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A B S T R A C T

Synthetic cannabinoids (SCs), which are becoming increasingly popular, are an important public health issue
considering the common abuse uses and serious adverse effects associated with intoxication. The analysis for
controlling the increase in synthetic cannabinoids usage requires a faster and highly sensitive detection that
rapidly developing class compounds. In this study, a piezoelectric nanosensor coated with a synthetic biomimetic
recognition nanoparticles polymer was designed for the real-time and highly sensitive synthetic cannabinoids
(SCs: JWH-018, JWH-073, JWH-018 pentanoic acid and JWH-073 butanoic acid) detection. Synthetic canna-
binoids imprinted (MIP) and non-imprinted (NIP) nanoparticles were synthesized. Firstly, the characterization of
MIP and NIP nanoparticles were studied by FTIR-ATR, scanning electron microscope, and size measurements.
After, nanoparticles were spread onto a quartz crystal microbalance (QCM) chip. Different QCM chip surfaces
were studied by contact angle, ellipsometry, and atomic force microscopy measurements. Selective rebinding of
target analytes was monitored as a frequency shift measuring mass change with the QCM. Limit of detection
values were calculated as 0.28, 0.3, 0.23, 0.29 pg/mL for these SCs in artificial saliva, respectively. The SCs-MIP
QCM nanosensors displayed high sensitivity and selectivity in a wide concentration range of SCs (0.0005–1.0 ng/
mL) in artificial saliva.

1. Introduction

There has been a proliferation at an unprecedented scale of new
drug discoveries and syntheses over the last decade, culminating what
can be considered to be an issue necessitating global attention and
serious public health hazard. Consequently to this rise, a substantial
quantity of novel psychoactive substances (NPSs) have become ob-
tainable in illicit drug markets with negligible or non-existent prior
knowledge and/or practical experience about their associated health
risks, such as side effects or toxicity profiles [1]. Analytical laboratories
in the modern age are thus confronted by the challenge of having to
account for and adapt to the appearance of such NPSs, which bear the
advantage over conventional drugs that they may remain undetected in
standard drug testing procedures. Such compounds are also character-
ized by a scarcity of reliable pharmacological and/or toxicological data,
such as their toxicokinetic profiles or detectability in many body ma-
trices. The risks posed do not end with the user either, as many NPSs

can also pose risks to non-users, such as in the case of the operation of
vehicles or machinery. The operation of vehicles under the influence of
drugs (commonly referred to as DUI or DUID) can result in hazardous
circumstances and has been indicated as a possible reason for the in-
crease in road accidents [2–4]. Screening tests applied to the detection
of NPSs are generally sensitive, inexpensive and rapid but lack high
selectivity and thus may be subject to false positives associated with
cross-reactivity to similarly-structured by stander drugs [5,6].

Urine is currently the matrix of choice for the evaluation and
monitoring of recent drug exposure. It has several advantages, such as
an extended envelope of detection, where drug exposure can be de-
tected over the length of several days, and advantages resultant from
the characteristics. However, the saliva has been proposed as an al-
ternative matrix that has attracted rising interest in clinical and forensic
toxicology, such as workplace drug testing, DUID programs, pain mi-
tigation and management, epidemiological studies [7–12]. Saliva as an
analytical matrix bears the advantages of ease of collection, low
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biohazard risks, and gender neutrality in procurement and monitoring
during sample acquisition [13]. Studies conducted on synthetic can-
nabinoids indicate that only a minor fraction of the parent compound is
excreted in unchanged form, where the vast proportion is metabolized
into more hydrophilic metabolites [14,15]. Saliva has an additional
advantage in that the proportion of parent compounds is more pre-
dominant in its matrices, allowing for faster identification of new
compounds [16]. Although saliva concentration is not considered to be
viable to determine blood concentrations [17–20], the shortness of the
detection time in saliva [20], observed after a single intake renders
saliva more applicable to identify recent exposure than urine [16].
Saliva can oftentimes be used in DUID determination, workplace drug
testing, and monitoring of drug abstinence [21,22]. The primary ad-
vantage of saliva in such a testing set is that it allows the setting of the
parent compound as a major analytical target. Immunological testing
methods utilizing cross-reactions with JWH-018 are already under de-
velopment for synthetic cannabinoids detection [23,24]. JWH-018 is
among the targets of multi-target screening methods employing liquid
chromatography–mass spectrometry [25,26]. However, quantitative
data are scarce on saliva specimens [23,27,28]. Despite having been
isolated first in 2008 [24], JWH-018 was detectable in specimens ob-
tained as late as 2015 [29], therefore it retains its relevance [30].
Among the compounds classified as NPSs, synthetic cannabinoids are
considered to hold importance and new members have been con-
tinuously introduced [31].

