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ABSTRACT: This work presents a thorough electrochemical
and reliability analysis of a sensing scheme for the
antipsychotic clozapine. We have previously demonstrated a
novel detection approach for this redox-active drug, highly
eﬀective in schizophrenia treatment, based on a catecholmodiﬁed chitosan ﬁlm. The biomaterial ﬁlm enables
ampliﬁcation of the oxidative current generated by clozapine
through redox cycling. Here, we study critical electrochemical
and material aspects of the redox cycling system to overcome
barriers in point-of-care monitoring in complex biological
samples. Speciﬁcally, we explore the electrochemical parameter
space, showing that enhanced sensing performance depends
on the presence of a reducing mediator as well as the
electrochemical technique applied. These factors account for up to 1.75-fold and 2.47-fold signal enhancement, respectively.
Looking at potential interferents, we illustrate that the redox cycling system allows for diﬀerentiation between selected redoxactive species, clozapine’s structurally largely analogous metabolite norclozapine as well as the representative catecholamine
dopamine. Furthermore, we investigate material stability and fouling with reuse as well as storage. We ﬁnd no evidence of ﬁlm
fouling due to clozapine; slow overall biomaterial degradation with successive use accounts for a 2.2% absolute signal loss and can
be controlled for. Storage of the redox cycling system appears feasible over weeks when kept in solution with only 0.26%/day
clozapine signal degradation, while ambient air exposure of three or more days reduces performance by 58%. This study not only
advances our understanding of the catechol-modiﬁed chitosan system, but also further establishes the viability of applying it
toward sensing clozapine in a clinical setting. Such point-of-care monitoring will allow for broader use of clozapine by increasing
convenience to patients as well as medical professionals, thus improving the lives of people aﬀected by schizophrenia through
personalized medicine.

1. INTRODUCTION

allow for more rapid adjustment of dosage to reach a safe and
eﬀective blood levels.
Direct electrochemical detection of the redox-active
clozapine is appealing, especially since no speciﬁc biorecognition elements (antibodies, aptamers, and so forth) are
available.12,13 This established sensing modality is furthermore
well suited for miniaturization, required for small-volume pointof-care solutions.14,15 We have recently presented the
application of the catechol-modiﬁed chitosan redox cycling
system to amplify and detect the electrochemical clozapine
signal in undiluted human serum.16
In this study, we expand on our previous work to gain a more
complete understanding of the material and electrochemical
aspects of the sensor. In the ﬁrst part, we investigate material

