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Enzymatic electrochemical biosensors are a cornerstone technology in enabling further advancements in the field
of Continuous Glucose Monitoring (CGM). Pulsed amperometric methods improve the sensitivity and accuracy of
electrochemical biosensors. The literature shows that pulsed amperometry increases the sensitivity of enzymatic
glucose biosensors based on Prussian Blue (PB). However, the underlying mechanism responsible for this
improvement is poorly understood, which impedes further development of this promising measurement method.
The present work elucidates the role of the spontaneous reaction between hydrogen peroxide (H202) and
Prussian White (PW) in the sensitivity improvement observed with pulsed amperometry. A charged working
electrode (WE) containing PW can catalyze the Hy0, reduction in the open-circuit regime (OCP). The con-
sumption of HyO, over a 30-min contact at OCP was 65 % at a PW WE, compared to 13 % at a PB WE. This
spontaneous process is associated with a partial discharge of the WE (PW — PB) between the amperometric
pulses. The subsequent re-charging (PB — PW) yields the current amplification observed with pulsed amper-
ometry. Based on this consideration, we developed and validated a model for glucose quantification using pulsed
amperometry that considers the spontaneous reaction of HoO2 with PW. The model achieves 0.998 determination
coefficient between glucose concentration and four analytical signals. The insights presented in this work support
the optimization and development of the pulsed amperometric detection method in enzymatic glucose bio-
sensors. Additionally, this work advances the understanding of HyO, detection at PB-based sensors, and con-
tributes to the development of precise and accurate enzymatic glucose biosensors.

these challenges and to promote a broader adoption of CGM, further
research and developments in the field of electrochemical biosensors are

1. Introduction

Diabetes is a leading medical condition of the 21st century, projected
to affect 850 million people worldwide by 2050 (“Diabetes around the
world in 2024, Fact sheets,” n.d.). Continuous Glucose Monitoring
(CGM) is a cornerstone technology in the management and prevention of
diabetes. CGM provides continuous real-time data on glucose levels and
offers a viable alternative to traditional intermittent glycemic control
methods. CGM systems give people with diabetes the opportunity to
make informed decisions on their lifestyle and improve their health, to
mitigate the risk of disease-related complications and reduce the need
for medical care (Chesser et al., 2024; Choe et al., 2022; Schubert-Olesen
et al., 2022; Lin et al., 2021). Current CGM systems still face issues
related to affordability, precision, and limited wear time. To overcome

fundamental.

Electrochemical biosensors are widely used in wearable devices for
CGM due to their high sensitivity and selectivity, fast response, low
detection limit, and cost effectiveness. Furthermore, biosensors offer
versatility to analyze different body fluids. Prussian Blue (PB) has
emerged as an advantageous electroactive material for voltammetric
and coulometric enzymatic glucose biosensors (Fu et al., 2025; Li et al.,
2022; Ying et al., 2021). The widespread use of PB as electrode material
for wearable glucose biosensors is due to its simple and versatile syn-
thesis, chemical stability, biocompatibility, and high selectivity. More-
over, the advantageous electrocatalytic properties of PB allow hydrogen
peroxide reduction at a potential close to 0.0 V vs. Ag/AgCl, and
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therefore minimize the effect of interfering redox compounds (Karyakin,
2017; Jia et al., 2010; Ricci and Palleschi, 2005).

The scientific research in the field of amperometric and coulometric
biosensors is focused on the use of micro- and nano-structured materials
(Crapnell and Banks, 2021; Welch et al., 2021; Chu et al., 2017),
enzymatic layer structuring and immobilization (Dong et al., 2025;
Prabhakar et al., 2025; Gupta et al., 2022), and integration of micro-
fluidic systems (Fattahi and Hasanzadeh, 2022; Schmidt-Speicher and
Lange, 2021). However, the analytical methods used to detect the ana-
lyte receive insufficient attention. The analytical methods directly in-
fluence the sensitivity and accuracy of the biosensors. In amperometric
methods, the biosensor sensitivity can be substantially increased by
using pulsed amperometric methods. Pulsed Amperometric Detection
(PAD) (Trojanowicz, 2011; LaCourse and Modi, 2005) is an established
method in voltammetric analyzers of flow systems, e.g., in gas or liquid
chromatography.

