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� Dual-signaling Amplification Strategy
for Glutathione Sensing with high
sensitivity and selectivity was
developed.

� The nanosensor was fabricated on
single gold nanoelectrodes devel-
oped by laser-assisted pulling
technique.

� This developed nanosensor with
small overall dimension can be used
for single cell/organelle analysis.
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A new nanosensor for glutathione (GSH) detection by use of single nanoelectrodes has been developed
through a dual-signaling ratiometric amplification strategy. Ag nanoparticles (Ag NPs) metalized DNA1
was modified on an Au nanoelectrode surface. Due to the strong affinity between Ag NP and GSH, Ag NPs
could be removed by the addition of GSH. The remaining metalized DNA1 could hardly form a double
strand, while the de-metalized DNA1 could hybrid with DNA2 and DNA3 to form a complex structure to
adsorb methylene blue (MB), and then the electrochemical signal of differential pulse voltammetry (DPV)
from MB oxidation could be observed. With the addition of GSH, the peak current of MB oxidation at
about �0.27 V (IMB) increases, while the signal of Ag oxidation at about 0.1 V (IAg) decreases. It was found
that there had a linear relationship between the ratio of dual-signal (IMB/IAg) and the GSH concentrations,
which could be used to detect GSH. The ratiometric nanosensor is label-free, easy to operate, and can
eliminate inherent system errors. Considering the advantages of nanoelectrodes, such as low IR drop, fast
response, and small overall dimension, this developed nanosensor can be used for GSH detection living
systems (e.g., cell lysate).

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Glutathione (GSH) is a naturally active non-protein thiol species
that play a key role in the free radical biological systems [1], and the
maintenance of appropriate biological functions in organisms [2].
As an important tripeptide thiol (g-glutamyl cysteinyl glycine)
antioxidant, it widely exists in human cells with a high concen-
tration (1e10 mM) [3,4]. The concentration changes of the GSH is
directly related to the occurrence of some diseases, such as
neurodegenerative disorders, inflammation, heart disease, and
cancer, etc. [5,6] Therefore, the measurement and quantification of
GSH holds promising biological and clinical significance and has
become the important research subject, which gains great concerns
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of the researchers [7,8].
Many strategies have been developed for the detection of GSH

[9e18], however, these methods all focus on in-vitro testing, and
cannot be used for in-vivo detection. Nanoelectrodes (NEs) are a
type of electrodes with a diameter of less than 100 nm, which have
attracted wide interest because of their high mass-transport rate,
lower RC constant, smaller overall dimension, and the reduced ef-
fect of solution resistance [19e24]. Due to their small size, NEs are
expected as a useful platform to fabricate a new type of intracellular
electrochemical sensor.

NEs-based sensors have been studied by many researchers
because they have the potential to record with a high spatiotem-
poral resolution, but have minimal interference with cell function
[25,26]. For example, Jena and Zhang et al. [27] and Salamifar and
Lai et al. [28] adopting the electrodeposition method to fabricated
Au nanodisk-electrodes to ferrocene counting and DNA sensing.
Schuhmann's group [26,29] and Mirkin's group [30,31] introduced
Prussian blue/Pt modified nanoelectrodes into in-vivo detection of
reactive oxygen and nitrogen species. We also developed nano-
sensors based on gold nanoelectrodes for bioanalysis [32e34].
However, NEs-based sensors have their shortages such as low
sensitivity due to their limited electroactive area, it is still necessary
to explore the novel approaches with high sensitivity and
selectivity.

