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A label-free ratiometric electrochemical biosensor was constructed for
monitoring intracellular redox homeostasis by DNA metallization-
mediated hybridization chain reaction amplification. This platform
could also be used to discriminate cancer cells and normal cells.

As a primary modulator of cell microenvironmental reactions,
the intracellular redox state plays significant roles in regulating
cell behavior and function." The imbalance of intracellular
redox homeostasis can affect DNA and RNA synthesis, signal
transduction, enzyme activation and even the cell proliferation,
and may cause severe diseases, such as cancer and Parkinson’s
disease.™” Hence, it has garnered considerable research attention
to monitor intracellular redox homeostasis over the past decades.

Glutathione (GSH), the most abundant thiol-containing
tripeptide in biological systems, is regarded as the key molecule
to maintain the intracellular redox homeostasis. The measurement
of GSH concentration, therefore, has been used for evaluating the
intracellular redox state.’ To date, several elegant methods, such as
colorimetric methods, high-performance liquid chromatographic
methods, fluorescence assays and electrochemical techniques, have
been reported for the determination of GSH.* Compared to other
approaches, electrochemical techniques have attracted researchers’
particular attention due to the sensitive and rapid response, simple
instrumentation and the low cost. With the electro-active nature of
GSH, its electrochemical detection via direct oxidation has been
demonstrated in clinical application. Unfortunately, the direct
oxidation of GSH using an electrochemical method is not a fully
satisfactory strategy due to the poor voltammetric behavior of
GSH.> With the bloom of DNA-based assays and nanotechnology,
functional biomaterial-based strategies have been widely used for
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GSH detection. For instance, Lai et al. reported an ingenious design
and fabrication of a DNA-based electrochemical GSH sensor."
Another promising design was reported by Xu’s group.® By using
manganese dioxide nanosheets, an electrochemiluminescence
strategy for detecting GSH was presented.® However, false negative
or positive errors may occur in these single-signaling electro-
chemical biosensors because of the presence of many disturbing
factors, including indicator concentration, electrode contamination
and environmental conditions, especially for a “turn-off” electro-
chemical biosensor. More recently, a ratiometric method has been
employed in electrochemical biosensors.” The dual-signal current
ratiometry enables the measurement with remarkably enhanced
accuracy and sensitivity because an electrochemical ratiometric
assay can eliminate intrinsic systematic errors of biosensors. How-
ever, so far, it has not been reported to use an electrochemical
ratiometric biosensor for monitoring GSH levels. In addition, owing
to the ultralow level of GSH under normal physiological conditions,
a signal amplification strategy is clearly required for improving
both the sensitivity and selectivity of the electrochemical biosensor.
To this end, a highly sensitive and label-free approach for
monitoring GSH levels based on an electrochemical ratiometric
assay and a signal amplification strategy has been constructed in
this report.

Thanks to DNA’s strong affinity for metal ions, DNA-templated
metallization represents a popular approach to fabricate a defined
metal nanostructure, which shows promising application in diverse
fields.® Meanwhile, since the metallization can significantly destroy
DNA recognition properties, it can control the hybridization of DNA
strands.”” On the other hand, our and other groups have demon-
strated that GSH has a high affinity to several noble metal surfaces,
such as silver nanoparticles (AgNPs).” Inspired by these interesting
and applicable features, for the first time, we developed a label-free
ratiometric electrochemical GSH biosensor by DNA metallization-
mediated hybridization chain reaction (HCR) amplification. The
HCR is a novel enzyme-free amplification method, where target
molecules or initiators as triggers lead to the formation of DNA
polymers. Two types of hairpin DNA strands (H; and H,) as
building blocks can coexist stably in the same system, while the
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Fig. 1 The illustration of label-free ratiometric electrochemical determina-
tion of GSH by DNA metallization-mediated HCR ampilification.

