
H
p
v
f

D
a

b

h

�

�

�

�

a

A
R
R
A
A

K
C
I
P
G
F

0
h

Analytica Chimica Acta 772 (2013) 68– 74

Contents lists available at SciVerse ScienceDirect

Analytica  Chimica  Acta

jou rn al hom epa ge: www.elsev ier .com/ locate /aca

yphenation  of  ionic  liquid  albumin  glassy  carbon  biosensor  or
rotein  label-free  sensor  with  differential  pulse  stripping
oltammetry  for  interaction  studies  of  human  serum  albumin  with
enoprofen  enantiomers

eia  Abd  El-Hadya,b,∗, Ahmed  K.  Youssefb

Chemistry Department, Faculty of Science-North Jeddah, King Abdulaziz University, Saudi Arabia
Chemistry Department, Faculty of Science, Assiut University, 71516 Assiut, Egypt

 i  g  h  l  i  g  h  t  s

New  wearable  ionic  liquid  (IL)
biosensor  for  chiral  discrimination
of  fenoprofen.
Proving  the  ability  of  IL  as a mediator
and  promoter  of  activity  of  protein  on
GCE.
Simple  voltammetric  estima-
tion  of binding  constants  of
HSA–fenoprofen  enantiomers.
Performing  the  displacement  and
reciprocal  competitive  binding  stud-
ies  on  the  biosensor.

g  r  a  p  h  i  c  a  l  a  b  s  t  r  a  c  t

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 3 December 2012
eceived in revised form 5 February 2013
ccepted 10 February 2013
vailable online 19 February 2013

eywords:
hiral biosensor

onic liquid
rotein
lassy carbon electrode
enoprofen

a  b  s  t  r  a  c  t

A  new  biosensor  or  protein  label-free  sensor  composed  of  1-butyl-3-methylimidazolium  hexafluorophos-
phates  (BMIMPF6)-human  serum  albumin  (HSA)  film  on glassy  carbon  electrode  (GCE)  was  produced.
Unfortunately,  the  native  proteins  themselves  are  often  unstable  in  physiological  conditions.  Here,  we
introduced  conjugation  with  ionic  liquid  (IL)  such  as  BMIMPF6 which  improved  the  stability  and  binding
affinity  of  protein  onto  GCE.  A rapid,  simple  and  reliable  method  for  the  chiral  discrimination  and  real  time
protein  binding  studies  of  fenoprofen  enantiomers  with  HSA  was  developed  by  hyphenating  ionic  liquid
albumin  glassy  carbon  (ILAGC)  biosensor  with  differential  pulse  cathodic  stripping  voltammetry  under
physiological  conditions.  The  electrochemical  behavior  of  chiral  fenoprofen  was  monitored  by cyclic
voltammetry,  from  which  large  response  was  obtained  from  l-fenoprofen.  The  surface  coverage  of  feno-
profen  enantiomers  was  calculated  by double  potential-step  chronocoulometry.  The  binding  constants  of
chiral  fenoprofen  with  HSA  were  estimated  to  be  3.2  ×  105 ±  0.3  L  mol−1 and  0.8  ×  104 ±  0.4  L  mol−1 for  l-

and  d-fenoprofen,  respectively  giving  acceptable  precision  (SD  ≤  0.4)  and  good  agreement  with  the  liter-
ature values.  The  competitive  interactions  of  ibuprofen  with  fenoprofen  enantiomers–HSA  were  studied
giving  a  significant  decreasing  in the  binding  degrees  of  analytes  to  HSA.  The  reciprocal  competitive
experiments  indicated  that  l-fenoprofen  replaced  d-fenoprofen  from  HSA.  The  proposed  electrochemi-

cal  biosensor  holds  great  pote
protein.
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. Introduction

Many diseases by inflammatory processes can progress to a
hronic state causing deterioration in the quality of life and a
oor prognosis for long-term survival. To address inflammatory
iseases effectively, novel therapeutics are required. In actual phar-
aceutical research and development, one approach to find and

ptimize new drug candidates is combinatorial synthesis where a
arge number of lead structure variations are synthesized in paral-
el. Consequently, there is an increasing need for testing the extent
f biological effectiveness.

Room temperature ionic liquids (RTILs) have taken on a life of
heir own and now occupy the attention of scientists worldwide.
ecent, RTILs are ionic compounds consisting of organic cations and
arious anions, which are in liquid state at ambient temperature
1]. RTILs were used in the area of electrochemistry and electro-
nalysis as electrolytes or electrode modifiers for technological
pplications. RTILs ionic conductivity can be as high as 0.1 S cm−1

nd bulk electrode material consisting of this liquid acquired
his property. Unfortunately for electrochemists, there are only a
imited number of RTILs that are really suitable for electrochem-
stry. In some cases, RTILs that do have sufficient conductivity
xhibit meager electrochemical windows and/or show limited
hemical stability toward reactive materials. As well, it is neces-
ary to considerer the compensation of the “IR-drop” or “ohmic
rop”. However, this problem can be circumvented by selecting
n appropriate size of working electrode to reduce the specific
urrent [2]. Thus, it is sometimes difficult to identify RTILs having
ll of the properties necessary to guarantee the success of a specific
pplication.

