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Detection of signal molecules in living plants is of great relevance for precision farming. In this work, to
establish a more effective method for monitoring salicylic acid (SA) in the leaves of living plants,
a ratiometric electrochemical sensor was fabricated based on a Cu metal-organic framework (Cu-MOF)
and carbon black (CB) composite. The Cu-MOF and CB composite was used to catalyze SA oxidation.
Ratiometric oxidation current peak intensities /sa/lcy-mors Were used as the response signal for SA. Isa/
Icu-mors linearly enhanced with the increase of SA concentration, together with low limits of detection
(12.50 uM). Moreover, our sensor is fabricated on a screen-printed electrode (SPE), which is especially
suitable for applying to the flat leaves of plants. Using this sensor, the SA level in the leaves of cucumber
seedlings was monitored in vivo under salt stress. The proposed sensor is accurate, reliable and practical.
This is the first report for developing a ratiometric electrochemical sensor for detecting SA in living
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1. Introduction

The in vivo monitoring of qualitative and quantitative changes
of key physiology parameters of plants will be of great impor-
tance for precision farming. Salicylic acid (SA) is a well-known
phytohormone, which functions as a signal molecule in plant
growth and developmental processes, such as photosynthesis,
aging, and defense responses.” Recently, in vivo detection of SA
has aroused great interest.”®* Among many in vivo methods,
electrochemical sensors are convenient and suitable for in vivo
application because of their high sensitivity, low cost, and ease
of miniaturization and integration. For example, Sun et al.® re-
ported the in vivo detection of SA in the leaves of tomatoes by
electrochemical devices based on paper. Hu et al.® performed SA
detection in vivo by a modified Pt microsensor in sunflower
seedlings. However, it is still a great challenge to establish more
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plants. Our work can also provide a strategy for in vivo studies on the leaves of plants.

effective methods for accurate and reliable SA detection in
living plants.

Recently, great effort has been made onto the developing of
ratiometric electrochemical sensors. The ratiometric electro-
chemical sensors are based on two electroactive molecules
which can produce distinguishable electrochemical signals.
One signal is the reference signal, which can be used to correct
the inherent system errors caused by environmental or personal
factors.”® And the other signal takes a part in detecting analytes.
Nowadays, ratiometric electrochemical sensors have demon-
strated its unique characters of enhanced reproducibility and
robustness in determination of many molecules including
biological small molecules,”'® metal ions,'»** and proteins,'>**
etc. However, to date, few ratiometric electrochemical sensors
has been developed for SA detection in living plants.

Recently, the Cu metal-organic frameworks (Cu-MOFs) have
received extensive interest in view of their unique characters
including particularly high surface area, uniform structured
cavities, tunable pore size, and easy surface functionaliza-
tion.”*” Cu-MOFs have been used for constructing electro-
chemical sensors to detect glucose, hydrazine, nitrite,
hemoglobin, ascorbic acid, H,0,, NADH, ethanol, etc.”**
However, pure MOFs are still limited in fabricating electro-
chemical sensors because they suffer from some intrinsic defi-
ciency such as low stability in air and aqueous environment.>***
An efficient resolution for this problem is to combine MOFs
with other functional materials. Carbon materials are good
partners for this purpose. For example, graphite oxide was
incorporated into typical MOFs to enhance catalytic activity and
hydrothermal stability.”®> A Cu-BTC/MWCNTs composite was
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also synthesized, and the electrode fabricated by this composite
showed good sensitivity for H,0,.2* Carbon black (CB) is
a promising carbon nanomaterial. It has good conductivity,
high surface area and porosity, and low cost.>”*® In order to
develop a practical and low-cost sensor, CB was used to form
a composite with Cu-MOFs and fabricate the electrode.