Synthetic cannabinoids (SCs), which mimic the influence of Δ9-tet-
rahydrocannabinol (Δ9-THC), are chemical compounds a major ac-
tive content of cannabis. In the beginning, they were used as ther-
apeutic agents for pain cure and are linked to cannabinoid receptors
in the brain [32]. Unlike the common utilize of marijuana, which
poses only relatively limited acute toxicity, serious adverse effects,
often requiring medical attention, are not uncommon with SC con-
sumption. Indeed, the relative risk of seeking emergency medical
treatment following the use of SCs has been reported to be 30 times
higher than that associated with the use of natural forms of cannabis
[33]. JWH-018 and JWH-073 are the most well-known aminoalk-
ylindol structure SCs that have appeared as new drugs of abuse
being promoted as “legal” marijuana and sold under brand names
[32]. The detection of alkyindole derivatives and their metabolites
in biological fluids is quite complicated for the low concentration of
these compounds [34]. There are several reports about the side ef-
fects of SCs including agitation, confusion, dizziness, fast heart
beating, and sickness. In human matrices, an assay of SCs is of
special importance in areas of clinical and forensic toxicology [35].
Although traditional methods are priceless for conclusive recogni-
tion of emerging drugs of abuse, the devices used are naturally ex-
pensive and bulky and are not fit for field analysis. There is a re-
quirement for alternative general screening methods that would be
sensitive enough for SCs detection in body fluids.

Molecular imprinting technology has been introduced to usher in
the in-built designed selectivity towards target analytes by molecularly
imprinted polymers (MIPs). MIPs have become very attractive artificial
receptor stages for the selective capture of small molecules of structu-
rally similar and related species [36–38]. This mimic recognition based
technique, being a type of polymerization, employs the use of the
fabrication of specific cavities (binding sites) in a highly polymeric
matrix, in such a manner as to be complementary to an analyte desig-
nated a target [35,39]. This then permits selective binding between the
matrix and the target analyte, even in a chemically complex sample.
Due to their high selectivity, MIPs have been used to modify already-
existent sensor systems to enhance their performance, such as electro-
chemical sensors [40,41], optical sensors [42,43], and mass-sensitive
sensors [44,45]. Quartz crystal microbalance (QCM) nanosensors are
mass-sensitive and have important properties high sensitivity, ease of

use, affordability, stability, simplicity and portability. A number of
strategies can be developed to design a QCM electrode surface, the most
viable approach among these methods is a molecular imprinting
strategy [35]. The widespread utilization of molecularly-imprinted
polymer coated QCM nanosensors have been published the sensing of
various analytes such as proteins [46], enzymes [47], amino acids [48],
drugs [49], pesticides [50], metals [51], antibiotics [52], biomarkers
[53], bacteria [54,55], pathogens [56], vitamins [57] and low mole-
cular weight molecules [58–61] etc.

