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colorimetric and fluorescence
dual-readout assay for glutathione with a carbon
dot–MnO2 nanosheet platform based on the inner
filter effect†

Mengyuan He, * Ning Shang, Bo Zheng and Gege Yue

An ultrasensitive colorimetric and fluorescence dual-readout assay based on the inner filter effect (IFE) was

developed for glutathione (GSH) determination, in which carbon dots (C-dots) were used as a fluorophore

and MnO2 nanosheets as an absorber. Due to the excellent optical absorption properties of MnO2

nanosheets and the good spectral overlap between the fluorophore and absorber, MnO2 nanosheets

could effectively quench the fluorescence of C-dots via the IFE. As the target, GSH could reduce MnO2

nanosheets to Mn2+ ions, which inhibited the IFE and resulted in the fading of solution color and the

recovery of the fluorescence signal. And these two kinds of signals were respectively used for qualitative

and quantitative detection of GSH. The results showed that this proposed assay could distinguish 10 mM

GSH with the naked eye and quantitatively detect GSH within the concentration range of 0.1–400 mM.

The limit of detection was 6.6 nM. Moreover, this assay showed sensitive responses in human serum and

urine samples, which indicated that this IFE-based assay has great potential in GSH-related clinical and

bioanalytical applications.
Introduction

Glutathione (GSH), a biological molecule containing
a mercaptan group, plays important roles in biological systems,
such as maintaining the processes of intracellular redox
activity, intracellular signal transduction, apoptosis and prolif-
eration, by participating in reversible redox homeostasis
processes.1,2 Aberrant levels of GSH are closely related to many
diseases, such as cancer, immune system disease, liver injury,
and Parkinson's disease.3 Therefore, the sensitive and selective
detection of GSH has been of great importance to scientic
researchers. There are many methods that have been developed
for GSH detection, including electrochemical,4 electro-
chemiluminescence,5 photoelectrochemistry,6 mass spectrom-
etry,7 enzyme-linked immunosorbent assay (ELISA),8 surface-
enhanced Raman scattering (SERS),9 uorescence spectros-
copy10 etc. In these methods, uorescence analysis is simple,
sensitive and non-destructive, so it has been widely considered
by researchers. Organic dyes and uorescent nanomaterials
including quantum dots (QDs),11,12 upconversion nanoparticles
(UCNPs),13 persistent luminescence nanoparticles,14 graphitic-
ring, Xinyang Normal University, Xinyang
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C3N4,15 metal nanoparticles16–18 and so on have been used for
GSH detection.

Carbon dots (C-dots), with many excellent properties, such
as easy preparation, tunable excitation and emission spectra,
high photostability, low toxicity, and excellent biocompatibility,
have shown good application value in the elds of biosensing
and bioimaging.19,20 Compared to other uorescent nano-
particles such as QDs and UCNPs, C-dots have more accessible
raw materials, simple preparation method, and low intrinsic
toxicity.21–24 Because of these unique properties, carbon dots
have attracted more and more attention as uorescent probes
and been used to detect many biological molecules, e.g. ascorbic
acid (AA),25 uric acid,26 dopamine27 and so on.

As a class of two-dimensional transition metal dioxides,
manganese dioxide (MnO2) nanosheets, have been applied in
many elds including energy generation, photocatalysis,
sensing, and photothermal therapy, due to its outstanding
properties including large specic surface area, fast electron
transfer rate, and strong light absorption capability with wide
wavelength range.28–30 In recent years, MnO2 nanosheets have
been used as uorescence quenchers to constructed bio-/
chemical sensing platforms on the basis of uorescence reso-
nance energy transfer (FRET).31

C-dots and MnO2 nanosheets have been reported as assay
platform through the formation of C-dots-MnO2 nano-
composites, in which MnO2 nanosheets can be transformed to
Mn2+ by reductive molecules through the redox reaction.32–34
RSC Adv., 2021, 11, 21137–21144 | 21137
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Scheme 1 Schematic illustration of the colorimetric and fluorescence dual-readout assay for GSH based on carbon dots–MnO2 nanosheets
platform.
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Most of these were built based on FRET, in which the distance
between energy donor and energy acceptor was usually limited
to 10 nm. Recently, Tan et al. developed a selective and sensitive
strategy for dopamine detection based on inner lter effect
(IFE), in which C-dots and MnO2 nanosheets were used as u-
orophore and absorber respectively.35 Compared to FRET, there
are no strict requirement for the distance between uorophore
and absorber in IFE and the modication of probes is probably
needless.36–38 However, this assay only use uorescence signals
for detection, and still need the help of analytical instruments.