A major advance in the last few years was the discovery of
-butyl-3-methylimidazolium hexafluorophosphates (BMIMPF6)
hat have attracted widespread attention as nonaqueous polar,

oderate hydrophobic, nonvolatile, high ionic mobility, chemical
nd thermal stable [3].  As well, it was found that BMIMPF6 on
lassy carbon electrode (GCE) gave a wide electrochemical win-
ow (EW) ranged from −2.0 to 2.5 V and the IR-drop was almost
egligible (<100 mV)  [2].  It was already known that contamination
f IL with water shrinks EW [4].  However, it was found that GCE
as insensitive to water content in BMIMPF6 [2]. Another major

mpurity was oxygen which should be eliminated by purging with
nert gas during the experiment. Therefore, the appropriate selec-
ion of electrode substrate and IL were important to obtain stable
iquid deposit in contact with aqueous solution.

Electrochemical methods were used with RTILs to develop new
eneration of ion selective sensors, voltammetric biosensors and
as biosensors [5].  BMIMPF6 was tested as binder in carbon com-
osite electrode by Safavi et al. [6,7]. Dong et al. mixed room
emperature ionic liquids with different carbon materials to form

 RTILs-carbon composite material, which was used as modifiers
n the studies on the direct electrochemistry of proteins [8].  More-
ver, a nano-ZnO and BMIMPF6 composite matrix was fabricated to
tudy the electrochemistry of hemoglobin [9].  Sun et al. also applied
ifferent RTILs modified electrodes for the investigation on the
lectrochemical behaviors of some electroactive substances such
s dopamine, ascorbic acid and redox proteins [10–13].  BMIMPF6
as used as both plasticizers and ion exchangers for electrodes
ith plasticized membranes [14]. Authors of [15] used BMIMPF6 as

onic additive in plasticized membranes of ion-selective electrodes
or decreasing of membrane’s dielectric constant.

The direct electron transfer between proteins and the electrode
urface has received considerable attention recently, because it can

e used in fabricating new generation of biosensor devices. Since
edox centers are deeply buried within the proteins molecules, the
lectron transfer between proteins and the electrode is difficult.
herefore, many substrates were used to immobilize proteins on
 Chimica Acta 772 (2013) 68– 74 69

the electrode surfaces. The covalent binding technique was often
used for protein immobilization [16,17], but the process of covalent
immobilization was  somewhat complex and might induce protein
denaturation. Recently, the interaction between RTILs and serum
albumin (SA) in solution was  studied [18]. The optimum simu-
lated results showed that there are two  types of binding sites on SA
molecules for the binding with BMIMPF6: (1) binding to ionic sites
on SA surface driven by hydrogen bonding interaction of anions
with amino acid residues and (2) hydrophobic interaction of imid-
azole ring and the side chain with the hydrophobic cavities of SA
molecules. Indeed, RTILs were reported to increase protein stability
and activity [19]. Due to the advantages of BMIMPF6 based car-
bon composite material including large potential window, high ion
conductivity and proper interaction with carbon-based electrodes
as well as providing mild chemical conditions in preserving the
integrity and homogeneity of the protein, we  have motivated to
fabricate an ionic liquid albumin glassy carbon (ILAGC) biosensor
and used it for some electroanalytical applications.

Fenoprofen is nonsteroidal anti-inflammatory, antiarthritic
drug that also posses analgesic and antipyretic activities [20]. As
far as we know, only one paper dealt with the calculation of
fenoprofen–HSA binding constants by HPLC [20]. Voltammetry has
excellent features such as less cost, easily automated, rapid analy-
sis and good precision making it in competition with separation
techniques. In the present study, a new rapid, simple, sensitive
and selective differential pulse stripping voltammetric method
coupled with ILAGC biosensor was used for chiral discrimination
and precise binding constants of fenoprofen enantiomers with
HSA.

2. Experimental

2.1. Apparatus

All voltammetric investigations were performed in a 10.00 mL
glass voltammetric cell using commercial available electrode stand
(Metrohm, Switzerland). The electrode was  connected via IME-663
module (Netherlands). Potentials were controlled using a 3-
electrode configuration comprising a rotating ionic liquid albumin
glassy carbon disc working electrode (3 mm diameter, Metrohm),
a Ag/AgCl (3.00 M KCl) reference electrode and a platinum wire
counter electrode. UV–vis measurements were performed by spec-
trophotometer UV–vis double beam model UVD-3500 (Labomed
Inc., USA). The pHs were measured using the Fischer Scientific pH
meter model 810 equipped with a combined glass electrode, which
was  calibrated regularly with buffer solutions (pHs 4.0 and 7.0) at
22 ± 2 ◦C.

