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The objective of this study was to develop a self-referencing electrochemical biosensor for the direct
measurement of ATP flux into the extracellular matrix by living cells/organisms. The working mechanism
of the developed biosensor is based on the activity of glycerol kinase and glycerol-3-phosphate oxidase. A
stratified bi-enzyme nanocomposite was created using a protein-templated silica sol gel encapsulation
technique on top of graphene-modified platinum electrodes. The biosensor exhibited excellent electro-
chemical performance with a sensitivity of 2.4 + 1.8 nA/uM, a response time of 20 + 13 s and a lower
detection limit of 1.3 + 0.7 nM. The self-referencing biosensor was used to measure exogenous ATP efflux
by (i) germinating Ceratopteris spores and (ii) growing Zea mays L. roots. This manuscript demonstrates
the first development of a non-invasive ATP micro-biosensor for the direct measurement of eATP
transport in living tissues. Before this work, assays of eATP have not been able to record the temporally
transient movement of ATP at physiological levels (nM and sub-nM). The method demonstrated here
accurately measured [eATP] flux in the immediate vicinity of plant cells. Although these proof of concept
experiments focus on plant tissues, the technique developed herein is applicable to any living tissue,
where nanomolar concentrations of ATP play a critical role in signaling and development. This tool will
be invaluable for conducting hypothesis-driven life science research aimed at understanding the role of

ATP in the extracellular environment.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Adenosine-5'-triphosphate (ATP) is a multi-functional mole-
cule that is the cornerstone of cell biology. Inside cells, ATP med-
iates biological reactions involving energy metabolism, cell sig-
naling, cell structure, locomotion, and synthesis of macro-
molecules (including DNA and RNA). Outside of cells, extracellular
ATP (eATP) is a hormone-like signal that regulates diverse phy-
siological responses in animal and plant cells (Burnstock, 2012;
Clark et al., 2014). Over the last few years, several approaches have
been developed for measuring eATP in vivo. The preferred method
for measuring eATP has been the luciferase assays, which has been
used to document release of ATP from animal cells (Zhang et al.,
2008), plant cells (Kim et al., 2006; Clark et al., 2011), and bacteria
(Jin et al., 2004). For several years, the scientific community has
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been in need of a real-time device for monitoring eATP con-
centrations to better understand the comprehensive role of this
molecule in different physiological processes.

Recently, metal electrodes coated with enzymes have been
developed for measuring eATP (Praetorius and Leipziger, 2009).
Early biosensor designs were based on amperometric measure-
ments obtained from coupled reactions mediated by the enzymes
hexokinase and glucose oxidase. With this approach, ATP changes
were correlated to oxidation of the mediator at the sensor surface
(i.e. glucose was phosphorylated to glucose 6-phosphate causing a
decrease in the electrical signal) (Compagnone and Guilbault,
1997; Kueng et al., 2004). This method was unsuitable for detailed
physiological studies not only because of significant sensor inter-
ference from the high background glucose present in biological
fluids/tissue, but also because the external addition of glucose
triggers metabolic activity in the nearby cells, introducing bias on
the physiological response of interest.

Work by Llaudet et al. (2005) demonstrated a more specific
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amperometric detection scheme based on the cascade reactions
catalyzed by the enzymes glycerol kinase (GK) and glycerol-3-
phosphate oxidase (G3PO). With this approach ATP is measured
directly based on glycerol phosphorylation by GK, followed by
oxidation of glycerone phosphate to hydrogen peroxide in the
second reaction (Murphy and Galley, 1994). Free electrons pro-
duced by the deprotonation of peroxide were measured using
oxidative amperometry. This micro-biosensor was used to record
ATP concentrations near the spinal cord of Xenopus embryos
during motor activity. The major disadvantage of this device was
the interference caused by readily oxidizable molecules such as
ascorbate and urate that are commonly present in complex bio-
logical samples. In addition, direct measurement of transfer (i.e.,
flux) was not possible with the static (non-oscillating) microelec-
trode technique positioned near the Xenopus embryo.