In recent reports, pulsed amperometry was employed in a PB-based
glucose biosensor and validated in vivo. Pulsed amperometry provided
100x increase in sensitivity and 15x increase in the signal-to-background
ratio compared to continuous amperometry (Komkova et al., 2023). The
highest sensitivity was obtained with a short readout time (20 ms) after
applying the potential. The authors suggested that the open-circuit in-
tervals between the amperometric pulses allow for analyte replenish-
ment within the diffusion layer (Komkova et al., 2023, 2025). However,
this interpretation overlooks the important contribution of the contin-
uous and spontaneous analyte consumption and the pseudocapacitive
properties of PB. A charged PB WE, where the mediator is mainly in the
PW form, retains its ability to catalyze the reduction of Hy09 in
open-circuit conditions. Overlooking these contributions hinders the
possibility of optimizing the pulsed amperometric method to achieve
maximal sensitivity and accuracy. Both are key requirements for appli-
cations in wearable devices involving minute (nanoliter) sample
volumes.

Our present study sets out to demonstrate that the enhanced current
obtained with the pulsed amperometric method in PB-based glucose
biosensors is due to the spontaneous process between H,O2 and PW. The
reduction of HoO> continues in the open-circuit regime, and causes a
partial discharge of the WE between the amperometric pulses. More-
over, this study demonstrates that the current enhancement does not
rely on the replenishment of the diffusion layer. This finding is used to
develop a model of glucose detection in PB-based enzymatic biosensors
with pulsed amperometry. Based on this model, the biosensor and the
measurement method can be optimized to achieve increased current
amplification. A deeper understanding of the interaction between the
analyte and the mediator enables and supports further method optimi-
zation, and allows achieving improved biosensor performance. This
work also provides critical insights into the detection of H302 in PB-
based sensors, which contributes to the further development of precise
and accurate glucose biosensors for glucose monitoring in wearable
devices.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals were used as received from the listed suppliers, if not
otherwise specified. Deionized water (resistivity = 18.2 MQ cm) was
prepared with a Barnstead Pacific TII water purification unit (Thermo
Fisher Scientific, USA). Phosphate buffered saline (PBS) pouches
(Merck, Germany) were dissolved in deionized water to obtain a 10 mM
phosphate buffered solution of 137 mM NaCl and 2.7 mM KCI with pH
7.4. Potassium chloride, glycerol, glucose oxidase (GOx, from Aspergillus
niger), peroxidase from horseradish (HRP), poly(ethylene glycol) digly-
cidyl ether (PEGDE), D(+)-glucose and dimethyl sulfoxide were pur-
chased from Merck. Hydrogen peroxide (H202, 30 wt% in water) and
Amplex™ Red reagent were obtained from Thermo Fisher Scientific. A
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commercially available 10 % TGX Stain-Free FastCast Kit (BioRad, USA)
was used to prepare the polyacrylamide (PAG) interface.

2.2. Biosensor preparation

The working electrode (WE) consisted of a screen-printed layer of
carbon and Prussian Blue on top of a conductive carbon layer (diameter
9 mm). The counter and reference electrodes (CE and RE) consisted of
screen-printed Ag and AgCl. The sensors were obtained from Screentec
(Finland). The sensors were used as received, without surface treatment
prior to enzyme deposition. The WE was functionalized by drop-casting
a solution containing GOx immobilized with poly(ethylene glycol)
diglycidyl ether (PEGDE) following a protocol adapted from (Vasylieva
etal., 2011). The biosensors used for glucose detection were coated with
a hydrogel based on PAG, fully hydrated in PBS. The hydrogel film
covered the WE, CE, and RE. The effect of the presence of the hydrogel
layer has been described in (Kemp et al., 2022).

2.3. Equipment

Cyclic voltammograms (CV) were recorded with a MultiPalmSens4
potentiostat (PalmSens, The Netherlands). Pre-treatment steps were
applied with a MultiPalmSens4 potentiostat. Chronoamperometric
curves were recorded using a proprietary device incorporating a
commercially available AD5940 potentiostat (Analog Devices, USA) or
using the MultiPalmSens4. The OCP measurements were performed
with the AD5940 potentiostat or a Digital Multimeter 34465A (Keysight
technologies, USA). The fluorometric analysis of HoO2 was done with a
Varioskan LUX plate reader (Thermo Scientific).

