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Abstract

Driven by the urgent need for recognition and quantification of trace amino acids enantiomers in
various biologic samples, we demonstrate for the first time an ultrasensitive electrochemical
chiral biosensor for cysteine (Cys) based on magnetic nanoparticles (Fe;O4@PDA/Cu,O) as
electrode units. D-Cys-Cu”*"-D-Cys formed in the presence of cysteine, exhibits strong stability
and a shielding effect on the redox current of indicator Cu?*, which can be used to quantify and
recognize D-Cys by square wave voltammetry. Simultaneous detection of D-Cys and
homocysteine (Hcy) is achieved in the prescence of other amino acids, demonstrating an
excellent selectivity of the sensor. Moreover, aided by the enrichment treatment effect of
magnetic micro-nanoelectrodes, an ultra-high sensitivity up to 102 uA uM™ cm™ was achieved ,
the detection limit is reduced to picomolar level (83 pM) for D-Cys and can be used for the
recognition of cysteine enantiomers. The proposed method has been verified by real sample
analysis with satisfactory results. The results highlight the feasibility of our proposed strategy for
magnetic micro-nanoelectrode sensor, electrochemical recognition and quantification of D-Cys,
which can be more broadly applicable than that with traditional electrode structures and further

advance the field of electrochemical sensors.
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Introduction

Amino acids, the most predominant chiral compounds in nature, are the basic building
block of proteins. L-amino acids are almost exclusively present in higher animals, while the
corresponding D enantiomers would only be utilized by microorganisms and bacteria. However,
this view has recently been revisited, since substantial amounts of D-amino acids have been
detected in mammals and humans.' Indeed, D- and L-amino acids often coexist in mammalian
and human tissue, and are used to synthesize proteins or play an important role in the nervous
system.”™ Accordingly, this raises the important question concerning the analysis of amino acid
enantiomers, as the role of the L- and D-amino acids enantiomers is not the same, one being
beneficial to the organisms and another might be ineffective or even cause serious side effects.”
For example, the biological function of the D-amino acids are often closely related to a series of
neurological diseases, such as schizophrenia, Alzheimer’s, Parkinson’s and other
neurodegenerative or psychiatric disorders.*’ Hence, the ability to quantify and recognize the
enantiomers of amino acids with portable sensors is considered very promising for the diagnosis,
and treatment of diseases.® Cysteine (Cys) is a typical representative of this series of amino acid
enantiomers. Efforts have recently been deployed for the quantification and recognition of
cysteine to accurately report the total amount at a micromolar concentration level in the presence
of other amino acids. Unfortunately, the techniques employed in these studies share some
common drawbacks, such as lacking robustness, being time-consuming, requiring expensive
equipment and tedious sample preparation.”'* Electrochemical detection of L-Cys was greatly
improved in recent years with simpler methods of high sensitivity.">® However, the rapid and

portable identification and quantification of D-Cys is still limited.

Specifically, cysteine is a thiol-containing amino acid and can bind with many metal ions,
such as Cu®’, Ag’, Au’", Cd’" and Pb*", via the strong interaction with its thiol group. More
interestingly, the on-rate of D-type and L-type cysteine to the metal ions is evenly matched.
However, the stability of the binding is widely different between the enantiomers, D-type being
more stable (slower off-rate) than the L-type. This assumption has been confirmed
experimentally and theoretically by Zhou et al.*® Inspired by these reports, we strongly want to
use this unique difference to develop a highly sensitive electrochemical chiral sensor. We report

here that the binding of copper ions to cysteine enantiomers can significantly affect the
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electrochemical signal. Thereby, copper ions was used as an indicator with different response to

chirality of Cys.

Magnetic composite materials have been intensively explored for various technological
applications.”'** These functional magnetic nanoparticles have the benefits of high dispersibility
and surface exposed active sites or functional groups, which are particularly important in
applications such as organic contaminant removal and colorimetric sensing among others.***°
This simple mechanism is particularly useful, especially when a single, functionalized magnetic
nanoparticle electrode unit is used as an electrochemical sensor. The choice of surface functional
material is another crucial parameter. Dopamine (DA) can self-polymerize under alkaline
conditions to generate polydopamine (PDA), which is a mimic of the specialized adhesive foot
protein that can modify almost all material surfaces.”’ In addition, the functional groups (N-H, -
OH, C-0O, and C-N) of PDA and its reduction ability endow PDA film with the ability to absorb
and reduce metal ions.”® More importantly, cysteine can be covalently attached to the PDA-
coated sheet surface by thiol through Michael addition reaction.”’ Based on this, the PDA-coated

magnetic micro-nanoelectrodes can be dispersed in solution to enrich the cysteine enantiomers,

which then provides the conditions for the development of highly sensitive chiral sensors.

