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a  b  s  t  r  a  c  t

Schizophrenia  is  a lifelong  mental  disorder  with  few  recent  advances  in  treatment.  Clozapine  is  the  most
effective  antipsychotic  for schizophrenia  treatment.  However,  it remains  underutilized  since  frequent
blood  draws  are  required  to  monitor  adverse  side  effects,  and  maintain  clozapine  concentrations  in a
therapeutic  range.  Micro-system  technology  utilized  towards  real-time  monitoring  of  efficacy  and  safety
will enable  personalized  medicine  and better  use of  this  medication.  Although  work  has  been  reported
on  clozapine  detection  using  its electrochemical  oxidation,  no  in  situ  monitoring  of  clozapine  has  been
described.  In this  work,  we  present  a new  concept  for clozapine  in situ  sensing  based  on amplifying  its
oxidation  current.  Specifically,  we  use a biofabricated  catechol-modified  chitosan  redox  cycling  system  to
provide a  significant  amplification  of the  generated  oxidizing  current  of  clozapine  through  a continuous
cycle  of  clozapine  reduction  followed  by re-oxidation.  The  amplified  signal  has  improved  the  signal-to-
noise  ratio  and  provided  the  required  limit-of-detection  and  dynamic  range  for  clinical  applications  with
minimal  pre-treatment  procedures.  The  sensor  reports  on  the functionality  and  sensitivity  of  clozapine
detection  between  0.1  and  10 �g/mL.  The  signal  generated  by clozapine  using  the  catechol-modified

chitosan  amplifier  has shown  to be  3 times  greater  than  the  unmodified  system.  The  sensor  has  the  ability
to  differentiate  between  clozapine  and  its  metabolite  norclozapine,  as  well  as the  feasibility  to  detect
clozapine  in  human  serum  in  situ  within  the  required  dynamic  range  for  clinically  related  applications.
This  new  biosensing  approach  can be further  developed  towards  its  integration  in  miniaturized  devices
for  improved  personalized  mental  health  care.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction
One of the major challenges facing mental health clinicians is
hen patients discontinue care due to lack of optimized treatment.

his problem has usually been demonstrated in mental health ill-
esses where chronic conditions require prolonged treatment with
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harsh and burdensome side effects. For instance, schizophrenia is
one of the most complex psychiatric disorders. It is a lifelong illness
that affects 1.1% of the population worldwide. The estimated direct
and indirect costs of the illness exceeded $60 billion in 2002 [1].
Currently there is no cure for the disorder and lifelong treatment
with antipsychotic drugs is recommended [2]. Approximately 30-
50% of patients do not respond to primary, first-line antipsychotic
treatment [2–4]. Clozapine (CLZ), a second-line antipsychotic, is the
most efficacious medication currently available, providing effective
treatment for patients who are unresponsive to other antipsy-
chotics. It is also the only antipsychotic drug approved by the Food

and Drug Administration (FDA) for treatment-resistant schizophre-
nia [2,5–10]. Despite its high efficacy, CLZ remains underutilized
because of the required frequent and invasive blood draws to mon-
itor adverse side effects such as agranulocytosis (decrease in the

dx.doi.org/10.1016/j.electacta.2014.03.045
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mount of white blood cells) [11,12]. Frequent CLZ testing for
ose titration and efficacy monitoring has been shown to improve
reatment outcomes and reduce the risk of toxicity [13–18]. How-
ver, this is often not implemented due to the frequent visits and
upplementary blood draws required of patients, in addition to
he weekly white blood cell counts over the first six months of
reatment [19–25]. Miniaturized devices have the potential to revo-
utionize the way these illnesses are currently being treated, and to
mprove overall mental health care outcomes. For example, real-
ime monitoring of CLZ at the point-of-care will provide a rapid
n-office means for physicians to monitor CLZ levels and adjust
osages accordingly to reach safe and effective blood levels. This
pproach will potentially reduce the cost and burden of moni-
oring, and increase the acceptance of CLZ treatment by patients
nd prescribers, leading to improved symptom control in patients
9,26,27].

Electrochemical biosensors are based on bioelectrochemical
eactions of electro-active species being consumed or generated.
y measuring the electrical signal from these reactions, oxida-
ion/reduction of an analyte is detected [28,29]. Portable integrated
lectrochemical microsystems provide numerous advantages in
linical diagnostics, environmental monitoring and biomedical
esearch fields. These translational technologies can be easily real-
zed using microfabrication technology for the development of
n-chip electrochemical microsystems where the sensing elec-
rodes are integrated directly onto the microchip. This approach
ields high magnitude signals and relatively low noise, with detec-
ion limits that are satisfactory for many practical applications
29,30]. Over the years, the electrochemical activity of CLZ [31,32]
nd its detection [33–57] were investigated. Still, only a small sub-
et of studies showed electrochemical analysis of CLZ in blood
amples [31,42,43,47,49]. Notably, these studies relied on exten-
ive sample pre-treatment procedures prior to the electrochemical
easurement; e.g. electrode rinsing and testing in a serum-free
easurement cells, or deoxygenation with nitrogen. These pre-