2.4. Methods

The CVs were recorded using screen-printed bare carbon-PB elec-
trodes, i.e., sensors without enzyme and a hydrogel coating on WE, CE,
and RE. The supporting electrolyte was 0.1 M KCl or PBS. The CVs were
recorded in the potential range from —0.4 to +0.6 V, at a scan rate of 50
mV/s, with a potential step of 5 mV, for 10 cycles.

The glucose calibrations were performed in the concentration range
5-100 pM (in PBS), in an increasing concentration order. 88 uL of PBS
was added on top of the hydrogel which acted as a thin electrochemical
cell and prevented the hydrogel from drying. The sampling rate of
chronoamperometric and OCP measurements was 100 ms. The current
signals were integrated following the trapezoidal rule to obtain the
charge values. Statistical analyses were performed with OriginLab 2023
software.

The spontaneous reduction of H,O, at the WE was investigated using
bare screen-printed carbon-PB electrodes. PBS was added on the WE, RE,
and CE to act as electrochemical cell. First, a pre-treatment step was
performed by applying 0.0 V or +0.4 V for 15 min on the WE to set the
electrochemical state of the mediator. In a parallel experiment, no pre-
treatment was involved in the protocol. Then, H;O, was added to the
electrochemical cell, and an OCP or a chronoamperometric measure-
ment at 0.0 V was started. The total volume of the H,O, solution was
400 pL. Aliquots of 10 pL were collected after given time intervals, and
their Hy0; concentration was determined with a fluorometric method
using Amplex™ Red reagent after the experiment. The plate reader first
injected HRP to each well, then recorded the fluorescence every 30 s for
10 min at 600 nm emission wavelength (excitation: 571 nm, 12 nm
bandwidth). The H,O5 concentration was calculated from the final
values using a standard calibration curve.

2.5. Pulsed amperometry
In pulsed amperometry, the amperometric measurement is divided

into cycles of a set of subsequent steps. The applied potential is switched
between different values (Fig. 1a), or alternatively, the WE is kept at
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Fig. 1. Schematic graph of the measurement methods used in pulsed amper-
ometry: a) multi-potential step waveform (here: double-potential), and b)
applied potential steps with intermittent pauses at OCP. In this work type b)
was used with E,pp = 0.0 V vs. Ag/AgCl (140 mM Cl™ in PBS).

OCP between the amperometric steps (Fig. 1b). The first approach is
suitable for systems where faradaic processes take place at the surface of
the WE (e.g., detection at noble metal electrodes), and the latter one is
relevant for materials with higher pseudocapacitance. The pulsed
amperometric method used in this work is based on the one proposed for
PB-based biosensors to detect glucose (Komkova et al., 2023). It com-
prises repeated cycles of amperometry (AMP) at an applied bias po-
tential of 0.0 V and OCP measurement. The pulsed amperometric
method used in this work employs a sequence of cycles of tayp = 10 s
and tocp = 15s.

3. Results and discussion

This work demonstrates that the spontaneous reduction of Hy0 at a
charged PB-based WE in the open-circuit regime (at OCP) is the main
contributor to the current amplification observed using the pulsed
amperometry method to detect glucose. The experimental results pre-
sented and discussed in the following sections confirm and describe the
spontaneous reduction of HpOy at OCP at a charged PB-based WE.
Determination coefficients R> = 0.998 between the glucose concentra-
tion and four analytical signals are consistent with the contribution of
the spontaneous reduction of HpO, at OCP. Moreover, the results
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confirm that the analyte is consumed at the same rate with the pulsed
and continuous methods, and indicate a lack of a major replenishment of
the H,0, diffusion layer. These results contradict the hypothesis that the
replenishment of the diffusion layer is the main contributor to the cur-
rent amplification observed with pulsed amperometry. These findings
provide critical insights into the HyO, detection at a PB WE, contribute
to the further development of the pulsed amperometric method and
support the development of precise and accurate PB-based enzymatic
glucose biosensors.

