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(57) Abstract: A system for sensing or measuring the concentration of an analyte. The system inuse is connectable to an electrochemical
sensor, and includes a computing device wirelessly connectable to an audio module, and being operable to stream audio data there
between. The audio module comprises an audio signal output and an audio signal input, connectable to the electrochemical sensor, with
the audio signal output being connected to an electrode of the electrochemical sensor and the audio signal input being connected to
receive an output signal from the electrochemical sensor. The computing device causes the audio module to generate a desired output
voltage waveform at its output. Simultaneously with generating the output voltage waveform, the audio module captures an input
voltage waveform received at the audio signal input and transmits this to the computing device, to be recorded as a response waveform
indicative of the concentration of the analyte.
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WIRELESS ELECTROCHEMICAL ANALYSIS

FIELD OF THE INVENTION

[0001] This disclosure relates generally to electrochemical methods of
analysis, and more particularly to a low-cost analysis system using widely
available mobile and wireless computing technology.

BACKGROUND TO THE INVENTION

[0002] Recent trends in the field of chemical sensors and biosensors have
highlighted the importance of simplicity and low cost in determining whether
sensing technologies have the capacity to be transformative to the lives of
ordinary people, and available to those in remote or resource-poor environments.
To this end, there has been considerable interest in the use of low-cost materials,
such as paper, and low-cost fabrication techniques, such as printing, to produce
microfluidic sensors which can be manufactured at minimal expense. A further
area of interest has been reduction of the cost of detection instruments by, for
example, the use of printed electronics co-located on disposable sensors.

[0003] One approach that has generated some interest is to employ mobile
computing devices, such as smartphones or tablets, as components in sensing
arrangements. Such devices have now reached market saturation in the
developed world, and are rapidly becoming ubiquitous also in the developing

world.

[0004] Through the use of mobile computing devices, costs can be reduced
because the device may replace many back-end sensor functions, such as user
interaction, data acquisition, signal processing and results display. Moreover, the
connectivity of these devices holds the promise of facilitating telemedicine and
helping to eliminate distance barriers, thereby improving access to medical

services in remote and resource-poor communities.



WO 2020/237302 PCT/AU2020/050524
2

[0005] However, most of the applications of mobile device technology for
chemical sensing and/or bio-sensing have relied upon external active processing
devices in order to perform key sensor functions. A typical example of such an
arrangement is shown, in block diagram form, in Figure 1 of the accompanying
drawings. In this example, a computer 2 running a simple Human Machine
Interface (HMI), or Graphical User Interface (GUI), is used to control an attached
potentiostat 4 via a control cable 9.

[0006] This is the most conventional way to perform electrochemical
measurements and is extensively described in prior art publications. The
potentiostat 4 in this configuration is a dedicated hardware device available in a
wide range of complexities and costs. Regardless of complexity the conceptual

operation is as follows.

[0007] The computer 2 converts user-entered electrochemical parameters 6
to a small data packet before being communicated to the attached potentiostat 4.
This conventional hardware potentiostat 4, with its semi-autonomous capability,
uses the parameters 6 contained in this data packet to generate an
electrochemical excitation waveform. This waveform, through the use of a Digital
to Analog Converter (DAC) and supporting analog electronics (op-amps) within
the potentiostat is applied to an electrochemical sensor or cell 8. The resulting
current from this cell is measured using an Analog to Digital Converter (ADC) and
more supporting analog electronics (op-amps). The digitized current is converted
into data packets by the potentiostat before being communicated back to the
HMI/GUI of the computer 2 where it is displayed.

[0008] While such solutions provide a cost benefit over more conventional
potentiostats with integrated sensors, they nonetheless involve additional costs
over and above the availability of a suitable mobile device, as well as the
inconvenience of carrying the additional external hardware apparatus.
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[0009] To address these problems, the present inventors have previously
developed a mobile voltammetric analysis system which is described in
International (PCT) patent application number PCT/AU2017/050232 published as
WO 2017/56584. The entire content of that PCT publication is incorporated into

this disclosure by cross-reference.

[0010] Figure 2 of the accompanying drawings shows a schematic
representation of the system disclosed in WO 2017/56584. The system includes a
mobile computing device 10, such as a tablet or smart phone, having a HMI/GUI
12, microprocessor and memory 14, and an audio interface 16. The audio
interface 16 comprises an audio signal output 17 having first and second
channels (Rout, Lout) and an audio signal input in the form of a microphone input
(Mic in). In use, the audio interface 16 is connected to a voltammetric cell 18
comprising first and second electrodes. The memory 14 of the device 10
contains instructions (in the form of an App) which, when executed by the
microprocessor, cause the device 10 to: generate an output voltage waveform
between the first and second channels (Rout, Lout) of the audio signal output 17;
and simultaneously with generating the output voltage waveform, capture an input
voltage waveform at the audio signal input (Mic in). This waveform is recorded
within the memory 14 as a voltammetric response waveform indicative of an

analyte concentration in the voltammetric cell.

[0011] In substance, the mobile computing device 10 disclosed in WO
2017/56584 and shown in Figure 2 acts as a “software potentiostat” (or “soft
potentiostat”), as distinguished from the more conventional “hardware
potentiostat” shown in Figure 1. All capture, recordal and processing of data is
performed in software within the mobile computing device 10.

[0012] User-entered data is used to control the software potentiostat to
perform a similar function to the hardware potentiostat shown in Figure 1,
converting electrochemical parameters 19 to a calculated waveform data vector

(namely, a one-dimensional array of numbers) representing a predetermined
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excitation waveform defined by the electrochemical parameters 19. This
waveform data vector is then used to control the on-board audio hardware 16 to
produce an analog voltage at the headphone jack (Rout, Lout) which is connected
to the voltammetric cell 18 via a simple resistor R and capacitor C. The
microphone connection (Mic in) of this jack allows the electrochemical current
passing through the resistor R to be measured and stored as an input waveform
data vector to the “software potentiostat”.

