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Electrochemical Monitoring of Cell Wall-Regulated Transient
Extracellular Oxidative Burst from Single Plant Cells

LIU Jun-tao, LIU Yan-ling, CHENG Zhi, CHEN Shi-jing, HUANG Wei-hua®
(Key Laboratory of Analytical Chemisiry for Biology and Medicine (Minisiry of Education),
College of Chemistry and Molecular Sciences, Wuhan University, Wuhan 430072, China)

Abstract: Oxidative burst by rapid, transient generation of reactive oxygen species (ROS) is a fundamental process for plant
disease defense and signal transduction. ROS can be protective or toxic depending on their concentrations, and critical balance be-
tween ROS production and scavenging is regulated by complex and perfect mechanisms in plant cells. However, the process of
rapid and transient ROS burst from plant cells and their regulatory mechanisms are far from being completely understood, owing to
the methodological obstacles in real-time monitoring such a fast process. In this work, we showed the application of microelectrode
electrochemistry with high spatiotemporal resolution to monitor the kinetics of ROS burst from single plant cell and to investigate
the regulatory functions of cell wall. An agarose chip with numerous microwell arrays was fabricated to efficiently trap individual
plant cells for electrochemical detection. The results revealed that the oxidative burst from single A rabidopsis thaliana cells is char-
acterized by numerous transient spikes with fast kinetics. Further experiments indicated that intact plant cells released much less
H,0, molecules with faster kinetics to the extracellular environment compared with single protoplasts, while the ROS level could be
recovered when the activity of cell wall peroxidase (POD) was inhibited. The results provide evidence that cell wall participates in

regulating transient oxidative burst transient by a mechanism involving cell wall POD machinery at single cell level. We think that

the results presented here would facilitate better understanding on ROS burst and their regulatory mechanisms.
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Reactive oxygen species (ROS) have been known
to play important roles in regulation of plant develop-
mental programs'” and in activation of plant defensive
system!?!, A rapid and transient production of ROS
(phase 1 ROS burst) which usually lasts for a few
minutes is found to elicit defense system, when plants
successfully recognize the abiotic or biotic stress™*.
ROS can be protective or toxic depending on their
concentrations™®, and critical balance between ROS
production and metabolism is regulated by complex
and perfect mechanisms in plant cells™. Although
there have been some reports indicated that several
enzymatic and non-enzymatic machineries on plasma
membranes and cell walls are involved in ROS pro-

duction® and scavenging!'”, the regulatory mecha-
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nisms on ROS production and metabolism are far
from being completely understood™'".

Various methods including chemiluminescene!,
fluorescence!™ ™ and electrophoresis!™ have been de-
veloped for ROS analysis. However, deep insight into
the rapid and transient ROS burst mechanism re-
quires a method with high sensitivity and spatiotem-
poral resolution to realize real-time ROS burst moni-
toring. Electrochemical technique using microelec-
trodes has been widely used for real-time detection of
secreted chemical messengers at single cells!'*'7, and
its application in investigation of oxidative stress
from single animal cells has also been successfully
demonstrated"¥. In previous work, by using platinum

nanoparticles modified carbon fiber microdisk elec
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trodes (NPt/CFMDE), we have successfully detected
the ROS burst characterized by a large number of
“transient oxidative microburst” quantum events
from single living protoplasts" in real-time. This re-
search achievement enables us to further investigate
the kinetic characteristics of ROS burst from plant
cells and its regulatory mechanisms. Although proto-
plasts were always used as a model to study the ROS,
absence of cell wall makes them lack many types of
enzymatic and non-enzymatic machineries that are
quite indispensable in ROS homeostasis®?!. There-
fore, it is of great importance to detect extracellular
ROS burst and to study its kinetics at both single pro-
toplasts and intact cells in real-time for obtaining
more comprehensive understanding of ROS regulato-
ry mechanisms.

In this study, we aim to use microelectrode elec-
trochemistry to acquire the quantitative and kinetic
characteristics of quantal ROS microburst and to in-
vestigate the function of the cell wall in homeostasis
during rapid and transient ROS burst. The isolated
protoplasts were cultured in Km8P medium to regen-
erate cell walls. The results showed that the ROS lev-
el of intact cell was dramatically decreased as com-
pared with protoplast, while it could be re-upregulat-
ed when plant cell wall peroxidase POD activity was
inhibited. The results demonstrated that the high level
of phase 1 extracellular oxidative burst generated
from protoplast could be well regulated by cell wall
peroxidase for ROS homeostasis.

