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A B S T R A C T

Flunitrazepam, also known as “Rohypnol” or “Rophy” among other trade and street names, is an extremely
potent benzodiazepine that is prescribed to treat severe insomnia. Due to these attributes, flunitrazepam, when is
surreptitiously administered to an alcoholic or soft drink, is associated with “drug-facilitated sexual assault”. We
report here for the first time, a low cost lab-on-a-screen-printed electrochemical cell (SPC) based on iron-sparked
graphite working electrode modified with glucose oxidase (GOx) and glucose hydrogel droplets (GluHD) for the
detection of flunitrazepam. Iron-spark modification increases the response of the sensor by ca. 3-fold compared
with that of the plain electrode, while an in situ deoxygenation process, based on GOx-glucose enzyme reaction,
depletes dissolved oxygen. As a result, the method enables interference free voltammetric measurements of the
electro reduction of the nitro group of flunitrazepam at ca. −0.71 to −0.78 V vs. Ag printed pseudo reference
electrode depending on the sample's matrix, and the detection of the drug at the sub-millimolar level. GOx/
GluHD-FeSPC was directly applied to the drop-volume (∼60 μL) detection of flunitrazepam to a wide range of
untreated and undiluted spiked samples (Pepsi cola®, Vodka, Whisky, Tequila, Gin, and Rum) of different acidity
(pH 2.3–8.4), and alcohol content up to 40% v/v. Data demonstrate the excellent performance of the sensor for
point-of-need screening of flunitrazepam and suggest that GOx/GluHD-FeSPC holds promise as an effective
analytical tool to prevent phenomena of covert drug administration.

1. Introduction

Rohypnol® is a trade name for flunitrazepam, a Schedule IV central
nervous system depressant that belongs to benzodiazepines (U.S.
Department of justice, 2017). Flunitrazepam is also marketed with
other trade name products (Roipnol®, Fluninoc®, Silece®, Hipnosedon®,
Nervocuril® etc.) and it is legally prescribed in more than 60 countries
in Europe, Africa, Latin America, Middle East, Asia, and Australia to
treat severe insomnia (Mattila and Larni, 1980). Flunitrazepam, how-
ever, is also illegally found in countries in which its medical use is not
approved. In the United States and elsewhere, flunitrazepam is smug-
gled as illegally produced tablets or legally manufactured preparations
and it is used as a recreational drug (Wu et al., 2006). Flunitrazepam is
also misused to “drug-facilitated sexual assaults” (DFSA), i.e. to physi-
cally and psychologically incapacitate a person, usually women, tar-
geted for sexual assault. In these instances, flunitrazepam is surrepti-
tiously administered to an alcoholic or non-alcoholic drink of an

unsuspecting victim to prevent resistance to sexual assault (Dinis-
Oliveira and Magalhães, 2013; Mullins, 1999; Schwartz, 1998; U.S.
Department of justice, 2017; Weir, 2001). Flunitrazepam intake, espe-
cially when it is combined with alcohol, results in the victim being
unable to recall the episode, thus making difficult to report it or to ask
timely sexual assault forensic examination (Beynon et al., 2008; Dinis-
Oliveira and Magalhães, 2013; LeBeau and Mozayani, 2001). Due to
this fact, along with rape taboo, even in developed countries (McNeill,
2018), and rape victims reluctance to report the event in the aftermath
of past stories where rape victims were charged with lying and prose-
cuted (Miller and Armstrong, 2018), DFSA is an unreported crime.
According to the British Crime Survey in only 12% of sexual assault
incidents, victims asked the police to become involved (Beynon et al.,
2008; Walby and Allen, 2004).

Covert drug administration however, is not only associated with
DFSA and flunitrazepam; robberies, homicides, fatal street accidents
(LeBeau and Mozayani, 2001), as well as other substances, less
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“popular” than flunitrazepam regarding its use as “date-rape drug”,
such as gamma hydroxybutyric acid and ketamine have also been re-
ported (Amir and Waisman, 2006; Dasgupta, 2017; Dinis-Oliveira and
Magalhães, 2013).

World Health Organization identifies the increasing implicative role
of “date-rape drugs” in incidents of sexual violence (WHO, 2003), while
in the light of concern for the increasing number of DFSAs, the U.S.
Congress passed the Drug-Induced Rape Prevention and Punishment
Act (Drug-Induced Rape Prevention and Punishment Act, 1996;
Executive Office of the President, 2003), which imposes stiff sentences
for DFSAs and for the importation and distribution of flunitrazepam. In
2006, the Parliamentary Assembly of the Council of Europe took also
steps in order to raise the public's awareness to sexual assaults linked to
“date-rape drugs” (Council of Europe, 2006).