2.2. Chemicals and reagents

Racemic fenoprofen calcium salt hydrate was obtained from
Fluka (Germany). Highly purified l-fenoprofen (99.99%) was  pro-
duced by Western Pharmaceutical Industries, Egypt. Human
serum albumin (HSA, ≥99%, Cat. No. A8763) and l-ibuprofen
was  purchased from Sigma (St. Louis, MO,  USA) and was used
as received without further purification. Ionic liquid 1-butyl-
3-methylimidazolium hexafluorophosphate was synthesized as
described elsewhere [21]. Purity of the ionic liquid was checked
with an elemental analysis and FTIR. Other chemical reagents were
of analytical grade, and double-distilled water was  used throughout
this study. The 1.00 mg  mL−1 stock solution of HSA was prepared

by dissolving it directly in phosphate buffer. A concentration of
0.067 mol  L−1 phosphate buffer was used to control the pH at 7.40.
[Fe(CN)6]4−/3− solutions were prepared using 0.067 mol  L−1 phos-
phate buffer.
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.3. Preparation of the electrochemical biosensor

The glassy carbon electrode (GCE) was prepared as described in
ur previous work [22] with little modifications. The electrode was
olished at the beginning of the experiments with 0.05 �m alu-
inum oxide (particle size = 0.10 �m,  Metrohm, Switzerland) and
as rinsed thoroughly with water to obtain a clean and renewed

he electrode surface. The electrode was connected to the poten-
iostat and placed in the buffer solution; the potential was cycled
0× between −800.00 and +800.00 mV  using cyclic voltammetry at

 scanning rate 100.00 mV  s−1. The cleaned electrodes were dried
n a room temperature. The ionic liquid human serum albumin

odified GCE was prepared with the following procedure. A 6 �L
f the HSA (0.1 mg  mL−1 dissolved in phosphate buffer at pH 7.4)
as mixed with 5 �L BMIMPF6 (3.0 mol  L−1 dissolved in phosphate

uffer at pH 7.4) and then the mixture was dripped on the glassy
arbon electrode surface and stayed at room temperature for 8 h
r dried by passing very slow rate of hot air for 10 min  to form

 stable gel-like film. The composite film modified electrode was
enoted as BMIMPF6/HSA/GCE (ILAGC) and stored in a refrigerator
ith fit cap when not in use. The refreshment of the bare glassy

arbon surface was achieved by sonicating the modified electrode
urface in 0.1 mol  L−1 hydrochloric acid for 5 min  and then acetoni-
rile for 5 min. The electrode surface was dried and then sensed
gain with the same composition for further experiments. The fab-
icated biosensor gave good reproducibility (n = 7, RSD = 4.6%) for
he measurement of fenoprofen enantiomers affinity binding with
uman serum albumin.

.4. Electrochemical measurements

Into a 10.00 mL  volumetric cell, 5.00 �L of 100.00 × 10−3 mol  L−1

-fenoprofen or rac-fenoprofen was diluted with
7.00 × 10−3 mol  L−1 phosphate buffer, pH 7.4 and mixed homo-
eneously by rotation for 5 s. Subsequently, the differential
ulse or cyclic voltammetric curves were recorded to show the
lectrochemical changes of the reaction system in the potential
ange from 0.5 to −0.3 V and all the experiments were performed
t room temperature 25 ± 2 ◦C. Differential pulse experiments
ere performed at pulse height 50 mV,  equilibrium time 10 s and

can rate 10 mV  s−1. All the tested solutions were purged with
ighly purified nitrogen for 10 min  before the experiments and

 nitrogen environment was kept over the solution during the
lectrochemical measurements. Attention must be paid such that
he working ILAGC biosensor should be removed from the cell
olution during the break for the next run in order to have good
table behavior of biosensor. The enantioselective detection was
ased on the change of the current response log (�Ii/�Ii;max − �Ii)
efore and after the modified electrode was immersed in the l-
r d-fenoprofen solution [23]. The peak current of the modified
lectrode was regarded as I0, and after they were immersed in l-
r d-fenoprofen, it was regarded as Ii.

. Results and discussion

.1. ILAGC biosensor and fenoprofen enantiomer electrochemical
ehavior

The standard cyclic voltammograms (CVs) of 5 × 10−3 mol  L−1

Fe(CN)6]4−/3− solution (pH 7.4) at a scan rate of 100 mV  s−1 on
are GCE and ILAGC biosensor were investigated. A standard redox

eak could be found for the bare GCE (Fig. 1, curve a), when HSA
ncapsulated in BMIMPF6 was cast onto the cleaned surface of GCE,
t resulted in an obvious decrease of the redox peak (Fig. 1, curve
) in the anodic and cathodic processes, suggesting that the ILAGC
Fig. 1. Cyclic voltammograms of 5 × 10−3 mol  L−1 [Fe(CN)6]4−/3− solution (pH 7.4)
at  a scan rate of 100 mV s−1 on a bare GCE (a) and ILAGC biosensor (b).

