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We designed a ratiometric paramagnetic probe based on electron spin resonance (ESR) signals of ABTS radical
(ABTS**) and Mn?*. Two ESR signals from different paramagnetic species (ABTS®* and Mn?*") coexisting in the
same solution were measured at the same time and were present in one spectrum. MnO, nanosheets with
oxidase-like properties were synthesized. The probe was used to investigate the oxidation mechanism of ABTS by
MnO; nanosheets. On one hand, MnO, nanosheets catalyzed the generation of O3~ which oxidized ABTS to
ABTS*", and on the other hand, a small amount of ABTS was directly oxidized to ABTS*" by MnO, which was
reduced to Mn?*. Glutathione (GSH) underwent a redox reaction with MnO, nanosheets to yield Mn?* with
stable ESR signal. The concentration of MnO, decreased in the presence of GSH, which inhibited the production
of 03~ and ABTS"*. As a result, as the concentration of GSH increased, ESR signal of ABTS*" descended and on
the contrary ESR signal of Mn?* ascended. Accordingly, the signal ratio of ABTS** to Mn?" decreased with the
increase of GSH concentration. The proposed ratiometric ESR probe could reduce the influence from background
signal and improve the accuracy and sensitivity of the detection. We applied this strategy to the determination of
GSH in human erythrocyte cells, and the results showed recoveries between 90.9 % and 92.6 %. With this
method, simultaneously monitoring both nanozyme and its chromogenic substrate could be realized and thus a
better understand of the mechanism for the function of MnO, nanomaterial could be achieved.

1. Introduction

Glutathione (GSH) is a non-protein thiol composed of glycine,
cysteine and glutamate, which belongs to the tripeptide class and has
strong reducing properties. It mainly exists in two states, reduced form
(GSH) and oxidized form (GSSG), which can be used to regulate the
oxidation-reduction homeostasis of cells [1]. GSH also plays an impor-
tant role in free radical scavenging, detoxification of xenobiotic, gene
regulation and intracellular signal transduction[2,3]. Therefore, accu-
rate detection of GSH content is of great practical significance. In recent
years, researches have proposed a series of GSH detection methods,
mainly including high performance liquid chromatography (HPLC) [4],
fluorescence spectroscopy [5], colorimetry [6], mass spectrometry|7]
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and electrochemistry [8]. Because of the major content of GSH relative
to GSSG in biological samples as well as the reducing capability of GSH
when reacting with MnO» nanomaterials, only the reduced form GSH
was investigated in this work.

Natural enzymes are mostly proteins with high specificity and cat-
alytic activity. Nevertheless, the intrinsic drawbacks of natural enzymes
such as low stability, high cost and complex purification process greatly
limit their practical application [9,10]. In recent years, a class of
nanomaterials with enzyme-mimic properties has greatly attracted the
interest of researchers. MnO, nanomaterials of various morphologies
have been used as either oxidase or peroxidase mimic due to their simple
synthesis process, low cost, easy storage and high oxidase or peroxidase
mimetic activity [11]. For example, Liu et al. utilized the oxidase-like
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activity of MnO» nanosheets to oxidize 3,3’,5,5’-tetramethylbenzydine
(TMB) into ox-TMB with blue color detected by colorimetry, and GSH is
then indirectly determined based on the decomposition of MnO3 nano-
sheets by GSH [12]. However, in most publications with respect to the
oxidation reaction between MnO, nanomaterial and the chromogenic
agent such as TMB, only the product i.e. the chromophore is detected
and the change happen to MnO, nanomaterial is unknown.

2,2'-Azinobis (3-ethylbenzothiazoline-6-sulfonic acid ammonium
salt) (ABTS) is a chemically synthesized chromogenic agent commonly
used to detect enzyme activity and assess antioxidant capacity [13,14].
ABTS is oxidized to ABTS cationic radical (ABTS®") by single-electron
transfer and ABTS®" has a stable electron spin resonance (ESR) signal.
ESR spectroscopy can be used to detect paramagnetic substances with
single electrons [15]. In this work, an analytical method for the deter-
mination of GSH by ESR spectroscopy based on the ESR signal ratio of
ABTS"" to Mn?" has been established. Benefiting from the ESR tech-
nique for simultaneously monitoring both Mn?* generated from MnO,
nanomaterial and ABTS®" radical as the product of the oxidation reac-
tion, the mechanism for the oxidase mimetic role of MnO3 nanomaterial
can be better explored.

