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A new chiral biosensor has been fabricated by immobilizing y-globulin on gold nanoparticles modified
glassy carbon electrodes, which could recognize and detect mandelic acid (MA) enantiomers. Differential
pulse voltammetry, quartz crystal microbalance, ultraviolet-visible spectroscopy, and atomic force
microscopy were used to characterize the enantioselectivity. The results exhibited that y-globulin mod-

ified electrode could enantioselectively recognize MA enantiomers, and larger response signals were
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obtained from R-MA. The factors influencing the performance of the resulting biosensor were investi-
gated. The enantiomeric composition of R- and S-MA enantiomer mixtures could be determined by mea-
suring the current responses of the sample. The developed electrodes have the advantages of simple
preparation, good stability, and rapid detection.

© 2011 Elsevier Inc. All rights reserved.

One distinctive biochemical signature of life is the high selectiv-
ity of chiral molecular species [1,2]. The body exhibits different
physiological responses to different enantiomers. With the dra-
matic increase in the use of chiral drugs, chiral recognition has be-
come a research focus in chemical, biological, and pharmaceutical
sciences [3,4]. The Food and Drug Administration requires that
both enantiomers of a racemate should be studied in detail and
pointed out the influence on the human body [5]. Research on
enantiomeric recognition of chiral compounds can provide us
important information to understand the recognition process in
biological systems. Although some progress in chiral discrimina-
tion has been achieved during the past decades, the selective
detection of individual enantiomers is still the most difficult ana-
lytical task owing to the similar physical and chemical properties
and the similar molecular configurations of chiral isomers. There-
fore, it is important to develop practical and rapid available meth-
ods for the chiral recognition of enantiomers. Many methods have
been used for chiral analysis [6-16]; electrochemical methods,
which can be readily implemented in electronic devices, attract
much attention based on simple and rapid detection.

o-Hydroxy carboxylic acids, which are the structural units of
many natural products and drug molecules, represent one of the
most important classes of chiral compounds in nature [17]. As
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one of the a-hydroxy carboxylic acids, mandelic acid (MA)' is a sig-
nificant chiral analog of amino acids in the pharmaceutical synthetic
industry [18]. It is present in certain skin care products and used as a
precursor in the manufacture of certain dyes [19]. R-Mandelic acid
(R-MA) is applied as a precursor for the synthesis of cephalosporin
and penicillin [20], and as a pharmaceutical active agent it exceeds
the mixture of R-MA and S-mandelic acid (S-MA) [21]. It is also used
as a chiral resolving agent and chiral synthon for the synthesis of
anti-tumor and anti-obesity agents [22]. Although many approaches
have been used for recognizing MA [23-26], designing a simple and
efficient system for enantioselective recognizing MA enantiomers is
still a challenging task.

The proteins have the intrinsic possibility to discriminate other
chiral molecules; for example, bovine serum albumin and human
serum albumin have been used as chiral selectors [27,28]. However,
there is little reported about y-globulin. Hence, the enantioselective
recognition of MA enantiomers using y-globulin modified chiral
interface was investigated. First, gold nanoparticles were electrode-
posited on the glassy carbon electrodes (GCEs), which could provide
a stable and rough surface to immobilize biomolecules favorably
[29,30], and then the y-globulin was adsorbed on gold nanoparti-
cles modified electrodes. The resulting electrodes were employed
to detect MA enantiomers, and differential pulse voltammetry

! Abbreviations used: MA, mandelic acid; R-MA, R-mandelic acid; S-MA, S-mandelic
acid; GCE, glassy carbon electrode; DPV, differential pulse voltammetry; QCM, quartz
crystal microbalance; UV-Vis, ultraviolet-visible; AFM, atomic force microscopy;
HAuCly, gold chloride; EIS, electrochemical impedance spectroscopy; SCE, saturated
calomel electrode; CV, cyclic voltammetry; R, electron transfer resistance.
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(DPV), electrochemical quartz crystal microbalance (QCM), ultravi-
olet-visible (UV-Vis) spectroscopy, and atomic force microscopy
(AFM) were used to monitor the responses. This not only provides
a new method to recognize MA enantiomers, but also is expected
to extend the applicability of enantioselective detection of some
drugs.