presence of helper DNA (hDNA) triggers the occurrence of the
hybridization event immediately, which yields a self-assembled
double-stranded DNA (dsDNA) nanostructure with numerous
repeats.'® Our strategy is illustrated in Fig. 1. Meso-tetra (4-carboxy-
phenyl) porphine (TCPP), a water-soluble porphyrin, was used to
stabilize chemically converted graphene (CCG). The TCPP/CCG
modified glassy carbon electrode (GCE) presented more negatively
charged carboxyl groups for NH,-modified hDNA linking and
retained the high conductivity of graphene.'* Meanwhile, ethanol-
amine was chosen to passivate the unreacted NHS ester.”> After-
wards, the conjugated hDNA was used as an efficient template for
the deposition of AgNPs, which could disturb DNA base pairing
and hinder further DNA hybridization. Upon the addition of GSH,
the AgNPs would be liberated from hDNA due to the stronger
interaction between AgNPs and GSH, which resulted in significant
reduction of the peak current of Ag to AgCl (I,g). Then, the released
hDNA further triggered the in situ HCR to form self-assembled long
DNA fragments. Methylene blue (MB), a widely used electro-active
indicator which could intercalate into dsDNA, was used to monitor
the HCR process by measuring the “off-on” current (/ysz). In this
way, GSH could be monitored by recording the ratiometric signal
(IMB/IAg]. Taken together, this assay was labelfree and facile in
operation, avoiding the use of a dye-modified nucleic acid or
tedious synthesis. Importantly, the ratiometric biosensor with a
self-calibrated characteristic could eliminate the intrinsic systematic
error, and the ratiometric output signal Iyp/Ix, Was increased with
HCR amplification. These unprecedented advantages enabled this
assay to be highly sensitive and accurate.

The preparation of the electrode material TCPP/CCG was
according to a previous report'' and its corresponding char-
acterization is described in detail in the ESI{ (Fig. S1, S2 (ESIt)
and Fig. 2a)."" Before constructing the amplified ratiometric
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Fig. 2 (a) TEM of TCPP/CCG. (b) The effect of hDNA concentrations on
HCR amplification (from right to left: lane 1: 3 uM H; + 3uM H,, lane 2: 3 uM
Hi + 3 pM H; + 1.5 uM hDNA, lane 3:3 uM Hy + 3 uM H, + 0.6 pM hDNA,
lane 4:3 pM H; + 3 uM H; + 0.3 pM hDNA).

platform for the detection of GSH, it was essential to examine
the occurrence of the HCR process triggered by hDNA. We used
the gel electrophoresis mobility shift assay to testify. As shown
in Fig. 2b, in the absence of hDNA (sequence in Table S1, ESIf),
the mixture of H, and H, did not cause the HCR process owing
to the unchanged base number (Fig. 2b, lane 1). Upon exposure
to hDNA, as indicated in Fig. 2b, lanes 2-4, the prolonged DNA
product was observed. This demonstrated the occurrence of the
HCR process. In addition, it was found that the average length
of the formed DNA nanostructure was inversely related to the
amount of hDNA (Fig. 2b, lanes 2-4), which suggested that a
higher concentration of hDNA could induce the increased
consumption of H; and H,."

To confirm the utility of this amplified ratiometric platform,
we used differential pulse voltammetry (DPV) to characterize
MB/HCR/Ag + hDNA/TCPP/CCG (1), MB/GSH/Ag + hDNA/TCPP/
CCG (2) and MB/HCR/GSH/Ag + hDNA/TCPP/CCG (3), respectively.
The MB probe was chosen in our system because its oxidation
potential was fully separated from that of Ag to AgCl. As shown in
Fig. 3, (3) showed a strong MB signal at about —0.29 V and a weak
Ag signal at about +0.15 V vs. Ag/AgCl, while (1) exhibited a weak
MB signal and a strong Ag signal, indicating that the strong
interaction between GSH and AgNPs led to the release of hDNA
and further triggered the occurrence of the HCR process. Mean-
while, (3) presented a significantly stronger MB signal compared
to that of (2) on account of the HCR amplification effect,
demonstrating that Iyp/In; was increased with HCR amplifica-
tion. These results indicated the feasibility of the amplified
ratiometric biosensor for GSH.