biosensor degraded the redox behavior of the [Fe(CN)6]4−/3− cou-
ple. The conceivable reason was  that HSA (pI  = 4.7) is a negatively
charged protein under physiological conditions which will be bal-
anced by positive charges of cationic IL and consequently plenty
of negative anionic IL will be present; thus, the negatively charged
redox couple was rejected by the negatively charged sensor surface.
However, it is still the diffusion and external stirring driven force
quite enough to move redox couple to the sensor surface following
by electrochemical reactions. The stability of the proposed biosen-
sor was checked by measuring fresh solution of [Fe(CN)6]4−/3−

under the same conditions for 7 days. A good reproducibility with
RSD 5.1% was  achieved. As well, the repeatability of the sensing
ionic liquid albumin film on a cleaned glassy carbon surface was
tested for three times within the same day giving satisfied RSD
of 2.4%. Therefore, ILAGC could be considered a stable sensor for
electrochemical measurements. This stability could be attributed
to the moderate hydrophobicity of IL and its possibility to adsorb
on the electrode substrate or attractive interactions with protein as
described elsewhere [18]. As well, the duration time of immersing
biosensor in the cell solution affected the stability behavior of mea-
surements. Biosensor gave good stability during the voltammetric
time scale while its functions were not good enough when it contin-
ued in contact with aqueous surrounding electrolyte for more than
8 h. Therefore, it is recommended to remove the working electrode
from cell solution during the breaks between measurements.

The electrochemical response before and after the ILAGC biosen-
sor inserted into the l-fenoprofen or rac-fenoprofen solution was
investigated by cyclic voltammetry (CV). It was  found that the
redox current peak decreased after the ILAGC was  immersed
in 50 �mol  L−1 of l- or rac-fenoprofen. This behavior could be
attributed to that fenoprofen is negatively charged under physi-
ological conditions (pKa = 4.5) and the movement of such ions to
the modified electrode surface may  be hindered by electrostatic
repulsion. However, the net driven force was  enough to move ana-
lytes to the sensor surface. It was noticed that the amperometric
responses for l- and d-fenoprofen were obviously distinctive, and
more interestingly, the �IL was much larger than the �ID. These
results indicated that the recognition of l-fenoprofen with the chi-
ral surface is stronger than that of d-fenoprofen. Fig. 2 indicates
the repetitive cyclic voltammograms (n = 10) of 5 × 10−6 mol L−1

rac-fenoprofen after 30 s accumulation time under physiological

conditions onto ILAGC biosensor. It was noticed that l- and d-
fenoprofen had a quasi-reversible electrochemical behavior with
cathodic potentials at 0.15 and 0.07 V and anodic potentials at
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ig. 2. Repetitive cyclic voltammograms (n = 10) of 5 × 10−6 mol  L−1 of rac-
enoprofen after 30 s accumulation time under physiological conditions on ILAGC
iosensor.

.12 and 0.08 V for l- and d-fenoprofen, respectively. The reduc-
ive potential of l-fenoprofen was completely separated from
-fenoprofen (�V = 80 mV)  while the separation between enan-
iomers is not good in the anodic polarization (�V = 40 mV).
herefore, the electrochemical detector is considered a suitable one
o follow the affinity interaction between fenoprofen enantiomers
nd HSA in the cathodic potential direction. The effect of scan rate
n the electrochemical reduction of fenoprofen enantiomers–HSA
upramolecular complexation was investigated. It was observed
hat the peaks currents increased linearly with increasing scan rate
�) giving a slope value ranged between 0.95 and 0.98 �As V−1 that
ended to unity and the correlation coefficient was varied between
.9991 and 0.9998.

All aforementioned results indicated that larger response signals
ere obtained from the interaction between HSA and l-fenoprofen

ompared to the case of d-fenoprofen, with initial good resolution
uggesting that HSA could selectively recognize fenoprofen enan-
iomers. It was reported that the stereoselectivity of HSA is mainly
ased on the steric, hydrophobic, and hydrogen-bonding interac-
ions between the chiral selector and the target [24], while for
enoprofen enantiomers, the carboxylate groups connect to the chi-
al carbon atom, possessing different spatial arrangements, could
nduce a different interacted mode between HSA and fenopro-
en enantiomers. So the enantioselective recognition may  be due
o the different hydrophobic and hydrogen-bonding interactions
etween HSA and fenoprofen, and stronger binding come from
-fenoprofen compared with d-fenoprofen. That is to say, the dif-
erence in the molecular configuration of fenoprofen enantiomers

ay  make degree of matching between HSA and fenoprofen dispro-
ortional. This work helps not only to understand the interaction
etween HSA and fenoprofen, but also to comprehend the enantio-
elective interaction of proteins and drugs. These electrochemical
easurements could be based on the possibility of inclusion of

mall molecules inside macrocyclic protein/IL phase followed by
lectrochemical redox process on GC substrate and then ana-
yte molecules excluded into bulk. This suggested electrochemical

echanism (Fig. 3) opened the window for diverse applications of
roposed biosensor for the determination of drug enantiomers or
o closed similar structure compounds.
Therefore, the current results indicated that ionic liquid
MIMPF6 is considered a suitable mediator and promoter for the
lectrochemical activity of protein on GCE. This is in an agreement
ith Wang et al. studies [25] that compared the electrochemical
Fig. 3. The proposed separation mechanism of fenoprofen enantiomers on ILAGC
biosensor.

behavior of protein (cytochrome complex, Cyt c) in RTILs. The
results showed that anions led to a different electrocatalytic prop-
erty of Cyt c, and attributed to the coordination ability and the
acidity of the ILs. Because of increasing the electrochemical activ-
ity of Cyt c in BMIMPF6 at neutral conditions, it is expected that
BMIMPF6 could make the same behavior with HSA. Therefore, it
could be considered that BMIMPF6 enhanced the stability and elec-
trochemical activity of HSA on GCE.

