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Abstract

New psychoactive substance (NPS) misuse represents a critical social and

health problem. Herein, a novel flipped approach is presented for the detection

of psychoactive substances in complex mixtures using portable Raman spec-

troscopy. This consists firstly of evaluating the spectral dissimilarities of an

NPS product to its constituent adulterants followed by detection of the NPS by

means of key spectral signatures. To demonstrate it, three structurally diverse

NPS and four commonly used adulterants were selected. A Design-of-

Experiments guided approach was employed to determine the composition

of simulate street samples, ranging from binary to quinary mixtures of varying

concentrations. Spectra were acquired for all mixtures using a portable Raman

spectrometer and examined using projection analysis on model systems, devel-

oped via principal component analysis using reference materials. For all

21 mixtures investigated, the innovative ‘flipped’ methodology resulted in iso-

lated and unequivocal detection of the NPS. Interestingly, the NPS signatures

were consistent across all mixtures investigated and were 1712, 1000, and

777/1022 cm�1 for 5F-PB-22, phenibut, and N-Me-2-AI containing samples,

respectively. Thus indicating that the developed model systems could be appli-

cable to structural analogs. NPS were detected to concentrations as low as 6.0%

w/w. This flipped methodology was benchmarked to the instrument's output

algorithms and outperformed these in terms of NPS detection, particularly for

low concentration ternary and quinary mixtures. As a result, this study repre-

sents a critical change in the conceptualization of novel approaches for the

detection of psychoactive substances and further denotes a blueprint for the

development of detection methodologies of target analytes in complex

mixtures.
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1 | INTRODUCTION

The growing number of new psychoactive substances
(NPSs) that are available is a global challenge in terms of
health, security, and monitoring. NPSs also commonly
called “designer drugs” or “legal highs” are substances
initially synthesized for the purpose of reproducing the
psychoactive effect of controlled recreational drugs
(e.g., ecstasy and cannabis) while bypassing existing legis-
lation.[1] Approximately 50 unique NPSs are reported to
the United Nations Office on Drugs and Crime (UNODC)
each year, where a total of 1004 NPSs were recognized at
the global level in October 2020.[2] It is widely reported
that abuse of these substances often leads to negative out-
comes such as violence and aggression, sympathomimetic
effects, acute organ failures as well as fatalities.[3–6] This
is compounded by the fact that still little is known about
the acute and chronic health effects for such a diverse
range of substances, and thus, targeted treatments are
continually lagging behind. In recent years, as a means to
decrease the abuse of NPS, many nations such as the
United Kingdom and New Zealand have instated blanket
bans to more extensively control these substances.[7,8]

However, an increase in the control status requires tai-
lored analytical methods that are capable of monitoring
the sheer number and inherent chemical diversity of NPS
and their products (Figure 1).

Consequently, law enforcement and health care orga-
nizations face a real challenge for the realization of
efficient screening and identification analytical method-
ologies of NPS. This is exacerbated by the number of sub-
stances on the market growing at a continuum fast pace,
where these emerging psychoactive substances range
from having only a subtle chemical modification
(i.e., chemical analogs) to those previously reported to
unexpected new scaffolds. It is of note that the former
represents a much more widely used approach when
compared with the latter. In addition, remaining impuri-
ties as well as cutting agents and adulterants, added to
bulk out the drug and/or provide some additional phar-
macological effect, add to this chemical complexity and
can often inhibit drug detection.[9–11] Interestingly, for
the purpose of the work presented herein and unlike the
case described for psychoactive substances, the develop-
ment and utilization of novel cutting agents and adulter-
ants is negligible. The gold standard for the identification
of known NPS is lab-based analytical techniques such as

liquid and gas chromatographic techniques (LC and GC)
coupled with mass spectrometry (MS) due to their accu-
racy and sensitivity.[4,12,13] Moreover, LC–MS is often
applied for the analysis of biological fluids such as blood
or urine (i.e., aqueous based), while GC–MS is more con-
venient in the analysis of tablets, capsules and powders
(i.e., preparation via solvent extraction).[4,12] The latter
requires solvent dissolution which can also reduce the
impact from the cutting agents/adulterants enabling
identification. In both cases, sending NPS samples to
forensic laboratories can be costly and time-consuming
resulting in only a selection of samples being analyzed.
In recent years, there is a pressing need to have an initial
identification (i.e., first pass) of suspect NPS samples
where they are originally encountered (e.g., border con-
trol, prison, field policing, and health clinics).[12,14–16] It
should be noted that the use of chromatographic
approaches represents the gold standard for the identifi-
cation of known NPS, while the identification of
suspected novel analogs requires the utilization of other
techniques such as NMR spectroscopy.[17–19]

Handheld spectroscopic instrumentation is of particu-
lar interest for rapid NPS detection due to their ease of
use and quick response, which is facilitated by correla-
tions of the unknown substance to on-board spectral
libraries.[20–26] A comparative analysis between handheld
IR, NIR, and Raman spectroscopies showed Raman as a
more promising technique in the identification of NPS in
mixtures due to numerous sharp analyte peaks as well as
an insensitivity to polar functional groups (e.g., -OH and
-HN).[27] Additionally, Raman spectroscopy has the
advantage of minimal to no sample preparation and
through-package analysis. For this reason, it has been
used successfully over the years for traditional drugs of
abuse (e.g., cocaine, heroin, and methamphetamine) and
more recently for discrimination of NPS classes with
principal component analysis (PCA). [20–23] Yet, one main
obstacle that remains is the impact of the NPS product
matrix (i.e., impurities, cutting agents, and adulterants)
on the Raman spectra and how to overcome this for
improved drug identification.[20,21,24,25,27,28] The matrix
can impact on NPS identification in the following key
ways: (1) The presence of fluorescence from the matrix
can swamp the Raman signal, and more importantly,
(2) the matrix can dilute and/or interfere with the spec-
tral signals of the NPS. While the effect of fluorescence
can be reduced or in many cases eliminated by
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employing a lower-energy excitation source
(e.g., 1064 nm) [21,25,29], the complications posed by com-
monly used adulterants such as benzocaine, lidocaine,
caffeine and procaine in products as well as inert compo-
nents such as talc and cellulose for powder bulk still rep-
resent a critical problem that needs addressing in the
development of Point-of-Use detection methodologies. In
the case of spectroscopic approaches, this is particularly
aggravated by the inferior resolution and signal-to-noise
ratio (S/N) of handheld Raman instrumentation when
compared with lab-based equipment. Along these lines,
there is limited understanding as to what extent NPS
identification is hindered by cutting agents, adulterants,
or the presence of structurally similar substances in
regard to dilution and spectral interference. A number of
studies have reported on issues of identification with spe-
cific NPS samples due to the matrix with handheld
Raman spectroscopy,[23,25,27,28] but these are on a case-
by-case basis and do not represent a blueprint for the
development of superior technologies. Recent guidance
from the UNODC recommends evaluation for matrix
interference as a key validation parameter for drug iden-
tification using handheld Raman spectrometers; how-
ever, this is left for the user to determine.[30] Although
evaluation of “real-life” samples is crucial to determine
the usefulness of an analytical technology, the literature
lacks cohesiveness which would allow examination of
trends and development of criteria useful for interpreta-
tion of key aspects. Thus, comprehensive insight and a
more systematic approach are needed to succinctly
inform guidance and advice for NPS identification using
handheld Raman spectroscopy.

