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(57) Abstract: Systems, methods, and devices for generating multiple cyclic square-waveforms and sloped-edge square waveforms.
Aspects of the techniques disclosed herein include applying the generated waveforms to an electrode used in voltammetry, e.g., to
measure a level of a neurochemical in neural tissue. An electrode can be located in a solution, and an electrical stimulus applied to the
solution through the electrode using a multiple cyclic square waveform. An electrical current response to the stimulus is measured, and
a level of an analyte (e.g., dopamine or other neurochemical(s)) determined based on the electrical current response.
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MEASURING NEUROCHEMICAL LEVELS WITH
MULTIPLE CYCLIC SQUARE WAVE VOLTAMMETRY

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Application Serial No. 62/722,059, filed on
August 23, 2018. The disclosure of the prior application is considered part of the disclosure

of this application, and is incorporated in its entirety into this application.

STATEMENT OF FEDERALLY SPONSORED RESEARCH

[0002] This invention was made with government support under NS090455 awarded by

National Institutes of Health. The government has certain rights in the invention.

BACKGROUND

[0003] Fast-scan cyclic voltammetry (FSCV) has served as a reliable analytical technique
for monitoring dopamine release in near real-time in vivo. However, contemporary FSCV
techniques have been limited to measuring only rapid (e.g., on the order of seconds) (also
referred to as ‘phasic’) changes in dopamine release evoked by either electrical stimulation or
elicited by presentation of behaviorally salient stimuli, and not slower changes in the tonic
extracellular levels of dopamine (‘basal concentrations’). This is because FSCYV is inherently
a differential method that typically involves subtraction of prestimulation tonic levels of
dopamine to measure phasic changes relative to a zeroed baseline.

[0004] Dopamine has a variety of roles in the brain, and is involved in learning and
memory, motivation and emotional behaviors, and action-selection. Dysfunction in
dopamine signaling is thus implicated in several neurologic and psychiatric diseases,
including Parkinson’s disease, drug addiction, depression, and schizophrenia. Dopamine
neurons exhibit two distinct patterns of spike firing: tonic activity and phasic burst activity.
Phasic activity causes a transient and robust release of dopamine that serves as a learning
signal for neural plasticity. Tonic activity refers to spontaneous and continuous dopamine
release driven by pacemaker-like firing of dopamine neurons, providing a tonic extracellular
level of dopamine (i.e. basal concentration) in the striatum required to modulate behavioral
flexibility. In addition, tonic dopamine concentrations are known to be modulated by the
escape of dopamine from the extrasynaptic space, inhibition by GABAergic interneurons,

receptor occupancy, dopamine transporter function, and synaptic plasticity.
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SUMMARY

[0005] This specification discloses systems, methods, devices, and other techniques
involving application of multiple cyclic square wave voltammetry (M-CSWYV) for analytical
quantification of analytes in a solution. In some implementations, the techniques apply M-
CSWYV to determine neurochemical (e.g., dopamine) concentrations iz vivo with relatively
high temporal resolution (e.g., 10 seconds). Through the disclosed M-CSWYV techniques,
analysis of sensed electrochemical information can be enhanced by generating two
dimensional voltammograms which enable high sensitivity and selectivity against ascorbic
acid, and 3,4-dihydroxyphenylacetic acid (DOPAC), including changes in pH.

[0006] M-CSWYV can be applied in conjunction with a delayed holding potential period to
control dopamine adsorption to the carbon fiber microelectrode (CFM) surface. Unlike
conventional analysis of square wave voltammetric data, background currents recorded at all
waveform points can be sampled and used to detect and quantify tonic dopamine
concentrations. Dynamic background subtraction and capacitive background current
simulation can be used to eliminate large capacitive background current, allowing tonic
dopamine concentrations to be measured. Quantification of tonic dopamine concentrations
(and quantification of tonic or basal levels of neurochemicals generally) is useful for a
number of purposes. For example, in some implementations, a level (e.g., magnitude) or
other characteristic of stimulation applied to neural tissue can be set as a function of of the
basal concentration of one or more neurochemicals as measured through M-CSWV. A
closed-loop feedback system can be arranged in which a first carbon fiber microelectrode
performs M-CSWYV on or within a region of a brain (neural tissue) wile a second electrode is
employed for neural stimulation. The stimulus applied by the second (stimulating) electrode
can be periodically or continuously adjuted based one the results of measurements from M-
CSWYV (e.g., based on basal neurochemical concentrations).

[0007] The cyclic square waveform (CSW) can include a large-amplitude square wave
modulation on top of a symetric staircase waveform. Due to properties of this waveform, the
voltammetric outcome of M-CSWYV can provide a wealth of electrochemical information
beyond that provided by conventional FSCV. Specially, multiple redox reactions of
dopamine can occur within a scan that enables the technique to generate a two-dimensional
voltammogram. Parameters of M-CSWYV can be optimized iz vitro to detect dopamine (e.g.,

at ten-second intervals).



WO 2020/041277 PCT/US2019/047219

[0008] In some aspects, a waveform generator configured is configured to arbitrarily vary
the slope (AV/At) of edges of the multiple cyclic square wave employed in M-CSWYV. The
effect of modulating the slopes of the waveform edges can be to reduce background currents
that obscure Faradaic current measurements upon which the M-CSWYV technique depends.
By reducing background currents, these techniques can make it possible to increase the
electrode surface area, improve signal-to-noise ratio, increase sensitivity, reduce voltage and
power requirements of the signal-generating electronic circuitry, or achieve a combination of
these advantages. In some implementations, the waveform generator is part of a
voltammetric system configured to generate M-CSWYV waveforms and record
electrophysiological signals in tandem with voltammetry and synchronized neurostimulation.
[0009] Some implementations of the subject matter described herein include a method for
measuring a level of an analyte in a solution. The method can include locating an electrode
in the solution, applying an electrical stimulus to the solution, the electrical stimulus
comprising a multiple cyclic square waveform (M-CSW), measuring an electrical current
response to the electrical stimulus using the electrode that is located in the solution,
measuring an electrical current response to the electrical stimulus using the electrode that is
located in the solution, and determining the level of the analyte in the solution based on the
electrical current response to the electrical stimulus.

[0010] These and other implementations can further include one or more of the following
features.

[0011] The analyte can be dopamine or other neurochemical.

[0012] The solution can be a fluid in a brain of a mammal.

[0013] The electrode can be a carbon fiber microelectrode.

[0014] Determining the level of the analyte can include determining a tonic level of
dopamine in the solution.

[0015] The M-CSW signal can include a square wave oscillation superimposed on a
staircase waveform, wherein the staircase waveform has a rising phase and a falling phase.
[0016] The M-CSW includes sloped rising and falling edges.

[0017] The method can further include adjusting a slope of rising or falling edges of the M-
CSW by adjusting a DC input voltage to a waveform generation circuit.

[0018] Some implementations of the subject matter described herein include generating a
multiple cyclic square waveform (M-CSW), including controlling a slope of rising or falling
edges of the M-CSW using an integrator circuit; and applying an electrical signal with an

electrode, wherein the electrical signal is shaped according to the M-CSW.
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[0019] Some implementations of the subject matter described herein include a method for
generating a sloped-edge square waveform. The waveform can include a plurality of periods,
and for each period the method can include generating the waveform for that period by:
producing a rising edge of the waveform by (i) applying a first DC voltage as a first input to
an integrator circuit for a first time interval and (ii) maintaining a capacitor in a de-clamped
position for the first time interval; producing a high segment of the waveform to follow the
rising edge by (1) switching the first input to the integrator circuit from the first DC voltage to
a baseline DC voltage for a second time interval following the first time interval and (ii)
maintaining the capacitor in the de-clamped position for the second time interval, wherein the
high segment of the waveform maintains a high DC voltage for the second time interval,
wherein the baseline DC voltage is less than the first DC voltage; producing a falling edge of
the waveform to follow the high segment of the waveform by (i) switching the first input to
the integrator circuit from the baseline DC voltage to a second DC voltage for a third time
interval following the second time interval and (ii) maintaining the capacitor in the de-
clamped position for the third time interval, wherein the second DC voltage is less than the
first DC voltage and is less than the baseline DC voltage; and producing a low segment of the
waveform to follow the falling edge of the waveform by (i) switching the first input to the
integrator circuit from the second DC voltage to the baseline DC voltage for a fourth time
interval and (i1) setting the capacitor in a clamped position for the fourth time interval.

[0020] These and other implementations can further include one or more of the following
features.

[0021] The baseline DC voltage can be substantially zero Volts.

[0022] The first DC voltage can be a positive voltage of a first magnitude, and the second
DC voltage can be a negative voltage of the first magnitude.

[0023] Setting the capacitor in the clamped position for the fourth time interval comprises
using a switch to re-couple a first terminal of the capacitor from a first circuit node to a
second circuit node.

[0024] Using a digital-to-analog converter to switch the first input from the first DC
voltage to the baseline DC voltage.

[0025] The sloped-edge square waveform can be a multiple cyclic square waveform (M-
CSW) with sloped edges. Generating the M-CSW with sloped edges can further include: (i)
generating a cyclic staircase waveform and (ii) summing the sloped-edge square waveform

with the cyclic staircase waveform.
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[0026] The cyclic staircase waveform can include a plurality of cycles, each cycle having a
first set of ascending steps and a second set of descending steps, wherein each step in the
cycle corresponds to a respective DC voltage and has a duration equal to a single period of
the sloped-edge square waveform.

[0027] In the de-clamped position, the capacitor can be connected directly to a non-

inverting input of an operational amplifier of a ramp generation circuit.