Herein, an electrochemical chiral sensing strategy based on magnetic micro-nanoelectrodes
is proposed for highly sensitive and selective recognition and quantification of cysteine
enantiomers employing Cu®" modified Fe;04@PDA.***! In addition, the inhibition of oxidation
peak current of Cu”*" and D-Cys complex as well as the difference current changes between D-
and L-Cys are designed to quantify and recognize D-Cys. The proposed strategy was able to
measure D-Cys reaching a picomolar level and has satisfactory selectivity for typically

interferents, such as other amino acids and homocysteine (Hcy).
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Scheme 1. Schematic illustration of the Fe;O04@PDA/CuyO fabrication and the

electrochemical responses of Fe;O4@PDA/Cu,O micro-nanoelectrode.
2. Experimental section

Materials and Chemicals Polyethylene glycol, glycol, FeCl;-6H,0, NaAc, tetra-n-butyl
titanate, dopamine hydrochloride, tris(hydroxymethyl)aminomethane (Tris), ethanol were
purchased from Aladdin (Shanghai, China). Na,HPO4, NaH,POs and CuCl,-2H,O were
purchased from Sinopharm Chemistry Reagent Co., Ltd (Shanghai, China). All of the chemicals
were analytical grade and used directly without further purification. The deionized water was
purified by a Millipore-Q system (Millipore Co., USA) and used for all aqueous solution
preparation. As the supporting electrolyte, phosphate buffer (PB, 0.1 M phosphate, pH 5.0)
solution was prepared with NaH,PO4 and Na,HPO,. A glassy carbon electrode (3 mm diameter)
with a removable magnetic core (MGCE), glassy carbon electrode (GCE) (3 mm diameter) and
carbon cloth were purchased from Tianjin Incole Union Technology Co., Ltd. (Tianjin, China),
and cylindrical magnets (3 mm diameter) were purchased locally. They were used for magnetic

micro-nanoelectrodes collection and redox reaction signal transmission.
Preparation of Fe;O4, Fe;04@PDA and Fe;O04@PDA/Cu,O

The Fes04, Fe;04@PDA and Fe;04@PDA/CuO were fabricated according to our previously

reported work ** and details were provided in supporting information (SI).

Electrochemical sensing
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MGCE and GCE were cleaned before further use. Briefly, it was successively polished to a
mirror finish with 1 pum, 0.3 pm, and 0.05 pm alumina slurry, then sonicated successively with
anhydrous alcohol and double-distilled deionized water. Subsequently, it was dried with nitrogen

and was ready for further use.

Standard D-Cys and L-Cys solutions with a series of concentrations were prepared in pure water.
The target solutions were blended with Fe;O4@PDA/Cu,O (1 mg/mL) by sonication for 30 s at
room temperature. Subsequently, MGCE was immersed in these solutions for 2 min. After being
rinsed with water, MGCE was electrochemically measured. To simplify the measurement

process, we replaced the MGCE with a combination of carbon cloth and a cylindrical magnet.

Square wave voltammetry (SWV), and cyclic voltammetry (CV) experiments were performed
with an Electrochemical Analyzer (Model: 120C, S/N: uEA120C10001, Homiangz LLC) at
room temperature. The MGCE or carbon cloth that gathered by magnetic micro-nanoelectrodes
(Fe;04@PDA/Cu,0) in the effective area, platinum wire, and Ag/AgCl (KCI saturated) were
served as working, counter and reference electrodes, respectively. The SWV and CV
measurements were conducted in a PB solution (0.1 M, pH 5.0), and the voltage scanned from -

1.0 to 1.0 V at a rate of 100 mV s™' with a pulse width of 50 ms.
3. Results and discussion
Characterization of Fe;O4s@PDA/Cu,O