Motivated by these shortcomings, herein we present
an innovative approach for the unequivocal detection of
psychoactive substances in complex mixtures by means
of handheld Raman spectroscopy coupled to
chemometrics. While approaches based on spectroscopic
techniques and chemometrics have been previously
described, these largely rely on the spectral similarities
between target analytes and NPS reference standard
materials, attributing successful identification to their

relative orientation in two- and three-dimensional scores
plots.[20,23,29,31]. Uniquely, unlike NPS, the toolbox of sub-
stances commonly used as adulterants and cutting agents
remains constant, allowing for a detailed understanding
of their spectral properties. As a result, in this work, a
reversal of the traditional approaches is proposed, a so-
called flipped detection. It is hypothesized that to facili-
tate the rapid in situ detection of psychoactive substances
in complex mixtures, the rationale should be on the dis-
similarities between NPS and adulterants/cutting agents
rather than similitudes to NPS reference standards in
available libraries, which often leads to challenges in the
detection of the target analyte due to observed low corre-
lations. Firstly, the presence of a potential psychoactive
substance in a mixture is highlighted by its dissimilarity
to cutting agents and adulterants, thus, bypassing the
complications highlighted for currently used methods
such as the lack of updated libraries for reference mate-
rials and/or poor spectral intensities. Next, the unequivo-
cal detection of the target analyte is facilitated by key
Raman active bands. It is anticipated that this approach
will allow for the successful detection of chemical ana-
logs (vide supra) characterized by negligible differences
in their spectral signatures, that is, target spectral fea-
tures belonging to classes and subclasses of psychoactive
substances and not individual representatives.[32]

2 | EXPERIMENTAL SECTION

2.1 | NPS and adulterants used in the
study

High purity (≥ 97%) NPS reference standards (10 mg)
were purchased from Chiron Pharmaceuticals Limited
(Bristol, UK) for the creation of Raman reference spectra.
A larger quantity of NPS was required to generate the
powder mixtures; thus, a set of NPS were purchased from
UK online suppliers in February 2016 under Home Office
license. The identity and purity were evaluated (SI.1)
using gas chromatography mass spectroscopy (GC–MS)

FIGURE 1 Chemical structures for

the three new psychoactive substance

(NPS) and four adulterants used in this

study
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and high-performance liquid chromatography (HPLC).
The purity was determined to be 90.2 ± 0.8, 95.4 ± 0.4,
and 99.6 ± 0.1% for 5F-PB-22, phenibut, and N-ME-2-AI,
respectively. Adulterants were all purchased from Sigma
Aldrich (Dorset, UK) and used as received.

2.2 | Generation of complex mixtures
(test samples [TS]) using selected NPS and
adulterants

A DoE-guided approach was used to generate a smaller
number of NPS mixtures to represent the complexity of
one NPS combined with up to four adulterants. A sim-
plex algorithm was applied with a quadratic fit where the
total mixture mass was set to 150 mg; at least 10 mg of
NPS was present in every combination investigated, and
the adulterants ranged between 0 and 140 mg. The DoE
approach resulted in 21 diverse compositions ranging
from pure NPS to quinary mixtures (Table 1). These will
be referred to as TS 1–21.

2.3 | Handheld Raman spectroscopy

A Progeny handheld Raman spectrometer (Rigaku, USA)
was selected for the study based on previous reports for
NPS detection.[21,23,29] The spectrometer had an excita-
tion wavelength of 1064 nm coupled to a TE cooled
InGaAs detector (512 pixels). The handheld instrument
had a weight of 1.6 kg, dimensions of
29.9 cm � 8.1 cm � 7.4 cm, a theoretical battery life of
over 5 h, and an optimum operating temperature range
of �20�C to 50�C. The instrument had an adjustable laser
power of 30–490 mW, exposure time ranging from 5 ms
to 30 s, and a spectral range of 200–2500 cm�1 with a res-
olution of 8–11 cm�1. The instrument was calibrated
daily using a benzonitrile reference standard (Rigaku,
USA). Measurements were made using the baseline cor-
rection, 200 (for 5F-PB-22 and N-Me-2-AI containing
samples) or 350 (for phenibut-containing samples) mW
laser power, 2000 ms exposure time, and 10 acquisitions.
In most cases, analysis was conducted through glass vials
(Kimble Chase vial screw PTFE cap, China) using the

TABLE 1 Composition of the test samples generated using the DoE-guided approach in this work

Test sample (TS)

Composition/mg

NPS Benzocaine Caffeine Creatine Sodium glutamate

1 150 0 0 0 0

2 10 0 140 0 0

3 10 140 0 0 0

4 10 0 0 140 0

5 10 0 0 0 140

6 80 0 70 0 0

7 80 70 0 0 0

8 80 0 0 70 0

9 80 0 0 0 70

10 10 70 70 0 0

11 10 0 70 70 0

12 10 0 70 0 70

13 10 70 0 70 0

14 10 70 0 0 70

15 10 0 0 70 70

16 94 14 14 14 14

17 24 14 84 14 14

18 24 84 14 14 14

19 24 14 14 84 14

20 24 14 14 14 84

21 38 28 28 28 28

Note: NPS = 5F-PB-22, phenibut or N-Me-2-AI.

Abbreviations: DoE, Design-of-Experiments; NPS, new psychoactive substance.
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vial attachment; however, for the NPS reference com-
pounds (<10 mg), spectra were collected on aluminum
plates.[20,21] Raman spectra of the reference standards
were collected and added to an in-house NPS-related
spectral library on board the instrument (99 compounds).
Raman spectra of the TS, with DoE-generated composi-
tions (Table 1), were collected (n = 4); vials were vortex
mixed using a Vortex-Genie 2 (Scientific industries Inc.,
USA) for 1 min before the first run and 30 s between rep-
licates to obtain a representative result. A thorough and
comprehensive evaluation of each TS via the spectrome-
ter's in-built algorithms is presented in the supporting
information (SI.4).

2.4 | Hierarchical clustering and PCA

Experimentally acquired Raman spectra (n = 10) for ref-
erence standards of NPS and adulterants were initially
critically evaluated using clustering analysis by means of
hierarchical complete linkage method and absolute corre-
lation, as implemented in the Unscrambler X 10.5.1 soft-
ware (CAMO, Oslo, Norway). Model systems containing
one NPS and all four adulterants (n = 10) were developed
by means of PCA, employing NIPALS (Nonlinear Itera-
tive Projection by Alternating Least Squares) algorithm
as implemented in the Unscrambler X 10.5.1 software
(CAMO, Oslo, Norway) and full cross validated (one sam-
ple per segment). To evaluate the feasibility of the pro-
posed flipped detection approach, simulated street
samples (Table 1) were tested against their respective
model systems by means of projection PCA, using aver-
age spectra (n = 4). The proposed methodology is based
on a two-step process, whereby both Steps work along-
side each other rather than independently. Step 1 explores
the dissimilarities of the analyzed sample with respect to
reference spectra for adulterants instead of similarities to
those of NPS reference standard materials. This is then
followed by, Step 2, the confirmation of the presence of
the NPS by judicious evaluation of key spectral signa-
tures, which are unique to NPS and therefore absent
from the spectra of adulterants. In all cases, raw Raman
spectra were then used to allow for direct performance
comparison with respect to instrument's in-built algo-
rithms; again, a comprehensive evaluation of this is pres-
ented in the supporting information (SI.4).