Herein, we proposed a novel ratiometric ESR probe, and the probe
was utilized to explore the reaction mechanism between MnO, nano-
sheets and ABTS based on the simultaneous detection of ABTS®" and
Mn>" in the same solution. GSH underwent a redox reaction with MnO,
nanosheets and MnO, nanosheets were disintegrated into Mn?*. At the
same time, MnO, nanosheets with good oxidase-like activity catalyzed
the production of superoxide radical from dissolved oxygen and the
resulting superoxide radical can oxidize ABTS to ABTS®" with stable ESR
signal. Based on simultaneous detecting ABTS** and Mn?" in the same
sample, we successfully constructed a ratiometric ESR probe to develop
a new method for determination of GSH and to explore the function of
MnO, nanomaterial.

2. Materials and methods
2.1. Materials and apparatus

The materials and apparatus used are mentioned in Supplementary
Material.

2.2. Synthesis of MnO2 nanosheets

MnO; nanosheets were synthesized according to the previous pub-
lication [16]. 12 mL of 1 mol L! tetramethylammonium hydroxide
(TMA-OH) and 2 mL of Hy,O5 (30 wt%) were first mixed to a total volume
of 20 mL, and then the mixture was added into MnCl, solution (10 mL,
3 mmol L) immediately. The resulting solution was stirred vigorously
at room temperature for 12 h, washed alternately with methanol and
distilled water and vacuum dried at 60 °C to obtain bulk MnO,. The bulk
MnO, was grounded to powder in a mortar. 200 mg of the powder were
dissolved in 40 mL distilled water and then sonicated for 10 h. Finally,
the supernatant was separated by centrifugation at 2000 rpm for 30 min
and used as the nanosheet solution.

2.3. Study of oxidase-like activity of MnO2 nanosheets

ABTS was used as the substrate to study the oxidase-like activity of
MnO; nanosheets. Typically, 22.5 puL of MnOy nanosheets, 22.5 pL of
ABTS and 22.5 pL of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (100 mmol L™, pH 5.0) were mixed and diluted to 450 pL
with distilled water. The concentrations of MnO, nanosheets and ABTS
in the resulting solution were respectively 0.004 mg mL~! and
0.5 mmol L1, The mixture solution was reacted at room temperature for
20 min before ultraviolet-visible (UV-vis) measurement at 734 nm.
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2.4. Steady-state kinetic analysis of MnO, nanosheets as oxidase mimic

Steady-state kinetic experiments were performed in HEPES buffer
(100 mmol L’l, pH 5.0) consisting of 0.004 mg mL ! MnO- nanosheets
and a series concentrations (0.05-0.75 mmol L) of ABTS. The initial
velocity (v) of the catalytic reaction was measured within the 1st min
after the start of the reaction. The dynamic parameters were determined
in accordance with the Michaelis-Menten equation: v=Vpax[S]1/
(Km+I[S1), where v and Vp,ux represent the initial velocity and the
maximum velocity of the catalytic reaction, respectively; [S] represents
the substrate concentration; K, represents the Michael-Menten
constant.

2.5. Spin trapping ESR test

Both 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and MnO; nano-
sheets were diluted with methanol and then mixed together to concen-
trations of 50 mmol L™} and 0.02 mg mL ™!, respectively. The resulting
solution was reacted for 5 min at room temperature and tested by ESR
spectrometer. The instrumental parameters were set as follows: sweep
width 80 Gauss, modulation amplitude 1.0 Gauss, microwave power
20 mW.

