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Abstract. Glucose is not only as a main metabolic material, but also
as a signaling molecule during the process of plant growth. In this work,
for the first time, we developed an electrochemical microbiosensor
suitable for real-time detecting of glucose concentration in plants. The
biosensor uses glucose oxidase (GOD) to catalyze the glucose, and uses
cellulose acetate (CA) and polycarbonate (PC) to improve the
electrochemical selectivity and reduce the dependence of response on
ambient oxygen. The linear range of the proposed sensor is wide and
the detection limit is lower, which could basically meet the needs of
plant testing. The content of glucose in sunflower under salt stress was
monitored in real-time successfully, confirming the applicability of the
fabricated microbiosensor. This work has a potential to open an
innovative way to study the dynamic changes of physiological state of
the plants in real-time.
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1 Introduction

Recently, researchers have found that sugar is an important regulator for the growth
and gene expression of plants. For plants, sugar not only is the energy source and
structural substance, but also has a hormone-like primary messenger function in signal
transduction [1, 2, 3, 4, 5]. For instance, soluble sugar, including glucose, trehalose,
sucrose and so on, will be accumulated in the plant cells under the drought stress.
These soluble sugars are involved in osmoregulation and may play a role for protein
stability in plants. Therefore, it is important to carry out quantitative analysis for
sugars in plants.

The conventional methods for the determination of soluble sugar in plants includes
liquid chromatography [6], gas-chromatography [7], near infrared spectroscopy [8],
and fluorescence [9], etc. However, great damage could be caused by these methods
to the plant for collecting the plant tissue samples. And the results obtained by these
methods always reflect the static concentration or the cumulative effect at a given
time, and can’t reflect the real-time dynamic changes of the metabolic substances in
the plant when the environment changes. In order to understand the physiological law
of plants more comprehensively and guide agricultural production, people hope to
acquire the real-time dynamic changes of these important sugars in plants. So, new
methods should be developed for real-time monitoring of sugars in plants.



Electrochemical biosensors has the advantages of high sensitivity, good selectivity,
portability, rapid response, and ease of automatization, etc.[10, 11, 12]. Specially,
electrochemical microbiosensors are suitable for real-time detection in living bodies.
Recently, electrochemical microbiosensors had made a substantial progress in the
study of neurophysiology and neuropharmacology. Electrochemical microbiosensors
have been applied for real-time detection of glucose [13, 14, 15, 16, 17], acetylcholine
[18, 19], dopamine [20, 21, 22], ATP [23], cholesterol [24] and glutamate [25] in
different animals. Some electrochemical microbiosensors also have been applied to
monitor the H,O, [26] or NO [27] in real-time in plants. However, to our best
knowledge, no electrochemical microbiosensors have been developed for monitor
sugars in real-time in plants.

Glucose is a major soluble sugar. Here, for the first time, we developed a
needle-type electrochemical microbiosensor which can be used for real-time detecting
of glucose in plants. The biosensor uses glucose oxidase (GOD) to catalyze the
glucose reaction, and uses cellulose acetate (CA) and polycarbonate (PC) to improve
the electrochemical selectivity and reduce the dependence of response on ambient
oxygen. The glucose microbiosensor shows good sensitivity and selectivity. The
content of glucose in sunflower under salt stress was also monitored successfully
using the developed microbiosensor in real-time.

2. Materials and Methods

2.1.  Chemicals and Materials

Glucose, cellulose acetate (CA), glutaraldehyde (glutar), sucrose, lactose, glycine,
sorbitol, maltose , Poly(bisphenol A carbonate) (PC), glucose oxidase (GOD), bovine
serum albumin (BSA), raffinose, galactose, fructose were purchased from
Sigma-Aldrich Co. LLC. (Shanghai, China). Phosphate buffered solution (0.01M, pH
7.4) was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China). All other chemicals used were analytically grade and purchased from Beijing
Chemical Works (Beijing, China). Ultrapure water was used through the whole
experiments.

