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Abstract

Cannabinoid gas-phase detectors were assembled modifying piezoelectric quartz crystals with Fast Blue B
salt, Triton X-100, and Nafion-coated Fast Blue B salt. A similar sensor was assembled using cucurbit (6) nuril
for modifier to detect cocaine in the gas-phase. Several analyses were carried out with seized drug samples,
and the amount of cannabinoids or cocaine adsorbed on the sensors was calculated using Sauerbrey equation.
Moreover, PM7 semi empirical calculations were used to understand the adsorption processes in these systems.
Fast Blue B salt coated with a thin Nafion layer for cannabinoids and cucurbit (6) uril for cocaine provided stable
and reversible responses during the analyses of several seized samples. Theoretical calculations support their
affinity towards the analytes, and our results show that it is possible to assemble reliable piezoelectric sensors
for cannabinoids and cocaine.

Introduction

Cannabis and cocaine (COC) are widely used illicit drugs are illicit drugs [1]. The primary
psychoactive substance of Marijuana is named A’-tetrahydrocannabinol (A°-THC; 6a, 10a-trans-
6a,7,8,10a-tetrahydro-6,6,9-trimethyl- 3-pentyl-6H-dibenzo [b,d] pyran-1-ol) and its use was
associated of development of psychosis [2,3]. COC (C_H, NO, or methyl (1R, 2R, 3S, 55)-3-
(benzoyloxy)-8-methyl-8-azabicyclo [3,2,1] octane-2-carboxylate) is an alkaloid extracted from
Erythroxylum coca. It stimulates the central nervous system and its abuse may cause several
adverse effects as anxiety, organ damage, and cardiac arrest. When injected, it helps spreading of
human immunodeficiency syndrome [4-9]. When these drugs are apprehended, they are detected
and identified by several (and expensive) techniques. An analysis protocol should be followed
as recommend by the United Nations (UN) and the Drug Enforcement Administration (DEA)
Scientific Working Group for the Analysis of Seized Drugs (SWGDRUG) [1,9,10]. Colorimetric test
for Cannabis is carried out with Fast Blue B salt (FBB) or Duquenois-Levine (D-L) reagents after the
extraction of cannabinoids in organic media. Color changes (purple-red for FBB or blue for D-L)
indicate the presence of A’-THC and other cannabinoids (Cannabinol, CBN; cannabidiol, CBD)
[10]. Scott test, with a solution of cobalt thiocyanate, is indicated for seized COC samples. Positive
tests reveal a bluish color which turns to pink after the addition of hydrochloric acid and it should
turn blue again with the addition of chloroform. [9,11]. Colorimetric tests, however, are subjected
to false positive or false negative tests [11,12].

Nowadays, there is a strong interest in developing novel and cheap methods to analyze illicit
drugs. Quartz Crystal Microbalance (QCM) measures the shift of resonance frequency of a
piezoelectric quartz crystal during mass changes by adsorption/desorption processes [13-17].

Piezoelectricity is basically the generation of an electric field upon mechanical pressure which
depends on the molecular asymmetry [18-21]. Materials such as AT-cut type transverse mode alpha
quartz crystals, lack symmetry center, and display such effect [13-15]. A single crystal of this quartz
will vibrate under oscillating electric fields, and its resonance frequency is dependent of its mass.

Any variation in crystal’s mass, by adsorption of some molecule for example, shifts its resonance
frequency. Such frequency shifts are associated with mass by the Sauerbrey equation (eq. 1)
[18,19,20].
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Where AF is the frequency shift (Hz), F is the original resonance
frequency before coating (MHz), AM is the mass variation (g), and A
is the exposed crystal area (cm?).

Piezoelectric micro-gravimetry extremely sensitive to mass
variations with estimated detection limits around 102 g [21].

Piezoelectric sensors find many applications in several fields,
including humidity sensors [22-27], thermometers [28], detection
of aerosols and suspended particulates [29-33], measurement of
evaporated metal films thickness [34,35], adsorption phenomena
[36,37], barometry [38,39], and speed and corrosion investigations
[40]. These sensors were also useful to detect gaseous pollutants
[41,42], to determine hydrocarbons and polar compounds in water
[22,43-45].

