltiazem hydrochloride (DLT) is widely used as a calcium-
hannel inhibitor of many cardiovascular diseases, especially
oronary heart disease and hypertension [1]. DLT has been deter-
ined by liquid chromatography [2,3], capillary electrophoresis

4], NIRS [5], and spectrophotometry [6] methods.
Human Serum albumin (HSA), which is the most abundant pro-

ein in the blood circulatory system, plays a very important role
n the transport and deposition of a variety of endogenous and
xogenous substances, such as fatty acids, hormones, and drugs
7]. HSA binding of drugs has great significance in pharmacology
nd pharmacodynamics and can affect the biological activity [8]
nd toxicity [9] of drugs. Knowledge of the binding parameters is
elpful for better understanding of the absorption and distribution
f drug molecules.

Analytical techniques for studying drug–protein interactions

ave been developed, such as traditional equilibrium dialysis
10], ultrafiltration [11], high-performance liquid chromatogra-
hy (HPLC) [12] and high-performance affinity chromatography
HPAC) [13]. All these methods have made contributions to the
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evaluation of drug–protein interactions. However, a number of
shortcomings have emerged in the above techniques, such as long
analysis times, large sample size requirements of traditional equi-
librium dialysis, long dialysis times and the high operational costs
of HPLC and HPAC [14]. Capillary electrophoresis (CE), with the
advantages of small sample size, high resolution, short analy-
sis times and low operational costs, has become an important
and powerful analytical tool [15]. Electrochemiluminescence (ECL)
detection, which combines an excellent detection limit and low
cost, is a very suitable technique for CE [16]. CE with ECL detec-
tion using Ru(bpy)3

2+ has been studied for the determination
of a variety of analytes [17–24]. However, samples of biologi-
cal origin usually contain inorganic constituents and proteins at
very high concentrations that can cause problems for CE [25].
Meanwhile, because of its small sample size, high selectivity,
real-time monitoring [26] and the continuous nature of the sam-
pling mechanism [27], microdialysis, coupled with HPLC, CE and
other analytic methods, has been widely used in biology and
pharmacy [28–30].

The interaction of drugs with HSA has been reported using

CE-ECL in recent literature [16] but the experimental work has
suffered from long dialysis times due to the use of traditional
equilibrium dialysis. The ultrasonic technique was used in food
industry [31], environment [32] and biology [33]. Ultrasound, at
low intensity levels, enhances the movement of the liquid medium
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mal sensitivity and suitable EOF, a series of pH values in the ECL
cell and the separation buffer pH were studied, respectively [35].
A phosphate buffer of pH 7.5 and 9.5 were used in the ECL cell and
the separation buffer, respectively, throughout the experiments
(Fig. 2).
754 B. Deng et al. / J. Chroma

nd enhances mass transfer because the vibrating gas bubble in
n acoustic field generates a circulatory liquid motion around
tself, referred to as microstreaming [34]. This enhances the trans-
ort of small molecules through the dialysis membrane, increasing
he turnover number and thus increasing the rate of approach to
quilibrium.

In this work, it was found that the weak ECL signal from the
lectrochemical oxidization of Ru(bpy)3

2+ was greatly enhanced
y diltiazem hydrochloride. Based on this observation, CE with ECL
etection was applied to the determination of diltiazem hydrochlo-
ide. A new method that coupled online ultrasonic microdialysis
ith CE-ECL was applied to the study of the interaction of DLT and
SA. The number of binding sites and the binding constant were
btained.

. Experimental

.1. Reagents and apparatus

DLT was obtained from the National Institute for the Control of
harmaceutical and Biological Products (Beijing, China). HAS (>96%,
W 65.3 kDa) and the dialysis membrane (15 kDa) were obtained

rom Sigma–Aldrich (St. Louis, MO, USA) and Union Carbide Corpo-
ation (Chicago, IL, USA), respectively. All solutions were prepared
ith double-distilled water (DDW) and stored in the refrigerator at
◦C. Prior to CE analysis, the required sample solutions and phos-
hate buffer were filtered through 0.45 �m membrane filters.

TU-1901 UV–Vis spectrophotometer (Beijing Purkinje General
nstrument Co., Ltd, Beijing, China.) was used in experiments.
ll electrophoretic experiments were performed with a 50 cm
ncoated silica capillary (75 �m i.d., 375 �m o.d.). All other instru-
ents and chemicals were shown in the literature [23].

