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Real-Time Monitoring of Auxin Vesicular Exocytotic Efflux from
Single Plant Protoplasts by Amperometry at Microelectrodes

Decorated with Nanowires™**
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Abstract: Recent biochemical results suggest that auxin (IAA)
efflux is mediated by a vesicular cycling mechanism, but no
direct detection of vesicular IAA release from single plant cells
in real-time has been possible up to now. A TiC@QC/Pt-QANFA
micro-electrochemical sensor has been developed with high
sensitivity in detection of IAA, and it allows real-time
monitoring and quantification of the quantal release of auxin
from single plant protoplast by exocytosis.

The transport and release of specific biochemical or chemical
messengers by vesicular exocytosis are essential in many
biological processes.!"! Vesicular exocytosis is organized by
precise molecular machineries that mediate vesicle final
transport, docking, and fusion with the plasma membrane.”
Patch-clamp measurements and optical imaging indicate that
vesicular release may involve either full collapse fusion (FCF)
or “kiss and run” (K&R) processes.™! Kiss and run could
facilitate rapid cycling of vesicles, but its biological stipulation
still remains highly debated."” During past two decades,
electrochemical detection of release events from single
mammalian cells”! at microelectrodes has emerged to
become one of the most powerful techniques for monitoring
release of molecules in real-time and providing essential
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kinetic information on vesicular events.***’! The recent
development of novel electrochemical sensors with improved
performance has greatly improved such microelectrode
measurements.®) Despite such successes, amperometric meth-
ods have been mostly applied to single animal cells. However,
it has been suggested that plant hormones may be released by
similar mechanisms.

Auxin, or indole acetic acid (IAA), is an essential,
multifunctional plant hormone that influences virtually
every aspect of plant growth and development.”) Polar
auxin transport is a unique feature of auxin action.”™ Recent
biochemical results suggest that auxin efflux is mediated by
a vesicular cycling mechanism,”? which indicates that in
plant cells auxin would be carried by vesicles and released by
polar exocytosis (Scheme 1a)."!”) Though microscopic imag-
ing could observe vesicles and vesicle fusion events,'!! and
patch clamp techniques have been used to measure individual
exocytotic events from plant cells,"?! there was still a lack of
direct evidence in supporting this scenario by real-time
monitoring of vesicle-carried auxin molecules release from
single plant cells. So far, several groups reported the measure-
ments of IAA using electrochemical methods.®) However,
insufficient sensitivity (usually with detection limits at um or
sub-uM level) of these sensors restricts their further applica-
tion in the real-time monitoring of the very small number of
TAA released from single plant cells.

Very recently, quasi-aligned nanofiber arrays (QANFAs)
have been considered as one of the most promising architec-
tures to enhance the electrochemical activity owing to a large
surface-to-volume ratio, high catalytic abilities, and high
electron transfer rate."” In our previous work, we developed
a simple method to grow in situ core—shell titanium carbide—
carbon QANFAs (TiC@C-QANFAs) on biomedical Ti6Al4V
foils and wires.'**! The nanofiber arrays displayed extremely
fast electron-transfer kinetics and excellent electrochemical
performance in the highly sensitive detection of biomolecu-
les."<l Inspired by the excellent electrochemical perfor-
mance of TiC@C-QANFAs and the scenario of quantal
release of auxin, we demonstrated the construction of a novel
micro-electrochemical sensor (TiC@C/Pt-QANFAs) for real-
time monitoring of auxin efflux by exocytosis from single
plant cells. This highly sensitive microsensor was obtained by
loading uniformly dispersed platinum nanoparticles with high
density and small sizes (3—6 nm) on TiC@C nanofiber arrays
(Scheme 1), which showed extremely high sensitivity in the
detection of IAA with a detection limit of 1.0 nm. Using this
sensor, individual exocytotic vesicular release events of auxin
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Scheme 1. a) Amperometric monitoring of auxin efflux from single protoplasts by vesicular exocyto-
sis; b) the TiIC@C/Pt-QANFAs microdisk sensor; c) the main processes for the fabrication of this

sensor.

from single plant protoplasts were monitored in real time and
quantified. Furthermore, this enabled a quantitative and
kinetic characterization of single exocytotic events from plant
protoplasts showing that they embrace two classes: simple full
release events and complex “kiss and run” sequences.