reatment procedures are mainly due to the increased background
ignal from electrochemical reactivity and non-specific adsorption
f molecules in the serum, decreasing the signal-to-noise ratio and
eteriorating the overall performance of the sensor. However, as
hese procedures add cost, time, and complexity to the system, the
tilization for in situ real-time CLZ sensing at the point-of-care is

mpeded.
In this work, we present a new concept for in situ CLZ

ensing based on an electrochemically-active biomaterial for CLZ
xidation amplification. We  leverage the naturally derived polysac-
haride chitosan, a versatile biomaterial [58,59], as a scaffold for
ubsequent modification with electrochemically-active catechol,
esulting in a redox cycling system [60–64]. This allows for sig-
ificant amplification of the generated oxidizing current of CLZ
hrough a continuous cycle of CLZ reduction by the catechol

oieties followed by re-oxidation at the electrode. The continu-
us redox reaction increases the total charge transferred by CLZ
xidation, amplifying the generated electrochemical current and
mproving the signal-to-noise ratio. This provides the improved
ensitivity and detection range required for in situ CLZ analy-
is of clinical samples, i.e. blood levels between 0.350 �g/mL and

 �g/mL for high efficacy and low toxicity [17]. In this work we
tudy the functionality and detection limit of CLZ sensing with
he amplification system. We  also characterize selectivity with
espect to the CLZ principal metabolite norclozapine (NorCLZ).
inally, we demonstrate the feasibility of the sensor to detect
LZ in human serum in situ within the therapeutic range. There-

ore, the presented biosensing mechanism represents a promising
andidate for integration in miniaturized analytical devices with
inimal pre-treatment procedures for real-time in situ detection of

LZ.
 Acta 130 (2014) 497–503

2. Experimental

2.1. Materials

All chemicals were purchased from Sigma-Aldrich. Chitosan
solution (1%; pH 5–6) was  prepared by dissolving chitosan flakes in
dilute HCl as previously described [65]. All other chemical solutions
were prepared in phosphate buffer (PB; 0.1 M;  pH 7).

Characterization of the biosensing mechanism in buffer solution
was performed with microfabricated planar square gold electrodes.
These electrodes (7.5 × 7.5 mm2 electrode area; 20 × 8 mm2 chip
dimensions; 1 electrode per chip) were fabricated using standard
microfabrication techniques. Briefly, 20 nm of chrome and 180 nm
of gold were sputtered on 4 inch diameter silicon wafers insulated
by 500 nm of PECVD silicon oxide, patterned using photolitho-
graphy, and diced into chips. Prior to experiments, they were
subjected to consecutive cleaning steps using acetone, methanol,
isopropanol, piranha solution (25% H2O2/75% H2SO4), and deion-
ized (DI) water. Human serum testing was performed with gold
disk working electrodes (2 mm diameter; CH Instruments, Austin,
TX; Polished before use).

2.2. Catechol-modified chitosan system biofabrication

Catechol-modified chitosan films were deposited following
recently published protocols [63]. The gold working electrodes
were coated with chitosan by immersion in solution and appli-
cation of 6 A/m2 cathodic current for 45 seconds using a
three-electrode system with platinum foil as a counter electrode
and a Ag/AgCl reference electrode with 1 M KCl electrolyte (CH
instruments, Austin, TX). Subsequently, the chitosan films were
functionalized by immersion in 5 mM catechol in PB and application
of 0.6 V (vs. Ag/AgCl) anodic potential for 180 seconds, followed by
immersion for 5 minutes in DI water to discard unbound catechol.
Characterization of amplification dependence on the modification
steps was  performed by applying both electrochemical modifica-
tion techniques (chitosan electrodeposition and catechol grafting)
for electrodes immersed in either the modification solution or
buffer alone, i.e. chitosan and catechol solutions were used for the
catechol-modified chitosan electrode, chitosan and buffer (no cat-
echol) solutions were used for the chitosan-modified electrode,
buffer (no chitosan) and catechol solutions were used for the
catechol electrode, and only buffer solutions were used for the
unmodified electrode.

2.3. Electrochemical testing

All electrochemical tests were carried out using the three-
electrode system described above and with a CHI660D single
channel potentiostat from CH Instruments (Austin, TX), except
of serum testing where Bio-Logic VSP-300 potentiostat was used
(Claix, France; following reproducibility tests of CLZ in PB with
the commercial gold disk electrodes). All voltages are denoted
vs. Ag/AgCl. Catechol-modified chitosan films were initialized
through cyclic voltammetry (range −0.4 V to +0.7 V, scan rate of
0.1 V/s, scan resolution of 0.001 V) in 25 �M hexaammineruthe-
nium(III) (Ru(NH3)6; HARu) and 25 �M 1,1′-ferrocenedimethanol
(Fc(MeOH)2) prior to CLZ experiments. This cycle in the pres-
ence of oxidizing and reducing mediators decreased the observed
background current. This may  be attributed to the consumption
of remaining unbound catechol molecules. Moreover, the initial-
ization step prior to analyzing CLZ samples provides a means to

validate the presence, amplification capability, and reproducibility
of the biofabricated catechol-modified chitosan film. Reproducibil-
ity tests of the initialization solution with Fc(MeOH)2 for different
fabricated catechol-chitosan electrodes (N = 8) resulted averaged
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Scheme 1. CLZ as an oxidizing mediator in the catechol-modified chitosan system.
(a) Schematic of the system with the diffusing CLZ. (b) Continuous oxidation of CLZ

Table 1 lists the AFs  for the four cases studied. The catechol-
modified chitosan film demonstrated the highest AF,  more than
3 times that of either a bare electrode or catechol alone and

Table 1
Amplification factor (AF) calculated for the different modification steps of the
catechol-chitosan system.