2.2. Fabrication of the PC/GOD/Glutar/CA/Pt Needle Electrode

Platinum (Pt) wire electrode was obtained from Tianjin Ida company which diameter
is about 0.5 mm. Before using, Pt wire electrode was polished with 1.0-0.05um
alumina slurry in turn, then sonicated 5min in deionized water and ethanol, and rinsed
thoroughly by deionized water and ethanol. Then electrode was placed in
concentrated nitric acid for 10 min, followed by washing. Then it was subsequently
voltammetrically cycled in 0.1M sulfuric acid from 0 to +1.5V at 0.1V/s until the Pt
wire electrode was clean.

The clean Pt wire electrode was modified primarily by immersing in acetone of 2%
CA for 2min, then dried in the air. Then the CA/Pt electrode was immersed in 2%
glutaraldehyde solution for 2 hours. After washing and drying again, the glutar/CA/Pt
electrode was incubated in 10pL 10mg/mL GOD/BSA (1:1) in PBS (pH 7.4, 0.01M)
for 20h at 4 °C. Following rinsing and drying, the GOD/glutar/CA/Pt electrode was
promptly soaked by 8% PC in dichloromethane for 2min, and dried in the air. The PC
in dichloromethane was prepared freshly before use due to the volatilization property
of dichloromethane. Finally, the PC/GOD/glutar/CA/Pt electrode was rinsed with PBS,
and dried in the air. The whole process for fabrication of the glucose sensor for plant
is displayed in Scheme 1.
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Scheme. 1. Fabrication process of the glucose sensor. And CA, glutar, GOD, PC are
the abbreviations of cellulose acetate, glutaraldehyde, glucose oxidase, poly
(bisphenol A carbonate) separately.

2.3.  Preparation of Plant Samples

The sunflower seeds (LD5009) were gained from Inner Mongolia academy of
agriculture and animal husbandry sciences. Firstly, the seeds were sterilized. Then
they were planted into sandy soil in polyethylene containers and cultured in an
illuminating incubator (10h/14h of light/dark period, 25°C, 60% humidity). After
sprouted, the evenly size seedlings were selected and transplanted into Hoagland
solution[28]. After 15 days, the healthy seedlings were randomly divided into two
groups. Then different concentrations of NaCl (0 and 200mM) were introduced into
the Hoagland solution for fabricating salt stress.

2.4.  Electrochemical Measurements

Most of the electrochemical experiments were performed on an electrochemical
working station (CHI 660C, CH Instruments, Shanghai, China) at room temperature.
The real-time detecting of glucose in sunflowers under salt stress was performed on a
multi-channel CHI 1000C instrument. A two-electrode system was used. The
prepared Pt wire was employed as working electrode, the Ag/AgCl wire was
employed as reference/counter electrode. Both the working and reference electrode
were wrapped by leaving 2 mm for sensing length with insulating tape.

In situ determination of glucose in sunflowers were done by sticking the
PC/GOD/glutar/CA/Pt electrode and Ag/AgCl electrode into the stem of the
sunflowers about 2 mm depth without piercing through. For different plant, the
electrodes were inserted into the same site as possible.

3. Result and Discussion
3.1. Characterization of the Glucose Sensor.

To characterize the electrochemical properties of the prepared glucose sensor, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were employed
to detect each fabrication step of the proposed sensor. Figure 1(A) shows the CV
curves for each fabrication step. The bare Pt needle electrode shows reversible redox
behavior of the Fe(CN)¢*"*~ (curve 1). After the CA coated onto the Pt needle
electrode, the redox peak current decreased (curve 2), indicating that CA layer has
coated on the electrode. After glutaraldehyde was absorbed on the CA coated
electrode, the peak current decreased further (curve 3), because of the formed barrier
from glutaraldehyde. After the GOD was immobilized on the glutar/CA/Pt electrode,
the reversibility of the redox curve was lost markedly (curve4). This suggests that
enzyme was cross-linked onto the CA membrane through glutaraldehyde successfully.
No obvious redox peaks were observed in curve 5, indicating the PC layer has been
formed on the electrode.