2.5 | Computational details

The unconstrained geometries of all three NPS and four
adulterants were optimized (SI.2) by means of B3LYP
density functional[33–35] at the 6-311G(d) level, as

implemented in Spartan 18 (v. 1.4.4) software.[36] In all
cases, optimized geometries were confirmed by IR ana-
lyses, characterized by the absence of imaginary modes
which denotes true equilibria minima.[37,38] Harmonic
frequencies and Raman intensities were computed for
these optimized geometries at the same level of theory,
with observed scaling factors in line with those reported
previously.[39] These computed harmonic frequencies
were employed in the interpretation of the Raman spec-
tral profiles of the reference standard materials of the
selected NPS and adulterants for this work.

3 | RESULTS AND DISCUSSION

Thus, in this study the proposed ‘flipped’ methodology
will be judiciously evaluated using a systematic approach
guided by Design-of-Experiments (DoE) to generate sim-
ulated street mixtures. In this way, the known chemical
composition will be used to inform the analytical inter-
pretation and tangible guidance can be provided to those
using handheld Raman spectroscopy in-field. To prove
the concept, three NPSs were selected belonging to differ-
ent classes and exhibiting different chemical scaffolds,
namely, 5F-PB-22 (synthetic cannabinoid),[40,41] phenibut
(GABA-A/B receptor agonist),[42] and N-Me-2-AI
(aminoinda.ne).[43] In turn, a subset of four commonly
used cutting agents and adulterants,[10,11,25,26,44] benzo-
caine, caffeine, creatine, and sodium glutamate was cho-
sen, which will be referred to collectively as adulterants
for the study.[10,11] The manuscript is laid out as follows:
firstly, we carry out an initial evaluation of the spectral
properties of all investigated NPS and adulterants; sec-
ondly, an in-depth analysis of our flipped detection
approach is carried out using simulated street mixtures
for each NPS; and lastly, we conclude by benchmarking
our methodology to the Raman instrument's in-built
algorithms. To the authors' knowledge, this work repre-
sents the first systematic study to investigate the role of
adulterants and cutting agents as well as the effect on
NPS concentration on the identification of NPS using
handheld Raman spectroscopy.

3.1 | Initial evaluation and model
development

Among other factors, a key challenge associated to the
identification of NPS in street samples by portable spec-
troscopic techniques is often attributed to the large struc-
tural, and hence spectral, similarities between these
substances and commonly used adulterants.[20,21,32] As a
result, the development of novel in-the-field approaches
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which are able to unequivocally discriminate between
NPS and adulterants and further identify the psychoac-
tive substance is of critical interest. Thus, the Raman
spectra of three model systems were evaluated and then
used to confirm the presence of the target analyte in the
simulated street mixtures using our proposed flipped
detection approach.

The feasibility of exploiting spectral differences
between the NPS and adulterants was carried out by eval-
uating the raw Raman spectra followed by PCA model
development. Figure 2 illustrates the Raman spectral pro-
file of the three NPS and four adulterants selected as
model compounds in this work. In line with their respec-
tive chemical structures (Figure 1) and their associated
intrinsic scattering properties, the spectral profiles for 5F-
PB-22 and to a lesser extent benzocaine, phenibut, and
N-Me-2-AI are characterized by high-intensity Raman
active bands. In turn, the decrease in conjugation in the
case of creatine and particularly sodium glutamate results
in weaker intensities and poorer S/N. It is of interest for
the purpose of this work that the spectral profiles for the
three NPS of interest exhibit intense Raman active bands
which are unique to them and further differentiates them
from the studied adulterants. Thus, this was a main focus
of the spectral evaluation carried out in this study. The
Raman spectrum of 5F-PB-22 exhibits a large number of
strong and well-defined active bands. Among those we
consider of particular note is the strong vibrational band
as a result of the carbonyl stretching at ca 1712 cm�1.
While this vibrational band is also observed in the case of
benzocaine and caffeine with significant intensity, their
location at ca 1685 and 1699 cm�1, respectively, and
lower relative intensity makes us hypothesize that it can
be used as a key spectral marker in the detection of 5F-

PB-22, and structural analogs, in complex mixtures. In
conjunction with the latter, characteristic Raman active
bands at ca 777 and 1531 cm�1, associated to C-F vibra-
tion and pyrrole quadrant stretching mode, respectively,
represent suitable vibrational markers due to their loca-
tion and relative intensity. The vibrational mode for the
C-F stretching motion could serve as a key marker for
the detection of structural analogs exhibiting almost iden-
tical wavenumbers for this functional group, such as 5F-
Apica (770 cm�1), 5F-Apinaca (774 cm�1), NM-2201
(770 cm�1) as well as AM-2201 (778 cm�1).[20] The spec-
tral profile of phenibut is clearly dominated by a very
strong active band located at ca 1000 cm�1, associated to
a 2, 4 and 6 radial in-phase stretching motion which is
characteristic of monosubstituted benzenes. In addition,
its Raman profile also features vibrational bands which
can be ascribed to both semicircle and quadrant aromatic
stretching modes located at ca 1410 and 1601 cm�1

respectively, also observed in the spectra of N-Me-2-AI
and 5F-PB-22. Contrary to the case of phenibut, the spec-
tral profile of N-Me-2-AI is characterized by a large num-
ber of moderate intensity vibrational bands. This
progression is dominated by the signal associated to the
in-plane C-H rocking vibrational motion at ca1022 cm�1

as well as C-H wagging modes located at ca 777 and
847 cm�1. It is of particular note that in the case of mod-
erate Raman scatterers, the presence of more than one
key spectral signature is often required for its unequivo-
cal detection (vide infra).

