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Paper-based rapid diagnostic tests (RDTs) are an essential
component of modern healthcare, particularly for the
management of infectious diseases. Despite their utility, these
capillary-driven RDTs are compromised by high failure rates,
primarily caused by user error. This limits their utility in complex
assays that require multiple user operations. Here, we
demonstrate how this issue can be directly addressed through
continuous electrochemical monitoring of reagent flow inside an
RDT using embedded graphenized electrodes. Our method relies
on applying short voltage pulses and measuring variations in
capacitive discharge currents to precisely determine the flow
times of injected samples and reagents. This information is
reported to the user, guiding them through the testing process,
highlighting failure cases and ultimately decreasing errors.
Significantly, the same electrodes can be used to quantify
electrochemical signals from immunoassays, providing an
integrated solution for both monitoring assays and reporting
results. We demonstrate the applicability of this approach in a
serology test for the detection of anti-SARS-CoV-2 IgG in clinical
serum samples. This method paves the way towards “smart” RDTs
able to continuously monitor the testing process and improve
the robustness of point-of-care diagnostics.

Introduction

Rapid and reliable diagnostic tools are essential for managing
infectious diseases, a reality starkly highlighted by the
COVID-19 pandemic." Among these tools, rapid diagnostic
tests (RDTs) have emerged as a frontrunner, offering quick
and affordable testing at the point of need without the
necessity for laboratory equipment.>® As such, RDTs have
become an indispensable component of the track-trace-treat
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strategy for pandemic management,> as evidenced by their
deployment across a wide variety of settings, including clinics,
testing centers, pharmacies, and the home.” The widespread
acceptance of RDTs can be credited to their user-friendly
nature, in large part made possible by their passive, capillary-
driven operation.® This simplicity ensures accessibility for
individuals without specialized training.®”

Recently, the integration of electrodes into RDTs has

sought to enhance their functionality by providing
quantitative readings through electrochemical signal
transduction,®" and thus improving on the qualitative

nature and error-prone interpretation of colourimetric
tests.">"* Nonetheless, a frequently overlooked limitation of
RDTs is their high failure rate,"* which primarily originates
from user error or misuse.">'® This issue is particularly
pronounced when performing complex assays, such as
serology tests, which require intricate specimen collection
and transfer, as well as the use of multiple reagents for
dilution, washing, and signal amplification.>®"” For instance,
a recent study revealed that up to 41% of users struggled to
add the correct amount of sample or reagent to a serological
HIV rapid test cassette,'® an observation echoed in several
other studies.’® To address these challenges, commercial
tests commonly provide printed instructions or companion
software applications to guide users through the assay
procedure.>'® However, these measures do not guarantee
error-free testing, as they cannot detect anomalies or misuse,
such as improper sample addition.'® We hypothesized that
electrochemical sensors, with their ability to continuously
communicate with their reader,”®*' provide an untapped
opportunity for real-time monitoring of testing protocols,
especially since non-faradic processes are highly sensitive to
the local physicochemical environment at the electrode-
electrolyte interface, such as the flux of ions.*

Within capillary-driven microfluidic devices, the use of
electrodes for flow sensing has been restricted to detecting
the flow front through changes in resistance or
capacitance.>** Although the flow front behaviour may serve
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as an indicator for RDT failure,® it cannot provide
information on injected volumes or any aspect of multi-
injection testing procedures. Several flow sensing solutions
have been developed for pressure-driven microfluidic
systems,”® involving, for example, deformable membranes,>”
microstructures,”®*° or microfabricated thermal sensors;’
however, these microfabrication approaches are incompatible
with paper-based systems. Additionally, flow-tracking
methods relying on specific redox reporters interfere with
electrochemical bioassays.”® As a result, no integrated
solution for flow monitoring in paper-based devices has yet
been reported.

Herein, we show that the interfacial capacitive properties
of an electrode can track fluid movement across its interface
without the need for any additives. We demonstrate the
applicability of our method in an electrochemical vertical
flow immunoassay for anti-SARS-CoV-2 nucleocapsid IgG in
serum samples. By actively monitoring flow dynamics, we
can identify samples with incorrect volumes or abnormal
viscosities. Importantly, for devices already incorporating an
electrochemical sensor, the approach requires no additional
hardware and can be autonomously performed by the test
reader's software. Our method paves the way for the next
generation of smart rapid diagnostic tests that monitor
assays in real-time to guide the user, ultimately improving
testing robustness and confidence.