Modification step AF
H. Ben-Yoav et al. / Electroc

nodic peak current and its corresponding potential of 240 ± 20
A/cm2 (Error 8.3%) and 0.3730 ± 0.0045 V (Error 1.2%), respec-

ively.
Next, the modified electrodes were immersed in buffer solu-

ions and cyclic voltammetry data was recorded (range −0.4 V to
0.7 V, scan rate of 0.02 V/s, scan resolution of 0.001 V). The charac-
erization of different modification steps used buffer solution with
5 �M CLZ and 25 �M HARu. Functionality testing used buffer solu-
ions with 25 �M HARu and either 0.033 (0.1 �M),  0.101 (0.31 �M),
.326 (1 �M),  1.01 (3.1 �M),  3.26 (10 �M),  or 10.1 (31 �M)  �g/mL
LZ. Selectivity testing used buffer solutions with 25 �M HARu
nd 25 �M of either CLZ or NorCLZ. The catechol-modified chi-
osan electrodes were stored for 3 days in PB with 0.01 M NaCl
nd cyclic voltammetry data was recorded in the presence and
he absence of CLZ. The observed peak current for CLZ oxida-
ion demonstrated a 13.5% decrease between day 0 and day 3
Figure S1). CLZ-spiked human serum chronocoulometry testing
pre-conditioning step potential of -0.4 V, duration of 30 seconds,
ollowed by step potential of 0.6 V, duration of 60 seconds, both
teps used sample resolution of 0.5 seconds) used human serum
male type AB) with 25 �M HARu and either 0.163 (0.5 �M),  0.326
1 �M),  1.63 (5 �M)  or 8.15 (25 �M)  �g/mL CLZ. Background sig-
als were recorded using either buffer solution or undiluted human
erum with only 25 �M HARu prior to each CLZ measurement.
LZ-spiked undiluted serum tests were factorized with 7% sig-
al increase due to signal deterioration observed for subsequent
easurements with the same electrode (data not included). All

lectrodes were rinsed with DI water between tests. Data anal-
sis used the third cycle of each measurement to decrease the
ackground signal observed for the first and second cycles. Sam-
le volume was 1.5 mL  for the microfabricated electrodes and 1 mL
or the commercial electrodes.

. Results and discussion

.1. Redox amplifier characterization

The redox cycling system is comprised of grafted catechol moi-
ties that can be inter-converted between oxidized (Q) and reduced
QH2) forms (E0 = +0.2 V). CLZ (E0 = +0.4 V) can diffuse freely within
he chitosan film. Following its oxidation upon the electrode
nder overpotential conditions, CLZ is reduced by the grafted QH2
oieties, and it is electrochemically re-oxidized at the electrode

Scheme 1a and 1c). A continuous cycle of CLZ reduction in the pres-
nce of catechol followed by CLZ re-oxidation results from this use
f CLZ as an oxidizing mediator (Scheme 1b). The continuous redox
eaction is hypothesized to increase the total charge transferred
y CLZ oxidation, amplifying the generated electrochemical cur-
ent and improving the signal-to-noise ratio. To recover the redox
ycling system to the reduced state, negative potential is applied in
he presence of a reducing mediator, HARu (Ru2+/3+, E0 = −0.2 V).

Initially, the ability of the catechol-modified chitosan system to
mplify the electrochemical current generated by CLZ was  eval-
ated. Fig. 1a presents the electrochemical signal of CLZ in the
resence and absence of the catechol-modified chitosan amplifica-
ion system. In both cases, CLZ solutions yielded expected oxidation
eaks [32] (+0.41 V and +0.465 V for the unmodified and modified
lectrodes, respectively) and a reduction peak due to the reduc-
ng mediator HARu (−0.24 V). The higher value of the oxidation
eak potential may  be due to the increased uncompensated resis-
ance in the chitosan pores, forcing higher overpotentials compared

o a bare unmodified electrode. A CLZ reduction peak (+0.36 V)
as observed only for the bare electrode. We  attribute its absence
ith the catechol-chitosan modification to the continuous reduc-

ion reaction of CLZ by catechol, which diminishes the expected
in the presence of catechol (Q) reduction. (c) CLZ acts as an oxidizing mediator of
QH2, and Ru2+ as a reducing mediator regenerating the Q. Electrochemical potential
bar represents standard reduction potential of Ru2+, Q and CLZ.

reduction of the oxidized form of CLZ by the electrode. Anodic
current densities generated with the modified electrode both in
the presence and absence of CLZ were amplified. CLZ oxidation
peak recorded with the modified electrode was  3-fold higher than
the peak current density with the unmodified bare electrode.
Fig. 1b shows the effect of the individual modification steps on
the amplification characteristics. The electrochemical response of
analytical solutions in the presence and the absence of CLZ was
recorded following electrode modification steps of only chitosan
electrodeposition, only catechol oxidation, chitosan electrodepo-
sition followed by catechol oxidation, and no modification. In
order to evaluate the CLZ amplification magnitude, the background
current density generated in the absence of CLZ (jw/o CLZ ) was sub-
tracted from the current density generated in the presence of CLZ
(jw/CLZ ). The significantly higher CLZ oxidation peak current density
obtained with the catechol-chitosan system over all other cases are
apparent.