When is dissolved in drinks, flunitrazepam is odorless and tasteless,
while legally manufactured tablets when mixed in drinks dye the liquid
blue (generic versions of the drug may not contain the blue dye). Once
it ingested, its action begins after 20–30min, peaked at 2 h and lasts up
to 8 h (Mattila and Larni, 1980).

For the determination of flunitrazepam and its metabolites (mainly
7-aminoflunitrazepam) in various biological samples a number of
analytical techniques such as, liquid chromatography coupled with
different detectors [optical (Wilhelm et al., 2000), electrochemical
(Wilhelm et al., 2000), or mass spectrometric (D’Aloise and Chen,
2012)], gas chromatography-mass spectroscopy (Samyn et al., 2002),
sweeping micellar electrokinetic chromatography (Huang et al., 2006),
capillary electrophoresis (Baciu et al., 2015), as well as various com-
mercially available immunoassay test kits (Barrett et al., 1999) have
been developed. For the determination of flunitrazepam in beverages,
Leesakul et al. (Leesakul et al., 2012) proposed a fluorescence spec-
troscopy method which, however, is applicable only in colorless spirits.
Another approach based on high-performance liquid chromatography
coupled with a dual electrode detector enables the determination of
flunitrazepam in sample's extracts (Honeychurch and Hart, 2008),
while a bench-top method for the direct determination of flunitrazepam
in spiked beverages was demonstrated by Webb et al. (Webb et al.,
2007) by using capillary zone electrophoresis.

Despite the fact that the most effective way to prevent DFSAs is
associated with simple rules that have to be applied by consumers
themselves, such as ordering sealed drinks, or obtaining a fresh one
after leaving the drink unattended (Weir, 2001), consumers ask for a
practical way to check the safety of their drinks. In this regard, easy-to-
perform screening kits or sensors that would enable the point-of-need
detection of flunitrazepam by non-trained individuals are highly de-
sired.

To best of our knowledge, no commercial kit has been approved yet
(Beynon et al., 2006, 2008), while the literature on the development of
electrochemical sensors, which exhibit inherent advantage over optical
methods (Leesakul et al., 2012), or color changing drug warning
drinkwares (DrinkSavvy®, 2018) for the determination of flunitrazepam
is extremely little (Garcia-Gutierrez et al., 2013; Garcia-Gutierrez and
Lledo-Fernandez, 2013; Smith et al., 2013). Garcia-Gutierrez and Lledo-
Fernandez have reported the electrochemical determination of fluni-
trazepam in degassed solutions by using plain (Garcia-Gutierrez et al.,
2013) or graphene-modified (Garcia-Gutierrez and Lledo-Fernandez,
2013) graphite screen-printed electrodes, while the method developed
by Smith et al. (2013) demonstrates the electrochemical sensing of
flunitrazepam only to acidic (pH 2), low content alcohol (< 5% v/v)
samples by using graphite screen-printed electrodes. Aforementioned
electrochemical methods (Garcia-Gutierrez et al., 2013; Garcia-
Gutierrez and Lledo-Fernandez, 2013; Smith et al., 2013) employ vol-
tammetric measurements of an electrochemically generated –NO/NH-
OH redox couple, which as it is not originally present in flunitrazepam,
the assay protocol requires a cathodic polarization step, aiming at
electro reduction of the –NO2 group of flunitrazepam to NH-OH, to be
preceded. Crucially however, with increasing pH values the formal

potential of the –NO/NH-OH redox couple shifts to cathodic potential
values (Smith et al., 2013) where oxygen interference might not to be
negligible. In addition, the cathodic treatment itself results in the for-
mation of oxygen bubbles. Especially under quiescent conditions in-
tended for point-of-care applications, it is expected that oxygen evo-
lution partially blocks the electrode surface, thus impairing the
response of the sensor.