This device can offer come advantages when a surface of the
QCM is chemically modified with a substance. Increased selectivity
and sensitivity towards a specific analyte may be achieved by
chemically modifying the QCM sensor surface [46-49]. Some authors
have proposed different piezoelectric sensors to analyze COC [50-
54] and other illegal drugs [46] over the last years. Hunt et al. [50],
for example, modified metal electrodes coupled to quartz crystals
with benzoylecgonine antibody to detect COC in the vapor phase
at ng L' levels. Other papers consider the affinity of COC toward
cholinesterase inhibitors to build piezoelectric sensors [52], or report
the detection of COC using the immunosensors-coated CQM [53].
A label-free, real-time piezoelectric aptasensor COC was assembled
using an Electromagnetic Piezoelectric Acoustic Sensor (EMPAS)
[54].

Several reagents could be used as QCM modifiers for such
purpose, and many of them are already used for reaction with A°-
THC and COC in other detection/analysis systems and processes.

FBB reagent (3,3’-dimethoxybiphenyl-4,4’-bisdiazonium
chloride, Figure 2), is widely used for screening Cannabis sativa L. in
colorimetric tests, and it was used successfully as a derivatizing agent
for voltammetric analysis of A>~THC [55]. FBB is widely used for
colorimetric test for marijuana samples. The positive test generates a
reddish color, indicating that specific interactions between FBB and
cannabinoids occur, and justifies its use as chemical modifier.

Triton X100 (TX, Figure 2¢) is a non-ionic surfactant as
isopolyoxyethylene derivative containing a hydrophobic alkyl
phenyl group [56,57]. It is widely used in biology and biochemistry
laboratories, precisely because they are agents which act on the
surface, thus enabling transport in cells. The applications of the TX
as modifier can be attributed to investigate the enhancement effects
of surfactants, and the interactions such as adsorption on the surface
of the electrode and redox reactions [58]. The literature reports the
versatility of Nafion (1,1,2,2-tetrafluoro-2-[1,1,1,2,3,3-hexafluoro-
3-(1,2,2-trifluoroethenoxy)propan-2-yl]oxyethanesulfonic acid),
a fluoropolymer used as modifiers for determination of several
compounds [59-62]. Their application on the surface electrode
showed sufficient stability and it can provide better selectivity in
electrochemical detection [60-62]. Cucurbit (6) uril (CB[6]), is barrel-
shaped cavitand produced by the six glycoluril units and formaldehyde
under acidic conditions [63-68]. CB (6) has produced good results
when used as a chemical modifier for detecting 4,4-oxydianiline [64],
3,4-methylenedioxymethamphetamine [65], and acetylcholine [66].

In the present paper, we have used 3 different quartz-crystal
modifiers (Figure 2) to prepare piezoelectric sensors for the analysis
of A°>-THC and 1 for COC in the gas phase. We have monitored mass
variations during drug-loaded vapor flow over the sensors, to assess
strength and reversibility of the interactions between the chemical
modifiers and the analytes. In addition, theoretical calculations were
realized for a better understanding of the adsorption/chemisorption
processes at the chemical modifiers interfaces

Experimental

Our study was conducted in partnership with the laboratory of
toxicological analysis Institute of Criminalistics, Ribeirao Preto, Sao
Paulo state, Brazil.

Hexane cannabis extract was stored in a glass tube in a kiln at 30
°C.

Commercial AT-cut type quartz crystals (fundamental freq =
10 MHz) were mounted on a HC-6/U (Universal Sensors) ceramic
support model. All the crystals (diameter of 10-14mm, 0.15 mm
thick) had thin gold layer electrodes (diam. 6-8 mm; 3000-10000 A
thick) on both sides.

Chemical coating modifiers

The piezoelectric crystals were carefully modified in a reproducible
way because this process can affect the sensitivity, stability, and
lifetime of the resulting sensor. FBB, FBB with Nafion, and TX (Figure
la, 1b, 1c) were used to modify the piezoelectric sensors, which were
later employed to analyze A°-THC (Figure 1d) in seized samples. The
investigation of detection of COC was performed using CB (6) as
chemical modifier.

The chemical modifiers were dissolved in acetonitrile and
transferred to the center of the gold electrodes. All the process
was performed manually. The piezoelectric crystals were carefully
modified in a reproducible way because this process can affect the
sensitivity, stability, and lifetime of the resulting sensor.