To quantify and compare the ability of the system to amplify the
signal generated by CLZ, an amplification factor (AF) is defined:

AF =
(jw/CLZ − jw/o CLZ )modified

(jw/CLZ − jw/o CLZ )
unmodified

∣
∣
∣
∣
@anodic peak

(1)
Unmodified (bare) 1.00
Chitosan alone 0.30
Catechol alone 1.05
Catechol-modified chitosan 3.33



500 H. Ben-Yoav et al. / Electrochimica Acta 130 (2014) 497–503

Fig. 1. (a) Cyclic voltammograms in the presence and the absence of CLZ with either bare unmodified (with CLZ–dash-dot-dotted green, without CLZ–dash-dotted blue) or
c des. (
C otted
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atechol-modified chitosan (with CLZ–dashed red, without CLZ–solid black) electro
LZ)  for different modifications steps of the electrode: bare unmodified (dash-dot-d
hitosan (solid black).

1-fold higher than chitosan-alone. The decreased electrochemi-
al response of the chitosan-modified electrode likely results from
he lower exposed surface area of the electrode due to the non-
onductive chitosan coating. Furthermore, the porous structure of

he chitosan may  decrease the diffusion rate of CLZ towards the
lectrode, increasing the uncompensated resistance in the pores.
nly the further functionalization of the chitosan matrix with the
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redox moiety catechol amplifies the charge transferred by CLZ oxi-
dation, resulting in higher oxidation currents.

To characterize the biosensing performance of the redox
amplifier, buffer solutions with known clozapine concentrations

were used. Fig. 2a presents the background-subtracted oxidation
response in cyclic voltammograms measured with the catechol-
modified chitosan electrodes in the presence of 0.033, 0.101, 0.326,
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.01, 3.26, and 10.1 �g/mL CLZ. Higher CLZ concentrations resulted
n higher oxidation current densities due to the increased charge

ediated by CLZ oxidation. The influence of the CLZ concentra-
ion on the potential corresponding to the anodic oxidation peak
as also evaluated (Fig. 2b). The data shows mixed trends with

 maximum potential value of 0.56 ± 0.06 V at 0.326 �g/mL CLZ.
hese trends can be explained by the variation of the ratio between
xidized and reduced forms of CLZ near the electrode. For CLZ
oncentrations lower than 0.326 �g/mL, the rate-limiting factor
n the system may  be either CLZ diffusion between the catechol
nd the electrode or the reduction reaction of CLZ by catechol.
his results in an increased concentration of the oxidized form
f CLZ, therefore increasing the half-cell potential as described by
he Nernst equation [66]. Conversely, at CLZ concentrations higher
han 0.326 �g/mL, the limiting factor may  be the oxidation reaction
f CLZ by the electrode, which results in higher concentrations of
educed CLZ near the electrode and decreases the half-cell poten-
ial. Fig. 2c plots the anodic current density at the oxidation peak
or different concentrations of CLZ measured with either modified
r unmodified electrodes. Both the modified and the unmodified
lectrodes demonstrated a positive linear relation (analysis was
one on a linear scale), with slope values of 40.0E-7 ± 2.7E-7 and
E-7 ± 1E-7 A × mL/g × cm2, intercept values of 25E-7 ± 5E-7 and
0E-7 ± 4E-7 �A/cm2, and R-Square values of 0.99 and 0.91 respec-
ively. The modified electrode yielded a measured detection limit
f 0.1 �g/mL CLZ, compared to 3.26 �g/mL for the unmodified elec-
rode. Note that recommended therapeutic CLZ blood levels are
n the range of 0.35–1 �g/mL [17]. Hence, the catechol-modified
hitosan electrode exhibits dynamic range and detection limit char-
cteristics in line with clinical requirements, as opposed to the
igher detection limit and lower sensitivity observed with the
nmodified electrode.

The selectivity potential of the redox amplifier for CLZ and its
rincipal plasma metabolite N-desmethylclozapine (norclozapine,
orCLZ) was tested. Monitoring NorCLZ can help in evaluating
dherence, controlling dose adjustment, and minimizing the risk
f toxicity [67]. Fig. 3 shows cyclic voltammograms of either CLZ or
orCLZ solutions measured with the catechol-modified chitosan
lectrode after background subtraction. The presence of the CLZ
xidation peak at lower potential (+0.45 V) than that of NorCLZ
+0.57 V) becomes apparent. This can be attributed to different
tandard reduction potentials of the two analytes. Performing elec-
rochemical measurements sensitive to the difference between CLZ
nd NorCLZ will allow separate identification in samples. For exam-
le, in addition to cyclic voltammetry, chronocoulometry can be
pplied at potentials lower and higher than the standard reduction

otential of NorCLZ. Such measurements will collect the oxidation
harge generated by either CLZ alone or CLZ and NorCLZ together,
espectively. As this test explored the potential selectivity of the
ensor, a limitation of this approach would be cross-reactivity of
Fig. 4. In situ analysis of CLZ-spiked human serum. Total charge density trans-
ferred from chronocoulometry after 60 seconds following background subtraction
for 0.163, 0.326, 1.63, and 8.15 �g/mL CLZ. Tests were done in triplicate.

