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Introduction

Rapid detection of synthetic cannabinoids in
herbal highs using surface-enhanced Raman
scattering produced by gold nanoparticle
co-aggregation in a wet systemt

Hiroki Segawa, (2 *2 Takao Fukuoka,® Tamitake Itoh,® Yuichi Imai, Yuko T. Iwata,?
Tadashi Yamamuro,® Kenji Kuwayama,® Kenji Tsujikawa,® Tatsuyuki Kanamori® and
Hiroyuki Inoue®

Synthetic cannabinoids (SCs) are a major category of new psychoactive substances that are frequently dis-
tributed after addition to plants. To date, various SCs with small differences in their chemical structures
have prevailed in the illegal drug market. Thus, the development of a method for rapid detection with
high discrimination capability is critically important for the forensic field. Vibrational spectroscopy is a
possible analytical technique for this purpose because it can sensitively reflect differences among chemi-
cal structures. In this study, we applied surface-enhanced Raman scattering (SERS) with gold nanoparticle
co-aggregation in a wet system to plant samples containing SCs. The experimental protocol used was
simple and involved only mixing of the sample with several other solutions. It was possible to detect SERS
spectra from various stock solutions of SCs by this method. The method was then applied to street
samples containing SCs. Some of the plant samples containing SCs did not produce significant SERS
signals even though stock solutions of the same SCs did produce SERS spectra. We investigated the
reason for this discrepancy and speculated that the solubility in aqueous solutions was a factor determin-
ing whether a significant SERS signal could be detected or not. According to this hypothesis, minimal
sample pre-treatment methods were applied. This allowed for the detection of SERS spectra from the
examined plant samples. The developed approach is a powerful method for screening analysis of SCs in
plant fragments.

have been synthesized by the creation of positional isomers,
functional group substitutions, and methylene group elonga-

Recently, the abuse of new psychoactive substances (NPSs) has
been increasing and become a global problem."* NPSs are syn-
thetic drugs that are produced by slightly changing the chemi-
cal structures of template drugs. There are several categories of
basic skeletons, such as phenethylamines, phencyclidine-type
substances, piperazines, tryptamines, synthetic cathinones,
and synthetic cannabinoids (SCs).** SCs are a major category
of NPSs, and many structural analogs with small differences
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tion.” In the illegal drug market, SCs are frequently distributed
after being added to plant fragments. These plant products are
called “herbal highs” and are often sold as “not for human
consumption”. It is important to accurately identify SCs for
forensic drug analysis because drug regulations can depend
on small differences in the chemical structure.

Vibrational spectroscopy, such as infrared absorption spec-
troscopy and Raman spectroscopy, may be suitable for drug
screening purposes. Vibrational spectra sensitively reflect
changes in chemical structures, and can be used for molecular
fingerprinting. To date, vibrational spectroscopy has been
applied to various kinds of drugs of abuse.®** Because these
techniques have excellent molecular specificity, they are power-
ful screening techniques. The obtained information is useful
for subsequent detailed instrumental analyses such as chrom-
atography and mass spectrometry.

Surface-enhanced Raman scattering (SERS) is a phenom-
enon where the intensity of Raman scattering from molecules
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Fig. 1 Schematic of the present SERS experimental system using gold nanoparticle (AuNP) co-aggregation in a wet system.

interacting with local surface plasmon resonance is dramati-
cally enhanced.'* The enhancement factor can be up to 10"
and even Raman scattering signals from single molecules can
be detected using this technique."® This signal enhancement
is important from a practical point of view because the weak-
ness of Raman scattering signals is frequently referred to as a
significant drawback of Raman spectroscopy. The spectral pat-
terns of SERS and spontaneous Raman scattering are not
always consistent with each other.'® However, the molecular
specificity of the spectra is retained and SERS spectra can be
used for molecular fingerprinting. The high sensitivity and
molecular specificity of SERS enable detailed screening of
drugs of abuse with their structural information. In practice,
SERS has been applied to analyze various kinds of drugs of
abuse."””®" Focusing on the analysis of herbal highs, the
ability to quench autofluorescence from the samples provided
by the metal surfaces of SERS substrates is another important
advantage. Applying SERS to herbal highs will offer the oppor-
tunity to obtain detailed vibrational spectra without compli-
cated pre-treatment and autofluorescence.