Further work by Wang et al. (2013) proposed an optical tech-
nique for detecting ATP based on the same cascade reaction cat-
alyzed by GK and G3PO. In this case the enzymes were im-
mobilized onto an optical fiber modified with an oxygen-sensitive
dye that responds to oxygen consumption during the oxidation of
glycerol-3-phosphate to dihydroxyacetone phosphate. This optical
biosensor was successfully applied for monitoring extracellular
concentrations of ATP in porcine intervertebral discs. The bio-
sensor did not exhibit any interference in the presence of ascor-
bate, which is a major advantage over the previous electro-
chemical-based devices. However, at least two issues need to be
considered when using this technique for physiology studies. First,
oxygen levels are widely variable in the dynamic environment
near living cells and tissues, which requires a compensation
method for the biosensor and simultaneous recording of oxygen in
the microenvironment near the ATP sensor. Second, reactive oxy-
gen species are produced as a by-product of the working cascade
reaction. The enzymatically produced hydrogen peroxide is readily
decomposed at ambient conditions, releasing molecular oxygen
near the dye which leads to false positive signals since the device
is based on measuring oxygen at the sensor surface with an oxy-
gen-quenched luminescent dye.

In general, the high interference caused by naturally occurring
molecules in complex samples, the relatively low signal-to-noise
ratio (particularly when applied in the cell/tissue domain), and the
inability to monitor intricate transport patterns at low analyte
concentrations are the foremost limitations of static ATP con-
centration probes for applications in physiology research. A mi-
crosensor modality known as self-referencing (SR) has proven
useful for overcoming the most common limitations of static (i.e.,
non-oscillating) analytical techniques, including: direct non-in-
vasive measurement of flux, high spatial resolution (<1 pm),
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significantly increased signal-to-noise ratio and reduced drift/
noise (Porterfield, 2007; McLamore and Porterfield, 2011; Vanegas
et al., 2013). The SR technique involves oscillation of a microsensor
with computer controlled stepper motors, which allows quantifi-
cation of biophysical transport phenomena at the tissue, cellular
and sub-cellular domains (see scheme 1). Over the last few dec-
ades, SR sensors have been applied in several physiology studies,
targeting analytes such as ions (e.g. Ca?*, H*, K*, and Na™*),
oxygen, electroactive molecules (e.g. nitric oxide, indole acetic
acid), and biomolecules (e.g. glucose, glutamate and lactate)
(Mclamore and Porterfield, 2011, 2013; McLamore et al., 2010;
McLamore et al., 2010, 2011; Porterfield, 2007; Shi et al., 2011;
Gilliham et al., 2006; Land et al., 1999; Sanchez et al., 2008; Zuberi
et al., 2008; Dey and Raj, 2010; Borgens, 1984).

We demonstrate for the first time a nanomaterial-mediated SR
biosensor for profiling eATP flux in developing fern spores and
juvenile plant roots. The bi-enzyme microsensor was fabricated by
encapsulating glycerol kinase (GK) and glycerol-3-phosphate oxi-
dase (G3PO) in a laponite sol gel. A stratified bi-enzyme nano-
composite was created on a graphene-functionalized platinum
microelectrode using a protein-templated silica nanoshell layer.
This protein-templated silica nanoshell layer has proven to effec-
tively encapsulate cells, proteins and other biomacromolecules in
gels without significantly limiting diffusion-mediated transport of
small molecules in a number of applications Jaroch et al. (2011).
The developed biosensor opens the possibility of investigating the
underlying mechanisms governing eATP transport in a variety of
biological systems. Although we focus on plant tissues in this proof
of concept study, the SR ATP microsensor is applicable to any living
tissue, with broad applications spanning medical, environmental,
and agricultural studies.

2. Experimental
2.1. Materials and Reagents

Adenosine 5’-triphosphate disodium salt hydrate (ATP), chlor-
oplatinic acid 8 wt%, lead acetate 30% w/v, Nafion™ 117 solution
and MS media were purchased from Sigma-Aldrich (St. Louis, MO).
Glycerol kinase (GK), and glycerol-3-phosphate oxidase (G3PO)
were purchased from MP Biomedicals (Solon, OH). Glycerol, L-as-
corbic acid (AA) was purchased from Fisher Scientific (Pittsburgh,
PA), Laponite RD was obtained from Southern Clay Products Inc.
(Austin, TX). Tetra-ethyl Orthosilicate (TEOS), potassium nitrate
(KNO3), and hydrochloric acid (37% HCI) were obtained from Acros
Organics (New Jersey, NY). Single-layer graphene oxide (GO)
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Scheme 1. Schematic of self-referencing micro-biosensor for in vivo monitoring of eATP flux in plant systems. The device consists of a camera/zoomscope with framegrabber,
3D motion control system, micro-biosensor (P), and head stage amplifier (main amplifier not shown). Physiological activity is directly measured by recording differential ATP
concentration during oscillation of a single micro-biosensor over a fixed excursion distance from the plant surface. Inset depicts the sensing mechanism of the probe which is
based on the cascade reaction catalyzed by glycerol kinase (GK) and glycerol-3-phosphate oxidase (G3PO). A stratified bi-enzyme nano-composite was created using a
protein-templated silica nanoshell layer. GK and G3PO structure courtesy of protein data bank.
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(Thickness: ~0.8 to 1.2 nm; purity: ~99%; manufacturing meth-
od: modified Hummer) was procured from ACS Material (Medford,
MA). Potassium ferrocyanide trihydrate (KsFe(CN)s) was pur-
chased from EMD chemicals (Billerica, MA). PBS and TRIZMA
buffers were procured from Mediatech, Inc. (Manassas, VA).