The common applications of MIP in the QCM sensor have been re-
ported for different analytes detection but there is no combination of
MIP and QCM study to sensing SCs in saliva. Hence, the development of
simple monitoring methods for SCs detection in biological materials is
required. Herein, we synthesized molecularly-imprinted nanoparticles
using mini-emulsion polymerization. Then, the QCM chip surface was
coated with SCs-MIP nanoparticles. Detection studies of JWH-018,
JWH-073 and their major metabolites were performed using aqueous
and artificial saliva solutions. Kinetic results were determined by cal-
culating association kinetics analysis, Scatchard, Langmuir, Freundlich
and Langmuir-Freundlich isotherms.

2. Experimental

2.1. Chemicals

Ethylene glycol dimethacrylate, 2-hydroxyethyl methacrylate,
polyvinyl alcohol, ammonium persulfate, sodium dodecyl sulfate, so-
dium bisulfite and sodium bicarbonate were purchased from Sigma (St.
Louis, USA). Naphthalen-1-yl-(1-pentylindol-3-yl)methanone (JWH-
018); naphthalen-1-yl-(1-(5-pentanoic acid)-indol-3-yl)-methanone
(JWH-018 pentanoic acid); naphthalen-1-yl-(1-butylindol-3-yl)metha-
none (JWH-073); and naphthalen-1-yl-(1-(4-butanoic acid)-indol-3-yl)-
methanone (JWH-073 butanoic acid) were purchased Lipomed
(Arlesheim, Switzerland). The other chemicals were supplied from
Merck (Darmstadt, Germany). Artificial saliva consisted of the fol-
lowing (deionized water): CaCl2•2H2O, 0.8 mg/mL; KCl, 0.4 mg/mL;
NaCl, 0.4 mg/mL; Na2S•9H2O, 0.05 mg/mL; NaH2PO4, 0.69 mg/mL
[62]. The phosphate buffered saline solution (0.1 M PBS, 0.002 M
KH2PO4, 0.137 M NaCl, 0.01 M Na2HPO4, 0.0027 M KCl, pH 7.4) was
used as equilibrium buffer for the QCM nanosensor system.

2.2. Synthesis of nanoparticles

Using a two phase mini-emulsion polymerization system were syn-
thesized synthetic cannabinoids imprinted nanoparticles (SCs-MIP).
The sodium dodecyl sulfate (14.0 mg), sodium bicarbonate (12.5 mg)
and polyvinyl alcohol (93.0 mg) were dissolved in 5.0 mL deionized
water as an aqueous phase-I. The sodium dodecyl sulfate (50.0 mg) and
polyvinyl alcohol (50.0 mg) was dissolved in 100 mL of deionized water
as a phase-II. 1.0 mL ethylene glycol dimethacrylate (EGDMA) and
0.5 mL 2-hydroxyethyl methacrylate (HEMA) was prepared as an or-
ganic phase-III. The phase-III was slowly added to phase-I. The mixture
was homogenized at 6000 rpm by a homogenizer to obtain a mini-
emulsion. After homogenization, synthetic cannabinoid target mole-
cules (0.01 mmol) and N-methacryloyl-(L)-phenylalanine (MAPA)
functional monomer (0.01 mmol) were added to the organic phase and
mixture was stirred for 2 h to get effectively interactive monomer target
pre-polymerization complex. MAPA monomer was utilized as a func-
tional monomer for non-covalent interactions with synthetic cannabi-
noids and briefly, synthesis procedure and NMR analysis result was
given to supplementary material (Fig. S1) [63]. The phase-I and phase-
III mixture was added to the phase-II, and the final mixture was stirred
in a sealed-cylindrical reactor (Heidolph, Germany) at 500 rpm. In the
polymerization temperature (40 °C) solution was easily warmed. After
nitrogen gas was flushed through, ammonium persulfate (APS, 50 mg)
and sodium bisulfite (NaHSO3, 100 mg) was added to the solution as
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initiators. The synthesis conditions were set for 24 h. SCs-MIP NPs were
cleaned through centrifugation (Allegra-64R Beckman Coulter, USA) at
40 000 rpm with 50 mL of H2O/EtOH solution (1:1 v/v) for 45 min to
remove surfactants, unreacted monomers and initiators for at least 5
times [64]. In the same manner, non-imprinted nanoparticle (NIP) was
synthesized without addition of SCs target molecules to polymerization
solutions.