We previously developed a SERS method for analyzing
hypnotics.>” In our experimental scheme, co-aggregation of
sample molecules and gold nanoparticles (AuNPs) in a wet
system was applied (Fig. 1). This experimental scheme pro-
vided stable and reproducible SERS spectra even though
measurement instability is frequently referred to as a major
drawback of SERS.**

In this study, we aimed to apply our SERS method to SCs.
First, various SC stock solutions were examined to determine
the range of application. Then, real samples of herbal highs
were analyzed. It will be shown that the developed SERS
method could be applied to the analysis of various SCs.

Experimental
Chemicals

SC standards were kept as stock solutions in methanol and
stored in a freezer (—20 °C). Crystalline SCs used for Raman
microspectroscopy were purchased from Cayman chemicals
(Ann Arbor, MI, USA). Methanol was purchased from FUJIFILM
Wako Pure Chemical Corporation (Osaka, Japan). Real herbal

This journal is © The Royal Society of Chemistry 2019

highs were purchased from the street or through the Internet,
and stored in a freezer (—20 °C). The SCs contained in the
samples were previously identified in our laboratory.

SERS experiment

AuNPs were synthesized following an established method.***®
The average particle diameter was about 45 nm. Co-aggrega-
tion of the sample molecules and the AuNPs was performed as
follows: (1) 6 pL of the aggregating agent (1 M sodium chloride
solution) was dropped onto a small dish (<1 cm x 1 cm) made
of aluminum foil, (2) 6 puL of the sample solution was added,
and (3) 48 pL of a AuNP dispersion was added and mixed
instantaneously. When the plant samples were measured
directly, a piece of plant was placed on a dish before adding
the aggregating agent, and 6 pL of water was added instead of
the sample solution. After mixing, the samples were analyzed
promptly. The instrument was a near-infrared (785 nm) porta-
ble Raman spectrometer (C12710, Hamamatsu Photonics,
Hamamatsu, Japan). The irradiation power provided by
the manufacturer was 50 mW, which corresponded to 6.4 x 10*
W cm > It should be noted that the actual irradiation power
could not be monitored because the instrument was a closed
system. The instrument was controlled by C12710 operating
software (Hamamatsu Photonics). The exposure time
depended on the signal-to-noise ratio. It should be noted that
subtraction of the background signals originating from sol-
vents or chemicals used in AuNP synthesis was not performed.

Quantitative analysis by gas chromatography

The SCs contained in two real samples (samples B and C) were
quantified by gas chromatography. The quantification was per-
formed on an Agilent 6890 gas chromatograph equipped with
a flame ionization detector and a 7683 autosampler (Agilent
Technologies, Santa Clara, CA, USA). Standard solutions of
JWH-210 and AM-2233 were serially diluted to 1, 5, 25 and
50 ug mL™' in methanol. These solutions were used for cali-
bration. The real samples were weighed and then soaked in
methanol with a plant sample/methanol ratio of 10 mg:1 mL.
These solutions were sonicated for 5 min. After benchtop cen-
trifugation, the supernatant was collected and diluted 10 times
with methanol. The diluted supernatants were used as sample
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solutions. For all calibration and sample solutions, JWH-018
(10 pg mL™") was added as an internal standard. A DB-5 ms
column (30 m x 0.25 mm i.d., film thickness 0.25 pm; Agilent
J&W, Folsom, CA, UA) was used for separation. The oven temp-
erature was kept at 80 °C for 1 min, and then raised to 320 °C
at a rate of 15 °C min~' and held at this temperature for
19 min. The sample (1 pL) was injected with a split ratio of
1:5. The injection port temperature was 250 °C. Helium was
used as a carrier gas at a flow rate of 1 mL min~". ChemStation
software (Agilent Technologies) was used for instrument
control and data analysis.