Electrochemical impedance spectroscopy (EIS) is a useful
tool for characterizing the modification of an electrode surface
and evaluating the sensitivity of an electrochemical biosensor.
Using EIS, each step in the fabrication process of the amplified
ratiometric biosensor could be readily determined by monitoring
the changes of the electron transfer resistance (Re().

The R.. value of bare GCE was about 91 Q. The value
increased to 102 Q with TCPP/CCG assembled on the electrode
surface while the R, value increased to 378 Q for the GO-
functionalized electrode surface (Fig. S3, ESIT), indicating the
excellent conductivity properties of TCPP/CCG in comparison
with GO. As shown in Fig. S4 (ESIt), after the connection of
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Fig. 3 DPV characterizations of MB/HCR/Ag + hDNA/TCPP/CCG (with-
out GSH) modified GCE (1), MB/GSH/Ag + hDNA/TCPP/CCG (without
HCR) modified GCE (2), and MB/HCR/GSH/Ag + hDNA/TCPP/CCG mod-
ified GCE (3).

hDNA to the TCPP/CCG modified electrode, the R.. value was
about 467 Q. Upon the formation of AgNPs, a remarkable
attenuation of R.; was observed since hDNA-templated metallization
tremendously enhanced the conductive ability of DNA. The concen-
tration of AgNO; had been optimized (Fig. S5, ESIf). Meanwhile,
TEM in Fig. S6 (ESIt) further supported the formation of AgNPs on
the hDNA template. Then the addition of GSH in turn increased
the R value because of the demetallization of hDNA. After that, the
occurrence of the HCR process further led to an increase of
the impedance since negatively charged DNA would repel the redox
indicator [Fe(CN)s>~"*~ close to the GCE surface.

For the evaluation of the analytical performance of the
amplified ratiometric biosensor, the changes of Iyp/I,, were
immediately recorded with the increase of GSH concentration.
The peak current signal of MB was increased with increasing
GSH, whereas the peak current signal of Ag to AgCl was gradually
decreased (Fig. 4a). The calibration plots displayed a good linear
relationship between the ratio Iyp/Ix; and the concentration of
GSH in the range of 10-1000 nM with the square of correlation
coefficient (R*) at 0.9968 (Fig. 4b). The detection limit of
the amplified ratiometric biosensor was down to 103 pM at
30 (S/N = 3), which was comparable to other reported techniques
for detecting GSH (Table S2, ESIt), while a linear relationship
between I, and the concentration of GSH in the range from
10 nM to 200 nM was obtained. By comparison with the non-
ratiometric sensor, the ratiometric GSH sensor exhibited a wider
linear range with a comparable detection limit (Fig. S7, ESIT).
Meanwhile, the amplified ratiometric biosensor also exhibited
ultrahigh selectivity for GSH by recording the values of Iyp/Ixg in
the presence of different amino acids. The results in Fig. 4c
indicated that the ratiometric biosensor had a nearly negligible
response to other amino acids except cysteine and GSH, which
was mainly ascribed to the high binding affinity between thiol
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Fig. 4 (a) DPV signals for the amplified ratiometric biosensor in response
to different concentrations of GSH. (b) The linear plot. Error bars were estimated
from at least three independent measurements. (c) The ratio Img//ag Of the probe
in the presence of different amino acids. The concentrations of amino acids
were 1000 nM. (d) Comparison among different cell extracts: A549, NMM-
treated A549 (A549+), Hela and NIH3T3 cells.