3.1. Spontaneous reduction of H,0O, by PW in the absence of applied bias
potential

The experimental data presented in this section support the hy-
pothesis that the reduction of H205 proceeds spontaneously at a PB-
based WE in absence of an applied potential.

The experimental data in Fig. 2 shows the evolution of the concen-
tration of HoO over 30 min at a PB electrode at different potentials. Pre-
treatment steps were run before introducing H2O». The pre-treatment
steps set the redox state of the mediator in the WE to its PB (Feﬁn[—
FeH(CN)ﬁ] 3) or PW (K4FeH[FeH(CN)6] 3) form before introducing HyO5. A
commonly used bias potential for PB-based H,O5 sensors is 0.0 V vs. Ag/
AgCl. The CV provided in Fig. S1 shows that 0.0 V vs. Ag/AgCl (PBS
electrolyte, 140 mM Cl7) is close to the reduction peak of the PB/PW
redox couple. Therefore, upon application of 0.0 V, the WE is charged,
and the equilibrium between PB and PW is shifted towards PW
(Karyakin, 2001) according to Eq (1):

PB+4e + 4K"SPW (€))]

In contrast, a pre-treatment at +0.4 V drives the equilibrium of PB/
PW towards PB. Hy0- is added after the pre-treatment, and it diffuses
towards the WE surface where it reacts with the mediator. PW has high
selectivity and electrochemical activity towards HyO4 (Karyakin, 2017).
Due to the ability of HyO, to insert into the mediator lattice (Itaya et al.,
1984), Hy04 is reduced (Ricci and Palleschi, 2005; Karyakin et al., 1999)
according to Eq (2):

H,0,+2e¢”—-20H" (2)

The reduction of HyO, occurs together with the oxidation of PW to
PB according to Eq (3):

PW+2H,0, —»PB+4OH +4K" 3

After the pre-treatment step, a continuous chronoamperometry
measurement at 0.0 V or an open-circuit potential (OCP) measurement
was run during the 30-min contact time with the HyO» solution. The
results in Fig. 2 show that 65.0 % of the Hy0O5 is reduced in the OCP
regime after 30 min at a WE driven to a high PW/PB ratio (Fig. 2a). As a
comparison, only 13.4 % of HyO5 is reduced in the OCP regime when the
WE is driven to a high PB/PW ratio (Fig. 2c). This is attributed to a
spontaneous process that proceeds in absence of the applied bias po-
tential (i.e., at OCP), when PW is available on the WE surface. The
average consumption rates of HoO, after pre-treatment at 0.0 V (Fig. 2a)
were compared. During the first 5 min of the chronoamperometry and
OCP measurement, the consumption rates were 0.97 and 0.95 pM/min,
respectively. This suggests that during the first minutes of the OCP
regime, the spontaneous process proceeds at the same rate as during the
amperometric measurement, and therefore, that the HyO, diffusion
layer does not replenish at OCP. Moreover, Fig. 2d indicates that without
an electrochemical pre-treatment at 0.0 V, the mediator in the WE is
mostly in its oxidized form (PB), which is due to the oxygen in the at-
mosphere upon storage.

The spontaneous reduction of HoO; in the absence of bias potential is
explained with the PB electrochemical properties. PB and Prussian Blue
Analogues (PBAs) are used in energy storage and electrochemical sep-
aration methods due to their ability to intercalate and retain certain ions
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Fig. 2. Change in the H,O, concentration during a 30-min contact of the solution with the WE, containing PB/PW a) after a 15-min pre-treatment step at 0.0 V, b)
with no pre-treatment, and c) after a 15-min pre-treatment at +0.4 V. After the pre-treatment step, chronoamperometry at 0.0 V (full squares, AMP) or OCP
measurement (empty squares) was conducted. The data are represented as average + SD, n = 3. Trend lines are added for readability. d) Consumption (%) of HyO»

after 30 min of contact obtained from the data presented in a-c.

while undergoing reversible faradaic redox processes (Jiang et al., 2022;
Qiu et al., 2022; Su and Hatton, 2017). PW retains its redox state and its
ability to undergo faradaic processes in the presence of an active ana-
lyte, even after the bias potential is removed, due to its pseudocapacitive
properties. Hence, the reduction of HyO> continues as a spontaneous
process at the WE in absence of any applied bias potential (i.e., at OCP).
The reduction of HyO5 causes a partial discharge of the WE, i.e., a partial
oxidation of PW to PB. Therefore, the discharge rate of the WE depends
on the concentration of H2O5. This will be discussed in the following
section.