Quantitative analysis by SERS

Standard SC solutions (JWH-210 and AM-2233) were serially
diluted to 1, 5, 10, 25, and 50 pug mL~" with methanol. The pre-
pared sample solutions were analyzed following the protocols
described in the “SERS experiment” section. In this experi-
ment, the sample solution did not contain the internal standard.

Raman microspectroscopy

Raman microspectroscopy was applied to the herbal highs.
Measurements were performed using a RAMAN force instru-
ment (Nanophoton, Osaka, Japan). The excitation wavelength
was 785 nm and the irradiation power was set between 5 and
20 mW depending on the signal-to-noise ratio. The objective
lens was an Olympus (Tokyo, Japan) LCPLN 20XIR with a mag-
nification of 20 times and a numerical aperture of 0.45. To
obtain spectra of the standards, each solid SC was placed on a
glass slide and covered with a cover slip. To obtain spectra
from real herbal high samples, a piece of each plant was
placed on a glass slide and covered with a cover slip.
Measurements were performed in the XY mapping mode. This
instrument was also used to obtain SERS signals for methanol
extracts of herbal highs. The experimental protocols were the
same as described earlier in the text (“SERS experiment”
section), except that the RAMAN force instrument was used in
place of the portable Raman spectrometer.

Data processing

Spectral analysis was performed using Igor Pro 8 software
(WaveMetrics, Lake Oswego, OR, USA). Cosmic ray spikes and
noise were removed. After baseline subtraction, all frames were
averaged. For Raman microspectroscopy measurements, singu-
lar value decomposition analysis was also performed to reduce
noises. Quantification of SCs contained in the real herbal high
samples was performed using Microsoft Excel 2016 (Redmond,
WA, USA). Prediction of the solubility in water was performed
using the Chemicalize online platform (ChemAxon, Budapest,

Hungary).

Results and discussion
SERS measurements of SC standards

Various standard solutions of SCs were analyzed by SERS with
a portable Raman spectrometer to confirm the range of appli-
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Table 1 Synthetic cannabinoids detected by the portable Raman
spectrometer

5
%)
c
=3

Compound code or name

AB-FUBINACA

AB-PINACA

AM-1220

AM-2233
Cannabipiperidiethanone
CB-13
5-Fluoropentyl-3-pyridinoylindole
JWH-007

JWH-016

JWH-018

JWH-019

JWH-081

JWH-122

JWH-201

JWH-210

JWH-250

JWH-302
JWH-122-N-(5-hydroxypentyl)
NNE1

MN-18

Org27759

Org29647

RCS-4

R O T e T T T T T i S S S S S S Sy Y

Symbols: +, detected; and +, detected but with a low signal-to-noise
ratio.

cation of the present SERS method. Examined SCs are listed in
Table 1, and the obtained spectra are presented in Fig. S1.t
When obtaining such spectra, care should be taken as to the
effect of background signals. We previously found that SERS
signals from the target of interest and the background, which
likely originated from the solvent and chemicals used for
AuNP synthesis, were in competition.”> Thus, background
spectra are shown in the figures for comparison with the SERS
spectra of the analytes. Various kinds of SCs could be detected
by the developed SERS method. It should be noted that
although the final samples contained 10% methanol, this was
not an issue for the current co-aggregation method. As men-
tioned in the “Introduction”, many SCs have similar chemical
structures. Thus, the discrimination capability of the method
is important from a practical point of view. The SERS spectra
of JWH-016, JWH-018, and JWH-019 were compared to illus-
trate the discrimination capability (Fig. 2). JWH-016 and
JWH-018 are positional isomers with JWH-016 possessing a
2-methylated indole ring and a shorter methylene chain than
JWH-018 (Fig. 2a). Although there are only small structural
changes between them, SERS spectra of these two SCs pro-
duced different spectral patterns and the SCs could be discri-
minated (Fig. 2b). By contrast, JWH-018 and JWH-019 had
similar SERS spectra, and only subtle differences in the ratio
of the 1336 cm™" and 1367 cm™' peaks or the presence of a
minor peak at around 1270 cm™"' in the JWH-018 spectrum
were observed (Fig. 2b). The structural difference between
these two SCs is the length of the methylene chain. Therefore,
these results show it is difficult to discriminate the length of
the methylene chain by the present SERS method. Another

