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a  b  s  t  r  a  c  t

Ibuprofen  and  salicylic  acid,  two  typical  non-steroidal  anti-inflammatory  drugs,  are  used commonly
as  analgesic  drug  in  clinical  medicine  and  sometimes  are  co-administered.  When  the  drugs  are  co-
administered,  the  drug–drug  interactions  may  occur,  and  can  lead  to alter  the  safety  and  efficacy  of  drugs,
resulting  in  variations  in  drug  response  of the  co-administered  drugs.  Affinity  capillary  electrophoresis
(ACE)  was  employed  to investigate  the  competitive  binding  of ibuprofen  and  salicylic  acid  on  serum  albu-
min. Mobility  ratio,  derivatives  from  mobility  shift  method,  was  used  to  deduce  the  binding  constant  (Kb).
The  binding  constants  of  ibuprofen  with  HSA  are  2.97  × 106 M−1 and  7.07  ×  104 M−1,  respectively;  while

4 −1

buprofen
alicylic acid
erum albumin
inding constant

for  salicylic  acid, the binding  constant  is  5.99  ×  10 M . The  competitive  binding  of  the  two  drugs  was
investigated  by  addition  of  excessive  ibuprofen  into  the  solutions  containing  constant  concentrations  of
salicylic  acid  and  serum  albumin.  The  results  confirmed  that  ibuprofen  and  salicylic  acid  have  different
high-affinity  binding  site,  but share  some  low-affinity  binding  sites  on  the  serum  albumin;  and  ibupro-
fen  is  able  to partially  replace  salicylic  acid  from  the  preformed  binary  complexes  of serum  albumin  and

salicylic  acid.

. Introduction

Serum albumin, the most abundant protein in blood plasma,
ccounts for about 60% of the plasma’s total protein contents, and
ontains three homologous helical domains (I–III), each divided
nto A and B subdomains. The binding of drugs with serum albumin
lays an important role in the study of the bioavailability, efficacy,
ransport and toxicity of the drugs. Many drugs bind to serum albu-

in  at one of two primary sites (I and II) located in subdomains
IA and IIIA, respectively [1,2]. The investigation of the interaction
f drugs and serum albumin appeals lots of interests. Apart from
nteraction with serum albumin, drug co-administration in ther-
py has a significant influence on binding to serum albumin. The
ound drugs could be displaced by another one which has higher
ffinity to serum albumin, or the structure of serum albumin may
e altered, the change of affinity binding of drugs to serum albumin
ill result in the variation of the level of a drug, which is closely

elated to the drug’s therapeutic effect [3].

Non-steroidal anti-inflammatory drugs have been widely used

n the pharmaceutical field as the performances of treating inflam-
ation, pain and fever, especially in the treatment and prevention
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of Parkinson’s disease (PD) [4] and Alzheimer’s disease (AD) [5].
Ibuprofen (Ibu), salicylic acid (Sal) and their derivatives are used
commonly as analgesic and anti-inflammatory drugs in clinical
medicine. When interaction with serum albumin, ibuprofen pri-
marily binds to site II of serum albumin, while salicylic acid binds
to site I mainly [6–8]. Some researchers studied the competitive
binding where two  ligands (the drug and the competitor) share the
same binding site on the protein [9,10].  In this work, we  focus on
the competitive binding of drugs which have different high-affinity
binding sites on protein.

Many strategies were adopted to investigate the interactions
between drugs and protein [11–17].  For example, Hage and co-
workers investigated the interaction of lidocaine with serum
protein using high-performance affinity chromatography [18]. Liu
et al. studied the competitive reaction between bovine serum albu-
min  (BSA) and neomycin (NM) with ponceau S (PS) as a fluorescence
probe [19]. NMR  method was also utilized in competitive binding.
Liu’s group investigated competitive binding of ligands, such as
ibuprofen and salicylic acid, tolmetin and salicylic acid with HSA
[20]. Capillary electrophoresis (CE) is a rapid, accurate assay to
measure the binding constant and study the affinity interaction
[21–25].  Yang et al. studied the detection of prion protein using

a capillary electrophoresis-based competitive immunoassay with
laser-induced fluorescence detection and cyclodextrin-aided sep-
aration [26]. Zou and coworkers studied the competitive binding
of enantiomers (d-, l-tryptophan) to protein by affinity capillary
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http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:liuyounian@mail.csu.edu.cn
dx.doi.org/10.1016/j.jchromb.2011.05.020


togr. B

e
d
[

i
b

2

2

i
M
g
i
S

2

M
w
i
p
C
d
n
T

2

8
a
s
P

2

i
a
a
s
W
p
t
t
(

3

3

t
o
i
T
o
H
a
a

Z.-M. Li et al. / J. Chroma

lectrophoresis [27]. In our previous work, ACE was employed to
etermine the binding properties of diclofenac sodium with BSA
28].