To obtain a highly sensitive microsensor comprising
TiC@C/Pt-QANFAs, we first used Ti6Al4V microwires (20—
30 um in diameter) as the starting materialand fabricated
a microwire composed of TiC@C-QANFAs. To further
improve the sensitivity for detection of smaller number of
molecules, high-density single-crystalline platinum nanopar-
ticles were synthesized on the TiC@C nanofibers by reduction
of Pt precursor to form a micro-cylindrical TiC@C/Pt-
QANFAs sensor (Scheme 1a,b).

Figure 1a,b shows representative low- and high-magnifi-
cation field-emission scanning electron microscopy (FE-
SEM) images of the sensor, which indicate that this procedure
led to uniform nanofibers covering the surface (both top and
side) of Ti alloy wire forming three-dimensional (3D) nano-
fiber arrays. The transmission electron microscopy (TEM)
image (inset in Figure 1b) shows that the nanofibers covered
by a layer of uniform nanoparticles have diameters of
between 90 and 110 nm. The X-ray diffraction (XRD) pattern
(Figure 1c¢) reveals main diffraction peaks at 39.8, 46.3, 67.9,
81.4, and 86.7° corresponding to the (111), (200), (220), (311),
and (222) planes of face-centered cubic (fcc) structure of Pt
(JCPDS card: 4-802) respectively. The element distribution is
also analyzed by X-ray energy dispersive spectrometer (EDS;
Supporting Information, Figure S1). The X-ray photoelectron
spectroscopy (XPS) survey spectrum (Figure 1d) establishes
that the nanofiber arrays are composed of Pt, C, and O (the O
peak originates from surface adsorption). TEM further shows
a number of uniform nanoparticles tightly attached onto the
surface of the TiC@C nanofibers, leading to the formation of
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the heterostructured nanofibers
(Figure 1e). The high resolution
TEM (HR-TEM) image (Figure 1 f)
reveals that these nanoparticles
have sizes of 3-6 nm and an inter-
plane distance of about 0.225 nm,
corresponding to the (111) plane of
metallic Pt, in full agreement with
the XRD and XPS observations.
To improve the signal-to-noise
ratio for single cell detection, the
whole electroactive area of the
cylindrical sensor was insulated
with photoresist followed by immer-
sion of the tip area into a developing
solution described in our previous
work™ to expose the desired elec-
troactive area (Scheme 1b). The
SEM results show that all the elec-
troactive area is well-insulated (Fig-
ure 2a) and TiC@C/Pt-QANFAs on
the tip of the sensor is selectively

TiIC@C/Pt QANFAs

Photoresist insulation

exposed  (Figure 2b), forming
a microdisk-shaped electrochemical
Sensor.

* *:Pt Pt 4f,
Ptaf,, Phydh.

78 76 74 72 70
@

Intensity — o
Intensity — 2

200 0
Binding energy / eV —

50 60 70 80 90 800 600 400
20/degree —

30 40

Figure 1. a) Low-magnification and b) high-magnification FE-SEM
images of the TIC@C/Pt-QANFA microelectrode; c) XRD pattern and
d) XPS survey scan of the 3D nanofiber arrays on Ti alloy wire;

e) Enlarged TEM and f) HR-TEM image of a single TIC@C/Pt-QANFA.
The inset in (b) and (d) are the TEM image of a nanofiber and high-
resolution Pt4f spectrum, respectively.
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Figure 2. SEM images of a TIC@C/Pt-QANFA microelectrode insulated
with AZ5214 (a) and after washing (b) with H,SO,/H,0,(v/v=7:3);

c) Cyclic voltammograms obtained from the TiC@C/Pt-QANFA micro-
electrode in PBS in the absence of IAA (red line) and in the presence
of 107*m IAA (black line) at a scanning rate of 100 mVs™' (inset:
differential pulse voltammograms (DPV) of IAA); d) amperometric
response curves of a TIC@C/Pt-QANFA microelectrode (black line)
and TiIC@C microelectrode (red line) to a series of increases of IAA
concentration in PBS solution; e) typical amperometric responses of
the TIC@C/Pt-QANFA microelectrode to successive additions of IAA
at applied potentials of 0.6 V (vs. Ag/AgCl) in PBS solution; f) calibra-
tion plot of amperometric currents against concentrations of I1AA over
the concentration range from 16 nm to 1.0 pm.