0.0V vs. AgCl le e source

Ll

3.2. Pulsed amperometric detection of glucose with the spontaneous
reduction of H20,

In a glucose biosensor based on GOx, glucose reacts with the enzyme
to produce Hy05 (Bankar et al., 2009):

B — D — Glucose + Ozﬂ»Hzoz + B — D — Gluconolactone (€©))

H50, reacts with PW at the WE surface and produces PB according to
Eq (3). Upon application of a constant bias potential, the produced PB is
immediately reduced back to PW according to Eq (1). The ratio of PB/
PW remains constant over time. Hence, during a continuous ampero-
metric measurement, the source of the amperometric current is the
continuous Hy0O reduction. In contrast, in the pulsed amperometric

0.0V vs. AgCl | © e source

— Q)
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Fig. 3. Proposed mechanism of pulsed amperometry using PB as mediator. The red arrows indicate an increase or a decrease in the amount of PB and PW.
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method, HyO; is reduced spontaneously during the OCP steps, as shown
in Fig. 3. This causes the oxidation of PW to PB according to Eq (3), and
leads to a partial discharge of the WE. The PB/PW ratio increases, and
the OCP is expected to increase.

As long as the OCP remains close to 0.0 V, the reduction of HyOy
proceeds in absence of an applied potential. Therefore, the development
of the diffusion layer is not affected by the measurement step (OCP or
amperometry). The H,O5 reduction rate drives the rate of oxidation of
PW to PB as well as the rate of the OCP increase. Upon application of the
bias potential, the WE is charged to its equilibrium state at 0.0 V. The
ratio of PB/PW is forced to its equilibrium at 0.0 V, and all the PW that
was oxidized to PB during the OCP step is reduced back to PW. The
reduction current originating from this process, together with the
ongoing reduction of HpOy during amperometry, and the charging cur-
rent due to the potential step to 0.0 V, determine the signal measured at
the WE.

A typical biosensor response during glucose calibration with the
pulsed amperometric method is shown in Fig. S2. Fig. 4 shows calibra-
tion plots that were obtained by plotting the current, charge, and the
average slope of an entire OCP signal versus the glucose concentration.

The concentration range was chosen to reflect the intended clinical
application of the glucose biosensor. The 5-100 pM range is necessary
for non-invasive glucose monitoring applications. Such range is a
requisite for direct analysis of glucose in sweat (Cheong et al., 2025;
Tang et al., 2024), and is necessary for applications where sub-microliter
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sample volumes of interstitial fluid are extracted and diluted into the
electrolyte of an interface layer (Kemp et al., 2022; Hakala et al., 2022).
The biosensors yielded a linear response in the tested concentration
range of 5-100 pM. The linear regression analyses of all the selected
analytical signals resulted in R? values up to 0.998. This indicates high
correlation with the glucose concentration and supports the proposed
model. Based on the mechanism shown in Fig. 3 and the results of Fig. 4
it can be concluded that:

a) the current value at the beginning of the amperometric signal cor-
relates with the amount of PW that is oxidized to PB during the
previous OCP step;

b) the current value at the end of the amperometric signal correlates
more closely with the steady-state rate of the HyO5 reduction;

c) the charge calculated from a full amperometric pulse correlates with
the amount of HyO4 reduced at the WE during the previous OCP step
and the given amperometric pulse;

d) the slope of the OCP signal between the amperometry steps corre-
lates with the average reaction rate during the OCP step. The
instantaneous derivative correlates with the steady-state reaction
rate.