The aim of this work is to determine the binding constants of
buprofen and salicylic acid with proteins, and the competitive
inding properties of these two drugs on serum albumin by ACE.

. Materials and methods

.1. Reagents and chemicals

BSA was purchased from AMRESCO (Solon, OH, USA); HSA, sal-
cylic acid and ibuprofen were purchased from Sigma (St. Louis,

O,  USA). Boric acid, borax, and other reagents were of analytical
rade and used as received. All solutions were prepared with deion-
zed water treated with a water purification system (18 M� cm,
implicity Model, Billerica, MA,  USA).

.2. Apparatus

CE experiments were performed with a Beckman-Coulter P/ACE
DQ  system (Fullerton, CA, USA). Data were collected and analyzed
ith the Beckman 32 Karat Software. The uncoated fused-silica cap-

llary was 50 cm in length with I.D. of 75 �m and O.D. of 375 �m,
urchased from Ruipu Chromatography Equipment Co. (Hebei,
hina). The effective length of the capillary from the inlet to the
etector is 40 cm.  Operational voltage of 20 kV was  performed in
ormal polarity and the detection wavelength was  set to 214 nm.
he temperature of the capillary was kept at 25 ◦C.

.3. Sample and solution preparations

The borate buffer containing 15 mM borax was adjusted to pH
.5 with 60 mM  boric acid. Samples were prepared by diluting

 10 mM stock solution to 0.05 mM using borate buffer. All the
olutions were filtered through 0.22 �m membrane filters (Xingya
urification Materials Inc., Shanghai, China) before use.

.4. Procedures

The capillary was rinsed with NaOH (1 M)  for 2 min, and deion-
zed water for 2 min, then buffer for 2 min  at 20 psi successively
fter each run. Different amounts of serum albumin were then
dded into the borate buffers, and the 0–20 �M serum albumin
olutions which used as the ACE running buffers were obtained.

hen the samples were injected into the capillary by applying a
ressure of 0.5 psi at the anode for 5 s, the volume and the length of
he resultant sample plug were ca. 18 nL and 4 mm (calculated using
he Poiseulle equation), respectively. A 1% (v/v) dimethyl sulfoxide
DMSO) was used as the neutral EOF marker in all CE experiments.

. Results and discussion

.1. Optimization of ACE experimental conditions

For drug/protein interaction studies, either the drug or the pro-
ein can be added into the ACE running buffer [29,30].  According to
ur previous work [28], ibuprofen and salicylic acid were injected
nto running buffer with or without serum albumin, respectively.
he mobility shifts of drugs in the presence of serum albumin are

bviously different from that in the absence of serum albumin.
owever, the mobility of serum albumin is close to that of serum
lbumin/drug complex. Therefore, serum albumin was  used to be
n additive for the experiment.
 879 (2011) 1934– 1938 1935

The adsorption of serum albumin onto the capillary inner wall
will result in width and tailing of peak, even low resolution and effi-
ciency [31–33].  To eliminate the adsorption of proteins the serum
albumin concentration was  controlled lower than 20 �M and a
borate buffer (60 mM,  pH 8.5) was  employed according to our pre-
vious works [21,28].  In order to investigate the effects of pH on
the peak shape and separation efficiency in CE system, we  stud-
ied drug–protein interactions in different pH buffer solutions over
the pH range from 6 to 9. The experimental results revealed that
the peaks of serum albumin were broad and tailed due to the pro-
tein adsorption onto the capillary inner wall at acidic or neutral
buffer solutions. Also, we found that the high separation efficiency
was  obtained when in the borate buffer solution (pH 8.5). Thus,
we chose pH 8.5 as the optimal condition for all experiments. The
SA solution was injected at 1 h intervals and it was found that the
mobility time of SA is essentially unchanged for 4 h and peak areas
maintain almost constant. Hereby, in the case that the adsorption
of serum albumin onto the capillary inner wall was neglectable, the
concentrations of serum albumin were controlled in the range of
0–20 �M.

It is well-known that the concentration of sample has a signif-
icant impact in ACE [34,35].  Generally, the higher concentration
of analyte tends to lower the separation efficiency; whereas, the
data precision could be improved greatly. Fig. 1 shows that the
mobility shift of drugs decreases greatly with the increases of the
concentration of drugs initially while the migration times of DMSO
remain essentially unchanged (from 2.16 to 2.17 min  for Sal-BSA
and from 2.51 to 2.53 min  for Ibu-BSA). When the concentrations
of the drug reached 1 mM,  the trend of mobility shifts turned to
gradual decrease, suggesting that the estimation of Kb value can be
achieved with drug concentrations between 0.1 and 1 mM.  Thus,
the solution of 1 mM ibuprofen and salicylic acid were adopted
since the drugs can be readily detected in this concentration.