[0013] While the software potentiostat described in WO 2017/56584
addressed many of the problems encountered with more traditional hardware
potentiostats, which merely use the mobile computing device as a user interface,
the inventors found that not all mobile computing devices are suitable. In
particular, many commonly available mobile phones and tablets (such as iPhones
and iPads) incorporate a DC blocking capacitor in the output stage of their audio
interface. This makes these devices unsuitable, or at least less suitable, to

produce the necessary output waveforms.

[0014] In the latter regard, the DC blocking capacitor represents a limitation
on the types of electrochemical measurements possible. A very limited subset of
electrochemical measurements — those carried out at high frequency / or short
timescale (< approx. 5 ms) — could be carried out in a rudimentary fashion, using
a phone with a DC blocking capacitor, and other types of measurement such as
solution conductivity measurements are possible using a phone with a DC
blocking capacitor. However, this precludes the vast majority of electrochemical
measurements which require an excitation potential waveform with a timescale

substantially longer than 5 ms.

[0015] It would also be desirable for such a mobile electrochemical analysis
system to enable other forms of analysis to be conducted, for example using
electrochemiluminescence (ECL) techniques wherein the intensity of light emitted
from a detection zone of the electrochemical sensor is indicative of the

concentration of an ECL active molecule. One example of a low-cost mobile ECL
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sensing system is described in Australian Innovation Patent number
AU20141000086. The entire content of that Innovation patent specification is
incorporated into this disclosure by cross-reference.

[0016] In substance, the system described in the innovation patent is
implemented in software within a mobile computing device such as a smartphone
or tablet. The mobile computing device comprises a microprocessor, one or more
memory components comprising a program and data store accessible to the
microprocessor, an image sensor configured to acquire images and to transfer
digital representations of the images to the program and data store, and an audio
interface configured to generate electrical signals, which is operable under control
of the microprocessor. The audio interface is connectable, in use, to electrical
input terminals of a chemical sensor comprising a paper microfluidic layer loaded
with electrochemilumescence (ECL) active molecules or a co-reactant within a
detection zone, and a planar circuit layer comprising a working electrode in
contact with the detection zone of the paper microfluidic layer. The device is
programmed to apply an electrical stimulation signal to the working electrode via
the audio interface, to acquire one or more images of the detection zone of the
paper microfluidic layer via the image sensor, and to analyse a digital
representation of the acquired images to determine an intensity of light emitted
from the detection zone. A corresponding co-reactant or ECL active molecule
concentration may thereby be computed based upon the intensity of the emitted
light.

[0017] The inventors have also found that it is not always convenient to have
a mobile phone or tablet physical and electrically connected to the
electrochemical sensor/cell by a cable.

[0018] Accordingly, there remains an ongoing need to develop further low-
cost sensing systems which are more universally implementable using commonly
available mobile phones and/or tablets, and which remove the need to physically
and electrically connect the mobile device directly to the electrochemical cell or
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sensor. The present invention seeks to address this ongoing need, or at least to

provide a useful alternative to existing low-cost sensing systems.

[0019] The reference in this specification to any prior publication (or
information derived from it), or to any matter which is known, is not, and should
not be taken as an acknowledgement or admission or any form of suggestion that
the prior publication (or information derived from it) or known matter forms part of
the common general knowledge in the field of endeavour to which this
specification relates.

SUMMARY OF THE INVENTION

[0020] One aspect of the present invention provides a system for sensing or
measuring the concentration of an analyte, the system in use being connectable
to an electrochemical sensor, with the system comprising:

a computing device comprising a microprocessor, one or more memory
components containing a program and data store accessible to the
microprocessor, and a wireless communication interface; and

an audio module, wirelessly connectable to the computing device via
the wireless communication interface and being operable to stream audio data
between the audio module and the computing device,

the audio module comprising an audio signal output and an audio
signal input,

the audio module being connectable to the electrochemical sensor with
the audio signal output being connected to an electrode of the electrochemical
sensor and the audio signal input being connected to receive an output signal
from the electrochemical sensor, and

the program and data store containing instructions which, when
executed by the microprocessor, cause the system to implement steps of:

the computing device calculating an output waveform data vector
representing a desired excitation waveform;

the computing device transmitting the output waveform data vector to
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the audio module;

the audio module generating an output voltage waveform at the audio
signal output, with the output voltage waveform being defined by the output
waveform data vector;

simultaneously with generating the output voltage waveform, the audio
module capturing an input voltage waveform received at the audio signal input
and converting the input voltage waveform to an input waveform data vector;

the audio module transmitting the input waveform data vector to the
computing device; andthe computing device recording within the data store the
input waveform data vector as a response waveform indicative of the

concentration of the analyte.

[0021] In one embodiment the audio signal output of the audio module
comprises an output channel and a common ground reference. In use, the audio
module is connectible to the electrochemical sensor with the output channel and
common ground reference being connected to first and second electrodes of the
electrochemical sensor. In this embodiment the output voltage waveform is
generated between the output channel and the common ground reference.