Schizophrenia is a challenging and complex disorder with 30−
50% of patients not responding to ﬁrst line antipsychotic
treatment.1,2 Clozapine is the only antipsychotic approved by
the FDA for treatment-resistant schizophrenia, and is the most
eﬀective antipsychotic medication currently available.3,4 Yet,
clozapine remains underutilized because of the burden
associated with the requirement for performing frequent and
invasive white blood cell counts due to risk of agranulocytosis, a
rare but potentially fatal side eﬀect of clozapine.5−7 Additional
monitoring for clozapine blood levels to facilitate accurate
dosage control is proven to improve treatment outcomes (> 1
μM) and lower the risk of drug toxicity (< 3 μM).8−11
However, these supplementary blood tests are rarely
implemented due to the associated extra burden to patients.
Rapid point-of-care clozapine testing using small sample
volumes could signiﬁcantly reduce the inconvenience and
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reliability as well as fouling of our redox cycling system in terms
of both long-term storage and reusability. In the second part,
we explore the electrochemical parameter spaceincluding the
presence of various redox speciesto facilitate targeted
optimization of the system for accurate clozapine monitoring
in complex biological samples.
The approach taken here is in contrast to our previous work,
and to that of most sensor characterization work in the
literature, which focused on ﬁgures of merit such as limit of
detection and sensitivity. While those parameters are
signiﬁcant, other aspects must not be neglected when
developing a new detection scheme, and assessing its feasibility
for transitioning from a research setting to a point-of-care one.
Detection in complex biological samples such as blood plasma
is associated with a number of electrochemical and material
challenges. The thousands of species in blood plasma−ranging
from large proteins to elemental ions−can interact with the
sensor in numerous ways.17 Any of these speciesincluding
clozapine itselfmay adsorb to the electrode or become
embedded in our biomaterial matrix, causing fouling and
leading to degradation of signal magnitudes. Species may also
bind or react with clozapine, altering its characteristic redox
response. Furthermore, the subset of redox-active species may
interfere more directly by causing nonspeciﬁc electrochemical
signals. In miniaturization, we expect these challenges to be
exacerbated due to the generally lower signal-to-noise ratio,
combined with the higher surface-to-volume ratio allowing for
relatively more nonspeciﬁc interactions.14 A point-of-care
device places additional requirements on the sensor and
materials in that performance needs to remain conserved over
time in storage prior to use; unlike in a research setting, on-site
electrode modiﬁcation is impractical as it would increase
required user interaction and likely reduce repeatability.
These challenges cannot be tackled without a well-founded
understanding of the molecular mechanisms involved. The
comprehensive exploration of the available, as-yet unexplored,
electrochemical parameter space yields just such valuable
insights. The ability to diﬀerentiate various redox species
using the same technology illustrates potential for applying it
toward other analytes. The light shed on clozapine kinetics, in
particular, opens up new avenues for signal enhancement in
most detection approaches for this analyte. Knowledge on
material degradation, and methods to adjust for its impact on
the electrochemical signal, may translate well to a variety of
other redox-based sensors. Altogether, our study encompasses
important steps toward application as well as understanding of
the redox cycling system for clozapine detection.
1.1. Catechol-Modiﬁed Chitosan Redox Cycling
System. Our sensor relies on a combination of biomaterials
to provide electrochemical signal ampliﬁcation through redox
cycling. Chitosan is a versatile polymer that can be selectively
electrodeposited as a thin ﬁlm, and further modiﬁed with redoxactive catechol (E0 = +0.132 V vs Ag/AgCl 1 M KCl)18 by
electro-grafting, illustrated in Figure 1a.19,20 As previously
described, this yields a redox capacitor.21 Clozapine (E0 ≈ +0.4
V vs Ag/AgCl 1 M KCl) can freely diﬀuse through the ﬁlm and
be oxidized at the electrode, yielding a current (Figure
1b,c).16,22 Oxidized clozapine can subsequently be reduced by
the grafted catechol moieties in close proximity to the
electrode. This allows for continuous redox cycling wherein
clozapine acts as an oxidizing mediator in electron transfer from
the redox capacitor to the electrode. While the measured
current is still dependent on the amount of clozapine present, it

Figure 1. (a) Putative chemistry of catechol grafting to chitosan
(adapted from ref 20). (b) Standard reduction potentials and overall
electron transfer scheme for the major redox species discussed. (c)
Schematic of the catechol-modiﬁed chitosan redox cycling system. The
diﬀusing clozapine acts as an oxidizing mediator; the redox capacitor
allows for a repeating cycle of clozapine reduction in the presence of
reduced catechol followed by clozapine reoxidation at the anode (left;
E > 0.4 V). Conversely, under negative potentials, Ru(NH3)6 in
solution acts as a reducing mediator regenerating the oxidized catechol
(right).

is no longer limited by that concentration (rather by the redox
capacity of the ﬁlm), resulting in signiﬁcant ampliﬁcation of the
signal. To recharge the redox capacitor, negative potential is
applied in the presence of a reducing mediator such as
hexaammineruthenium(III) (Ru(NH3)6; E0 = −0.135 V vs Ag/
AgCl 1 M KCl).23