3.2. Estimation of the binding constants for the binary system

In ACE, the binding constant Kb can be determined from the
variation of mobility shifts of a sample as a role of additive con-
centrations in the running buffer. The electrophoretic mobility of a
drug is given by

� = lcld
Vt

(1)

In this work, the mobility ratio M was inducted to eliminate
the effects of the variation of electroosmotic flow (EOF) [29,36], as
defined in the following equation:

M =
⌊

lcld/(Vt)
⌋

⌊
lcld/(VtEOF)

⌋ + 1 = tEOF

t
+  1 (2)

where lc (cm) is the total length of the capillary, ld (cm) is the
effective length of the capillary, t (s) is the measured analyte migra-
tion time, tEOF (s) is the migration time of the neutral marker, and
V is the operating voltage. The Kb value was estimated by typi-
cal Scatchard analysis (Fig. 2). The binding constants of ibuprofen
with BSA are 1.27 × 106 M−1 and 8.02 × 104 M−1 with correlation
coefficients R2 = 0.99 and 0.97, respectively. The binding constant
of salicylic acid with BSA is 3.92 × 104 M−1 with correlation coef-
ficients R2 = 0.99. The yield binding constants of ibuprofen with
HSA are 2.97 × 106 M−1 and 7.07 × 104 M−1 with correlation coef-
ficients R2 = 0.99 and 0.99, respectively. The binding constants of

salicylic acid with HSA is 5.99 × 104 M−1 with correlation coeffi-
cients R2 = 0.98. The results demonstrated that the binding constant
of ibuprofen with serum albumin is much bigger than that of sali-
cylic acid, i.e., ibuprofen has a significantly larger affinity to serum
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Table 1
Binding constants of ibuprofen and salicylic acid with BSA and HSA.

Serum albumin Complex K1 (M−1) K2 (M−1) Coef Method Conditions Ref.

BSA Ibu-BSA 1.27 × 106 8.02 × 104 0.990.97 ACE 0.060 M borate (pH 8.50) 25 ◦C This work
1.31  × 106 1.76 × 104 ED 0.033 M phosphate (pH 7.4), 37 ◦C [38]

Sal-BSA 3.92 × 104 0.99 ACE 0.060 M borate (pH 8.50), 25 ◦C This work
7.38  × 104 0.98 Fluorescence 0.05 M Tris (pH 7.0), 0.01 M NaCl, 30 ◦C [39]

HSA Ibu-HSA 2.97 × 106 7.07 × 104 0.990.99 ACE 0.060 M borate (pH 8.50), 25 ◦C This work
2.47  × 106 1.47 × 104 ED 0.033 M phosphate (pH 7.4), 37 ◦C [38]

Sal-HSA 5.99 × 104 0.98 ACE 0.060 M borate (pH 8.50), 25 ◦C This work
1.89  × 104 Capacitive sensing 0.01 M phosphate (pH 7.0) [40]

.990.9
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(Sal)nSA (Ibu)m 4.65 × 105 (Ibu) 2.24 × 104 (Ibu) 0
3.47  × 104 (Sal) 0

lbumin than that of salicylic acid, the results are consistent with
he previous studies (see Table 1).

The reproducibility of mobility ratio M from ibuprofen and
alicylic acid was determined in the presence of various concentra-

ions of serum albumin (0–20 �M).  The relative standard deviations
RSD) for five replicate injections ranged from 3.5% to 8%. And the
SD for day-to-day MD values tested over a period of 5 days ranged

rom 4.0% to 9.6%.

ig. 1. Mobility shifts of ibuprofen and salicylic acid as the function of ibuprofen
nd salicylic acid concentrations, respectively. (a) The concentration of BSA in the
unning buffer was  kept constant at 10 �M and the ibuprofen concentrations used
ere 0.05, 0.1 0.2, 0.4, 0.6, 1.0, 2.0, 3.0 and 5.0 mM.  (b) The concentration of BSA in

he  running buffer was kept constant at 20 �M and the salicylic acid concentrations
sed were 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, 3.0 and 5.0 mM.  ACE conditions: 20 kV,
5 ◦C, injection at 0.5 psi for 5 s, and detection at 214 nm.
technique
9 ACE 0.060 M borate (pH 8.50), 25 ◦C This work

ACE 0.060 M borate (pH 8.50), 25 ◦C This work

3.3. Competitive binding of ibuprofen and salicylic acid

As mentioned before, salicylic acid and ibuprofen have different
high-affinity binding sites on serum albumin. Salicylic acid prefers
to bind to site I, while ibuprofen primarily binds to site II on serum

albumin. However, they share some low-affinity binding sites on
serum albumin [8].  Generally, when the molar ratio of ligand to
protein is less than unity, the ligand prefers to bind to high-affinity