[0022] In one example application the electrochemical sensor comprises a
voltammetric cell having first and second electrodes. For this application the
system also includes a circuit configuration comprising a resistor and capacitor for
connecting the audio module to the voltammetric cell, with the output channel of
the audio signal output being connected to the first electrode, the common ground
reference of the audio signal output being connected to the second electrode via
the resistor, and the audio signal input being connected to the second electrode
via the capacitor. In this application the output voltage waveform preferably
comprises a time-varying voltammetric driving potential and an AC perturbation,
and the response waveform is indicative of a voltammetric response from the

voltammetric cell.
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[0023] In another embodiment the audio signal output of the audio module
comprises first and second channels. In use, the audio module is connectible to
the electrochemical sensor with the first and second channels of the audio signal
output being connected to first and second electrodes of the electrochemical
sensor. In this embodiment the computing device calculates first and second
output waveform data vectors together representing the desired excitation
waveform, and the computing device transmits both the first and second output
waveform data vectors to the audio module. The audio module then generates an
output voltage waveform between the first and second channels of the audio
signal output, with the output voltage waveform being defined by the first and

second output waveform data vectors.

[0024] More specifically, this embodiment of the invention provides a system
for sensing or measuring the concentration of an analyte, the system in use being
connectable to an electrochemical sensor, with the system comprising:

a computing device comprising a microprocessor, one or more memory
components containing a program and data store accessible to the
microprocessor, and a wireless communication interface; and

an audio module, wirelessly connectable to the computing device via
the wireless communication interface and being operable to stream audio data
between the audio module and the computing device,

the audio module comprising an audio signal output having first and
second channels and an audio signal input,

the audio module being connectable to the electrochemical sensor with
the first and second channels of the audio signal output being connected to first
and second electrodes of the electrochemical sensor and the audio signal input
being connected to receive an output signal from the electrochemical sensor, and

the program and data store containing instructions which, when
executed by the microprocessor, cause the system to implement steps of:

the computing device calculating first and second output waveform
data vectors together representing a desired excitation waveform;

the computing device transmitting the first and second output

waveform data vectors to the audio module;
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the audio module generating an output voltage waveform between the
first and second channels of the audio signal output, with the output voltage
waveform being defined by the first and second output waveform data vectors;

simultaneously with generating the output voltage waveform, the audio
module capturing an input voltage waveform received at the audio signal input
and converting the input voltage waveform to an input waveform data vector;

the audio module transmitting the input waveform data vector to the
computing device; and

the computing device recording within the data store the input
waveform data vector as a response waveform indicative of the concentration of

the analyte.

[0025] In one example application the electrochemical sensor comprises a
voltammetric cell having first and second electrodes. For this application the
system further comprises a circuit configuration comprising a resistor and a
capacitor for connecting the audio module to the voltammetric cell, with a first
channel of the audio signal output is connected to the first electrode, a second
channel of the audio signal output is connected to the second electrode via the
resistor, and the audio signal input is connected to the second electrode via the
capacitor. For this application the output voltage waveform preferably comprises
a time-varying voltammetric driving potential and an AC perturbation, and the

response waveform is a voltammetric response from the electrochemical cell.

[0026] In one embodiment the instructions, when executed by the
microprocessor, cause the audio module to generate the output voltage waveform
by generating a first waveform comprising the voltammetric driving waveform;
generating a second waveform comprising an inverse of the voltammetric driving
waveform; superimposing the AC perturbation to one of the first and second
waveforms; and applying the first waveform to the first channel of the audio signal
output, and the second waveform to the second channel of the audio signal
output.
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[0027] In some embodiments the computing device is a mobile computing
device such as a smartphone, tablet or laptop computer. However, any suitable
form of computing device having a wireless communication interface could

instead be used.

[0028] In some embodiments the wireless communication interface is a
Bluetooth interface and communication between the audio module and the
computing device involves streaming of data using a Bluetooth audio encoding
method. However, any other suitable wireless communication interface, such as
WiFi or other wireless technology, may be used to connect the audio module to

the computing device.

[0029] Embodiments of the invention utilise the continuous data streaming
capabilities of wireless audio devices to enable almost universally accessible
voltammetric measurements, or other electrochemical analyses, without purpose-

built electrochemical instrumentation.

[0030] In the later regard, the inventors have surprisingly found that some
conventional wireless audio modules allow efficient streaming of electrochemical
data to and from a mobile device, enabling un-wired instrument-free

electrochemical analysis. The present invention makes use of this finding.

[0031] Nevertheless, in certain circumstances the inventors recognize that it
may be more desirable to use a more general wireless transmitter-receiver
module that enables bidirectional streaming of data representing a waveform.
Such transmitter-receiver modules may not necessarily be intended to stream
audio data and may instead be designed for other non-audio purposes. All that is
required is that the transmitter-receiver module be capable of wirelessly receiving
a waveform data vector from a computing device and generate a corresponding
analogue output voltage waveform, and conversely, capture an analogue input
voltage waveform and convert this to a corresponding waveform data vector for

wireless transmission back to the computing device.
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[0032] As such, the phrase “audio module” as used throughout this
specification should be understood to encompass all forms of wireless
transmitter-receiver modules and not only modules specifically intended for audio
applications. Similarly, the phrases “audio signal” and “audio data” should be
understood to encompass any analogue voltage waveform, and any
corresponding digital representation of the waveform (as a waveform data

vector), respectively, as applicable to electrochemical analyses.

[0033] In one embodiment the instructions, when executed by the
microprocessor, cause the audio module to generate the output voltage waveform

in which the voltammetric driving potential is a triangular wave.

[0034] In some embodiments the resistor has a value in the range 47 Q to 4.7
kQ, more particularly in the range 68 Q to 390 Q, and more particularly around
100 Q.

[0035] In some embodiments the frequency of the AC perturbation is in the
range 20 Hz to 500 Hz, more particularly in the range 100 Hz to 400 Hz, and
more particularly in the range of around 200 Hz to around 300 Hz.

[0036] In some embodiments the amplitude of the AC perturbation, relative to
a peak output voltage, is in the range 0.7 percent to 7 percent, and more

particularly around 3 percent to around 5 percent.