Careful analysis of the Raman spectral profiles of the
four adulterants reveals the complexity of developing a
portable spectroscopic methodology for psychoactive sub-
stances, particularly in street samples which contain sig-
nificant concentrations of benzocaine, a very strong
Raman scatterer as well as caffeine and creatine. In turn,
the complexities posed by sodium glutamate are different
in nature and associated to the presence of a large num-
ber of low-intensity Raman active bands and poor
S/N. This can result in large spectral correlations which
are associated to high noise baseline levels and not key
spectral signatures, potentially leading to false positives
in samples characterized by large concentrations of this
adulterant. The spectral profile of benzocaine features
four strong Raman active bands at ca 864, 1279, 1606,
and 1683 cm�1. The first two of these four bands can be
ascribed to a C-H in-phase vibration mode of the conju-
gated core and a C-O stretching mode, respectively. The
peak at 1606 cm�1, which dominates the spectral pro-
gression, can be associated to the quadrant vibration of
the benzene moiety. We ascribe the lower wavenumber
shift of the carbonyl vibrational band in benzocaine with
respect to the observed value in 5F-PB-22 to the signifi-
cant differences in the R groups of these aromatic esters

FIGURE 2 Experimental Raman spectral profiles of the

different new psychoactive substance (NPS) and adulterants

investigated in this work. λexc = 1064 nm [Colour figure can be

viewed at wileyonlinelibrary.com]
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(Figure 1). Both caffeine and creatine are characterized
by Raman spectra with the highest intensity bands below
1000 cm�1, associated to quadrant in-phase (555 cm�1)
and C-O stretching motions (830 cm�1), respectively. The
Raman profile of caffeine further features medium inten-
sity bands at ca 1330 and 1602 cm�1 which can be associ-
ated to semicircle and quadrant vibrational motions of
the imidazole and pyrimidinedione moieties, respectively.
In turn, bands located at 916 and 1396 cm�1 in the spec-
trum of creatine are associated to an out-of-plane bend-
ing mode of the methylene group adjacent to the
carbonyl and a C-N stretching motion, respectively.
Lastly, the Raman spectrum of sodium glutamate exhibits
a poor S/N, consistent with its aliphatic nature, with
Raman active bands at 1406 and 1435 cm�1 associated to
O=O-CH2 bending modes in both cases.

Subsequently, and to gain further insight into the
spectral dissimilarities among these selected compounds,
we subjected a dataset containing 10 replicates for each
compound investigated to clustering methodologies using
hierarchical complete linkage method and absolute corre-
lation (Figure 3). We observed that despite the aforemen-
tioned spectral similarities, seven independent clusters
were generated. This can be partially ascribed to the
above-detailed key spectral markers. Importantly, each
cluster was formed of 10 replicates, with all cluster repre-
sentatives denoting replicates of the same standard mate-
rial. We report larger relative distances between the
cluster representatives (i.e. replicates) in the case of
sodium glutamate, which can be readily attributed to the
poor S/N observed in the Raman spectra of this adulter-
ant. In turn, we report negligible relative distances
among the cluster representatives in the case of benzo-
caine and 5F-PB-22, which we account for on the basis of
their strong scattering properties. Interestingly, these
results are consistent with three higher level clusters and
two superclusters, one formed by the three NPS and the
other one by the four adulterants. This suggests that there
are key spectral differences that can be exploited to

differentiate the NPSs from the adulterants. Inspired by
these outcomes, next, we subjected this dataset to PCA
for an in-depth analysis of their spectral signatures. Three
bespoke model systems, each containing one NPS and all
four adulterants, were generated and subsequently evalu-
ated in detail.

PCA models for each of the three subsets, each con-
taining one NPS and all adulterants, were generated and
subsequently analyzed. Given the large number of vari-
ables in the data matrix, first, we evaluated the effect of
systematic data reduction without compromising their
performance, denoted by amount of explained variance,
particularly along the first three principal components
which carry most of it. This is of significant interest in
the development of algorithms, with the aim of reducing
data processing times. We observed that, in line with pre-
vious studies on NPS,[20,23] the lack of spectral features in
all cases beyond ca 1750 cm�1 (Figure 2) allows for a sig-
nificant reduction of the number of variables to be
processed. This was confirmed by the analysis of the
amount of explained variance in each developed model.
In short, negligible changes in explained variance by the
three first principal components were observed when
narrowing the spectral region of interest to 250–
1750 cm�1 (46/20/18//42/21/19, 48/19/17//45/19/14, and
56/19/12//55/19/13% for full spectral ran-
ge//250-1750 cm�1 of 5F-PB-22, phenibut and N-Me-
2-AI, respectively). It is noteworthy that in all cases,
developed model systems were observed to account well
for the total variance of the dataset, exhibiting explained
variances >98% for the first four principal components. It
is also of importance that all chemometric models were
generated employing raw spectral data to allow for fur-
ther comparisons and benchmarking with instrument in-
built algorithms. This highlights the robustness of these
models which do not require preprocessing methodolo-
gies of the spectroscopic data. Figure 4 illustrates the
developed model systems and their discriminative ability,
where replicates for each substance cluster together and

FIGURE 3 Dendrogram illustrating the

relationships between the Raman spectral

profiles of all new psychoactive substance (NPS)

and adulterants investigated in this work

[Colour figure can be viewed at

wileyonlinelibrary.com]
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occupy distinctly different regions in the three-
dimensional scores plot with respect to other compounds
in the subset. The latter, which is in line with observa-
tions made by hierarchical clustering analysis, can be
judiciously associated to previously described Raman
active chemical scaffolds and associated key spectral fea-
tures. To further explore these observations, we went to
examine in detail the line loadings for the three first prin-
cipal components in each developed model system.

Careful evaluation of the three-dimensional scores
plots in Figure 4 and associated spectral profiles and line
loading plots in Figure 5 reveals that in agreement with
hierarchical clustering analysis, replicates of sodium glu-
tamate, phenibut, and to a lesser extent, N-Me-2-AI
occupy larger regions of the three-dimensional scores
plots when compared with their subset counterparts. It is
of particular note that for all investigated cases, greater
similitudes in the three-dimensional score plots were

observed between the NPS and creatine as well as sodium
glutamate and not benzocaine and caffeine, which
exhibit greater relative intensities of the main Raman
active bands (Figure 2). Nonetheless, clear delineation
among all subset representatives in all three bespoke
model systems is seen. In the case of the model system
for 5F-PB-22, the observed lack of delineation between
this NPS and creatine along the first principal component
can be ascribed to similar spectral patterns in the region
corresponding to semicircle stretching motions which is
characterized by high intensity loadings in this principal
component. In turn, the closely clustered together repli-
cates of 5F-PB-22 exhibit successful delineation with
respect to all other compounds along the second princi-
pal component. We associate the latter observation to the
highest intensity loading for this component coinciding
with the key spectral marker of 5F-PB-22 related to the
carbonyl stretching at ca 1712 cm�1 (Figure 5a).

FIGURE 4 Three-dimensional scores plots for each new psychoactive substance (NPS) and all adulterants generated using 10 replicates

spectra per substance and 250–1750 cm�1 spectral region [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Experimental Raman spectral profiles and line loadings for all three first principal components for each developed principal

component analysis (PCA) model system [Colour figure can be viewed at wileyonlinelibrary.com]
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Similarly, while replicates for phenibut are delineated
along all first three principal components with respect to
benzocaine, caffeine, and sodium glutamate, they exhibit
a similar location in the three-dimensional scores plot
when compared with creatine along the first principal
component (Figure 4). The arguably poorer delineation
with respect to scores of creatine can be attributed to C-N
stretching Raman active bands of comparable intensity at
ca 1402 cm�1. In turn, the observed delineation along the
third principal component with respect to all other subset
members can be attributed to phenibut's characteristic
radial in-phase stretching motion which coincides with a
medium intensity loading for this principal component
and is absent in all other subset members. Interestingly,
despite the absence of high-intensity Raman active bands
in the spectrum of N-Me-2-AI, we observed a clear delin-
eation along the first and, to a lesser extent, the second
principal components among all subset representatives in
the three-dimensional scores plot (Figure 4). The latter
can be readily ascribed to spectral regions of high load-
ings in PC1 which coincide with key spectra markers,
such as the C-H wagging motion at ca 847 cm�1,
pyrimidinedione's quadrant vibrational motion at ca
1606 cm�1, quadrant in-phase vibration at ca 556 cm�1

as well as the C-O stretching at ca 824 cm�1, which are
characteristic of N-Me-2-AI, benzocaine, caffeine, and
creatine, respectively.