The signal accumulation process of micro-nanoelectrodes (Fe;O4s@PDA/CuyO) for Cys chiral
sensor system were provided in Scheme 1. The structure of the Fe;04@PDA/Cu,O sample was
observed with SEM and TEM. As shown in Figure la-f, the Fe;O4 was coated with
polydopamine (PDA) layer, approximately between 10 and 50 nm, which could be used as a
precursor for a variety of multi-functional magnetic electrodes. This was mainly due to the large
number of active groups on the PDA layer for functionalization, such as copper ions, that could
be adsorbed on the surface and considered the active sites of the reaction. More importantly,
functionalized Fe;Oy still maintained good dispersion, which provided favorable conditions for
the electrode units of the sensor. At the same time, Figure 1g shows the TEM mapping images of
Fe;04@PDA/CuO. The results clearly demonstrated the magnetic core (Fe;O4) of the micro-

nanoelectrode and further indicated that elements such as Cu, N, and C were uniformly
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distributed outside the magnetic core. In addition, the content of the constituent elements was
62.13%, 0.82%, 2.54%, 14.2%, and 20.3% for Fe, Cu, N, C, and O, respectively (Figure S1). All
these observations provided strong evidence to support that copper ions, which were used as an

important active site for the recognition and quantitation of D-Cys, were successfully self-

adsorbed on the PDA surface. In addition, the high electron transfer rate of PDA has also been
4,336

confirmed, and has been widely used in the electrochemical fiel

Figure 1. (a-c) SEM images of the Fe;04@PDA/Cuy0, (d-f) TEM images of the
Fe;04@PDA/Cu,O, (g) TEM mapping of Fe, Cu, N, C and O for the Fe;04@PDA/Cu,O.

The X-ray diffraction (XRD) pattern was then acquired for characterizing the Fe;O4@PDA/Cu,O
(Figure 2a). A series of diffraction peaks for CuO (002), (111), (202), (022), (220) and (004)
were observed in the XRD pattern, as well as diffraction peaks ascribed to Cu,O (111), (002) and
(022) according to the PDF cards (JCPDS No. 01-1117 and JCPDS No. 96-901-2955,
respectively). This result indicated that the copper ions on the surface of the magnetic micro-

nanoelectrodes existed in the form of oxides, which was also in agreement with the results of
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TEM mapping. The X-ray photoelectron spectroscopy (XPS) was conducted to further verify the
reaction between Fe;O4@PDA and CuCl, (Figure 2b-d and Figure S2 a-d). The Cu 2p XPS
signal was commonly used for identifying the different states of copper ions. Figure 2b shows
the deconvoluted XPS spectra of the Cu 2p peaks (main peak and satellite peak of Cu 2p;/, and
Cu 2p1p) of the Fe;04@PDA/CuyO samples. In agreement with XRD results, XPS analysis
showed that surface copper ions were present in two states in each magnetic micro-
nanoelectrode: Cu?’ in cupric oxide (CuO) and Cu" in cuprous oxide (Cu,0). This result was
similar to our previous report, indicating that copper ions were self-adsorbed to the surface of the
PDA and formed CuO and Cu,0.?* Obviously, the band at a binding energy BE at 935-936 eV
and the one at BE at 955-956 eV corresponded to Cu 2p3, and Cu 2p; in CuO. Some derivative
peaks at around 943-946 eV were assigned to Cu 2ps, satellite peaks of surface Cu®" species.
These core levels of Cu®* were the evidence and diagnostic of 3d’ shell of Cu®". The positions
and relative high intensities of the satellite peaks were indicative of the presence of a large
amount of cupric ions in the surface.”” Then, the bands at BE = 933.6 ¢V and BE = 953.6 eV
were assigned to the Cu 2ps;, and Cu 2p;p; in Cu"® However, Cu® and Cu" were not readily
distinguishable from the XPS spectra (Cu 2p), since Cu’ and Cu" have identical binding energies
(+0.1 eV) within the resolution of conventional XPS measurements.”® In the X-ray excited Cu
LMM Auger spectrum, a strong peak was seen at 570.8 eV, which could unambiguously be
assigned to Cu’, confirming the valence state of copper in the sample as Cu’ (Figure 2c).
Meanwhile, no obvious Cu” signal expected around 568 eV was observed.”” Overall, the
concentration of Cu®" on the surface of magnetic micro-nanoelectrode was much larger than that
of Cu'. Figure 2d shows the high-resolution XPS spectra of Cls in Fe;04@PDA/Cu,O. Some
species showed the presence of C=C/C-C (284.6 eV), C=N/C-O (286.5 eV), C=0 (288.3 eV),
and O=C-0O (291.3 eV) groups. Fe;04@PDA/Cu,O showed increased peak intensities of O and
N-containing groups, and the peaks associated with C=0 (284.6 e¢V) and O=C-O (291.3 eV)
become dominant. This was due to the functionalization of the PDA coating on the nanoparticle
surface. In the N1s spectra (Figure S2c¢), Fe;04@PDA/Cu,O showed two major peaks of pyrrolic
nitrogen (399.8 eV) and pyridinic nitrogen (398.5 eV), while only pyrrolic nitrogen was present
in the parent PDA. We hypothesized that this was mainly due to the conversion of the part of
pyrrole nitrogen to pyridine nitrogen when the prepared magnetic micro-nanoelectrodes were