In practice, this means that the sensitivity, in terms of current and
charge vs. glucose concentration, increases with increasing duration of
the OCP step (tocp) in presence of glucose, and agrees with the

b)
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Fig. 4. Linear correlation plots between the glucose concentration and different analytical signals of pulsed amperometry (tocp = 15 s and tayp = 10 s), where each
color represents datapoints from one biosensor. Each glucose addition increases the amount of H,O, produced and being reduced at the WE, and hence results in
more negative amperometric signals (see Fig. S2). The amperometric pulses used for the data analysis correspond to the peak signals with the most negative current
after each glucose addition. The OCP signals used for the data analysis correspond to the OCP measurements immediately before the above-mentioned peak
amperometric signals. The datasets were obtained as follows: a) current at sampling time © = 100 ms, corresponding to the beginning of the amperometric signal, b)
current at sampling time © = 10 s, corresponding to the end of the amperometric signal, c¢) charge integrated in the time window 0-10 s of the peak amperometric
signal, d) average slope of the entire OCP signal in the time window 0-15 s (before the next peak amperometric signal). The R? values of the calibration lines of each

dataset are provided in the graphs.
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sensitivity increase reported in (Komkova et al., 2023). When tocp = 15
s, the biosensors achieved an average sensitivity of 0.22 pA/(uM cm?)
using the amperometric signal recorded at 100 ms after OCP (Fig. 4a),
and 0.67 pC/(uM cm?) using the charge of a full amperometric pulse
(Fig. 4c). The LOD was 9 uM (3.30/5s). The biosensors achieved superior
performance compared to recently presented biosensor designs for
non-invasive glucose monitoring applications (Table S1). For further
information regarding sensitivity, LOD and RMSD values (Root Mean
Square Deviation), the reader is referred to Table S2, Table S3, and
Table S4, respectively. Response times, and prediction and confidence
bands (95 % confidence level) of the cumulative datasets can be found
from Fig. S3 and Fig. 54, respectively.

As shown in Fig. 4d, the HyO, concentration determines the rate of
OCP increase, which is due to the partial discharge of the WE (i.e., the
oxidation of PW to PB). The sensitivity in terms of the OCP slope was
0.10 mV/(min pM cm?). Therefore, the detection of glucose using a PB-
based enzymatic biosensor can be carried out also in a chro-
nopotentiometric mode. In this case, the potential drift serves as the
analytical signal, and the application of a bias potential acts as a step to
restore the ratio between PB and PW. Similar approaches using bio-
sensors, where a chronopotentiometric method provides the analytical
signal and a discharging step is added to the measurement protocol,
have been proposed for measuring glucose and other analytes (Lee et al.,
2019, 2022; Kinyua Muthuri et al., 2021).

Selectivity is a critical parameter in enzymatic biosensors for glucose
determination. Species such as ascorbic acid, uric acid, and acetamin-
ophen, are known interferents in in vivo glucose monitoring applications
(Bellido et al., 2023; Pullano et al., 2022; Jia et al., 2010). However, the
low potential applied to reduce HyO5 at a PB electrode minimizes the
effect of such interferents (Karyakin, 2017; Jia et al., 2010; Ricci and
Palleschi, 2005). The scope of this investigation is to elucidate the
mechanism of glucose detection with pulsed amperometry, while an
interference study is an important topic of future research.

3.3. Consumption of glucose — continuous vs. pulsed amperometry

Fig. S5 shows typical response curves of a biosensor with pulsed and
continuous amperometric methods with subsequent additions of the
same amount of glucose. Fig. 5 shows a comparison of the current (i) and
charge (Q) values measured with additions of the same amount of
glucose with the pulsed and continuous amperometric methods. The
pulsed amperometric method increased the amplitude of the peak of the
electric current. However, the total charge measured at the WE
remained the same as in continuous amperometry. Hence, the amount of
H50, that is reduced at the WE is the same with the two methods. This
result confirms that the method used to detect the analyte does not affect
the consumption of the analyte itself. Equal consumption of the analyte
with continuous and pulsed amperometry further suggests the presence
of a spontaneous reduction of HyO» during the OCP steps of the pulsed
amperometric method.

3.4. Charge of the amperometric pulses as a function of the OCP

When using pulsed amperometry to detect glucose, the rate of OCP
increase depends on the amount of PW that is oxidized to PB as Hy05 is
reduced in open-circuit conditions. Hence, the OCP value right before
the amperometry (the pre-amperometry OCP) depends on the glucose
concentration. Fig. 6a shows an extract from a glucose calibration,
where an addition of glucose causes a gradual increase of the pre-
amperometry OCP and the amperometric current.