Herein, we have designed a dual-signal ratiometric amplifica-
tion strategy based on gold nanoelectrodes for GSH detection by
DNAmetallization using Ag nanoparticles andmethylene blue (MB)
as signals. Our strategy is illustrated in Scheme 1. Thiol-modified
DNA1 was firstly modified on a gold NE (A). After that, the conju-
gated DNA1 was adopted as the platform for adsorbing AgNPs,
which would hinder further DNA hybridization by disturbing DNA
base pairing (B). Because of the stronger interaction between GSH
and AgNPs, when the GSH was added to the system, the AgNPs
could be detached fromDNA1 (C), resulting in a significant decrease
of the current of Ag oxidation peak (shown in F, peaks at ~0.1V). The
released DNA1 further hybridized with DNA2 and DNA3 to form
long DNA fragments (D). Finally, methylene blue (MB) was intro-
duced to the system (E). The prepared sensor was then measured
the oxidation current of MB and Ag (IMB at ~ -0.27 V and IAg at
~0.1 V, shown in E and F) by differential pulse voltammetry (DPV).
With the addition of GSH, the current of MB oxidation at
about �0.27 V (IMB) increases, while the signal of Ag oxidation at
about 0.1 V (IAg) decreases. A linear relationship between the
quotient of current changes (IMB/IAg) and the GSH concentrations
could be obtained, which can be used to detect GSH. The proposed
assay is label-free and easy to operate, avoiding the use of dye-
modified sensors. Most significantly, a ratiometric nanosensor can
eliminate inherent system errors. These unprecedented advantages
make the determination highly sensitive and accurate. Considering
the advantages of nanoelectrodes, such as low IR drop, small overall
dimension, and fast response, this developed nanosensor can be
used for GSH detection in living systems (e.g., cell lysate).

2. Experimental section

2.1. Materials and reagents

Ferrocene (Fc, Fluka); tetra-n-butylammonium hexa-
fluorophosphate (TBAPE6, Aldrich); acetonitrile (ACN, Shanghai
Chemical Co. Shanghai, China); 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Aldrich); mercaptohexanol
(MCH), silver nitrate (AgNO3), sodium borohydride (NaBH4), Tris,
EDTA, HCl, NaCl, NaNO3, H2SO4, ethanol (CH3CH2OH), methylene
blue (MB) purchased from Shanghai Reagent Company; phosphate
buffer saline (PBS) solution (Shanghai Lingfeng Chemical Reagent
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Co., Ltd.); glutathione (GSH), L-cysteine (Cys), glutamine (Gln),
threonine (Thr), tryptophan (Trp), glycine (Gly) purchased from
Shanghai Reagent Company; double distilled water (DDW, Milli-Q,
Millipore Co.) All reagents were of analytical purity without further
purification.

Au microwires (diameter ¼ 25 mm) and Tungsten wires
(diameter ¼ 250 mm) were obtained from Alfa Aesar. Glass capil-
laries (inner diameter ¼ 0.64 mm, outer diameter ¼ 1.0 mm) were
ordered from Sutter Instrument Co. The NEs were polished with
different finer grit sandpapers (1200, 600, and 200 grits) and Al2O3
powders (1.0, 0.3, and 0.05 mm) before experiments.

Different DNAs were purchased from Sangon Biotech Co., Ltd.
(Shanghai, China), and their solution in 10 mM Tris-HCl (pH ¼ 7.4)
was stored at 4 �C. HeLa cells were obtained from the local cell
culture center. All of the DNA sequences were shown in supporting
information (Table S1).

2.2. Apparatus

All of the NEs were fabricated by our previously reported method
by employing a P-2000 laser-assisted puller (Sutter Company, IL,
USA) [35]. An optical microscope (OLYMPUS BX53, Japan) was
adopted to observe the continuity of the tips of NEs. Scanning elec-
tronmicroscope (SEM) imageswere captured by an S-4800 scanning
electron microanalyzer (Hitachi, Japan). All experiments were car-
ried out with a three-electrode system using an electrochemical
workstation (CHI 660D, Chenhua Instruments Co. Ltd., Shanghai,
China) at room temperature. An Ag/AgCl electrode was used as the
reference electrode and a Pt wire was used as a counter electrode. All
of the TEM images were taken from Tecnai G2 (Fei, USA).