[0037] In an example application the electrochemical sensor includes a
photodetector placed within a detection zone of a working electrode to capture
photons produced at the working electrode when the output voltage waveform is
applied to the working electrode. In these embodiments the photodetector is
connected to the audio signal input of the audio module such that the input
voltage waveform represents an intensity of light emitted from the detection zone,

whereby a corresponding concentration of the analyte may be computed based
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upon the intensity of the emitted light. The photodetector may comprise a
photodiode or a phototransistor.

[0038] In another example application the electrochemical sensor comprises a
paper microfluidic layer loaded with electrochemilumescence (ECL) active
molecules or a co-reactant within a detection zone. The first electrode may
comprise a planar circuit layer forming a working electrode in contact with the
detection zone of the paper microfluidic layer. In this application the instructions,
when executed by the microprocessor, cause the computing device to analyse
the input waveform data vector (which represents the input voltage waveform) to
determine an intensity of light emitted from the detection zone, whereby a
corresponding co-reactant or ECL active molecule concentration may be

computed based upon the intensity of the emitted light.

[0039] In some embodiments the computing device comprises a display,
operable under control of the microprocessor, and the program instructions may
further cause the computing device to present information on the display
comprising an indication of the intensity of light and/or a co-reactant or ECL active

molecule concentration value, and/or the concentration of the analyte.

[0040] In some embodiments the audio signal input of the audio interface may
comprise a second channel. This second channel of the audio signal input may
be connected to receive a second output signal from the electrochemical sensor.
In these embodiments, the instructions, when executed by the microprocessor,
may cause the audio module to capture a second input voltage waveform
received at the second channel of the audio signal input simultaneously with
capturing the input voltage waveform received at the first channel of the audio

signal input.

[0041] In some embodiments the first channel of the audio signal input may
be configured to capture a voltammetric response waveform from the

electrochemical sensor and the second channel of the audio signal input may be
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configured to capture an output from a photodetector of the electrochemical

sensor.

[0042] In some embodiments the computing device may further comprise a
second wireless communication interface, and the program instructions may
further cause the computing device to transmit information to a remote server via
the second wireless communication interface, including information indicative of

the concentration of the analyte.

[0043] In some embodiments the predetermined excitation waveform, and
thus the output waveform data vector and the corresponding output voltage

waveform, are based on user-entered electrochemical parameters.

[0044] Other optional features of the system will become apparent from a
reading of the following detailed description of preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0045] Embodiments of the invention will be described with reference to the
accompanying drawings, in which like reference numerals refer to like features,

and wherein:

[0046] Figure 1 illustrates a conventional potentiostat configuration in which a
computer running a simple graphical user interface (GUI) is used to control a
remotely attached dedicated hardware potentiostat;

[0047] Figure 2 illustrates a prior art “software potentiostat” running on a
mobile computing device, such as a tablet or smartphone, making use of the

device’s inbuilt audio hardware;
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[0048] Figure 3 illustrates a preferred embodiment of the present invention in
which a software potentiostat is implemented on a mobile computing device with
an attached Bluetooth or other wireless audio module;

[0049] Figure 3A illustrates an alternative embodiment of the invention in
which a software potentiostat is implemented on a mobile computing device with
an attached Bluetooth or other wireless audio module;

[0050] Figure 4 illustrates an alternative embodiment of the invention in which
a Bluetooth audio module is packaged with a screen printed electrode holder;

[0051] Figure 5 illustrates a dual opto-electrochemical embodiment of the

invention using a photo diode; and

[0052] Figure 6 illustrates a dual working electrode current measurement

embodiment of the invention.

DESCRIPTION OF PREFERRED EMBODIMENTS

[0053] Reference will now be made in detail to exemplary embodiments of the
invention. It is to be understood that the detailed examples and embodiments
described herein are given by way of example for illustrative purposes only, and

are in no way considered to be limiting to the invention.

[0054] It must also be noted that, as used in the specification and the
appended claims, the singular forms ‘a’, ‘an’ and ‘the’ include plural referents
unless otherwise specified. Thus, for example, reference to ‘analyte’ may include

more than one analyte, and the like.

[0055] Throughout this specification, use of the terms ‘comprises’ or
‘comprising’ or grammatical variations thereon shall be taken to specify the
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presence of stated features, integers, steps or components but does not preclude
the presence or addition of one or more other features, integers, steps,
components or groups thereof not specifically mentioned.

[0056] Referring to Figure 3 of the accompanying drawings, there is shown a
block diagram of a system for sensing or measuring the concentration of an
analyte in accordance with an embodiment of the present invention. The system
comprises a computing device 30 having a HMI/GUI 32, a microprocessor and
one or more memory components 34 containing a program and data store
accessible to the microprocessor. A bidirectional wireless Bluetooth
communication interface 35 serves to stream “audio” data to and from a separate
Bluetooth-enabled audio module 36.

[0057] The audio module 36 comprises an audio signal output 37 having first
and second channels (Rout, Lout) and an audio signal input (Mic in).

[0058] Analogous to the arrangement shown in Figure 2, user-entered data is
used to control a software potentiostat implemented within the computing device
30. The computing device 30 converts electrochemical parameters 39 to a

calculated waveform data vector.

[0059] In use, the audio module 36 is connectable to an electrochemical
sensor in the form of a voltammetric cell 38, with the first and second channels
(Rout, Lout) of the audio signal output 37 being connected to first and second
electrodes of the voltammetric cell 38. The audio signal input (Mic in) is

connected to receive an output signal from the voltammetric cell 38.