2.2. Biological samples

Corn (Zea mays L. cv Merit) seeds were hydrated and soaked
overnight in autoclaved water and then placed between wet ger-
mination paper in the dark. After 3.5 days the etiolated seedlings
were transferred into the light on plates containing MS media in
1% agar. After the transfer they were allowed to recover for 15
minutes before ATP flux measurements were made on root tips.

Ceratopteris richardii (RN5 wt) spores were surface sterilized
using 20% bleach, rinsed three times with autoclaved water, and
soaked in autoclaved water for 7 days in the dark. After 7 days,
water was removed and 10 mL of Y2-strength MS, pH 6.3 was ad-
ded to each 15 mL tube of spores. The tubes were placed in a 28 °C
growth chamber for 16 h. Spores were immobilized on 100 pm
mesh and allowed to settle for 30 min prior to ATP flux
measurements.

2.3. Nanomaterial platform and protein Immobilization

Based on a methodology similar to the one described by Va-
negas et al. (2014), a nanocomposite of reduced graphene oxide
and nanoplatinum (rGO/nPt) was deposited on the tip of a Pt/Ir
microelectrode (PI20033.0A10 MicroProbes©, 1-2 um tip dia-
meter, Gaithersburg, MD). Briefly, a GO solution was prepared in DI
water at a concentration of 2 mg/mL, followed by ultrasonication
for 30 min. Next, AA was added to the GO solution at a con-
centration of 8 mg/mL to partially reduce the graphene oxide
sheets (rGO). The tip of the microelectrode was first dip coated
with the rGO suspension and allowed to dry at room temperature
for 20 min. Next, nanoplatinum clusters were formed on the sur-
face of the electrode via sonoelectrodeposition at 10 V for 30 s in a
solution of 0.728% chloroplatinic acid and 0.002% lead acetate
(Chaturvedi et al., 2014; McLamore et al., 2011). In order to facil-
itate charge and size exclusion of potential interfering substances,
a Nafion membrane was incorporated on top of the nanomaterial
platform by dipping the tip of the microelectrode in Nafion solu-
tion for 20 min and then baking the electrode at 115 °C for 1 h.

The stratified bi-enzyme composite (i.e. distinct GK and G3PO
layers) was immobilized on the surface of the rGO/nPt-modified
microelectrode using a layered encapsulation/entrapment ap-
proach with laponite hydrogel and silica sol-gel. Laponite hydrogel
(1 wt%) was prepared in TRIZMA buffer and ultrasonicated for 1 h;
silica sol-gel solution was prepared by mixing 5 g of TEOS with
4.33 g of deionized water and 2.3 g of HCI (0.04 M) followed by
vortex-agitation for 1h (Jaroch et al., 2011; Jaroch and Rickus,
2011). In order to prepare the bioactive laponite hydrogels, a 10 uL
aliquot of laponite (1 wt%) was mixed with 1 mg of either G3PO or
GK, and vortex-agitated for 5 min. First, the microelectrode tip was
soaked in the laponite-G3PO gel for 1 h followed by dip coating in
sol-gel solution for 1 min. Next, the microelectrode tip was soaked
in the laponite-GK gel for 1 h followed by dip-coating in sol-gel
solution for 1 min.