1 Experimental

1.1 Materials and Reagents

5% Nafion, Catalase, 2,1,3-benzothiasiazol (BTH),
Fluorescent Brightener 28 (FB28), 4-aminobenzoic
acid (PABA) agarose, gelatin were purchased from Sig-
ma (St. Louis, MO). Cellulase R-10 and macerozyme
R-10 were purchased from Yalult (Japan). Hydrogen
peroxide and tetraammineplatinum(II) chloride mono-
hydrate were purchased from Shenshi Chemical Co
Ltd (Wuhan, China), Km8P medium, 2-
(2,4-dichloro-phenoxy)acetic acid (2,4-D) and kinetin
(KT) for protoplasts culture were kindly supplied by
Prof. Li Yang-Sheng in College of Life Sciences at

Wuhan University. Carbon fiber was purchased from
Goodfellow Cambridge Limited (Oxford, U.K.).
All other chemicals unless specified were of reagent
grade and used without further purification.
1.2 Fabrication of the NPt/CFMDE

The NPt/CFMDEs were fabricated as we previ-
ously described with some modifications™.. Briefly, a
CFMDE was firstly prepared with protruding length
of 100 ~ 200 wm and diameter of 5 ~ 7 wm. The
CFMDE was dipped into the 1% Nafion (diluted with
ethanol) solution for 5 s, and then placed in air for 5
min, repeated the above process for 3 ~ 5 times. The
surface of the CFMDE was platinized at a constant
potential of -0.7 V in a 0.01 mol-L" tetraammineplat-
inum (II) chloride monohydrate (Pt(NH;),Cl, -2H,0)
solution until an electric quantity of 2 wC was
reached, where a platinum electrode was used as the
counter electrode and an Ag/AgCl electrode as the
reference electrode. Finally, the NPt/CFMDE was
electrochemically activated by continuous potential
cycling from -0.20 to 1.80 V  (vs. Ag/AgCl) at a scan
rate of 100 mV -s™ for 400 s in PBS solution. When
not in use, the electrode was stocked in PBS solution
in the refrigerator at 4 °C. The electrochemical and
scanning electron microscope characterization were
performed on an electrochemical workstation (CHI
660A, CH Instruments, Shanghai, China) and a scan-
ning electron microscope (Quanta 200, Fei, Holland)
respectively. To minimize difference of electrochemi-
cal behavior between different electrodes, only those
electrodes with the same limiting diffusion currents
were chosen for cell experiments.
1.3 Protoplasts Isolation and Cell Wall

Regeneration

The process for separating protoplasts from Ara-
bidopsis thaliana has been previously described in de-
tail™. Briefly, several young leaves were cut from the
plant, and then washed with water. In order to culture
the protoplast successfully, the whole process must
be performed in a sterile environment. After the dirt
was washed off, the leaves were transferred into a
petri dish and washed by sterile water for three times.

Then they were soaked in 75% alcohol for 10 s and
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washed with sterile water again. The clean leaves
were cut into 10 mm x 1 mm pieces and then put in-
to CPWOM medium (27.2 mg of KH,PO,, 101.0 mg of
KNO;, 1480.0 mg of CaCl,-2H,0, 246.0 mg of MgSO.,,
0.16 mg of KI, 0.025 mg of CuSO, dissolved in 1 L
ultrapure water containing 9% mannitol, pH 5.6) solu-
tion containing 1.5% cellulase and 0.5% macerozyme.
The suspension was incubated in darkness for 4 h at
26 °C on the shaking bed at a speed of 45 r -min™.
Then, the suspension was filtered by 45 pwm nylon
sieve. The filtered suspension was kept still for 30
min and the bottom solution containing suspension
isolated protoplasts were dispersed into PBS buffer to
get a cell density of about 5x10* mL™". For cell wall
regeneration, the solution containing enzyme was re-
placed by Km8P medium™2", The protoplasts were
cultured in liquid protoplast culture medium (Km8P,
0.05 mg-L"' 2,4-D and 0.1 mg-L" KT ) in a plastic
petri dish at 26 °C in dark for two days. The regener-
ated cell walls were tested by FB28 at a final concen-
tration of 10 wmol -L" under a ZEISS Observer Z1
microscopy (ZEISS, Germany).
1.4 Fabrication of the Agarose Microwell