Materials and methods
Chemicals

S- or R-MA, y-globulin, and gold chloride (HAuCl,) were pur-
chased from Sigma (USA). Other chemical reagents were analytical
grade, and double-distilled water was used throughout this study.
Various pHs of [Fe(CN)s]* />~ solutions with 0.1 M KCl as the sup-
porting electrolyte were prepared by 0.1 M phosphate buffer
solutions.

Apparatus

DPV and electrochemical impedance spectroscopy (EIS) mea-
surements were carried out with a CHI 660D electrochemistry
workstation (Shanghai Chenhua Instruments, China). A three-
electrode electrochemical cell was composed of a bare or modified
GCE (®=4mm) as the working electrode, a saturated calomel
electrode (SCE) as the reference electrode, and a platinum wire
as the auxiliary electrode. The shift of frequency caused by adsorp-
tion of MA on y-globulin modified quartz plates was investigated
by model CHI 440A time-resolved electrochemical QCM (Shanghai
Chenhua Instruments). UV-Vis absorption spectra were recorded
by a UV-8500 spectrometer (Shanghai Tianmei, China). AFM
images were obtained by a model SPM (Vecco, USA). All measure-
ments were performed at room temperature.

Fabrication of y-globulin modified chiral surface

GCEs (@ =4 mm) were polished carefully with 1.0, 0.3, and
0.05 pm alumina slurry, respectively, sonicated in double-distilled
water, ethanol, and double-distilled water each for 5 min. The
cleaned electrodes were dipped into 1% HAuCl, (containing 0.1 M
KNOs) and deposited by applying a constant potential of —0.2 V
for 60s to obtain the gold nanoparticles modified electrodes
(DpAu/GCEs) [31]. Next, the DpAu/GCEs were immersed in
100 ug ml~! y-globulin solution at 4 °C overnight. The y-globulin
modified chiral surface was obtained (y-globulin/DpAu/GCE). The
steps for preparing the modified electrodes are shown in Scheme 1.

Experimental measurements

The electrochemical properties of the modified electrodes were
investigated using cyclic voltammetry (CV), DPV, and EIS in 5 mM

y /4

(A) DpAu

[Fe(CN)s]*~"*~ (pH 6.5). The CV scans were done from —0.2 to 0.6 V
at 100 mV s~!. The enantioselective detection was based on the
difference of current response (Al=Iy-1,) before (Iy) and after
(I;) the modified electrodes immersed in S- or R-MA solution.

Results and discussion
Characterization of y-globulin modified surface

EIS can be used to monitor the interfacial properties or track the
modified process of modified electrodes. The impedance spectra
include a linear part at low frequencies and a semicircle portion
of which the diameter equals the interfacial electron transfer resis-
tance (Re;) at high frequencies [32]. The bare GCE showed a very
small impedance (Rt =30Q; see Fig. 1, curve a), and after the
HAuCl, was deposited on the GCE (DpAu/GCE), the impedance de-
creased by good electronic transmission of gold nanoparticles
(Ret =10 Q; see Fig. 1, curve b). When DpAu/GCE was immersed
in 7y-globulin solution overnight (y-globulin/DpAu/GCE), the
impedance increased (Re; = 121 Q; see Fig. 1, curve c), suggesting
that the adsorbed y-globulin hindered the electron transmission
of redox probe.

The stability of the chiral surface was investigated by succes-
sively scanning 100 cycles in [Fe(CN)g]* />~ at 100 mV s~'. Only
1.64% change of the initial peak current was observed, indicating
sufficient stability of the modified electrode. The cyclic voltammo-
grams of the modified electrode at different scan rates were inves-
tigated. The redox peak currents were proportional to the square
root of scan rate from 20 to 450 mV s~!, indicating a diffusion-
controlled electron transfer process [33].

Enantioselective recognition of MA

DPV response

The electrochemical response before and after the y-globulin
modified electrode inserted into S- or R-MA solution was investi-
gated by DPV. As shown in Fig. 2A, curve a was the DPV response
of the y-globulin modified electrode. After the modified electrode
interacted with R- or S-MA, the peak current decreased and a larger
decrease was obtained from R-MA (curve c) than from S-MA (curve
b), suggesting that more R-MA was adsorbed on y-globulin.