In this work, an ultrasensitive colorimetric and uorescence
dual-readout assay using C-dots and MnO2 nanosheets was
developed based on IFE for GSH detection in human serum and
urine. Citric acid and 6-aminohexanoic acid were used as
starting materials to produce C-dots through hydrothermal
method. MnO2 nanosheets were synthesised through the
reduction of KMnO4, in which 2-(N-morpholino) ethanesulfonic
acid (MES) was used as reducing agent. As shown in Scheme 1,
owing to the good spectral overlap between the absorption band
of MnO2 nanosheets and the excitation and emission band of
the C-dots, MnO2 nanosheets can effectively quench the uo-
rescence of C-dots through IFE. When GSH was added, MnO2

nanosheets were transformed to Mn2+ through redox reaction,
leading to the elimination of IFE. Thus the color of the solution
changed from brown to colorless, which was used for qualitative
detection of GSH with naked eye. Simultaneously, the uores-
cence of C-dots were recovered, which was used for quantitative
detection. Compared with single uorescence detection mode,
this work can achieve qualitative and quantitative detection at
the same time without additional equipments, which show
great potential in the eld of home self-inspection and on-site
rapid detection.
Materials and methods
Materials

Glutathione (GSH), citric acid, 2-(N-morpholino)ethanesulfonic
acid (MES) and different kinds of amino acids were purchased
21138 | RSC Adv., 2021, 11, 21137–21144
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Dialysis membrane (MWCO ¼ 1000) were from Spectrumlabs
(America). Human serum samples were provided by healthy
volunteer from Hospital of Xinyang Normal University. Human
urine samples were provided by healthy volunteer in our
research group.
Apparatus

The morphology of C-dots, MnO2 nanosheets and C-dots–MnO2

mixture were characterized by Tecnai G2 F 20 Transmission
electron microscope (FEI, America). The zeta potential of
carbon dots were measured by Zetasizer Nano ZS laser particle
size analyzer (Malvern, England). The XPS spectra were ob-
tained by K-Alpha X-ray electron spectrometer (Thermo Scien-
tic, America). The uorescence spectra of C-dots were
measured by Hitachi F7000 spectrophotometer (Hitachi, Japan).
The UV-Vis absorption spectrum of MnO2 nanosheets was
measured by 3900H spectrophotometer (Hitachi, Japan). The
luminescence lifetime of C-dots and kinetic experiment was
measured with FLS1000 photoluminescence spectrometer
(Edinburgh Instruments, UK).
Synthesis of C-dots

1.05 g of citric acid, 0.65 g of 6-aminohexanoic acid and 0.2 g of
NaOH were put in 25 mL Teon autoclave and dissolved by
15 mL water. Aer reacting at 200 �C for 8 h, the as-obtained
brown solution was dialyzed against ultrapure water for three
days. The as-prepared C-dots were dried and redispersed in
ultrapure water with a nal concentration of 4.18 mg mL�1.
Preparation of C-dots–MnO2 nanosheets mixture

50 mL of C-dots (4.18 mgmL�1) and 30 mL of KMnO4 solution (60
mM) were added into 520 mL MES buffer (10 mM, pH 6.0)
successively. Aer been sonicated for 30 min, a brown C-dots–
MnO2 nanosheets mixture dispersion was obtained. Bare MnO2

nanosheets were synthesized in the same way in a solution
without carbon dots.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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GSH detection in aqueous solution