For in vivo application in plants, the detection parts mainly
include roots, stems and leaves. As leaves are the main part of
most plants, it is very important to develop sensors for in vivo
studies in the plant leaves. Plant electrophysiologist have used
ion-selective electrodes (ISEs) to detect the concentrations of
some ions, such as Ca**.?® This kind of electrode was placed
outside of the leaves for non-destructive detection based on the
voltage difference between two points. But this kind of electrode
can't be used for detecting SA. For detecting SA in the leaves by
electrochemical sensors, the electrode should be inserted in the
leaves or the leaves should be destructed for SA release and
connected to the electrode. Most plants have flat leaves, tradi-
tional needle or column electrodes are difficult to be inserted
into the leaves for some in vivo studies. Screen-printed elec-
trodes (SPEs) are suitable to make practical and low-cost
sensors which can give reproducible results in biochemical
detection. Its flat shape fits well with the flat leaves of some
plants. Therefore, our sensor was fabricated on SPE electrode.
In our work, the sensors were constructed by immobilizing Cu-
MOFs/CB nanocomposites onto SPE electrodes. The Isa/Icy-mors
was used as the response signal to develop ratiometric electro-
chemical sensor. The sensor showed high accuracy and reli-
ability. For the practical application, the cucumber seedling was
used as a model. As far as we know, this is the first ratiometric
electrochemical sensor for detecting SA in living plants. Our
work can also give a strategy for in vivo studies in the leaves of
plants (Scheme 1).

2. Experimental section
2.1. Reagents and materials

Salicylic acid (SA), copper(u) nitrate hexahydrate, polyvinyl pyr-
rolidone (PVP), 2-amino terephthalic acid (NH,-BDC), nafion,
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Scheme 1 Schematic illustration of the fabrication process of the
electrochemical ratiometric sensor of SA.
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tris(hydroxymethyl) methyl aminomethane (THAM), N,N-dime-
thylformamide (DMF), indole-3-acetic acid (IAA), citric acid
(CA), jasmonic acid (JA), abscisic acid (ABA) and gibberellin
(GAs) were purchased from Sigma-Aldrich (Germany). CB
(VXC72R) was supplied by Cabot Chemical (Tianjin, China) Co.,
Ltd. Hydrochloric acid (HCI), absolute ethanol was obtained
from Beijing Chemical Works. Ultrapure water was used for the
whole experiments.

2.2. Synthesis of Cu-MOFs

Cu-MOFs were synthesized referring to the previous report™
with some modification. Briefly, 8 ml DMF and 8 ml ethanol
were mixed firstly, and 0.40 g PVP was added into this mixture.
Subsequently, 46.64 mg Cu (NOj3),-6H,0 and 10.86 mg NH,-
BDC were dissolved in 4 ml DMF. Then this DMF solution was
added into the above mixture with ultrasonication for 15 min.
The solution was heated at 100 °C for 5 h. After that, the ob-
tained precipitate was dissolved by adding 40 ml DMF. The
solution was heated at 100 °C for 8 h. Finally, the Cu-MOFs were
obtained by centrifuging and drying naturally.

2.3. Characterization

A FESEM system (ZEISS, SEM 500, Germany) equipped with an
EDS microprobe was used for investigating the morphologies of
Cu-MOFs and the different modified SPE electrodes. Glassy
carbon sheets with diameter of 5 mm were applied for the
characterization.

2.4. Electrochemical measurements

The SPE electrode was obtained from Ningbo Mxense Bio-Tech
Co., Ltd. The disposable electrodes contained Ag/AgCl refer-
ence, carbon counter, and carbon working electrodes. The
diameter of the working electrode is 2.5 mm. It was rinsed by
ultrapure water. Then it was activated by applying a potential of
1.7 V for 180 s. Cu-MOFs and CB were dissolved in 2 ml
deionized water. Then 5 pl nafion (0.01%) was added. The mass
ratio of Cu-MOFs and CB (1:3, 1:2, 1:1, 2:1, 3:1) were
optimized (Cu-MOFs:CB = 1:3, 0.75 mg ml~' Cu-MOFs,
2.25 mg ml~! CB; Cu-MOFs : CB = 1:2, 1 mg ml~' Cu-MOFs,
2 mg ml™' CB; Cu-MOFs : CB = 1:1, 1.5 mg ml~ " Cu-MOFs,
1.5 mg ml~" CB; Cu-MOFs : CB = 2:1, 2 mg ml~" Cu-MOFs,
1 mg ml~" CB; Cu-MOFs : CB = 3 : 1, 2.25 mg ml~' Cu-MOFs,
0.75 mg ml~ ' CB). After ultrasonicating for 30 min, the
composite of Cu-MOFs-CB-nafion was got. 4 ul of Cu-MOFs-CB-
nafion solution was used to modify the working electrode. The
effect of different buffer, including Tris-HCl, PBS, PB,
Na,HPO,—citric acid, KH,PO,~NaOH on the electrochemical
performance of the Cu-MOFs-CB-nafion/SPE electrode was also
investigated. The buffer recipes can be found in the ESL.{ Cu-
MOFs-nafion/SPE and CB-nafion/SPE electrode were also
prepared for control.