Generation of drug vapor

Figure 1: Chemical structures of (a) FBB, (b) Nafion, (c) TX, (d) A>-THC, (e)
COC, and (f) CB (6).
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Figure 2: Frequency (MHz) versus time (min) for the cannabis extract using

a piezoelectric sensor modified with: a) FBB salt; b) Triton X-100; c) FBB
salt and Nafion.

In a furnace at 50 °C, A constant flow of N, (100 mL.min™) passed
in a glass tube containing the samples. It has with two opening for
gas inlet, and other from where the drug-loaded gas reaches the
piezoelectric sensor casing.

The Piezoelectric system

After the piezoelectric crystals were coated with the appropriate
chemical modifier, they were placed in a glass cell (with both faces
exposed to the drug vapor) and connected to an OT-13 (International
Crystal Mfg. Co, Oklahoma City, OK) oscillator to keep them
vibrating at constant frequencies. The oscillator was powered with 9
volts DC using a regulable voltage source (Heathkit, Model IP-2728).
The output frequency of the oscillator and the crystal was recorded on
a FC Goldstar 2015 digital frequency meter.

The physical configuration of the glass cell containing the
piezoelectric crystal influences the analytical sensitivity. The gas flow
was divided to two equal parts, to reach directly and simultaneously
both sides of the chemically modified crystal. This improves
significantly the contact between the drug and the piezoelectric
Sensor.

Each measurement lasted 10 minutes to saturate the analyte/
modifier interaction sites and to ensure that frequency would not
change. However, within each essay, it remained constant in triplicate
experiments.

Theoretical method

A°-THC and COC structures as well as their complexes with
the Chemical Modifiers (CM) to say TX, FBB, and CB (6) were
optimized using the semi empirical PM7 [69] method implemented
in MOPAC2012 package [70]. Although the semi-empirical is less
precise than ab initio methods, they provide satisfactory results for
large chemical systems as ours, at a low computational. Furthermore,
semi empirical methods can provide excellent results for dimeric
systems involving Van der Waals interactions as show by Li [71]
and Brandenburg [72]. Reactivity parameters were calculated from
the HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) energies. Binding energies (E,)
between the modified and A°-THC or COC were calculated using the
following equation,

E (E

b~ Endrug-CM - ndrug + ECM)
Where E | is the total electronic energy of the ndrug-CM
complexes, and n=1 or 2n, E, drug and E_, are the total energy of the

drugs and the chemical modified alones, respectively.
Results and Discussion

Piezoelectric sensors for Cannabinoids

Coating: Sensors built with pure FBB or TX as chemical modifiers
are not adequate for cannabinoids detection. Despite significant
frequency variations during the analyses, the signal baselines are not
stable. In the case of FBB, a clear desorption problem arises [73]. Mass
is lost during the experiment, and the base frequencies (resonance
frequency in the absence of analyte) rise gradually, starting at 10.0022
MHz, and shifted to 10.002235 after 4 gas injections. This indicates
clearly that FBB is lost during the analysis, and that the interaction of
FBB and gold surface is weak (Figure 2a).

The opposite behavior is verified with pure TX coatings. Base
frequencies decrease over time, during successive sample injections.
Cannabinoids do not desorb off the modifier indicating that very
strong interactions occur between the cannabinoids and TX (Figure
2b). Lifetime and reproducibility of the analyses using the TX-
modified transducer was considerably smaller when compared
to FBB. It is very difficult to avoid irreversible adsorption over a
chemically modified surface, but it is relatively easy to enhance
adsorption of a chemical modifier over a metallic surface [73]. For
this reason, we have used Nafion to protect the modifying layer, and
to reduce FBB mass loss.

The transducer was initially coated with a FBB film which was
covered by a Nafion film. The system was fully reversible in at least
one of triplicate experiments in the same sequential crystal.

This time, the sensor is stable and frequency variations are
constant during successive sample injections (Figure 2c¢).

Using the best piezoelectric system to analyze cannabis extract —
electrode coated with FBB and Nafion, the reaction time that would
give an optimal signal without losing reliability was monitored [73].

30~
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Figure 3: Adsorbed mass of the cannabis extract (ng) versus time (min) for
the modified piezoelectric sensors studied here.
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Figure 4: Frequency response versus time (minutes) for COC standard (a)
and seized (b) samples by piezoelectric analysis using CB (6) as chemical
modifier.