[0060] The program and data store within the memory 34 contains
instructions which, when executed by the microprocessor, cause the system to
implement a number of steps as follows. Firstly, the computing device 30
calculates at least one output waveform data vector, and in this two channel

“stereo” embodiment, first and second output waveform data vectors
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corresponding to the first and second channel. Together these output waveform
data vectors represent a desired excitation waveform (based on the user entered
electrochemical parameters 39). The computing device 30 transmits the output
waveform data vectors to the audio module 36 and the audio module then
generates an output voltage waveform, corresponding to the output waveform
data vectors, between the first and second channels (Rout, Lout) of the audio
signal output 37. Simultaneously with generating the output voltage waveform,
the audio module 36 captures an input voltage waveform received at the audio
signal input (Mic in) and converts the input voltage waveform to an input
waveform data vector. The audio module 36 transmits the input waveform data
vector to the computing device 30 and the computing device then records the
input waveform data vector, within the data store 34, as a response waveform

indicative of the concentration of the analyte.

[0061] The concentration of the analyte may then be presented on the data
display of the HMI/GUI 32 and/or be transmitted to a remote computer or server

on an associated computer network.

[0062] In substance, the novel configuration shown in Figure 3 is similar to the
prior art “soft potentiostat” described in WO 2017/156584 referred to above, and
shown in Figure 2, but the output/input waveform data vectors of the “soft
potentiostat” are wirelessly streamed to/from (respectively) an external audio

module.

[0063] Surprisingly, the use of conventional wireless audio modules allows
efficient streaming of electrochemical data to and from a computing device such
as a mobile phone, enabling un-wired instrument-free electrochemical analysis.
The inventors have found that 16 bit data resolution at a sampling frequency of
8kHz is sufficient for most electrochemical analytical purposes but other
resolutions and sampling rates, higher or lower, could instead be used. For
example, CD quality digital audio data is normally published at 16 bit resolution
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and a sampling frequency of 44.1 kHz, so wireless audio modules of this type are

very commonly available at low cost.

[0064] In the embodiment shown in Figure 3, the digital audio stream may be
transmitted to a common, off-the-shelf “Bluetooth audio adapter” module. This
arrangement is similar to that disclosed in WO 2017/156584, and shown in Figure
2, in that the audio adapter/module 36 (in Figure 3) can be connected to an
electrochemical cell 38 with a simple resistor R and capacitor C, as in Figure 2.
The microphone input (Mic in) of this wireless audio adapter 36 is connected to
the voltammetric cell 38 as before. The microphone “audio” stream is passed to
the “soft potentiostat” implemented within the computing device 30, which

interprets it as an electrochemical current.

[0065] In one example implementation, consistent with the method described
in WO 2017/156584, an output voltage waveform is generated (under software
control) between the first and second channels (Rout, Lout) of the audio signal
output 37 of a suitable audio adapter 36. The output voltage waveform comprises
a time-varying voltammetric driving potential (such as a ramp or triangular wave)
combined with an AC perturbation signal. More particularly, the mobile
computing device 30 may be programmed to generate a first waveform for output
on the first channel and a second waveform for output on the second channel,
where the first and second waveforms are inverse to one another, such that the
total potential available to be applied between the first and second channel
outputs is effectively double the peak voltage output available at each channel
individually. Furthermore, the AC perturbation may be superimposed on either
one of the first and second waveforms. For example, the AC perturbation may be
superimposed on the first waveform and applied to a counter electrode of the cell
38 directly. Alternatively, the AC perturbation may be superimposed on the
second waveform, and applied to the working electrode of the voltammetric cell
38 via the resistor R. The resulting current, which flows in the circuit via the
voltammetric cell 38, generates a voltage across the resistor R which has AC
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components that can be received and captured by the audio signal input (Mic in)
of the audio module 36 via the capacitor C.

[0066] In another example implementation, shown in Figure 3A, an audio
module 36’ is used in a “mono” mode of operation rather than in a “stereo” mode.
In this mono mode, only a single output channel is used, rather than two output
channels as in Figure 3.

[0067] Referring to Figure 3A, the audio module 36’ comprises an audio
signal output 37’ having an output channel (OUT) and an audio signal input (Mic
in). All other components shown in Figure 3A are similar to those shown in Figure
3 so corresponding reference numerals (30°, 32’, etc) are used to denote

corresponding components.

[0068] In the Figure 3A implementation, an output voltage waveform is
generated (under software control) between the output channel (OUT) and
common ground reference (GND) of the audio adapter 36°. Again, the output
voltage waveform comprises a time-varying voltammetric driving potential (such
as a ramp or triangular wave) combined with an AC perturbation signal. More
particularly, the mobile computing device 30’ may be programmed to generate a
waveform for output on the output channel (OUT) together with an AC
perturbation superimposed on the waveform. The resulting current, which flows
in the circuit via the voltammetric cell 38°, generates a voltage across the resistor
R which has AC components that can be received and captured by the audio

signal input (Mic in) of the audio module 36’ via the capacitor C.

[0069] In other embodiments, of either “stereo” or “mono” implementations,
alternative output voltage waveforms may be generated as excitation signals for
output to a voltammetric cell, or for application to other forms of electrochemical
sensors. The selection and implementation of alternative output voltage
waveforms is considered to be well within the skill of persons skilled in the art of

electrochemical methods and will not be described herein in detail.
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[0070] The novel configurations shown in Figures 3 and 3A overcome many
of the limitations of the software potentiostat shown in Figure 2 (and disclosed in
WO 2017/156584) with considerably less complexity and expense.

[0071] Some of the other benefits of the new configurations include but are

not limited to:

e Even computing devices without built-in audio capability can be utilised to

facilitate electrochemical measurements.