Our bespoke model systems reveal that successful
detection of target NPS in complex street mixtures using
traditional approaches can be compromised not only by
known strong Raman scatterer materials but also by wea-
ker ones, such as creatine and sodium glutamate. This
observation can be employed to explain, at least partially,
the failure of previous efforts exploiting detection proto-
cols consisting in maximizing the spectral similarities of
NPS-containing mixtures (i.e., lower purity) to those of
reference standard materials (i.e., high purity).[24,25,28,45]

In cases where chemometric techniques were employed,
such as PCA, detection was largely based on visual
inspection of three-dimensional scores plots and the “dis-
tance” between sample scores and those of reference
standard materials for known NPS.[20,23,29,31,46,47] How-
ever, such approaches are not appropriate for the analysis
of complex mixtures where the spectral profile of the
sample is dominated by additives rather than the target
analytes. In response to these observations, in this work,
we detail below an innovative flipped detection
approach based on coupling Raman spectroscopy and
chemometrics for the unambiguous detection of these
relevant analytes in complex mixtures. Contrary to previ-
ous methodologies, we propose a critical change whereby
the identification of the target NPS in the mixture is asso-
ciated to differences with respect to the adulterants rather

than similitudes with respect to the continuously growing
dataset of NPS standards. We based our approach on a
two-step methodology which can be easily implemented
as an in-built algorithm in portable Raman spectrome-
ters. In Step 1, contrary to previous efforts, we attribute
the presence of the NPS to dissimilarities with respect to
adulterants rather than similarities when compared with
NPS reference standard materials. This is done by projec-
tion analysis of the complex mixtures' spectra on gener-
ated PCA models, with such dissimilarities being
consistent with delineation of scores of the mixtures with
respect to these of reference standards of the adulterants.
Subsequently, Step 2, which works alongside Step 1, is
used to unequivocally confirm the detection of the NPS
by means of key spectral signatures which are unique to
target NPS/NPS classes to which the target analyte
belongs. In other words, if the delineation observed in
Step 1 is caused by a non-NPS, this would not be con-
firmed in Step 2 due to the lack of key spectral signatures.
In the following sections, we carry out an in-depth evalu-
ation of our proposed methodology by means of the pro-
jection of spectra from samples of known composition
used to mimic the complexity of street drugs, always con-
taining one NPS and up to four adulterants, in the gener-
ated bespoke model systems. These so-called TS were
generated using a DoE methodology in order to account
for the plethora of possible sample compositions,
resulting in 21 TS for each NPS. The number of compo-
nents as well as their concentration in the generated TS
was systematically increased and decreased, respectively,
for added complexity. As such, the concentration of the
NPS in our test dataset ranged from 62.6% w/w to 16.0%
w/w quinary mixtures, including 6.6% w/w binary and
ternary mixtures.

3.2 | Detection of NPS in mixtures using
the flipped approach

3.2.1 | Binary mixtures

Firstly, we evaluated the ability of our proposed flipped
methodology in the detection of the NPS in binary mix-
tures containing 6.6 (TS 2–5) and 53.3% w/w (TS 6–9)
concentrations of these target analytes (Table 1). Again,
TS results were projected onto the PCA model systems
and will be discussed in terms of Step 1 and
2 (as mentioned above), where Step 1 denotes the flipped
methodology in relation to previous approaches and Step
2 represents the confirmation underpinned by key spec-
tral signatures which are unique to the target analyte. In
the following, a successful performance of the proposed
methodology is considered when the presence of the NPS
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is anticipated by dissimilarities observed in Step 1 and
further confirmed based on spectral signatures in Step
2. For example, for 5F-PB-22 containing binary mixtures
with 53.5% w/w concentrations, we report delineation
with respect to all adulterants along the second principal
component (Step 1) which can be attributed to the
Raman active band of this NPS at ca 1712 cm�1 and the
high intensity loading at this wavenumber in PC2 (Step
2) (Figure SI.3.5–8). This example would be considered as
a successful performance of the proposed flipped method-
ology. Along these lines, we anticipate this observation to
facilitate the detection of existing structural analogs to
5F-PB-22, namely, PB-22 and FDU-PB-22, which are
characterized by similar vibrational frequencies for the
carbonyl stretching motion at 1708 and 1717 cm�1,
respectively.[20] In addition, these compounds also exhibit
Raman active vibrational bands associated to the quad-
rant stretching motion in the pyrrole moiety which
closely coincide with that observed for 5F-PB-22 (1531
and 1535 cm�1 for PB-22 and FDU-PB-22, respec-
tively).[20] Despite the delineation with respect to the
scores for caffeine, identification of the NPS spectral sig-
natures in the Raman spectrum of TS6 requires a more
detailed analysis when compared with TS containing
other adulterants. We ascribed this observation to caf-
feine's carbonyl Raman active band which closely coin-
cides with that of 5F-PB-22. As a result, we anticipated
the detection of this NPS in TS2 to represent a challenge,
due to the significantly lower concentration of 5F-PB-22.
In fact, the spectral signature of this NPS in the Raman

spectrum of the sample is denoted by an inflection in the
higher intensity contribution from caffeine at ca
1707 cm�1. Nonetheless, the delineation with respect to
caffeine's scores is demonstrated (Figure 6). Identification
in analogous TS containing creatine and sodium gluta-
mate is less complex due to the weaker relative intensity
of these adulterants when compared with benzocaine
and caffeine (Figure SI.3.3–4). In the case of TS3, the
presence of the target analyte in the analyzed mixture
based on the dissimilarity with respect to adulterants is
readily confirmed in the second step of our methodology
due to the lack of spectral overlap between key Raman
active bands of benzocaine and 5F-PB-22.