One minute analysis can identify cannabinoids in Cannabis
extract. The total mass of adsorbed analyte was measured as a function
of time for each modifier (Figure 3).

The TX-modified transducer has adsorbed the larger mass of
analyte modified with FBB and a thin layer of Nafion adsorbed larger
mass of cannabinoids in the gas phase.

Analysis of COC and its interferents with CB (6) modified
transducers

When CB (6) is used as a modifier, a variation of frequency in 20
Hz was observed. This behavior was consistent in a triplicate analysis
for COC (standard and seized samples). A lower adsorption of mass
indicates a semi-reversible system. Figure 4 shows a response between
COC samples and piezoelectric sensor chemically modified with CB
(6) (Figure 4):

After each cycle of analysis, the frequency is increased on the
saturation level of interaction sites. Figure 8 illustrates the interaction
purposed between COC and CB (6) (Figure 5):

CB (6) molecule have an inner and outer diameter and inner
cavity greater than CB (5) modifier [67]. CB (5) is a cucurbituril
with ten carbonyl groups. Thus, the size of cucurbiturils has an

cocaine molecules
(gas phase)

cocaine and CB[6]
interaction

QCM surface

Figure 5: Purposed interaction process between COC standard sample
(gas phase) and CB (6) (lllustration unscaled).

Table 1: Results of frequency variation (Hz) obtained for COC (standard and
seized sample) and their main interfering substances.

Frequency Variation AF / Hz
Substance COC (standard) COC (seized)
No modifier 0 0
CB (5) 0 0
CB (6) 20 20

influence on the chemical interactions involving the analytes studied
[68]. For COC samples (standard and seized), the sensitivity of the
piezoelectric sensor using this modifier has shown better results.
Using this modifier to detect interfering substances, different results
(obtained for COC analysis) were observed. The piezoelectric analysis
ofinterfering substances using CB (6) has shown a frequency variation
for caffeine and theobromine between 11 and 12 Hz, respectively. This
behavior can be attributed to their similar molecular structure, where
a methyl group differentiates these substances. However, these results
obtained were different when compared with to COC and lidocaine.
This material, commonly added in COC seized samples, did not show
a resonant frequency variation.

Table 1 lists the results for COC and interfering substances with/
without cucurbiturils as a chemical modifier on the (gold) surface
of piezoelectric sensors. The sensitivity of this method is observed
when CB (6) is used as the modifier in the piezoelectric sensor. The
absence of frequency variations when piezoelectric sensors were not
chemically modified shown no physical and chemical interactions
between this device and COC with interfering substances studied.

Semi empirical calculations

Semi empirical calculations using the PM7 Hamiltonian were
realized to understand the adsorption processes on the piezoelectric
transducers at the atomic level. From lowest energy conformations,
we could picture stable molecular assemblies (Figure 6) this way.

Figure 6: Optimized structures of the complexes obtained at Hamiltonian
PM7 method. A) A%-THC-A®-THC, B) AS-THC-FBB, C) 2A°-THC-FBB, D)
A°-THC-TX, E) 2A°-THC-TX, and F) COC-CB [6]. Hydrogen in white, carbon
in green, nitrogen in blue, oxygen in red, and cyan colors for drug abuse and
chemical modified, respectively.
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Table 2: Properties obtained from quantum chemical calculations at the semi empirical level for all complexes.

Complexes Energy (eV) €.omo (€Y) € Lo (BY) E, (ev)* Dipole (D) E, (kealmeh
A°-THC-AS-THC -7743.19 -8.50 0.24 8.74 4.80 -2.60
A°-THC-FBB -7069.13 -13.46 -7.76 5.70 11.74 -25.37
A°-THC-TX -11537.28 -8.62 0.32 8.94 4.58 -7.24
2A°%-THC-FBB -10941.44 -12.86 -7.52 5.34 11.13 -43.08
2A%-THC-TX -15408.92 -8.51 0.38 8.89 4.94 -9.46
COC-CBJ[6] -16659.68 -7.50 -0.09 7.41 2.84 -3.32

4HOMO - LUMO|

For all conformation, from the Mayer bond order analyzes, it was
not observed the formation of chemical bond between the chemical
modified and drug abuse indicating the adsorption is a physical
process. The Table 2 presents some electronic results obtained in
these calculations.

