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A sensitive, stable and stereoselective electrochemiluminescence (ECL) sensor has been
designed to enantioselectively discriminate proline enantiomers by immobilizing
Ru(bpy);**-gold nanoparticles (Ru-AuNPs) and B-cyclodextrin-reduced graphene oxide

(B-CD-rGO) on glassy carbon electrode. More Ru(bpy);>* could be immobilized on the
15 surface of electrode stably via preparing Ru-AuNPs and better stereoselectivity could be
introduced to the sensor via the synthesis of B-CD-rGO. When the developed sensor
interacted with proline enantiomers, obvious difference of ECL intensities towards L-

and D-proline was observed, and a larger intensity was obtained from D-proline. As a

result, ECL technique might act as a promising method to chiral recognize of amino
20 acids enantiomers or chiral drugs.

Introduction

Chirality is one of the most fundamental and -crucial
properties of various natural systems,' and chiral recognition

25 plays a very important role in understanding the interactions
of biological molecules. Amino acids, as the building blocks
for peptides, possess chirality.? Furthermore, amino acids
enantiomers have identical physical and chemical properties
but may exhibit different physiological and biochemical

30 behaviors in biological processes. For example, L-proline (L-
Pro) is a pivotal neuronal modulator or transmitter candidate
in the central nervous system,’ while D-proline (D-Pro) is
also prestent in mammals.* But the D-Pro in liver might
cause periportal fibrosis and necrosis of liver cells, and

35 severe proximal tubular dystrophy and necrosis in kidney.’
So it is especially important to enantioselectively detect Pro
enantiomers by using effective methods.
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Electrochemiluminescence (ECL), as a new developing and
powerful analytical tool for detection, has been widely used
40 to chemical and biological analysis based on its distinct
advantages of simplicity, rapidity, sensitivity, controllability
and low background.®'® Among the ECL systems,
Ru(bpy)s;>" has received considerable attention due to high
ECL efficiency.'" What's more, solid-state Ru(bpy);>" ECL
45 by immobilizing Ru(bpy);>" on electrodes surface provides
several advantages over solution-phase ECL sensors, for it
can reduce consumption of expensive reagents, simplify
experimental design and enhance the ECL signal.'*'
Recently, the appliance of nanoparticles to immobilize
50 Ru(bpy);>" has been widespread.'>' Graphene, due to the
high surface areas, low cost, and high conductivity,” holds
great promise for potential applications in many
technological fields.”®** In order to capitalize on the
properties of graphene, of chemical
55 modification/doping have been developped.”**® Accordingly,

diverse methods

ECL sensors based on graphene have faster response, better
stability and larger ECL intensities.”*®
The key to chiral recognition is the fabrication of the chiral
interface materials. approaches to
60 construct effective chiral sensing interface.” B-cyclodextrin
(B-CD), a cyclic oligosaccharide consisting of seven glucose
units, has been widely used as chiral selector to construct
chiral specific  recognition

There are various

materials  for of guest
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molecules. There are few reports depicting ECL

technique in enantioselective detection amnio acids

enantiomers or chiral drugs.**** In this work, the composites
of Ru(bpy);**-gold and -
5 cyclodextrin has been prepared to interact with D-/L-Pro.

nanoparticles, graphene

Experimental
Reagents and materials

Ruthenium(Il)-tris ~ (2,2"-bipyridyl) chloride:6H,O was
purchased from SunaTech Inc (Zhengzhou, China). B-

10 cyclodextrin was gotten from Aladdin. Graphene Oxide was
obtained from Nanjing xianfeng nano Co. (Nanjing, China).
D- and L-proline (99 %), gold chloride (HAuCly), Hydrazine
hydrate ( Nafion (5 wt% ) were bought from J&k- Chemical
(Beijing, China). Ammonia (25-28 %), sodium citrate were

15 purchased from Chemical Reagent Co. (Chongqing, China).
Graphene oxide (GO) was obtained from Nanjing Xianfeng
nano Co. (Nanjing, China). 0.1 M phosphate buffer solution
(PBS) at virous pH values were prepared with KH,PO, and
Na,HPO, containing 0.1 M KCI. Other chemical reagents

20 were analytical grade and used without further purification.
Double distilled water was used in all experiments.