DESCRIPTION OF DRAWINGS

[0028] Figures 1A-1C illustrate the schematic design of multiple cyclic square wave
voltammetry (M-CSWYV). Figure 1A depicts a cyclic square waveform (CSW). Figure 1B
depicts an M-CSWV waveform. Figure 1C depicts representative background currents
measured by M-CSWYV.

[0029] Figures 2A-2E illustrate M-CSWYV response for 1uM dopamine. Figure 2A: The
background current difference between 2nd and last CSWV. Figures 2B: Simulated
background current difference between 2nd and last CSWV. Figure 2C: Capacitive current
removal by subtracting simulated CSWV from raw data. Figure 2D: CSWYV response for
1uM of dopamine at different staircase potentials. Figure 2E: Pseudo color plot of dopamine
response to M-CSWYV.

[0030] Figures 3A-3C depict parameters for optimal dopamine response of M-CSWV.
Figure 3A: Dopamine 1uM response to a number of CSW pulses. Dopamine responses from
1st to 4th waveform showed significant differences from the last voltammogram (Black bar, n
= 5 electrodes, p < 0.0001, one-way ANOV A test with Dunnett's multiple comparisons).
Figure 3B: ESW effects on the dopamine response difference between 2nd and 5th M-
CSWV. Dopamine responses are normalized. 0.4V Esw was significantly higher than others
(n=3 electrodes, p<0.0001, one-way ANOV A test with Tukey's multiple comparisons).
Figure 3C: EHolding effects on the dopamine response difference between 2nd and 5th M-
CSWYV. Holding potentials from OV to -0.4V showed no significant difference (n=5
electrodes, one-way ANOV A test).

[0031] Figures 4A-4D illustrate Dopamine response to M-CSWYV and analysis for
calibration. Figure 4A: Pseudo color plot of 1uM dopamine response to M-CSWYV. Figure
4B: Dopamine kernel extracted from (A). Thresholding the pseudo color plot by 60 % of the
maximum amplitude set the top 40 percentiles (red, dopamine-featured area) to one and

remaining (green) to zero. Figure 4C: Steady-state current response obtained for the oxidation
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of dopamine at forward sweep upon the injection of multiple concentrations. Figure 4D: A
calibration plot obtained by M-CSWYV correlates with dopamine concentrations (n =4
electrodes, R2 = 0.99, quadratic regression).

[0032] Figures SA-5C illustrate M-CSWYV responses for DOPAC, AA, and pH change.
Figure SA: Peak oxidation currents of background-subtracted M-CSWYV to DOPAC 20uM.
DOPAC responses from 2nd to Sth CSWV showed no significant differences (n=5, one-way
ANOV A test, upper panel). Pseudo color plot of 20uM DOPAC response to M-CSWV,
DOPAC can be offset by subtracting 2nd and Sth CSWV (lower panel). Figure SB: Peak
oxidation currents of background-subtracted M-CSWV to AA 200uM. AA responses from
2nd to Sth CSWYV showed no significant differences (n=5, one-way ANOV A test, upper
panel). Pseudo color plot of 200uM AA (lower panel). Figure 5C: Peak oxidation currents of
background-subtracted M-CSWYV to pH changes. pH responses from 1st to Sth CSWV
showed no significant differences (n=5, one-way ANOV A test , upper panel). Pseudo color
plot of pH changes (lower panel).

[0033] Figures 6A-6D illustrate pharmacological effects on tonic dopamine concentrations.
The tonic dopamine concentrations in response to (A) no treatment controls (n=7 rats), (B)
saline controls (n=5 rats), (C) nomifensine (n=5 rats, 20 mg kg-1, i.p.), and (D) pargyline
(n=5 rats, 75 mg kg-1, i.p.). Bold line represents mean concentrations over time, and thin
black lines represent the SEM. Bars above at the lower plots indicate significant differences
compared to pre-drug injection (n=5 rats, each group, 2-way ANOV A, p<0.0001, Dunnett’s
multiple comparisons test).

[0034] Figure 7 depicts an example cyclic square waveform used throughout the example
study.

[0035] Figures 8 A-8C depicts capacitive current response of M-CSWYV and its modelling.
Figure 8A: The background current and its difference between 2nd and last CSWV. Figure
8B: Modelled 2nd and last CSWV background current and its difference. Figure 8C:
Capacitive current removal by subtracting modelled CSWV from raw data.

[0036] Figure 9 depicts envelopes of DA responses. 25 cyclic square waveforms were
used.

[0037] Figure 10 depicts examples of Esw effect on the DA response.

[0038] Figure 11 depicts examples of Enouing effect on the DA response.

[0039] Figure 12A-12C depict representative background-subtracted M-CSWYV responses
of DOPAC, AA, and pH change. Figure 12A: Representative background-subtracted 2D
voltammograms of 20uM DOPAC. DOPAC can be offset by subtracting 2nd and 5th CSWV.
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Figure 12B: Representative background-subtracted 2D voltammograms of AA 200uM.
Figure 12C: Representative background-subtracted 2D voltammograms of pH changes.
[0040] Figures 13A-13C depict representative background-subtracted M-CSWYV responses
for homovanillic acid (HV A), uric acid (UA), and adenosine. Figure 13A: Peak oxidation
currents of background-subtracted M-CSWV for HVA (20uM). HV A responses from 1st to
5th CSWYV showed no significant differences (n=3, one-way ANOV A test, left panel).
Representative background-subtracted 2D voltammograms of 20uM HV A (middle two
pseudo color plots). HV A can be offset by subtracting 2nd and 5th CSWYV (right panel).
Figure 13B: Uric acid (100uM) responses from 1st to Sth CSWV showed no significant
differences (n=3, one-way ANOV A test, left panel). Representative background-subtracted
2D voltammograms of Uric acid. Figure 13C: Adenosine (1uM) responses from 1st to 5th
CSWYV showed no significant differences (n=3, one-way ANOV A test, left panel).
Representative background-subtracted 2D voltammograms of adenosine.

[0041] Figure 14A-14B depicts in vivo feasibility test using brain slice of mouse. Figure
14A: CFM placement in the brain tissue. Figure 14B: Fluo-3 changes during experiments.
[0042] Figure 15 is a table showing comparison of different techniques for the
determination of tonic dopamine levels in rat brain.

[0043] Figure 16 depicts a flowchart of an example process for determining a level of an
analyte in a solution using M-CSWV.

[0044] Figure 17 depicts a circuit schematic for a Howland Integrator with summing
circuitry.

[0045] Figure 18 depicts timing plots for a segmented fast-scan cyclic voltammetry (FSCV)
waveform. The figure spans ~30 ms. In this instance, C1 is clamped to 0 V during all
constant-voltage intervals of Vout.

[0046] Figure 19 depicts timing plots for a segmented FSCV waveform, produced with C1
unclamped during the short (~2ms) constant-voltage intervals, as well as during all sloped
segments.

[0047] Figure 20 depicts timing plots for the square-wave component of an M-CSWV
waveform with sloped rising and falling edges. Vin1 is set for a positive slope while C1 is still
clamped, just prior to the rising edge. The transition to the falling edge is made without
engaging the clamp. To prevent error accumulation, C1 is clamped during the ‘bottom’ half
of each square wave period.

[0048] Figure 21 depicts timing plots for the ascending half of the staircase waveform

component of the M-CSWYV “chevron” waveform. Vins is incremented by 50 mV each
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square wave period and summed with the Viamp square wave. The resulting increment in the
chevron waveform is 25 mV. The Vin; staircase goes down during the descending half of the
M-CSWV waveform.

[0049] Figure 22 depicts a schematic diagram of a waveform generation circuit 2200 for a
voltammetric system.

[0050] Figure 23 depicts a flowchart of an example process for using a multi-mode
waveform generator to perform voltammetry in a solution.

[0051] Figure 24 depicts a flowchart of an example process for generating a sloped-edge

square waveform.

DETAILED DESCRIPTION

[0052] This specification discloses systems, methods, devices, and other techniques
involving application of multiple cyclic square wave voltammetry (M-CSWYV) for analytical
quantification of analytes in a solution. In some implementations, M-CSWYV can be applied
to measure tonic levels of dopamine in the brain of a mammal.
[0053] Performance of M-CSWYV can include locating an electrode in a solution, applying a
multiple cyclic square waveform electrical stimulus to the solution, measuring an electrical
current response to the electrical stimulus using the electrode that is located in the solution,
and determining a level of an analyte (e.g., dopamine) in the solution based on the electrical
current response to the electrical stimulus.
Example Implementation #1

Materials and Methods

Data Collection and Analysis

[0054] In this example, multiple cyclic square wave voltammetry was performed using a
commercial electronic interface (NI USB-6363, NATIONAL INSTRUMENTS) with a base-
station PC and software written in-house using LABVIEW 2016 (NATIONAL
INSTRUMENTS, Austin, TX). Data, in the form of a sequence of unsigned 2-byte integers,
were saved to the base-station computer and processed by MATLAB (MATHWORKS INC.,
Natick, MA). The processing includes temporal averaging, filtering, and simulating
background currents. GRAPHPAD PRISM 5 (GRAPHPAD SOFTWARE, San Diego, CA)
was used to generate figures and perform statistics (one-way, two-way ANOV A with
multiple comparisons, etc.). All data are presented as mean =+ standard error of the mean

(SEM) values for n number of electrodes or rats.
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Analysis of Dopamine Response to M-CSWV
[0055] A “dopamine-kernel” method was developed to extract the dopamine-featured
response from M-CSWYV. To make a dopamine-kernel, the dopamine oxidative response of
M-CSWYV was used and a threshold algorithm was applied where signals greater than 60% of
the maximum oxidation current amplitude were assigned a value of one in the dopamine-
kernel. A dopamine-kernel, K, was then applied to the dopamine response of M-CSWYV, by
multiplying each element of dopamine-kernel, kij, to a corresponding element of the M-
CSWYV response, vij.