¢ Computing devices with Bluetooth, or similar wireless connectivity, capable
of running the HMI/GUI and “soft potentiostat” can be extended to, but are
not limited to, smartphones, tablets, PCs, laptops, single board computers

(Raspberry Pi, etc) and smart watches.

¢ The DC blocking capacitor which is found in the audio output circuitry of
many phones and tablets represents a limitation on the types of
electrochemical measurements possible with the configuration of Figure 2.
The configuration of Figures 3 and 3A overcome this limitation because an
appropriate off-the-shelf wireless audio adapter can be chosen without

such components.

e Easier and more reproducible standardisation and calibration is facilitated
making the resulting electrochemical analysis more accurate as only the

Bluetooth audio module needs to be considered.

e The configurations of Figures 3 and 3A are especially suited for use in
conjunction with disposable printed electrochemical sensors, but may also

be used with conventional electrodes.

[0072] Some of the useful types of measurements possible utilising the
configurations shown in Figures 3 or 3A include:

¢ AC voltammetry

¢ 2nd harmonic FT AC voltammetry

¢ Square wave voltammetry

e Most pulsed voltammetric techniques
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¢ Impedance and impedance spectroscopy

[0073] Another limitation associated with the configuration of Figure 2 is the
limited voltage range available from the audio output of some smartphones and
tablets. This is not a problem for the configuration of Figure 3 because a suitable
wireless audio adapter can be chosen such that this is not an issue. In other
words, an appropriate off-the-shelf Bluetooth audio adapter can be chosen, rather

than being forced to choose an appropriate smartphone.

[0074] In the latter regard, the voltage range available from smartphones and
tablets seems to vary quite widely between phones, and also depends on
whether the phone has been “rooted” — this being a process which allows root
access to the operating system code of an Android phone (the equivalent term for
Apple is “jailbreaking”). Some examples of voltage ranges available using
commonly available smartphones are as follows:

¢ Rooted Galaxy S1 +/- 1.5V

e Galaxy S3 +/- 400mV

e (Galaxy TAB +/- 685 mV

e Galaxy S6 edge +/- 600 mV

[0075] Since each smartphone is different, and different users own different
smartphones, consistency and repeatability of the electrochemical analysis by
different users becomes problematic. Some smartphones would be suitable for
some forms of analysis but other smartphones would not, for example where the
voltage range available from the audio signal output is insufficient.

[0076] As discussed in WO 2017/156584, the use of the left and right audio
outputs simultaneously, effectively doubles the voltage range available for
electrochemical stimulation of the test solution. For aqueous media, a range of +/-
1 V covers the requirements for the majority of electrochemical analyses. The

configuration of Figure 3 enables selection of an appropriate Bluetooth audio
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module which satisfies the necessary voltage range, without needing to consider

the output voltage range of the smartphone being used.

[0077] In addition, the inventors have found that some Bluetooth audio
modules are capable of producing an output voltage which is higher than that
available from the audio output of a typical smartphone. Accordingly, selection of
a suitable Bluetooth (or other wireless) audio module may enable a “mono” mode
of operation, as described above, with sufficient voltage range for the desired

electrochemical analyses.

[0078] One example of an off-the-shelf Bluetooth audio adapter which the
inventors have found to be suitable for use in the configuration of Figure 3 is the
“Wireless Bluetooth V4.1 3.5mm AUX Audio Stereo Music Home Car Receiver
Adapter” sold by Home Outlet.

[0079] Other examples of suitable Bluetooth audio adapters/modules include
devices based on the following Bluetooth modules:

e RN52 produced by Microchip Technology Inc.

e XS3868 produced by 14CORE

e (SR 8643 produced by Qualcomm

e (OVC3860 produced by 14CORE

e BK8000L available from Electrodragon

[0080] These are all “naked” (without an external casing) highly integrated
single chip Bluetooth stereo audio modules which support the mandatory
Bluetooth compression coding/decoding (CODEC) scheme, Sub Band Coding
(SBC), and/or support more advanced audio CODECs used for hi-fi stereo audio,
such as Advanced Audio Distribution Profile (A2DP), aptX by Qualcomm or LDAC
by Sony.

[0081] Because wireless audio adapters and the Bluetooth modules they

contain, are already being mass-produced for conventional applications such as
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audio streaming and telephony, repurposing such devices for voltammetric or
other electrochemical analysis represents a very low cost option compared to the
use of conventional electrochemical instrumentation. In turn this facilitates a
range of electroanalytical measurements outside of a laboratory setting, e.g. in
the field, at the point-of-care, at home, etc. Furthermore, the significant decrease
in hardware costs and increase in portability, allows measurements in resource-

poor environments as well as remote areas.

[0082] It is also contemplated that more general purpose wireless transmitter-
receiver communications modules could be used, rather than repurposing off-the-
shelf Bluetooth audio adapters. In this regard, the data streamed between the

audio module 36/36° and computing device 30, shown in Figures 3 and 3A, is not
audio data as such but a waveform data vector representing a required excitation
waveform. Accordingly, the phrase “audio module” must be understood broadly to
include any sort of wireless transmitter-receiver communications module capable
of bidirectional transmission and reception of data representing analogue voltage

waveforms.

[0083] Off-the-shelf Bluetooth audio adapters, such as those mentioned
above, or customized wireless transmitter-receiver modules, can also be easily
co-packaged with the necessary RC interface circuit and cell connection socket

for voltammetric measurements as shown in Figure 3 or 3A.