oven-dried at 60 °C. Interestingly, these pyridine nitrogen species could help improve the
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conductivity of the sensor. The Ols spectra of Fe;O4@PDA/Cu,O (Figure S2d) was
deconvoluted into three components of C=0 (531.1 eV), O-C=0 (532.3 eV), and C-O (533.3

eV). Obviously, these oxygen-containing groups were all from the PDA.*°

Raman spectra also provides some valuable information (Figure 2e). In the Raman spectra,
Fe;04@PDA/CusO and Fe;O04@PDA have a significant absorption band difference at ~536 cm'l,
and this peak could be attributed to Cu-N, from the chelation of Cu on polydopamine. This result
further confirmed that the copper ions were successfully anchored on the surface of the micro-
nanoelectrodes by the unique adsorption properties of PDA.*' The magnetic properties of Fe;Os,
Fe;04@PDA and Fe;04@PDA/CuO were quantitatively determined by vibrating sample
magnetometer (VSM) (Figure 2f). The obtained magnetization curves of all three samples
showed reversible, non-linear characteristics with no significant coercivity after removing the
applied magnetic field, thereby depicting the superparamagnetic nature of the materials. The
saturation magnetization (Ms) values of pure Fe;O4, Fe;04@PDA and Fe;O4@PDA/Cu,O were
46.4emug ', 282 emu g ' and 25.2 emu g ', respectively. As compared to M; of pure Fe;Os, the
M; of Fe;04@PDA/Cu,O was lower due to the coating of non-magnetic PDA. Nevertheless, the
magnetism of Fe;O4@PDA/Cu,O was sufficient to realize the rapid recovery of the magnetic

micro-nanoelectrode unit.*?
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Figure 2. (a) XRD patterns for Fe;04@PDA/Cu,0, (b-d) XPS spectra in the Cu, Cu LMM and C
regions of Fe;04@PDA/Cu0, (¢) Raman spectra for Fe;O4@PDA and Fe;04@PDA/CuyO, (f)
VSM measurement of Fe;04, Fe;04@PDA and Fe;O04@PDA/Cu,O.

Sensing Principle

In this work, we have prepared Fe;O4@PDA/CuyO, which were employed as micro-
nanoelectrodes in electrochemical system for the recognition and quantification of D-Cys. The
characterization of the sensing parameters were provided in Figure 3. Generally, the
electrochemistry of PB (0.1 M pH 5.0, see Figure S3 for details) was investigated at
Fe;04@PDA/MGCE and Fe;04@PDA/CuyO/MGCE by CV and SWV. As shown in Figure 3a, a
pair of reversible redox peaks could be observed from the CV of Fe;04@PDA/CuyO/MGCE in
the PB solution. The cathodic and anodic peaks were attributed to the reversible redox reaction
of copper ions on the electrode surface. Specifically, it could be found that a small amount of
Cu’ in the electrode material was first rapidly oxidized to Cu®" and then oxidized to a higher
valence state (Cu’") together with the existing Cu®".** On the contrary, the redox peaks of
copper on the CV curve of Fe;04@PDA/MGCE have not been observed. In addition, this
conclusion was also confirmed by the SWV curves of Fe;04@PDA/MGCE and
Fe;04@PDA/CuO/MGCE (Figure 3b), which revealed that the redox reaction of copper ions
was used as an indicator in the sensor. Furthermore, the D-Cys presented strong binding affinity
with Cu®" and had better stability compared to L-Cys, which masked the Cu®" on the
Fe;04@PDA/Cu,O surface and inhibited the redox reaction of Ccu*, Clearly, the oxidation
current change of the sensing system was related to the concentration of the added D-Cys (5
uM), as shown in Figure 3c. The CV and electrochemical impedance spectra (EIS) of the
modified electrodes using redox probe Fe(CN)637/ *~(5.0 mM, containing 0.1 M KCI) were hired
to further observe the difference in the reaction mechanism of the cysteine enantiomer on the
electrode surface (Figure 3d and Figure S4a). By fitting the data with Randles equivalent circuit
(see the inset of Figure 3d), the electron transfer resistance of the probe were 265.2, 148.2, 115.1
and 62.6 Q at the Fe;04@PDA/Cu,O/D-Cys, Fe;04@PDA/CuyO/L-Cys, Fe;04@PDA and
Fe;04@PDA/CuyO, respectively. For the Fe;O4@PDA/Cu,O/D-Cys, the Nyquist plot had a large
diameter, which was due to the fact that metal ions (Cu®") have a more stable binding to the D-