Apparatus

The ECL measurements were carried out with a MPI-A
electrochemiluminescence analyzer (Xi'an Remax Analysis
25 Instrument Co., Ltd.) with the voltage of the photomultiplier
tube (PMT) set at 800 V. A conventional three-electrode
setup containing a modified glassy carbon electrode (GCE,
4.0 mm in diameter) as working electrode, a platinum
auxiliary electrode, and a Ag/AgCl (saturated KCl) reference
30 electrode was adopted. Morphologies of the nanomaterials
were determined by a scanning electron microscope (SEM,
S-4800, Hitachi, Tokyo, Japan). Confocal Laster Raman
Spectromet (Kenishaw Trading Co Ltd, Shanghai) was used
FTIR
35 spectrograms were obtained from Fourier Transform Infrared

to carry out the Raman spectroscopy. The

Spectrometer (Perkinelmer, USA).

Preparation of the Ru-AuNPs composites

AuNPs with a diameter of about 12 nm were prepared by
sodium citrate reduction of HAuCl, in aqueous solution.>
40 For preparing Ru-AuNPs, 2 mL of 0.5 mg mL™" Ru(bpy),*"
aqueous solution was added into 5 mL of AuNPs solution
under vigorously stirring at room temperature.’> Several
minutes later, large amount of black precipitate was formed.
The resulting precipitate was collected by centrifugation and
45 washed with ultrapure water for three times. The obtained
Ru-AuNPs composites was redissolved in 1 mL ultrapure

water.

Synthesis of the f-CD-rGO nanosheets

The B-CD-rGO nanosheets were synthetized according to the
50 literature.’® In brief, 5 mL homogeneous graphene oxide
dispersion (0.5 mg mL™"), 5 mL of 80 mg mL' pB-
cyclodextrin(B-CD) aqueous solution and 75 pL. of ammonia
solution was mixed completely, followed by the addition of
5 pL of hydrazine solution. And the mixed solution was
55 well-distributed by vigorously stirring for a few minutes at
room temperature. Then the vial was put in a water bath (60
°C) for 3.5 h. Stable black dispersion was obtained. The f3-
CD-rGO nanosheets were collected by centrifugation, and
The obtained
60 nanosheets were redispersed in 5 mL ultrapure water. When

carefully washed with ultrapure water.
not in use, it was stored at 4 °C.

Fabrication of the modified electrodes

Before modification, the glass carbon electrodes (GCE) (@ =
4 mm) were first polished with 1.0, 0.3, 0.05 pm alumina
65 slurry respectively, followed by rinsing thoroughly with
ultrapure water. After that, the electrodes were successively
sonicated in ultrapure water, ethanol, ultrapure water
separately and dried at the room temperature.
and B-CD-rGO
70 nanosheets and 2.5 wt % Nafion was mixed completely at
the aid of sonication (about 0.25 mg mL ™' p-CD-rGO) to get
the stereoselective ECL nanohybrids (denoted as CGRA).

For fabrication of the modified electrodes, 10 pL resulting

The obtained Ru-AuNPs composites

nanohybrids was dropped onto the glass carbon electrode
75 (GCE) and dried at the room temperature (denoted as

CGRA/Nafion/GCE). When not in use, the modified
electrodes were stored at 4°C.
Results and discussion
Characteristics