2. MATERIAL AND METHODS
2.1. Experimental Setup. We fabricated planar gold working
electrodes (7.5 × 7.5 mm2, 200 nm Au on 20 nm Cr adhesion layer)
using standard photolithography processes on Si/SiO2 wafers. The
three-electrode cells were completed with a platinum foil counter
electrode and an Ag/AgCl reference electrode (1 M KCl electrolyte;
CH Instruments; Austin, TX). For the experiments investigating the
impact of negative potential application, commercial 2 mm diameter
gold disk working electrodes and platinum wire counter electrodes
(CH Instruments; Austin, TX) were utilized to achieve an oxygen-free
environment where needed. In this case, nitrogen was bubbled into the
test solution through tubing for 10 min, and gas ﬂow was cut oﬀ
immediately prior to the measurement. In contrast to the custom
electrodes mentioned above, the commercial ones enable hermetic
sealing of the electrochemical cell to retain the nitrogen-rich
atmosphere throughout the experiment. Electrochemistry was
controlled through a CHI660D potentiostat (CH Instruments), or a
VSP-300 potentiostat (Biologic; Claix, France) in the case of oxygenfree environment. All voltages are denoted with reference to the Ag/
AgCl 1 M KCl electrode.
2.2. Redox Cycling System Biofabrication. We followed
published protocols on chitosan electrodeposition and catechol
electrografting.21 We deposited chitosan from solution (1% in dilute
HCl, pH 5−6) onto the working electrodes at constant cathodic
current (6 A/m2) for 45 s. The chitosan forms a ﬁlm as it turns
insoluble near the electrode due to the local pH increase
deprotonating its amine groups. We graft catechol onto the chitosan
amine groups by applying constant anodic potential (+0.6 V) for 180 s
in solution (5 mM in 0.1 M pH 7 phosphate buﬀer (PB)). All
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chemicals were purchased from Sigma-Aldrich (St. Louis, MO), and
solutions prepared with deionized (DI) water (R > 18 Ω cm).
2.3. Experimental Protocols. To carry out measurements, the
three electrodes were immersed in test solutions based on PB. The
solutions were spiked with Ru(NH3)6 and an oxidizing mediator−
clozapine, its metabolite norclozapine, or dopamine. Unless otherwise
noted, cyclic voltammetry was recorded between −0.4 V and +0.7 V at
a scan rate of 0.02 V/s. Each electrode was used for two experiments: a
baseline measurement in solution without oxidizing mediator, and a
sample measurement in the actual test solution. The exception was
reusability testing, where this alternating mode of measurements was
carried on for a total of 18 experiments. Between experiments, the
electrodes were rinsed in DI water. Phosphate buﬀered saline (PBS)
for storage purposes was prepared as 0.01 M PB and 0.1 M NaCl.
2.4. Data Analysis. The baseline data allow for two modes of data
processing. First, background subtraction refers to the subtraction of
the baseline signal IB from the sample signal I, such that I ̂ = I − IB.
This allows for better visualization of the signal due to the analyte (or
interferent) of interest. Second, normalization refers to dividing both
baseline and sample signal by the total charge transfer per voltammetry
cycle Q = ∫ cycle dIB × 50 s/V measured in the baseline, such that
normalized signal S = I / Q. As laid out in Section 3.1, this procedure is
useful in situations where biomaterial degradation plays a role. All
processing was carried out in OriginPro (OriginLab; Northampton,
MA). To characterize goodness of ﬁt, we utilize R2 as well as the norm
of residuals NR.

