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We investigate gold, TiN, and platinum in combination with a chitosan–catechol-based redox-cycling system
(RCS) for electrochemical detection of the antipsychotic clozapine. We have previously demonstrated the RCS
for detection of clozapine in serum, but challenges remain regarding low signal-to-noise ratios. This can be
mitigated by selection of electrode materials with beneﬁcial surface morphologies and/or compositions. We
employ cyclic voltammetry to assess the redox current generated by clozapine, and diﬀerentiate solely surfacearea-based eﬀects from clozapine-speciﬁc ones using a standard redox couple. We ﬁnd that nano- and
microstructured platinum greatly ampliﬁes the clozapine signal compared to gold (up to 1490-fold for platinum
black). However, the material performs poorly in the presence of chloride ions, and RCS modiﬁcation provides
no further ampliﬁcation. The RCS combined with atomic-layer-deposited (ALD) TiN, on the other hand,
increases the signal by 7.54 times, versus 2.86 times for RCS on gold, with a 9.2-fold lower variability, indicating
that the homogenous and chemically inert properties of ALD-TiN may make it an ideal electrode material.

1. Introduction
Electrochemical sensors are appealing due to their ability to directly
translate chemical events into electronic signals, which are easily read
out [1]. This makes them uniquely versatile and well-suited for
miniaturization. A major challenge, especially in clinical samples like
blood, is interference from multitudes of other chemical species, many
of them redox active [2]. Typical applications, therefore, utilize highly
speciﬁc recognition elements (e.g. antibodies) or target high-concentration analytes (e.g. glucose) [3,4]. To open up a wider range of
targets, however, diﬀerent electrode modiﬁcation strategies to confer
selectivity are required and have been pursued [5,6]. Particularly when
applying biomaterial-based modiﬁcations on top of solid-state electrodes, one point of great interest (yet often neglected) is the choice of the
underlying electrode material, which fundamentally aﬀects the ability
of the sensor to interact with the analyte to produce a signal. Surface

morphology, physicochemical interaction with the target analyte, and
propensity for fouling or oxidation are all material characteristics that
aﬀect sensor performance. Optimization of these systems requires
careful investigation into the physicochemical properties of the electrode and its interactions with the analyte and interferents.
In the present work, we speciﬁcally consider a biomaterial-based
redox-cycling system (RCS) for ampliﬁcation of electrochemical signals
from small molecule analytes [7]. Our RCS comprises an electrodeposited chitosan matrix that facilitates grafting of catechol near the
electrode surface. This yields a redox capacitor, allowing for repeated
analyte oxidation at the electrode following reduction by catechol,
leading to signal ampliﬁcation. We have previously applied the RCS
toward sensing pyocyanin and, more recently, clozapine [8,9]. Clozapine is an antipsychotic drug, the most eﬀective one available for
managing treatment-resistant schizophrenia [10–12]. Electrochemical
sensing has the potential to greatly decrease the burden associated with
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Table 1
Electrochemical characterization results for the electrode materials studied in this work. The model redox couple ferri/ferrocyanide gives an indication of the eﬀective electrochemical
surface area. Toward therapeutic drug monitoring of clozapine, materials were tested with (RCS) and without (bare) further redox-cycling system modiﬁcation in either PB or PBS. For
each group, the relevant gold reference is in italics, and relative ampliﬁcation by more than a factor of ﬁve is in bold.
Material

Au
TiN
Pt-ref
Pt-black

Electrochemical peak current (normalized to bare gold electrode)
Ferri/ferrocyanide