KOV=kjxvy |i€[1,....,n] andj€[1,...,m]

where i and ; are the index of row and column respectively, and K and V have the same
matrix size (n x m). For each CFM, the dopamine-kernel was determined from in vitro
dopamine experiments and applied to analyse in vivo data.

Carbon-Fiber Microelectrode (CFMs)
[0056] Each CFM was fabricated by isolating and inserting a single carbon fiber (AS4, d =
7um; HEXEL, Dublin, CA) into a silica tubing (20uM ID, 90uM OD, 10uM coat with
polyimide; POLYMICRO TECHNOLOGIES, Phoenix, AZ). The connection between the
carbon fiber and the silica tubing was covered with polyamic acid (SIGMA-ALDRICH, St.
Louis, MO) and heated to 200°C to polymerize the polyamic acid into a polyimide film. The
silica tubing was then attached to a nitinol (Nitinol #1, an alloy of nickel and titanium; FORT
WAYNE METALS, IN) extension wire with a silver-based conductive paste!. The carbon
fiber attached nitinol wire was insulated with polyimide tubing (0.0089”ID, 0.0134”0D,
0.00225” WT, VENTION MEDICAL, Salem, NH) except the carbon fiber sensing part. The
exposed carbon fiber was trimmed under a dissecting microscope to a length of
approximately 50 um. Teflon-coated silver wire (A-M SYSTEMS, INC., Sequim, WA) was
prepared as an Ag/AgCl reference electrode and chlorinating the exposed tip in saline with a
9V dry cell battery.
[0057] AS4 carbon fiber (HEXEL, Stamford, CT) was used for all experiments in this
example. The exposed carbon fiber was trimmed to approximately 50 pm in length, then
PEDOT:nafion coating was applied onto the exposed carbon fiber for all electrodes. The
microelectrodes were dried overnight at room temperature.

Chemicals
[0058] Dopamine HCI, DOPAC, and AA were dissolved in distilled water at a stock
concentration of 1 mM, 10 mM, and 100 mM, respectively, and preserved in 0.1 M perchloric
acid. Samples from the stock solutions were diluted with TRIS buffer (15 mM tris, 3.25 mM
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KCI, 140 mM NaCl, 1.2 mM CaClz, 1.25 mM NaH2PO4, 1.2 mM MgClz, and 2.0 mM
NaxSOq4, with the pH adjusted to 7.4) for desired concentration. All chemicals, including
nomifensine maleate salt and pargyline HCI, were purchased from SIGMA-ALDRICH (St.
Louis, MO).

Preparation of Brain Slices for Ca** Imaging
[0059] Mouse striatum slice preparation and Ca>* imaging experimental procedures were
performed according to NIH guidelines and approved by the Hanyang University Institutional
Animal Care and Use Committee.
[0060] After rapid extraction of mouse brain, 300 uM horizontal striatum slices were
prepared using a Vibratome 1000 (THE VIBRATOME COMPANY, St. Louis, MO). After a
minimum period of 60 to 90 minutes, the slices were continuously perfused with oxygenated
artificial cerebrospinal fluid solution (28-30°C) (in mM; NaCl 125, KCl 2.5, CaCl: 2,
NaHCO3 26, NaH2PO4 1.25, MgClz 1, glucose 25, pH 7.4 when bubbled with 95% Oz and
5% CO2) in a submersion-type recording chamber. In Ca?* image analysis, Ca>* response of
striatal neurons was measured using the fluorescent Ca>* probe (indicator) Fluo-3 AM (10
mM, Enzo Life Science, Farmingdale, NY) mixed with 1 ml pluronic acid (20% solution in
DMSO, Life Technologies) in DMEM medium (with 10% FBS) for 40 min at 37°C. Fluo-3
loaded slices on coverslip were mounted onto the chamber (12mm Chamlide AC, total
volume of 500 ul, Live Cell Instrument, Korea), and placed onto an inverted microscope
(Olympus IX70, Japan). Cells were excited with a LED source pE-100 (CoolLED, UK) at
470 nm and emissions were recorded at 535 nm wavelengths, Fluorescent emission readings
were recorded and stored on hard disk every 0.5 s. Intracellular concentrations ([Ca’']i) were
measured by digital video microfluorometry with an intensified charge-coupled-device
(CCD) camera (QICLICK, QIMAGING, Canada) coupled to the microscope and a computer
with software (METAMORPH® NX, MOLECULAR DEVICES). Ca’* responses were
presented as a pseudo ratio (AF/F) to estimate comparison fluorescence intensity, because
Fluo 3-AM is a non-ratiometric Ca®>* indicator. Single-wavelength values are different
depending on the concentration of loaded dye in respective cells. Following formula indicates

pseudo ratio.
AF/F = (Fl - Fbase) / Frase

[0061] /7 =measured intensity of the cell after stimulation

[0062] Fpuse = measured intensity of the cell before stimulation

10
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In Vivo Experiments
[0063] Adult male Sprague Dawley rats weighing 250-350 g were used for the in vivo
experiments in these studies (n = 5, each group). NIH guidelines were followed for all
animal care, and the MAYO CLINIC Institutional Animal Care and Use Committee approved
the experimental procedures. WINCS Harmoni was used to perform fast-scan cyclic
voltammetry (FSCV) and electrical stimulation to identify dopamine releasing sites in the
dorsomedial striatum. Once an optimal CFM recording site was identified, the device was
changed to the M-CSWYV recording system for tonic dopamine concentration recording.

Biological Experiments Protocol
[0064] Rats were housed with a 12:12 hr light and dark cycle (lights on at 0600 hr) with ad
{ibitum access to food and water. The rats were anesthetized with an injection of urethane
(1.6 g/kg, i.p.) and stabilized in a commercially available stereotaxic frame (DAVID KOPF
INSTRUMENTS, Tujunga, CA) for the surgery. A longitudinal incision was made on the
skin to expose the skull and three burr holes (0.5-1.0 mm diameter) were made in the skull of
each rat for the implantation of a CFM, a bipolar electrical stimulating electrode (PLASTIC
ONE, MS303/2, Roanoke, VA, USA) and an Ag/AgCl reference electrode. The reference
electrode was positioned superficially in cortical tissue contralateral to the CFM and
stimulating electrode. Electrode coordinates were referenced by a rat brain atlas based on flat-
skull position using bregma and dura as reference points with coordinates anteroposterior
(AP), mediolateral (ML), and dorsoventral (DV). The CFM was placed in the right
hemisphere in the dorsomedial striatum (AP +1.0 mm; ML +2.5 mm; DV -4.5 to -5.5 mm),
and the stimulating electrode was inserted ipsilaterally just above the medial forebrain bundle
(MFB, AP -4.8; ML +1.0; DV -8.0 to0 -9.0). A train of bipolar pulses (2 ms pulse width, 200
A, 60 Hz) using WINCS Harmoni electrometer was delivered for 2 seconds to identify
dopamine releasing sites in the striatum. FSCV signal was synchronized with electrical
stimulation in order to interleave intervals of stimulation during FSCV scans. Thus, electrical
stimulation was not applied when the FSCV pulses (about 10ms) were delivered. The CFM
and the electrical stimulating electrode were gradually adjusted until a robust phasic DA
signal was detected at the CFM using FSCV. Immediately thereafter, a M-CSWYV waveform
was applied at 0.1 Hz for ~10 minutes to allow stabilization of the recorded electrochemical
signal. Striatal tonic DA levels were collected for one hour, then saline, 20mg/kg
nomifensine, or 75mg/kg pargyline was injected 1.p. and tonic DA levels were collected for
additional 2 hours.

Results and Discussion
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Multiple Cyclic Square Wave Voltammetry (M-CSWYV)
[0065] The adsorption characteristics of dopamine on the CFM surface were
leveraged to conduct M-CSWV. Relative to some other voltammetry techniques, M-
CSWY can provide significantly higher temporal resolution (e.g., 10 seconds) and
addional dimensional analysis in the voltammogram by using a modified form of
cyclic square wave voltammetry.
[0066] Figure 1 depicts waveforms applied and the current responses. The cyclic
square waveform (CSW) is based on a square wave oscillation superimposed on a
symmetric staircase waveform (Figure 1A). In this example, CSWs were applied
consecutively multiple times resulting in multiple cyclic square wave voltammetry, M-
CSWYV (Figure 1B). This exploits the adsorbtion characteristics of dopamine at CFMs
to enable measurements of tonic dopamine concentrations. The waveform parameters,
Estaircase, Emnitial (= EEnd) and T were fixed at 25 mV, -200 mV and 1.0 ms, respectivelly.
Estaircase Wwas maintained at 25 mV because it mainly determines the duration of CSW.
If the Estaircase 1 too large, the current response can be distorted by the potential steps; it
is preferably dominated by Esw and not Estaircase. Emitiat was set to -200 mV to aviod
loss of the dopamine redox response to M-CSWYV which empirically possess features
at -400 mV (see below). The experiment was designed such that the combination of
Emitiat and Esw caused the potential spanning the redox potential of dopamine to be
applied. Lastly, a t of 1.0 ms was used to give each upward and downward potential
sufficient time for the decay of capacitive charging currents to plateau (Figure 1C).
However, t could not be too long since it also affects the length of CSW.