Results and discussion

Our system comprises an electrochemical vertical flow test
connected to a miniaturized USB potentiostat (Fig. 1a and
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configuration, comprising a nitrocellulose capture pad, a
paper-based electrode layer and an absorbent wicking pad
(Fig. 1b and S21).** The electrodes are seamlessly patterned
in the paper through laser-induced pyrolysis of the cellulose
(geometric surface area = 13 mm® and electrochemical
porosity factor 4 = 6.3 + 0.3)*> and, owing to their porosity
and wettability, support unrestricted capillary-driven flow
through the electrochemical sensor.** The device is designed
to capture the target antibodies (anti-SARS-CoV-2
nucleocapsid IgG) from serum on the nitrocellulose pad
(functionalized with anti-human IgG secondary antibodies).
The captured antibodies are then labelled using a
nucleocapsid antigen conjugated to alkaline phosphatase to
facilitate selective electrochemical signalling.

Our system operates over two distinct phases. During the
initial assay phase, the user injects sample and reagents
through the sample inlet in a sequential manner, whilst the
system tracks fluid movement. Then, following the addition
of the last reagent, the device switches its electrode
interrogation protocol to quantify captured target antibody by
square wave voltammetry.

The fluid tracking method centres on the continuous
interrogation of the working electrode using 1-ms pulses to
capture current responses (Fig. 1c). This strategy effectively
tracks variations in the capacitive discharge characteristics at
the electrode-solution interface (Fig. S31). The magnitude of
the non-faradic response scales with the surface area of this
interface and its variations with the changes in flow
velocity.”> Our method is thus particularly suited to laser-
pyrolyzed paper electrodes in a vertical flow format,
characterized by a large porous surface that allows rapid
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Fig. 1 (a) Schematic of the RDT system comprising an electrochemical rapid test connected to a programmable USB-connected potentiostat. (b)

Exploded view of the vertical flow device showing the component layers (c) fluid movement through the permeable paper-based electrode is
tracked by applying a series of voltage pulses to the working electrode and recording the variations in current response, Ai. (d) Signal variation
following the injection of 100 uL of a 20 mM Tris-HCI buffer solution. The absolute magnitude of Ai peaks after the injection, dips during steady
flow, and increases again as the flow decelerates and stops. Flow time is determined by comparing these changes to a predetermined threshold.
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to other flow-based electrode systems.*> To enhance
reliability, we calculate the differences in current between
voltage pulses spaced one second apart and then average
these over ten pulses. By plotting the magnitude of these
variations over time, distinct flow conditions within the
device can be identified. When a solution is injected, we
typically observe two peaks in the response signal (Fig. 1d).
The first peak arises from a sudden increase in flow rate, and
the second peak occurs when the flow decelerates as the
liquid is fully drained. It is important to note that absolute
current variations are used, as the sign will depend on prior
interactions with the electrode. To distinguish between
moving and stationary flows, we establish a threshold based
on the mean plus ten standard deviations of measurements
from a static liquid (equal to 0.25 pA s ' for solutions in 20
mM Tris-HCl). Furthermore, we incorporate redundancy
measures such as a ten-hit minimum for flow detection and
a ten second time delay that allows the algorithm to
confidently determine when the flow has stopped.