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Measurement of the surface-enhanced Raman scattering
spectra of standard solutions. (@) Chemical structures of examined
synthetic cannabinoids, (b) spectra of methylene positional isomers, and
(c) spectra of methoxy positional isomers. BG indicates the background
measurement. Exposure was 1 s, 100 frames. Arrow heads indicate the
peaks useful for discrimination.

example of closely related SCs is JWH-201, JWH-250, and
JWH-302 (Fig. 2a). These three SCs are positional isomers with
differences in the position of the methoxy group on the
benzene ring. The SERS spectra of these SCs were different to
each other and discrimination was feasible (Fig. 2c).

This journal is © The Royal Society of Chemistry 2019
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It should be noted that some SCs did not produce signifi-
cant SERS signals (Table 1), namely AB-FUBINACA and
AB-PINACA. Compared with the other examined SCs, these two
SCs have lost a ring (e.g., benzene, naphthalene, or an analog)
from their structure. In place of this ring, AB-FUBINACA and
AB-PINACA possess amide groups. In a previous study, we
found that a benzodiazepine-type molecule with several carbo-
nyl groups located close to each other did not produce a sig-
nificant SERS signal.*> The AB-FUBINACA and AB-PINACA in
the present study had two carbonyl groups at the y-position.
Therefore, the present results are consistent with the previous
study.

Overall, these results suggest that the present SERS method
has high qualification ability for SCs. However, care should be
taken because some structurally similar compounds (e.g., with
methylene chain length differences) can produce similar
spectra, and some compounds do not give large signals.

Application to real herbal highs

We applied the developed SERS method to some real herbal
highs containing SCs. The SCs were previously identified in
our laboratory. The samples, components, and results of
SERS analysis are summarized in Tables 2 and 3. Even
though all SCs contained in the examined real herbal high
samples were detected in the standard solutions (Table 1),
SERS spectra were only detected for AM-1220 and AM-2233
in the real samples. The SERS spectrum obtained from
sample A is shown in Fig. 3. This sample was identified as
containing AM-1220 and AM-2233, and its SERS spectrum
was well consistent with the summation of the SERS spectra
of AM-1220 and AM-2233 standards. Before this measure-
ment, the samples were not pre-treated. These results indi-
cate that the present SERS method is feasible for rapid
screening for SCs contained in herbal highs. However, many
plant samples containing SCs did not produce significant
SERS signals (Table 3), and this narrowed the application
range for practical use. Thus, we investigated why SERS
signals could not be obtained from the real herbal high
samples. We hypothesized that three factors might affect
SERS signal detection: (1) the amount of SCs contained in the
real sample, (2) the affinity of SC molecules to the AuNP
surface, and (3) the method of SC addition to the plant.

Table 2 Plant samples and their components previously identified in
our laboratory

Sample SCs contained

AM-1220, AM-2233
AM-2233

JWH-210

AM-1220, AM-2233
AM-1220, APICA

AM-1220, APICA, APINACA
APICA

JWH-081

JWH-081

JWH-122

——TomMEHg O W >
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Table 3 Surface-enhanced Raman scattering results for real herbal highs
AM-1220 AM-2233 JWH-081 JWH-122 JWH-210 APICA APINACA
A +/+ +/+
B +/+
C —/+
D +/+ —/+
E +/+ —J+
F A ok I+
G —/+
H _/+
1 —/+
J _/+

The results for direct measurements and analysis of methanol extracts are given separately by a slash (i.e., direct measurement result/methanol
extract result). Symbols: +, detected; —, not detected; and +, detected but the spectrum was not a complete match for the standard.