M-CSWYV of Dopamine
[0067] The M-CSWV with five CSWs responses to 1.0 uM of dopamine in TRIS buffer
shows that this technique can measure tonic dopamine concentrations (Figure 2). An example
of the raw signal recorded from the CFM in a solution of dopamine is shown in Figure 2A.
The signal has two components, a large capacitive charging current and faradaic current due
to the dopamine redox reaction at both forward and reverse sweeps. Because the amount of
dopamine decreases as successive CSWs are applied, the fifth CSW was subtracted from the
second CSW to reveal the difference in the signal. The second CSW was chosen for better
selectivity performance as discussed below. Note the result after subtraction is ~100 times
smaller than the raw signal. The dopamine redox pattern was still present because the
dopamine response to multiple CSWs decays due to the adsorption properties of dopamine to

CFM. Howeyver, there were still some non-faradaic components present in the signal due to
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changes in capacitive charging currents among CSWs. To eliminate the non-faradaic signal,
the cyclic square wave voltammograms (CSWV) were modelled using the data in Figure 2A,
mimicking a capacitive current difference pattern to minimize the background current
difference (Figure 2B). Typically, voltammetry techniques that apply potential steps generate
large capacitive charging currents that rapidly decrease while the potential is held constant
(see Figure 1C). In addition, the large capacitive current decays faster than the current due to
the redox reactions. To exploit this feature, all current responses generated using M-CSWV
were sampled (e.g., rather than sampling only at the end of each potential pulse after the
capacitive current has decayed). Because all of the current was sampled, the capacitive
charging contribution could be modelled and subtracted out.

[0068] It was hypothesized that the capacitive charging current response could be estimated
with exponential decay modelling. The background current for each raw CSWYV was thus
modelled (Figure 8 A) using a one phase exponential decay equation (Y = a-e®*, Figure 8B).
At each upward and downward staircase potential, five points from the peak current were
discarded. Then, the next six points and last 20 points were used for modelling with the one
phase exponential decay equation (Figure 8B). By interpolating data in the middle of the
decay curve, the slow redox reactions could be preserved while eliminating fast capacitive
current decays. The modelled background current mimicked the difference pattern in Figure
8A (Figure 8B). Thus, by subtracting the modelled background current from raw signal, the
capacitive current in the voltammogram could be minimized (Figure 2C and 8C). The
dopamine redox response to M-CSWYV was subsequently calculated by subtracting the
resultant voltammograms from Figure 2A and B, (Figure 2C).

[0069] The dopamine response to M-CSWYV consisted of redox reactions at both forward
and reverse sweeps because the square wave modulation covers the redox potential range
within a square wave. A maximum dopamine oxidation response occurred at a forward sweep
staircase potential of 0.35 V (upward potential: 0.75V, downward potential: -0.15V, Figure
2D-(1)). The dopamine redox reaction also occurred during the reverse sweep as well at 0.25
V (upward potential: 0.65V, downward potential: -0.25V, Figure 2D-(3)). As shown in
Figure 2D-(2), when the staircase potential did not cover the redox potential, there dopamine
redox reactions were absent.

[0070] The dopamine responses were plotted (Figure 2D) in an effort to provide a better
visualization of the data. Plotting involved arranging the square wave responses in the order

of the staircase potential (Figure 2E). The x-axis is the staircase potential, ranging from -200
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mV to 900 mV and back. The staircase potential was modulated with a square wave of =400
mV, and this is plotted on the y-axis. The peak current of the redox response was the only
information extracted from Figure 2D. However, dissecting the response into a 2D array
enabled a two-dimensional voltammogram (2D voltammogram) to be generated for each
scan. The generation of this additional dimension provided significant new electrochemical
information, such as a two dimensional signature of the redox reaction for each analyte. Thus,
2D voltammograms provide enhanced selectivity to dopamine, compared to conventional
FSCV.

Optimization of M-CSWV Parameters to Dopamine Response
[0071] Eholding, Esw, and the number of waveforms applied were examined in an
effort to optimize the dopamine response. When optimizing Esw, the final peak
potential (Epcak + Esw) was set at 1.3V to maximize sensitivity while not causing
excessive charging current. The actual CSW that was used in this process is shown in
Figure 7. Using CSW from Figure 1A, multiple CSWs were made with a 2.0 ms gap
between each CSW, which is an optimal distance for negligible voltammetric cross
talk among waveforms (Figure 2B). M-CSWYV was applied every 10 seconds to allow
sufficient time for dopamine to reach equilibrium between the solution and the CFM
suface dopamine concentration. Both upward/downward potentials generated
upward/downward currents as shown in Figure 1C.
[0072] Among the multiple parameters that dictate the M-CSWYV waveform, a possible
avenue to improve sensitivity was investigated by measuring the dopamine sensitivity as a
function of the number of waveforms applied, Esw, and Enolding (Figure 3). Previous
voltammetric techniques utilized a wide range of repetition times (0.1 Hz to 100 Hz) to
generate different dopamine responses within multiple waveforms. Since the dopamine
response difference is directly related to the sensitivity, the number of CSWs used in M-
CSWYV must be determined. Therefore, M-CSWYV composed of 25 CSWs was used to
examine the dopamine response using the conventional background subtraction method (i.e.
subtract the signal in buffer from the signal with dopamine present). Responses with 1uM of
dopamine decayed from 400 nA to 100 nA throughout 25 CSWs (Figure 3A). In Figure 9,
the representative data showed that dopamine responses decayed until 5% or 6t CSW.
Statistically, the first through the fourth waveform showed significant differences when
compared to the 25" dopamine signal (Figure 3A, n =5 electrodes, p < 0.0001, one-way
ANOV A test with Dunnett’s multiple comparisons, p < 0.0001, DF = 24, MS = 24709,

F=41.69). The 5" waveform to the 24" showed no significant difference; therefore, five
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CSWs were chosen as optimal to minimize the measurement time while maximizing
sensitivity.
[0073] Next, Esw, the amplitude of square wave, was examined and varied from =100 mV
to £400 mV in 100 mV intervals. The number of waveforms was held constant at five. In the
representative data shown in figure 10, the dopamine redox response increased as Esw was
made larger. Figure 4B shows the changes in the normalized M-CSWYV response (2" — 5™ to
1.0 uM of dopamine as Esw was varied. An Esw of 400 mV was used for normalizing. The
increases in M-CSWYV response from Esw 100 mV to 400 mV can be explained by the larger
potential range covered for both oxidation and reduction at each individual square wave. Esw
0.4V was chosen for M-CSWYV because it showed significantly higher sensitivity than other
potential steps (n=3 electrodes, p<0.0001, one-way ANOV A test with Tukey's multiple
comparisons, DF=3, MS=0.4966, F=72.78). Potential steps beyond 400 mV were not
included in Figure 3B as they generated too large of a capacitive charging current, making
quantification difficult.
[0074] To further evaluate the effect of the applied waveform on dopamine sensitivity, the
holding potential, Enoiding, was investigated. Dopamine is positively charged and it is known
that the holding potential affects the adsorption of dopamine to CFM. Therefore, with the
holding potential held at a positive potential (0.1V), the dopamine response was significantly
lower than that with negative holding potentials (Figure 3C, n=5 electrodes, one-way
ANOV A test with Tukey’s multiple comparisons, p<0.01, DF=5, MS=490.5, F=6.553).
There was no significant difference in ipeak values with the Enolding < 0.0 V as shown in Figure
3C and S-5. Therefore, a Enouding potential of 0.0 V was chosen because a lower capacitive
charging current has been shown with a 0.0 V holding potential.

Dopamine-Kernel to Analyze M-CSWV
[0075] To develop a method for dopamine quantification, the above optimized parameters
were used to collect 2D voltammograms in vitro using M-CSWYV (Figure 4A). In this regard,
extracting relevant features from the 2D voltammogram can facilitate quantification of the
concentration of dopamine. Here, a “dopamine-kemel” was developed and applied to the 2D
voltammogram to extract the dopamine features. To make a dopamine-kernel, the in vitro
dopamine response of M-CSWYV was used and applied to a threshold algorithm where signals
greater than 60% of the maximum current in the 2D voltammogram were given a value of
one in the dopamine kernel to identify the oxidative features. The remaining points are given
a value of zero (Yellow and red, respectively, in Figure 4B). The dopamine-kernel was then

extracted and applied to the 2D voltammogram by element-wise multiplication. This resulted
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in extracting only the dopamine-feature area from 2D voltammogram, which was then
integrated. The integration of the dopamine-feature area corresponded to dopamine
concentration (Figure 4C, Video 0_Calibration) and the calibration curve followed a
quadratic regression (n = 4 electrodes, R?> = 0.99). The accuracy of M-CSWYV with the
integration method resulted in higher sensitivity (31 pC/uM, with a limit of detection of 0.17
+ 0.03 nM, +£SEM, n=4 electrodes) as previously reported. This may be attributed to the fact
that the accumulated redox reaction is measured multiple times within a single scan. These
results demonstrate that the produced dopamine-kernel improves the estimation of dopamine
concentrations from the responses to M-CSWYV. Principal component analysis may be also
applied to facilitate measurement of dopamine or other analyte concentrations, including
making use of the information-rich 2D voltammogram.