2.3. Characterization of nanoparticles

Characterization studies of SCs-MIP and NIP nanoparticles were
done by using zeta sizer, scanning electron microscope (SEM), and
FTIR–ATR. Protocol for nanoparticles size measurement was applied as
follows: SCs nanoparticles were dispersed in 3 mL deionized water and
placed into a sample holder of the zeta-sizer device (NanoS Malvern
Inst., London, UK). The light scattering was performed at an incidence
angle of 90° and 25° The number of nanoparticles was analyzed using
the light scattering signal. Surface structures of nanoparticles were in-
vestigated by scanning electron microscope (Zeiss, Supra55, Germany).
Before starting the analysis, the samples were dried. The samples were
coated with platinum for providing conductivity. The surface mor-
phology of the nanoparticles was then analyzed at the appropriate
magnification and voltage. FTIR-ATR spectra of nanoparticles were
recorded by Thermo Fisher Scientific FTIR-ATR spectrophotometry and
total light reflection from the surface of nanoparticles was measured at
the range 400–4000 cm−1.

2.4. Preparation of QCM chips

MAXTEK 5 000 000 Hz Cr/Au polished quartz crystal chips were
purchased by INFICON from USA. AT-cut quartz (25.4 mm) was se-
lected for its piezoelectric properties and ideal mechanical. QCM chip
surface was cleaned by using hot piranha (H2SO4:H2O2). Hot piranha
solution was spread onto a QCM chip and waited (30 s). After QCM chip
was washing with ethanol and dried at 40 °C for 3 h. SCs-MIP nano-
particles (5 µL) were spread onto the electrode surface. QCM chip was
dried by using UV light (365 nm, 100 W) for 30 min. SCs-MIP QCM chip
was washed with H2O and ethanol and after dried (Scheme 1).

2.5. Removal of targets

There are interactions between the MAPA functional monomer and
targets resulting from secondary forces. A target molecule can be re-
moved by the breakdown of these interactions. The ethylene glycol/
water mixture (50%, v/v) was utilized as a desorption agent. Removal
of SCs has performed continuously in the system 30 mL for 2 h. The
target molecule was desorbed; the SCs-MIP QCM chips were washed
and after dried.

2.6. Characterization of SCs-MIP QCM chips

The characterization studies of SCs-MIP and NIP QCM chips were
performed using contact angle (CA), ellipsometry, and atomic force
microscopy (AFM). The CA of SCs-MIP and NIP QCM chips were ana-
lyzed with the sessile drop system by utilization deionized water by
KRUSS DSA 100 instrument (Hamburg, Germany). Layer thickness
analysis of SCs-MIP and NIP QCM chips were measured using the auto-
nulling ellipsometer (Nanofilm-EP3, Goettingen, Germany). Average
layer thickness measurements were done at a wavelength of 532 nm
with an incidence angle of 62° AFM (XE-100E, Park System, Korea)
analysis of the chip surface was carried out in the non-contact mode.
MIP and NIP QCM chips were installed on the device sample holder.
10 μm × 10 μm sample area was displayed with a 256 × 256 pixels
resolution. The scan rate was 0.56 Hz. The tests were applied in an air
atmosphere.