type amino acids (D-Cys) than the L-type amino acids (L-Cys) because the growth at this stage

ACS Paragon Plus Environment

Page 10 of 20



Page 11 of 20 Analytical Chemistry

1
2
i occurs primarily via Ostwald ripening and involved the detachment of a monomer from an
5 existing CuXO.20
6
7 a 0
8 60 - Fe:0.@PDA I
9 Fe:0.@PDA/Cu.O-1st cycle -5+ N \Z \b“
| Fe:0.@PDA/Cu.0-5th cycle 1 \
10 40 - -10 Fe:0:@PDA
11 ] 2a Fe;0:@PDA/Cu.O
~ {-15-
12 < 204 2
13 S o204
=
14 E 0 2 25
» E ] 5 301
16 ©-20 Cu=0%,. Cy* 1
17 1 -354
18 -40 Cu 9%, cy™ T
19 | e B Fo i i S it Vi i i -40_'|-,‘|.|-,;|-];,.,.
20 1.0 0.8 0.6 0.4 0.2 0.0 0.2 -0.4 -0.6 0.8 -1.0 1.0 0.8 0.6 0.4 0.2 0.0 -0.2 -0.4 -0.6 -0.8 -1.0
21 Potential (E/V) - Potential (E/V)
22 0- Blank L-Cys D-Cys c B Fe.O.@PDA A d
23 ® Fe.0.@PDA/Cu.0 &
] A Fe:O.@PDA/Cu.O+ D-Cys
24 -10 - 1504 v :’0«8/(;1 z:):f‘ll‘g* :-((ss c
25 m
26 < 50l R
27 S G100
28 = s
£-30- R
0 &, | |
-40 - 50
31 40<
32
33 01 "
34 10 0.8 0.6 0.4 02 0.0 -02 -0.4 0.6 0.8 -1.0 0 50 100 150 200 250 300 350 400
35 Potential (E/V) 7' (Q)
36
37
gg Figure 3. (2) CVs of Fe;0,@PDA/MGCE and Fe;0,@PDA/Cu,O/MGCE in 0.1 M PB (pH 5.0).
40 (b) SWV of Fe;04@PDA/MGCE and Fe;04@PDA/CuyO/MGCE in 0.1 M PB (pH 5.0). (¢)
41
42 SWYV of Fe;04@PDA/CuyO/MGCE in 0.1 M PB (pH 5.0) and PB containing a mixture of 5 uM
43 —/4- .. .
44 D/L-Cys. (d) EIS plots of [Fe(CN)s]’ M (5.0 mM, containing 0.1 M KCI) that were recorded with
22 different electrodes, Inset: Randle’s equivalent circuit model for the impedance data.
47 . .
48 Evaluation on the performance of micro/nanoelectrodes system
49
50 To prove the performance of the proposed micro-nanoelectrodes system, Fe;O4@PDA/Cu,O was
51
52 mixed with target solution (containing 5 pM D-Cys) to inhibit the redox reaction of copper ions.
gi The detection rate was increased by sonication. The peak current intensity of the Cu*" in the
gg absence of sonication (Fe;O4@PDA/CuyO was immobilized directly on the surface of MGCE)
57
58
59

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Analytical Chemistry

was significantly increased after sonication (Fe;O4@PDA/Cu,O was first dispersed in the target
solution and then magnetically recovered to the surface of MGCE) (Figure 4a). This result was
attributed to the fact that sonicating significantly increased the rate of covalent attachment of