Selectivity for Dopamine Over Electroactive Interferents
[0076] The method was tested against three common interferents in the rat striatum: two
electroactive species, 3,4-dihydroxyphenylacetic acid (DOPAC, 20 uM) and ascorbic acid
(AA, 200 uM), and a pH change (A -0.2). DOPAC is a primary metabolic byproduct of
dopamine by monoamine oxidase and is thought to be present at 10 to 20 uM in the
extracellular space. Ascorbic acid is a major antioxidant in the brain and its concentration is
estimated to be in the range of 100 to 400 uM in the extracellular space. Both DOPAC and
AA have similar redox potentials to dopamine and relatively much higher extracellular
concentrations. The M-CSWYV response to 20 uM DOPAC is depicted in Figure 5SA. Using
conventional background subtraction, each CSWV response to DOPAC was able to be
identified. As a result, the peak currents from 2™ to 5" CSW were not significantly different
(Figure 5A, upper panel, n=5 electrodes, one-way ANOV A test, Tukey's multiple
comparison, p=0.71, SS=120.0, DF=9, MS=13.33, F=0.69), which means that the dynamic
background subtraction between 2™ and 5% can be used to offset DOPAC response to M-
CSWYV (Figure 6A, lower panel). The representative background-subtracted DOPAC
response showed that the 2™ and 5 2D voltammogram displayed identical redox patterns
and the difference between 2™ and 5" response became zero (Figure 12A).
[0077] AA showed similar results with DOPAC, but AA expressed no significant peak
currents differences from the 1%t CSW (Figure 5B, upper panel, n=>5 electrodes, one-way
ANOV A test, p>0.9999, SS=12.31, DF=9, MS=1.367, F=0.01423). The M-CSWYV response
to AA was also offset by subtracting 2™ and 5t (Figure 5B, lower panel). The representative
response of background-subtracted AA is shown in Figure 12B. In Figure 12B, AA

responses in both 2™ and 5" CSW were also identical. These results are consistent with
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results previously reported. DOPAC and AA are known for low or non-adsorptive species at
CFMs resulting in low sensitivity and fast equilibrium states in multiple pulses. Transient
local pH changes in the brain is an accompanying phenomenon with neuronal activity and it
has been a major contributor to capacitive background drift in voltammetry. The features of
M-CSWYV allow the removal of capacitive charging currents which includes the background
drift caused by pH changes. The pH changes showed identical peak currents through all
CSWs and the M-CSWYV response was also offset (Figure 5C, n=5 electrodes, one-way
ANOV A test, p>0.9999, SS=4.269, DF=9, MS=0.4743, F=0.01042). A representative
response of background-subtracted pH changes is shown in Figure 12C. Other possible
electroactive interferents (homovanillic acid, uric acid, and adenosine) were examined in
vitro to confirm selective measurement of tonic dopamine levels iz vivo. Homovanillic acid
(HVA; 20 uM), uric acid (100 uM), and adenosine (1 uM) resulted in no significant
difference in peak current from 1t CSW to 5" CSW, respectively (Figure 13, n=3 electrodes,
one-way ANOV A test). These results were expected as these analytes do not significantly
adsorb to the carbon fiber surface, compared to dopamine. By adopting a dynamic
background subtraction method, enabled confirmation that DOPAC, AA, pH changes, HVA,
uric acid, and adenosine do not significantly impact the M-CSWYV acquired dopamine
response.

Effect of Increased Background Charging Currents on Local Neuronal
Activity
[0078] Although the currents typically associated with electrochemical measurements
performed at microelectrodes (O=7uM, 50uM in length) may not be sufficient to affect local
neuronal activity, the charging current generated by M-CSWYV is large (>10uA, Figure 1C)
when compared to previous voltammetric techniques such as FSCV. To test if the currents
generated by the application of M-CSWYV would stimulate local neurons, a brain slice Ca>*
imaging experiment was performed. A CFM was placed in a mouse striatum slice and the M-
CSWYV waveform was applied while the Ca®* recordings were made. Eight cells adjacent to
the CFM surface were chosen from the microscopic field (Figure 14A) and the increases in
[Ca®*] were calculated and expressed as AF/F. The cells responded to KCL aqueous solution
introduction and electrical stimulation (200pA, biphasic, 2ms pulse width, and 180 pulses).
The conventional FSCV waveform (1.3V peak potential and 400 V/s) did not significantly
affect the cell activity as previously reported. The M-CSWYV waveform also did not
significantly affect cell activity (Figure 14B). Thus, it is highly unlikely that the M-CSWV
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generated currents do not affect or stimulate cells adjacent to the CFM despite its large
capacitive charging current.

Determination of Tonic Dopamine Levels In Vivo by M-CSWV
[0079] To determine the average baseline “tonic” level of dopamine in vivo, M-CSWYV was
applied every ten seconds to the CFM implanted in the dorsomedial striatum of anesthetized
rats for one hour (Figure 6A). The average baseline dopamine levels were 120 £ 18 nM (n=7
rats, £SEM). Tonic extracellular dopamine concentrations measured in rat brain by
microdialysis or electrochemical methods are listed in FIG. 15. Although these levels are
ten-fold higher than those reported in previous microdialysis studies, our data is in
accordance other studies that use modified voltammetric techniques to measure tonic
dopamine concentrations in vivo. Microdialysis has been the gold-standard technique to
detect tonic extracellular dopamine concentrations because it provides high selectivity given
that samples are analysed ex sifu with chemical separation techniques, such as high
performance liquid chromatography and capillary electrophoresis. However, significant
limitations imposed by the time required for molecules to equilibrate across the dialysis
membrane, the time required to collect sufficient sample size for analysis (temporal
resolution of 1 to 20 minutes), and most importantly, tissue damage caused by the length and
diameter of the dialysis membrane prevent the ability to continuously monitor dopamine
levels. In contrast, this study indicates that M-CSWYV can offer superior time resolution (a
measurement every 10 seconds) and spatial resolution (7 um diameter and 50 um in length)
for in situ detection of dopamine. These features provide a much lower equilibrium time
between the carbon fiber and dopamine molecules for a higher sampling rate.
[0080] Pharmacological treatments with different dopaminergic agents designed to
modulate tonic dopamine levels were also conducted to confirm M-CSWYV selectivity for in
vivo dopamine detection. L.p. injection of saline did not alter dopamine tonic levels recorded
for 2 hours following injection (Figure 6B, 135 £ 15 nM, n=5 rats, Video 1_Saline). After
dopamine is released, it is rapidly cleared from the extracellular space by the dopamine
transporter DAT expressed in the pre-synaptic terminals, soma, and dendrites of
dopaminergic neurons. Pharmacological inhibition of DAT with nomifensine or cocaine has
been used to show enhanced tonic and phasic levels of dopamine in an activity-dependent
manner. Systemic administration of the DAT blocker, nomifensine, caused an increase in
tonic levels of dopamine that reached a plateau twofold higher than pre-drug baseline levels
after 40 min (Figure 6C, n=5 rats, Video 2 Nomifensine). The average tonic dopamine level

elevated from 130 nM to 279 nM after the injection of nomifensine and reached significance

18



WO 2020/041277 PCT/US2019/047219

~23 minutes after the injection (Figure 6C, upper bar, n=5 rats, two-way ANOV A, p<0.0001,
DF=4, MS=22863, F=17.88).

[0081] There is a possibility that the tonic measurements obtained in this study were
partially impacted by increased norepinephrine (NE) levels because nomifensine exhibits
equal affinity for DAT and the NE transporter (NET). In addition, dopamine can be cleared
from the extracellular space by NET in brain regions where dopaminergic projections are
relatively low, such as the prefrontal cortex and hippocampus. However, NE tissue content in
the striatum is negligible and it has been demonstrated that the local infusion of selective
NET inhibitors do not affect dopamine levels in the striatum.

[0082] As well, it was determined that the signal was also not due to the electroactive
dopamine metabolite DOPAC. After dopamine reuptake, the neurotransmitter is metabolized
to DOPAC primarily by MAO, a mitochondrial enzyme that oxides the side chain of
dopamine. As shown above (Figure 5A), M-CSWYV was able to cancel out DOPAC by
dynamic subtraction. To examine whether the signal originated from DOPAC in vivo, the
MAO inhibitor pargyline was administered. Inhibition of MAO by pargyline resulted in a
delayed and relatively slow increase in striatum tonic levels of dopamine (Figure 6D, video

3 Pargyline). The rate of dopamine metabolism by MAO is sufficiently slow that it plays
little role on the time scale of phasic bursting activity. Hence, no immediate changes have
been observed in FSCV recordings of stimulation-evoked dopamine release following MAO
inhibition. However, MAO inhibition significantly increases tonic dopamine, because its
intraneuronal metabolism competes with its repackaging into vesicles, increasing the
availability of dopamine for activity-dependent release. Injection of pargyline elevated the
tonic dopamine level from 135 nM to 225 nM for two hours. Because of the slow
metabolism, the effects of pargyline on tonic dopamine levels reached significance ~68
minutes after injection (Figure 6D, upper bar, n=5 rats, two-way ANOVA, p<0.0001, DF=4,
MS=244587, F=358.5).

[0083] Figure 16 depicts a flowchart of an example process 1600 for determining a level of
an analyte in a solution using M-CSWYV. At stage 1602, an electrode (e.g., a carbon fiber
microelectrode) is located in a solution having an analyte present therein. For example, the
electrode may be placed in neural tissue having a solution with dopamine and other
neurochemicals therein. At stage 1604, the electrode applies an electrical stimulus to the
solution based on a multiple cyclic square waveform (M-CSW). The electrode or another

electrode is used to measure an electrical current response to the stimulus (stage 1606), and a
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level of analyte in the solution is determined based on the electrical current response (stage
1608).