Figure 1(B) shows the characterization of EIS for the process of the fabrication. A



simple equivalent circuit model (the inset in Fig. 1B) was used to match the
impedance spectroscopy. After the CA membrane formed, the electron-transfer
resistance significantly increased to 2.28kQ (curve 2) compared to the curve of bare
Pt electrode (curve 1), as the CA layer interdicted the electron-transfer from the redox
ions to the electrode surface. After the glutaraldehyde (curve 3) and the GOD (curve 4)
cross-linked onto the CA membrane of the electrode surface, the Ret increased to
8.37kQ, due to the compact structure of the fabricated layers. After the PC layer
formed on the electrode (curve 5), that corresponding Ret increased further, which
ascribed to the steric hindrance effect of PC layer. The result of EIS also illustrated
that the electrode had been modified successfully.
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Fig. 1. (A) Cyclic voltammograms for (1) bare Pt electrode, (2) CA/Pt electrode, (3)
glutar/CA/Pt electrode, (4) GOD/glutar/CA/Pt electrode, (5) PC/GOD/glutar/CA/Pt electrode.
(B) Nyquist plots of impedance spectras for (1) bare Pt electrode, (2) CA/Pt electrode, (3)
glutar/CA/Pt electrode, (4) GOD/glutar/CA/Pt electrode, (5) PC/GOD/glutar/CA/Pt electrode.
All the electrochemical works above here were scanned in 5 mM [Fe(CN)¢] 3+ in 0.01 M PBS
(pH 7.4).

3.2.  Optimization of Glucose Sensor Modified Conditions

As is known to all that most of the enzyme based glucose sensors detect the electrons
produced from the hydrogen peroxide amperometric reaction [29, 30] :

Glucose + GOD + O, — gluconolactone + GODox + H20; Q)
H,O, — 2H" + O, + 2¢° (2)

According to the principle , the equation (1) is the key reaction of the determination.
In this work, There are three layers were proposed to cover the electrode, the enzyme
layer was in the middle protected by the layers of CA and PC coatings.

CA was used as diffusion restricting membrane to depress the diffusion rate of
glucose molecules, so as to control the whole reaction process[31, 32] . The
concentration of CA was optimized. The concentration of CA in acetone was changed
from 1% to 5%, and the I-t response of glucose was measured using a series of
concentrations of glucose (0, 5, 10, 50, 100, 200, 300 mM) in phosphate buffer. As
shown in Figure 3A, the highest currents response and good linearity in the whole
measuring range can be achieved using the 2% CA, hence 2% is the optimal
concentration for CA for this sensor.

The analytical performance of enzyme-based glucose sensor could be highly rely
on the amount of enzyme applied[29, 30], so a range concentrations of GOD (5, 10,
20, 30, 40, 50 mg/ml) was investigated. As shown in Fig. 2B, it can be observed that
the highest concentration of GOD didn’t provide the best catalytic efficiency.
Considering the current response and the linearity in the whole measuring range, the
optimal concentration of GOD is 10mg/ml.

The enzyme reaction need the involvement of oxygen [33, 34, 35], the PC coating
can limit the reactive amount of glucose to reduce the influence of oxygen content[36],
and also resist the interference of other biomolecules. So, the concentration of PC was
also optimized. The applied concentration of PC was 2%, 5%, 8%, 10%. As shown in



Figure 2C, it could be seen that the currents response and linearity was best at the PC
concentration of 8%, which was chosen to be used for the real-time measurement of

glucose.
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Fig. 2. The I-t curves for different concentrations of glucose with different concentration of
CA(A), GOD (B), and PC (C) modified electrodes. The unit for the concentration of GOD is
mg/ml.