[0084] One example of such a co-packaged audio adapter and screen printed
electrode holder is show in Figure 4. In this embodiment the co-packaged circuit
includes a Bluetooth module 40 such as the RN52, a small lithium battery 42,
power switch 44, one resistor R, one capacitor C and the screen printed electrode
holder/connector 46. Rout and Lout are the right and left audio output channels of
the Bluetooth module 40, and likewise Rin and Lin are the right and left audio
input channels to the audio module 40. In this example a single input voltage
waveform from the electrode holder 46 is connected to both the audio input
channels, Rin and Lin. The audio input channels may be amplified inside the
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Bluetooth module 40 by selecting them to be “mic” inputs rather than “line level”
inputs. This is typically done as part of the Bluetooth module configuration and
provides more sensitivity to the electrochemical measurement. The screen
printed electrode holder 46 may have two, three or more connections. For the
packaging arrangement shown in Figure 4 only two connections are required,
namely the Reference electrode 47 (aka Counter electrode) and the Working
electrode 48. This circuit could be physically packaged in a small plastic moulded

shell of approximate dimensions 50mm x 20mm x 10mm

[0085] As many off-the-shelf Bluetooth audio adapters have independent left
and right microphone/audio input channels, the configuration in Figure 3 can be
extended to include simultaneous measurement of a second waveform. For
example, if a photodetector, such as a photodiode or phototransistor, is attached
to one of the microphone input channels as shown in Figure 5, a further class of
measurements can be made, namely Electrochemiluminescence, aka
“electrogenerated chemiluminescence” (ECL), or analytical

spectroelectrochemical detection.

[0086] Some examples of the types of electrochemical measurements which
could be made based on ECL techniques are described in the Australian
innovation patent AU2014100086 referred to above and incorporated herein by

cross-reference.

[0087] However, in the present instance, rather than using a camera
integrated into a mobile phone to acquire images of the detection zone of the
electrochemical sensor, a simple photodetector connected to a microphone input
channel of the audio module is used instead. This extends the advantages of the
configuration shown in Figure 3 to include a much broader range of

electrochemical analysis techniques.

[0088] For photoelectrochemical measurements (especially
electrochemiluminescence, ECL) the inclusion of a photodiode 51 is shown in
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Figure 5. Other components of this circuit (Bluetooth module 50, battery 52,
power switch 54, electrode holder/connector 56) are the same as those shown in
Figure 4 so similar reference numerals are used. However, this embodiment
makes use of the independent and simultaneous sampling of the left and right
audio input channels Lin and Rin of the Bluetooth module 50, thereby facilitating
simultaneous monitoring of current at the right audio signal input channel, Rin,
and an associated optical signal at the left audio signal input channel, Lin. By
configuring the Bluetooth audio inputs as “mic” inputs, a DC bias is provided to
the photodiode 51. This, in conjunction with the amplification associated with a
“mic” input, improves the sensitivity of the photoelectrochemical measurement.
The physical packaging of this embodiment would ensure the photodiode was
placed very close to the working electrode to maximize the capture of produced

photons.

[0089] While the dual input circuit configuration shown in Figure 5 facilitates
simultaneous monitoring of both current and an associated optical signal from the
photodiode 51, it will be appreciated that a single audio signal input arrangement
could be used to monitor only an optical signal produced by a photodiode without
also monitoring current. Such an arrangement would be similar to that shown in

Figure 5 but with the right audio signal input Rin omitted.

[0090] Other embodiments making use of independent left and right
microphone/audio input channels could include two simultaneous working

electrode measurements for internal calibration or multiplexing purposes.

[0091] One example of a dual working electrode current measurement
embodiment is shown in Figure 6. The independent use of the left and right audio
input channels can also be extended to simultaneous measurement of two
electrochemical currents from two working electrodes 68 and 69 as shown in
Figure 6. Other than the inclusion of an additional resistor R and capacitor C (as
shown) the physical packaging of this embodiment would be the same as for the
basic version described above with reference to Figure 4. Accordingly, similar
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reference numerals are used to denote corresponding circuit features and need

not be described in further detail.

[0092] Those skilled in the art will recognise, or be able to ascertain using no
more than routine experimentation, many equivalents to the specific
embodiments of the invention described herein. Such equivalents are intended to
be encompassed by the following claims.
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CLAIMS:

1. A system for sensing or measuring the concentration of an analyte, the
system in use being connectable to an electrochemical sensor, with the system
comprising:

a computing device comprising a microprocessor, one or more memory
components containing a program and data store accessible to the
microprocessor, and a wireless communication interface; and

an audio module, wirelessly connectable to the computing device via the
wireless communication interface and being operable to stream audio data
between the audio module and the computing device,

the audio module comprising an audio signal output and an audio signal
input,

the audio module being connectable to the electrochemical sensor with the
audio signal output being connected to an electrode of the electrochemical sensor
and the audio signal input being connected to receive an output signal from the
electrochemical sensor, and

the program and data store containing instructions which, when executed
by the microprocessor, cause the system to implement steps of:

the computing device calculating an output waveform data vector
representing a desired excitation waveform;

the computing device transmitting the output waveform data vector
to the audio module;

the audio module generating an output voltage waveform at the
audio signal output, with the output voltage waveform being defined by the
output waveform data vector;

simultaneously with generating the output voltage waveform, the
audio module capturing an input voltage waveform received at the audio
signal input and converting the input voltage waveform to an input

waveform data vector;
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the audio module transmitting the input waveform data vector to the
computing device; and

the computing device recording within the data store the input
waveform data vector as a response waveform indicative of the

concentration of the analyte.

2. The system of claim 1 wherein the audio signal output of the audio module
comprises an output channel and a common ground reference, the audio module
in use being connectible to the electrochemical sensor with the output channel
and common ground reference being connected to first and second electrodes of
the electrochemical sensor, and wherein the output voltage waveform is

generated between the output channel and the common ground reference.