3.2. UV–vis spectra

UV–vis absorption spectroscopy technique was  also used to
explore the reaction between fenoprofen and HSA. The UV–vis
absorption spectra of the different solutions were studied. HSA had
a weak absorption peak at about 279 nm due to aromatic amino
acids (Trp, Tyr, and Phe) [26]. Fenoprofen owns carboxylate group,
which may  affect the absorption peak of HSA. The UV–vis spec-
trum of fenoprofen exhibited a featureless absorption differing
from the spectrum of HSA (not shown). The maximum wavelength
of racemic fenoprofen with HSA was 276 nm,  which showed moder-
ate shifts toward shorter wavelength. This phenomenon confirmed
the formation of diastereoisomeric complexes between fenoprofen
enantiomers and HSA.

3.3. Differential pulse stripping voltammetric method
optimization

3.3.1. The amount of BMIMPF6 + HSA mixture
The influence of amount of the mixture of BMIMPF6 and HSA on

the chiral discrimination was  investigated in the range of 2–10 �L
of BMIMPF6 or HSA in the presence of fixed volume of another
component. As shown in Fig. 4, with the amount of HSA increased
in the presence of 6 �L, the difference of the peak current for l-
fenoprofen was  increased at 2–10 �L HSA. As for d-fenoprofen,
the difference of the peak current was kept stable at first (up to
6 �L) and then increased much. It is clearly seen that the value
of �I  (�I  = �IL − �ID) was maximum at 6 �L, suggesting that the
interaction of HSA and fenoprofen enantiomers had reached sat-
uration, and the continuous increase of �ID with the increased
amount of HSA might be due to the physically absorbed amount
of d-fenoprofen, thus resulting in the depressed enantioselectivity
with bad resolution. In the study, we  chose the 6 �L HSA as the
optimal amount. The amount of ionic liquid BMIMPF6 was studied
in the range of 2–10 �L at constant volume of HSA. The best results

were also achieved in the presence of 5 �L of ionic liquid. There-
fore, the mixture containing 6 �L of HSA and 5 �L of BMIMPF6 was
used as a sensing material onto GCE for the chiral discrimination of
fenoprofen enantiomers.
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nation conditions.

.3.2. Type of the voltammetric mode
Various instrumental parameters may  affect the voltammet-

ic peak potential and its width, so to control and improve the
esolution (R); the analyst must know how (R) varies with these
arameters. At pH 7.4, the effect of different operational parame-
ers has been tested. Fig. 5 shows a comparison between differential
ulse stripping voltammetry (DPSV) curve a, Osteryoung square-
ave stripping voltammetry (OSWSV) curve b and linear sweep

tripping voltammetry (LSSV) curve c. It was obvious that DPSV
nd LSSV are more selective than OSWSV for the separation of d-
nd l-enantiomers. Despite the fact that the enantioresolution for
PSV (R = 1.51) is close to that for LSSV (R = 1.49), DPSV technique

as used for further investigations due to its best peak shape and

ensitivity. The effect of pulse height, scan rate and equilibrium
ime on the enantioresolution of rac-fenoprofen was investigated;
he optimum values were found to be 50 mV,  10 mV  s−1 and 10 s,

ig. 5. Comparison between differential pulse stripping voltammetry (DPSV) curve
,  Osteryoung square-wave stripping voltammetry (OSWSV) curve b and linear
weep stripping voltammetry (LSSV) curve c on 5 × 10−7 mol  L−1 of rac-fenoprofen
nder physiological conditions on ILAGC biosensor.
Scheme 1. The electrochemical scheme of fenoprofen enantiomers on ILAGC
biosensor.

respectively. Under these optimal values, the enantioresolution (R)
was improved to be 2.85 without distortion of the peaks or the
baseline. The electrochemical reduction mechanism of fenoprofen
enantiomers on ILAGC could be illustrated as in Scheme 1. It is
clear that the electrochemical reduction of carboxyl group close
to the chiral center is the main responsible for the separation and
voltammetric determination of fenoprofen enantiomers. As well,
the presence of negative charge of carboxylate group accelerated
the exclusion of enantiomers from protein cavity after electron
transfer.

3.3.3. Effect of accumulation time and concentration
Under the foregoing optimal parameters, the preconcentration

of rac-fenoprofen at ILAGC biosensor and the application of a subse-
quent differential pulse scan in the negative direction were tested.
It was found that the electrochemical response increased contin-
uously with the interaction times and the �IL was  larger than the
�ID, indicating that the chiral surface absorbed more l-fenoprofen
than d-fenoprofen at the same conditions. This behavior may be
attributed to the difference in the strength of complexity between
fenoprofen enantiomers and HSA with increasing the number of
their molecules captured inside its cavity and/or the possibility
to have a competition at the modified electrode surface. Also,
the influence of accumulation time on the enantioresolution was
studied. The optimal resolution (R = 2.84–2.86) was achieved in
the accumulation time range (120–150 s), after that the resolution
decreased gradually down to 2.5 at 300 s. This phenomenon might
be attributed to the dependence of the equilibriums at the biosensor
surface on the amount of fenoprofen species, which was subse-
quently dependent on the accumulation time. Therefore, 150 s was
employed as the best time for chiral fenoprofen discrimination.