Herein, we report a straightforward method for the electro reduc-
tion of the –NO2 group of flunitrazepam and propose a simple yet ef-
fective approach to eliminate oxygen interference. The method is based
on a disposable lab-on-a-screen-printed electrochemical cell that en-
ables the drop-volume detection of flunitrazepam to undiluted, un-
treated and non-deoxygenated real-world samples. Three simple mod-
ification steps, that is, iron-sparking of the working electrode,
immobilization of glucose oxidase (GOx) and application of glucose
hydrogel droplets (GluHD) onto the screen-printed electrochemical cell,
endow the desired properties for point-of-need applications. Sparked
generated FexOy nanoparticles increase the sensitivity by ca. 3-fold,
while an in situ deoxygenation process based on GOx-glucose enzyme
reaction depletes dissolved oxygen and enables the application of the
sensor to non-deoxygenated samples. To the best of our knowledge, this
work demonstrates for the first time, the direct, drop-volume detection
of flunitrazepam to a wide range of untreated, undiluted alcoholic and
soft drinks of different acidity (pH 2.3–8.4) and alcohol content up to
40% v/v.

2. Material and methods

2.1. Materials

Flunitrazepam was purchased by LGC Standards Ltd under the li-
cense of the UK controlled drug export office. Rohypnol® 1mg fluni-
trazepam tabs (Hoffman-La Roche) were supplied by the Department of
Pharmacology of UOI. Glucose oxidase from Aspergillus niger (Type VII,
≥100 kU/g solid), sodium carboxymethyl cellulose (CMC) (Mw

∼250 kDa) and D-(+)-glucose were Sigma-Aldrich products. The stock
solution of glucose in water was used 24 h after its preparation and then
stored at 4 °C. 0.1M phosphate-buffered saline (PBS) pH 7 was used as
electrolyte and for the preparation of enzyme solutions. Double-dis-
tilled water (DDW) was used throughout. Alcoholic and soft drinks were
obtained by the local market.

2.2. Apparatus

Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and
electrochemical impedance spectrometry (EIS) measurements were
conducted with the PGSTAT12/FRAII electrochemical analyzer
(Metrohm Autolab). Batch experiments were performed in a single
compartment three-electrode cell. Plain or iron-sparked single graphite
screen-printed electrodes (denoted as SPE and FeSPE, respectively)
were used as working electrode, and a Pt wire as auxiliary electrode.
The reference electrode was a Ag/AgCl/3M KCl (IJ Cambria) electrode.
Electrochemical measurements for the detection of flunitrazepam in
alcoholic and soft drinks were performed with an iron-sparked screen-
printed 3-electrode electrochemical cell (FeSPC) consisting of graphite
working and auxiliary electrodes, and a pseudo reference silver elec-
trode. All potentials reported hereafter are quoted to the potential of
these reference electrodes in each case.

Scanning electron microscopy (SEM) images and energy dispersive
X-ray spectroscopy (EDX) analysis were performed on a JEOL JSM-
6510LV microscope equipped with an INCA PentaFETx3× -ray de-
tector (Oxford Instruments) on Au-sputtered (Polaron SC7620 sputter
coater) samples. X-ray photoelectron spectroscopy (XPS) measurements
were applied under ultrahigh vacuum with a SPECS GmbH instrument
equipped with a monochromatic MgKa source (hv=1253.6 eV) and a
Phoibos-100 hemispherical analyzer (Riman et al., 2017).
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2.3. Electrochemical measurements

EIS spectra were recorded in 5+ 5mM hexacyanoferrate(II)/(III) in
0.1 M PBS, pH 7 over the frequency range 0.1–105 Hz using an ex-
citation amplitude of 10mV (rms), superimposed on a DC potential of
− 0.200 V. CVs were recorded at a scan rate of 0.1 V se1. DP voltam-
mograms were recorded over the potential range from − 0.2 to− 1.1 V
using the following waveform parameters: pulse amplitude, 0.05 V; step
potential, 0.009 V; voltage step time, 0.05 s. Under these conditions the
effective scan rate was 0.03 V s−1.

2.4. Modification of graphite electrodes by sparking process

The sparking process was conducted at ambient conditions at 1.2 kV
by using an in-house power supply (200–2000 V) consisting of a 10 kHz
oscillator, transformer and 5-stage Cockroft–Walton multiplier. Power
supply terminals were connected in parallel with a 2.2 nF capacitor and
modification of the SPE was conducted by bringing into close proximity
(< 1mm) the two conductors, until the spark discharge occurred. By
connecting the Fe wire (> 99.9%, Goodfellow) as cathode (−) and the
graphite SPE (or the graphite working electrode of the 3-electrode
electrochemical cell) as anode (+), a number of 30 sparking cycles
were uniformly spaced across the carbon surface. A detailed description
of the spark discharge process, which enables the generation of nano-
particles on the basis of an evaporation-condensation mechanism, is
given in previous works (Riman et al., 2015). Details on the fabrication
of graphite SPE and 3-electrode electrochemical cells are given in
Kokkinos et al., 2015a and Kokkinos et al., 2015b, respectively.