Example Implementation #2: Sloped-Edge Waveforms

[0084] As has been described, to perform M-CSWYV, a characteristic voltage waveform is
applied to neural tissue via an electrode, e.g., a carbon-fiber microelectrode. A voltammetric
system coupled to or including the electrode produces the waveform and records the resulting
current as a function of the applied voltage. For M-CSWYV, the waveform can be based on a
square wave that is incremented in voltage, period by period, until a defined peak voltage is
reached, and then is decremented in voltage, period by period, back to the baseline voltage.
[0085] Application of a changing voltage to a neural electrode can produce a “background”
current that is roughly proportional to the rate of change (AV/At) of the signal. The double
layer of charge at the electrode-electrolyte interface acts like a capacitor. The level of
background current can also be a function of the surface area of the electrode. For traditional
voltammetry in neuroscience applications, the scan rates (AV/At) of applied waveforms rarely
exceed 1,000 V/s, resulting in background currents of just a few microamperes (e.g., £3 uA).
For M-CSWYV, however, much higher scan rates can be employed (e.g., scan rates of up to 80
kV/s have been achieved). These high scan rates can produce much larger background
currents (e.g., +20 pA)—sometimes large enough to stimulate action potentials and even
damage neural tissue. To prevent stimulation and tissue damage, smaller microelectrodes
have been employed but at the expense of a reduction in sensitivity.

[0086] In some implementations, a waveform generator for M-CSWYV uses a digital-to-
analog converter (DAC) integrated circuit (IC) to very rapidly jump between low and high
voltages. For example, the DAC IC may jump from one voltage to the next to produce a
square wave with just a 10-us long rising or falling edge for a 0.8 V step. It should be
understood that the rise/fall time for a single step of a DAC from one output voltage to
another may not be inherently controllable, but rather may be dependent on factors such as
the load impedance, particularly capacitance, and the slew-rate capabilities of the DAC’s
output amplifier (which may or not be intrinsic to the DAC IC). In one working example,
rising/falling edges of about 10 us were produced. In view of the difficulties with controlling
the slope of rising or falling edges produced by the DAC, in some cases it is preferable to use
additional circuitry to adjust and control the slopes of the rising and falling edges of the
square wave. For these implementations, the circuitry employed for the relatively simple

square-wave generator may be insufficient to permit such variability and control.
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Nonetheless, varying the waveform slope can be beneficial in that it permits the scan rate in
M-CSWYV to be reduced (e.g., by 25-percent or more) while achieving comparable results to
higher scan rates without adjustable or controllable edge rise/fall times. The lower scan rate
in turn reduces the background current that results from the change in applied voltage. With
lower scan rates and reduced background currents, larger microelectrodes can be employed in
vivo on the neural tissue without risking stimulation or tissue damage while increasing the
sensitivity levels that can be achieved.

[0087] The waveform generator for the adjustable-sloped multiple cyclic square wave can
also increase linearity of the edges while transitioning from a low to high voltage, or vice
versa. In contrast to other approaches where each edge may resemble a gentle S-curve
comprising a range of slopes, for example, the improved edge linearity of the disclosed
generator can reduce noise in instantaneous deviations of the background current.

[0088] In some implementations, the waveform generator can produce waveforms for M-
SCWYV with ramps/edges of controllable slope through use of a DAC-controlled current
source to charge and discharge an integrating capacitor. The integrating capacitor’s rate of
change of voltage (£AV/At) can be directly proportional to the current source’s input voltage.
The capacitor voltage, buffered and applied to the electrode (e.g., carbon fiber
microelectrode), produces a linear rising or falling edge. In some examples, only one DAC
setting is required to produce a controlled rising or falling edge, thereby reducing occurrences
of DAC glitching and digital-feedthrough. Moreover, complex waveforms that incorporate
both sloped and constant intervals can be produced by summing a ramp generator output with
the output of a separate DAC. And although the waveform generator presents specific
benefits for M-CSWYV,, it can also be applied to generate appropriate waveforms for

traditional fast-scan cyclic voltammetry.

Adjustable-Slope M-CSWV Waveforms: Circuitry and Method

[0089] The circuity for a waveform generator that produces a square wave with adjustable
slope can include a modified current pump. Figure 17 is a schematic for Howland Integrator
circuit 1700 that can be employed in the waveform generator for this purpose. The Howland
Integrator 1700 includes a Howland current pump with an integrating capacitor 1704 hanging
off the noninverting input terminal of the operational amplifier (op-amp) 1702. If the
resistances of resistors R1 — R4 are equal, then the following expressions define the

integrating function of the Howland Integrator 1700:
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[0090] Thus, with the Howland Integrator a rising or falling V;ump of arbitrary slope can be
produced by applying a constant input voltage Vi.;. For a positive (rising) slope, the input
voltage is positive; for a negative (falling) slope, the input voltage is negative. If Viiy=0V,
then Vyamp remains constant.

[0091] The above derivation assumes the capacitor’s reset switch 1706 is set to the open
position. However, the switch 1706 can be a three-way switch that can be set in either a first
position (open) so that the circuit 1700 behaves as described above, a second position that
clamps the capacitor 1704 (C1) to Vinz, or a third position that connects the capacitor to 1704
(C1) to ground. Because capacitor 1704 (C1) and the series resistance in the reset switch
circuitry are both small, the capacitor can be discharged to ground (0 V) quickly. However,
clamping to Vi would be practical only if the Vin2 source was sufficiently stiff (e.g., a
battery or a very large capacitor). A voltage source with a control loop, e.g., a buffered DAC
or an amplifier (including “unlimited capacitive load” op-amps), would generally be
incapable of driving C1 to a settled voltage quickly enough, and to do so without overshoot
and excessive ringing.

[0092] In the preceding example, when V(C1) is clamped t0 Vin2, Viamp =
2(Vinz)+2(Vin1)(Rx/R), where R is the value of the four Howland Integrator resistors R1-R4
and Rx is the series resistance of the clamp switch. In this case, Rx (~3 Ohms) is much
smaller than R, and as such Vramp approximately equals 2(Vin2).

[0093] Figure 18 depicts a segmented FSCV waveform produced by the Howland
Integrator circuit 1700. The waveforms applied as inputs Vin1 and Vins are shown along with
a time plot of clamping applied to capacitor 1704 (C1) via switch 1706, and the resulting
output voltage Vou. The figure spans ~30 ms in this example. Specifically, in this instance,
capacitor 1704 (C1) is clamped to ground (0 V) during all constant-voltage intervals of Vout.
In this way, Vout = Vin3 / 2 during the constant-voltage segments. C1 is then unclamped when

arising or falling voltage is to be produced. Figure 19 depicts a segmented FSCV waveform,
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produced with C1 unclamped during the short (~2 ms) constant-voltage intervals, as well as
during all sloped segments.

[0094] Complex waveforms with nonzero constant-voltage segments, such as those
illustrated in Figures 18 and 19, can be produced by applying a DC voltage (Vin3 in Figure
17) to the summing circuit, which in the circuit 1700 is formed by tying two resistors
together. During a constant-voltage segment, C1 is clamped to ground (as in Figure 18), but
if the constant-voltage segment is brief (e.g., 1-2 ms), then C1 can be left unclamped, with
Vin1 set to ~0 V, such that Vramp remains constant (see Figure 19). Note that calibration may
be necessary to determine the precise voltage level for Vin1 that produces a constant Vramp.
Calibrated DAC settings can compensate for variability of the Howland Integrator RC values,
op-amp offsets, and DAC error, for example.

[0095] The endpoint voltage for any sloped segment of a waveform depends on the starting
voltage, slope (as dictated by the level Vin1), and switch timing. For example, to produce a
400-V/s FSCV pyramid with a peak voltage of 1.4 V, Vin should be set to the appropriate
(positive) voltage, the clamp switch 1706 should be set to the off position, hold these settings
for a defined length of time (e.g., 3.5 ms), then Vin1 from the positive voltage to an
appropriate negative voltage, hold these settings for a defined length of time (e.g., 3.5 ms),
and then turn the clamp switch back on to clamp the capacitor to Vinz (with Vin2 already set to
the desired rest voltage).

[0096] A much faster waveform, illustrated in Figure 20, is the square wave component of
an M-CSWYV waveform. Its rising and falling edges are only 10 us long in the depicted
example. Because Vin1 DAC’s skew rate and settling time characteristics can be significant at
this time scale, Vin1 can be set prior to removing the clamp at the start of the rising edge. The
clamp can be left off during the 0.5-ms “top” of the square wave. However, the clamp is
applied after the trailing edge of the square wave; if it were not clamped frequently, small
voltage errors could accumulate over successive periods of the square wave, potentially
resulting in unacceptably large error in the output voltage.

[0097] To produce an M-CSWYV “‘chevron” waveform, Vout is incremented by a set AV for
each of N successive square wave periods, after which Vout is decremented by AV for the
same number of square wave periods. The incrementing and decrementing is accomplished
by summing a square wave (as in Figure 20) with a staircase waveform produced by Vins, as
illustrated in Figure 21. For example, Figure 21 illustrates that during the ascending half of
the M-CSWYV “chevron” waveform, Vin3 is incremented by 50 mV each square wave period

and summed with the Viamp square wave. The resulting increment in the chevron waveform
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1s 25 mV in this example. The Vins staircase decreases during the descending half of the M-

CSWYV waveform.

Adjustable-Slope M-CSWV Waveforms Example Implementation
[0098] To achieve high scan rates for M-CSWYV (e.g., 80 kV/s), the Howland Integrator

resistors and integrating capacitor can be much smaller than those used for slower scan rates
applied in FSCV (e.g., 400 V/s). To provide a capability for use in both M-CSWYV and
FSCV contexts, a voltammetric system can include a pair of Howland Integrator ramp
generators. A first ramp generator is configured for slow ramps (e.g., 400 V/s) while the
second generator is configured for faster action, e.g., an 80-kV/s M-CSWYV waveform. The
slower ramp generator can employ larger resistors (e.g., 10 kOhms) and larger integrating
capacitance (e.g., 0.2 uF). The faster ramp generator can employ smaller resistors (e.g., 5
kOhms) and a much smaller integrating capacitance (e.g., 0.008 uF). In some
implementations, the system includes multiple analog switches (e.g., U12, U14, U15 and
their sub-parts) that can be toggled to select one ramp generator or the other depending on the
operation to be performed, e.g., FSCV or M-CSWYV.