Figure 2c shows cyclic voltammograms of IAA 0.1 mm
obtained with the TiC@C/Pt-QANFAs microdisk sensor. An
irreversible oxidation peak with peak potential of 0.60 V is
obtained (Figure 2c¢). Note that this value is much lower than
previously reported (usually over the range of 0.70-
0.90 VII3-416l) and also lower than that on TiIC@C-QANFAs
(Supporting Information, Figure S2), indicating the excellent
electrocatalytic properties toward oxidation of IAA. The
calculated electron stoichiometry was two, affording a cation
of 3-methyleneindolenine carboxylic acid, in agreement with
previous reports.'** 4 The amperometric response of 0.7 um
TIAA at TiC@C/Pt-QANFAs microsensor is approximately 5-
fold greater than that at TIC@C-QANFAs (Figure 2d). The
excellent electrochemical behavior could be attributed to the
synergistic effects of high electrocatalytic activities of high
density Pt single crystalline nanoparticles''” and fast electron-
transfer rate of the unique core—shell structure.!'*"! Figure 2e
shows the amperometric responses of the TiC@C/Pt-
QANFAs microsensor to successive additions of TAA.
Furthermore, this sensor displays excellent linear ampero-
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metric response over the IAA concentration range of interest
(Figure 2 f), with a detection limit of 1.0 nm (S/N =3), being at
least 20 times better than those reported previously.['+d

Unlike mammalian cells, which tightly adhere onto
substrates, protoplasts or plant cells are not easily immobi-
lized on the substrate. To immobilize single protoplasts, we
developed a robust and versatile technique that use an
agarose microwell array chip for large-scale single-cell trap-
ping and immobilization (Supporting Information, Fig-
ure S3). The single protoplasts were well-dispersed into
each microwell and tightly immobilized inside the microwells
(Supporting Information, Figure S2h).

To monitor the vesicular exocytosis from single plant cells
in real time, the electroactive area of the TIC@C/Pt-QANFAs
microsensor was placed to touch the cell surface of single
plant protoplasts isolated from young developing leaves of
oilseed rape. The exocytosis was evoked by high K" (80 mm)
solution to induce membrane depolarization and vesicle
fusion with plasma membrane. Figure 3a presents typical
results depicting amperometric monitoring of exocytotic
events from a single protoplast. Release events were recorded
as a number of clearly resolvable transient amperometric
spikes from all of the protoplasts that were monitored.
Detection of brief spikes with average short time-width 7,
(0.95+0.04 ms, mean =+s.e.m.) indicates extremely fast
release kinetics from membrane-fused vesicles as well as
rapid oxidation of the released auxin by the TiC@C/Pt-
QANFA microsensor.

Previous electrophysiological results from capacitance
measurements of membranes attached to cells revealed that,
similar to animal cells, plant cells release secretory product by
both FCF and K&R.['>' Interestingly, thanks to its high
temporal resolution, our amperometric results clearly exhibit
these two distinctive release modes. Most spikes (ca. 85%,
328 spikes were identified as simple events from 386 events
from 7 protoplasts), denoted as “simple” events, display single
rising and single falling phases (inset in Figure 3a), while the
remaining ones (58 from 386 events), classified as “complex
events”, exhibited complex release kinetics consisting of
multiple, well-defined much shorter rising and falling phases
(Figure 3b).