2* on the

PDA to cysteine, thereby capturing more target molecules (D-Cys) to mask the Cu
surface of the micro-nanoelectrodes and greatly improving the sensitivity of detection. By
comparing the different sonication times (Figure S4b), the ultrasonic time of 30 secondswas an
acceptable result, which will greatly increase the efficiency of detection compared with the two
hours that is required from using the colorimetric method.**® Considering the detection
sensitivity of D-Cys on the Fe;04@PDA/Cu,O, the concentration of Cu*" loaded is very critical.
The shielding effect of D-Cys produces current signals (Figure 4b) at different copper ion
concentrations indicated that higher sensitivity was optimal at 5 mM. This conclusion was in

agreement with experimental and theoretical data from Wu ez al.*

Hence, 5 mM was selected for
the following detection experiments. Overall, these results demonstrated that we have established

a novel strategy to improve the detection efficiency and sensitivity of micro-nanoelectrode

system.
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Figure 4. (a) SWV of Fe;04@PDA/Cu,O in 0.1 M PB (pH 5.0) with and without sonication. (b)

Effect of different Cu®" concentrations on sensor performance in the presence of D-Cys (5 pM).
Quantification and recognition of cysteine enantiomers

SWV experiments were performed to probe the electrochemistry of the micro-nanoelectrodes
(Figure 5), as described above. To improve the adsorption efficiency Fe;O4@PDA/CuO was

first mixed with target solution containing a certain concentration of D-Cys by sonicating for 30
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s and then MGCE was immersed in the mixture for 2 min. Then, an electrochemical chiral
sensing strategy for recognition and quantification of D-Cys was developed according to redox
reaction of copper ions. Figure 5a shows the oxidation current of the sensing system with
different concentration of D-Cys (from 10 nM to 500 uM). With increasing concentration of D-
Cys, the current signal decreased gradually. Especially, the proposed strategy showed an
extremely high sensitivity (102 pA pM™' cm™) to D-Cys at low concentrations (from 10 nM to 5
uM). Meanwhile, linear relationships were recorded over the range from 10 nM to 500 uM, as
shown in the inset of Figure 5b, and limit of detection (LOD) of 83 pM was obtained for the D-
Cys detection through experimental measurements. To the best of our knowledge, there were still
no electrochemical method for the quantitative detection of D-Cys, and our strategy has the

advantages of ultra-sensitivity, low cost, and simple operation to fulfill this purpose.

Despite the previous reports of cysteine sensing mediated with copper ions, it has not been
reported to identify cysteine enantiomers by electrochemical methods. As shown in Figure Sc
and d, the oxidation current of Cu®" was greatly decreased after incubation with D-Cys,
comparing with that in the presence with L-Cys (10 nM-5uM). Meanwhile, a new oxidation peak
appears in Figure 5c¢ as the concentration of D-Cys increases, and this was absent in Figure 5d.
The results were ascribed to the different binding affinity between Cu®" and L-Cys and D-Cys,
clearly, metal ions combined with D-Cys to maintain a higher stability than that of L-Cys.
Fundamentally, the stable structure formed by the Cu®" and D-Cys rapidly covers the surface of
the electrode, acting as a barrier to the electron transfer and thus exhibiting the suppression of
redox properties. In addition, the newly emerged oxidation peak also proves this view, which was
due to the stable complex formed by D-Cys and copper ions on the surface of the micro-
nanoelectrode. At this time, as the continuous electrochemical oxidation was performed, the
composite was also oxidized and showed a new oxidation peak. However, the complex formed
by L-Cys and copper ions was not stable, the oxidation peak could not be generated. This
phenomenon was more pronounced at low concentrations (from 10 nM to 5 pM), so it could be

used to recognize D- and L-Cys.
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Figure 5. (a) SWV of Fe;04@PDA/CuxO in 0.1 M PB containing a mixture of 0.01-500 uM D-
Cys; (b) the relationship of /,, versus the concentrations of D-Cy; (c) (d) SWV of the
Fe;04@PDA/Cu,O in 0.1 M PB containing a mixture of 0.01-5 uM D-Cys and L-Cys. Inset is
the amplified SWV curve.