2.4. Electrochemical characterization

DC potential amperometry (DCPA) was conducted in a working
solutions of either TRIZMA buffer or MS media with 1 mM glycerol
based on methods described in Vanegas et al. (2014). The bio-
sensor was polarized at constant potential of +700 mV versus Ag/
AgCl reference electrode with a sampling rate of 1kHz; the

electrical output signal was recorded while successively injecting
ATP into the working solution. Amperometric sensitivity was de-
termined as the slope of the linear portion in the calibration curve.
Response time (tgs) was determined as the average time required
to reach 95% of the steady state response after injecting ATP into
the working solution. Lower limit of detection (LOD) was de-
termined as the smallest ATP concentration that can be measured
by the sensor based on the 3¢ method. Signal-to-noise ratio (S/N)
was calculated as the variance ratio between the electrical signal
and the background noise.

2.5. Self-referencing amperometry (flux analysis)

Flux measurements were conducted using a SR rig composed of
a vibration isolation table with faraday cage (Technical Manu-
facturing Co. Peabody, MA, USA). Camera/zoomscope (Applicable
Electronics, Inc., Sandwich, MA, USA), working and reference
electrodes were hooked to a head stage and connected to a motion
control system. A/D boards (analogue-to-digital) with DC coupled
differential amplifier, and low/high pass filters were used for sig-
nal processing/acquisition (Applicable Electronics, Inc., Sandwich,
MA, USA). Automated Scanning Electrode Technique software
(ASET 2.10) was used for data acquisition. Preamplifier signals
were coupled through offset function to discretely subtract off
baseline signals (DC coupling) allowing waveform amplification
for subsequent digital analysis of differential signals (McLamore
and Porterfield, 2011; Porterfield, 2007). Flux measurements from
SR amperometry were computed based on Fick’s first law of dif-

fusion:
pac ()

J=-D4 AX

where: ] is the analyte flux, D is the molecular diffusion constant
of ATP (2.6 x10~®cm?s~ '), AC is the differential analyte con-
centration, Ax is the fixed excursion distance, i, is the current
measured at the near pole, iy, is the current measured at the far
pole, and m is the linear slope of the sensor’s calibration curve.
To verify use of the ATP under abiotic, controlled, conditions, a
step-back experiment was conducted using the methods in
McLamore et al. (2011) and McLamore et al. (2009). Briefly, a
pulled pipette (1.5 um diameter, World precision Instruments,
Sarasota, FL) was filled with 15 mM ATP dissolved in 2% agarose
gel. The gel was solidified at 4 °C for 30 min, and then the pipette
was mounted in a three-axis manual micromanipulator (World
precision Instruments, Sarasota, FL) with a resolution of 0.1 um.
The micromanipulator was placed in the Faraday cage and im-
mersed in a Petri dish containing 10 mL of TRIZMA buffer with
1 mM glycerol (the same working solution used for the biological
experiments). The concentration gradient near the open pipette
tip was allowed to stabilize for 30 min. After 30 min, a calibrated
ATP microsensor was used to verify that a steady-state ATP con-
centration gradient was established in the solution near the pip-
ette tip (see Supplemental Fig. S1). For conducting the step-back
experiment, the micro-biosensor was positioned at the surface of
the pipette tip (within 1 um) and oscillated at an oscillation fre-
quency of 0.33 Hz perpendicular to the tangent of the tip surface
(Ax=30 um). After recording a minimum of nine measurements,
the sensor was positioned 5 pm away from the pipette tip and flux
measurements were recorded again. This step-back protocol was
repeated until there was no significant change ( < 1%) in ATP flux.
A Fickian transport model (McLamore et al., 2009) was used for
predicting the expected flux profile in the bath solution based on
the concentration gradient (Ax), excursion distance (Ax), tem-
perature, and diffusion constant (D). The correlation coefficient
between measured and predicted flux was calculated to
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characterize goodness of fit (Mclamore and Porterfield, 2011, 2013;
McLamore et al., 2011; Porterfield, 2007).

2.6. ATP flux in plant roots

Corn seedlings were grown in the dark for 3.5 days and then
carefully transferred to an MS agar plate. Prior to measurements
the plates were angled at 45 degrees and the roots were equili-
brated with MS solution for several minutes. Roots were wounded
in the distal elongation zone (approximately 1000 um from the
root tip) using 3 mm (100 um tip point) stainless steel McPherson-
Vannas Scissors (World Precision Instruments, Sarasota, FL). Sen-
sor measurements were taken prior to wounding to determine
unwounded levels and then immediately after wounding or
touching for 30 min.