2.7. Monitoring of SCs-MIP QCM nanosensor

SCs-MIP QCM nanosensors were utilized to detection target mole-
cules both an aqueous and artificial saliva samples in real time. Studies
were performed with INFICON Maxtek RQCM system (from USA).
Sequentially, MIP nanosensors were cleaned by using H2O/MeOH
(50%, v/v), pure water and pH 7.4 PBS solution (equilibration buffer).
After, the response of SCs-MIP nanosensor was monitored up to stable
frequency was observed. Synthetic cannabinoids samples in
0.0005–1.0 ng/mL concentrations range (pH 7.4 PBS 10 mL) were
performed to SCs-MIP nanosensor system and frequency shifts were
observed (flow rate; 1.0 mL/min). In regeneration step was utilized
ethylene glycol/H2O mixture (20 mL). Then SCs-MIP nanosensors were
washed with pure H2O and pH 7.4 PBS solution was used as equili-
bration buffer. For each SCs samples applications were repeated with
equilibration–adsorption-regeneration steps. The interaction model
between target molecules and imprinted QCM nanosensors was de-
termined by using equilibrium kinetic analysis, Scatchard, Langmuir,
Freundlich, and Langmuir-Freundlich adsorption isotherm models.

2.8. Selectivity, reusability and storage stability

The selectivity of MIPs is principally based on biorecognition [65].
Thus, the selectivity studies of SCs-MIP QCM nanosensors were per-
formed by applying other competitor synthetic cannabinoids in artifi-
cial saliva. 1.0 ng/mL of JWH-018, JWH-073 and their metabolites
samples were applied to QCM nanosensors system. According to the
calculations, the relative selectivity and selectivity coefficients of SCs-
MIP and NIP QCM nanosensors were obtained. Reusability studies of
SCs-MIP QCM nanosensors were also performed by employing of
0.1 ng/mL JWH-018, 0.01 ng/mL JWH-018 pentanoic acid 0.05 ng/mL
JWH-073 and 0.005 ng/mL JWH-073 samples 5 times, consecutively.
Stability of SCs-MIP QCM nanosensors was examined by applying the
artificial saliva that was prepared in diverse concentrations. Storage
stability studies of the SCs-MIP QCM chips were used for 3-repeated, 4
times SCs analysis in 12-month periods and the stability of the QCM
chips were observed.

3. Results and discussion

3.1. Characterization of nanoparticles and QCM chips

A two-phase mini-emulsion polymerization procedure was used to
prepare SCs-MIP and NIP nanoparticles. Characterization studies of MIP
and NIP nanoparticles were performed using zeta sizer, SEM, and FTIR-
ATR spectroscopy. Results obtained from zeta sizer indicated that
average particle size MIP and NIP nanoparticles have in the ranges of
38.5 and 45.6 nm with a polydispersity around 0.10–0.16, respectively
(Fig. S2, Table S1). Zeta sizer results were confirmed by SEM images of

Scheme 1. Diagram of molecularly imprinted nanoparticles based QCM chip.
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the nanoparticles. SEM images showed that the MIP and NIP nano-
particles have a mono-size and spherical shape (Fig. 1). In accordance
with zeta sizer, SEM results, it can be concluded that the polymerization
method was suitable in respect to synthesizing of the mono-sized na-
noparticles. This is a significant step which defines adsorption behavior
and controls the imprinted cavities homogeneity. FTIR-ATR spectra of
the SCs and their metabolite-imprinted nanoparticles and non-

imprinted nanoparticles, aliphatic –CH band at 2960 cm−1 and car-
bonyl band at 1720 cm−1 were determined. The FTIR spectrum at 1650
and 1550 cm−1 attributed to the characteristic amide I and amide II
adsorption bands of poly(HEMA–MAPA), respectively. The character-
istic frequencies for CeH groups at 1381–1460 cm−1 arises from
bonding vibration in the poly(HEMA–MAPA) and cannabinoids-im-
printed nanoparticles (Fig. S3).