To select optimum concentration of MnO2 nanosheet, different
amounts of KMnO4 solution (60 mM) were rst added to C-dots
solution and sonicated for 30 min, followed by the uorescence
measurements. For GSH detection, C-dots–MnO2 mixture was
rst prepared at the optimized condition. Then different
amounts of GSH were added and reacted at room temperature
for 20 min. The uorescence spectra of the mixtures were
subsequently measured. To verify the selectivity of this sensors,
a serious of distractors were added into C-dots–MnO2mixture to
replace GSH under the same experimental conditions.
GSH detection in actual samples

C-dots–MnO2 mixture were then used for GSH detection in
human serum and urine samples. Serum samples were diluted
with water for 400 times. Aer been ltered with a 0.22 mm
membrane, the urine samples were then centrifuged at
1500 rpm for 5 min to remove urinary sediment. The superna-
tant were then diluted with water for 400 times. The actual
samples were then used as analysis medium, and the same
assay procedure as in the buffer was followed.
Result and discussion
Characterization of C-dots and MnO2 nanosheets

To ensure the analysis performance of our strategy, the as-
prepared C-dots was characterized through TEM, UV-Vis
Fig. 1 (a) TEM image of C-dots. (b) HRTEM image of C-dots. (c) The UV-
of C-dots. (d) The photostability of C-dots under 1 h of continuous illum

© 2021 The Author(s). Published by the Royal Society of Chemistry
absorption spectra, uorescence spectra, and XPS. The TEM
image of C-dots was shown in Fig. 1a, the C-dots are nearly
spherical and have good dispersion in water with a narrow
diameter range of 4.1 � 0.7 nm. The lattice fringes of C-dots
were shown in Fig. 1b. XPS analysis was used to indentify the
surface composition of C-dots. As depicted in Fig. S1a,† the
three peaks at 285.3, 399.3, 531.4 eV in full range XPS analysis
were associated with C 1s, N 1s and O 1s, which suggests that
the C-dots are composed of carbon, nitrogen and oxygen. The C
1s spectrum (Fig. S1b†) could be resolved into ve components
at 284.1, 284.6, 285.4, 285.8 and 287.7 eV, respectively, which
were accordance with sp2 C–C, C]C, C–N/C–O, C]N, and C]O
groups. The UV-Vis absorption spectrum and uorescence
spectra were used to explore the optical properties of C-dots. As
shown in Fig. 1c, the typical absorption peak of C-dots was
located at 330 nm. The maximum excitation wavelength was
located at 320 nm. Under the excitation at this wavelength, C-
dots exhibited strong blue emission at 440 nm. What is
particularly important is that as-synthesized C-dots shows
excellent photostability. As can be seen from Fig. 1d, the uo-
rescence intensity did not change signicantly under contin-
uous irradiation for 1 hour, which guaranteed the superior
detection performance of this sensing system.

MnO2 nanosheets were prepared through the reduction of
KMnO4 with MES in ultrapure water. MnO2 nanosheets showed
lamellar structure and good dispersion in aqueous solution
(Fig. S2a†). As shown in Fig. S2b,† MnO2 nanosheets displays
Vis absorption spectrum and fluorescence excitation/emission spectra
ination.

RSC Adv., 2021, 11, 21137–21144 | 21139
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a broad UV-Vis absorption spectrum in the range of 250–600 nm
and the strong absorption peak was centered at 375 nm.
The IFE between C-dots and MnO2 nanosheets

C-dots–MnO2 nanosheets mixture were prepared in C-dots
colloid solution through the reduction of KMnO4 with MES.
The uorescence of C-dots was quenched in the presence of
MnO2 nanosheets (Fig. S3†). The absorption spectrum of MnO2

nanosheets (Fig. S2b†) was well overlapped with the excitation
and emission spectrum of C-dots (Fig. 1c), which suggests that
the uorescence quenching may be caused by FRET or IFE.
Considering that IFE does not change the uorescence lifetime
and FRET can shorten the uorescence lifetime, the uores-
cence lifetimes of C-dots, C-dots–MnO2 nanosheets mixture
were further measured respectively. As shown in Fig. 2a and
Table S1,† the uorescence lifetime of C-dots was 5.80 ns. Aer
mixing with MnO2 nanosheets, the uorescence lifetime of C-
dots was 5.71 ns. The UV-Vis absorption spectra of MnO2