Using a different approach, the PB/PW ratio can be tuned with a pre-
treatment step prior to the amperometric pulses. The OCP of the
biosensor after the pre-treatment step corresponds to the pre-treatment
potential, and it depends on the PB/PW ratio. Pre-treatment steps at
potentials in the range of +0.5 to +3.0 mV were used to set the pre-
amperometry OCP in absence of glucose. The amperometric response
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Fig. 5. Comparison of the analytical signals obtained from additions of equal
amount of glucose with continuous (empty bars) and pulsed (full bars, tocp =
15 s and tamp = 10 s) amperometric methods. In the continuous amperometry
set, the current values (purple, empty bar) correspond to the peak current after
the glucose additions. In the pulsed amperometry set, the current values (pur-
ple, full bar) correspond to the current at sampling time T = 100 ms of the
negative peak amperometric signal after the glucose additions. The charge
values (green) are obtained by integrating the current signal in a time window
of 5 min after the glucose addition (equivalent to 12 pulses in the pulsed
method). The baseline signal, acquired before the additions, is subtracted from
the datapoints. The bars represent average + SD (n = 12).

was recorded at 0.0 V after the pre-treatment. Examples of ampero-
metric pulses after pre-treatment at +1, +2.5, +0.5, and +3.0 mV are
shown in Fig. 6b.

During the amperometry steps PB is reduced to PW and a current is
produced. The integral of the current yields a charge, that in presence of
H,0,, includes the charge that is accumulated due to the oxidation of
PW to PB by Hy0; in open-circuit conditions. Fig. 6¢ shows that the
charge values correlate linearly with the pre-amperometry OCP. The
ratio between the charge and the OCP depends on the capacitance of the
WE. The correlation is present both with and without glucose. The
correlation was used to compare the charge generated in the case where
a) the pre-amperometry OCP is reached with the spontaneous reduction
of Ho05 in open-circuit conditions in presence of glucose, with the case
where b) the pre-amperometry OCP is set with the electrochemical pre-
treatment in absence of glucose. Fig. 6¢ shows that the biosensors
generate similar charge values in the two abovementioned cases. The
minor difference between the two datasets can be explained considering
that HyO3 is reduced during both the OCP and the amperometric steps.
This resulted in increased charge values in presence of H,O2 compared
to the case where HO, is absent (for a given pre-amperometry OCP).

The results indicate that biosensors where the pre-amperometry OCP
is reached by the spontaneous reduction of HyO» or other processes (e.g.,
electrochemical pre-treatment or O, reduction at PW), produce com-
parable total amounts of charge in the amperometric pulse. This
behavior is consistent with the hypothesis that the charge measured
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Fig. 6. a) Section of a glucose calibration recorded with the pulsed amperometry method (tocp = 15 s and tayp = 10 s). The arrow indicates a glucose addition. b)
Applied potential (green) during a set of 5-min pre-treatment steps, and subsequent amperometric pulses recorded at 0.0 V (tayp = 10 s, purple curves). c¢) The
integrated charge values from the time window 0-10 s of single amperometric pulses vs. the pre-amperometry OCP values during glucose calibration (blue symbols,
glucose concentration range 5-100 pM) or after the pre-treatment at different bias potentials in the absence of glucose (brown symbols). The brown datapoints are
presented as average + SD, n = 9 (3 points from 3 biosensors), while the blue datapoints represent one biosensor per symbol type.

during the amperometric pulse corresponds to the oxidation of PB to
PW, rather than to the reduction of the analyte. A biosensor where HyO»
replenishes the diffusion layer during the OCP step would generate more
charge than a biosensor without glucose, as it implies that the HyO4
reduction starts when the bias voltage is applied. Therefore, these results
indicate that HyO, is reduced during the OCP step, and it does not
replenish the diffusion layer. The replenishment of the diffusion layer is
not the main contributor to the current amplification observed with
pulsed amperometry.