Array Chip

The agarose microwell array chip was reproduced
using an elastic polydimethylsiloxane (PDMS) stamp
which was fabricated using standard soft-lithography
technology. A master mold for the PDMS stamp was
obtained by patterning SU-8 2010 photoresist (Mi-
crochem, USA) on a silicon wafer (a spinning speed
of 1000 r-min™ for 20 pwm thickness and 3500 r-min™
for 10 wm thickness, respectively). After the silicon
masters were exposed to trimethylchlorosilane for 1
min, the mixed PDMS (RTV615, GE Toshiba Sili-
cones Co. Ltd) prepolymer (polymer/curing agent
mass ratio of 10:1) was casted onto the master, de-
gassed, and cured at 75 °C for 1 h, then peeled off the
master mold and the PDMS stamp was obtained (Fig.
1C). Before protoplast or cell detection, 4% agarose
soltion (dissolved by CPWI9M at about 80 °C) was
transferred to a Petri dish, waiting for about 1 min,
and the PDMS stamp was then put onto the agarose

hydr ogel for 45 min at room temperature. The a-

garose chip containing microwell array was success-
fully reproduced after PDMS stamp was peeled off
the agarose (Fig. 1D-F). Similarly, a gelatin chip was
obtained by firstly mixing of 12.5% gelatin solution
dissolved in CPWI9M with 10% transglutaminase so-
lution and then was reproduced by a PDMS stamp at

37 °C for 2 h for gelation in an incubator.

1.5 Real-time Electrochemical Monitoring
of Oxidative Burst from Single Plant
Cells
All amperometric measurements were conduct-

ed in a temperature-controlled chamber on an invert-

(Axiovert 200M, Zeiss, Gottingen,

Germany) placed in a Faraday cage. A two-electrode

ed microscope

configuration was employed where an Ag/AgCl elec-
trode was used as the reference electrode. The tip of
NPt/CFMDE was positioned precisely close to the
surface of plant cells immobilized into the agarose
microwell by a micromanipulator (TransferMan NK2,
Eppendorf, Hamburg, Germany). In the opposite di-
rection, a glass microcapillary filled with 10 wL 0.1
mmol -L"' BTH connected to a manual piston pump
(CellTram Oil, Eppendorf, Hamburg, Germany) was
positioned by another micromanipulator to the place
where the distance between the cell and the outlet of
the microcapillary was about 50 wm to induce the ox-
idative burst. During the whole experiment, the tem-
perature was kept at 25 °C. The oxidative burst from
single protoplasts was amperometrically recorded by
a patch clamp amplifier (EPC10, Heka Elektronik,
Germany) at a constant potential of 600 mV. Signals
were sampled at 20 kHz, bessel filtered at 2.9 kHz,
and for graphical display only, current traces were
digitally filtered at 1 kHz. Raw amperometric data
were collected using “Pulse” and then analyzed by
Igor Pro (Igor Pro, Wave Metrics) and Minianalysis
6.0 software, only events larger than fivefold the
RMS (root mean square) noise were taken as oxida-

tive microburst events and used for analysis.

2 Results and Discussion

2.1 Immobilization of Plant Cells with A-
garose Microwell Array Chip

The position of each cell must be fixed during
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electrochemical detections. Protoplasts and plant
cells, unlike mammalian cells which can be tightly
adhered onto poly-L-lysine (PLL) or laminin precoat-
ed substrates, are not easily immobilized. In previous
paper™, we developed a method that used a 0.15%
gelatin coated glass substrate to immobilize plant
protoplasts, but some of the protoplasts still lost their
positions when the puff of stimulant arrived. Here we
developed a robust and versatile technique that uses a
microwell array chip based on photolithography and
softlithography for large-scale single cells trapping
and immobilization.