3. RESULTS AND DISCUSSION
3.1. Catechol-Modiﬁed Chitosan Reliability. We seek to
understand the material-related performance degradation of our
redox cycling system with reuse as well as with storage. This
will enable us to better assess fouling mechanisms in
transitioning to complex biological samples, as well as to
gauge applicability of our system as a packaged point-of-care
sensor. While biofabrication enables our unique sensor
functionality, the biomaterial ﬁlms are inherently more fragile
than solid-state components.
To test reusability, we perform 9 experiments with fresh 25
μM clozapine samples in sequence using the same modiﬁed
electrode, interleaved with baseline measurements. The cyclic
voltammograms in Figure 2a reveal a linear decrease in peak
current of 1.04 ± 0.03 μA (2.2% of the absolute signal) with
each consecutive clozapine sample (R2 = 0.992). At the same
time, the potential where the peak is observed increases by 5.47
± 0.22 mV (1.2%) each time (R2 = 0.988). We ﬁnd that the
signal degradation can be accounted for when normalizing each
experiment with respect to the immediately preceding baseline
measurement. Speciﬁcally, we evaluate the total charge transfer
Q in the baseline voltammetry. Thus, we derive a normalized
signal S = I / Q for the clozapine samples from the measured
current I. In Figure 2b, the nearly constant level of S with
progressing experiments becomes immediately apparent. Indeed, linear regression analysis of peak signals fails to yield R2 >
0, indicating an S independent of the number of successive
experiments; for a horizontal line with S = 24.8 ks−1, we
determine a norm of residuals of only NR = 0.7 ks−1 (2.9%).
The concurrent decrease of both baseline and sample signals
observed indicates that the dominant mechanism aﬀecting
reusability is ﬁlm degradation from repeated electrochemical
measurements (and/or associated rinses), rather than ﬁlm
fouling due to clozapine. In the latter case, the baseline and
sample signal would be expected to increase with each exposure
to clozapine, as more becomes entrained in the ﬁlm. The
observed shift in peak potential implies a slowing down of the
redox cycling kinetics.23 This is consistent with the hypothesis

Figure 2. Selected cyclic voltammograms (lines; oxidative region
shown) and clozapine signal peaks (gray triangles) for solutions
containing 25 μM clozapine measured with the same catecholmodiﬁed chitosan electrode. Corresponding baseline measurements
are included (black dots). The arrows indicate the progression of
measurement runs. (a) The measured signal decreases by 2.4% with
each electrode use, accompanied by a 1.2% increase in peak potential.
(b) Normalization with respect to immediately preceding baseline
measurements reveals constant sensor performance.

of catechol-modiﬁed chitosan ﬁlm degradation, where grafted
catechol may be lost over time, leading to longer mean diﬀusion
time of clozapine between the electrode and electron-donating
catechol.
Overall, while limited ﬁlm degradation is observed, the
intrinsic performance of our sensor appears to be well
conserved, potentially allowing for feasibility of eventual
continuous monitoring systems. When transitioning to blood
plasma samples, we expect signal degradation to be more
pronounced due to electrode fouling with other compounds,
especially proteins. However, the normalization is clearly
promising, and can at the very least simplify experimental
procedures in a research setting. It may further be of use for
other redox-based sensors, especially those based on biomaterial constructs.
Another important factor is the stability of the biomaterials
over prolonged times of storage, especially toward real-world
application. To evaluate catechol-modiﬁed chitosan degradation, we biofabricated multiple catechol-modiﬁed chitosan ﬁlms
(day 0). Half of these were immersed in PBS for storage, half
were kept in air, both under ambient light conditions. We
removed individual electrodes at either day 3, 10, 17, or 24 and
proceeded with clozapine measurements. For PBS-stored ﬁlms,
another round of tests was conducted on days 56, 63, 70, and
77. Analogous to the reusability study, we visualize baseline
charge-normalized data for select time points. Figure 3a
illustrates a consistent 57.5 ± 3.0% loss in peak signal for air
storage independent of storage time (days 3 through 24; S =
14688
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Without the option of storage, biofabrication would have to
occur on-site outside of a controlled environment, likely
decreasing accuracy as well as ease of use. If signal degradation
with reuse cannot be corrected for when measuring blood
plasma samples, then this concern is compounded, as every
sample would require a single-use catechol-modiﬁed chitosan
ﬁlm. Investigation of diﬀerent storage environments (argon,
vacuum, diﬀerent buﬀers, and so forth) may further enhance
shelf life in the future.
3.2. Impact of Reducing and Oxidizing Mediators. Of
similar importance to understanding material system properties
is that of the redox reactions involved. These have signiﬁcant
impact on the signal-to-noise ratio of the sensor. For our redox
cycling system, we identify two basic categories: (1) the
reducing mediator to restore catechol to its reduced state,
ensuring continued ampliﬁcation and (2) the oxidizing
mediator, i.e., the analyte of interest (clozapine) as well as
possible interferents with similar properties. These factors
become especially important in transitioning to complex
biological samples, where thousands of speciessome of
them redox-active24can interact with the redox cycling in
numerous ways to depress the signal-to-noise ratio.
3.2.1. Reducing Mediator. First, we consider the role of the
reducing mediator, which is expected to play a signiﬁcant role
in ensuring consistent clozapine signal ampliﬁcation. In Figure
4a, we plot the cyclic voltammetry signal for 25 μM clozapine
test solutions with varying concentrations of Ru(NH3)6,
subtracted by the respective baseline without clozapine. The