2.6. GSH detection

50 pL of MnO; nanosheets and 50 pL of various concentrations of
GSH standard solution or sample solution were mixed homogeneously,
and then 50 pL of ABTS and 50 pL of HEPES (100 mmol L™, pH 6.0)
were added. The concentrations of MnO; nanosheets and ABTS in the
resulting solution were respectively 0.02 mg mL ™! and 2.5 mmol L.
The mixture solution was reacted for 20 min at room temperature to get
an analytical sample. Subsequently, the ESR spectrum of the analytical
sample was collected.

2.7. Sample analysis with ESR spectrometer

15 pL of the analytical sample was injected into a glass capillary
(0.8 mm inner diameter), and then the glass capillary was placed into a
quartz tube (4 mm diameter), and finally the quartz tube was placed into
the resonant cavity of the spectrometer. All ESR spectra were collected
at room temperature, and three parallel samples were measured at each
data point. In order to improve the repeatability of parallel experiments,
when changing samples, the quartz tube was kept in the resonant cavity
and only the glass capillary was replaced with the help of a long plastic
tube attached to the top of the capillary. The instrumental parameters
were set as follows: center magnetic field 3355 Gauss, sweep width 670
Gauss, modulation amplitude 4.0 Gauss, modulation frequency 100 kHz,
microwave power 2 mW.

2.8. Real sample preparation

GSH was determined in human erythrocyte cells. Erythrocytes were
separated from the whole blood by centrifugation at 1500 g for 15 min
and removal of serum. 500 pL of erythrocytes were gathered and washed
with phosphate buffered saline (PBS) for three times until the plasma
was removed completely. Then the erythrocytes were hemolyzed by
adding distilled water (3:1, v/v) and incubating the mixture on ice for
20 min. After centrifugation at 8000 g for 5 min, the supernatant was
collected, filtered through a Microsep 3 K membrane and diluted twice
with distilled water. The resulting solution was used as sample solution
for the determination of GSH.
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Fig. 1. TEM image (a), SEM image (b), UV-vis spectra (c), FT-IR spectrum (d), XPS spectrum (e) and Raman spectrum (f) of MnO, nanosheets.

3. Results and discussion
3.1. Characterization of MnO2 nanosheets

The morphology of MnO5 nanosheets was observed through trans-
mission electron microscope (TEM) (Fig. 1a) and scanning electron
microscope (SEM) (Fig. 1b), showing a typical two-dimensional
morphology with unique sheet-like structure and folds. The UV-vis
spectrum (the black line in Fig. 1c) indicates that MnO5 nanosheets had
a wide absorption band between 250 and 700 nm. When GSH coexisted

with the nanosheets, the UV-vis absorption (the red line in Fig. 1c)
dramatically decreased due to a breakdown of the nanostructure caused
by the reducing action of GSH. In the Fourier transform infrared (FT-IR)
spectrum of MnO, nanosheets, Mn-O bond was observed around
514 cm™! (Fig. 1d). The X-ray photoelectron spectroscopy (XPS) spec-
trum of MnO; nanosheets is shown in Fig. 1e. Two peaks at 654.0 and
642.1 eV belong to the Mnyp1/2 and Mnaps,/2, respectively. The Raman
shift centered at 570.2 and 647.1 cm ™! in Fig. 1f can be contributed to
the Mn-O vibration. The X-ray diffraction (XRD) pattern of MnOy
nanosheet powder is displayed in Figure S1. Four broad peaks at 9.2°,
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Fig. 2. (a) UV-vis spectra of ABTS in the absence (black line) and in the presence of MnO, nanosheets (red line); (b) Michaelis-Menten curve of MnO, nanosheets
towards ABTS as the substrate. Inset shows Lineweaver-Buck double reciprocal plot and its linear fit. The error bar represents standard deviation (SD).