Fig. 2. Estimation of binding constants for ibuprofen and salicylic acid to HSA
using Scatchard analysis by ACE. (a) Scatchard plot of the data for ibuprofen and
HSA. Equations of the linear fitting: (A) y = −31.48 − 2.967 × 106x, R2 = 0.99; (B)
y  = −2.439 − 70.66 × 103x, R2 = 0.99. (b) Scatchard plot of the data for salicylic acid
and HSA. Equations of the linear fitting: y = −6.971 − 59.85 × 103x, R2 = 0.98.
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Fig. 3. Representative electropherograms of different concentrations ibuprofen in
the  presence of constant HSA concentration in the running buffer with constant
concentration salicylic acid. The injected ibuprofen concentration was varied from
5
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Fig. 4. Estimation of binding constants for ibuprofen and salicylic acid to HSA in
the ternary system using Scatchard analysis by ACE. (a) Scatchard plot of the data
for ibuprofen and HSA. Equations of the linear fitting: (A) y = −57.78 − 4.659 × 105x,
R2 = 0.99; (B) y = −7.382 − 22.40 × 103x, R2 = 0.96. (b) Scatchard plot of the data for
salicylic acid and HSA. Equations of the linear fitting: y = −11.01 − 34.73 × 103x,
0,  100, 200, 400 �M.  The concentrations of HSA and salicylic acid in the running
uffer were 20 �M and 50 �M,  respectively. The ACE separation conditions were the
ame as those described in Fig. 1.

inding sites of the protein; otherwise, it tends to bind to both high-
nd low-affinity binding sites [7,37].  Herein, salicylic acid and HSA
ere mixed with high molar ratio (Sal:HSA = 5:2) to ensure that

alicylic acid can bind to both high- and low-affinity binding sites of
SA. Ibuprofen was then injected to the running buffer containing
reformed binary complexes of salicylic acid and HSA, primarily it
inds to serum albumin on its high affinity sites (site II of serum
lbumin). As shown in Fig. 3, the mobility time of salicylic acid
educed with the addition of ibuprofen (migration time of DMSO
emains almost constant), indicating that the fraction of free Sal
ncreased, i.e., Ibu displaced Sal from its low-affinity binding sites.
n addition, the mobility time of ibuprofen reduced as well, further
onfirming that ibuprofen is able to displace salicylic acid from the
omplex SA(Sal)n′ and form complex (Sal)nSA(Ibu)m as described
y the following equations:

Ibu + SA(Sal)n′ � (Sal)nSA(Ibu)m + (n′ − n)Sal (3)

here SA(Sal)n′ and (Sal)nSA(Ibu)m represent binary and ternary
omplexes of the drug(s) and serum albumin.

Moreover, with the further addition of ibuprofen into the above
ernary running buffer, the migration time of ibuprofen become
loser to that of binary system of serum albumin and ibuprofen
data not shown), suggesting that ibuprofen and salicylic acid have
heir own specific binding sites besides their mutual ones. That is,
he binding sites of ibuprofen and salicylic acid on serum albu-

in  are not fully overlapped, and the competitive binding occurs
ot only at those mutual binding sites (mainly low-affinity sites on
erum albumin), but also at high-affinity sites on serum albumin.

Quantitatively, when ibuprofen was injected into binary sys-
em of serum albumin and salicylic acid, the first binding constant
f Ibu-HSA decreases from 2.97 × 106 M−1 to 4.65 × 105 M−1 (see
ig. 4a), and the second binding constant of Ibu-HSA decreases
lightly (from 7.07 × 104 M−1 to 2.24 × 104 M−1), which suggested
hat the competition of ibuprofen and salicylic acid mainly occur on
he high-affinity site of ibuprofen (site II of serum albumin). On the
ther hand, in the ternary system, the binding constant of salicylic
cid with serum albumin was basically unchanged (see Fig. 4b),

onforming that salicylic acid does not share high-affinity binding
ite with ibuprofen. The results revealed that CE has been an alter-
ative method to estimate the binding constants of ligand-receptor

n ternary system using Scatchard analysis by ACE.
R2 = 0.98.

4. Conclusions

The binding properties of ibuprofen and salicylic acid with
serum albumin were studied by ACE. Although ibuprofen and sali-
cylic acid do not share the same high affinity sites in serum albumin,
the binding of salicylic acid with serum albumin was  affected by
ibuprofen when they were simultaneously binding to serum albu-
min, demonstrating that ibuprofen and salicylic acid share some
common binding sites in serum albumin. The competition occurs
not only in the low-affinity sites but also in the high-affinity sites.

Compared with other methods, the ACE method is a convenient
tool to study the binding properties of drugs with protein. Espe-
cially, it can be used as an alternative method to quantitatively
analyze the competitive binding of two ligands which simultane-
ously bind to protein.
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