The ILAGC biosensor was also used to measure the current
response of a series of l-fenoprofen concentration from 10−6 to
10−8 mol  L−1 under optimal conditions by DPSV. It was  found that
larger current gradually increased along with the increasing of
l-fenoprofen concentration in a good linear relationship. The lin-
ear equation was: conc. (�mol  L−1) = 0.052 current (�A) + 0.082
with correlation coefficient (r2) = 0.9989 and standard deviation
(SD) = 0.031. Reproducibility was checked by twenty-one mea-
surements within three consecutive days of 1.00 × 10−7 mol  L−1

l-fenoprofen under optimal conditions; the relative standard devi-
ation (RSD) of 2.82 was  obtained. Detection limit and quantitation
limit [27] of 2.52 × 10−9 and 8.10 × 10−9 mol  L−1 were achieved for

l-fenoprofen, respectively. The accuracy of the proposed method
was  determined by applying the optimized analytical approaches
with three spiking replicates at three concentration levels of l-
fenoprofen covering the linearity range giving recoveries ranged
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Fig. 6. The plot of log (�Ii/�Ii;max − �Ii) vs. log [fenoprofen]: l-fenoprofen (Series
1)  and d-fenoprofen (Series 2).

Table 1
Binding constants (K, L mol−1) of fenoprofen enantiomers with HSA.

Analyte K ± SD (n = 300) (L mol−1)

Found value Literature value

5 5

to the value in the absence of displacer. Therefore, these results
indicated the possibility of direct competitive interaction between
l-ibuprofen and l- or d-fenoprofen on HSA-site II.

Table 2
Changes in the current of rac-fenoprofen (1.0 × 10−7 mol  L−1) as a result of ibuprofen
addition to the supporting electrolyte.

Analyte Current (�A)
D. Abd El-Hady, A.K. Youssef / An

rom 99.40 to 100.35%. Therefore, the proposed ILAGC sensor could
e used for the direct determination of l-fenoprofen in different
atrices with good precise data.
Further investigations of the rac-fenoprofen solutions were

nvestigated; the difference of the peak current (�I)  of the racemic
ixture was always between �IL and �ID in the same concen-

ration, and the value of �I  increased linearly with the increasing
oncentration, indicating that the racemic d- and l-fenoprofen
olution could also be analyzed. All the results confirmed that
SA/IL phase could selectively absorb fenoprofen enantiomers and

arger electrochemical response was obtained for l-fenoprofen. As
ell, the proposed sensor could be used for the determination of

nantiomeric purity of fenoprofen in pharmaceuticals.

.4. Surface coverage of fenoprofen enantiomers on ILAGC
iosensor

The charge of the double layer (Qdl) was calculated by apply-
ng a double potential-step chronocoulometric technique for the
upporting phosphate electrolyte at pH 7.4 and in the pres-
nce of rac-fenoprofen (2.82 × 10−7 mol  L−1). The adsorbed charge
alues (Qads) were calculated for both enantiomers at ILAGC
iosensor and found to be 7.97 and 7.75 �C for l-fenoprofen
nd d-fenoprofen, respectively. The surface coverage could be
easured from the division of the number of coulombs trans-

erred by the conversion quantity (nFA) yielding coverage of
.91 × 10−11 and 5.66 × 10−11 mol  cm−2 at ILAGC for l-fenoprofen
nd d-fenoprofen, respectively. The surface coverage values for
enoprofen enantiomers were indicated statistically significant dif-
erence at p = 0.01. The values of surface coverage confirmed the
igher accumulation and inclusion of l-fenoprofen with HSA/IL

ayer more than d-fenoprofen.

.5. Determination of the binding constant between fenoprofen
nantiomers and HSA

In order to confirm that the interactive effect of HSA to l-
enoprofen was higher than that of HSA to d-fenoprofen, it was
mportant to calculate the binding constant between HSA and d-
r l-fenoprofen. The value of binding constant for the interaction
f fenoprofen enantiomers with HSA was determined by using Eq.
1) [23,28]; the binding number (m)  and binding constant (K) of
SA–m fenoprofen were calculated as follows:

og

[
�Ii

�Ii,max − �Ii

]
= log K + m log[fenoprofen] (1)

here �Ii means the change of the peak current of ILAGC biosensor
fter interacting with d-fenoprofen or l-fenoprofen, respectively;
Ii;max is the maximal peak current change, and [fenoprofen] is the

oncentration of fenoprofen enantiomer.
Keeping the HSA concentration constant inside the proposed