2.7. ATP flux measurement in fern spores

Ceratopteris spores were grown at 28 °C for 16 h before being
immobilized on 100 pm nylon mesh that was fixed and sub-
merged in Y-strength MS, pH 6.3. The spores were allowed to
settle for 30 min prior to ATP flux measurements. Measurements
were taken on the surface of germinating spores for 30 min per
spore location.

2.8. Imaging

To image carbon and platinum nanomaterials, scanning elec-
tron microscopy (SEM) micrographs were taken using a JEOL 5600
LV, with accelerating voltage of 20-30 kV as described in Vanegas
et al. (2014). In order to corroborate the presence and distribution
of GK and G3PO in the hydrogel/sol-gel matrix, laser scanning
confocal microscopy (LSCM) images were taken using an Olympus
FV1000 (Shinjuku, Japan) 6 laser multiscanning confocal system
mounted on an Olympus IX81 inverted microscope. GK was di-
rectly labelled with Dylight 488 (Thermo Scientific, green; A=493/
518 nm); G3PO was labelled with Dylight 594 (Thermo Scientific,
red; A=594/613 nm). Image capture and processing was per-
formed with Olympus Fluoview Version 3.1b software.

2.9. Statistics
For statistical inference, all measurements were made at least

in triplicate as independent experiments based on a completely
randomized design. Differences between variables were tested for

v Spot Magn -
20.0 kV 2

significance by analysis of variance (ANOVA, model I). Significantly
different means (P < 0.05, «=0.05) were separated by Tukey tests
(error rate=0.05). Minitab® 15 (Minitab Inc., State College,
Pennsylvania) was used for statistical analyses. Graphs were made
using SigmaPlot 12.5 (Systat Software Inc., San Jose, California).

3. Results and discussion
3.1. Biosensor fabrication and performance characterization

The surface features of the rGO/nPt platform are shown in the
left panel of Fig. 1. Previous work by Vanegas et al. (2014) de-
monstrated the capability of this hybrid nanomaterial to enhance
the electrochemical performance of amperometric sensors by
vastly increasing the contact interface, as well as potentiating the
electrical behaviour of the transducing component. The relatively
high electroactive area of the rGO/nPt platform also permits larger
enzymatic loading onto the sensor surface (compared to other
nanomaterial platforms such as carbon nanotubes; see Vanegas
et al. (2014) for detailed discussion). Distribution of the enzymes
within the hydrogel/sol-gel matrix was characterized by LSCM to
emphasize the presence and distribution of each type of enzyme
(right panel of Fig. 1). Preliminary fundamental electrochemical
studies (data not included) indicated sensors based on GK and
G3PO mixed into the same gel had a low reproducibility. For that
reason, a scaffold format was used to create distinct stratified
zones of GK and G3PO separated by a protein-templated silica
nanoshell. Laponite hydrogel was selected as a protein encapsulant
due to the high charge-exchange capacity (Macha and Fitch, 1998;
Xiang and Villemure, 1995; Neumann and Sansom, 1970). Silica
sol-gel was utilized to form a protein-templated nanoshell layer
between the two layers of bioactive hydrogels based on our pre-
vious work (Jaroch et al., 2011). Jaroch et al. (2011) showed that
these protein-templated silica layers form a 100 nm thick layer
with pore sizes of approximately 10 nm, preventing enzyme de-
tachment while allowing movement of molecules (e.g. ATP, gly-
cerol, O,, etc.) between the hydrogel layers. As discussed by Jaroch
et al. (2011) in detail, the proteins serve as a template for the
preferential nucleation of silica to form the nanoshell in aqueous
solution at near-neutral (pH 6-8), which is a major advantage over
other silica sol gel protocols which require gelation at non-neutral
pH.

Standard electrochemical experiments were conducted to de-
termine the performance characteristics of the ATP micro-