A CHI 760 electrochemical working station (Chenhua
Instruments Co., Shanghai, China) was applied for the elec-
trochemical experiments. Differential pulse voltammetry (DPV)
measurements were conducted from —1.0 V to 1.5 V with a scan
rate of 0.1 Vs~ ', and the parameters were: 0.02 s of pulse width,
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0.02 V of increasing potential, 1 s of pulse period, 0.02 s of
sampling width, and 0.05 V of amplitude.

2.5. Invivo test of SA in cucumber seedlings

One month old of cucumber seedlings (Zhongnong 26), which
were planted in nutritious soil, were kindly supplied by Vege-
table Research Center of Beijing Academy of Agricultural and
Forestry Sciences. Then the seedlings were randomly divided
into two groups (10 in each group). The two groups were
respectively irrigated with 150 ml Hoagland solution which
contained 0 and 200 mM of NaCl. After 12 h, the seedlings were
used for electrochemical and UPLC-MS measurements.

For the in vivo test, a puncture needle was used to punch the
leaves of the cucumber seedlings to obtain a hole for release and
detection of SA. The working electrode of the SPE was attached
to the hole tightly by adhesive tape. 20 ul of Tris-HCI buffer was
dropped into the hole for the electrochemical measurement.
For different leaves, the electrodes were placed approximately
the same site as possible.

2.6. Liquid chromatography-mass spectrometry (UPLC-MS)
tests

The UPLC-MS tests were conducted according to our previous
reports.®*° Briefly, the fresh leaves of the cucumber seedlings of
the two groups were respectively collected. After grinding, the
sample (100 mg) was added with 1 ml precooled methanol, and
it was placed at 4 °C for a whole night. Then the extract was
added 1 ml CHCI;. After centrifuging, the underlying liquid was
collected and dried. Then it was dissolved with methanol and
filtrated by microporous membrane (0.22 mm).

3. Results and discussion

3.1. Characterization of the modified electrodes

The morphology of the synthetized Cu-MOFs was characterized
by SEM. The size of Cu-MOFs was about 2-3 pm, and they
showed well-formed univalent hyperboloid structure which
accumulated by single layer structure with large surface area
(Fig. 1A). Fig. 1B-D showed the morphologies of different
modified electrodes. As for the bare GC electrode, the surface
was relatively smooth (Fig. 1B). After modified the electrode
with Cu-MOFs-nafion, amorphous sheets with large surface
area were covered on the surface of the electrode (Fig. 1C),
indicating that Cu-MOFs-nafion was modified on the electrode.
When modified the electrode with CB-nafion solution, the CB
particles tended to aggregate into dense porous structures
(Fig. 1D). When modified the electrode with Cu-MOFs-CB-
nafion solution, a rough, porous structure were formed
(Fig. 1E), which could increase the effective area of the electrode
significantly. SEM data confirmed that the fabrication of the
electrode was successful. For the EDS result of the Cu-MOFs-CB-
nafion/SPE electrode (Fig. 1F), elements of C, O, N, Cu, F, S were
observed. The glassy carbon sheets, Cu-MOFs and CB are all
contained the C element, resulting in the appearance of C. The
appearance of O and N elements were due to the BDC ligand of
the Cu-MOFs. The observation of Cu element could be ascribed
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Fig. 1 SEM images of Cu-MOFs (A), bare SPE (B), Cu-MOFs-nafion/
SPE (C), CB-nafion/SPE (D), and Cu-MOFs-CB-nafion/SPE (E). (F) is the
EDS image of Cu-MOFs-CB-nafion/SPE.

to the Cu(u) ions of the Cu-MOFs. Nafion contains F and S
elements, which led to the appearance of F and S elements. This
result confirmed that the Cu-MOFs-CB-nafion layer was modi-
fied on the SPE electrode successfully.