18.4°, 36.4° and 65.1° indexed as (001), (002), (100), (110) were
observed, indicating the poor crystallinity of MnO2 nanosheets [12,17].
These characterization results are consistent with those reported in the
literature [18-20], demonstrating the successful synthesis of MnOy
nanosheets.
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3.2. Oxidase-like activity of MnO» nanosheets

Using ABTS as the substrate, the catalytic activity of MnOy nano-
sheets as oxidase mimic was investigated. When MnO, nanosheets were
not added, ABTS was not oxidized and thus there was no UV-vis ab-
sorption (Fig. 2a, black line). However, when MnO, nanosheets were
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Fig. 3. (a) ESR spectrum of superoxide spin adduct observed using DMPO as the spin trapping agent; variation of ESR signals of Mn?" (b) and ABTS** (c) with ABTS
concentration in the absence and presence of benzoquinone; (d) ESR spectra in the absence and presence of benzoquinone. The error bar represents SD.
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present, ABTS was oxidized to ABTS*" and its characteristic UV—vis
absorption peak at 734 nm appeared (Fig. 2a, red line). Similar to nat-
ural enzymes, oxidase-like activity of MnO, nanosheets is also affected
by pH and temperature. As shown in Figure S2a, the oxidase-like activity
of MnO; nanosheets almost did not change with temperate in the range
of 15-35 °C. As seen in Figure S2b, the oxidase-like activity of MnOy
nanosheets decreased slowly when pH increased from 5.0 to 6.0, and
then decreased significantly when pH was higher than 6.0. Therefore, at
25°C and pH 5.0, the oxidase-like activity of MnO2 nanosheets was
maximal.

To further understand the oxidase-like activity of MnO, nanosheets,
steady-state kinetic experiments were performed using ABTS as the
substrate. According to Michaelis-Menten curve (Fig. 2b) and the linear
fit of Lineweaver-Buck double reciprocal plot (inset of Fig. 2b), the
values for the Michael-Menten constant (K,,) and the maximum reaction
velocity (Vimax) were derived to be 0.236 mmol L~! and 8.47x1077
mol L™ 571, respectively. The extinction coefficient of ABTS®' in water
at 734 nm (1.5><104 mol ! L cm’l) has been used in the calculation
[21]. Ky, represents the enzyme’s affinity towards the substrate, and a
smaller K, value indicates a greater affinity towards the substrate. A
comparison of the kinetic parameters with reported oxidase-mimic
nanoenzymes as well as the natural oxidase laccase is listed in
Table S1. In Table S1, most nanoenzymes use TMB as the substrate and
laccase uses epinephrine as the substrate, whereas our result supplied
kinetic data for ABTS as the substrate. MnO5 nanosheets have a com-
parable K, to that of laccase (0.194 mmol L 1 [22] and a higher Vipax
than that of laccase and most nanoenzymes. The experimental results
indicated an efficient catalytic capability of MnO, nanosheets towards
the oxidation of ABTS.

3.3. Mechanism for the reaction between MnO nanosheets and ABTS

Similar to natural oxidases, nanozymes have been proved to have
oxidase-like activity and can catalyze the production of a variety of
reactive oxygen species (ROS) such as superoxide radical (03") and
singlet oxygen (102) [23]. In order to investigate the oxidase-like
property of MnO, nanosheets, spin trapping ESR test was performed.
Fig. 3a shows an ESR spectrum obtained from spin trapping test in
methanol with DMPO as the trapping agent. The spectrum had a broad
quartet with the hyperfine splitting constants (hfsc) Ay=13.7 Gauss and
Apg=10.2 Gauss, indicating the generation of superoxide (O3") spin
adduct. The broadening is caused by a high concentration of dissolved
oxygen [24] and the hfsc values are consistent with superoxide spin
adduct with DMPO in ethanol or methanol generated by CdS or phtha-
locyanine pigments [25] as well as superoxide spin adduct with DMPO
in ethanol generated by irradiated TiO5 [26]. Therefore, the generation
of superoxide radical in the presence of MnO, nanosheets was proved
and it could be a reason for the oxidation of ABTS. On the other hand,
the standard redox potential of MnO,/Mn?* and ABTS**/ABTS are
respectively 1.23 V [27] and 0.68 V [28], suggesting that there is a
possibility of redox reaction to occur between MnOs nanosheets and
ABTS.