Figure 3. Normalized cyclic voltammograms (oxidative region shown)
for solutions containing 25 μM clozapine measured with catecholmodiﬁed chitosan electrodes immediately after biofabrication (black
solid) and for various storage conditions. Corresponding baseline
measurements are included (black dots). The arrows highlight the
impact of storage on the clozapine signal. (a) The signal decreases
sharply by 58% with storage in air for 3 days (red short dash), with no
signiﬁcant changes through 24 days (blue short dash dot). An average
baseline signal is shown for reference (black dots). (b) When stored in
PBS, with days 3 (red dash), 24 (blue dash dot), 56 (green dash), and
77 (purple dash dot) shown, the signal linearly degrades by 0.26% per
day. An average baseline signal is shown for reference (black dots).

14.3 ks−1; NR = 1.3 ks−1 (9%)) compared to day 0 (S = 24.8
ks−1). Electrodes in solution, conversely, display very gradual
degradation in the recorded peak signals in Figure 3b
throughout the time series, at 0.255 ± 0.072% per day (R2 =
0.64; NR = 4.1 ks−1 (16%)). We attribute the observed
behavior to an irreversible collapse of the chitosan hydrogel
matrix upon prolonged exposure to air. Although quantiﬁcation
of the chitosan thickness in its hydrated state was not possible,
this is in line with qualitative visual observations of the ﬁlms.
Such a collapse may restrict diﬀusion in the chitosan matrix,
yielding low peak signals. In solution, the mechanism appears
to be distinct, the steady decrease in performance accompanied
by a peak potential shift reminiscent of what was observed in
the reusability study. This suggests a similar degradation of the
catechol-modiﬁed chitosan ﬁlm, combined with a gradual
degrafting of catechol into the storage solution. As oxygen was
present both in air (free) and in solution (dissolved), we do not
believe it to be the determining factor in either mechanism; the
same applies for natural variations in temperature and light.
Both storage approaches have distinct advantages with
respect to eventual point-of-care application. At a performance
loss of less than 10% over one month of storage in solution, the
redox cycling system retains high sensitivity, but will suﬀer from
increased storage time- and condition-dependent variability.
Conversely, with storage in air, the signals show 3-fold lower
variability compared to solution, at the cost of lower sensitivity.