3.2. The catalytic performance of the Cu-MOFs-CB-nafion/
SPE electrode for SA

The electrocatalytic activity of bare SPE electrode, Cu-MOFs-
nafion/SPE electrode, CB-nafion/SPE electrode and Cu-MOFs-
CB-nafion/SPE to SA was investigated by DPV. As shown in
Fig. 2a, the bare SPE electrode showed a weak redox peak of SA
at about 0.75 V in the presence of 400 pM SA. The catalytic
ability of Cu-MOFs-nafion/SPE electrode for SA was significantly
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Fig. 2 DPV curves of bare SPE (a), Cu-MOFs-nafion/SPE (b), CB-
nafion/SPE (c), Cu-MOFs-CB-nafion/SPE (d) in 400 uM SA.
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Fig. 3 DPV responses of Cu-MOFs-CB-nafion/SPE electrode in
0.05 M Tris—HCl buffer (pH 7.0) toward different SA concentration (A).
The calibration curves between Isa/lcy-mors (B), Isa (C) and Icy-mors (D)
with the concentrations of SA.

improved than the bare SPE electrode (Fig. 2b and 3 mg ml ™"
Cu-MOFs was used), suggesting that Cu-MOFs could effectively
promote the oxidation of SA, which may due to their unique
characters such as the large surface areas, ordered pore struc-
ture and multiple coordination sites, etc. Another redox peak
was also observed at about —0.15 V, which was due to the
oxidation of Cu®*" in Cu-MOFs. The redox peak of Cu-MOFs
reduced significantly in the presence of SA than that of in the
absence of SA (Fig. S17), suggesting that the Cu-MOFs catalyzed
the oxidation of SA to transform Cu”" into Cu” and the oxidation
peak of Cu®" was reduced in the presence of SA accordingly. The
oxidation peaks of Cu®" and SA are separated by ~900 mvV,
indicating that the oxidation of Cu®" and SA in this sensor
system can be measured simultaneously without mutual inter-
ference. Therefore, the Isa/Icu-mors can be used as the response
signal for developing ratiometric sensor for SA. The catalytic
ability of CB-nafion/SPE electrode (3 mg ml ' CB was used) for
SA was similar to that of Cu-MOFs-nafion/SPE (Fig. 2c), which
may be due to that CB has high surface to area ratio and good
conductivity. As for the Cu-MOFs-CB-nafion/SPE electrode
(Fig. 2d, Cu-MOFs : CB = 2 : 1, 2 mg ml~* Cu-MOFs, 1 mg ml ™"
CB), the redox peak of SA was slightly decreased compared with
that of Cu-MOFs-nafion/SPE and CB-nafion/SPE. However, the
redox peak of Cu-MOFs of the Cu-MOFs-CB-nafion/SPE also
greatly reduced compared with that of Cu-MOFs-nafion/SPE,
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resulting in a significant increase in the value of Isa/Icu-mors
(the value of Isy/Icu-mors Of Cu-MOFs-CB-nafion/SPE is 0.151 +
0.0032, and the value of Isz/Icumors Of Cu-MOFs-nafion/SPE is
0.068 + 0.0021). This result may be due to that there is a synergy
effect for the Cu-MOFs and CB, resulting in the change of the
electrochemical properties of the electrode. This change has
a significant impact on the redox of Cu-MOFs, which was mainly
due to that the mass of Cu-MOFs was reduced by one-third for
the Cu-MOFs-CB-nafion/SPE electrode. But it has little effect on
the redox of SA, as both Cu-MOF and CB has similar catalytic
properties for SA. Therefore, the Cu-MOFs-CB-nafion/SPE elec-
trode was used for the construction of the ratiometric sensor for
SA in the following experiments.