CLZ with its metabolite or other electro-active species in serum
with similar standard reduction potentials, which may hide CLZ
signal. The concentration of either CLZ or NorCLZ may  be another
limitation. For example, the peak potential of CLZ oxidation is
shifted towards 0.55 V when 0.326 �g/mL concentration is tested
(Fig. 2b), overlapping with the NorCLZ oxidation signal. These lim-
itations could be overcome by using intrinsic characteristics of the
analyte such as its diffusion coefficient to differentiate the signals
from the background. Examples include modulating the scan rate
parameter of voltammetry-based techniques or modifying the bio-
material for increased selectivity.

3.2. Sensor for CLZ in situ human serum levels

A major challenge in the analysis of biological samples is
the electrochemical reactivity and non-specific adsorption of
molecules which cause fouling of the electrode. These molecules
increase the background signal, decrease the signal-to-noise ratio,
and deteriorate the sensitivity of the sensor. To validate that our
approach is feasible in samples more complex than buffer solu-
tion, the sensing performance of the catechol-modified chitosan
electrode system was characterized in human serum spiked with
known CLZ concentrations. Potential sweep techniques (i.e. cyclic
voltammetry and differential pulse voltammetry) demonstrated
poor applicability for serum fluids testing with no dose response
characteristics (Figure S2). The high background signal attributed
to other electro-active species decreased the signal-to-noise ratio
and deteriorated the CLZ oxidation signal. Utilizing potential step
techniques allows accumulating electrochemical reactions at spe-
cific potentials. While CLZ re-oxidizes following catechol oxidation,
other electro-active species, which are not being reduced by
catechol, are consumed. Chronocoulometry measurement of the
transient charge at an overpotential value slightly higher than the
standard reduction potential of CLZ, will accumulate the charge
continuously produced by its re-oxidation. Over time, the accu-
mulated charge will differentiate CLZ from other electro-active
species consumed during the electrochemical reaction, increasing
the signal-to-noise ratio. Fig. 4 shows total charge integrated for
60 seconds for 0.163, 0.326, 1.63, and 8.15 �g/mL of CLZ-spiked
human serum subtracted by the background signal measured with
only human serum. Results demonstrated a positive logarithmic
CLZ dose response characteristic within the range seen in buffer
solution using cyclic voltammetry. This characteristic may be due to
the exponential dependence between the electrochemical reaction
and the applied overpotential [66]. The relationship demonstrated

in serum is different than the non-logarithmic relationship demon-
strated in buffer solutions (Fig. 2c). Such difference may  be due to
interfering electrochemical reactions of other electro-active ana-
lytes in serum that are absent in buffer. For example, ascorbic
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cid may  interact with the catechol-chitosan system or directly
ith CLZ, decreasing the overall amplification factor of CLZ [68].
nother reason could be non-specific adsorption of CLZ or other
olecules in serum to the surface of the sensor, affecting the

lectron transfer kinetics. Such reactions may  behave as the Lang-
uir adsorption model or Temkin adsorption isotherm [69]. As

he measured CLZ range extends even beyond the required clin-
cal range of 0.35–1 �g/mL, the feasibility of the catechol-modified
hitosan electrode system to detect CLZ in clinical samples was
emonstrated. With further investigation of the interference by
LZ metabolites and other electro-active species in the serum, this
pproach for in situ serum analysis will allow for treatment mon-
toring with only minimal, standard blood pre-conditioning steps
e.g. blood fractionation).

. Conclusions

In this work, we present a redox cycling-based amplifier as
 new biosensing system for electrochemical detection of CLZ.
he amplified sensor demonstrated lower measured detection
imit and improved sensitivity compared to unmodified sensors.
urthermore, the amplified system showed CLZ dose response
haracteristics with the potential ability to differentiate between
LZ and its metabolite NorCLZ due to their different standard reduc-
ion potentials. Finally, the ability of the characterized system to
etect CLZ in situ in human serum within the required clinical effec-
ive range was demonstrated. This study satisfies the key challenges
f low signal-to-noise ratio and minimal pre-treatment procedures
n point-of-care systems for real-time in situ monitoring [70–72].
y improving real-time in situ monitoring of CLZ, treatment teams
ill be able to perform blood analysis at the point-of-care in

 low cost, fast, and straightforward way that will ensure CLZ
osages within the effective range, decrease the patient’s burden,
nd improve mental health care. However, further investigation
s required to elucidate fundamental properties of the sensing

echanism. The working principle of this amplification system
hould be further modeled and critically investigated in compar-
son to other potential models. In addition, schizophrenia patients
re commonly prescribed multiple antipsychotics and/or supple-
entary psychotropic medications [21]. The cross-reactivity of the

ensor should be evaluated with other electro-active drugs with
djacent standard reduction potential to CLZ, such as the antipsy-
hotic risperidone [73,74]. To overcome these potential challenges
ith maintaining in situ monitoring characteristics, other proper-

ies of the electro-active drugs, such as diffusion and charge, could
e used to further differentiate between them. Another potential
hallenge is the high electrochemical reactivity of blood fluids. For
xample, ascorbic acid, which is an electro-active species natu-
ally present in blood samples, can participate in the redox-based
iosensing mechanism and decrease the signal-to-noise ratio and
he sensitivity of the sensor.