Figure 4. (a) Cyclic voltammograms (oxidative region shown; baseline
subtracted) measured with catechol-modiﬁed chitosan electrodes for
solutions containing 25 μM clozapine and Ru(NH3)6 at 0 μM (red
dash dot dot), 6.25 μM (green dash dot), 25 μM (black solid) or 100
μM (blue dash). The reducing mediator enhances clozapine signal
ampliﬁcation up to 1.75 times. (b) Corresponding baseline measurements (i.e., without clozapine) illustrating the increase in noise with
the addition of Ru(NH3)6.
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utility of the reducing mediator becomes immediately
apparentthe clozapine peak current is up to 1.75 times
higher in the presence of Ru(NH3)6 compared to its absence.
The peak potential increases by 46 ± 1 mV in the presence of
Ru(NH3)6, and an additional positive shift of 391 ± 15 μV per
μM of Ru(NH3)6 is indicated (R2 = 0.998). The mechanism
here is distinct from that underlying the shifts observed in 3.1,
where the chitosan matrix or the grafted catechol were
compromised. Instead, with the kinetics likely unaﬀected, the
Ru(NH3)6 enables longer sustenance of the redox cycle,
resulting in a mainly temporal delay of the peak potential.
Furthermore, we observe a nonlinear dependence of clozapine
signal ampliﬁcation on Ru(NH3)6 concentration. At 6.25 μM,
Ru(NH3)6 is signiﬁcantly less abundant than the clozapine. In
this case, the oxidizing mediator is more eﬃcient at discharging
the catechol than the reducing mediator is at recovering it,
resulting in suboptimal ampliﬁcation of the clozapine signal. At
25 μM, we record maximum ampliﬁcation, the clozapine
oxidation now no longer limited by insuﬃcient recharging of
the catechol. While intuitively, an even higher concentration of
100 μM Ru(NH3)6 should not adversely aﬀect redox cycling
performance, we note a drop in ampliﬁcation performance. We
hypothesize this is due to the large concentration of Ru(NH3)6
causing a very high intrinsic background signal, yielding smaller
relative changes when introducing clozapine. The supporting
data is displayed in Figure 4b, showing the successive increase
in recorded current from baseline measurements with
increasing Ru(NH3)6. Thus, while the reducing mediator is
essential for sustained clozapine signal ampliﬁcation, its
concentration needs to be chosen with the dynamic range of
the application in mind. When considering blood plasma
samples, this implies that the signal-to-noise ratio of our
approach may be impacted by the concentration of endogenous
strong reversible reducers with standard reduction potentials
similar to that of Ru(NH3)6, such as ubiquinone.25 Such species
will require further investigation on their ability to interact with
the ﬁlmif they are active as reducing mediators, a strategy for
ensuring consistent levels between samples will have to be
researched.
In the absence of Ru(NH3)6, omission of the negative
potential region in CV cycles would not be expected to impact
clozapine ampliﬁcation positively or negatively. The negative
potentials facilitate recharging of the catechol in the presence of
Ru(NH3)6. Without a reducing mediator, we would expect a
decrease in clozapine peak current with increasing number of
cycles as the catechol is discharged, independent of the negative
potential. However, in Figure 5a,b, we illustrate that the
omission of the negative potential in cyclic voltammetry (i.e.,
recording between 0 and +0.7 V) yields a 2.47-fold decrease in
the clozapine signal compared to measurements over the full
potential range. This decrease can be recovered by application
of a 30 s, −0.35 V pulse. We hypothesize this is related to
electrophoretic transport of clozapine (pKa,1 = 3.92 and pKa,2 =
7.75; predominantly positive charge state at pH 7)26 enhancing
the locally available concentration at the electrode.27 We note
that we are operating at an ionic strength of 223 mM, and thus
charge screening eﬀects need to be considered. The Hückel
equation allows for ﬁrst-order approximation of electrophoretic
mobility μ0,∞, which can further be expressed as a function of
ionic strength μ0(IS) using the extended Onsager model.28,29
For clozapine, the decrease in electrophoretic mobility in PB
can thus be estimated to be μ0(223 mM) / μ0,∞ ≈ 0.5 (allowing
for some uncertainty in its hydrodynamic radius), supporting

Figure 5. (a) Schematic of potential sweeps utilized in these
experiments: Standard full voltammetry cycle (black solid); omission
of negative potential range (blue dash); Application of negative
potential pulse (red dash dot). Bold sections are plotted below. (b−d)
Impact of applied negative potential on ampliﬁcation, showing
electrostatically driven transport of clozapine for catechol-chitosanmodiﬁed, bare, and chitosan-only-modiﬁed electrodes.