Intensity (a.u.)
=

.0 VU R R ) B4 N

1600 1200 800 400

Raman shift (cm_l)

Fig. 3 Surface-enhanced Raman scattering spectra of a real herbal
high. (a) Spectrum obtained from sample A (Table 2), (b) standard spec-
trum of AM-1220, (c) standard spectrum of AM-2233, and (d) back-
ground spectrum. Dashed lines indicate peaks that coincide in the
sample and standard spectra. Exposure was 1's, 100 frames.

Quantification of SCs in real herbal high samples

When the amounts of SCs contained in plant samples are
small, it is reasonable to expect that SERS spectra will not be
observed. The SCs contained in sample B (AM-2233) and
sample C (JWH-210) (Table 2) were roughly quantified by gas
chromatography (Fig. S2t). The coefficient of determination
obtained by linear regression was >0.999 for both SCs. The
estimated concentrations of the SCs were 5.1 x 10" pg mg™" for
AM-2233 in sample B and 2.6 x 10" pg mg™"' for JWH-210 in
sample C. Because the concentrations of these two SCs were
on the same order, we speculated that the difference in con-
centration would not play a significant role in determining
whether SERS signals could be observed.

Comparison of concentration versus SERS intensity curves

Generally, strong SERS signals are obtained from molecules
adsorbed onto the so called “hotspots” of a nanostructure.”®
In the present experimental system, the area adjacent to the
contact point of AuNPs corresponds to the hotspot because of
the existence of a strong electric field coupled with local

6932 | Analyst, 2019, 144, 6928-6935
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Fig. 4 Measurement of dilution series of synthetic cannabinoids. Error
bars indicate standard deviation of the peak height within 100 frame
measurements.

surface plasmon resonance. In a previous study, we found that
adsorption onto hotspots was a competitive process.>* This
means that molecules with low affinity to AuNP surfaces will
not adsorb to hotspots in the presence of competing sub-
stances with higher affinity for AuNPs. The concentration
versus SERS intensity curve can be used as a barometer for
evaluating the affinity because molecules with high affinity
will quickly reach a plateau.

The concentration versus SERS intensity curves of AM-2233
and JWH-210 are shown in Fig. 4. These plots clearly showed
a plateau under 10 pug mL™!, corresponding to 2.2 x 107> M
AM-2233 and 2.7 x 107> M JWH-210, which indicates that these
two SC molecules have similar affinities to AuNPs. Therefore, we
speculated that a difference in the affinity to AuNPs was not a
major factor determining whether SERS signals could be
observed. Note that these calibration plots indicated that the
present SERS method was not suitable for quantitative analysis.
The intensity of signals does not show a linear relationship to
the concentration, and saturated in the low concentration range.

Observation of SC crystals on plant samples

As mentioned in the “Introduction”, herbal highs are made by
adding SCs to plant fragments. It is believed that the SCs are

This journal is © The Royal Society of Chemistry 2019
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added to plants by either powdering and coating or dissolution
and soaking, but the exact production methods of herbal
highs in clandestine laboratories remain unclear. When SCs
permeated plant bodies, it is reasonable that significant SERS
signals are not acquired by direct measurement because the
method does not include any extraction steps. To confirm how
SCs were added to the samples, Raman microspectroscopy was
applied to the plant samples.

Although near-infrared excitation (785 nm) was used,
strong fluorescence from the plant body was observed and
measurement of Raman scattering signals from the crystalline
SC was difficult. However, on the periphery of the plant frag-
ments, it was possible to obtain Raman spectra of SCs without
severe interference from fluorescence. The Raman spectra
obtained from the plant samples and standards, and the
corresponding optical images are shown in Fig. 5. The spec-
trum obtained from the crystalline structure attached onto
plant sample B (Table 2) could be ascribed to AM-2233.
Similarly, the spectrum obtained from the crystalline structure
attached onto plant sample C (Table 2) could be ascribed to
JWH-210. These results indicate that the SCs added to real

(a)

H Sample B

- AM-2233
5
=
]
=

hy 1 )‘} Sample C

IS |y SRy | VAT e W] NS
JWH-210
ll'lllllrlllllllllllllll‘lllll
1600 1200 800 400

Raman shift (cm_l)