.2. Procedures

350 �L of 5 mM Ru(bpy)3
2+ in phosphate buffer (50 mM, pH 7.5)

as placed in the ECL detection cell for ECL measurement. The
u(bpy)3

2+-phosphate solution was replaced every 3 h during the
xperiments to avoid errors in ECL measurement due to possible
hanges in Ru(bpy)3

2+ concentration. The capillary was filled with
mol L−1 NaOH for 30 min before use and then flushed with filtered
ater for 30 min using a syringe. Before each run, the capillary was
ushed with filtered water and the corresponding running buffer

or about 5 min, successively [17].
In all experiments, samples were introduced into the capillary

y electrokinetic injection at 12 kV for 8 s, separated in the capil-
ary at 10 kV. Detection potential was fixed at 1.25 V. The running
uffer (pH 9.5) contained 10 mmol/L phosphate. The potential of
he photomultiplier tube (PMT) was operated at 800 V. After a
table baseline ECL signal was reached, electromigration injection
as used for sample introduction and the electropherogram was

ecorded.

.3. Ultrasonic microdialysis device

The device was composed of an ultrasonic cleaning instrument,
custom made dialysis bag (approximately 15 �L volume), a plas-

ic tube (inner diameter 1 mm, total length 1.5 cm), a glass dialysis
ube (inner diameter 5 mm, about 150 �L volume), a foam, a ther-

ometer and a string (Fig. 1).

The custom made dialysis bag, which was connected with a plas-

ic tube and filled with the DLT-HSA mixed solution, was fixed onto
he glass tube by string. The dialysis bag was entirely immersed in
ialysis liquid and the dialysis device was installed in the ultrasonic
leaner via the foam. A thermometer was inserted into water for
Fig. 1. Equipment of the ultrasonic microdialysis system.

controlling the temperature (<5 ◦C). The dialysis liquid was deter-
mined by CE-ECL.

3. Results and discussion

3.1. Cyclic voltammetric scan and detection potential

When there was only Ru(bpy)3
2+ in ECL detection, a low ECL

intensity was detected. A higher ECL intensity was detected after
adding DLT into the ECL detection cell. Therefore, based on this
result, a new sensitive method for determination of DLT has been
established.

The ECL intensities at a series of voltages were measured. There
was a peak intensity when the detection voltage was at 1.25 V;
hence, the detection potential was fixed at 1.25 V in subsequent
experiments.

3.2. Optimization of pH

The phosphate buffer pH has a very important effect not only
in the ECL cell but also in the separation buffer. To obtain the opti-
Fig. 2. The effect of the phosphate buffer pH in the ECL cell (a) and the pH of the
separation buffer (b) on ECL intensity. Detection conditions in Fig. 5a: 22 �mol/L
DLT; electrokinetic injection: 10 kV × 10 s; separation buffer: 12 mmol/L phosphate
buffer (pH 8.5); separation voltage: 12 kV. ECL cell contents: 5 mmol/L Ru(bpy)3

2+,
50 mmol/L phosphate buffer; detection potential: 1.25 V. Detection conditions in
Fig. 5b: pH 7.5 in ECL cell; other conditions are shown in Fig. 5a.
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ig. 3. Effect of incubation time between DLT and HSA on absorbance (A) and UV–Vis
pectra (B) of 0.1 mmol/L HSA (a), 0.1 mmol/L DLT (b). Inset: the mixture of HSA and
LT at 0.1 h (c) and 8 h (d).

.3. Effects of injection voltage and separation voltage

The influences of injection voltages of 4, 6, 8, 10, 12, 14 and 16 kV
n the ECL intensity were carried out. An optimal injection voltage
f 12 kV was recommended as a result.

The ECL intensity increased with separation voltage up to 10 kV,
hen dropped as the voltage was further increased. Thus, we chose
0 kV as the separation voltage in this experiment to ensure a high
CL intensity as well as good resolution.

.4. Linearity, detection limit and reproducibility

Under the optimized conditions (seen as Section 2.2), the
alibration curve for DLT was linear with concentration in the
ange from 0.02 to 100 �mol/L, with a regression equation of
= 33.8 + 59.4x (r2 = 0.9983, ×unit for �mol/L). The detection limit
as 5.1 nmol/L (3�). When six consecutive injections of 0.1 and

2 �mol/L DLT were performed, the relative standard deviations
RSD) of the peak height and the migration time were 1.8%, 1.3%
nd 1.7%, 1.1%, respectively.