Clozapine in PB

Bare

Bare

RCS

Bare

RCS

1.00 ± 0.05
0.88 ± 0.07
250 ± 56
1490 ± 150

3.04 ± 0.59
6.14 ± 0.86
125 ± 19
–

1.00 ± 0.25
1.10 ± 0.15
32 ± 11
193 ± 20

2.86 ± 1.25
7.54 ± 0.36
–
–

1.00
1.05
1.40
2.70

±
±
±
±

0.02
0.01
0.04
0.18

Clozapine in PBS

required safety and eﬃcacy monitoring (therapeutic range: 1–3 μM) by
reducing sample volumes and bringing testing closer to the patient
[13]. Like many electrochemical sensors, the use of our RCS has so far
been limited to gold electrodes, achieving a detection limit of below
1 μM in human serum [14]. Gold is easily microfabricated and wellcharacterized; however, it is not as inert as many studies assume, and
may not be an optimal choice for a given sensor [15]. Diﬀerent surface
chemistry could speciﬁcally reduce the free energy associated with
clozapine oxidation (E ≈ +0.38 V vs. Ag/AgCl 1 M KCl) and diﬀerent
surface morphologies could increase the area for interaction.
In this work, we evaluate gold, TiN, and platinum in combination
with the RCS for detection of clozapine. TiN is a conductive ceramic
with excellent inertness and stability [16]. In the context of analytical
electrochemistry this material has to date only been utilized in the form
of thicker and more porous physical or chemical vapor deposition ﬁlms;
we instead utilize atomic layer deposition (ALD) to create a low-defect,
homogenous ﬁlm that allows us to further emphasize its inherent inert
properties. By contrast, platinum is a noble metal with well-established
catalytic properties. Electroplating allows us to further focus on this
aspect by comparing reﬂective (Pt-ref) and highly textured (Pt-black)
surface morphologies [17]. Although this is a relatively common
electroanalytical electrode material, it has not been considered as a
substrate for further modiﬁcation, or in the context of clozapine
sensing. In our study, we visualize the morphologies of the electrodes
using electron microscopy. We employ cyclic voltammetry for the
electrochemical characterization, initially with a standard redox couple
to assess surface area enhancement. Finally, we quantify the speciﬁc
clozapine sensing performance of the electrode materials with and
without the RCS relative to bare gold electrodes.

following published procedures after another Piranha cleaning step [9].

2. Materials and methods

We summarize our results in Table 1, where we report electrochemical signals in terms of the normalized peak current (with bare
gold deﬁned as 1.00) and the associated standard deviation (referred to
subsequently as variability, and discussed in the text as a percentage of
the associated mean) for each solution and all materials investigated.
We discuss these results in depth in the following sections.

2.3. Surface characterization
The eﬀective electrochemical surface area was characterized by
cyclic voltammetry ( ± 0.25 V around open circuit potential, scan
speed 100 mV/s) in 10 mM sodium phosphate buﬀer (PB; pH 7)
containing 5 mM ferricyanide, 5 mM ferrocyanide, 100 mM NaCl.
Scanning electron microscopy (SEM) relied on a Hitachi SU-70 and a
Tescan XEIA.
2.4. Sample solutions
We purchased all chemicals from Sigma-Aldrich, and prepared
solutions with deionized water (> 16 MΩ cm). Solutions were based
on either 0.1 M PB (pH 7) or 1× phosphate-buﬀered saline (PBS;
10 mM PB, 2.7 mM KCl, 137 mM NaCl; pH 7.4). Samples contained
either 50 μM hexaammineruthenium(III) chloride alone (reducing
mediator required for RCS; negative control), or had an additional
50 μM clozapine.
2.5. Electrochemical testing
We performed cyclic voltammetry (potential range −0.4 V to
+ 0.7 V, scan speed 10 mV/s), recording negative controls followed
by clozapine samples for each electrode. We present the averages
(N = 3) of the background-subtracted recordings.
3. Results and discussion

2.1. Electrochemical setup
VSP-300 potentiostat (Bio-logic); platinum counter electrode; Ag/
AgCl reference electrode (1 M KCl electrolyte; CH Instruments; all
potentials are denoted vs. this reference).

3.1. Surface area characterization
2.2. Working electrode fabrication
Initially, we consider the eﬀective electrochemical surface area as
determined with the model ferri/ferrocyanide redox couple. This
should allow for de-coupling of speciﬁc clozapine signal enhancement
from pure increases in surface area. TiN shows a minimal 1.05-fold
increase, with the eﬀective surface area still deﬁned by the underlying
gold due to negligible lateral conductivity in the thin unpatterned TiN
ﬁlm. With Pt-ref, we observe a 1.40-fold gain, indicating that the
electroplating process introduces non-negligible surface roughness, in
spite of appearing gray and reﬂective under visual inspection. As
expected, Pt-black exhibits the most robust surface area enhancement
of 2.70 ×, matched by a deep black color of the ﬁlm. It also became
apparent that manufacturing variability increases disproportionately