Through the integration of the CLZ biosensing system with the
dvantages of miniaturized devices (i.e. cost-effective, easy to oper-
te, high throughput, low sample volume, and fast reaction time),

 new class of portable sensors can be developed for rapid in-office
nd in-home use that would allow physicians to monitor CLZ levels
nd adjust dosages accordingly. However, various challenges arise
hen translating sensing approaches such as the redox amplifica-

ion system into the micro-scale regime. Sample preparation and
ixing of fluids, physical and chemical effects (e.g. capillary forces,

urface roughness, chemical interactions of construction materi-

ls with reaction processes), and low signal-to-noise ratio (due to
ower sample volume and decreased amount of analyte) are among
he most important problems to be overcome [75–77]. Optimi-
ing major components in the system, such as chitosan thickness

[

[

 Acta 130 (2014) 497–503

and porosity, and catechol density, will improve CLZ signal ampli-
fication and the overall performance of the miniaturized sensor.
Furthermore, integrating other redox moieties will result in redox
cycling systems with different electrochemical responses. These
multi-functional redox systems will increase the range of the elec-
trochemical activity generated by complex samples, improving the
accuracy and the selectivity of the sensor.

Acknowledgments

The authors would like to thank the Robert W.  Deutsch Founda-
tion and the Maryland Innovation Initiative for financial support.
The authors also appreciate the support of the Maryland NanoCen-
ter and its FabLab. The authors wish to thank Gillian R. Costa,
Stephen M.  Restaino, Nicholas J. Woolsey, Bao-Ngoc Nguyen, Ray-
mond C. Love, and Bharath Ramaswamy for the useful discussions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.electacta.2014.
03.045.

References

[1] E.Q. Wu,  H.G. Birnbaum, L. Shi, D.E. Ball, R.C. Kessler, M.  Moulis, J. Aggarwal,
The economic burden of schizophrenia in the United States in 2002, J. Clin.
Psychiatry 66 (2005) 1122.

[2] R.W. Buchanan, J. Kreyenbuhl, D.L. Kelly, J.M. Noel, D.L. Boggs, B.A. Fischer, S.
Himelhoch, B. Fang, E. Peterson, P.R. Aquino, W.  Keller, The 2009 schizophre-
nia PORT psychopharmacological treatment recommendations and summary
statements, Schizophr. Bull. 36 (2010) 71.

[3] R.A. Carlstedt, Handbook of Integrative Clinical Psychology, Psychiatry, and
Behavioral Medicine: Perspectives, Practices, and Research, Springer Publishing
Company, New York, USA, 2010.

[4] B.J. Sadock, H.I. Kaplan, V.A. Sadock, Kaplan & Sadock’s Synopsis of Psychia-
try: Behavioral Sciences/Clinical Psychiatry, 10th ed., Lippincott Williams &
Wilkins, Philadelphia, PA, 2007.

[5] J.M. Azorin, R. Spiegel, G. Remington, J.M. Vanelle, J.J. Pere, M.  Giguere, I. Bour-
deix, A double-blind comparative study of clozapine and risperidone in the
management of severe chronic schizophrenia, Am. J. Psychiat. 158 (2001) 1305.

[6] A. Breier, R.W. Buchanan, B. Kirkpatrick, O.R. Davis, D. Irish, A. Summerfelt,
W.T. Carpenter Jr., Effects of clozapine on positive and negative symptoms in
outpatients with schizophrenia, Am.  J. Psychiat. 151 (1994) 20.

[7] R.R. Conley, C.A. Tamminga, D.L. Kelly, C.M. Richardson, Treatment-resistant
schizophrenic patients respond to clozapine after olanzapine non-response,
Biol. Psychiatry 46 (1999) 73.

[8] J. Kane, G. Honigfeld, J. Singer, H. Meltzer, Clozapine for the treatment-resistant
schizophrenic. A double-blind comparison with chlorpromazine, Arch. Gen.
Psychiatry 45 (1988) 789.

[9] D.L. Kelly, J. Kreyenbuhl, R.W. Buchanan, A.K. Malhotra, Why  not clozapine?
Clin. Schizophr. Relat Psychoses 1 (2007) 92.

10] J. Volavka, P. Czobor, B. Sheitman, J.P. Lindenmayer, L. Citrome, J.P. McEvoy,
T.B.  Cooper, M. Chakos, J.A. Lieberman, Clozapine, olanzapine, risperidone,
and haloperidol in the treatment of patients with chronic schizophrenia and
schizoaffective disorder, Am. J. Psychiat. 159 (2002) 255.