.5. Study on incubation time of HSA with DLT

In order to obtain the optimal incubation time, a mixture solu-
ion of 0.1 mmol/L DLT and 0.1 mmol/L HSA was detected by UV–Vis
pectrophotometry at room temperature (25 ◦C). The absorbance
ecreased with binding time and reached a stable value at 8 h
Fig. 3A). Thus, the incubation time was 8 h. The UV–Vis spectra
f the mixture solution are shown in Fig. 3B. When the wavelength
as 278 nm, there was no absorbance of DLT. The absorbance
ecreased as DLT was added into the HSA solution. Both facts
onfirmed binding between HSA and DLT under the conditions
sed.

.6. Comparison of ultrasonic microdialysis and traditional
ialysis
Controlled experiments of traditional dialysis and ultrasonic
icrodialysis were designed, with samples of 10 �L of 0.05 mmol/L
LT solution and 0.01 mmol/L HSA and a dialysis liquid of 100 �L of
0 mmol/L phosphate buffer, pH 9.5. The stirring rate for traditional
Fig. 4. Effect of dialysis time on ECL intensity (A) and CE-ECL electropherograms
(B) for ultrasonic microdialysis (a) and traditional dialysis (b). Detection conditions
for Fig. 4A were described in Section 2.2. Detection conditions in Fig. 4B were as
described for Fig. 4A. Dialysis time 20 min.

dialysis was 100 rpm. The frequency and power of the ultrasonic
cleaner were 59 kHz and 1 W/cm2, respectively. The dialysis liq-
uid was determined by online coupled CE with ECL every 10 min
(Fig. 4A).

Compared with traditional dialysis, ultrasonic microdialysis
could achieve the equilibrium more rapidly by enhancing the mass
transfer efficiency. The same ECL intensity measured by the two
dialysis methods at the dialysis equilibrium indicates that ultra-
sonic microdialysis had no influence on the interaction of DLT and
HSA. The time required for equilibrium by ultrasonic microdialy-
sis was 40 min, which was far less than that by traditional dialysis
(480 min) (Fig. 4A). Ultrasonic microdialysis notably improved the
dialysis efficiency by about 10 times. The CE-ECL electrophero-
grams using ultrasonic microdialysis and traditional dialysis are
shown in Fig. 4B.

3.7. Study on binding of HSA with DLT using ultrasonic
microdialysis

In most cases, the drug is bound to m types of independent bind-
ing sites on the protein. The fraction, r, of bound drug molecules per
protein molecule is given by Busch as follows [36]:

r = [Dbound]
[Ptotal]

=
m∑

i=1

ni
Ki[Dfree]

1 + Ki[Dfree]
(1)

where [Dbound], [Ptotal] and [Dfree] are the concentrations of bound
drug, total protein and free drug, respectively; ni represents the
number of sites of class i and Ki is the binding constant. Drug protein
data analysis often assumes one type of binding sites on the protein
and Eq. (1) can therefore be simplified to:

r = n
K[Dfree]

1 + K[Dfree]
(2)

where n and K correspond to the number of binding sites and the
binding constant, respectively [37].

A series of different concentrations of DLT were mixed with

0.01 mmol/L HSA in the custom microdialysis bag and a range
of [Dfree] were determined after equilibrium of the ultrasonic
microdialysis. Therefore, the binding curve was established to
estimate the number of binding sites and binding constant
(Fig. 5). According to formula (2) and a non-linear fit using Ori-
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Fig. 5. Binding curve for DLT with HSA.

in 7.5, the number of binding sites and binding constant can be
btained.

Fitting non-linear equation: r = 5.9 × 6.3×104[Dfree]
1+6.3×104[Dfree]

As shown in the fitting equation, the number of bind-
ng sites and binding constant were 5.9 and 6.3 × 104 L/mol,
espectively.

. Conclusions

This paper described a simple, rapid, economical and sensitive
E-ECL method for determination of DLT. A linear DLT response
ange from 0.02 to 100 �mol/L was obtained, with a detection
imit of 5.1 nmol/L (3�). The determination of the number of
inding sites and binding constant between DLT and HSA was
eveloped using a custom-built ultrasonic microdialysis system
oupled with CE-ECL. The time required for ultrasonic microdialy-

is was 10 times less than that for traditional dialysis. Compared
ith traditional dialysis, the ultrasonic microdialysis is simple,

apid and should be applicable to a wide range of interactions
etween drugs and biomacromolecules such as proteins and
NA.
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