2.3. Preparation of the nanosensor

Gold nanoelectrodes were first polished to obtain different
radius nano-disk nanoelectrodes with different fine-grit sandpa-
pers and different particle sizes alumina slurries. Because the radius
depends on hand-grinding process, the size of the electrode will
have an error of about 1 nm. The radius of the NEswas calculated by
the limiting steady-state current (See Characterization of the gold
nano-disk electrodes section and Supporting Information, Fig. S1
for more information). Nanoelectrodes with a radius of about
54e55 nm were used in this experiment. The prepared NEs were
then immersed in 0.5 M H2SO4 solution for electrochemical pre-
treating. The NEs were finally washed with ultra-pure water and
then dried under a nitrogen atmosphere.

The NEs were immersed in a 1.0 � 10�6 M DNA1 solution at
37 �C for 6 h to prepare the DNA1/NEs (Scheme 1A). The DNA1/NEs
were then placed in a 1 mM mercaptohexanol (MCH) solution for
15min to block the unreacted sites. To modify Ag nanoparticles, the
DNA1/NEs were immersed in a HEPES buffer solution (pH ¼ 7.4)
containing 1 mM AgNO3 for 1 h. Finally, the prepared electrodes
were placed in a freshly prepared NaBH4 solution (0.01 M in HEPES
buffer) for 10 min to obtain Ag/DNA1/NEs (Scheme 1B).

2.4. Electrochemical detection of GSH

The detection mechanism was shown in Scheme 1. To detect
GSH, the prepared Ag/DNA1/NEs were immersed in different con-
centrations of GSH solution for 1 h (Scheme 1C). After that, the
nanoelectrodes were washed by PBS buffer and then immersed in a
1.0� 10�6 M DNA2 and DNA3 solution at 37 �C for 2 h (Scheme 1D).
Finally, the prepared electrodewas immersed in 50 mMMB solution
for 20min, followed by being washed with PBS. The MB modified
nanoelectrodewas signed as MB/Ag/DNA1/NEs (Scheme 1E), which
was scanned at a potential range of �0.6 to 0.3 V versus Ag/AgCl



Scheme 1. Schematic diagram of GSH detection by construction dual-signaling ratiometric amplification sensors using gold nanodisk electrodes.
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reference electrode by DPV in a 0.1 M NaCl and 0.1 M NaNO3
mixture solution (Scheme 1F). The current ratio of MB peak to Ag
peak in DPV was used as the signal to detect GSH (I ¼ IMB/IAg).
2.5. Detection of GSH levels in cell lysate

HeLa cells were cultured by our previously reportedmethod [36].
The HeLa cells (1� 106) were firstlywashedwith PBS twice, and then
centrifuged and stored at 4 �C. To destroy the cells, 10 mL of 10 mM
HCl was added. The mixture was then frozen in liquid nitrogen and
dissolved in 37 �C water bath twice. After that, the cell solution was
mixed with 20 mL of 5% sulfosalicylic acid solution and centrifuged to
the collected supernatant. To measure the intracellular GSH levels,
the cell lysate was further diluted 800-fold before use.
Fig. 1. (A) Schematic diagrama of the different modified electrodes: (a) MB þ DNA2 þ DNA
DNA1/NE; (B) DPV curves of the different modified electrodes, the diameter of Au nanodis
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3. Results and discussion

3.1. Characterization of the gold nano-disk electrodes

The electrochemical behaviors of NEs with different radius were
investigated with 5 mM Fc solution. The results were listed in
Fig. S1A. The ideal sigmoidal shape could be observed in each curve
and no obvious hysteresis on the reverse scan, indicating the NEs
were fabricated very well. As Bard pointed out that the steady-state
limiting current at disk-like NEs can be calculated using the
following Eq. (1) [37].

id ¼ 4nFDCba (1)

Where id is the steady-state limiting current, n is the number of
electrons transferred per molecule (1 in this case), D is the diffusion
3 þ Ag/DNA1/NE, (b) MB þ GSH þ Ag/DNA1/NE, (c) MB þ GSH þ DNA2 þ DNA3 þ Ag/
k electrode was about 110 nm.
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coefficient (for Fc, the value is 2.4 ✕ 10�9 m2/s), F is Faraday's
constant, Cb is the concentration of Fc (5 mM), and a is the radius of
NE. To directly prove the formation of gold nanoelectrodes, the SEM
image of an NE with a radius of ~54 nm was obtained (Fig. S1B).
Meanwhile, the COMSOL simulation data were shown in Fig. S1C,
where the red curves were the CVs obtained by experiment and the
black curves represent the COMSOL simulation. The two curves are
fitted very well, indicating that the radii of NEs obtained by the
electrochemical method were trustworthy.