80 Raman spectroscopy is widely used to study the ordered and
disordered crystal structures and scanning-electron-

microscope (SEM) to characterize the morphologies and
distribution of the nanomaterials, they were used to
characterize B-CD-rGO nanosheets, Ru-AuNPs composites,
85 and CGRA nanohybrids. Pristine graphite (Fig. 1A, a)
displayed a prominent G band at 1580 cm™', corresponding
to the first-order scattering of the E,, mode observed for sp?
domains, in addition to a tiny D band at 1352 cm ™', which
was ascribed to edge planes and disordered structures.’’
90 While the graphene oxide (GO) (Fig. 1A, b) showed a
broadened and shifted G band to 1595cm™', and the strongly
strengthened D band at 1352 cm ™' indicating the shrinking of
the in-plane sp® domains, which might be due to the
extensive oxidation.*® For B-CD-rGO (Fig. 1A, ¢), the G
95 band and D band ( at 1590 and 1352 cm™ !, respectively) were
coexisted still, whereas there was a slightly change of the
intensity ratio of D/G comparing to GO. This change
indicated that the average size of the sp* domains decreased
after the reduction of GO and that the number of edge planes
100 and the degree of disorder in rGO both increased, indicating
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the the creation of numerous new graphitic domains in -
CD-rGO.**%
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10 Fig. 1. (A) Raman spectra of graphite (a), GO (b), B-CD-rGO (c);
SEM images of the Ru-AuNPs composites (B); CGRA nanohybrids
(©).

Fig. 1 B showed the appearance of Ru-AuNPs composites
existed in aggregated form, which was attributed to the

15 electrostatic interactions between Ru(bpy);*" and negatively
charged AuNPs. The SEM image of CGRA nanohybrids was
presented in Fig. 1C, the dense coverage of Ru-AuNPs could
be observed on the wrinkled B-CD-rGO surface, hinting the
high surface areas of rGO may act as an effective matrix to

20 immobilize more Ru-AuNPs.

The discussion of the reaction mechanism

Amino acids could take part in the ECL reactions with
Ru(bpy)s;>, which would act as oxidative-reduction co-
reactants of Ru(bpy);>". Amino acids could take part in the
25 ECL reactions with Ru(bpy);>", which would act as
oxidative-reduction co-reactants of Ru(bpy);>". The ECL
mechanism of reaction between Ru(bpy);>" and proline has
been discussed: at the electrode surface, the immobilized
Ru(bpy);>" was oxidized to Ru(bpy);*" in eq. 1, while the
30 negatively charged proline (pH 8.5, isoelectric point is 6.3)
4041 was also oxidized to produce free radical in eq. 2.4%* As
described by eqs 3 and 4, the radical would undergo a
deprotonation process to produce an intermediate radical ion,
which could react with Ru(bpy);*" to produce the excited
35 state Ru(bpy);>"" resulting in light emission.***¢ Following
that, the amino group presented in by-product of proline
might generate a secondary amine following by a
dealkylation process in the presence of water.***7*® The
mechanism of Ru(bpy);*"-proline might be presumably
40 analogous to that of the TPrA—Ru(bpy);>" system.****>° The

reaction processes were illustrated as follows:
Ru(bpy),** m

Ru(bpy)®™ - ¢ —— =

O, o O,

;
45 5 ] 5 ) o
NH - e _— NH
O, o~ O, o
51';? - — 51;[ ®)
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In our work, Pro enantiomers as the analyte participated in

60 the ECL of Ru(bpy):*", which would yield more ECL

emission. As illustrated in Fig. 2, when Pro absent from the

detection solution, obvious decreased ECL intensity of

Ru(bpy);*" was obtained, which could further confirm the

feasibility of ECL sensor based on Ru(bpy);*" in the
65 dectection of proline.

70

02 04 06 08 10 12 14
Potentinl / V

GO i+ Ru-AuNPs (V! f-CD

W o nafion

Fig. 2. Reaction scheme of ECL on surface of the proposed sensor.