A SU8 master on silicone wafer was firstly pre-
pared by standard photolithography technique™), and
based on this master, the structures can be well repro-
duced. Various materials including PDMS, gelatin
and agarose were used to fabricate the microwells
chips and their trapping efficiencies were compared.
The hydrophobic properties of PDMS led to a low
single cell trapping efficiency. There were only a few
protoplasts or plant cells dropped into the PDMS mi-
crowell even after treating PDMS chip with plasma
for 1 min. Gelatin hydrogel is a hydrophilic and bio-
compatible material, but swelling of gelatin hydrogel
in aqueous solution usually resulted in size changes
of the microwells and ideal immobilization efficiency
could not be easily achieved. Agarose gel is another
hydrophilic and biocompatible material but with less
swelling compared with gelatin, and the embedded
structures is easily reproduced by using a PDMS
stamp. Considering the average size of protoplasts
(37.0 £ 5.4 pm, mean = s.d.) and intact cell (21.0 + 3.8
pm) after wall generation from Arabidopsis thaliana,
two kinds of agarose chips with different sizes of mi-
crowells (40 pm in diameter and 20 pm in depth for
protoplast; 25 wm in diameter and 10 wm in depth
for intact plant cell, 40 pm for the distance between
adjacent wells) were fabricated to trap individual
cells. The single protoplasts and plant cells were well
dispersed into the microwells, and slightly swelling of
agarose made the protoplasts and cells tightly immo-
bilized inside the microwells during the electrochem-

ical detection.

2.2 Char acteristics of Extracellular ROS
Burst from Single Arabidopsis Thalia-
na Protoplasts

Plants can release ROS such as O,, H,0, and ni-
tric oxide (NO) in the first few minutes to protect
themselves once being attacked by pathogens™. Elec-
trochemical Arabidopsis
thaliana protoplasts evoked by BTH (Fig. 1A) in-

duced numerous transient microburst events (Fig.

monitoring on single

1B), which was similar to our previous observations
from single oilseed rape protoplasts. At the given
time (25 s from the first spikes detected), the average
quantal events of 94 + 11 (mean = s.d., n =12) were
detected. Catalase (0.2 mg-mL™") that can rapidly e-
liminate H,O, (Fig. 1C) was used to identify the re-
leased species we detected. No amperometric spikes
could be obtained (Fig. 1D) when 0.2 mg-mL"' cata-
lase was added into the protoplasts solution before
electrochemical monitoring, which indicated that the
released molecules evoked by BTH we detected at
0.6 V (vs. Ag/AgCl) were H,0,.

Microelectrode recordings at single cells can ex-
pose a number of quantitative and kinetic features®?7,
which are previously unknown for transient oxidative
burst from plant cells. Statistics on some quantitative
and kinetic parameters of the “quantal” bursts of H,O,
from the single Arabidopsis thaliana protoplasts are
presented in Fig. 1E-H and Tab. 1. The maximum am-
plitude of the oxidation current (/,.) and the charge
content (()) represent a measure of the signal molecules
content, whereas the rise-time of the spike (7., 10%
~90%) and the width at half-maximum (7,) repre-
sent the kinetics of single microburst events. Amper-
ometric data yield the mean values of /.., = 60.75 =
28.50 pA and () = 144.65 + 57.94 fC (averaged 2018
spikes from 12 protoplasts), corresponding to 4.51 =
1.82 x10° H,O, molecules released per each quantal
events. The average T, and Trise values were 1.11 +
0.83 ms, 0.99 + 0.66 ms, respectively, indicating the
fast kinetic characteristics of the plasma membrane
NADPH oxidase- mediated extracellular transient

bursts™ ),
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Fig. 1 Amperometric detection of ROS burst from single A rabidopsis thaliana protoplasts

A. Schematic diagram showing the detection principle; B. Amperometric signals showing a large number of transient ox-

idative microburst events from a living protoplast evoked by BTH; C. Amperometric trace showing the H,O, was eliminat-

ed by adding catalase; D. No amperometric spikes were detected when catalase added into the protoplast solution; E-H.

Histograms of maximum amplitude of the oxidation current (/,,), charge content (()), the width at half-maximum peak

currents (7,) and rise-time of the spike (7’.), respectively.