Then which is the dominant contribution to the oxidation of ABTS,
the redox reaction or ROS by the catalysis of nanozyme? With respect to
the oxidation of chromogenic substrates such as TMB and ABTS in the
presence of MnO; nanomaterial, some publications believe that it is
caused by the redox reaction between MnO, nanomaterial and the
chromogenic substrate [27,29], whereas many other publications
consider that it is caused by ROS generated by nanozyme-catalyzed re-
action [30-32]. In this work, benefiting from simultaneous monitoring
of ABTS*" and Mn?*, any change happen to both the chromogenic
substrate and the nanomaterial could be monitored quantitatively at the
same time. Thus a better understand of the mechanism for the interac-
tion between MnO;, nanomaterial and the chromogenic substrate could
be achieved.

In Figs. 3b and 3¢, MnO, concentration was set at 0.005 mg mL™! (i.
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Fig. 4. Signals of ABTS** and Mn?* coexisting in an ESR spectrum. Red line
segment represents the signal of ABTS®"; black line segment represents the
signal of Mn*".

e. 0.06 mmol L’l) and ABTS concentration was increased from 0 to
5 mmol L. Fig. 3b shows that ESR signal of Mn?" appeared only when
ABTS was added into the system. That is to say, there was no signal of
Mn%" when there was only dissolved oxygen and no ABTS. Thus the
generation of Mn?* must be caused by the redox reaction between MnO-
nanosheets and ABTS. The signal of Mn?*" stopped increasing at ABTS
concentration higher than 0.625 mmol L1, illustrating a complete
consumption of MnO, by the redox reaction. However, the signal of
ABTS"" continued to increase when ABTS concentration increased from
0.625 to 1.25 mmol L™} and no more Mn?* emerged in this interval.
Thus besides the redox reaction, there should be ROS effect existing in
the system at the same time. By calculation according to Fig. 3c and
Figure S3, in the presence of 2.5 mmol L™! ABTS, approximately
0.8 mmol L™! ABTS was oxidized to ABTS**. Among the total amount
(0.8 mmol L™!) of oxidized ABTS, only 0.12 mmol L1 ABTS was
oxidized by the redox reaction based on the fact that one molecule of
MnO- oxidizes two molecules of ABTS. Most ABTS was oxidized to
ABTS"" by O3~ generated from MnO, nanosheet’s catalysis as oxidase
mimic. Consequently, this study demonstrates the coexistence of redox
reaction and oxidase-mimic activity of MnO2 nanosheet in the presence
of ABTS, and the dominant contribution for the oxidation of ABTS comes
from the role of nanozyme.

The contribution of O35~ for the oxidation of ABTS was further proved
by adding benzoquinone which is a scavenger of O3~ in the reaction
system and the results are displayed in Figs. 3b, 3c and 3d. In the
presence of benzoquinone, the signal of Mn?" did not change whereas
the signal of ABTS®" dramatically declined, verifying that O3~ was an
important cause for the oxidation of ABTS.

3.4. Calculation of the ESR signal ratio of ABTS"" to Mn?"

Both Mn?" and ABTS** have single electrons, so both are para-
magnetic and present good ESR signals. Fig. 4 displays the ESR spectrum
composed of both signals. In aqueous solution, the ESR signal of Mn?*
(Fig. 4, black line segment) consists of six split peaks with adjacent peaks
spaced approximately 95 Gauss apart [33]. The ESR signal of ABTS®"
(Fig. 4, red line segment) had only one peak located in the middle of the
spectrum. When these two signals coexisted in a spectrum, they basically
did not overlap with each other. The value for the peak height of ABTS**



H. Shi et al.

-9

= 1.4

= .

8 1.2' ‘.