80 Enantioselective recognition for Pro enantiomers via ECL

Based on the theories above, the designed electrodes were
tested with the potential sweeping from 0.2 V to 1.25 V in
0.1 M phosphate buffer solution (PBS, pH 8.5) containg 5
mM D-/L- Pro. As shown in Fig. 3A, a great difference was
85 observed on the ECL intensities between the D-Pro (curve a)
and L-Pro(curve b), and the intensity of D-Pro was higher
than L-Pro, which might be caused by the synergistic effects
of the nano-materials.
In order to examine ECL performances of the modified
90 electrode without B-CD (denoted as GRA/nafion/GCE),
corrresponding measurements have been carried out. Fig. 3B
showed that the ECL intensity decreased sharply and the
value of difference (Al) between L-/D-Pro was also
decreased without B-CD. In our study, 3-CD was used as a
95 chiral selector which might play a key role in the different
ECL intensities from D- or L-Pro. It may capture proline
inside the cavity to react with Ru(bpy):;** on the surface of
modified electrode, which could explain the sharp decrease
of ECL intensity.’’”* In addition, it was also a good
100 dispersing reagent for 3334 Therefore, the
combination of B-CD and rGO could improve the solubility

and electrochemical sensing performance comparing to
36,39

graphene.

unmodified graphene.
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Fig. 3. (A) ECL intensity-potential curves of CGRA/Nafion/GCE in

10 5 mM D-Pro (a) or L-Pro (b); (B) ECL intensity-potential curves of
GRA/Nation/GCE in 5 mM D-Pro (a) and L-Pro (b). 0.1 M PBS (pH
8.5, containing 0.1 M KCI) was used

Mechanism of chiral recognition

The mechanism of enantiomeric selectivity may be due to
15 the combination of different molecular interactions such as
H-bonding and dipolar and steric interactions between
hydroxyl groups of B-CD and proline.>**** Hydrogen
bonding of polar —(NH)s— of proline to the —(HO)s on 3-CD
rims would take place when forming the inclusion complex
20 of proline within the hydrophobic central cavity. What’s
more, the steric interactions between the D-/L-proline and
the chiral carbons of D-glucose units of f-CD may also play
a role in the chiral recognition.’® FT-IR spectra was used to
investigate the hydrogen bonds between the proline and the
25 proposed chiral interface based B-CD.”” Based on the results
of the FT-IR spectra (shown in Fig. 4), the O-H stretching
vibration peaks for CGRA (curve a) and L-Pro/CGRA (curve
¢) appeared at 3343 cm™ and 3341 cm™ respectively, and a
slightly red shift peak was located at 3324 cm™ from D-
30 Pro/CGRA (curve b).***® From the understanding of the
molecular level, the O-H stretching vibration peak could
exhibit typical red-shift when hydrogen bonding is formed.>’
The results showed that more hydrogen bonds would be
formed between D-proline and chiral sensing platform than
35 L-proline. In this case, the —NH— in the L-enantiomers
positioned less favorably for hydrogen bonding, leading to
less inclusion complexation with chiral sensing platform,
which may explain the chiral recognition.

The influence of pH

40 The pH of the working buffer is an important influencing
factor for the ECL intensities of Ru(bpy);*" and the
sensitivity of the modified electrodes. Because OH™ takes
participate in the reaction of Ru(bpy);*" and proline. The
influence of the pH values ranging from 5.0 to 10.0 was

45 investigated. As shown in Fig. 5, the highest ECL intensity
and optimum chiral discrimination appeared at pH 8.5. Thus,
the buffer solution of pH 8.5 was selected for further the
experiments.

50
a
-~
=
Sl
51 3343
2
N
E c
* 3324
=
<
S
= 3341
60

0 1000 2000 3000 4000

Wavenumber (cm-1)

Fig. 4. FT-IR spectra of CGRA (a), D-Pro/CGRA (b), and L-
65 Pro/CGRA (c).
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Fig. 5. The effect of pH on the ECL intensities of the

80 CGRA/Nafion/GCE in 5 mM D-Pro (a) or L-Pro (b).
Application of the enantioselective sensor

Fig. 6 showed the designed sensor was performed in
quantitative analysis, for the ECL intensities increased with
the increasing concentrations of L-Pro or D-Pro and

85 displayed a linear with D-Pro or L-Pro in the range from
1.0x10* to 5.0x10° M. The regression equation was I,
=66.86+1056.86¢c or I; =73.84+805.46¢c, and the detection
limit was 2.5x10° M and 3.3x107° (S/N=3), respectively.
Comparing with L-Pro, the D-Pro obtained a higher ECL

90 intensity with the designed ECL sensor. All of above results
demonstrated the proposed stereoselective ECL sensor may
provide a new perform on chiral discrimination of Pro
enantiomers.