Figure 3¢ displays statistical results for some parameters
(peak amplitude /., time width at half maximum 7', charge
Q) of the individual “quantal” release from the single
protoplasts respectively. Q is a measure of the vesicular
content and T, represents the kinetics of the vesicular
exocytotic events, while I, integrates both aspects. Simple
events yielded the mean values of I,.,, =245+7 pA and O =
299+16 fC (mean =+s.em., averaged 328 spikes). The
average T, was 0.95+0.04 ms, indicating the fast kinetics
of the vesicular exocytotic events. Complex events showed
significantly longer durations (7}, =1.94 +0.17 ms, here T},
represents the duration of the whole complex events, n =158
events; see Figure 3b right) and released overall a greater
number of molecules (Q =459 +56 fC, n=>58 events) with
much smaller average amplitude (I .,x=185+7 pA, n=136
spikes from 58 complex events).'”) The significantly different
statistics between simple and complex events clearly indicate
two distinct fusion modes of exocytotic mechanisms. The
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Figure 3. a) A typical amperometric trace showing multiple transient
amperometric spikes detected (upper trace) as IAA is released from
a single protoplast stimulated by high K* solution and no spike is
found without high K evoking (lower trace); b) representative exam-
ples of complex events; c) histograms of simple (red, n=328 simple
events) versus complex event characteristics (blue, n=136 spikes
from 58 complex events) in l,.,, Ty, and K obtained from ampero-
metric recordings (from 7 protoplasts using one microelectrode). For
the complex events, all the 136 spikes were counted for I, while 58
events were considered for T, , and Q; the solid lines represent the
Gaussian functions fitted to the data, error bars represent standard
errors, and an independent-samples T-test was used to calculate P
values.

complex events could result from single vesicles forming
rapidly flickering fusion pores, as was previously described in
tobacco BY-2 protoplasts®! as well as in rat ventral midbrain
neurons for mammals.?!

To provide evidence that the amperometric spikes
resulted from the oxidation of IAA molecules released from
single protoplasts, several experiments have been performed
to validate this matter. Firstly, ELISA results from bulk
measurements on the population level showed that, compared
to control assay, IAA content in supernatants of cell culture
medium was increased by 2.2 fold when high K* solution was
added into the medium to cause the plasma membrane
depolarization (Supporting Information, Figure S4), indicat-
ing that high K* stimulation could effectively increase the
extracellular IAA concentration by promoting IAA efflux.

Pre-loading plant cells with higher concentration of IAA
to induce the influx of IAA and to increase the cytoplasmic
IAA concentration is a common and effective approach to
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study the behaviors and mechanisms of auxin efflux.””! Here,
we increased the amount of readily releasable IAA molecules
by pre-loading IAA for 30 min before amperometric detec-
tion. The detection results showed that amperometric traces
with much larger peak amplitude and higher peak charge
(Supporting Information, Figure S4) were obtained. The
average I and Q were 676 £22 pA and 2300+121 fC
(mean +s.e.m.), corresponding to about 2.8-fold and 7.7-fold
of that from single protoplasts without IAA preloading
respectively (comparison is restricted to simple events only).
The results demonstrated that the quantal size of IAA was
significantly increased with the increasing of cytoplasmic IAA
concentration by pre-loading, further validating IAA efflux
from single protoplasts by vesicular exocytosis.

Furthermore, we used an inhibitor of auxin efflux- 1-N-
naphthylphthalamic acid (NPA)"™2! to block auxin efflux.
Our results presented a dramatic decrease in both detection
probability and amperometric frequency, and only a few
amperometric spikes (4-5 spikes) with very small /., values
were recorded from 4% protoplasts, which suggested that
TAA efflux was almost completely inhibited by NPA. These
results further confirmed that the amperometric spikes
detected in the electrochemical traces (Figure 3; Supporting
Information, Figure S5) represent elementary vesicular quan-
tal release of IAA triggered by K*.

In summary, we developed a TiC@C/Pt-QANFAs micro-
electrochemical sensor for real-time monitoring of IAA
efflux by exocytosis from single plant cells. This sensor
showed extremely high sensitivity in detection of IAA with
a DL of 1.0 nM. Using this sensor, the quantal release of auxin
from single plant protoplast by exocytosis was monitored in
real time and quantified. The exocytotic release of IAA was
further validated by ELISA assay, IAA pre-loading and NPA
inhibitor experiments. Our results provide direct evidence
that IAA efflux involves a vesicular exocytosis mechanism
with fast kinetics, displaying both FCF and K&R modes.
Taken together, the capability of real-time monitoring of IAA
efflux by vesicular exocytosis from single plant cells should
open up opportunities for elucidating the mechanism of plant
growth regulation by IAA polar transport and efflux.
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