Evaluation of the stability and selectivity

To evaluate the performance of a novel analytical method, stability and selectivity are critical
parameters. More importantly, the stability of copper ion oxidation peak is of great significance,
which ensures that the reduction of oxidation peak was not caused by multiple cycles of itself. In
the course of the experiment, a series of metal ions (Na', K, Pb*", Cd*", Zn*", Ca*", Fe*', Cr'”,
CI, NO™*, and SO4* in 100-fold excess) have been added into PB and detected by the proposed
micro-nanoelectrode system. As shown in Figure 6a, the signal of Cu”" (without the presence of
D-Cys) still retained a good reproducibility with increasing number of cycles (signal change

below 5%), which means that the proposed micro-nanoelectrode system has good stability. In
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addition, some biological molecules (in 10-fold excess), such as glycine (Gly), L-aspartic acid
(L-asp), L-isoleucine (L-iso), L-leucine (L-leu), L-lysine (L-lys), L-tyrosine (L-tyr), tryptophan
(Trp), L-argine (L-arg), L-histidine (L-his), L-valine (L-val), L-threonine (L-thr), L-
phenylalanine (L-phe), a-alanine (a-ala), proline (Pro), glutamic acid (Glu), L-serine (L-ser),
homocysteine, thiourea, folic acid, glutataione (GSH), L-methionine (L-met) and D/L-Cys (5
uM) also had negligible interference (Figure 6b). The results validated that the developed micro-
nanoelectrode strategy presents excellent selectivity and could distinguish D-Cys from other
amino acids. Thus, a highly sensitive and selective innovative electrochemical method for

cysteine enantiomers recognition and quantification was realized in this work.
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Figure 6. (a) Stability of the voltammetric current for sequential scans of Fe;04@PDA/Cu,O in
the presence of interfering inorganic ions (N a’, K, Pb2+, Cd2+, Zn2+, Ca2+, Fe’ ’ cr’ *, CI, NO? ',
and SO, in 100-fold excess), different cycles are represented with different colors; (b)
selectivity of Fe;O4@PDA/Cu,O to cysteine enantiomers (5 uM) after consecutive addition of 50

uM other amino acids, homocysteine, folic acid and thiourea into PB (pH 5.0).
Real sample analysis

The performance of the proposed sensing strategy was verified with the detection of D-Cys in
clinical samples. In order to make the practical application more convenient, a flexible
combination of magnet and carbon cloth replaces the bulky MGCE as the carrier of the working
electrode, as shown in the inset of Figure 7a. Meanwhile, Fe;04@PDA/Cu,O was further utilized

to measure D-Cys in human serum spiked with D-Cys. In brief, the human serum spiked with a
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standard solution of D-Cys (200 puL) was added to the PB (5 mL, 0.1 M pH 5.0) mixed with
magnetic micro-nanoelectrodes, and then the magnetic nanoelectrodes were collected on the
carbon cloth. Subsequently, the signals of Cu®” were recorded for quantitative analysis (Figure 7
and Table S1). The calibration curve of the oxidation peak currents versus concentrations of D-
Cys exhibited good linearity (Figure 7b). In addition, the recoveries were in range of 99.0-
100.4% (measures at 1 and 5 pM), suggesting good feasibility and reliability of the proposed

micro-nanoelectrodes sensor for detection of D-Cys in human serum.
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Figure 7. (a) SWV of Fe;04@PDA/CuxO in 0.1 M PB containing a mixture of 3-34 uM D-Clys.
The inset shows a simple measuring device designed for the detection of D-Cys; (b) the

calibration curve in human serum for D-Cys
4. Conclusion

In conclusion, an ultrasensitive sensing strategy for recognition and quantification of cysteine
enantiomers has been developed using magnetic micro-nanoelectrodes (Fe;O4@PDA/Cu,O). The
PDA-coated micro-nanoelectrodes were shown to play a role in enrichment and exhibited high
sensitivity on the shielding of the redox reaction of Cu”" in the presence of D-Cys. Based on the
difference in the structural stability of Cu*" and selectivity of the sensor for D-Cys and L-Cys, we
showed the ability to recognize and quantify selectively the D-Cys enantiomer. The detection
limit for D-Cys was measured at 83 pM. Clinical samples were analyzed to confirm the potential
of this electrode to sense D-Cys in serum. To the best of our knowledge, our method fills the gap

of electrochemical methods in identifying and detecting D-Cys in clinical samples.
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