The stability and reproducibility of the sensor

95 In present work, at the optimum pH 8.5, the investigation of
stability of the sensors was carried out by immersing the
sensors in 5 mM D-/L-Pro. After consecutive cyclic potential
scans for 11 cycles at a scan rate of 100 mV/s, the intensities
of sensor were observed remaining stable (in Fig. 7). The

100 reproducibility of the sensors was examined in 5 mM D-Pro
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(pH 8.5) by preparing ten electrodes. The ECL intensities of
the ten independent electrodes were similar and the relative
standard deviation (RSD) was 4.9%, which achieved an
acceptable target.

6000 _—
¥a =66.86+1056.86 x
w04
T m R2=0.9993
o E
5 45004 [
E 1000 2
2
o - 03 0.6 09
Z 30001 ©
)
~—
= .
= 1500+ :
= [=3880546x 3 :
0
0 T R2=0.9991 03 06 09 12 1
v ) v ) v ) v ) v ) P"“"““‘:V v
-1 0 1 2 3 4 5 6
¢ proline / mM

Fig. 6. The calibration plots with increasing concentrations of 0.1,
0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 mM for D-Pro (a) and L-Pro (b)
determination in 0.1 M PBS buffer (pH 8.5) [insets: ECL intensities
of D-Pro and L-Pro with different concentrations, respectively].
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Fig. 7. ECL intensity-time curves of CGRA/Nafion/GCE in PBS

(pH 8.5) containing 5 mM D-Pro (a) and L-Pro (b) under continuous

cyclic potential scans for 11 cycles.
The selectivity of the sensor

In order to examine the selectivity of the designed sensor, the
experiments for determination of more amino acids with the
concentren of 5 mM were carried out. The amino acids used
to study the interference were arginine (Arg), phenylalanine
(Phe), lysine (Lys), tyrosine (Tyr), histidine (His), valine
(Val), alanine (Ala), glutamic acid (Glu), cysteine (Cys) ,
serine (Ser), tryptophan (Trp) and glutamine (Gln). As
shown in Fig. 8, proline exhibited substantially greater
chemiluminescence responses than other amino acids. The

50 selectivity observed was due to proline containing the only

secondary amine group of the naturally occurring amino
acids.%’ For the other primary amino acids, the CL intensity
of the reaction of primary amino acids with Ru(bpy);®"

RSC Advances

varies with the electron-withdrawing character of the R-

55 group attached to the a-carbon of the amino acid. Brune and
Bobbitt have previously shown that amino acids with poorer
electron-withdrawing characteristics could exhibit higher CL
intensity.®' This could be well explained the good selectivity
of the proposed sensor towards Pro enantiomers.
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Fig. 8. Comparison of enantioselectivity of 13 kinds of amino acids
(5 mM) on the CGRA/Nafion/GCE in PBS (pH 8.5).

75 Conclusions

In summary, a novel stereoselective ECL sensor was
constructed based on B-CD-rGO and Ru-AuNPs, which was
applied to discriminate Pro enantiomers. When the D-/L-Pro
involved in the ECL of Ru(bpy);*’, the ECL response was

80 enhanced greatly. Because of the secondary amine group of
proline, it has the better ability of enhancing the ECL
emission than the other naturally occurring amino acids
containg primary amine group. The results of the
experimentsrevealed that the ECL sensor exhibited

85 obviously different ECL intensities towards Pro enantiomers,
and a larger ECL intensity was obtained from D-Pro.
Moreover, the experimental results also indicated that the
selectivity, sensitivity, stereoselectivity, stability of the ECL
sensor was acceptable. Hence, such an ECL sensor provides

90 a promising method for the detection of amino acids or chiral
drugs based on the same principle.
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