3

» 1.0- »

=

< 0.8 ®

T

(=] $
o 0.6- 14

)

£ 04"

= 1.0

£ 0.2-

-E-D 0.8

@»n

[ 0.0 - o6 3
72] : 0 50 100 150 200

= 0.2 . . .
2 0 100 200 300
i

Csy (pmol L)

Fig. 5. Logarithm of ESR signal ratio of ABTS*" to Mn?" vs. GSH concentration
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signal was measured and set as “h1”. The height value for the 5th peak of
Mn?* was measured and set as “h2”. The ratio of h1/h2 was calculated
and set as the ESR signal ratio of ABTS** to Mn?*, which was used in the
optimization of experimental conditions and construction of standard
curve.

3.5. Sensing mechanism for GSH detection

When there was no GSH in the reaction system, MnO, nanozyme
produced O3~ through catalysis and then O3~ oxidized ABTS to form
ABTS"". On the other hand, in the presence of ABTS, a portion of MnO,
was reduced by ABTS through redox reaction and yielded some Mn2*.
When GSH was added, MnO, underwent redox reaction with GSH to
produce more Mn®" and the height of ESR signal of Mn?" increased.
When GSH concentration gradually increased, MnO5 nanosheets were
directly consumed, the oxidation of ABTS was greatly suppressed and
correspondingly the yield of ABTS®* decreased rapidly. Therefore, as the
concentration of GSH increased, the ESR signal of ABTS*" descended
and on the contrary the ESR signal of Mn?* ascended. Accordingly, the
signal ratio of ABTS"" to Mn?* was proportional to the concentration of
GSH, so a standard curve could be established.

3.6. Analytical performances for the GSH assay

In order to obtain optimal GSH detection performance, several
experimental parameters were optimized including MnOy concentra-
tion, ABTS concentration, reaction time and reaction pH, as shown in
Figure S4. Under the optimal experimental conditions, a series of ESR
spectra at varied GSH concentrations from 0 to 250 pmol L™ were
collected. Taking GSH concentration as the abscissa and the logarithmic
value of the signal ratio of ABTS®* to Mn®" as the ordinate, the standard
curve was constructed in Fig. 5. The signal ratio logarithm decreased
linearly at GSH concentration from 0 to 175 pmol L™}, and this part of
the curve was fitted using a linear equation, as seen in the inset of Fig. 5.
The linear regression equation was Log(ESR signal ratio of ABTS®" to
Mn2+):1.2608(i0.0024)—0.0035(10.0001)[GSH] with a linear corre-
lation coefficient of 0.998. The limit of detection (LOD) for GSH was
calculated to be 0.18 pmol L™! based on the formula LOD=3 SD/slope
(n=7).

In order to prove that the proposed ratiometric probe could improve
the sensitivity of detection compared to the method measuring only

Sensors and Actuators: B. Chemical 417 (2024) 136112

Table 1
Comparison of different methods for GSH detection.
Method Material Linear range LOD Ref.
(pmol LY (pmol
LY
Fluorometric Cdots@MnO, 15-200 15 [40]
nanocomposite
Fluorometric Go-MnO,-FL 10-2000 1.53 [5]
Colorimetry Co304/BiPc 10-200 4 [41]
(OCgHo)12
Colorimetry PSMOF 1-20 0.68 [42]
Colorimetry COF-300-AR 1-15 1.0 [43]
Colorimetry C0304-MMT+TM 0.1-20 0.088 [44]
Colorimetry Fe;04 NPs 3-30 3.0 [45]
Lateral flow AuVCs 25-500 9.8 [46]
plasmonic
biosensor
ESR MnO, nanosheets 0.6-175 0.18 This
work

single signal, the UV-vis absorbance of ABTS"" was determined and the
standard curve was established in Figure S5a. The LOD was calculated to
be 2.04 pmol L1 which was 11.3 times higher than that of ratiometric
probe. In addition, a standard curve of ABTS*" ESR signal vs. GSH
concentration was plotted in Figure S5b and the LOD was found to be
1.49 pmol L™! which was 8.3 times higher than that of ratiometric
probe. These comparisons demonstrated that the design of ratiometric
probe could improve the sensitivity of detection.