We fabricated thin-ﬁlm gold electrodes (5 × 5 mm2; 200 nm gold
on 20 nm chrome adhesion layer) by sputter deposition, photolithography (Shipley 1813), and wet etching on SiO2. After dicing, the
electrodes were cleaned by successive rinsing with acetone, isopropanol, and methanol, 1 min immersion in Piranha solution(1:3 hydrogen
peroxide:sulfuric acid), and ﬁnally rinsing with deionized water. Pt-ref
was subsequently electroplated in 1% chloroplatinic acid, 0.0025%
hydrochloric acid solution by applying − 2.500 mA for 5 min. Pt-black
was fabricated similarly, with addition of 0.05% lead acetate as a
catalyst and a higher current of − 7.500 mA [17]. TiN was coated with
ALD (Beneq TFS 500; 400 cycles ≈ 30 nm). RCS ﬁlms were applied
34
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Fig. 1. (a) SEM images of gold, TiN, platinum, and Pt-black electrodes. (b–c) Cyclic voltammograms (oxidative section of third cycle) of clozapine solutions (b) in PBS utilizing gold and
TiN electrodes, without or with further RCS modiﬁcation; (c) in PB or PBS utilizing gold (same as in b) and Pt-ref electrodes, without or with further RCS modiﬁcation. Peak potentials are
marked by symbols on the curves together with peak current standard deviations.

oxidative surface fouling during chitosan electrodeposition wherein
cell potentials exceed + 1.5 V. Both of these factors are eliminated with
TiN, due to the high homogeneity of an ALD ﬁlm and reduced oxidative
fouling of the electrode during RCS modiﬁcation consistent with e.g.
Avasarala's work [19]. The same trends are also observed in PB,
although they are somewhat less pronounced due to the absence of
the aforementioned chloride reaction.

for this material, exceeding 5%.
We visualize the surface morphology of the materials through SEM
in Fig. 1a, supporting the electrochemical results. Gold and TiN appear
very similar – ﬂat surfaces with only nanoscale defects – as is expected
from the thin, conformal nature of the ALD TiN coating. Pt-ref exhibits
structure at the sub-micron level, explaining its eﬀective surface area
increase while remaining highly reﬂective in the visual spectrum. Ptblack stands out with well-deﬁned fractal micro/nano surface morphology. We veriﬁed the material compositions with simultaneous energydispersive X-ray spectroscopy (EDS; not shown).

3.3. Platinum
In Fig. 1c, we present the electrochemical oxidation of clozapine in
PB with bare (black) and RCS-modiﬁed (red) Pt-ref electrodes (dashdotted lines), as well as data from PBS with bare Pt-ref (dash-dot-dotted
line), compared to bare gold (dotted line). An orders-of-magnitude
increase in signals with Pt-ref over gold becomes immediately apparent.
Interestingly, the highest performance is achieved with bare platinum
in PB, with an ampliﬁcation factor of 250 for Pt-ref. As seen in Table 1,
Pt-black extends this even further to 1490. To rule out experimental
artifacts, we conﬁrmed the concentration-dependent nature of the peak
(not shown). Combined with the negative shift in peak potentials, the
signal ampliﬁcation appears to conﬁrm the catalytic nature of the
material. We hypothesize, however, that purely surface morphologybased factors are also at play. Discussion of this needs to consider the
much less pronounced 1.40 × (2.70×) enhancement for Pt-ref (Ptblack) with the standard redox couple in Section 3.1, as well as the
morphologies observed in SEM. A key diﬀerence between the ferri/
ferrocyanide reaction and clozapine oxidation is that the former is
diﬀusion limited, while the latter is kinetics limited [20]. With a
diﬀusion-limited reaction, the electrochemical depletion layer thickness
is on the order of tens of microns; any surface morphologies at lower
size scales will not contribute to the electrochemical signal. Ferri/
ferrocyanide thus only shows a modest signal increase with the
nanostructured Pt-ref, and a somewhat more robust one in the addi-