3.2. Feasibility of the electrochemical biosensor

To evaluate the feasibility of the prepared dual-signaling sensor,
three different modified electrodes were investigated (Fig. 1A). The
DPV responses were shown in Fig. 1B. The peak at �0.27 V was the
signal of MB, and the peak at about 0.1 V was the Ag oxidation peak.
It should be noticed that the signal intensity of MB and Ag are
different on three modified electrodes. As shown in Fig. 1A a, due to
the metalized DNA cannot hybridization, the complex DNA struc-
ture cannot be formed, resulting in only a few amounts of MB
attachment. It could be easily observed that the peak of silver
oxidation in curve a (Fig. 1B) is much higher than the MB signal,
indicating that only a few amounts of MB were attached to the
sensors. When the GSH was introduced in this system, the current
of Ag oxidationwas significantly decreased due to the strong affiant
binding between GSH and Ag (Fig. 1A b and Fig. 1B, curve b). At the
same time, the MB signal in curve b was much higher than it in
curve a, indicating that the MB could attach to the released DNA1.
Compared to curve b, MB oxidation peak current in curve c
significantly increased, which resulted in the formation of complex
DNA structure (Fig. 1A c and Fig. 1B, curve c). These results indi-
cated the feasibility of our NE-based dual-signal ratiometric
biosensor for GSH detection.

3.3. Optimization of the AgNO3 concentration

Since GSH has a strong affinity for silver nanoparticles, we
optimized the concentration of silver nitrate solution to obtain the
optimum silver nanoparticles. Fig. 2A showed the DPV curves of
DNA1/NEs modified by different concentrations of AgNO3 solution
(100 mM, 200 mM, 400 mM, 600 mM, 800 mM,1000 mM,1200 mM). As
the AgNO3 concentration increases, the oxidation peak current of
Ag also increases, when the concentration reaches 1000 mM the
peak current changes tend to be stable (Fig. 2B). Therefore, 1000 mM
was chosen as the optimal concentration of AgNO3. To further
demonstrate that silver nanoparticles were successfully synthe-
sized, TEM characterization was performed in Fig. S2A. The size
distribution of prepared Ag nanoparticles was shown in Fig. S2B.
The average size of the silver nanoparticles is about 6 nm.

3.4. Electrochemical detection of GSH

The DPV curves of MB and Ag at the MB/Ag/DNA1/NEs in
different concentrations of GSH were shown in Fig. 3A. As the
concentration of GSH increases, the peak current of MB increases,
and the oxidation current of Ag decreases. To amplify the electro-
chemical response, the current ratio of “IMB/IAg” is used for the
quantitative determination of the concentration of GSH. From
10 nM to 800 nM, with the concentration of GSH increases, the
current ratio value also increases linearly. The linear function could
be express as: IMB/IAg ¼ 0.0762 þ 0.0036 CGSH (nM) (R2 ¼ 0.9948,
Fig. 3B). The limit of detection (LOD) was calculated to be 0.7 nM
based on the equation of LOD ¼ 3 Sb/m reported in Refs. [38,39] To
compare the analytical performance of our dual-signaling sensors
and reported single-signaling sensors for GSH detection, a linear fit
4

was made to DIAg and CGSH in Fig. S3. A linear relationship between
IAg and GSH concentration was obtained in the range of
20 nMe200 nM. Compared with non-proportional sensors, our
NEs-based biosensor has a wider linear range and comparable
detection limits. The LOD value obtained by this method is much
lower than most other detection methods (Table 1). It should be
noticed that our dual-signaling sensors can still work normally in
the high concentration range (Fig. S4).