that electrophoretic eﬀects cannot be neglected. Moreover,
similar conditions in terms of pH and ionic strength have
previously been utilized in capillary electrophoresis studies of
clozapine.30,31
To further test our hypothesis, we conduct identical
experiments using electrodes coated only with chitosan, or
entirely unmodiﬁed. These are carried out in nitrogen-rich
environment to further rule out the possibility oxygen-related
interference−oxygen reduction is prominent at −0.2 V. Due to
the diﬀerent nature of the electrochemical cell necessitated by
14690

dx.doi.org/10.1021/la503529k | Langmuir 2014, 30, 14686−14693

Langmuir

Article

the environmental requirements, the absolute current values
cannot be directly compared to previous results. Relatively, we
indeed observe similar behavior on bare electrodes in Figure 5c,
a 1.26-fold decrease is apparent which is subsequently
recovered. On chitosan-only electrodes in Figure 5d, the eﬀect
becomes more pronounced with a factor of 1.87. Therefore, we
believe that in a diﬀusion-limited environment (the chitosan)
electrophoretic transport plays a signiﬁcant role, while diﬀusion
dominates for bare electrodes. This electrophoretic eﬀect may
explain preconcentration eﬀects observed and utilized, but not
further investigated, by other authors.32−35 The signiﬁcant
signal gain observed in these studies on bare electrodes is likely
due to the diﬀerent nature of the electrodes utilized (carbon- or
mercury-based rather than gold), which may serve to adsorb
the transported clozapine until the measurement is initiated.
Moving toward complex biological samples, fully utilizing this
electrophoretic eﬀect may prove critical in achieving a clinically
relevant detection limit. The approach is clearly not limited to
the catechol-modiﬁed chitosan system, and understanding its
nature will allow a wide range of clozapine detection schemes
to better take advantage of it.
3.2.2. Oxidizing Mediator. Human blood plasma is a highly
complex ﬂuid, containing a wide variety of chemical species,
some of which are known to be electrochemically active.17 We
have previously demonstrated dose-dependent response in
human serum.16 However, for our redox cycling system to serve
as an eﬀective clozapine sensor, we need to understand the
impact of other redox species on the recorded signals. We
selected two prime candidates for investigation: norclozapine,
the pharmacologically active metabolite of clozapine, featuring
nearly identical structure;36 and dopamine (E0 = +0.182 V vs
Ag/AgCl),37 a well-studied representative catecholamine
present in blood, which may be expected to interact with the
catechol-based detection mechanism. The relevant chemical
structures and similarities are illustrated in Figure 6a. In Figure
6b, we record signals from solutions spiked with either
clozapine or one of two potential interferents. From the
graph, we ﬁnd that norclozapine displays similar ampliﬁcation
behavior to clozapine with a dose-dependent response. This
shows that norclozapine, like clozapine, is able to act as an
oxidizing mediator in the catechol-modiﬁed chitosan system.
However, the peak potential is +0.11 V higher compared to
clozapine. This limits the potential for interference, and may
even enable simultaneous monitoring of both compounds in
mixed samples using peak deconvolution algorithms. While
norclozapine blood concentration does not have a proven
correlation with treatment eﬃcacy, it is still routinely reported
in current practice, and data on its impact on treatment safety is
insuﬃcient.11 Hence, a dual sensor for both the clozapine and
its metabolite oﬀers added utility both for the point-of-care as
well as clinical research. Dopamine shows a concentrationdependent redox signal around 0.2 V, in line with expectations
and far removed from the signal observed with either clozapine
or norclozapine.37 The higher peak current from dopamine is
likely due to faster electron transfer kinetics, and hence higher
redox cycling eﬃciency, over clozapine and norclozapine, which
is also reﬂected in the sharper deﬁnition of the dopamine peak.
We also note that dopamine did not eﬀect changes in baseline
recordings conducted after dopamine sample measurements,
indicating no permanent changes in our redox cycling system in
spite of its catechol-like nature. It appears the catechol occupies
a near-equilibrium fraction of exposed chitosan amine groups,
and thus combined with the short residence time of dopamine