The FBB + Nafion chemical modified was not considered because
their large size and complexity to be treated using theoretical methods.
The negative values of the total energy (Energy) indicate that all
complexes are energetically favorable. The largest Eg for A*-THC-
TX and 2A°-THC-TX complexes shows their stability in chemical
reactions, contrary the A>-THC-FBB and 2A°-THC-FBB complexes
are more suitable to react with others chemical species. Therefore,
these results suggest that the TX can be an efficient chemical
modified use in the piezoelectric system to detect A>-THC due its
lowest reactivity. Moreover, the properties (Table 2) of A’-THC-
A°-THC dimer are very similar with the nA’~THC-TX indicating
identical interactions. The largest dipole moment for nA*-THC-FBB
complexes is attributed to the charge transfers from the FBB to nA’-
THC molecules. In Figure 2, the loss of mass from the piezoelectric
sensor modified by the FBB is observed. A lowest Eg value (Table
2) was obtained by the nA’-THC-FBB. Therefore, the decrease of
mass can be attributed to the highest interactions between the A°-
THC and FBB. In this way, a possible mechanism to explain how the
piezoelectric modified with FBB works was proposed. First, after the
insertion of the A’>-THC in the glass cell, there is a high absorption
of the A>-THC by the FBB. Second, after the insertion of the N, gas,
there is the carrying of A°~THC molecules and the some A°-THC-FBB
complexes implying in the lost of mass in piezoelectric system. For
the piezoelectric sensor modified by the TX, there is absorption of
A°-THC mass (see Figure 3). However, A>-THC-TX and 2 A°>-THC-
TX complexes were observed the highest Eg (Table 2) implying in the
small interactions between A’-THC and TX, but this interaction is
more favorable than A°-THC-A’-THC dimer. These results indicate
that the N, gas does not carry the A9-THC-TX complexes because
they interactions are relatively weak. According to the Table 2, the
2A°-THC-TX complex has more 30% of interaction favorable than
the A>-THC-TX dimer implying that a TX can interact with two or
more A°’-THC molecules efficiently than one molecule. Therefore, this
result can explain the largest amount of the A’-THC drug absorbed in
the piezoelectric system coated with the TX. Overall, this theoretical
data was in an agreement with experimental data. Moreover, based
on these semi empirical results, the piezoelectric sensor modified by
the TX is more appropriated to be used to detect the A>-THC due they
chemical stability.

For cucurbituril, these classes of molecules are generally used
to encapsulate another chemical species. However, the calculations

had shown unfavorable interactions (positive binding energy) in the
encapsulation process. The COC does not bind inside the CB (6)
cavity, which can be attributed to the large size of this drug abuse.
On the other hands, binding energy with negative value (favorable
interaction) was found when the COC were optimized at the CB
(6) surface, Figure 7. In the optimized complex, the COC interact
with CB (6) though the carbonyl groups at their edges see Figure
8. Therefore, our results suggest that the CB (6) chemical modified
interact with the piezoelectric crystal surface using the outside of the
CB (6) carbonyl groups. The stability of the complex was considered
by its energy gap of 7.41 eV, which the binding energy obtained was
—3.32 kcal/mol. The small frequency variation (20 Hz) observed for
this system can be attributed to the weak interaction between the
COC and CB (6).

Conclusion

The electrode modified with TX adsorbed the largest number
of cannabinoids adsorption. However, it was not fully reversible.
The electrode modified with FBB and Nafion furnished the best
results: it was fully reversible for the cannabis extract. The other
chemical modifiers used here could be employed in studies with
cannabis extract since all the modified electrodes were reproducible
in subsequent triplicate experiments. For cocaine analysis, CB (6)
modifier did show good results, and this behavior and stability of
the piezoelectric sensor can be useful for detection of seized samples.
This study involving piezoelectric technique was considered easy to
operate. The application of CB (6) modifier can be useful for detecting
other drugs such as MDMA [65]. Using this technique for detecting
these illicit drugs (in triplicate), a time of 12 minutes was necessary
for each range of concentration.

The PM7 semi empirical method was used to understand the
adsorption process of the A’-THC in the piezoelectric sensors
modified. Our theoretical results show that the decrease and the
increase of mass observed in the FBB and TX systems, respectively,
can be explained using the binding energy between these chemical
modified and A’-THC molecules.
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