(b) (c)

Fig. 5 Measurement of spontaneous Raman scattering spectra of
crystalline structures located on the surfaces of herbal highs. (a) Raman
spectra obtained from herbal highs and standard compounds.
(b) Optical image of the crystalline structure found in sample B, and
(c) that found in sample C. Yellow arrows and broken circles indicate the
positions of the crystalline structures. Black lines correspond to 10 pm.
These data were obtained using a Raman microspectrometer. Exposure
time was 3 s.
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herbal high samples B and C did not permeate plant bodies.
Therefore, the detection of a SERS signal from a real herbal
high sample was not determined by the way the SC was added
to the sample.

SERS measurement of the methanol extract

For the quantification of the SCs, methanol extracts of the
herbal highs were obtained. Interestingly, we could detect SERS
signals from the methanol extracts of both sample B and sample
C (Fig. 6) but direct analysis of sample C did not produce a sig-
nificant SERS signal. Consequently, methanol extracts of all
samples listed in Table 2 were prepared and measured. The
results are summarized in Table 3. All samples examined in this
study produced significant SERS signals (Fig. S31).

The reason for the inconsistency between direct and indirect
(methanol extract) analyses should be examined. According to

(a)

sample B
by
‘@
[ =
]
=
JWH-210
L] I L} L} L] l L} T I I 1 L] 1
1600 1200 800 400
-1
(b) Raman shift (cm )
sample C
Fy
‘»
[ =
]
g AM-2233
L] I L} L} I I L} L] L] I 1 L] 1
1600 1200 800 400

Raman shift (cm_l)

Fig. 6 Surface-enhanced Raman scattering spectra of methanol
extracts of sample B and sample C (in blue). Corresponding spectra of
standard solutions are also shown (in red). These spectra were obtained
by using a Raman microspectrometer with 1-5 s exposure time.
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the direct analysis experimental results, we hypothesized that
three factors might affect SERS signal detection: (1) the
amount of the SC, (2) the affinity of the SC to AuNPs, and
(3) the method of SC addition. The preceding results (subsec-
tions “Quantification of SCs in real herbal high samples”,
“Comparison of concentration versus SERS intensity curves”,
and “Observation of SC crystals on plant samples”) indicated
that these factors were not essential for SERS signal detection.
The direct and indirect experimental procedures differed in
how the sample was introduced to the experimental system.
For direct analysis, a piece of the plant was soaked in the
system, whereas for indirect analysis, a methanol solution of
the sample was added to the system. Because the present SERS
experimental system was composed of aqueous solutions
(AuNP dispersion and sodium chloride solution), the analyte
needs to dissolve in water to interact with the AuNPs. As con-
firmed by earlier results (“Observation of SC crystals on plant
samples”), crystalline SC was observed on the plant surface.
Thus, sufficient solubility in water might be important for
SERS signal detection by direct analysis.

We checked the solubility differences of SC molecules
examined in this study using Chemicalize. This online plat-
form enables empirical prediction of physicochemical pro-
perties from the chemical structure. The results of the calcu-
lation are summarized as log S values in Table 4. Log S is the
base 10 logarithm of the water solubility expressed in mol L™".
A higher log S indicates that a molecule has higher water solu-
bility (e.g:, the log S of methanol is 1.11 and that of hexane is
—2.95). Interestingly, log S values of AM-1220 and AM-2233
were relatively high compared with those of the other exam-
ined SCs (Table 4). For AM-2233, a log S of —3.00 corresponded
to about 4.6 x 10> pg mL™" (1.0 x 10~ M). This concentration
should be sufficient to detect SERS signals as shown in
the concentration versus SERS intensity curve (Fig. 4). By con-
trast, the logS for JWH-210 (—8.26) corresponds to about
2.0 ng mL™" (5.5 x 10~° M). Taking into consideration this
water solubility difference, it is reasonable that only AM-1220
and AM-2233 produced significant SERS signals in the direct
analysis (Table 3).