Figure 6. (a) Chemical structures of (from left to right) clozapine, its
metabolite norclozapine, the catecholamine dopamine, and catechol.
(b) Cyclic voltammograms (oxidative region shown; baseline
subtracted) measured with the catechol-modiﬁed chitosan electrodes
for solutions containing various oxidizing mediators: 25 μM clozapine
(red solid); 25 μM (blue dash dot) or 50 μM (blue dash)
norclozapine; and 25 μM (green dash dot) or 50 μM (green dash)
dopamine. This illustrates the capability of the redox cycling system to
diﬀerentiate certain redox-active species.

in its oxidized form due to redox cycling only negligible
dopamine grafting occurs. Not observing the detrimental
impact of dopamine on the catechol-modiﬁed chitosan system
at the high concentrations investigated, its presenceand that
of other catecholaminesin blood samples is clearly not a
concern at the typical concentrations around 1 nM.38
Overall, these experiments demonstrate that selectivity based
on standard reduction potential is conserved in the redox
cycling system. This is in addition to multiple inherent
properties of the redox capacitor contributing to clozapine
selectivity. First, because the ampliﬁcation relies on redox
cycling, redox species that show irreversible reduction or
oxidation will contribute signiﬁcantly less to the electrochemical
signal. Only the signal from reversible or quasi-reversible
species, such as clozapine, will be ampliﬁed. Second, the
catechol has a standard reduction potential of E0 = +0.132 V vs
Ag/AgCl, limiting signal ampliﬁcation to species with a higher
E0. Those with lower E0 cannot participate in discharging the
redox capacitor. In combination with our previous results in
human serum, we believe this is encouraging for applying the
redox cycling system toward sensing in real-world biological
samples with mixtures of analyte and interferents. However,
further study of cross-reactions and interference is clearly
required.

4. CONCLUSIONS
Our in-depth study of the material and electrochemical
parameter space furthers the understanding of the catecholmodiﬁed chitosan ﬁlms as sensors and of the electrochemical
behavior of clozapine, as well as their interplay. We illustrate
the critical function of the reducing mediator in this redox
cycling approach, where careful attention has to be paid to the
choice of concentration, contributing up to 1.75-fold to signal
ampliﬁcation. The study of electrical potential application
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illustrates electrophoretic transport of clozapine playing a
similarly signiﬁcant role in signal enhancement, especially in
diﬀusion-limited environments, accounting for a factor of up to
2.47. This fact may be exploited in the future to enhance
sensitivity and selectivity of not just our redox cycling approach,
but also other electrochemical clozapine sensors. We further
demonstrate the ability to diﬀerentiate three distinct redoxactive speciesclozapine, its structurally largely analogous
metabolite norclozapine, and the representative catecholamine
dopaminewith the catechol-modiﬁed chitosan system,
showcasing aspects of selectivity. This also opens up the
possibility of applying the redox cycling approach to detect
other reversible redox species such as dopamine, where the
knowledge gained in our study will provide guidelines for
optimization. We moreover demonstrate the feasibility of ﬁlm
storage over weeks, critical when considering packaged pointof-care sensors, with performance degradation limited to
0.26%/day, which may be further optimized by investigating
a range of storage solutions. The signal degradation trends with
reuse, where absolute signal loss of 2.2% can be accounted for
with signal processing, demonstrate the overall robustness of
our biomaterial system and show that clozapine itself does not
foul the sensor. This will be useful in comparison to similar
studies in plasma to elucidate fouling mechanisms. In the
future, our understanding may further beneﬁt from comparative
studies between our biomaterial-based redox cycling system and
solid-state ones.39−41
Transitioning to complex samples such as blood plasma and
miniaturizing the system will both put stringent requirements
on sensor performance. As mentioned before, plasma contains
many potential interferents, and ﬁlm fouling is expected to
become more substantial. A microenvironment is dominated by
diﬀerent physicochemical eﬀects than macro-scale systems, with
e.g. diﬀusion being of much greater importance. We expect the
insights gained through the experiments presented here will
guide the necessary optimization toward a lab-on-a-chip system
to monitor clozapine treatment. Such a system will allow for
broader use of clozapine by increasing convenience to patients
as well as medical professionals, thus improving the lives of
people aﬀected by schizophrenia through personalized
medicine.
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