3.3. Optimization of the experimental conditions

The experimental conditions, such as the mass ratio of Cu-
MOFs and CB, concentration of buffer and types of buffer,
were optimized to get a more sensitive biosensor. As shown in
Fig. S2A,T the effect of five different mass ratios of Cu-MOFs and
CB on the electrochemical performance of the Cu-MOFs-CB-
nafion/SPE was investigated. When the mass ratio increased
from 1 : 3 to 2 : 1, the ratio of Isa/Icy-mors (In the presence of 400
UM SA) increased significantly. When the ratio increased
further, the ratio of Isy/Icumors decreased, indicating the
optimal mass ratio of Cu-MOFs and CB was 2 : 1. The effect of
different buffer on the electrochemical performance of the Cu-
MOFs-CB-nafion/SPE  electrode was investigated. From
Fig. S2B,t the ratio of Isa/Icy-mors Was the highest using Tris-
HCI buffer. The ratio of Isa/Icu.mors Was the lowest when PBS
buffer was used. The response of the other three buffers was
between Tris-HCI and PBS. So Tris-HCI buffer was selected for
the following test. The concentration of Tris-HCI buffer was
also optimized. From Fig. S2C,T the ratio of Isa/Icy-mors Was the
highest in 0.05 M Tris-HCI buffer and fell drastically when the
concentrations of Tris-HCI buffer increased to 0.1 M. The ratio
of Isp/Icu-mors decreased further when the concentrations of
Tris-HCI buffer increased further. So 0.05 M Tris-HCI buffer
was applied in the following measurements.

3.4. Performance of the Cu-MOFs-CB-nafion/SPE electrode
for detecting SA

The performance of the prepared Cu-MOFs-CB-nafion/SPE for
detection of SA was investigated. The peak current of SA

Table 1 Comparisons of the proposed SA sensor with the previous reported SA sensors

Electrode Method Linear range/uM LOD/pM References
Multiwalled carbon nanotubes-chitosan modified glassy carbon DPV 0.67-48.82 0.1 31
electrode

Modified CB-MWNT-nafion/F¢c/CBMWNT/GC electrode DPV 25.0-1000 3.3 32

Carbon tape modified electrode DPV 1-100 0.1 33

Pt nanoparticles modified Pt disk electrode I-T 20-500 6.4 1

Nickel titanate nanoceramic modified carbon paste electrode DPV 3.0-40.0, 40.0-1000.0 0.068 34

Screen printed electrodes SWv 16-300 5.6 35

Pencil trace modified carbon tape electrode SWvV 0.1-100 0.1 36
Cu-MOFs-CB-nafion/SPE electrode DPV 100-900 12.5 This work
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Fig. 4 DPV responses of Cu-MOFs-CB-nafion/SPE electrode to
different chemicals: IAA, ABA, MeJA, GA, CA, SA and all the chemicals
in 0.05 M Tris—HCIL (pH 7.0). The concentrations of all the chemicals
are 400 pM.

increased and the peak current of Cu-MOFs decreased corre-
spondingly with the increasing concentrations of SA (Fig. 3A).
There is a linear relationship between the ratio of Isa/Icu-mors
and SA concentration in the range of 100-900 pM. The linear
equation wasy = 1 x 10~ *x + 0.3678 (R* = 0.9841) (Fig. 3B), the
LOD of the ratiometric sensor for SA was 12.50 uM.

Furthermore, there is also a linear relationship between the
peak current of SA and SA concentration in the range of 100-900
uM. Its equation was y = 5 x 10 *x + 0.0149 (R> = 0.9870)
(Fig. 3C). And the peak current of Cu-MOFs is linear with SA in
the same concentration range. Its equation was y = 2 x 10~ *x +
0.0405 (R* = 0.9901) (Fig. 3D). The linear fitting slope of the
ratiometric sensor was significantly improved compared with
that of Fig. 3C and D, suggesting the sensitivity of the sensor can
be improved by the double signal output greatly. Compared
with some other electrochemical sensors of SA summarized in
Table 1,*'-*¢ although the LOD of our sensor was not lower than
other sensors, the detection range of our sensor was wider than
that of most sensors, and it can cover a large part of concen-
tration range of SA in most plants, which is in the range of nM
to mM.*” More importantly, it is accurate, reliable and practical.
Therefore, the performance of the proposed ratiometric elec-
trochemical biosensor is acceptable.