[0099] Figure 22 depicts a schematic diagram of a waveform generation circuit 2200 for a
voltammetric system. The circuit depicted in this figure includes two Howland Integrator
sub-circuits: a first sub-circuit 2202 for slow ramp generation and a second sub-circuit 2204
for faster ramp generation (e.g., for FSCV and M-CSWV, respectively). An LPC1769
microcontroller (not shown) operates the two DACs 2206, 2208. One of the DACs (2206)
produces the “Vin1” control input to the selected ramp generator. This input, i.e., Vinl,
determines the slope of a rising or falling edge of the generated waveform (see Figures 18-
20). The other DAC (2208) produces the “Vin3” DC offset that is added to the ramp generator
op-amp voltage, as illustrated in Figure 21. Concurrently, and in precisely defined sequence
with the other two inputs, the microcontroller operates analog switch U17A (2210) or U17B
(2212), clamping or releasing the integrating capacitors, in the manner illustrated in Figures
18-20. For example, the microcontroller may be configured to generate (i) a first signal S1
provided to DAC 2206 to control and adjust the value of Via1 (and thus the slop of Viamp and
the resulting slope of the edges in the output waveform), (ii) a second signal Sz to DAC2208
to control and adjust the value of Vin3, and (ii1) a third signal S to DAC2208. In some
implementations, the waveform generation circuit 2200 can be constructed on a single layer
or multi-layered printed circuit board. Control inputs may be provided, for example, by a

field programmable gate array (FPGA), a microcontroller, or both. In some implementations,
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an FPGA may be arranged to provide the control inputs for M-CSWV while a
microcontroller is arranged to provide the control inputs for FSCV.

[0100] Figure 23 depicts a flowchart of an example process 2300 for determining a level of
an analyte in a solution using a multi-mode voltammetric system (e.g., a system including an
electrode and multi-mode waveform generator). In some implementations, the process 2300
is carried out using the waveform generation circuit 2200 depicted in Figure 22. At stage
2302, power is applied to a multi-mode (e.g., dual-mode) waveform generator. At stage
2304, an operational mode is selected, e.g., according to a default setting or in response to
user input. The waveform generator may be configured to operate in multiple modes
according to the voltammetric function desired. For example, a first mode for fast-scan
cyclic voltammetry (FSCV) may be selected, or a second mode for M-CSWV may be
selected. In some implementations, within each mode, a user may specify operational
parameters for the mode such as a scanning frequency and/or a slope of the rising and falling
edges. At stage 2306, the waveform generator is configured to employ a specific sub-circuit
corresponding to the selected mode, e.g., a slow ramp sub-circuit 2202 or a fast ramp sub-
circuit 2204. The waveform generator is also configured to operate according to the selected
mode and specified parameters within the selected mode. At stage 2308, the waveform
generator generates an electrical waveform according to the selected mode and specified
parameters, e.g., a multiple cyclic square waveform. At stage 2310, the waveform is
delivered to a solution containing an analyte such as to a neural tissue sample. At stage 2312,
a current response is measured based on the delivered electrical stimulus from the waveform.
The current response can then be analyzed according to methods described herein or other
methods as known (e.g., methods applied in FSCV) to determine levels of one or more
analytes in the solution.

[0101] Figure 24 depicts a flowchart of an example process 2400 for generating a sloped-
edge square waveform. In some implementations, the waveform can be generated using the
circuits depicted in Figures 17 and/or 22. The waveform is periodic, but the actions depicted
in Figure 24 represent generation of just a single period of the waveform. These actions can
be repeated on a periodic basis to generate a continuous waveform. A single period of such a
waveform is depicted, for example, in Figure 20 by Vramp.

[0102] At stage 2402, arising edge 2002 of the waveform is produced with the waveform
generator by (i) applying a first DC voltage as a first input to an integrator circuit for a first
time interval and (ii) maintaining a capacitor in a de-clamped position for the first time

interval.
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[0103] At stage 2404, a high segment 2004 of the waveform is produced with the
waveform generator to follow the rising edge by (i) switching the first input to the integrator
circuit from the first DC voltage to a baseline DC voltage for a second time interval following
the first time interval and (ii) maintaining the capacitor in the de-clamped position for the
second time interval, wherein the high segment of the waveform maintains a high DC voltage
for the second time interval, wherein the baseline DC voltage is less than the first DC voltage.
[0104] At stage 2406, a falling edge 2006 of the waveform to follow the high segment of
the waveform is produced with the waveform generator by (i) switching the first input to the
integrator circuit from the baseline DC voltage to a second DC voltage for a third time
interval following the second time interval and (ii) maintaining the capacitor in the de-
clamped position for the third time interval, wherein the second DC voltage is less than the
first DC voltage and is less than the baseline DC voltage.

[0105] At stage 2408, alow segment 2008 of the waveform to follow the falling edge of the
waveform is produced with the waveform generator by (i) switching the first input to the
integrator circuit from the second DC voltage to the baseline DC voltage for a fourth time

interval and (i1) setting the capacitor in a clamped position for the fourth time interval.

Computer-based Implementations

[0106] In some implementations, analyte measurements using the M-CSWYV techniques
disclosed herein can involve computer-based systems, devices, and/or processes, such as to
control parameters of the stimulation, to record data, to generate voltammogram plots, and/or
to otherwise analyze data collected according to the disclosed techniques.

[0107] For such implementations, the computer-based aspects of the subject matter and the
functional operations described in this specification can be implemented in digital electronic
circuitry, in tangibly-embodied computer software or firmware, in computer hardware,
including the structures disclosed in this specification and their structural equivalents, or in
combinations of one or more of them. Embodiments of the subject matter described in this
specification can be implemented as one or more computer programs, i.e., one or more
modules of computer program instructions encoded on a tangible non transitory program
carrier for execution by, or to control the operation of, data processing apparatus.
Alternatively or in addition, the program instructions can be encoded on an artificially
generated propagated signal, e.g., a machine-generated electrical, optical, or electromagnetic
signal, that is generated to encode information for transmission to suitable receiver apparatus

for execution by a data processing apparatus. The computer storage medium can be a
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machine-readable storage device, a machine-readable storage substrate, a random or serial
access memory device, or a combination of one or more of them. The computer storage
medium is not, however, a propagated signal.

[0108] The term "data processing apparatus" encompasses all kinds of apparatus, devices,
and machines for processing data, including by way of example a programmable processor, a
computer, or multiple processors or computers. The apparatus can include special purpose
logic circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application
specific integrated circuit). The apparatus can also include, in addition to hardware, code that
creates an execution environment for the computer program in question, e.g., code that
constitutes processor firmware, a protocol stack, a database management system, an operating
system, or a combination of one or more of them.

[0109] A computer program (which may also be referred to or described as a program,
software, a software application, a module, a software module, a script, or code) can be
written in any form of programming language, including compiled or interpreted languages,
or declarative or procedural languages, and it can be deployed in any form, including as a
stand alone program or as a module, component, subroutine, or other unit suitable for use in a
computing environment. A computer program may, but need not, correspond to a file in a
file system. A program can be stored in a portion of a file that holds other programs or data,
e.g., one or more scripts stored in a markup language document, in a single file dedicated to
the program in question, or in multiple coordinated files, e.g., files that store one or more
modules, sub programs, or portions of code. A computer program can be deployed to be
executed on one computer or on multiple computers that are located at one site or distributed
across multiple sites and interconnected by a communication network.

[0110] As used in this specification, an "engine," or "software engine," refers to a software
implemented input/output system that provides an output that is different from the input. An
engine can be an encoded block of functionality, such as a library, a platform, a software
development kit ("SDK"), or an object. Each engine can be implemented on any appropriate
type of computing device, e.g., servers, mobile phones, tablet computers, notebook
computers, music players, e-book readers, laptop or desktop computers, PDAs, smart phones,
or other stationary or portable devices, that includes one or more processors and computer
readable media. Additionally, two or more of the engines may be implemented on the same
computing device, or on different computing devices.

[0111] The processes and logic flows described in this specification can be performed by

one or more programmable computers executing one or more computer programs to perform
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functions by operating on input data and generating output. The processes and logic flows
can also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, e.g., an FPGA (field programmable gate array) or an ASIC (application specific
integrated circuit).

[0112] Computers suitable for the execution of a computer program include, by way of
example, can be based on general or special purpose microprocessors or both, or any other
kind of central processing unit. Generally, a central processing unit will receive instructions
and data from a read only memory or a random access memory or both. The essential
elements of a computer are a central processing unit for performing or executing instructions
and one or more memory devices for storing instructions and data. Generally, a computer
will also include, or be operatively coupled to receive data from or transfer data to, or both,
one or more mass storage devices for storing data, e.g., magnetic, magneto optical disks, or
optical disks. However, a computer need not have such devices. Moreover, a computer can
be embedded in another device, e.g., a mobile telephone, a personal digital assistant (PDA), a
mobile audio or video player, a game console, a Global Positioning System (GPS) receiver,
or a portable storage device, e.g., a universal serial bus (USB) flash drive, to name just a few.
[0113] Computer readable media suitable for storing computer program instructions and
data include all forms of non-volatile memory, media and memory devices, including by way
of example semiconductor memory devices, e.g., EPROM, EEPROM, and flash memory
devices; magnetic disks, e.g., internal hard disks or removable disks; magneto optical disks;
and CD ROM and DVD-ROM disks. The processor and the memory can be supplemented
by, or incorporated in, special purpose logic circuitry.