11] J. Fitzsimons, M.  Berk, T. Lambert, M.  Bourin, S. Dodd, A review of clozapine
safety, Expert Opin. Drug Saf. 4 (2005) 731.

12] Novartis, Clozaril, http://www.clozaril.com/
13] D.J. Freeman, L.K. Oyewumi, Will routine therapeutic drug monitoring have a

place in clozapine therapy? CPK 32 (1997) 93.
14] C. Haring, U. Meise, C. Humpel, A. Saria, W.W.  Fleischhacker, H. Hinterhuber,

Dose-related plasma levels of clozapine: Influence of smoking behaviour, sex
and  age, Psychopharmacology 99 (1989) S38.

15] M.  Hasegawa, R. Gutierrez-Esteinou, L. Way, H.Y. Meltzer, Relationship
between clinical efficacy and clozapine concentrations in plasma in schizophre-
nia: Effect of smoking, J. Clin. Psychopharmacology 13 (1993) 383.

16] P.J. Perry, K.A. Bever, S. Arndt, M.D. Combs, Relationship between patient
variables and plasma clozapine concentrations: A dosing nomogram, Biol. Psy-
chiatry 44 (1998) 733.

17] A. Stark, J. Scott, A review of the use of clozapine levels to guide treatment and
determine cause of death, Aust. NZ. J. Psychiat. 46 (2012) 816.

18] B. Warner, L. Alphs, J. Schaedelin, T. Koestler, Clozapine and sudden death,

Lancet 355 (2000) 842.

19] R.R. Conley, D.L. Kelly, T.J. Lambert, R.C. Love, Comparison of clozapine use in
Maryland and in Victoria, Australia, Psychiatr. Serv. 56 (2005) 320.

20] D.L. Kelly, L.B. Dixon, J.A. Kreyenbuhl, D. Medoff, A.F. Lehman, R.C. Love,
C.H.  Brown, R.R. Conley, Clozapine utilization and outcomes by race in

http://dx.doi.org/10.1016/j.electacta.2014.03.045
http://dx.doi.org/10.1016/j.electacta.2014.03.045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0005
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0010
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0015
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0020
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0025
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0030
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0035
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0040
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0045
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0050
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0055
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0065
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0070
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0075
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0080
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0085
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0090
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0095
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100
http://refhub.elsevier.com/S0013-4686(14)00556-8/sbref0100


himica

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

H. Ben-Yoav et al. / Electroc

a public mental health system: 1994-2000, J. Clin. Psychiat. 67 (2006)
1404.

21] J. Kreyenbuhl, M.  Valenstein, J.F. McCarthy, D. Ganoczy, F.C. Blow, Long-
term combination antipsychotic treatment in VA patients with schizophrenia,
Schizophr. Res. 84 (2006) 90.

22] J.A. Lieberman, Maximizing clozapine therapy: Managing side effects, J. Clin.
Psychiat. 59 (1998) 38.

23] J.B. Mallinger, S.G. Fisher, T. Brown, J.S. Lamberti, Racial disparities in the use
of  second-generation antipsychotics for the treatment of schizophrenia, Psyc-
hiatr. Serv. 57 (2006) 133.

24] D.M. Taylor, C. Young, C. Paton, Prior antipsychotic prescribing in patients cur-
rently receiving clozapine: A case note review, J. Clin. Psychiat. 64 (2003) 30.

25] E.M. Weissman, Antipsychotic prescribing practices in the veterans healthcare
administration-New York metropolitan region, Schizophrenia Bull. 28 (2002)
31.

26] O. Agid, G. Foussias, S. Singh, G. Remington, Where to position clozapine: Re-
examining the evidence, Can. J. Psychiat. 55 (2010) 677.

27] R. Kerwin, When should clozapine be initiated in schizophrenia?: Some argu-
ments for and against earlier use of clozapine, CNS Drugs 21 (2007) 267.

28] J. Wang, Amperometric biosensors for clinical and therapeutic drug monitor-
ing: A review, J. Pharmaceut. Biomed. 19 (1999) 47.

29] J. Wang, Electrochemical biosensors: Towards point-of-care cancer diagnostics,
Biosens. Bioelectron. 21 (2006) 1887.

30] M.U. Ahmed, M.M. Hossain, E. Tamiya, Electrochemical biosensors for medical
and food applications, Electroanalysis 20 (2008) 616.

31] K. Farhadi, A. Karimpour, Electrochemical behavior and determination of cloza-
pine on a glassy carbon electrode modified by electrochemical oxidation, Anal.
Sci.  23 (2007) 479.

32] J.M. Kauffmann, G.J. Patriarche, G.D. Christian, Electrochemical oxidation of
derivatives of dibenzodiazepin. Dibenzothiazepin and dibenzoxazepin, Anal.
Lett. 12 (1979) 1217.

33] E. Akam, P.G. Strange, Inverse agonist properties of atypical antipsychotic drugs,
Biochem. Pharmacol. 67 (2004) 2039.

34] A.S. Al Attas, Novel PVC membrane selective electrode for the determination of
clozapine in pharmaceutical preparations, Int. J. Electrochem. Sci 4 (2009) 9.