nanosheets in the absence and presence of C-dots kept
unchanged (Fig. 2b), indicating that no new substances were
formed in the process of mixing. The nearly unchanged lifetime
and absorption peaks indicated that the quenching of uores-
cence was mainly caused by IFE, not FRET. The TEM image and
HRTEM image of C-dots–MnO2 nanosheets mixture was also
measured, as shown in Fig. 2c and d, C-dots were deposited on
Fig. 2 (a) Fluorescence lifetime of C-dots, C-dots–MnO2 nanosheets mix
UV-Vis absorption spectra of C-dots, MnO2 nanosheets, C-dots–MnO2

with GSH. (c) TEM image of C-dots–MnO2 nanosheets mixture. (d) HRT

21140 | RSC Adv., 2021, 11, 21137–21144
the surface of MnO2 nanosheets. However, because of the
electrostatic repulsion between C-dots and MnO2 nanosheets
(Fig. S4†), no new composites were formed and the distance
between them was not close enough to trigger FRET.
Interaction between GSH and MnO2 nanosheets

When GSH was added to C-dots–MnO2 nanosheets, MnO2 could
be reduced to Mn2+ by GSH, and meanwhile itself was oxidized
to glutathione disulde (GS–SG), thus the IFE process was
destroyed and the uorescence of C-dots was recovered
(Fig. S3†). While when GSH were added to C-dots directly, the
uorescence intensity of C-dots kept almost unchanged, indi-
cating GSH had no effect on the uorescence of C-dots, and the
uorescence recovery of C-dots was mainly attributed to the
reduction of MnO2 nanosheets. To verify this, the uorescence
lifetime of C-dots–MnO2 nanosheets mixture reacted with GSH
were further measured. As shown in Fig. 2a, aer reacting with
GSH, the uorescence lifetime of C-dots came back to 5.77 ns,
suggesting that IFE process was destroyed due to the reduction
of MnO2 nanosheets. The uorescence quantum yield (QY) were
also measured using quinoline sulfate (QY ¼ 54% in 0.1 M
H2SO4) as a reference dye. Aer mixing with MnO2 nanosheets,
the QY of C-dots decreased from 34.59% to 8.80%. When GSH
was added to C-dots–MnO2 nanosheets mixture, the QY of C-
dots reached 31.52% accordingly. As depicted in Fig. S5,† the
ture, and C-dots–MnO2 nanosheets mixture reacted with GSH. (b) The
nanosheets mixture, and C-dots–MnO2 nanosheets mixture reacted
EM image of C-dots-MnO2 nanosheets mixture.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Fluorescence spectra of C-dots (0.035 mg mL�1) in the presence of different concentrations of KMnO4 (0, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8,
1.0, 2.0 mM). (b) The plot of fluorescence quenching efficiency against the concentration of MnO2 nanosheets.
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XPS of MnO2 nanosheets presents two peaks located at 641.1
and 653.4 ev, corresponding to Mn 2p3/2 and Mn 2p1/2 of MnO2,
respectively. In the presence of GSH, the intensity of the two
peaks decreased signicantly, indicating that MnO2 nanosheets
were transformed to Mn2+.
Optimization of experimental conditions

To achieve the best sensing performance, the concentration of
the MnO2 nanosheets were rst optimized, which was achieved
by adjusting the amount of KMnO4. As shown in Fig. 3a, the
uorescence intensity of C-dots was gradually quenched with
the increase of KMnO4. The maximum uorescence quenching
efficiency (96.21%) was observed when the concentration of
Fig. 4 (a) The photoshop of C-dots–MnO2mixture with various concent
of the C-dots–MnO2 mixture in the presence of different concentrations
0.8, 0.9, 1.0 mM). (c) The relationship between the fluorescence recove
recovery versus the concentration of GSH.