[0114] To provide for interaction with a user, embodiments of the subject matter described
in this specification can be implemented on a computer having a display device, e.g., a CRT
(cathode ray tube) or LCD (liquid crystal display) monitor, for displaying information to the
user and a keyboard and a pointing device, e.g., a mouse or a trackball, by which the user can
provide input to the computer. Other kinds of devices can be used to provide for interaction
with a user as well; for example, feedback provided to the user can be any form of sensory
feedback, e.g., visual feedback, auditory feedback, or tactile feedback; and input from the
user can be received in any form, including acoustic, speech, or tactile input. In addition, a
computer can interact with a user by sending documents to and receiving documents from a
device that is used by the user; for example, by sending web pages to a web browser on a

user's client device in response to requests received from the web browser.
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[0115] Embodiments of the subject matter described in this specification can be
implemented in a computing system that includes a back end component, e.g., as a data
server, or that includes a middleware component, e.g., an application server, or that includes a
front end component, e.g., a client computer having a graphical user interface or a Web
browser through which a user can interact with an implementation of the subject matter
described in this specification, or any combination of one or more such back end,
middleware, or front end components. The components of the system can be interconnected
by any form or medium of digital data communication, e.g., a communication network.
Examples of communication networks include a local area network ("LAN") and a wide area
network ("WAN"), e.g., the Internet.

[0116] The computing system can include clients and servers. A client and server are
generally remote from each other and typically interact through a communication network.
The relationship of client and server arises by virtue of computer programs running on the
respective computers and having a client-server relationship to each other.

[0117] While this specification contains many specific implementation details, these should
not be construed as limitations on the scope of any invention or of what may be claimed, but
rather as descriptions of features that may be specific to particular embodiments of particular
inventions. Certain features that are described in this specification in the context of separate
embodiments can also be implemented in combination in a single embodiment. Conversely,
various features that are described in the context of a single embodiment can also be
implemented in multiple embodiments separately or in any suitable subcombination.
Moreover, although features may be described above as acting in certain combinations and
even initially claimed as such, one or more features from a claimed combination can in some
cases be excised from the combination, and the claimed combination may be directed to a
subcombination or variation of a subcombination.

[0118] Similarly, while operations are depicted in the drawings in a particular order, this
should not be understood as requiring that such operations be performed in the particular
order shown or in sequential order, or that all illustrated operations be performed, to achieve
desirable results. In certain circumstances, multitasking and parallel processing may be
advantageous. Moreover, the separation of various system modules and components in the
embodiments described above should not be understood as requiring such separation in all
embodiments, and it should be understood that the described program components and
systems can generally be integrated together in a single software product or packaged into

multiple software products.
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[0119] Particular embodiments of the subject matter have been described. Other
embodiments are within the scope of the following claims. For example, the actions recited
in the claims can be performed in a different order and still achieve desirable results. As one
example, the processes depicted in the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve desirable results. In certain

implementations, multitasking and parallel processing may be advantageous.
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CLAIMS

What is claimed is:

1. A method for measuring a level of an analyte in a solution, comprising;

locating an electrode in the solution;

applying an electrical stimulus to the solution, the electrical stimulus comprising a
multiple cyclic square waveform (M-CSW);

measuring an electrical current response to the electrical stimulus using the
electrode that is located in the solution; and

determining the level of the analyte in the solution based on the electrical current

response to the electrical stimulus.

2. The method of claim 1, wherein the analyte is dopamine.

3. The method of claim 2, wherein the solution is a fluid in a brain of a mammal.
4, The method of any of claims 1-3, wherein the electrode is a carbon fiber
microelectrode.

5. The method of any of claims 1-4, wherein determining the level of the analyte

comprises determining a tonic level of a neurochemical in neural tissue, and the method
further comprises adjusting a second electrical stimulus applied to the solution based on at
least one of the measured electrical current response or the tonic level of the neurochemical

in the neural tissue.
6. The method of any of claims 1-5, wherein the M-CSW signal comprises a square
wave oscillation superimposed on a staircase waveform, wherein the staircase waveform has

arising phase and a falling phase.

7. The method of any of claims 1-6, wherein the M-CSW includes sloped rising and
falling edges.
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8. The method of any of claims 1-7, further comprising adjusting a slope of rising or
falling edges of the M-CSW by adjusting a DC input voltage to a waveform generation

circuit.

9. A method, comprising:

generating a multiple cyclic square waveform (M-CSW), including controlling a
slope of rising or falling edges of the M-CSW using an integrator circuit; and

applying an electrical signal with an electrode, wherein the electrical signal is

shaped according to the M-CSW.

10. A method for generating a sloped-edge square waveform, comprising, for each
period of the waveform:

producing a rising edge of the waveform by (i) applying a first DC voltage as a first
input to an integrator circuit for a first time interval and (i1) maintaining a capacitor in a de-
clamped position for the first time interval;

producing a high segment of the waveform to follow the rising edge by (i) switching
the first input to the integrator circuit from the first DC voltage to a baseline DC voltage for a
second time interval following the first time interval and (ii) maintaining the capacitor in the
de-clamped position for the second time interval, wherein the high segment of the waveform
maintains a high DC voltage for the second time interval, wherein the baseline DC voltage is
less than the first DC voltage;

producing a falling edge of the waveform to follow the high segment of the
waveform by (i) switching the first input to the integrator circuit from the baseline DC
voltage to a second DC voltage for a third time interval following the second time interval
and (i1) maintaining the capacitor in the de-clamped position for the third time interval,
wherein the second DC voltage is less than the first DC voltage and is less than the baseline
DC voltage; and

producing a low segment of the waveform to follow the falling edge of the
waveform by (i) switching the first input to the integrator circuit from the second DC voltage
to the baseline DC voltage for a fourth time interval and (ii) setting the capacitor in a clamped

position for the fourth time interval.

11. The method of claim 10, wherein the baseline DC voltage is substantially zero

Volts.
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12. The method of any of claims 10-11, wherein the first DC voltage is a positive
voltage of a first magnitude, and the second DC voltage is a negative voltage of the first

magnitude.

13. The method of any of claims 10-12, wherein setting the capacitor in the clamped
position for the fourth time interval comprises using a switch to re-couple a first terminal of

the capacitor from a first circuit node to a second circuit node.

14. The method of any of claims 10-13, comprising using a digital-to-analog converter

to switch the first input from the first DC voltage to the baseline DC voltage.

15. The method of any of claims 10-14, wherein the sloped-edge square waveformis a
multiple cyclic square waveform (M-CSW) with sloped edges, wherein generating the M-
CSW with sloped edges further comprises:

generating a cyclic staircase waveform; and

summing the sloped-edge square waveform with the cyclic staircase waveform.

16. The method of claim 15, wherein the cyclic staircase waveform comprises a
plurality of cycles, each cycle having a first set of ascending steps and a second set of
descending steps, wherein each step in the cycle corresponds to a respective DC voltage and

has a duration equal to a single period of the sloped-edge square waveform.
17. The method of any of claims 10-16, wherein in the de-clamped position, the

capacitor is connected directly to a non-inverting input of an operational amplifier of a ramp

generation circuit.
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Box No. I1 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

l. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. % Claims Nos.: 5-8, 13-17
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet(s).

I. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:I As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

X]

No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

14,9

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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Continued from Box No. Il Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-4 and 9, are drawn to a method for measuring a level of an analyte in a solution, comprising: locating an electrode in
the solution.

Group I, claims 10-12, are drawn to a method for generating a éloped-edge square waveform, comprising, for each period of the
waveform.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
| invention: applying an electrical stimulus to the solution, the electrical stimulus comprising a multiple cyclic square waveform (M-CSW);
measuring an electrical current response to the electrical stimulus using the electrode that is located in the solution; and determining the
level of the analyte in the solution based on the electrical current response to the electrical stimulus as claimed therein is not present in
the invention of Group Il. The special technical feature of the Group |l invention: producing a rising edge of the waveform by (i) applying
a first DC voitage as a first input to an integrator circuit for a first time interval and (ii) maintaining a capacitor in a de-clamped position for
the first time interval; producing a high segment of the waveform to follow the rising edge by (i) switching the first input to the integrator
circuit from the first DC voltage to a baseline DC voltage for a second time interval following the first time interval and (ii) maintaining the
capacitor in the de-clamped position for the second time interval, wherein the high segment of the waveform maintains a high DC
voltage for the second time interval, wherein the baseline DC voltage is less than the first DC voltage; producing a falling edge of the
waveform to follow the high segment of the waveform by (i) switching the first input to the integrator circuit from the baseline DC voltage
to a second DC voitage for a third time interval following the second time interval and (ii) maintaining the capacitor in the de-clamped
position for the third time interval, wherein the second DC voltage is less than the first DC voltage and is less than the baseline DC
voltage; and producing a low segment of the waveform to follow the falling edge of the waveform by (i) switching the first input to the
integrator circuit from the second DC voltage to the baseline DC voltage for a fourth time interval and (i) setting the capacitor in a
clamped position for the fourth time interval as claimed therein is not present in the invention of Group |.

Groups | and Il lack unity of invention because even though the inventions of these groups require the technical feature of a method for
generating a square waveform, this technical feature is not a special technical feature as it does not make a contribution over the prior
art.

Specifically, US 2011/0241694 to Burke et al. teaches a method for generating a square waveform (Para. [0062]).

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking.

Form PCT/ISA/210 (extra sheet) (January 2015)
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