2.5. Preparation of GOx/GluHD-modified FeSPC

GOx was physically absorbed onto FeSPC by applied 2 μL of
2mg L−1 GOx in 0.1 M PBS pH 7. For the modification of the screen-
printed electrochemical cell with GluHD, a 10.00mL viscous solution
0.05% w/v CMC in DDW containing 0.1080 g glucose was prepared.
The solution was stirred overnight and then a 10 μL aliquot was applied
in portions in the space between the working and the auxiliary elec-
trodes in order to avoid contact of polymer drops containing glucose
with GOx-modified surface of the working electrode. GOx/GluHD-
FeSPC were left to dry in air for at least 3 h at ambient conditions and
then stored at 4 °C (Fig. 1).

2.6. Procedures

Measurements with aforementioned electrodes were conducted
under the following conditions: i) SPEs or FeSPEs were examined in
30mL deoxygenated standard solutions of flunitrazepam in 0.1M PBS
pH 7, ii) GOx-FeSPCs were examined in drop-volume (60 μL) standard
solutions or samples spiked with known concentrations of fluni-
trazepam containing 10mM glucose, and iii) GOx/GluHD-FeSPCs were
examined as in (ii) in a totally reagentless mode, that is, without the
addition of glucose. In detail, 60 μL of each real sample (plain or for-
tified with 10 μM flunitrazepam) were applied to the surface of GOx/
GluHD-FeSPC, and after a waiting time 4–6min (see Table S1), DP
voltammograms over the potential range from − 0.2 to − 1.1 V is re-
corded. The first scan is not considered for analytical purposes

(conditioning of the electrode). The reduction peak at ca.
− 0.81 ± 0.02 V, depending on the matrix of the real sample, verifies
the presence of flunitrazepam.

3. Results and discussion

3.1. Characterization of iron-sparked graphite screen-printed electrodes

CVs in Fig. 2A show that with respect to the plain graphite elec-
trode, FeSPE exhibits increased hydrogen and oxygen evolution reac-
tions during the cathodic and anodic voltage sweeps, respectively. The
electrochemical properties between SPE and FeSPE are also sig-
nificantly different with respect to their surface/electrolyte faradic
impedimetric profile (Fig. 2A, inset graph) in 0.1M PBS pH 7 con-
taining 5+ 5mM hexacyanoferrate(II)/(III). FeSPE exhibits a charge-
transfer resistance (Rct) of 2.4 kOhm, which is significantly lower
compared with that at SPE (Rct = 4.2 kOhm). The decrease of Rct at
FeSPC is attributed to the modification of graphite surface with highly
conductive spark generated FexOy nanoparticles. Importantly, EIS data
also demonstrate that the sparking process results in quite reproducible
surfaces.

From the high resolution XPS spectrum of iron 2p3/2 (Fig. 2B) at
FeSPE, three different chemical states of iron were identified. For
comparison, the XPS spectrum of iron 2p3/2 at plain SPE is given in Fig.
S1. The intriguing part is that no peaks corresponding to metallic iron
(Fe°) are observed indicating the spontaneous oxidation of vaporized
iron to various oxides (FexOy) due to the high plasma temperature
during the sparking process and the oxidation of the so-formed iron
nanodroplets by air (Riman et al., 2015, 2017; Tabrizi et al., 2009). The
atomic percentage of iron in the sample was found to be as low as 0.3%,
leading thus to a relatively noisy signal. The XPS peak acquired from
the Fe material is deconvoluted to three peaks: the first peak centered at
709.2 eV is due to FeO compounds and corresponds to the 35% of the
total amount of iron. The second peak (710.5 eV, 54%) is attributed to
Fe3O4 (Graat and Somers, 1996), while the third peak (712.1 eV, 11%)
is assigned to FeO2 compounds (Bu et al., 2013). The ratios of Fe(II)/Fe
(III) and Fe(II)/Fe(IV) redox states in the solid sparked nanodeposits
were calculated 0.4 and 0.9, respectively.