2.3 Real-Time Monitoring of Extracellular
ROS Burst from Single Intact Plant
Cells
Protoplasts without cell wall are usually used as

the model to study the ROS in biology. However,

plant cell walls play significant roles in ROS home-
ostasis, where various kinds of enzymatic or non-en-
zymatic machineries are involved in ROS production
and scavenging®., Enzymolysis was employed for cell

preparation, hence the cell walls are enzymatically
hydrolyzed and only protoplasts could be obtained.
Protoplasts are spherical with a clearly visible plasma
membrane and populations of small green chloroplas-
ts. In order to obtain single intact plant cells, the pro-
toplasts were cultured in Km8P medium for cell wall
regeneration. After culture for 48 hours, about 25%
of the cultured protoplasts regenerated cell wall.

Compared with protoplasts (37.0 + 5.4 mm in diame-
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ter), the intact plant cells have apparent different ap-
pearance with smaller size (21.0 + 3.8 wm in diame-
ter), less regular shape, and transparent bodies (the
populations of small green chloroplasts can not be
clearly observed), which facilitate us to distinguish
them from protoplasts for electrochemical detection.
Moreover, the structure of cellulose in cell walls can
be stained by FB28 (Fig. 2B, C).

Fig. 2D depicts a representative amperometric

trace from a single plant cell. Compared with proto-

A B
NPt/CFMDE
ROS burst
e )/
/ Plant cell Cw
PM
SiE
Pathogen attack
D
0.3
02
S
0.1
0.0
20 40 60 80 100
Amplitude/pA
F 0.3
_ 0.2
%ﬁ
Z 0.1
0.0
04 08 12 1.6 20
Tl/z/ms

plasts, the quantal microburst frequency was obvious-
ly decreased, and an average of 41 + 10 events was
recorded during the first 25 s from the first amperomet-
ric spike detected. Furthermore, the individual burst
events were also greatly reduced. The average /. and
Q values for individual burst events were 16.93 +
6.83 pA and 18.27 = 7.78 {C (12 cells, 1164 spikes),
corresponding to 28% and 13% of those from single
protoplasts in the released H,O, molecule concentra-
tion and amount, respectively (Fig. 2E, F and Tab. 1).

1s stim

E
0.3
0.2
0.1
0.0
20 40 60 80

N/]Vtota]

Q/fC
G
0.3
202
%ﬁ
Z 0.1
0.0
1 2 3 4 5
T. /ms
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Fig. 2 Amperometric detection of ROS burst from single intact Arabidopsis thaliana cells after cell wall regeneration

A. Schematic diagram showing the detection principle; B,C. Bright-field and fluorescent microscope images of a single

plant cell, scale bar represents 20 wm; D. Amperometric signals showing the downregulated transient oxidative mi-

croburst events from a living plant cell, E-H. Histograms of /..., (), T\, and Trise of individual oxidative microburst

events, respectively.
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Taking account of the lower ROS bursts frequency
after cell wall regeneration, much less total amount of
H,0O, molecules were detected from single intact plant
cells.

In plant tissues, H,O, with a high concentration
was also a toxic molecule for plant themselves. Cell
wall forms an effective barrier to plasma membrane
and our results indicated that the high level of ROS
produced by protoplast could be well controlled by
plant cell wall. This phenomenon was accordance
with the previous biological results®>",

The ROS microburst events from intact cell
showed a slightly faster kinetics than that from proto-
plasts. The average T, and Trise values were 0.46 +
0.18 ms and 0.74 + 0.42 ms, respectively (Fig. 2G,
H). This is an interesting phenomenon. Amperomet-
ric peaks with larger T, and Trise should be expected
if the cell walls act as only a physical barrier to ROS,
since the plasma membrane NADPH oxidase-mediat-
ed ROS must diffuse more distances before arriving
at the electrode surface for detection. However, in the
case the electrode was placed touching the cell wall

30 60 90 120 150 180
Amplitude/pA

0.31

0.21

N/Nlolal

0.11

0.0
1 2 3 4

T, , /ms

surface, the pulse widths we detected obviously de-
creased. The time parameters should be correspond-
ing to the kinetics of ROS burst from cell wall instead
of from plasma membrane, which indicated that the
kinetics of ROS burst was also possibly regulated by
cell wall. Further experiments are needed to explain
this matter.
2.4 Cell Wall POD in Downregulation of
the Extracellular ROS Burst