Fig. 1. Sensor functionalization with electrocatalytic nanomaterials and bioactive hydrogels. Left panel: SEM micrograph of rGO/nPt platform showing surface features of the
nanomaterial-modified electrode. Right panel: LSCM images of hydrogel/bi-enzyme matrix. (a) GK directly labelled with Dylight 488 (Thermo Scientific, green) showing the
enzyme distribution in the first hydrogel layer. (b) G3PO directly labelled with Dylight 594 (Thermo Scientific, red) depicting the enzyme distribution in the second hydrogel
layer. (c) overlaid image of (a) and (b) showing the co-localization of the two enzymes in the matrix. (d) z-map displaying a distinct separation between the two layers of

bioactive hydrogel. Scale bars: 10 pm.
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Fig. 2. Electrochemical performance of ATP micro-biosensor. (a) Representative DCPA curve showing the change in current output after injecting ATP into the working
solution (arrows indicate the injection times: (i) 3 uM, (ii) 6 pM, (iii) 9 uM, (iv) 15 uM and (v) 21 uM). (b) Representative calibration curve showing the steady state response
of the biosensor to increasing analyte in the low-concentration range. (c) Representative calibration curve showing the steady state response of the biosensor to increasing
analyte in the high-concentration range. The sensitivity of the probe was calculated as the slope of the linear portion in the calibration curves.

biosensor. Fig. 2a shows a representative real-time DCPA curve in
which the current signal shifts rapidly after each addition of ATP
into the working solution. The steady state values of the electrical
response were correlated with the concentration of ATP in the
electrochemical cell to generate the average calibration plots (see
Fig. 2b and c for representative plots of calibration at low and high
ATP concentration, respectively). Based on these data, the micro-
biosensor exhibited a sensitivity of 2.4 + 1.8 nA/uM, a response
time of 20 + 13 s, a lower detection limit of 1.3 + 0.7 nM, and a S/
N=>3. In a seven day study, the biosensor sensitivity did not de-
crease significantly (1.33 +0.52% decrease in sensitivity). These
performance characteristics are similar and in some cases superior
to the previously reported biosensor devices (see Table 1 for de-
tails). Furthermore, inclusion of a Nafion membrane on the

Table 1
Summary of biosensors for measuring eATP in physiological research.

transducing platform significantly diminished the effect of inter-
ferent compounds (see Supplemental Fig. S2) improving the se-
lectivity of the probe and allowing for a higher signal-to-noise
ratio.

The operating range of the ATP microsensor in this study (1.3-
12 uM) spans the expected range of ATP in biological fluids from
animals, bacteria and plants based on results obtained using the
luciferase assay (see Supplemental Fig. S3). According to Gorman
et al. (2007), human plasma ATP concentrations range from 1 uM
in healthy individuals to as low as 28 nM. Silva-Ramos et al. (2013)
recorded levels of urinary ATP in the range of 2-6 nM for healthy
patients and 7-11 nM for patients with overactive bladder syn-
drome. Jin et al. (2004) found ATP concentrations ranging from
2.5 to 32 nM in oral Candida albicans biofilms. Lim et al. (2014)

Approach Biorecognition Scheme Sensitivity [tos] LOD Application Reference

Optical GK/G3PO immobilized on an optical fiber =~ —104 mM ps [0.1 ms] 1uM Porcine intervertebral disc Wang et al. (2013)

DVP, EIS  DNA aptamer immobilized on gold NR 20 fM Human serum Liu et al. (2014)
electrode

Amp HEX/GOx immobilized on a Pt electrode. ~2nAmM~' [~2-3min] 0.01 mM Human erythrocyte hemolysate Compagnone and Guilbault

(1997)

Amp HEX/GOx immobilized on a Pt electrode. ~3pAmM~'[55] 10 nM NR Kueng et al. (2004)

Amp GK/G3PO sol gel immobilized on ~03pAmM~'[<105s] 200 nM Spinal cord of Xenopus embryos Llaudet, et al. (2005)
microelectrode

Amp Stratified GK/G3PO nano-composite on 24+18nApM~1[20+13s] 1.3+0.7nM Ceratopteris spores and Zea mays This work
microelectrode roots

DVP =differential pulse voltammetry;
EIS=electrochemical impedance spectroscopy;
Amp=amperometry;

GK=glycerol kinase;

G3PO=glycerol 3 phosphate oxidase;

HEX =hexokinase;

GOx=glucose oxidase;

NR= not reported
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found eATP levels in the 2-4 nM range near healthy Arabidopsis
thaliana roots, and Song et al. (2006) measured ATP as high as
40 uM in wounded A. thaliana roots. The micro-biosensor is di-
rectly applicable to each of these studies, although the most un-
ique aspect of the technique is the direct measurement of flux near
the cell/tissue surface (see Fig. 4 and related discussion).