3. The system of claim 2 wherein the electrochemical sensor comprises a
voltammetric cell comprising said first and second electrodes,

wherein the system further comprises a circuit configuration comprising a
resistor and capacitor for connecting the audio module to the voltammetric cell,
with the output channel of the audio signal output being connected to the first
electrode, the common ground reference of the audio signal output being
connected to the second electrode via the resistor, and the audio signal input
being connected to the second electrode via the capacitor,

wherein the output voltage waveform comprises a time-varying
voltammetric driving potential and an AC perturbation, and

wherein the response waveform is indicative of a voltammetric response

from the voltammetric cell.

4. A system for sensing or measuring the concentration of an analyte, the
system in use being connectable to an electrochemical sensor, with the system
comprising:

a computing device comprising a microprocessor, one or more memory
components containing a program and data store accessible to the

microprocessor, and a wireless communication interface; and
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an audio module, wirelessly connectable to the computing device via the
wireless communication interface and being operable to stream audio data
between the audio module and the computing device,
the audio module comprising an audio signal output having first and
second channels and an audio signal input,
the audio module being connectable to the electrochemical sensor with the
first and second channels of the audio signal output being connected to first and
second electrodes of the electrochemical sensor and the audio signal input being
connected to receive an output signal from the electrochemical sensor, and
the program and data store containing instructions which, when executed
by the microprocessor, cause the system to implement steps of:
the computing device calculating first and second output waveform
data vectors together representing a desired excitation waveform;
the computing device transmitting the first and second output
waveform data vectors to the audio module;
the audio module generating an output voltage waveform between
the first and second channels of the audio signal output, with the output
voltage waveform being defined by the first and second output waveform
data vectors;
simultaneously with generating the output voltage waveform, the
audio module capturing an input voltage waveform received at the audio
signal input and converting the input voltage waveform to an input
waveform data vector;
the audio module transmitting the input waveform data vector to the
computing device; and
the computing device recording within the data store the input
waveform data vector as a response waveform indicative of the

concentration of the analyte.

5. The system of claim 4 wherein the electrochemical sensor comprises a
voltammetric cell comprising said first and second electrodes,
wherein the system further comprises a circuit configuration comprising a

resistor and capacitor for connecting the audio module to the voltammetric cell,
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with the first channel of the audio signal output being connected to the first
electrode, the second channel of the audio signal output being connected to the
second electrode via the resistor, and the audio signal input being connected to
the second electrode via the capacitor,

wherein the output voltage waveforms comprises a time-varying
voltammetric driving potential and an AC perturbation, and

wherein the response waveform is indicative of a voltammetric response

from the voltammetric cell.

6. The system of claim 5 wherein the instructions, when executed by the
microprocessor, cause the audio module to generate the output voltage waveform
by:

generating a first waveform comprising the voltammetric driving waveform;

generating a second waveform comprising an inverse of the voltammetric
driving waveform;

superimposing the AC perturbation to one of the first and second
waveforms; and

applying the first waveform to the first channel of the audio signal output,

and the second waveform to the second channel of the audio signal output.

7. The system of any one of the preceding claims wherein an electrode of the
electrochemical sensor is a working electrode and the electrochemical sensor
includes a photodetector placed within a detection zone of the working electrode
to capture photons produced at the working electrode when the output voltage
waveform is applied to the working electrode,

and wherein in use the photodetector is connected to the audio signal input
of the audio module such that the input voltage waveform represents an intensity
of light emitted from the detection zone, whereby a corresponding concentration

of the analyte may be computed based upon the intensity of the emitted light.
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8. The system of claim 7 wherein the photodetector comprises a photodiode
and the audio signal input of the audio module is configured to receive the input
voltage waveform from the photodiode.

9. The system of claim 7 or claims 8 wherein the electrochemical sensor
comprises a paper microfluidic layer loaded with electrochemilumescence (ECL)
active molecules or a co-reactant within a detection zone, wherein the working
electrode comprises a planar circuit layer in contact with the detection zone of the
paper microfluidic layer, and wherein the instructions, when executed by the
microprocessor, cause the computing device to implement a step of:

analysing the input waveform data vector, representing the input voltage
waveform, to determine an intensity of light emitted from the detection zone,
whereby a corresponding co-reactant or ECL active molecule concentration may
be computed based upon the intensity of the emitted light.

10. A system according to claim 9 wherein the computing device comprises a

display operable under control of the microprocessor, and wherein the program

instructions further cause the computing device to implement a step of:
presenting information on the display comprising an indication of the

intensity of light and/or a co-reactant or ECL active molecule concentration value.

11.  The system of any one of the preceding claims wherein the audio signal
input of the audio interface comprises a first channel and a second channel, the
second channel of the audio signal input being connected to receive a second
output signal from the electrochemical sensor,

and wherein the instructions, when executed by the microprocessor, cause
the audio module to capture a second input voltage waveform received at the
second channel of the audio signal input simultaneously with capturing an input

voltage waveform received at the first channel of the audio signal input.

12.  The system of claim 11 wherein the first channel of the audio signal input

is configured to capture a voltammetric response waveform from the
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electrochemical sensor and the second channel of the audio signal input is
configured to capture an output from a photodetector of the electrochemical

sensor.

13.  The system of any one of the preceding claims wherein the computing
device is a mobile computing device such as a smartphone, tablet or laptop

computer.

14.  The system of any one of the preceding claims wherein the wireless
communication interface is a Bluetooth interface and communication between the
audio module and the computing device involves streaming of data using a

Bluetooth audio encoding method.

15.  The system of any one of the preceding claims wherein the computing
device further comprises a second wireless communication interface, and
wherein the program instructions further cause the computing device to
implement a step of:

transmitting information to a remote server via the second wireless
communication interface, including information indicative of the concentration of

the analyte.

LA TROBE UNIVERSITY
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