SEM image illustrated in Fig. 2C shows the sparking prints as cra-
ters, sized ca. 200 µm in diameter, that essentially represent the FexOy

rich areas on the electrode surface. The higher magnification SEM
image in Fig. 2D displays the formation of sponge-like deposits con-
sisted of FexOy sparked nanoparticles, sized ca.< 100 nm along with
the rare presence of larger agglomerates, that have been uniformly
distributed over the sparked surface as evidenced by elemental EDX
mapping acquired across the examined area (Fig. S2). For comparison
purposes, a SEM image of plain SPE at x5000 magnification is shown in
the inset of Fig. 2C.

3.2. Electrocatalytic performance

In accordance with the CVs illustrated in Fig. 3A, during the first
cathodic sweep of the voltage, SPE shows two reduction peaks centered
at − 0.733 V (R1) and − 1.139 V (R2) V, while the following anodic
sweep up to 0.750 V reveals an anodic peak at 0.405 V (O1), which
triggers the appearance of a third reduction peak at − 0.281 V (R3)

Fig. 1. Schematic representation of the preparation of
GOx/GluHD-FeSPC. Gray dots represent the iron-sparked
surface of the working electrode. GOx, glucose oxidase;
GluHD, glucose hydrogel droplets.
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during the second cathodic scan. Considering the magnitude of R1, R2
peaks and previous literature (Bermejo et al., 1993; Núñez-Vergara
et al., 1997; Oelshlager, 1983), the peak R1 corresponds to the

reduction of the nitro group (–NO2) of flunitrazepam to hydroxylamine
(–NH-OH), according to a 4 H+/4e− mechanism, and peak R2 to the
2 H+/2e− reduction of the 4,5-azomethine (–N=C<) double bond

Fig. 2. (A) CVs of (red line) SPE and (black line) FeSPE at 0.1M PBS, pH 7 at a scan rate 100 mVs-1; Inset graph (2 A) shows the Nyquist plots of (red line) SPE and
(black line) FeSPE in 5+5mM hexacyanoferrate(II)/(III) in 0.1M PBS, pH 7, and (B) XPS spectrum of iron 2p3/2 on FeSPE surface. SEM images of FeSPE showing (C)
spark prints and (D) sponge-like spark generated FexOy deposits. Inset graph (2 C): SEM image of plain SPE at x5000 magnification (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).

Fig. 3. (A) CVs of (red line: 1st scan; blue line, 2nd scan) SPE and (black line, 2nd scan) FeSPE in 5 μM flunitrazepam in 0.1M PBS pH 7. Scan rate, 0.1 V s-1. (B)
Tentative mechanism for the electrochemical behavior of flunitrazepam (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article).
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(Fig. 3B).
The semi reversible pair of peaks O1/R3 is attributed to the redox

transition of the hydroxylamine produced at R1 to a nitroso species and
the reduction of it back to hydroxylamine (–NH-OH ↔ –NO) (Fig. 3B).
Comparing the CV scans at SPE and FeSPE, it can be inferred that
sparked generated FexOy nanoparticles endow FeSPE with enhanced
electrocatalytic properties leading to redox transitions of higher peak
magnitude and improved reversibility of O1/R3 redox couple. Potential
peak separation, ΔΕp =│Ep(O1)–Ep(R3)│, drops from 0.686 V at SPE to
0.258 V at FeSPE.

Enhanced electrocatalytic properties of FeSPE are also reflected to
their detection capabilities to flunitrazepam. DP voltammograms at SPE
(Fig. 4A) and sparked FeSPE (Fig. 4B) over the concentration range
from 0.05 to 10 μM flunitrazepam along with the respective calibration
plots (Fig. 4C) demonstrate that spark generated FexOy nanoparticles
promote the electro reduction of the –NO2 group of flunitrazepam
leading to ca. 3-fold increase of the voltammetric response. Facile

electro catalytic reduction of flunitrazepam at FeSPE is also evident by
the cathodic shift of the potential peak as depicted at Fig. 4C, inset
graph showing the comparative response of SPE and FeSPE at two se-
lected concentrations of flunitrazepam. For a signal-to-noise ratio of 3
(S/N 3), the limits of detection (LOD) were found to be 0.03 and
0.015 μM flunitrazepam, respectively, which compare favorably to
previous works based on screen-printed electrodes (Table S2).