35] T. Alizadeh, M.  Akhoundian, A novel potentiometric sensor for promethazine
based on a molecularly imprinted polymer (MIP): The role of MIP  structure on
the sensor performance, Electrochim. Acta 55 (2010) 3477.

36] T. Alizadeh, M.R. Ganjali, M.  Akhoundian, Synthesis and application of different
nano-sized imprinted polymers for the preparation of promethazine mem-
brane electrodes and comparison of their efficiencies, Int. J. Electrochem. Sci. 7
(2012) 7655.

37] M.  Antonini, P. Ghisellini, L. Pastorino, C. Paternolli, C. Nicolini, Preliminary elec-
trochemical characterisation of cytochrome P4501A2-clozapine interaction,
IEE  Proc. -Nanobiotechnol. 150 (2003) 31.

38] B. Blankert, O. Dominguez, W.  El Ayyas, J. Arcos, J.-M. Kauffmann, Horseradish
peroxidase electrode for the analysis of clozapine, Anal. Lett. 37 (2005) 903.

39] U. Bondesson, L.H. Lindström, Determination of clozapine and its N-
demethylated metabolite in plasma by use of gas chromatography-mass
spectrometry with single ion detection, Psychopharmacology 95 (1988) 472.

40] K. Farhadi, M. Bahram, D. Shokatynia, F. Salehiyan, Optimization of polymeric
triiodide membrane electrode based on clozapine–triiodide ion-pair using
experimental design, Talanta 76 (2008) 320.

41] S.E. Haas, L. Brum, C. de Andrade, F.J. Azeredo, M.  Pigatto, B.G. Silva Torres, S.S.
Guterres, T.D. Costa, Highly sensitive LC-MS/MS method for the determination
of  clozapine in rat plasma: Application to a preclinical pharmacokinetic study,
J.  Liq. Chromatogr. R. T. 35 (2012) 2873.

42] E. Hammam,  A. Tawfik, M.M.  Ghoneim, Adsorptive stripping voltammetric
quantification of the antipsychotic drug clozapine in bulk form, pharmaceutical
formulation and human serum at a mercury electrode, J. Pharmaceut. Biomed.
36  (2004) 149.

43] L. Hernandez, E. Gonzalez, P. Hernandez, Determination of clozapine by adsorp-
tive anodic voltammetry using glassy carbon and modified carbon paste
electrodes, Analyst 113 (1988) 1715.

44] S. Hillaert, L. Snoeck, W.  Van den Bossche, Optimization and validation of a
capillary zone electrophoretic method for the simultaneous analysis of four
atypical antipsychotics, J. Chromatogr. A 1033 (2004) 357.

45] F. Huang, S. Qu, S. Zhang, B. Liu, J. Kong, Sensitive detection of clozapine using
a  gold electrode modified with 16-mercaptohexadecanoic acid self-assembled
monolayer, Talanta 72 (2007) 457.

46] C. Humpel, C. Haring, A. Saria, Rapid and sensitive determination of clozapine
in  human plasma using high-performance liquid chromatography and amper-
ometric detection, J. Chromatogr. 491 (1989) 235.

47] T.B. Jarbawi, W.R. Heineman, Preconcentration of tranquilizers by adsorp-
tion/extraction at a wax-impregnated graphite electrode, Anal. Chim. Acta 186
(1986) 11.

48] T.A. Jennison, P. Brown, J. Crossett, M.  Kushnir, F.M. Urry, A rapid gas chro-
matographic method quantitating clozapine in human plasma or serum for the
purpose of therapeutic monitoring, J. Anal. Toxicol. 19 (1995) 537.

49] W.  Jin, Q. Xu, W.  Li, Determination of clozapine by capillary zone elec-
trophoresis following end-column amperometric detection with simplified

capillary/electrode alignment, Electrophoresis 21 (2000) 1415.

50] M.H. Mashhadizadeh, E. Afshar, Electrochemical investigation of clozapine at
TiO2 nanoparticles modified carbon paste electrode and simultaneous adsorp-
tive voltammetric determination of two antipsychotic drugs, Electrochim. Acta
87  (2013) 816.

[
[

[

 Acta 130 (2014) 497–503 503

51] S.A. Mohajeri, G. Karimi, J. Aghamohammadian, M.R. Khansari, Clozapine
recognition via molecularly imprinted polymers; Bulk polymerization versus
precipitation method, J. Appl. Polym. Sci. 121 (2011) 3590.

52] C. Paternolli, M. Antonini, P. Ghisellini, C. Nicolini, Recombinant cytochrome
P450 immobilization for biosensor applications, Langmuir 20 (2004) 11706.

53] J. Sekula, J. Everaert, H. Bohets, B. Vissers, M.  Pietraszkiewicz, O. Pietraszkiewicz,
F.  Du Prez, K. Vanhoutte, P. Prus, L.J. Nagels, Coated wire potentiometric detec-
tion for capillary electrophoresis studied using organic amines, drugs, and
biogenic amines, Anal. Chem. 78 (2006) 3772.

54] E.A. Taha, S.M. Soliman, H.E. Abdellatef, M.M.  Ayad, Colorimetric methods for
the  determination of some tricyclic antidepressant drugs in their pure and
dosage forms, Microchim. Acta 140 (2002) 175.
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