Initial inspection of the line loadings for the model
system for phenibut (Figure 4) could anticipate its detec-
tion in TS6–9 mixtures to be hindered due to the key
spectral feature of this substance being represented solely
by a medium intensity loading in the third principal com-
ponent (Figure 5b). Interestingly, we report successful
performance of our novel methodology for these
phenibut-containing binary mixtures (Figure SI.3.25–28),
albeit smaller relative displacements are observed in the
three-dimensional scores plot when compared with the
previously described NPS, 5F-PB-22. As a result, the eval-
uation of lower concentration TS, TS2–5, is of particular
interest. It is of note that while closer location of the sam-
ple scores with respect to the NPS was observed for 53.3%
w/w binary samples containing creatine and phenibut
(Figure SI.3.27), the opposite is observed when the con-
centration is lowered to 6.6% w/w (Figure SI.3.23). We

FIGURE 6 Three-dimensional

scores plot (top) for 5F-PB-22 model

system, showing selected scores for 5F-

PB-22 and caffeine standards (n = 10)

and projections for TS2 and TS6

(average, n = 4). Relevant Raman

spectral profiles and line loading for

PC2 (bottom—inset illustrates key

spectral signature of TS2) [Colour figure

can be viewed at wileyonlinelibrary.

com]
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attribute these findings to the above-mentioned lower rel-
ative intensity and larger noise levels in the Raman spec-
trum for these adulterants, which linked to the low-
intensity key spectral signatures at this NPS concentra-
tion, results in signals which are only slightly above the
noise level. In turn, the flatter baseline characteristic of
benzocaine and caffeine contributes towards discriminat-
ing those phenibut-induced inflections (Figure SI.3.21–
22). Identification of N-Me-2-AI in 53.3% w/w binary
mixtures (Figure SI.3.45–48) is facilitated by high inten-
sity loadings along the first principal component at ca
777 and 1022 cm�1 which coincide with C-H wagging
and rocking vibrational motions of this substance, respec-
tively (Figure 5c). Due to the different intensity nature of
these loadings, the previously described finding for
phenibut does not apply to this NPS. The intrinsic weaker
scattering behavior of this aminoindane is counteracted
by the presence of the two high intensity loadings which
aids in its detection in complex mixtures. In fact, when
compared with 6.6% w/w TS containing 5F-PB-22, the
intensity of the NPS spectral signatures in the Raman
spectrum of TS containing benzocaine and caffeine is
arguably lower. However, appropriate chemometric-
aided identification is facilitated due to the synergistic
contribution of the two loading bands as illustrated in
Figure 7.

In all binary mixtures investigated, and irrespective of
the adulterant present in the mixture, we report success-
ful performance of our flipped approach, meaning that
delineation in the scores plots is consistent with key spec-
tral signatures of the target analyte, even in the case of
TS 2–5, which importantly denote the lowest concentra-
tion of NPS to be detected in solid-state samples to date

by portable methodologies. Next, the complexity of the
simulated street samples was increased by adding a sec-
ond adulterant and maintaining the low concentration of
the NPS, at 6.6% w/w.

3.2.2 | Ternary mixtures

Subsequently, we explored in detail mixtures containing
NPS at 6.6% w/w and two adulterants (TS10–15) at equal
(46.6% w/w) concentrations. These were compared with
TS2–5 to evaluate the role of a second adulterant in the
detection capabilities of the bespoke model systems while
maintaining equal concentration of the target analyte. In
the case of ternary TS containing the synthetic cannabi-
noid 5F-PB-22, similar to the observations made for
binary mixtures, the presence of the target analyte was
detected in all cases during Step 1 of the process, exem-
plified by clear delineation in the respective score plots.
Detection of the target analyte in TS containing creatine
and sodium glutamate was confirmed in Step 2 and can
be readily attributed to the adulterants lack of high-
intensity carbonyl active bands and their overall weaker
scattering properties (Figure SI.3.9–14). Along those
lines, it was of particular interest the evaluation of TS10
which contained benzocaine and caffeine, in light of the
presence of high intensity bands associated to carbonyl
stretching motions in both adulterants (vide supra). In
Step 2, careful evaluation of the Raman spectrum for
TS10 reveals a complex convoluted Raman active band
with a maximum at ca 1685 cm�1, hence, dominated by
the carbonyl stretching band of benzocaine, which is fur-
ther in line with its concentration and greater scattering

FIGURE 7 Three-dimensional

scores plot (left) for N-Me-2-AI model

system, showing selected scores for

benzocaine (bottom) and caffeine (top)

standards (n = 10) as well as projections

for binary mixtures (average, n = 4).

Associated Raman spectral profiles and

line loading for PC1 (right) [Colour

figure can be viewed at

wileyonlinelibrary.com]
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properties when compared with caffeine standard. The
convoluted Raman active band features two clear inflec-
tions with centers located at ca 1699 and 1712 cm�1,
which are characteristic of the carbonyl stretching
Raman active bands of caffeine and 5F-PB-22, respec-
tively (Figure 8), thus enabling detection of the NPS in
this mixture using a signature Raman band. This observa-
tion reinforces the successful performance of the devel-
oped methodologies, even for samples with low
concentrations of the target analytes.

Target analyte detection in ternary, phenibut-
containing mixtures is attributed to phenibut's key spec-
tral marker at ca 1000 cm�1. Despite the larger relative
intensity of the spectra of benzocaine and caffeine, the
lack of Raman active bands of significant intensity in this
spectral region facilitates the detection of this NPS. In
turn, the weak active band in the spectrum of sodium
glutamate at ca 1006 cm�1 (Figure 2) was anticipated to
constitute an added complication. However, careful eval-
uation of the three-dimensional scores plot (Step 1) and
Raman spectra (Step 2) confirms isolation of the NPS key
spectral feature in the spectrum of TS12 as well as TS14–
15 from the adulterants (Figure SI.3.31, 33–34, respec-
tively). Evaluation of the performance of the model sys-
tem in the detection of N-Me-2-AI in these ternary
mixtures further highlights the previously described
importance of the close alignment between two Raman
active bands in the spectrum of this NPS at ca 777 and
1022 cm�1 with high intensity loadings along the first

principal component. In the case of TS10, detection of
the target analyte is facilitated by the bimodal feature of
the aminoindane (Figure SI.3.49). In short, the presence
of a caffeine-related weak active band at ca 1033 cm�1

increases the complexity of unequivocally ascribing the
spectral feature of the spectrum of TS10 to N-Me-2-AI
solely on the basis of the peak at ca 1022 cm�1. However,
the successful detection of the NPS in this complex mix-
ture is facilitated by the flipped approach: Step 1 is con-
sistent with the clear displacement of the score of TS10
with respect to the scores of both adulterants, and Step
2 indicates the appearance of a measurable signal in the
spectrum of TS10 at ca 777 cm�1, associated to the C-H
wagging motion in N-Me-2-AI (Figure 9). We further
investigated whether the signal at 1022 cm�1 can be
attributed to caffeine by evaluation of TS11, which con-
tains creatine instead of benzocaine. Due to the weaker
scattering properties of creatine, the relative intensity of
caffeine and N-Me-2-AI spectral features in the spectrum
of the TS increased. Given that the concentration of both
components remains constant, we can attribute the
higher relative intensity of the band at 1022 cm�1 to the
NPS, as illustrated in Figure 9. In addition, we anticipate
the observations in Step 2 of the process to be able to
facilitate the detection of other structurally related
aminoindanes, such as 2-AI, which is characterized by
remarkably similar key active Raman bands at 778/857
and 1024 cm�1 for C-H wagging and rocking motions,
respectively.[20]