Fig 1. SEM image of nanoparticles (A) JWH-073; (B) JWH-018; (C) NIP; and AFM images of SCs-MIP QCM chips (D) JWH-073; (E) JWH-018; (F) NIP.
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Prepared SCs and their major metabolite imprinted, non-imprinted
and unmodified QCM chips gold surface were characterized by contact
angle (CA), SEM, AFM, and ellipsometry. As presented in Fig. S4,
contact angle values of unmodified gold surfaces, NIP, JWH-018, JWH-
018 pentanoic acid, JWH-073, and JWH-073 butanoic acid- imprinted
QCM chips were obtained as 64.8°, 66.9°, 71.9°, 70.2°, 68.8°, and 67.1°,
respectively. The CA values have increased with the imprinting process.
This change may be due to the increased hydrophobicity of the surface.
AFM analysis of QCM chip surfaces was acquired in non-contact mode
(Fig. 1. and Fig S5). The roughness values of NIP, JWH-018, JWH-018
pentanoic acid, JWH-073, and JWH-073 butanoic acid-imprinted chip
surfaces are 8.2 nm, 6.8 nm, 9.9 nm, 11.2 nm, and 8.6 nm, respectively.
The ellipsometry analysis was carried out and results were presented in
Fig. 2. Ellipsometry analysis surface thickness values of JWH-018, JWH-
018 pentanoic acid, JWH-073, JWH-073 butanoic acid-imprinted and
NIP chip surfaces were found as 41.1 nm, 39.5 nm, 30.3 nm, 45.6 nm,
and 38.0 nm, respectively. Thus, we can conclude that the nano-
particles are monolayer and homogeneous. Also, the SEM images of
MIP-coated QCM chip surface confirmed the immobilization of the
polymer layer and indicated that the homogeneous of the polymer layer
(Fig. S6).

3.2. QCM nanosensing

3.2.1. Detection of SCs
It is well known that piezoelectric crystals are highly sensitive to

pressure and any mass change on their surfaces [35]. The SCs-MIP QCM
nanosensor interacted with various concentrations of SCs samples from
0.0005 to 1.0 ng/mL. The Δf and Δm variation graphics against time
monitored with SCs-MIP QCM nanosensor utilization of JWH-018,
JWH-073 and their metabolites were displayed in Fig S7-8. Δm changes
are directly related to increasing concentration of SCs in the sensor-
gram. As a result, it can be said that SCs-MIP QCM nanosensor has a fast
response to synthetic cannabinoids.

The LOD is mostly utilized as evidence of the quality of a sensor. The
ability to label-free sensing small amounts of molecules dissolved in a
solution using an analytical method or through some type of sensor can
be measured by the detection limit. LOD values were calculated using
the formula LOD = 3(σ/S) where σ is the standard deviation and S is
the sensitivity; the limit of quantification (LOQ 10(σ/S) ≈ 3•LOD)
[66–68]. The LOD values were calculated to be 0.28, 0.23, 0.3, 0.29 pg/
mL and also LOQ values were calculated to be 3.03, 2.4, 3.0, 3.1 pg/mL
of JWH-018, JWH-018 pentanoic acid, JWH-073, and JWH-073

Fig. 2. Ellipsometry images of (A) JWH-018; (B) JWH-018 pentanoic acid; (C) JWH-073; (D) JWH-073 butanoic acid-imprinted QCM chips; (E) NIP QCM chip.
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butanoic acid-imprinted QCM nanosensors. SCs-MIP QCM nanosensors
mass shift was shown linearity in a wide range of 0.0005–1.0 ng/mL
(Fig S8-11).

Detection of SCs was also performed with SCs-MIP QCM nanosensor
in artificial saliva. The artificial saliva was spiked by a different can-
nabinoid solution concentration of ranging from 0.0005 to 1.0 ng/mL.
The changes in SCs-MIP QCM nanosensor mass shift response were
performed in proportion to the increase in a spiked synthetic cannabi-
noids concentration (Fig. 3).