One of the primary appeals of tracking fluidic movement
is the ability to verify that appropriate volumes of reagents
are being added to the device. To investigate this, we
injected increasing volumes of running buffer ranging from
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25 to 200 pL and monitored changes in capacitive discharge
(Fig. 2a). Prior to each measurement, the electrodes were
pre-wetted with water to record flow dynamics in a fully
saturated flow regime,®® and avoid the signals originating
from the wetting of the electrode itself. At 25 puL, the
volume was insufficient to fully reach the electrode (dead
volume ~ 20 pL). This situation resulted in a slow signal
drift (reflected by a larger sustained variation) due to ion
diffusion in the electrode area. In contrast, volumes
between 50 and 200 uL displayed excellent linearity (R* =
0.90), with a relation between flow time and added volume
of 0.19 + 0.02 s uL™" (Fig. 2b). These times also correlated
linearly with visual absorption times. Interestingly, our
method recorded average flow times 1.8 s longer
(interquartile range, IQR: -0.1-2.5 s, Fig. S4f). This is
perhaps unexpected when we consider that the integrated
sensor probes internal dynamics and thus may stabilize
slightly later than what is apparent from surface-level
inspections. It's noteworthy that, for larger volumes, we
occasionally observed intermediate peaks in current
variations. These fluctuations are attributed to the non-
linear behaviour of capillary flow in vertical flow devices,
stemming from less-than-ideal contact between the layers.*>
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Fig. 2 (a) Absolute current variations recorded following the injection of 25 to 200 uL of running buffer (50 g L™* albumin, 0.05 vol% Tween-20 in
20 mM Tris-HCL pH 7.5), n = 3. The dotted line indicates the threshold at 0.25 pA and the coloured arrows the corresponding flow times. (b)
Correlation between the recorded flow times and the injected volume, as well as the visual absorption times (n = 3). (c) Current responses after
injection of a 100 pL serum sample followed by 50 to 150 uL of running buffer. (d) Recorded flow times of the running buffer as a function of
volume (n = 3). (e) Signals following the injection of 100 pL of buffer containing varying concentrations of Tris-HCl buffer concentrations, Tween-
20 surfactant (in vol%), or serum albumin, and (f) the associated flow times (n = 3). ns: non-significant, *: p < 0.05.
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Our initial investigations focused on responses from
single injections. However, given that rapid tests usually
involve the use of multiple reagents, it is critical to confirm
that our results are applicable to multi-injection protocols.
To this end, we evaluated the ability of our method to
accurately measure the volumes of running buffer injected
after the addition of 100 pL undiluted serum (Fig. 2c).
Notably, we found minimal effect from electrode fouling on
signal strength, and linearity between measured flow times
and injected volumes was maintained (R*> = 0.91, Fig. 2d). In
this scenario, with a scaling factor of 0.36 + 0.04 s uL™", we
were able to quantify the slower flow in comparison to a
pristine device, attributed to the increasingly saturated
absorbent pad and in accordance with the principles of
capillary flow.**

To better understand the factors that underpin the
response of our flow monitor,
responses following the injection of buffer solutions of
known composition (Fig. 2e and f). Specifically, we focused
on the effect of buffer concentration, surfactant, and serum
albumin content at levels that would be expected to be
present in reagents from diagnostic test kits.>>*® Upon
injecting simple buffer solutions of varying concentration
into our system, we observed a strong dependence of signal

we measured current
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variation intensities on electrolyte concentration, as expected
from the double-layer capacitance dependence on ionic
strength.?” For example, current variations at 200 mM buffer
were approximately four times higher than those at 20 mM,
while the absence of buffer altogether resulted in low and
constant signals. Crucially, and despite differences in signal
magnitude, the flow times were unaffected by buffer
concentrations. Additionally, after the fluid flow tapered off,
we observed that background signals and noise levels were
also more elevated in high ionic strength conditions,
highlighting the need for higher thresholds in salt-rich
buffers.

When examining the effect of surfactant, we found
consistent responses across different concentrations of non-
ionic surfactant. Interestingly, at higher surfactant
concentrations, flow dynamics exhibited longer durations,
indicative of either a diminished flow rate or slower wetting
of the deeper hydrophobic regions of the electrode facilitated
by the surfactant.®® Encouragingly, the introduction of
protein did not led to electrode fouling or reduction in
signals, and allowed us to quantify the increased flow times
due to higher viscosity at elevated protein levels, with flow
times reduced by factors of 1.5 and 2.5 in the presence of 50
and 200 g L™" albumin, respectively. Considering the sign of
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Fig. 3 (a) Schematic of the electrochemical serological immunoassay. Anti SARS-Cov-2 nucleocapsid (anti-N) human IgGs are captured on the
nitrocellulose pad and labelled with a functional gold nanoparticle. The nanoparticle label is co-functionalized with SARS-CoV-2 nucleocapsid (N)
antigen and alkaline phosphatase for signal amplification. p-APP: p-aminophenyl phosphate, p-AP: p-aminophenol, Ql: p-quinoneimine. (b)
Representative signal acquired during the serology test. First, the flow tracking mode monitors the addition of the reagents, which includes the
serum sample, labelling, rinsing and amplification solutions. The dotted line represents the threshold current variation and the arrows detected
flow times. When the last reagent is detected, the reader switches to quantification mode to continuously acquire square wave voltammograms to
return a result for the presence of target anti-N IgG. (c) In flow tracking mode, the reader classifies the temporal signal into different statuses
corresponding to the assay protocol. (d) Detected flow times for the serum sample, labelling and rinsing reagents of various volumes (n = 5 to 6).
(e) Square wave voltammogram recorded over time for serum samples with and without prior SARS-CoV-2 infection. (f) Evolution of the peak
magnitude for infected or normal serum samples (n = 3).
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the capactive current variations, we noticed that the
variations were positive for increasing flow rates or ionic
strength (compared to the previous injection), whereas
decelerating flow rates, lower ionic strength or rinsing
albumin off the electrodes exhibited distinct negative signals
(Fig. S57).