FIGURE 8 Three-dimensional

scores plot (top) for 5F-PB-22 model

system, showing selected scores for

benzocaine and caffeine standards

(n = 10) as well as TS10 ternary mixture

(average, n = 4). Associated Raman

spectral profiles (bottom—inset

illustrates in detail the described

convoluted Raman active band in the

spectrum of TS10) [Colour figure can be

viewed at wileyonlinelibrary.com]
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3.2.3 | Quinary mixtures

To add a further layer of complexity, we devote this next
part of the manuscript to testing the flipped detection of
NPS in quinary mixtures where the concentration of the
target analyte ranges from 62.6 to 16% w/w and the adul-
terants exhibit variable concentrations (TS16–21). Despite
all four adulterants being present in TS16, clear dissimi-
larities with respect to adulterants were observed in all
cases, which can be attributed to the high concentration
of the NPS (Figures SI.3.20, SI.3.40 and SI.3.60 for 5P-PB-
22, phenibut, and N-Me-2-AI containing mixtures) and
hence easily identified key vibrational bands as described
above for binary and ternary mixtures. On progression to
TS21, the concentration of the target analyte is signifi-
cantly decreased from 62.6% to 25.3% w/w and the con-
centration of the adulterants increased from 9.3% to
18.6% w/w in all cases. While the relative concentration
of the NPS with respect to each individual adulterant is
larger than for other investigated TS (e.g., TS6–9), the
synergistic effect of spectral features of all adulterants
could compromise successful NPS detection. For all three
target NPS, the flipped approach resulted in successful
detection of the NPS in TS21 by means of significant dis-
placements of the score for TS21 from the scores of the

adulterants (Step 1) and confirmed detection by means of
key vibronic bands in TS which coincide with key load-
ings (Step 2). Figure 10 illustrates these findings in the
case of N-Me-2-AI, which is arguably the most complex
of all three TS21 quinary mixtures and its comparison
with TS16. In both cases, we demonstrate for Step 1 clear
delineation of the scores plots for these TS with respect to
those of adulterants and for Step 2 key spectral features
at 777 and 1022 cm�1. It is of note that similarly to the
case described for TS10 and TS11 (Figure 9), the vibra-
tional band of N-Me-2-AI centered at ca 777 cm�1 is criti-
cal in confirming the detection of the analyte,
particularly when the mixture presents caffeine as an
adulterant. While the intensity of these two key bands in
the Raman spectrum of TS21 is lower than that observed
in the spectrum of TS16, careful evaluation ensures the
unambiguous presence of the NPS in the mixture, as
illustrated in Figure 10.

Next, quinary TS containing 16.0% w/w of the NPS
and 56.0% w/w of one of the adulterants in the mixture
were analyzed. Despite large (56.0% w/w) concentrations
of creatine and sodium glutamate in TS19–20 quinary
mixtures of 5F-PB-22, the flipped approach led to clear
delineations in the three-dimensional scores plots associ-
ated to the key spectral signatures (Figure SI.3.18–19).

FIGURE 9 Three-dimensional scores plot (left) for N-Me-2-AI model system, showing selected scores for benzocaine, caffeine and

creatine standards (n = 10) as well as scores for TS10 (top) and TS11 (bottom) ternary mixture projections (average, n = 4). Associated

Raman spectral profiles (right—inset illustrates in detail the described convoluted Raman active band in the spectrum of TS10) [Colour

figure can be viewed at wileyonlinelibrary.com]
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The presence of high concentrations of benzocaine was
observed to have a lower impact when compared with
caffeine-containing TS, despite the stronger scattering
properties of the former. In fact, the spectral signatures of
the Raman spectrum for TS17 at ca 1690 cm�1 are char-
acterized by two inflections in a vibronic complex domi-
nated by the carbonyl stretching signal from 5F-PB-22
(Figure SI.3.16). Similar trends were observed for
phenibut containing mixtures (Figure SI.3.36–39). How-
ever, the ease of detection of this NPS in quinary mix-
tures containing benzocaine and caffeine as the major
constituents was reversed with respect to samples con-
taining 5F-PB-22, which we ascribed to the lack of
caffeine-related vibrational bands at ca 1000 cm�1 and
the greater scattering intensity of benzocaine. In line with
observations previously described for TS containing N-
Me-2-AI, the bimodal nature of the key spectral signa-
tures is critical for its detection. The latter is of particular
note in the case of TS18 (Figure SI.3.57), which contains
56.0% w/w of benzocaine, given the significant differ-
ences in relative intensity with respect to this
aminoindane. Despite this high adulterant concentration,
we report successful performance of our approach with
clear delineation of the score plot for TS18 with respect
to those of benzocaine in the three-dimensional scores
plot (Step 1), consistent with the low intensity bands in
the Raman spectrum of this TS at ca 777 and 1022 cm�1

associated to the presence of N-Me-2-AI (Step 2).

3.3 | Performance of instrument in-built
algorithms

Lastly, in order to systematically evaluate the perfor-
mance of the instrument's in-built algorithms and to fur-
ther validate our developed methodology, we benchmark

our detection results with those yielded by in-built algo-
rithms in our portable Raman spectrometer of choice
(Table SI.4.1–4), including both single- and multiple-
component output algorithms. It should be noted that
(i) in all cases, the same Raman spectra as those used for
the flipped methodology were used for the instrument in-
built algorithms and (ii) again, successful performance of
the flipped approach was considered when the delinea-
tion of the mixture's score with respect scores of adulter-
ants (Step 1) can be further confirmed with key spectral
Raman active bands, in line with model loadings (Step 2).
We report a striking improvement over the performance
exhibited by commercially available algorithms which
further warrants the development of novel approaches as
the one reported herein.

The in-built Wavelet algorithm is a single-component
output algorithm, which makes it an attractive choice
based on its simplicity for the nonqualified end user and
facilitates rapid decisions when compared with more
complex multiple-component output algorithms. In light
of the spectral similarities between adulterants and NPS,
it was deemed as critical to first determine the correlation
results of the neat adulterants to each NPS of interest in
order to establish criteria for false positives before further
interpretation. To do this, three bespoke libraries, each
containing one NPS, and the four adulterants were cre-
ated, and the correlations were determined. In all cases,
samples evaluated contained 150 mg of the relevant adul-
terant standard and were analyzed a total of four times.
In line with the detailed spectral interpretation, we report
larger correlation results for sodium glutamate to all
investigated NPS. Irrespective of the adulterant, larger
correlations were observed to phenibut and N-Me-2-AI,
which are in agreement with their poorer Raman scatter-
ing properties when compared with the synthetic canna-
binoid, 5F-PB-22. Based on these results summarized in

FIGURE 10 Three-dimensional

scores plot (left) for N-Me-2-AI model

system, showing selected scores for all

adulterants (n = 10) as well as scores for

TS16 and TS21 quinary mixture

projections (average, n = 4). Associated

Raman spectral profiles (right—inset

illustrates key features for TS16 and

TS21 in the spectral region of interest,

750–1050 cm�1) [Colour figure can be

viewed at wileyonlinelibrary.com]
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Table 2, it is suggested that values below 0.25 must be
interpreted with care and as plausible false positives
when evaluating the results.