The comparison of the analytical performance (LOD and linear
range) of this work with other reported GSH assays is listed in Table 1.
The LODs of the reported methods listed in the table are between 0.088
and 15 pmol L1, while the LOD of this work was low to 0.18 pmol L2,
and therefore a satisfactory detection limit of the present method was
obtained. The linear range of most methods in the table is between 1 and
2 orders of magnitude, while the linear range of this work (0.6-175 pmol
L 1) exceeded 2 orders of magnitude. The content of GSH in different
biological samples differs widely, e.g. GSH in erythrocyte cells is 1192
pmol L~! whereas GSH in plasma is only 6.27 pmol L' found by Mills
et al. [34]. Therefore the proposed method with wider linear range
would be more promising in real biological sample analysis. Moreover,
the present method is very simple with no requirement of heating and
long incubation time.

3.7. Interference studies

To further evaluate the selectivity and specificity of the proposed
method, we investigated the effects of 10 kinds of biologically relevant
substances on GSH detection, including K™, Mg2+, Na™, glucose (Glu),
glycine (Gly), leucine (Leu) and arginine (Arg) at 0.25 mmol L’l, as well
as ascorbic acid (AA), L-cysteine (Cys) and homocysteine (Hcy) at
0.175 mmol L. Figure $6 indicates that most substances had no sig-
nificant effect on the detection of GSH expect for three reducing agents
including AA, Cys and Hcy. However, the concentrations of AA, Cys and
Hcy were much lower than that of GSH in biological systems [12,35]
including human erythrocytes [36,37]. For example, in human eryth-
rocytes, the concentrations of AA, Cys and Hcy are respectively 45, 5.8
and 0.95 pmol L1 [36,37], and interference from these three agents was
negligible when detecting GSH in the range of 0.46-2.21 mmol L™} in
human erythrocytes [38]. Consequently, interference studies proved
that the present method had good selectivity and anti-interference
capability.

3.8. Detection of GSH in human erythrocyte cells

The proposed method was applied to the detection of GSH in human
erythrocyte cells. The content of GSH in the analytical sample was found
to be 30.14+1.24 pmol L’l, which was consistent with the value (35.18
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Table 2
Detection of GSH in human erythrocyte cells.

Sample Detected Added Total Recovery RSD
(umol L™1) (pmol found (%) (%,
LY (pmol L™1) n=3)
Erythrocyte  30.14 + 25.00 53.13 + 92.0 7.0
1.24 1.61
37.50 64.86 + 92.6 4.4
1.02
50.00 75.59 + 90.9 2.5
0.57

+0.56 pmol L™1) obtained by the traditional Ellman method. The result
of the analytical sample corresponded to a GSH concentration of 964.55
+39.78 pmol L1 in erythrocyte cells. In whole blood, >99 % GSH is in
erythrocyte cells [39]. GSH concentration in human erythrocytes is re-
ported to be 0.46-2.21 mmol L™} in previous publications [38] and our
result was within this range. The analytical sample was spiked respec-
tively with three concentrations (25.00, 37.50 and 50.00 pmol L_l) of
GSH. The results are listed in Table 2 and the recoveries of GSH ranged
from 90.9 % and 92.6 %. The satisfactory results indicated that the
proposed method was accurate and effective for GSH detection in real
samples.

4. Conclusion

In this work, oxidase-like MnO; nanosheets with good affinity for
substrate ABTS and excellent catalytic ability were synthesized. Based
on the stable ESR signal of ABTS®* and Mn2*, GSH was detected by
measuring the signal ratio of ABTS** to Mn%". To measure the signal
ratio instead of single signal could reduce the influence from the back-
ground signal and help improve the accuracy and sensitivity of detec-
tion. The method presented high sensitivity for GSH detection with a
LOD of 0.18 pmol L~!. Moreover, simultaneous monitoring of the
changes happen to both nanozyme and its substrate would deepen the
understanding of the mechanism for the interaction between nano-
material and its chromogenic substrate.
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