Importantly, the limit of detection for the stratified bi-enzyme
sensor developed here was significantly lower than nearly all
previous devices that directly measure ATP in a reversible manner.
The device by Kueng et al. (2004) reported a limit of detection that
was lower (10 nM), but the device was based on glucose oxidase
activity and did not directly measure ATP. Liu et al. (2014) report
the lowest LOD in the literature (20 fM), however the device is
based on hysteric binding between ATP and a protein-binding
nucleotide sequence (a type of aptamer known as a concatamer).
Liu et al. (2014) demonstrated ATP specific binding using differ-
ential pulse voltammetry in the presence of ATP analogues (gua-
nosine triphosphate, cytidine triphosphate, uridine triphosphate,
and thymidine triphosphate). The problem with this device for real
time measurements of ATP release kinetics is that the concatamer
is designed to irreversibly bind ATP to produce a change in charge
transfer resistance or faradaic current. Thus, the device cannot be
used to produce quantitative flux data in experiments where the
ATP concentrations are changing rapidly (and transient flux is
spatially reversible). Although the sensitivity and response time
for our microsensor are not significantly improved over some
previous electrochemical devices (such as the device by Llaudet
et al. (2005)), to date there have been no demonstrations of a SR
flux sensor used to measure the direction and magnitude of ATP
flux near living cells. This is an important contribution, since ATP is
an active signaling molecule in the extracellular environment near
living cells. Other studies have documented the active release of
ATP by animal and plant cells, the hydrolysis of ATP to ADP and of
ADP to AMP by an extracellular enzyme known as apyrase (Clark
et al,, 2011, 2014), and also the activation of purinoceptors by
extracellular nucleotides (Fitz, 2007). These studies are discussed
in Clark et al. (2014) and others in the eATP signaling field sug-
gesting that ATP transport outside the cell is highly dynamic. To
validate the use of the SR eATP microsensor for such biological
applications, a series of abiotic and biological validation studies
were performed.

3.2. Abiotic validation of ATP flux

Following calibration, abiotic validation of ATP flux was
achieved by measuring the concentration gradient within the
diffusion layer formed by a point source of ATP (made of 15 mM
ATP and 2% agar) suspended in an unestirred solution of PBS with
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0.1% glycerol. The oscillation frequency was maintained at 0.33 Hz,
since previous literature indicated that sensors operating below
0.20 Hz are subjected to wide background noise and under-
estimation of anlyte levels (McLamore and Porterfield, 2011;
McLamore et al., 2010a; Shi et al., 2011; Kuhtreiber and Jaffe, 1990).
An empirical Fickian model was aslo included based on McLamore
et al. (2009), see Supplemental Fig. S1 for concentration profile
used to develop the model. The correlation (&) between the
measured flux data and the model prediction for abiotic flux ex-
periments was 0.98 (Fig. 3), thus ratifying the application of Fick’s
first law of diffusion and validating the use of the ATP micro-
biosensor in the SR modality.

3.3. Physiological eATP flux in spores and roots

One of the most obvious situations in which cells would be
expected to release ATP is during wounding, which would allow
cytoplasmic ATP that is in the mM range (Gout et al., 1992) to flow
out into the extracellular matrix near cells. Previous luciferin-lu-
ciferase assays of fluid collected from wound sites of Arabidopsis
leaves found that these bulk samples accumulated an average of
40 pM ATP (Song et al., 2006). Touch stimulation also induces the
release of ATP from plant cells (Jeter et al., 2004; Weerasinghe
et al,, 2009). Thus, as a first test of our novel biosensor we chose to
measure the eATP released from corn roots in response to
wounding and touching (see Supplemental Figure S4 for photo-
graphs during the experiment). Prior to wound or touch stimula-
tion the concentration of eATP outside of corn root tips was de-
termined to be 2.6 + 0.3 nM using the micro-biosensor (Fig. 4a).
This measurement of [eATP] corresponds well to recent mea-
surements of low nanomolar concentrations of ATP (2-5 nM) in
the media of growing Arabidopsis roots (Lim et al., 2014). After the
corn roots were wounded, the micro-biosensor detected an in-
crease in the [eATP] to 3.4 + 0.1 uM. This [eATP] is about 10-fold
lower than the average value obtained from leaf sap measure-
ments obtained by Song et al. (2006) after leaves were wounded.
The higher [eATP] in the leaf sap could be expected in that actively
photosynthesizing leaf cells are likely to have higher cytoplasmic
[ATP] than root cells, and that apyrase enzymes that hydrolyze ATP
are poorly expressed in mature leaves, but are expressed highly in
growing roots (Wu et al.,, 2007). Touching corn roots (using a
1 mm wire and computer controlled stepper motors) induced
approximately a 4-fold increase in the [eATP] to 10.4 + 2.9 nM as
detected by the micro-biosensor. This result is in accordance with
the expectation that the touch stimulus would induce a sub-
stantially lower increase in the level of eATP than wounding
would. Based on the results from ANOVA and Tukey tests, we
found sufficient evidence (p < 0.05) that both concentration and
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at the surface of a spore within the first hour of light exposure.

efflux are significantly different among baseline, touched, and
wounded roots.