3.2.2. Selectivity
The selectivity studies of the each SCs-MIP QCM nanosensors were

also carried out for determination of JWH-018, JWH-073, and their
metabolites in the artificial saliva. The similar molecular structures of
competitor agents were presented (Table 1). 1.0 ng/mL of JWH-018,
JWH-073 and their metabolites samples were applied to QCM nano-
sensors system. For the other SCs samples, each MIP QCM nanosensors
displayed the lower response (Fig. 4). The NIP QCM nanosensor mass
shifts (Δm) were observed as 0.12, 0.07, 0.09 and 0.04 for JWH-018,
JWH-018 pentanoic acid, JWH-073, and JWH-073 butanoic acid, re-
spectively (Fig. 4). Also, responses of NIP QCM nanosensor sensorgram
were displayed in Fig. S9. Relative selectivity coefficients (k') de-
termined for every competitor agents were given in Table 2. The re-
lative selectivity coefficient calculated for each target molecule implied
that the cavities created in MIP nanoparticles recognized the imprinted
template molecule selectively and have a memory of the target mole-
cules.

3.2.3. Reusability and storage stability
The reusability is one of the most signification advantages of mo-

lecularly imprinted polymer coated QCM nanosensors. The MIP coated
QCM chips have a repeatable capacity for reuse because of the stability
of the polymeric structure and durability to media conditions.
Equilibration–adsorption-regeneration-rebinding cycle was performed
subsequently by applying 0.1 ng/mL JWH-018, 0.01 ng/mL JWH-018

pentanoic acid 0.05 ng/mL JWH-073 and 0.005 ng/mL JWH-073 bu-
tanoic acid and cannabinoid solutions. Reusability experiments of SCs-
MIP QCM nanosensor chips were performed five times and mass shift
values were measured. In Fig. 5, the regeneration-rebinding cycles (A)
and storage stability (B) for 12 months of SCs-MIP QCM nanosensor
were displayed repeated mass shift during the cycles.

3.2.4. Recovery
The recovery studies were performed with three different con-

centrations (0.005, 0.1 and 1.0 ng/mL) of SCs. Table S3 displays the
recoveries of SCs in artificial saliva. The recovery values of the designed
imprinted QCM nanosensors are between 79.0 and 98.0% with
RSD < 5.0. These results show that closeness to %100 results and the
values of recovery were all within the acceptable range (Table S3). To
evaluate the developed QCM nanosensor method, an Orbitrap-based LC
high resolution-MS/MS method was performed also. As a result, the
designed SCs-MIP QCM nanosensors have a perfect efficiency in the
detection of SCs and their metabolites with the confirmation of a cer-
tain Orbitrap-based LC-high resolution-MS/MS method (Supplementary
material).

3.3. Determination of kinetic constants for SCs detection assay

The interaction model between target molecules and imprinted
QCM nanosensors was investigated by carrying out equilibrium kinetic
analysis, Scatchard, Langmuir, Freundlich, and Langmuir–Freundlich
isotherm models. The applied linear model could be calculated using
these equations:

Equilibrium kinetic analysis:

= +d m/dt k C m (k C k ) ma max a d (1)

Scatchard:

=m /[C] K ( m m )eq A max eq (2)

Langmuir:

Fig. 3. Responses of SCs-MIP QCM nanosensor; (A) JWH-018; (B) JWH-018 pentanoic acid; (C) JWH-073; and (D) JWH-073 butanoic acid.
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= +m { m [C]/K [C]}max D (3)

Freundlich:

=m m [C]max
1/n (4)

Langmuir-Freundlich:

= +m { m [C] /K [C] }max
1/n

D
1/n (5)

where Δm is increase in mass (ng/cm2); concentration of SCs: C (ng/
mL); forward and reverse kinetic rate: kd (1/s) and ka (ng/mL) con-
stants; The ka and kd values were calculated by plotting concentrations
against the slope of concentrations in the equilibrium kinetic analysis.
Freundlich exponent: 1/n; dissociation and association equilibrium: KD