In plant cells, peroxidase (POD) mainly exists on
the cell wall and plays dual roles on ROS metabolism
by either eliminating high concentration of ROS or
producing of ROS in specifically cases® ', Although
its functions in regulation of oxidative burst are wide-
ly demonstrated at plant tissues, such investigation
has not been performed at single cell levels. As men-
tioned above, plant cells displayed a dramatically de-
creased ROS burst after cell wall regeneration. Here
we used PABA (10 pwmol L"), a POD inhibitor® to
test the function of POD (the PABA was existed in the
suspension cell solution during the experiment) in
ROS homeostasis. We found that the /., and ( val-

B
0.20
_ 015
0.10
S
0.05
0.00
100 200 300 400
Q/fC
D
0.25 roxida
H0  H;0,
0.20 o0, o
3015 PM iy
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Fig. 3 Amperometric detection of ROS burst from single intact A rabidopsis thaliana cells after PABA added. Histograms of /,,,

(A),Q (B), T\, (C) and T, (D) of individual oxidative microburst events from single Arabidopsis thaliana cells in which

cell wall POD was inhibited by PABA, the possible mechanism of cell wall POD in scavenging H,O, is shown in the inset

of (D).
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Tab. 1 Mean values (mean + s.d.) of quantitative and kinetic parameters of amperometric spikes from

the oxidative bursts on single Arabidopsis thaliana protoplasts and intact cells

Cell type Frequency® Lw/PA Q/fC T\»/ms Ts/ms

Protoplasts

. 94+11  60.75+28.50 144.65+57.94 111083  0.99+0.66

(2018 spikes from 12 protoplasts)

Plant cells®

4110 1693+683  1827+7.78 046018  0.74+042

(1164 spikes from 12 cells) * * 71T * T
Plant cells 53+8 4925+20.09 100.15+47.97  097+0.65 091 +0.62

(1084 spikes from 9 cells)

a. number of amperometric spikes during 25 s from the first spikes detected; b. Arabidopsis thaliana cells after cell wall regen-

eration; ¢. POD inhibited Arabidopsis thaliana cells.

ues were obviously increased after adding PABA into
the plant cell medium. The average of /.., and ( val-
ues for microburst events were 49.25 + 20.09 pA and
101.5 £ 49.97 fC (9 cells, 1084 spikes, Fig. 3A, B
and Tab. 1), corresponding to 2.9 fold and 5.5 fold
enhancement compared with that from intact plant
cells, and recovered to 81% and 69% of that from
protoplasts, respectively (Tab. 1). The average values
of T, and Trise were 0.97 + 0.65 ms and 0.91 + 0.62
ms, respectively (Fig. 3C, D). The results demonstrat-
ed that during the phase I ROS burst, one of the func-
tions of cell wall POD is possibly to downregulate
ROS level released to the extracellular environment
by scavenging part of H,0, produced on plasma
membrane (Fig. 3D).

3 Conclusions

Electrochemical detection using highly sensitive
microsensor provides an effective tool for monitoring
fast kinetics of ROS burst in real-time and investigat-
ing their potential mechanisms at single cell levels. In
this study, we used highly sensitive NPt/CFMDE to
detect the kinetics of ROS burst and to investigate
cell wall’s regulatory functions from single plant
cell. Agarose microwell array chip supplied a high
throughput and large-scale approach to immobilize
plant cells. Microelectrode recordings at single cells
exposed a number of previously unknown quantita-
tive and kinetic features on transient oxidative burst
from plant cells. Our detection demonstrated that the
intact plant cells after cell wall regeneration released
much less H,O, molecules with faster kinetics to the

extracellular environment compared with single pro-
toplasts, while the ROS level could be recovered
when the activity of cell wall POD was inhibited. The
results indicated the direct evidence that the cell wall
participated in regulating transient ROS burst, and
the high level ROS burst could be efficiently down-
regulated to the extracellular by a mechanism involv-
ing cell wall POD machinery. The regulated ROS
bursts possibly have dual roles in preventing damages
to plant cells by high ROS level and acting messenger
molecules to elicit the activation of defense mecha-
nisms. Our results presented here are in reasonable a-
greement with those obtained by traditional biologi-
cal assay. In a word, we successfully demonstrated
the application of electrochemical tools to obtain bio-
logical functions and mechanisms of ROS at individ-
ual plant cell levels, and would facilitate better un-
derstanding on ROS burst and their regulatory mech-
anisms.
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