Ceratopteris fern spores are another model system for studying
the role of ATP release in plant growth and development. In these
spores, gravity-directed polarization is fixed during the first 24 h
of development. In order to determine if eATP plays a role in this
physiological process, spores were exposed to a poorly-hydro-
lysable form of ATP, ATPYS, and an antagonist of extracellular
nucleotide receptors, pyridoxal phosphate-6-azo(benzene-2,4-
disulfonic acid) tetrasodium salt hydrate (PPADS) for the first 24 h
of development. As a result of these treatments, Ceratopteris
spores had a statistically significant decrease in the number of
downward growing rhizoids, a visual representation of the direc-
tion of polarization set by environmental cues, largely gravity
(Bushart et al., 2013). The micro-biosensor was used to confirm the
release of ATP during the initiation of spore polarization (see
Supplemental Fig. S5 for schematic and photographs of the ex-
perimetnal set up). Fig. 4b shows the average time series for
concentration data recorded at the surface of the spores. Within
the first 30 min of light exposure, the concentration of eATP near
the surface of the spore reached a maximum of 5.0-6.5 nM. The
concentration near the surface was temporally dynamic; there was
a wave of ATP released in cycles of approximately 10-12 minutes,
followed by a decrease in surface concentration that lasted ap-
proximately 6-9 min; the minimum ATP concentration during this
bursting behaviour was 1.5-3.0 nM. The flux measurements at the
spore surface showed that during this transient ATP release results
in a net efflux of ATP during spore polarization (Fig. 4c; negative
values are shown as efflux and positive values are shown as in-
flux). The average net efflux was 13.2 + 4.8 pmol-ATP h~!. To cal-
culate the release rate, an emprical harmonic oscillator model was

developed based on the methods developed by McLamore et al.
(2010b). The parameters for the simple harmonic oscillator are
shown in the supplemental section (Supplemetnal Eq. E1). These
results support the hypothesis that ATP is released during early
growth and development of Ceratopteris spores, although more
experiments are needed to determine the dynamics of ATP release,
apyrase activity, and receptor-mediated uptake.

To date, assays of extracellular ATP outside of plant cells have
all depended on the use of luciferin/luciferase-based methods.
These methods accurately quantify [eATP] as it is diluted into
media around cells, but thus far they have yielded only relative
measurements in regions immediately near the extracellular ma-
trix of intact living cells (Kim et al., 2006; Clark et al., 2010). In
contrast, the micro-biosensor approach described here can be used
to quantify the [eATP] in the immediate vicinity of any intact plant
cell or tissue.

4. Conclusions

We developed an electrochemical micro-biosensor for mon-
itoring the dynamics of eATP in plant cells/tissue. The working
principle was based on the coupled biochemical reaction catalyzed
by the enzymes GK and G3PO. The micro-biosensor utilized a
hybrid transducing component made of rGO, nPt and Nafion,
which greatly enhances the sensitivity, response time, limit of
detection, and selectivity of the device. The micro-biosensor was
demonstrated in the self-referencing mode for studying trans-
membrane flux of ATP by corn roots and fern spores. After a series
of mechanical stimulation experiments, it was found that eATP
levels by wounded roots were significantly higher than those
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measured in unwounded tissue. In the case of Ceratopteris spores,
the device was used to confirm the release of ATP during the in-
itiation of spore polarization. Our results show the ability of the SR
micro-biosensor for monitoring concentration and biophysical
transport of eATP, providing a unique tool for testing hypothesis in
plant physiology studies. In future detailed studies, the SR ATP
sensor will be a powerful tool for monitoring the extracellular
transport of ATP under physiological and pathophysiological con-
ditions. Although these proof of concept experiments focus on
plant tissues, the technique developed herein is applicable to any
living tissue, where nanomolar concentrations of ATP play a cri-
tical role in signaling and development.
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