(mL/ng) and KA (ng/mL) constants; subscripts: maximum (max) and
equilibrium (eq) [66]. Langmuir's theory concerns to a uniform surface
with equivalent adsorption sites (homogeneous adsorption), which
each analyte has constant enthalpies and adsorption activation energy
(all sites have the same affinity), with no transmigration of the polymer
surface [69,70]. Adsorption isotherm models were applied to identify
the homogeneity of SCs-MIP nanoparticles (Table S2). All isotherms,
except Langmuir, have high correlation coefficients (R2 > 0.94). The
linear fit with the Langmuir equation was comparably the best, which
means that the binding of SCs molecules onto SCS imprinted QCM
nanosensor is monolayer. Also, Scatchard curve shows some surface
homogeneity. Compatibility of Δmmax values with experimental Δmmax

value shows that the binding of SCs onto SCs-MIP QCM nanosensor
polymer surface is homogeneous (Fig. S10-13). The determined para-
meters for all adsorption models are shown in Table S3.

Table 1
Chemical structures and molecular weight of JWH-018, JWH-073, JWH-018 pentanoic acid and JWH-073
butanoic acid.

Fig. 4. A comparison of the response of SCs-MIP and NIP QCM nanosensor.

Table 2
SCs-MIP QCM nanosensor the selectivity coefficients (k) and relative selectivity coefficients (k') values.

MIP NIP MIP NIP
SCs Δm k Δm k k' SCs Δm k Δm k k'

JWH-018 0.65 – 0.12 – – JWH-018 pentanoic acid 0.55 – 0.07 – –
JWH-018 pentanoic acid 0.29 2.24 0.07 1.71 1.31 JWH-018 0.25 2.20 0.12 0.58 3.77
JWH-073 0.03 21.67 0.09 1.33 16.25 JWH-073 0.10 5.50 0.09 0.78 7.07
JWH-073 butanoic acid 0.13 5.00 0.04 3.00 1.67 JWH-073 butanoic acid 0.02 27.50 0.04 1.75 15.71

MIP NIP MIP NIP
SCs Δm k Δm k k' SCs Δm k Δm k k'

JWH-073 0.62 – 0.09 – – JWH-073 butanoic acid 0.72 – 0.04 – –
JWH-073
butanoic acid 0.23 2.70 0.04 2.25 1.20 JWH-073 0.21 3.43 0.09 0.44 7.71
JWH-018 0.06 10.33 0.12 0.75 13.78 JWH-018 0.04 18.00 0.12 0.33 54.00
JWH-018
pentanoic acid 0.02 31.00 0.07 1.29 24.11 JWH-018 pentanoic acid 0.07 10.28 0.07 0.57 18.00
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4. Conclusions

The toxicity of the SCs appears to be worse than that of natural
cannabis likely due to the higher potency. In certain circumstances,
acute toxic effects can contribute to death. For this reason, in clinical
and forensic settings it is fundamental to supply methods targeting
these compounds and their major metabolites in saliva samples as well.
In this research, QCM nanosensors coated with synthetic biomimetic
recognition nanoparticles have been designed for real-time and highly
sensitive synthetic cannabinoids (JWH-018, JWH-073 and their major
metabolites) detection in artificial saliva. LOD values were calculated to
be 0.28, 0.23, 0.3, 0.29 pg/mL JWH-018, JWH-018 pentanoic acid,
JWH-073, and JWH-073 butanoic acid in artificial saliva, respectively.
In this research, label-free and rapid QCM nanosensor were designed
and displayed that the highly selective and sensitive of these QCM
nanosensors on aqueous solutions and oral fluid (artificial saliva) at
0.0005–1.0 ng/mL concentrations. QCM is a powerful device in mon-
itoring specific interactions. Although the research we conducted in this
critical area needs to be done in different mediums and different SCs
types, we confidence that presented strategy represents a pathway for
the designer of MIP-based nanosensor indicating a way to form a MIP
NPs coated surface directly on the sensor transducer surface which
makes it possible to obtain appropriate real-time and label-free of a
target molecules.
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