3.3. In-situ enzymatic depletion of dissolved oxygen

FeSPC were further modified with physically absorbed GOx, and, in
the presence of added glucose, the kinetics of oxygen depletion at drop-
volume standards and real-world samples was investigated. For the
purposes of this study, various experimental parameters such as the
concentration of the added glucose (Fig. S3) and the concentration of
the 2 μL GOx solution applied on FeSPC (Fig. S4) were optimized. Op-
timal values were 10mM and 2mgmL−1, respectively. The extra re-
duction peak at −0.5 V is attributed to the reduction of the en-
zymatically produced hydrogen peroxide (see the reaction below). DP
voltammograms illustrated in Fig. 5A manifest the enzymatic depletion
of dissolved oxygen according to the course of the reaction

Glucose + O2 —GOx–>Gluconolactone + H2O2

and define the time-span during which interference by the si-
multaneous electro reduction of dissolved oxygen is nil or negligible.
The outstanding performance of GOx-FeSPC, with respect to that of
FeSPC, for the detection of flunitrazepam in non-deoxygenated solu-
tions of flunitrazepam in 0.1M PBS pH 7 is illustrated in Fig. 5B. FeSPC

Fig. 4. DP voltammograms at (A) plain SPE, (B) sparked FeSPE over the con-
centration range from 0.05 to 10 μM flunitrazepam and (C) the respective ca-
libration plots. Inset graph shows the comparative voltammetric responses of
(red line) plain and (black line) sparked FeSPE in the presence of 0.1 and 0.5 μM
flunitrazepam in deoxygenated 0.1M PBS pH 7; Flu, flunitrazepam (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article).

Fig. 5. (A) DP voltammograms of GOx-FeSPC at various time intervals after the
application of 60 μL non-deoxygenated 0.1M PBS pH 7 containing 10mM
glucose. (B) DP voltammograms of FeSPC and GOx-FeSPC in non-deoxygenated
0.1M PBS pH 7 containing 10mM glucose and 1 and 5 μM flunitrazepam.
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suffers by a large background signal over the potential range from−0.5
to − 1.05 V, due to the electro reduction of dissolved oxygen, which
hinders the detection of flunitrazepam at ca. − 0.7 V even at con-
centrations as high as 5 μM. On the other hand, GOx-FeSPC provides
analytically useful signals even in the presence of 1 μM flunitrazepam.
As regards the peak at − 0.5 V (reduction of hydrogen peroxide), the
peak height is inversely proportional to the concentration fluni-
trazepam, indicating that the enzymatically produced H2O2 oxidizes the
electrochemically generated hydroxylamine, in accordance with pre-
vious studies (Honeychurch et al., 2006). Remarkably, in situ enzymatic
depletion of dissolved oxygen is also effective in a wide range of un-
diluted real-world samples (Pepsi cola®, Vodka, Whisky, Tequila, Gin,
and Rum) of different acidity (pH 2.3–8.4), and alcohol content up to
40% v/v.

As illustrated in Fig. S5, GOx-FeSPC enables the detection of fluni-
trazepam at alcoholic and soft drinks spiked with flunitrazepam at
concentrations considerably lower than those intended to instances of
covert drug administration (25mgmL−1) (Salamone, 2001; Smith
et al., 2013). The effect of the pH and alcohol content in each sample on
the peak potential for the electro reduction of flunitrazepam along with
the time required to achieve the lowest background signal are shown in
Table S1.