AFM measurements

The topographies before and after y-globulin modified surface
interacted with MA enantiomers were characterized by AFM. The
image of y-globulin modified Au substrate was rough and loose
(Fig. 2B, image a). After y-globulin modified surface interacted
with MA enantiomers, the surface topography of y-globulin + R-
MA system was uniform and compact (Fig. 2B, image b), whereas
the y globulin + S-MA system was irregular but thick (Fig. 2B, im-
age c), implying that MA enantiomers exhibit different adsorption

/

(B) Y-globulin

Scheme 1. Schematic illustration of the stepwise chiral biosensor fabrication process: (A) electrodeposition of gold nanoparticles; (B) immobilization of y-globulin.
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-100 - analyze the chiral recognition process. The pretreated quartz plates
o T A‘ were immersed in 100 pg ml~' y-globulin solution at 4 °C over-
804 o 1§ A night. Time-dependent frequency responses for R- and S-MA
o = A adsorbed on the y-globulin modified quartz crystals are shown in
@ A.‘“M Fig. 2C. This figure shows that the frequency responses of the mod-
E -60 Ao g ¢ ified QCM sensor to S- and R-MA were decreased and that the fre-
9 A‘ iy . quency shift tended to level off with the increase of reaction time.
E _40- AA " It also can be seen that the shift of frequency for R-MA (curve b)
N A was larger than that for S-MA (curve a). According to the Sauerbrey
Iy equation [35], the adsorbed mass of R- and S-MA could be calcu-
-201 o) lated as approximately 325.1 and 198.06 ng, respectively. That is
to say, more R-MA was absorbed on the y-globulin modified quartz

01— crystals under the same conditions.
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Fig.1. EIS of the different electrodes in 5 mM [Fe(CN)s]*~/>~ (pH 6.5): (a) bare GCE;
(b) DpAu/GCE; (c) y-globulin/DpAu/GCE.

behaviors on y-globulin modified surface and that the adsorption
quantity of S-MA on y-globulin modified surface was less than that
of R-MA.

QCM detection

It is well known that the change of substrate surface quality has
a linear relationship with the shift in resonant frequency of the
quartz crystals (AF) [34]. In this experiment, QCM was used to

UV-Vis spectra

UV-Vis spectroscopy was used to further monitor the reaction
between MA and y-globulin. The optical spectrum of MA from
200 to 600 nm is showed in Fig. 2D. In the inset of this figure, curve
a shows the spectrum of y-globulin from 240 to 270 nm; there was
no absorption in this scope. Curves b and ¢ show the absorption
spectra of R- and S-MA, respectively. An absorption peak was ob-
served at around 255 nm, which was the characteristic aromatic
heterocyclic n - ©* and © — ©* transition [36]. The absorbances
of R- and S-MA were nearly the same. After y-globulin was added
to R- or S-MA solution, the absorbance of R-MA (curve e) was high-
er than that of S-MA (curve d). The phenomenon might be attrib-
uted to the formation of diastereoisomeric complexes between
MA enantiomers and Yy-globulin, which may produce different
UV-Vis intensities of peak.

A
0-

-40 -
3
= -801
I

-120 4

-160 T T T Height (nm) 1

0.6 04 02 00 02 2 e
EIvV
c D
3-
N =50 4 0.64 A
=
& -100 g8 24 ™
= a g £
= Z02
g -150 4 E’ 2
= 1_ 0.0 RN CEm——
S -200 - % .
& 240 245 250 255 260 265
Wavelength(nm)
-250 -
0
B304+ 71— —
0 200 400 600 800 1000 200 300 400 500 600
Timel/Seconds Wavelength/nm