3.5. Selectivity and reproducibility of the electrochemical biosensor

To investigate the specific response of the dual-signaling ratio-
metric amplification electrochemical biosensor to GSH, the values
of IMB/IAg were obtained in the solution containing different amino
acids. The result was shown in Fig. 4A. These results indicate that
the responses to amino acids other than Cys and GSH are almost
negligible, which is mainly due to the high binding affinity between
the thiol and Ag NP through the formation of AgeS bonds. But the
concentration of Cys (micromolar levels) is remarkably lower than
the concentration of GSH (millimolar levels) in mammalian cells
[18,24]. Thus, this strategy could be used for selectively detecting
GSH in a living system.

To further demonstrate that the biosensor has good reproduc-
ibility for GSH, five parallel experiments were carried out (Fig. 4B,
RSD ¼ 1.2%). Our dual-signaling sensors show good stability to the
detection of GSH.

3.6. GSH detection in real samples

To evaluate the performance of the prepared sensors in a bio-
logical environment, the studywas carried out in HeLa cell lysate. In
mammalian cells, Cys concentration is much lower than the GSH
concentration [40], so that Cys cannot interfere with the detection
of GSH. The diluted cell lysate samples were spiked with three
different concentrations of GSH (Table 2). These satisfactory re-
covery rates (96.52%e101.64% in HeLa cell lysate) indicate that the
method can be used to measure GSH in biological systems, and the
results can reflect the biological state to a certain extent.

4. Conclusions

In summary, a nanoelectrodes-based dual-signaling ratiometric
amplification biosensor using Ag nanoparticles and MB as signals
has been developed. With the addition of GSH, due to the strong
affiant binding between GSH and Ag NPs, DNA1 could be released
and further hybrid to form a complex structure to attach MB. This
will decrease the Ag oxidation current and increase the MB signal.
These NEs-based sensors are simple and label-free. Adopting the
ratiometric dual-signal strategy can avoid intrinsic systematic er-
rors, enabling the assay to be more sensitive. Considering the nm-
level size of the sensors, we believe that our newNEs-based sensors
will have promising applications in the detection of GSH in the
living systems with high sensitivity and selectivity.
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Fig. 2. (A) DPV curves of the different AgNO3 concentrations in the Ag/DNA1/NE. (B) AgNO3 concentration optimizes dot plot.

Fig. 3. (A) DPV curves of the MB/DNA1/Ag/NEs for detection of different concentrations of GSH. The concentrations are (from a to h) 10 nM, 50 nM, 100 nM, 200 nM, 300 nM,
400 nM, 600 nM, 800 nM. (B) The linear fit plot of IMB/IAg and GSH. Error bars were estimated from at least three independent measurements. The diameter of the Au nanodisk
electrode was about 126 nm.

Table 1
Comparison of different methods for GSH sensing.

methods probes Linear range LOD ref

fluorescence BODIPY derivatives 0e60 mM 86 nM [10]
fluorescence MnO2-CQDs nanocomposites 0e250 mM 300 nM [18]
colorimetry Naphthalimide-capped AuNPs 0.025e2.28 mM 17 nM [41]
HPLC Nonionic surfactant-capped Gold nanoparticles 2.0 mM [42]

SERS g-Fe2O3eAu 1 pM-10 mM 1pM [43]
ECL Core-shell CdSe/ZnS quanturn dots/Nafion composite film 10e180 mM 1.57 mM [44]
electrochemistry DNA metallization chain composite Au nanodisk electrode 10e800 nM 0.7 nM This work

Fig. 4. (A) The ratio IMB/IAg of the probe in the presence of different amino acids. The concentrations of amino acids were 400 nM. The radius of Au nanodisk electrodes was 129 nm.
(B) The reproducibility of the dual-signaling ratiometric amplification electrochemical biosensor. The radius of Au nanodisk electrodes was 127 nm. RSD ¼ 1.2%.
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Table 2
GSH detection in real Samples.

Samples Found in the sample (nM) Spiked (nM) Total found (nM) RSD (%, n ¼ 3) Recovery (%, n ¼ 3)

HeLa cell lysate 100.00 315.96 2.28 96.52
227.35 200.00 434.35 1.94 101.64

300.00 515.45 2.69 97.74
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