Further studies aimed the applicability of GOx-FeSPC in a totally
reagentless mode, that is, to avoid addition of glucose by the user. In
this regard, we attempted to encapsulate the required amount of glu-
cose in the form of sample dissolved hydrogel droplets. After the ad-
dition of 60 μL sample the glucose containing hydrogel droplets are
dissolved yielding the concentration of glucose to be 10mM. Among
other tested polymers, sodium CMC at a concentration of 0.05% w/v
was found to be the most suitable polymer for this purpose. In specific,
i) the required amount of glucose is fully dissolved in CMC solution, ii)
after the addition of glucose the polymer solution obtains a desired
viscosity that facilitates the precise placement of the droplets in the
space between the working and the auxiliary electrodes, iii) relative
high contact angle GluHDs are not dispersed along the polystyrene
substrate, thereby preventing contact of the polymer drops containing
glucose with the GOx-modified surface of the working electrode, iv)
GluHDs are readily dissolved upon the application of the various drop-
volume aqueous or ethanol-containing samples, and most importantly,
v) after their dissolution the response of the sensor is not suppressed.
The response of GOx/GluHD-FeSPC sensor with respect to the con-
centration of CMC for the reagentless, drop-volume measurement of
non-deoxygenated standard solutions of flunitrazepam over the con-
centration range 1–10 μM are shown in Fig. 6A. Inset graph shows the
calibration plot, which was constructed by employing the optimum
concentration of CMC (0.05% w/v). The equation for the straight line is
y/μΑ=(−0.238 ± 0.079)+ (0.357 ± 0.13)(flunitrazepam/μM) with
a coefficient of determination R2 = 0.9956, while the LOD (S/N 3) was
found to be 0.7 μM. The reproducibility between different sensors was
assessed by comparing the response of ten different GOx/GluHD-
FeSPCs to a 5 μM flunitrazepam standard solution and it found to
be< 12%. The sensors also displayed satisfactory storage stability
when stored dry at 4 °C retaining more than 72% of their initial activity
for at least two months.

3.4. Direct application of GOx/GluHD-FeSPC to real-world samples

DP voltammograms illustrated in Fig. 6B show the response of GOx/
GluHD-FeSPCs at Pepsi cola®, Vodka, Whisky, Tequila, Gin, and Rum
samples before and after spiking with 10 μM flunitrazepam. Each scan
was conducted with an individual sensor, while the LODs (S/N 3) in
each sample, that is, 2 μM (Pepsi cola®), and 1 μM (Vodka, Whisky,
Tequila, Gin, and Rum) evidence the suitability of the designed dis-
posable sensors for point-of-need screening of flunitrazepam. Con-
sidering that the addition of one pill Rohypnol® (1 mg flunitrazepam) in
a portion of a strong alcoholic beverage (40mL) or to a cocktail

(80–120mL) or to a soft drink (300–350mL) results in a concentration
level ranges from ca. 80–10 μM flunitrazepam, the proposed sensor
holds promise as an effective analytical tool to prevent phenomena of
covert drug administration.

4. Conclusions

This work employs low-cost, lab-on-a-screen-printed electro-
chemical cells that have been successfully used for the direct, cathodic
voltammetric detection of flunitrazepam in a wide range of untreated
and undiluted spiked samples (Pepsi cola®, Vodka, Whisky, Tequila,
Gin, and Rum) of different acidity (pH 2.3–8.4), and alcohol content up
to 40% v/v.

The designed lab-on-a-screen-printed electrochemical cell holds also

Fig. 6. (A) Comparative responses of GOx/GluHD-FeSPC fabricated by different
concentrations of CMC and (inset graph) calibration plot for GOx/GluHD-FeSPC
(0.05% w/v CMC) in non-deoxygenated 0.1M PBS pH 7. (B) DP voltammo-
grams of GOx/GluHD-FeSPCs to various untreated and undiluted soft drink and
alcoholic beverages in the (black line) absence and in the (red line) presence of
10 μM flunitrazepam (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article).
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promise for use in point-of-care applications. Besides it has been de-
signed to operate with a small volume of sample (drop-volume), oxygen
interference, a common obstacle in cathodic voltammetric measure-
ments, is effectively alleviated by an in situ deoxygenation process
based on GOx-glucose enzyme reaction, which crucially, works effec-
tively over a wide range of pH values and high ethanol content spirits.

By employing the spark discharge method, an extremely simple, fast
(30 sparks takes ca. 20–30 s to be applied) and totally “green” method,
which is conducted in the absence of any organic solvents or other li-
quids (Riman et al., 2017, 2015; Tabrizi et al., 2009), GOx/GluHD-
FeSPCs were modified with FexOy nanoparticles, which proved to be
excellent electro catalyst for the electro reduction of flunitrazepam.

GOx/GluHD-FeSPCs offer limits of detection within the dosage
range intended to be found in covert drug administration events, and,
therefore, holds promise as an effective analytical tool for the point-of-
need screening of flunitrazepam by coupling the designed sensors with
hand-held electroanalytical devices.

The development of analytical devices enabling the interference free
electro reduction of nitrocompounds in the presence of dissolved
oxygen, offers a wide scope of applications, and advanced utility for the
development of methods intended to be used for point-of-care appli-
cations where sample deoxygenation is a serious limitation.
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