3.3.  Performance of Glucose Sensor

The multi-layer modified glucose sensor was used to detect the different
concentrations of glucose applied at 0.6 V. After the stabilization of current of the
modified electrode in PBS, the current response of a series of concentrations of
glucose solution was recorded. Each concentration of glucose was measured 15 min to
obtain a relatively stable current curve. Figure 3 shows the plot of current response
versus glucose concentration. The applied concentration of glucose was from 5 to 300
mM, which covers the glucose concentration range in most plants. With the increase
of glucose concentration, the current response is also increased. The inset of Fig. 3
exhibits a linear with logarithm of glucose concentration ranging from 5 mM to 300
mM. The calibration equation is AI(tA)=0.607LN[cgiucose(MM)]-0.968, and the
calibration coefficient is 0.987. We were able to detect 0.1mM glucose directly,
indicating a detection limit of 0.1 mM for glucose.

Other soluble sugars in plants, such as raffinose, galactose, sucrose, etc., may
interfere the detection of glucose. So the amperometric responses of possibly existed
interferences on the glucose sensor was studied. As demonstrated in Figure 4, each
substance was tested 120s. The proposed glucose sensor did not show distinct
response to the interferences while maintaining high sensitivity to glucose. This result
indicated that the proposed sensor has good selectivity.
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Fig. 3. I-t curve obtained by the glucose sensor in 0.01 M PBS (pH 7.4) solution containing
different concentrations of glucose: 0, 5, 10, 50, 100, 200, 300 mM. The insert is the Calibration
curve of the glucose sensor.
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Fig. 4. I-t curve obtained by the glucose sensor in 0.01 M PBS (pH 7.4) with successive
additions of 50 mM: glucose, raffinose, galactose, sucrose, lactose, fructose, glycine, sorbitol,
maltose (fromato i in turn).

3.4. In Vivo Measurements of Glucose Levels in the Stem of Sunflowers Under
Salt Stress.

Sugar is a main product of photosynthesis. It is not only as a metabolic material, but
also as a signal molecule for the regulation for the plant growth. In this work, to avoid
the effect of photosynthesis, the real-time measurement of glucose in sunflower was
carried out at night. The two groups of sunflowers under different salt stress (OmM
and 200mM NaCl) were measured at the same time by using a multi-channel
CHI1000C instrument. As shown in Fig.5b, there might be a self-stabilization stage
for the sensor during the initial part of the measurement. However, distinct difference
has been observed for the glucose levels of the two groups of sunflowers at the initial
stage of the measurement. From 1000s to 5000s, it was found that the glucose level of
sunflowers under 200mM NaCl treatment is higher than the control group.
Researchers have found that the salt stress have a reverse effect on the growth of
plants, so this increase of glucose level may be due to a decrease in the utilization of
glucose in growth [37, 38]. Stems of plants usually carry the function of transporting
nutrients, this increase of glucose level may also be due to some changes in their
translocation through the plant. However, after that, the glucose levels of the two
groups tended to be consistent. This result may be due to that the accumulated glucose
has been consumed because of the lack of photosynthesis. Santos also reported that
the levels of soluble sugars of the sunflower cells will be increased under salt and
osmotic stress, but the contribution of the soluble sugars to the osmotic potential was
low[38]. Our results confirmed their conclusions to some extent. The glucose
microbiosensor developed here was able to sense the change of glucose in the stem of
sunflowers in real-time successfully.
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Fig. 5. (A) Image for in situ detection of glucose in the stem of sunflower seedling by
the glucose sensor, the electrodes were connected to the working electrode wire (1),
reference electrode wire (2), counter electrode wire (3) separately. (B) I-t responses
obtained by the glucose sensor in situ in the stem of sunflower seedlings under salt
stress at night. Two concentrations of NaCl (0, 200 mM) were used.

4. Conclusion

In this work, we developed a needle type glucose microbiosensor which can be used
for measurement of glucose levels in plants in real-time. The sensor showed a broad
linear range and a lower detection limit, which can basically meet the needs of plant
testing. This is the first real-time measurement of glucose in plants, which gives us
information about the dynamic changes of its physiological state under stresses. This
study has a potential to open an innovative way to study of the dynamic changes of
physiological state of the plants in real-time.
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