Fig.2. (A) DPV responses of (a) y-globulin/DpAu/GCE, (b) S-MA/y-globulin/DpAu/GCE, and (c) R-MA/y-globulin/DpAu/GCE in 5 mM [Fe(CN)g]*/*", scan rate: 100 mV s™'. (B)
AFM images of (a) the y-globulin modified surface, (b) R-MA/y-globulin modified surface, and (c) S-MA/y-globulin modified surface, image scales are 1 pm x 1 pm. (C) Time
dependence of the QCM frequency change of the y-globulin modified Au coated quartz-crystal resonator interaction with 1.25 mM (a) S-MA and (b) R-MA. (D) UV-Vis spectra
of MA; insert: the UV spectra of (a) y-globulin, (b) S-MA, (c) R-MA, (d) S-MA + y-globulin, and (e) R-MA + y-globulin.
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All results indicated that larger response signals were obtained
from R-MA using y-globulin modified surface, suggesting that y-
globulin could selectivity recognize MA enantiomers. In MA enanti-
omers, the —-COOH and -OH groups connect to the chiral carbon
atoms; possessing different spatial arrangements, these could
induce a different interacted mode between y-globulin and MA
enantiomers. The enantioselective recognition may be done
through hydrogen bonds, hydrophobic interactions, n-n actions,
or other actions, which are important physical and chemical behav-
iors in protein. That is to say, the difference of molecular configura-
tion of MA enantiomers may make the difference of match degree
between y-globulin and R- or S-MA. The molecular configuration
of S-MA did not match with y-globulin, resulting in a weak interac-
tion between S-MA and y-globulin. This study is helpful for under-
standing the interaction between y-globulin and MA and is helpful
for comprehending the enantioselective interaction of proteins and
chiral molecular species.

Optimization of experimental conditions

Effect of pH
The pH value of the working solution is an important influenc-

ing factor for the activity of immobilized proteins. The anodic cur-
rent response of the y-globulin modified electrodes at pH values
from 4.0 to 7.0 is shown in Fig. 3A. The current responses at pH val-
ues 4.0 and 6.5 both are larger than the others. Because the protein
is facilitated to denature at lower pH, pH 6.5 was selected as the
experimental acidity.

Influence of incubation time

The influence of incubation time on the current response was
investigated in the range of 0 to 30 min. Fig. 3B shows the differ-
ence of peak currents after the modified electrode interacted with
S- or R-MA for 5 min. They increased continuously with the inter-
action times, and the Al was larger than the Als. The current re-
sponse variation decreased after the time increased to 25 min.
So, 25 min was adopted as the incubation time in this work.

Characterization of interaction between y-globulin and MA
enantiomers

The current response of y-globulin modified electrode to R- and
S-MA at various concentrations are shown in Fig. 4. The difference
of current response increased with the concentration of MA from 1
to 5 mM. The differences of peak current (Al) were different be-
tween R-MA (curve a) and S-MA (curve b) at all concentrations,
and the AI of R-MA was always bigger than that of S-MA, further
indicating that the y-globulin modified electrodes adsorb R-MA
easily.
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Fig.3. (A) Influence of pH value of y-globulin/DpAu/GCE in 5 mM [Fe(CN)s]* ", (B)
Influence of incubation time on current response when the modified electrode
interacts with mandelic acid: (a) S-MA; (b) R-MA.
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Fig.4. Difference of anodic peak currents for different concentrations of MA
enantiomers on y-globulin/DpAu/GCE: (a) R-MA; (b) S-MA.
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Fig.5. Current decrease of y-globulin modified electrode with enantiomeric com-
position of S- and R-MA at different concentrations: (a) 5 mM; (b) 2 mM.

Application of enantioselective sensor

The modified electrode was also used to measure the current re-
sponse of a series of solutions that were prepared by mixing S- and
R-MA at different fixed ratios. The difference of the relative peak
currents and the proportions of enantiomers are shown in Fig. 5.
It is clear that the enantiomeric composition of the S- and R-MA
enantiomer mixture can be determined from the calibration
curves, which show good linearity.

Conclusion

An interesting phenomenon, namely that the y-globulin modi-
fied surface could selectively adsorb MA enantiomers, was observed.
All results showed that larger response signals were obtained from
R-MA after the y-globulin modified surface interacted with MA
enantiomers under the same experimental conditions. The chiral-
ity-induced difference in the molecule configurations for MA enan-
tiomers was greatly influenced by the interaction between MA and
v-globulin. The y-globulin could bind with R-MA in the major por-
tion through hydrogen bonds, hydrophobic interactions, or other
actions, ascribing to the molecular configuration of R-MA match bet-
ter with y-globulin. This work may bring novel application insights
for chiral biomolecules and drugs.
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