iosensor but changing the concentration of rac-fenoprofen, the
lot of log (�Ii/(�Ii;max − �Ii)) was obtained with the value
f the peak current change. It was clear that the plot of log
�Ii/(�Ii;max − �Ii)) against log [fenoprofen] (Fig. 6) results in a
traight line both for log [l-fenoprofen] (curve a) and log [d-
enoprofen] (curve b). From the intercept of the linear plot, KL
nd KD were calculated to be 1.58 × 105 and 1.25 × 104 L mol−1,
espectively. However, from the slope of the linear plot, m ≈ 1
or both fenoprofen enantiomers was obtained. Since the value

f KL was larger than that of KD, it was further evaluated that
he binding effect was higher between HSA and l-fenoprofen.
herefore, the observations from the electrochemical methods are
easonable.
l-Fenoprofen 3.2 × 10 ± 0.3 3.4 × 10 [20]
d-Fenoprofen 0.8 × 104 ± 0.4 1.0 × 104 [20]

The precision of calculated binding constants of fenoprofen
enantiomers on ILAGC biosensor was  studied for long time anal-
ysis (n = 300). It was  found that the calculated binding constant
was  3.2 × 105 ± 0.3 L mol−1and 0.8 × 104 ± 0.4 L mol−1 for l- and d-
fenoprofen, respectively (Table 1). When we compared the binding
constant value of l-fenoprofen and d-fenoprofen with the litera-
ture values, the measured values showed a good agreement with
those previous results (Table 1).

3.6. Displacement and competitive binding of l-fenoprofen and
d-fenoprofen

The displacement voltammetric studies of l-fenoprofen and
d-fenoprofen were studied by increasing the concentration of
l-ibuprofen from 1 × 10−8 mol  L−1 to 2 × 10−7 mol L−1 at a con-
stant concentration of 1 × 10−7 mol  L−1 rac-fenoprofen under
physiological conditions. Previous binding study performed [29]
indicated that l-ibuprofen had high affinity for HSA on site II
(the indole–benzodiazepine binding site). In the present work, it
was  observed that the increasing of displacer concentration led to
high depression in the current response of both enantiomers; e.g.
5 × 10−8 mol  L−1 l-ibuprofen produced a decrease of about 64.5%
and 85.5% of l- and d-fenoprofen, respectively (Table 2) compared
Before addition After addition

l-Fenoprofen 6.67 ± 0.006 2.37 ± 0.003
d-Fenoprofen 4.63 ± 0.005 0.67 ± 0.004



7 lytica

d
t
o
o
o
a
t
0
fi
s

4

t
h
w
u
t
n
r
g
f
t
t
s
a
d
i
e
f
n
i
c
o
m

[
[
[

[
[

[

[
[

[

[

[
[

[

[
[
[
[
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The reciprocal competitive voltammetric studies of l- and
-fenoprofen on HSA were performed by increasing the concen-
ration of l-fenoprofen in the presence of constant concentration
f rac-fenoprofen. Results (not shown) indicated the possibility
f competitive binding interaction between l- and d-fenoprofen
n HSA. Quantitatively, when l-fenoprofen was  spiked gradu-
lly increased concentration into the system of rac-fenoprofen,
he first binding constant of d-fenoprofen–HSA decreased from
.9 × 104 L mol−1 to 3.2 × 103 L mol−1. Therefore, these results con-
rmed that HSA strongly combined with l-fenoprofen which
hould replace d-fenoprofen from its binding site (II) in HSA.

. Conclusions

The present work provides a simple, rapid, sensitive, selec-
ive and stable method to discriminate fenoprofen enantiomers by
yphenation of differential pulse stripping cathodic voltammetry
ith ILAGC biosensor, which has the advantages, such as ease of
se and reproducible preparation. All consequences showed that
he proposed biosensor exhibited different electrochemical sig-
als for fenoprofen enantiomers where l-fenoprofen gave larger
esponse than d-fenoprofen. The selectivity of proposed method
ave a chance to investigate the difference in stability of fenopro-
en enantiomers–HSA complexes. This behavior could be attributed
o the difference of hydrogen bonds, hydrophobic interactions, and
he stereospecific site between HSA and enantiomers. As well, the
tudied binding of fenoprofen enantiomers with HSA gave accept-
ble precision and good agreement with the literature values. The
isplacement studies investigated that competition was  occurred

n the high-affinity binding site II of HSA. The reciprocal competitive
xperiments indicated that l-fenoprofen replaced d-fenoprofen
rom HSA. This work may  not only have the potential to discrimi-
ate drug enantiomers–HSA interactions but also may  bring other
deas in biopharmaceutical field [30]. The proposed electrochemi-
al sensor could enable the use of a single platform for the detection
f multiple analytes based on displacement of a charged probe
olecule from a surface-bound.

[

[
[

 Chimica Acta 772 (2013) 68– 74

References

[1] P. Wasserscheid, T. Welton (Eds.), Ionic Liquids in Synthesis, Wiley-VCH Verlag,
2002, p. 103.

[2] H. Ohne, Electrochemical Aspects of Ionic Liquid, Wiley-VCH Verlag, 2005, p.
36.