Building upon the foundation laid above, we integrated
the flow tracking method in an electrochemical serological
test for the detection of anti-SARS-CoV-2 IgG. This test is
contingent on the capture of human IgG in serum on a high-
area nitrocellulose pad positioned atop the permeable
electrochemical sensor (Fig. 3a). The bound IgG targets are
selectively labelled using gold nanoparticle reporters. These
nanolabels are co-functionalized with  SARS-CoV-2
nucleocapsid antigen and alkaline phosphatase, with their
surface composition engineered to balance target recognition
and electrochemical signal amplification (Fig. S6 and
S7T)-37_39

The reader operates in two distinct stages: initially, it
tracks the addition of sample, labelling and rinsing buffers,
then automatically switches to result quantification upon
addition of the enzymatic substrate for signal amplification
(Fig. 3b). Leveraging the connectivity of the compact USB
potentiostat, the reader continuously processes and transmits
the data (to a laptop or smartphone) to monitor and classify
the various injections depending on the capacitive discharge
currents (Fig. 3c). For example, upon adding a reagent, the
algorithm can prompt the user to wait until the fluid has
been completely absorbed and inform them about the next
reagent to add. Overall, this process resulted in a hands-on
time of less than three minutes. It is worth noting that due
to the heterogeneity of the reagents, different thresholds
before and after rinsing (1.5 and 0.4 pA s, respectively),
were implemented to increase the robustness of the flow
detection protocol. This enabled us to define expected flow
times for this assay (Fig. 3d), i.e., 30 s for the 100 uL serum
sample (IQR: 29-39 s, 5 out of 6 sample detected), 22 s for
100 pL labelling solution (IQR 17-32 s, n = 6) and 31 s for
150 pL of rinsing buffer (IQR: 28-41 s, n = 6). Deviation from
these normal ranges could be employed to flag erroneous test
operations to the user.

Upon addition of the last reagent (the substrate
solution), the algorithm switches to quantification mode
acquiring square wave voltammograms every 40 seconds
up to 15 minutes (Fig. 3e and f). When testing a
seropositive serum sample for COVID-19, we observed that
the difference in signal was statistically significant on the
first measurement, ie. after approximately 1 minute (p <
0.05, n = 3), suggesting that the entire test workflow could
be accomplished in less than 4 minutes. Note that there
is still room to further optimize assay performance and
reduce nonspecific binding. Although the algorithm
currently remains passive, merely processing data and
informing the user, this approach lays the groundwork for
implementing an automatic stop criterion to deliver
results as soon as they become significant, thereby

This journal is © The Royal Society of Chemistry 2024
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readout, particularly for strongly

Conclusions

In summary, we have demonstrated that capacitive discharge
monitoring offers a simple yet powerful method for tracking
fluids in electrochemical rapid diagnostic tests, without
necessitating the use of additional probes or hardware. By
continuously interrogating the electrodes with short voltage
pulses, we can determine the flow times of reagents, enabling
precise measurement of injected volumes or the assessment
of viscosity effects with high accuracy. In this proof-of-
concept study, we employed the simplest approach of
comparing absolute variations in discharge currents to a
predetermined fixed threshold. In its current form, the
algorithm is, for example, unable to differentiate between
samples with abnormally high viscosity or larger volumes if
they exhibit similar flow times. Looking ahead, we believe
that, when combined with more sophisticated data-driven
techniques such as machine learning, we can better exploit
the subtle nuances behind signal variations, leading to a
more quantitative approach with direct links to physical flow
parameters. This study lays the foundations for a new
generation of rapid, connected tests that not only enhance
the user experience but also increase user confidence in the
results through the integration of real-time digital processing
technology.***!

Data and materials availability

All data are available in the main text or the ESL} The design
files for digital fabrication of the devices presented in this
study, as well as the code for controlling the potentiostat, are
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