On evaluating the performance of the in-built single-
component output algorithm, consistent (i.e., 4/4) posi-
tive correlations across all NPS were only observed in the
case of binary mixtures containing large (53.3% w/w)
concentrations of creatine (TS8) and sodium glutamate
(TS9), which can be further ascribed to the poor Raman
scattering properties of these adulterants (Figure 2). Posi-
tive correlations were also observed for TS16, which can
be associated to the large concentration (62.6% w/w) of
the NPS in this sample and despite the presence of all
four adulterants. Low and/or inconsistent correlations
were observed for TS containing low concentrations of
the NPS and strong scattering adulterants such as benzo-
caine and caffeine. We consider of particular note the
lack of correlation and thus successful detection in the
case of quinary mixture, TS21, which contains an argu-
ably large concentration of the NPS (25.3% w/w), yet
identification of key spectral makers for the NPS was
facilitated using the flipped approach. Along these lines,
we observed in all cases correlations in ternary samples
(TS10–15) to be below the above stated threshold for false
positives. While this can be attributed to the increased
sample complexity with respect to binary mixtures as
well as the low NPS content (6.6% w/w), the flipped
methodology successfully accounted for the NPS present
in these simulated street mixtures. These highlights for
complex NPS mixtures, evaluating these Raman spectra
using a flipped approach, can facilitate improved detec-
tion of NPS, via key spectral markers, over traditional
approaches and also with respect to in-built algorithms.

Next, we evaluated the correlation results employing
a multiple-component output algorithm in-built in the
portable Raman spectrometer and compared these to our
reported approach. Due to the complexity of the TS inves-
tigated in this study, it was of interest to evaluate a
multiple-component output algorithm, that is, capable of
correlating the unknown spectrum to one or more refer-
ence spectra within the chosen library. It should be noted

that although this type algorithm denotes a superior sys-
tem for the evaluation of complex mixtures, the gener-
ated outputs also require greater expertise from the end
user. It is of note the unsuccessful performance for binary
mixtures containing 6.6% w/w of the NPS in all cases bar
TS containing 5F-PB-22 and sodium glutamate. This can
be associated to the intrinsic Raman scattering properties
of both compounds and further represents a significant
improvement over the single-component algorithm.
Interestingly, while successful detection of the target ana-
lyte was achieved in all cases for higher concentration
binary mixtures (TS6–9), in some cases such as phenibut
and N-Me-2-AI containing samples, higher correlations
were observed for adulterants and not the NPS. This sig-
nificantly increases the complexity for the end user and
could potentially lead to false positives if the correlation
contribution is predominantly from the adulterant. In the
case of ternary mixtures, performance of this in-built
algorithm was observed to be poor and successful detec-
tion was only possible for some replicates of TS con-
taining creatine and sodium glutamate as adulterants
(Table SI.4.2–4). While this could be accounted for based
on the NPS concentration in these mixtures (6.6% w/w),
it also highlights the capabilities demonstrated by our
flipped methodology, able to unequivocally detect the
target NPS in all evaluated ternary mixtures. Lastly, the
scenario in the case of quinary mixtures varies signifi-
cantly based on the concentration of the NPS, with con-
sistently appropriate correlations only observed for TS16,
which can be attributed to the high (62.6% w/w) NPS
concentration. This represents an improvement over the
performance observed for these TS with the single-
output algorithm. In turn, we report inconsistent corre-
lations for all TS17–21, irrespective of the target NPS.
For these types of samples specifically, the flipped detec-
tion provides an alternative approach to focus on key
spectral signatures when in the presence of common
adulterants. Figure 10 nicely illustrated the successful
performance afforded by our novel method for TS21
containing N-Me-2-AI. It is of note that the results for
this TS employing the multiple-component output are

TABLE 2 Correlation results for

adulterants to NPS using bespoke

libraries and the in-built

wavelet algorithm

Adulterant

Correlation

5F-PB-22 Phenibut N-Me-2-AI

Benzocaine 0.04 ± 0.01 0.11 ± 0.01 0.19 ± 0.01

Caffeine 0.04 ± 0.02 0.12 ± 0.01 0.10 ± 0.01

Creatine 0.02 ± 0.01 0.09 ± 0.02 0.02 ± 0.01

Sodium glutamate 0.16 ± 0.03 0.23 ± 0.03 0.19 ± 0.03

Note: Results expressed as average and uncertainties as one standard deviation from 4/4 reported
correlations.

Abbreviation: NPS, new psychoactive substance.
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inconclusive, with the target NPS only being reported
for one out of four replicates.

4 | CONCLUSIONS

In conclusion, we report a novel and elegant approach
for the successful utilization of portable Raman technolo-
gies for the unequivocal detection of NPS in complex
mixtures, such as those encountered by law enforcement
officers in the field. It has been previously shown that so-
called traditional approaches whereby the identification
of the target analyte is ascribed to spectral similarities to
reference standard materials in available libraries are
inappropriate in cases where the target analyte is in low
concentrations in combination with adulterants. To
bypass these shortcomings, herein we proposed a flipped
two-step approach which associates the presence of the
NPS on the spectral dissimilarities with respect to adul-
terants (Step 1) rather than similarities to known NPS
and then further facilitates unequivocal NPS detection by
means of key spectral signatures in their Raman profile
(Step 2). To prove this concept, three NPSs of interest
were selected, 5F-PB-22, phenibut, and N-Me-2-AI which
possess distinctly different chemical scaffolds, hence
belonging to different NPS classes. Additionally, four
widely used adulterants were chosen as the mixture
matrix, namely, benzocaine, caffeine, creatine, and
sodium glutamate. To account for the plethora of possible
samples containing these compounds, we generated a
subset of TS by a DoE-guided approach. These resulted in
21 binary to quinary simulated street samples, with NPS
concentrations ranging from 6.0% to 62.6% w/w. We
observed our proposed methodology to be able to detect
the target analyte, even in cases where the NPS concen-
tration was as low as 6.0% w/w, representing the lowest
concentration detected in the solid-state by portable
Raman methodologies to date. In those TS posing extra
identification complexity, we observed that the unequivocal
detection of 5F-PB-22 and phenibut containing mixtures
was particularly afforded by key Raman active bands, such
as those associated to carbonyl and radial in-phase
stretching modes located at ca 1712 and 1000 cm�1, respec-
tively. In the case of N-Me-2-AI, detection is observed to be
facilitated by a bimodal feature from vibrational modes
ascribed to C-H wagging and rocking motions at 777 and
1022 cm�1. Importantly, we went on to benchmark these
results with those yielded by single- and multiple-
component output in-built algorithms. Irrespective of the
output mode of the in-built algorithm, unsuccessful and/or
inconsistent performance was observed for all simulated
samples with NPS concentration ≤53.3w/w%, particularly
in ternary and quinary mixtures. In comparison, the flipped

method facilitated the detection of the NPS in these mix-
tures in all cases, thus uniquely exploiting the spectral dis-
similarities between NPS and their common adulterants to
enabled detection of the NPS via key spectral markers. As
a result, we anticipate this work to be a critical change in
the detection of NPS and to further denote a blueprint for
the realization of novel approaches for the detection of tar-
get analytes in complex mixtures.
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