© 2021 The Author(s). Published by the Royal Society of Chemistry
KMnO4 reached 0.4 mM. When KMnO4 concentration kept on
increasing, the quenching efficiency reached a relative stability
state (Fig. 3b). Therefore, 0.4 mM of KMnO4 were chosen as the
optimal amount and used in the following study.

Before applying the system to GSH detection, the uores-
cence recovery on the basis of time was rst measured to
monitor the kinetics of the reaction between C-dots–MnO2

mixture and GSH. As shown in Fig. S6a,† with the extension of
reaction time, the uorescence signal of C-dots increased
gradually and reached a stable stage aer reacting for 20 min.
So 20 min was selected as the optimal reaction time between C-
dots–MnO2 mixture and GSH. As can be seen in Fig. S6b,† aer
reacting with GSH, MnO2 nanosheets were destructed, result in
the release of C-dots and the recovery of uorescence.
rations of GSH (0, 0.01, 0.08, 0.3, 0.4, 1.0 mM). (b) Fluorescence spectra
of GSH (0, 0.1, 1, 10, 40, 60, 80 mm and 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
ry and the concentration of GSH. (d) The linear plot of fluorescence

RSC Adv., 2021, 11, 21137–21144 | 21141
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Table 1 Comparison of this work with earlier reported fluorescent probes for the detection of GSH

Probes Strategy Detection mode Linear range LOD Ref.

UCNPs–MnO2 FRET Fluorescence Not given 0.9 mM 13
PLNPs–MnO2 FRET Fluorescence 0–100 mM 0.83 mM 14
g-C3N4–MnO2 FRET Fluorescence Not given 0.2 mM 15
Carbon dots–MnO2 FRET Fluorescence 0.2–600 mM 22 nM 33
QDs–MnO2 FRET Fluorescence 0.010–0.48 mM 0.61 mM 11
CuNCs–MnO2 FRET Fluorescence 0–300 mM 100 nM 18
PDA nanoparticles–MnO2 Not mentioned Fluorescence 0–350 mM 1.5 mM 39
BNQDs–MnO2 IFE Fluorescence 0.5–250 mM 150 nM 27
C-Dots–MnO2 IFE Colorimetry/uorescence 0.1–400 mM 6.6 nM This work
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Colorimetric and uorescence dual-readout assay of GSH in
buffer

This assay was then applied to detected different concentrations
of GSH by colorimetric and uorescence dual-readout mode. As
shown in Fig. S7,† the absorbance of C-dots–MnO2 nanosheets
mixture decreased gradually with the increase of GSH concen-
tration from 0 to 1 mM. The color of solutions changed from
brownish yellow to transparent gradually (Fig. 4a). The quali-
tative limit of GSH could reach 10 mM with naked eye. Consid-
ering the GSH content in biological samples (mM level), this
method can realize the naked eye qualitative judgment of GSH
content in actual samples. Simultaneously, the uorescence of
C-dots restored gradually (Fig. 4b) and reached a maximum at
the concentration of 1 mM (Fig. 4c). A linear relationship
between the uorescence recovery and the concentration of
GSH was found within the range from 0.1–400 mM, with a R2 of
0.9977 (Fig. 4d). The limit of detection (LOD) of this system was
calculated to be as low as 6.6 nM. Compared to the previous
reported uorescent probes for GSH detection (Table 1), the
detection range and sensitivity of our system was signicantly
improved, which get benet from the superior light absorption
capability of MnO2 nanosheets and the well spectral overlap
betweenMnO2 nanosheets and C-dots. In our IFE-based system,
the distance between uorophore and absorber was not strictly
required, making the assembly mode between them more
exible. More importantly, the colorimetric and uorescence
dual-readout mode could realize qualitative and quantitative
detection of GSH at the same time without additional
equipments.
Fig. 5 The fluorescence recovery of C-dots–MnO2 mixture with
0.4 mM of GSH and different kind of interferences (0.2 mM for uric
acid, and 0.4 mM for others).
Specicity, reproducibility and stability for GSH