3.2. Titanium nitride
In Fig. 1b, we show the electrochemical oxidation of clozapine in
PBS with bare (black) and RCS-modiﬁed (red) TiN electrodes (dashed
lines) in comparison to gold ones (dotted lines). As expected from the
initial characterization in the previous section, the bare electrode
signals are nearly identical between these two materials, with a
pronounced clozapine signal around 0.38 V. In the PBS solution used
here, the secondary peak around 0.5 V is attributed to a reaction
between chloride and the ruthenium-based reducing mediator [14]. As
with gold, TiN also shows signiﬁcant clozapine signal ampliﬁcation
with RCS modiﬁcation, accompanied by a peak shift from 0.38 V to
0.54 V due to the slower overall kinetics from multiple reactions in
redox cycling. However, the increase in current with RCS-TiN is much
more pronounced at 7.54 × compared to 2.86 × for RCS-gold in PBS
(the latter in line with previous data [9,18]). At the same time, while
variability increases to 44% for RCS-gold, it reduces to 5% for RCS-TiN,
reﬂecting an improvement in the signal-to-noise ratio by a factor of 9.2.
The use of TiN thus allows us to overcome one of the main challenges of
the RCS, namely a low reproducibility on gold electrodes. We hypothesize that this is related to nanoscopic defects in the gold translating into
much larger inhomogeneities in the RCS ﬁlm, as well as due to
35
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tional presence of the Pt-black microstructures. The kinetics-limited
clozapine, on the other hand, yields a much more surface-conformal
depletion layer. Its oxidation is thus selectively ampliﬁed by the nanoscale pores and roughness that our electroplated platinum exhibits,
functionally similar to certain non-enzymatic sensors for glucose
(another kinetics-limited analyte) [21,22].
Upon further modiﬁcation of Pt-ref with the RCS, we observe the
signal to decrease two-fold, disproving our initial hypothesis of
synergistic eﬀects between redox catalysis and cycling. It is consistent,
however, with part of the signal ampliﬁcation with Pt-ref arising from
its surface morphology combined with the kinetics-limited clozapine. In
combination, the RCS ﬁlm slows down diﬀusion, shifting the limitation
from kinetics toward diﬀusion [18]. The depletion layer is thereby
extended, which reduces the beneﬁts of the nano-structured surface and
outweighs that gained from the catalytic electrode surface.
While these ﬁndings make bare platinum seem a good candidate for
a stand-alone clozapine sensor, it suﬀers from three major limitations.
First, we observe high variability, which we attribute to a lack of
process reproducibility akin to formation of the RCS on gold, i.e. defects
in the gold potentiating during electroplating. We note that this
variability appears to aﬀect mostly the nano-scale structure, since it is
not apparent with the model redox couple on Pt-ref (3%, vs. 22% for
clozapine), but is comparable for both redox species on Pt-black (7% vs.
10%). Second, PBS – where the major diﬀerence compared to PB is the
presence of a near-physiological 140 mM chloride ions – depresses the
signal a practically identical 7.8- and 7.7-fold for Pt-ref and Pt-black,
respectively. This is in stark contrast to bare gold or TiN, where chloride
only resulted in a minor increase in variability due to the additional
signal from its purported reaction with the reducing mediator. The
signal degradation observed with platinum is believed to be the result
of the formation of a PteCl complex at the electrode surfaces [23]. The
presence of chloride ions, however, cannot easily be avoided in
biological samples. Third, without the RCS to confer additional
speciﬁcity for clozapine, interference from other kinetics-dominated
redox species such as uric and ascorbic acid would likely pose a
challenge [21,24]. Additionally, Pt-black electrodes were found to
degrade rapidly with use and storage, no longer yielding a viable signal
after just a few days (not shown), likely due to high levels of surface
oxygen interaction [25].
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4. Conclusions
The use of alternate electrode materials produced drastically
diﬀerent electrochemical data and highlights the importance of material consideration during sensor design. Our study for the ﬁrst time
considered atomic-layer-deposited TiN and electroplated platinum not
only as electrode materials in their own right, but as substrates for
additional biomaterial-based sensor modiﬁcations. Electroplated platinum electrodes inherently produced a very high clozapine signal, but
actually performed worse in combination with the redox-cycling
system. Moreover, the negative interactions in solutions containing
chloride ions make it a poor choice of material for use in a clinical
sensor platform. TiN, on the other hand, performed similar to gold on
its own, but showed a signiﬁcantly improved signal-to-noise ratio after
modiﬁcation with the RCS. This is largely attributed to the homogenous
nature of the ALD ﬁlm increasing process reproducibility, while inert
material properties also confer the advantage of better electrode
stability, including for storage. In the future, we plan on combining
the morphological advantages of platinum-based electrodes with the
material ones of TiN. Meanwhile, due to the combination of inherently
beneﬁcial material properties with ALD coating, TiN may be viewed as
a highly desirable electrode candidate for biomaterial-based electrochemical sensors.
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