The presence of methanol would dramatically change the
solute-solvent interaction. In the indirect analysis, methanol
(10%) is present in the final sample for measurement. We
speculate that this methanol helps solvate SC molecules in the
experimental system and they can then reach the hotspots on

Table 4 The log S values predicted by the Chemicalize platform for the
examined synthetic cannabinoids at pH 7.4

Name Log S
AM-1220 —4.05
AM-2233 —-3.00
JWH-081 —7.24
JWH-122 -7.77
JWH-210 —8.26
APICA —6.18
APINACA —6.28
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the AuNP aggregates. Consequently, even the SERS signal of
JWH-210, which had low water solubility, in sample C could be
detected by indirect analysis. We noted that the methanol
extracts had a greenish tint originating from components in
the plant body. However, no significant interference from fluo-
rescence was observed. We consider that this was because of
quenching of fluorescence by the interaction of the fluo-
rophore and AuNPs. This indicates that SERS is a powerful
screening technique that enables highly sensitive vibrational
spectroscopy with decreased fluorescence.

Conclusions

In this study, we aimed to extend the range of application of a
previously reported SERS method for the rapid detection of
SCs. For a standard solution measurement, the SERS method
using AuNP co-aggregation in a wet system produced signifi-
cant SERS signals from various SC molecules. By contrast,
direct analysis did not produce sufficient SERS signals for
street samples of plants containing SCs, the so-called herbal
highs. We hypothesized that this might be caused by (1) the
amount of SC contained in the plant sample, (2) the affinity of
the SC to AuNPs, and (3) the method of SC addition to the
plant. However, the experimental results did not support this
hypothesis, and another reason was necessary to explain our
observations. Interestingly, we found that methanol extracts of
real herbal highs produced significant SERS signals even if the
sample did not show any signal by direct analysis. This result
indicated that solubility in water might be a major factor deter-
mining signal detection by direct analysis. In fact, only plant
samples containing SC molecules with higher predicted water
solubilities provided significant SERS signals by direct ana-
lysis. For methanol extracts, the final solvent composition of
the experimental system was 9:1 (by volume) for water/metha-
nol. We speculated that this 10% methanol could facilitate sol-
vation of the SC molecules and their interaction with AuNP
aggregates. Thus, simple pre-treatment by methanol extraction
will enable application of the present SERS method to various
street samples containing SCs. This result indicates that
sufficient sensitivity is achieved with the present experimental
protocol from a practical point of view.

Some caution should be taken when determining the pres-
ence of SCs using the developed method. First, assignment of
a SERS spectrum to a particular SC molecule requires great
care. As mentioned in the “SERS measurements of SC stan-
dards” section, many SCs have similar chemical structures and
will produce similar SERS spectra. Therefore, a sophisticated
discrimination method is required to facilitate identification
of the SC. We are now measuring SERS spectra of various SCs
to establish a spectral library. This will aid the application of
statistical and chemometric approaches for spectral assign-
ment. Second, the detection of several SCs simultaneously
might be difficult with the present system. In this study, some
samples previously identified as containing more than two SCs
were analyzed by the developed SERS method (Table 3).
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However, the obtained SERS spectra were not always consistent
with the sum of the spectra of the previously identified SCs.
For example, sample F was identified as containing AM-1220,
APINACA, and APICA. In the SERS spectrum of sample F, we
could easily identify the characteristic spectral pattern of
AM-1220 but it was difficult to find those of APINACA and
APICA (Fig. S37). In a previous study, we found that the adsorp-
tion of analyte molecules onto the hotspots of AuNP aggre-
gates was a competitive process. This means that it might be
difficult to obtain SERS spectra from several kinds of analyte
molecules simultaneously if the molecules have large differ-
ences in their affinities to AuNPs. Therefore, it should be
noted that the detection of a particular SC by the developed
method does not exclude the possibility of the presence of
other SCs in a sample. A combination of the present SERS
method with a sophisticated data processing method and
careful interpretation of the spectra will allow for simple and
rapid screening of SCs contained in herbal highs.
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