For further investigating the specicity of this C-dots–MnO2

composites system, different kinds of substances including
metal ions, amino acids, and other biomolecules (such as
glucose and uric acid) were added to C-dots–MnO2 nanosheets
system to investigate the change of uorescence intensity. As
shown in Fig. 5, the uorescence recovery in the presence of
GSH (0.4 mM) was signicantly higher than that of other
substances (0.2 mM for uric acid, and 0.4 mM for others), in
which the concentration of uric acid was determined according
to its concent in normal human urine.40,41 It is noteworthy that
other reducing agents in biological samples such as cysteine
21142 | RSC Adv., 2021, 11, 21137–21144
(Cys), homocysteine, and ascorbic acid (AA) could also induce
uorescence recovery by reducing MnO2 nanosheets to Mn2+.
But the interferences of these distractors in biological samples
are usually ignored because the concentrations of distractors
were obviously lower than that of GSH.42 So this system showed
considerable selectivity towards GSH in blood, urine and other
biological samples.

Then intra-assay and inter-assay precision were used to
investigate the reproducibility of this biosensor. The C-dots–
MnO2 nanosheets mixture prepared on the same and different
batches were used to detect GSH with the same concentration
(0.4 mM). The results showed that their RSDs of ve parallel
detections were less than 4% for the same batch C-dots–MnO2

nanosheets mixture, and less than 8% for different batch,
indicating the acceptable reproducibility of this C-dots–MnO2

nanosheets system. To investigate the stability of this
biosensor, the inter-day and intra-day precision were measured.
As shown in Fig. S8a,† C-dots–MnO2 nanosheets mixture were
used to detect GSH (0.4 mM) every two hours on the same day,
the change degree of response signal was less than 3%. Aer
been storage at 4 �C for 14 days, the change degree of response
signal was less than 5% (Fig. S8b†), indicating that the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Fluorescence spectra of C-dots–MnO2 mixture with various concentrations of GSH (0–1.0 mM) in 400-fold diluted human serum. (b)
The dependence of fluorescence recovery and GSH concentration. (c) Calibration plot of fluorescence recovery versus GSH concentration. (d)
The photoshop of C-dots–MnO2 mixture with different concentrations of GSH (0, 0.08, 0.3, 1.0 mM) in 400-fold diluted human serum.
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biosensor exhibited satisfactory stability during manufacture,
normal storage, long-distance transport.
Detection of GSH in human serum and urine

To validate the feasibility of this method in complex biological
samples, determination of GSH in human serum and urine
were further explored. Considering the concentration of GSH in
biological samples and the detection range of our strategy,
human serum and urine samples were diluted with buffer
before been used as analysis medium. As shown in Fig. 6 and
S9,† the uorescence of carbon dots gradually recovered with
the increase of GSH concentration, which was similar to that in
buffer. The uorescence recovery was proportional to GSH
concentration with a linear range of 0.5–300 mM (Fig. 6c and
S9c†). The LOD in human serum and urine sample were 15 nM
and 6.9 nM, respectively. More interestingly, the concentration
of GSH in biological samples could also be distinguished by
naked eye. When GSH concentration reached 0.08 mM, the
color of the C-dots–MnO2 composites became lighter, indi-
cating that GSH at this concentration can be distinguished by
naked eyes (Fig. 6d and S9d†). With the further increase of GSH
concentration, the color of the solution gradually faded and
became clear and transparent when the concentration of GSH
reached 1.0 mM.
Conclusions

In summary, an ultrasensitive colorimetric and uorescence
dual-readout assay based on carbon dots–MnO2 mixture was
© 2021 The Author(s). Published by the Royal Society of Chemistry
established for the determination of GSH. This sensing system
could not only realize the quantitative detection of GSH, but
also qualitatively determine the concentration of GSH through
naked eyes. Meanwhile, this assay exhibit satisfactory responses
toward GSH in human serum and urine samples. It indicates
that this strategy has a great potential for GSH-related disease
diagnosis and biological application.
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