The influence of common interfering species on the detec-
tion of SA was examined. Fig. 4 showed the DPV response of the
Cu-MOFs-CB-nafion/SPE electrode in presence of 400 uM IAA,
ABA, MeJA, GA, CA, SA and mix of all the chemicals. The Isp/Icy.
mors signal of the sensor in the presence of SA was tremen-
dously higher than that of in the presence of other interfering
species. The inset in Fig. 4 showed a typical voltammogram for
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each of the interfering compounds measured. The character-
istic peak of SA appeared at 0.75 V. One or more characteristic
peaks were found for other interferences, which are all different
from that of SA. These results suggested that our sensor
possessed high selectivity. In presence of 400 uM SA, the RSD
was 5.6% for 6 different Cu-MOFs-CB-nafion/SPE. 87% sensing
ability was remained after the sensor was stored at 4 °C for two
weeks (Fig. S371), suggesting the sensor had high stability.

3.5. Detection of SA in vivo in cucumber seedlings

It has been reported that SA plays a critical role in mediating
plants resistance to salt stress.*® In our work, the prepared Cu-
MOFs-CB-nafion/SPE electrode was applied to detect the SA
concentration of cucumber seedlings leaves in vivo under
different NaCl treatment. The leaves of cucumber seedlings are
flat, which is difficult to be studied in vivo using traditional
needle or column electrodes. However, the modified SPE elec-
trode is very suitable for this application. Fig. S41 showed the
photo for the detection. As shown in Table 2, the concentrations
of SA in the leaves of cucumber seedlings were 140.55 £ 2.74 uM
and 174.06 £+ 4.35 uM for 0 mM and 200 mM of salt stress,
respectively. This result suggested that the SA level increased in
the leaves of cucumber seedlings under 200 mM of salt stress,
which may be due to its important role in the induction of
systemic acquired resistance against biotic and abiotic
stresses.*>** A similar trend was obtained by the UPLC-MS
(Table 2), confirming the reliability of the developed ratio-
metric sensor. Compared with the traditional technologies, the
information obtained by our sensor can better reflect the actual
situation of plants. For some traditional methods, the plant
samples need to undergo complex preprocessing, such as
grinding, centrifugation, extraction and so on. This process
often causes great damage to plants and loses some biological
information. For detecting SA in vivo by sensors, a small hole
should be opened in the leaves of the cucumber seedlings, and
then the releasing SA can be directly detected by the sensor,
which can provide more instant and accurate information of the
levels of SA. This difference may explain the discrepancy
between the results obtained with HPLC and our sensor. Our
proposed sensor is simple, accurate, reliable and practical. The
diameter of the punched hole in the leaves is only 1 mm, so the
influences on the following plants growth can be neglected.

4. Conclusions

In summary, a ratiometric electrochemical sensor for detection
of SA in the leaves of living plants was developed on SPE

Table2 Comparison of the results obtained by UPLC-MS and the developed ratiometric electrochemical sensor for detecting SA in the leaves of

cucumber seedlings under salt stress

NaCl concentrations

Relative deviation

(mM) HPLC (uM) SA sensor (LM) (%)
0 128.27 & 4.61 140.55 + 2.74 5.1%
200 165.38 &+ 3.80 174.06 + 4.35 8.12%

This journal is © The Royal Society of Chemistry 2020
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electrode based on Cu-MOFs/CB composite. The Cu-MOFs and
CB were used to catalyze SA oxidation. The Isa/Icy-mors Was used
as the response signal for SA detection. The fabricated ratio-
metric sensor is accurate, reliable and practical. Using this
sensor, the SA level in the leaves of cucumber seedlings was
successfully detected in vivo. This work offers a new platform for
detecting phytohormones by ratiometric electrochemical
sensors. Our work can also give a strategy for in vivo studies for
the leaves of plants.
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