and AgNPs via the formation of the Ag-S bond. To further
demonstrate the superiority of this ratiometric sensor, we com-
pared the reproducibility of the ratiometric strategy with the
non-ratiometric method. Using I, and Iyp/lxs values for the
quantification of GSH, five parallel measurements were per-
formed on five individual functionalized electrode surfaces.
The testing results of I, in these measurements greatly varied
with a large average standard deviation (SD), while the variation
in the response signal was significantly reduced by using Iyip/Ing
to indicate the testing results (Fig. S8, ESIt), showing that the
ratiometric measurement could cancel out the variation of
electrodes and other systematic errors. In addition, a comparison
of the analytical performance of the electrochemical ratiometric
method with that of a commercial GSH kit is needed. The
principle of the commercial GSH kit is based on the cascade
reactions mediated by a GSH-specific enzyme and the assay
readout is recorded at 412 nm. As presented in Fig. S9 (ESIY),
the calibration plots displayed an excellent linear relationship
between the absorbance of 412 nm and the concentration of GSH
in the range from 1 pM to 50 pM with the square of correlation
coefficient (R?) at 0.9987. And the detection limit of the standard
method was 0.7 uM at 3¢ (S/N = 3). Then the same sample (5 tM
GSH) was detected using both methods. The results were 5.22 pM
(electrochemical ratiometric method) and 4.96 pM (GSH kit
assay), respectively, confirming the reliability of our electro-
chemical ratiometric method. Compared with the GSH kit, our
approach has advantages in terms of operation and sensitivity.
The GSH kit requires complicated procedures and can be com-
promised due to enzyme inactivity, and the detection limit of the
commercial kit for the GSH assay (0.7 M) is much higher than
that of the electrochemical ratiometric method (103 pM).

Since the amplified ratiometric platform possessed excellent
selectivity and high sensitivity to GSH, we further extended our
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work to determine the intracellular level of GSH. Since cyto-
plasm possessed a much higher concentration of GSH than
those of cysteine and other biothiols, the presence of cysteine
and other biothiols would not interfere with GSH biosensing.*?
The MTT results (Fig. S10, ESIt) revealed that the TCPP/CCG
composite had a good biocompatibility and was suited to
further biomedical applications. In the following work, we
evaluated the GSH levels of two cancer cell lines (A549 and
HeLa) and one normal cell line (NIH3T3) by measuring their
Ivp/Iag. The ratio signals Iyg/Iag of the prepared biosensor were
increased significantly upon incubating with the A549 cell
extract, and the calculation result showed that the concen-
tration of GSH in A549 cells was 13.3 mM according to the
curve in Fig. 4b, which was in accordance with the previous
work.> Meanwhile, as illustrated in Fig. 4d, it was found that
the Iyp/Ixg values were greatly increased upon mixing with the
cancer cell (A549 and HeLa) extracts, while it exhibited a nearly
negligible response after incubating with the normal cell
(NIH3T3) extract. So the prepared biosensor could not only
determine GSH in cell extracts but also discriminate between
cancer and normal cells. In addition, a previous report indicated
that N-methylmaleimide (NMM) was a GSH scavenger.’* We
compared NMM-treated and untreated A549 cell extracts, the
results indicated that the ratio value Iyp/I5; of the NMM-treated
A549 cell (A549+) was much lower than that of the untreated A549
cell. In addition, intracellular GSH levels were also validated
using the commercial GSH kit. The result revealed that the overall
GSH level in cancer cells was higher than that of normal cells
(Fig. S11, ESIt) and the GSH concentration of A549 cells was
10.9 mM. These results showed the potential of our amplified
ratiometric biosensor for clinical determination of GSH.

In summary, the GSH concentration has been used for
evaluating intracellular redox homeostasis. We constructed a
label-free ratiometric electrochemical DNA sensor for monitoring
GSH by DNA metallization-mediated HCR amplification. In the
presence of GSH, strong interactions between GSH and AgNPs can
result in the release of hDNA, and further trigger the occurrence of
the HCR process. This will decrease the Ag signal and increase
the MB signal. The amplified ratiometric platform has several
advantages. Firstly, the method is simple and label-free. The
whole process avoids the use of dye-labelled nucleic acid or
tedious synthesis. Secondly, the introduction of the ratiometric
assay can cancel out intrinsic systematic errors, and eliminate the
likelihood of false negative or positive errors. Thirdly, the ratio
signal Iyp/Ise is increased with HCR amplification, enabling the
assay to be more sensitive. Furthermore, the amplified ratiometric
biosensor can discriminate cancer and normal cells due to their
different GSH levels. To our knowledge, this is the first example of
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using an electrochemical ratiometric DNA sensor for monitoring
GSH levels.
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