[3] R. Hagiwara, Y. Ito, J. Fluorine Chem. 105 (2000) 221.
[4] U. Schroder, J.D. Wadhawan, R.G. Compton, F. Marken, P.A.Z. Suarez, C.S. Con-

sorti, R.F. de Souza, J. Dupont, New J. Chem. 24 (2000) 1009.
[5] M.  Hasanzadeh, N.  Shadjou, M. Eskandani, M.  de la Guardia, Trends Anal. Chem.

(2012), http://dx.doi.org/10.1016/j.trac.2012.09.005.
[6] A. Safavi, N. Maleki, F. Honarasa, F. Tajabadi, F. Sedaghatpour, Electroanalysis

19  (2007) 582.
[7] N. Maleki, A. Safavi, F. Tajabadi, Anal. Chem. 78 (2006) 3820.
[8] F.-X. Zhao, M.  Wu,  Y. Wang, L. Liu, S. Gao, J. Dong, Anal. Chem. 76 (2004) 4960.
[9] D.-D. Wang, H.-J. Liu, C.-Z. Zhao, N. Hui, W.  Sun, J. Chin. Chem. Soc. 57 (2010)

99.
10] W.  Sun, D.-D. Wang, R.-F. Gao, K. Jiao, Electrochem. Commun. 9 (2007) 1159.
11] R.-J. Zhao, Q. Jiang, W.  Sun, K. Jiao, J. Chin. Chem. Soc. 56 (2009) 158.
12] W. Sun, D.-D. Wang, J.-H. Zhong, K. Jiao, J. Solid State Electrochem. 12 (2008)

655.
13] W. Sun, M.-X. Yang, R.-F. Gao, K. Jiao, Electroanalysis 19 (2007) 1597.
14] D.V. Chernyshov, N.V. Shvedene, E.R. Antipova, I.V. Pletnev, Anal. Chim. Acta

621 (2008) 178.
15] C. Coll, R.H. Labrador, R.M. Manez, J. Soto, F. Sancenon, M.J. Segui, E. Sanchez,

Chem. Commun. (2005) 3033.
16] X.Q. Zhang, V. Deckert, B. Steiger, M.K.N. Hirayama, Talanta 63 (2004) 159.
17] A.B. Kharitonov, M.  Zayats, L. Alfonta, E. Katz, Biosens. Actuators B 76 (2001)

203.
18] Y. Wang, Q. Han, Q. Zhang, Y. Huang, L. Guo, Y. Fu, J. Solid State Electrochem.

(2012), http://dx.doi.org/10.1007/s10008-012-1859-4.
19] M.  Moniruzzaman, K. Nakashima, N. Kamiya, M.  Goto, Biochem. Eng. J. 48 (2010)

295.
20] H. Wang, H. Zou, Y. Zhang, Biomed. Chromatogr. 12 (1998) 4.
21] N.V. Shvedene, D.V. Chernyshov, M.G. Khrenova, A.A. Formanovsky, V.E. Baulin,

I.V.  Pletnev, Electroanalysis 18 (2006) 1416.
22] D. Abd El-Hady, M.  Abd El-Hamid, M.  Sliem, V. Andrisano, N. Abo El-Maali,

Talanta 66 (2005) 1207.
23] Y.H. Wu,  X.B. Ji, S.S. Hu, Bioelectrochemistry 64 (2004) 91.
24] F. Wang, W.  Huang, Z.X. Dai, J. Mol. Struct. 875 (2008) 509.
25] S. Wang, Z. Guo, H. Zhang, Bioelectrochemistry 82 (2011) 55.
26] Q. Yang, J. Liang, H. Han, J. Phys. Chem. B 113 (2009) 10454.
28] H.-X. Baia, X.-H. Liua, F. Yangb, X.-R. Yangb, J. Chin. Chem. Soc. 56 (2009)
696.

29] H.M. Zhang, Z.W. Zhu, N.Q. Li, Fresenius J. Anal. Chem. 363 (1999) 408.
30] M. Opallo, A. Lesniewski, J. Electroanal. Chem. 656 (2011) 2.

dx.doi.org/10.1016/j.trac.2012.09.005
dx.doi.org/10.1007/s10008-012-1859-4

	Hyphenation of ionic liquid albumin glassy carbon biosensor or protein label-free sensor with differential pulse stripping...
	1 Introduction
	2 Experimental
	2.1 Apparatus
	2.2 Chemicals and reagents
	2.3 Preparation of the electrochemical biosensor
	2.4 Electrochemical measurements

	3 Results and discussion
	3.1 ILAGC biosensor and fenoprofen enantiomer electrochemical behavior
	3.2 UV–vis spectra
	3.3 Differential pulse stripping voltammetric method optimization
	3.3.1 The amount of BMIMPF6+HSA mixture
	3.3.2 Type of the voltammetric mode
	3.3.3 Effect of accumulation time and concentration

	3.4 Surface coverage of fenoprofen enantiomers on ILAGC biosensor
	3.5 Determination of the binding constant between fenoprofen enantiomers and HSA
	3.6 Displacement and competitive binding of l-fenoprofen and d-fenoprofen

	4 Conclusions
	References