3.5. Implications for further development of the pulsed amperometric
measurement method

The hypothesis of replenishment of the diffusion layer implies that,
in pulsed amperometry, the diffusion properties of HoO; limit the ability
to amplify the electric current. However, this is not the case when
considering the contribution of the spontaneous reduction of H20,.
Instead, the biosensor design and measurement parameters can be
optimized to increase the sensitivity obtained with the pulsed ampero-
metric method.

According to the interpretation of the results of this work, the pa-
rameters that affect the magnitude of the sensor response are:

e The amount of mediator available to react with HyO5: a charged WE
that contains more PW (more mediator) enables the spontaneous
reduction of more HyO5. More PW (e.g., larger electrode geometric
area) allows storing more charge. This increases the current ampli-
fication during the following amperometric step.

Duration of OCP steps: a longer OCP step permits more HyO2 to be
reduced spontaneously at the WE. This increases the current ampli-
fication in the following amperometric step if coupled with a higher
amount of mediator. This spontaneous process between PW and
H50, occurs probably on the WE surface, and it is followed by a
charge distribution in the bulk of the PB/PW mediator layer. The
spontaneous reaction proceeds as long as there is PW available, and
within an OCP range where the WE is active towards the HyOo
reduction.

Duration of the amperometric pulses: a longer amperometric pulse
allows the reduction of all the newly generated PB to PW, and
therefore the return to the original equilibrium ratio, indicated by an
OCP close to the bias potential. This also ensures that there is enough
PW available for the spontaneous reaction during the next OCP step.
Bias potential: setting a sufficiently low bias potential ensures that
there is enough PW available for the spontaneous reaction during the
OCP step.

4. Conclusions

We investigated the mechanism of glucose detection with pulsed
amperometry at a PB-based enzymatic biosensor. We demonstrated the
role of the spontaneous reduction of HpO, at OCP in the current
amplification improvement observed with pulsed amperometry. The
spontaneous reduction of HyO at OCP causes the oxidation of PW to PB,
and leads to a partial discharge of the WE between the amperometric
pulses. The current originating from the re-charging of the WE (reduc-
tion of PB to PW) during the amperometric step is the analytical signal
measured in the pulsed amperometric detection of glucose. This study
contradicts the hypothesis that the replenishment of the diffusion layer
is the main contributor to the current amplification observed with
pulsed amperometry.

We demonstrated that a charged working electrode containing PW
catalyzes the Hy0O, reduction in absence of applied potential (i.e., at
OCP). Over a 30-min contact at OCP, 65 % of H,O, was reduced at a PW
WE, compared to only 13 % at PB WE. The average H,O3 consumption
rates during chronoamperometry and at OCP at a PW WE were 0.97 and
0.95 pM/min, respectively (t = 5 min).

We validated our proposed model of the pulsed amperometric
detection of glucose that considers the spontaneous reduction of HyO5.
Determination coefficients R? = 0.998 between the glucose concentra-
tion and four analytical signals indicate the contribution of the sponta-
neous process. The biosensors achieved an average sensitivity of 0.22
pA/(uM cm?) and 0.67 pC/(pM cm?), LOD = 9 pM. Pulsed amperometry
allows the glucose detection in chronopotentiometric mode, using the
slope of the OCP as the analytical signal, with a sensitivity of 0.10 mV/
(min uM ecm?). We presented evidence that glucose is consumed at the
same rate with the pulsed and continuous amperometric methods.

This work presents insights that enable further development of the
pulsed amperometric measurement method. The enzymatic conversion
of glucose and the reduction of HyO, at the surface of a charged PB WE
start soon after the glucose addition, already before applying a bias
potential for the readout. This affects the recovery rate of the biosensor,
especially when the biosensor is used to measure minute (nanoliter)
sample amounts in wearable device applications. These insights are
broadly applicable to HO5 detection at PB-based enzymatic biosensors,
and are expected to be valid for the detection of other analytes. There-
fore, this work contributes to the development of precise and accurate
wearable devices for monitoring of glucose and other analytes.

An extensive clinical performance study is in progress. The study is
conducted with a complete system for the determination of glucose in
interstitial fluid extracted from humans. This clinical study serves to
validate our wearable and non-invasive glucose sensing system for real
use, including studies of potential interferents. This investigation is a
large endeavor that will be published separately.
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