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ABSTRACT: Detection of new designer drugs remains an analytical challenge because of the ability of manufacturers to rapidly
substitute closely related analogs for banned substances. Traditional targeted mass spectrometry methods rely on library searches,
known masses, or multiple reaction monitoring (MRM) transitions and are therefore often unable to detect or identify recently
discovered or yet unreported designer drug analogs. Here, high-resolution mass spectrometry in conjunction with mass defect
filtering is presented as a method for nontargeted analysis to detect both known and novel analogs of designer drugs. The
technique is applied in depth to a family of designer drugs composed of indole-derived synthetic cannabinoids closely related to
JWH-018, a substance recently controlled in the United States. A single mass defect filter with a 50 mDa window encompasses
over 80% of all currently published structures in this family. Searching for precursor ions of common fragment ions enables
detection of compounds with mass defects that fall outside the range of mass defect filter parameters. Application of a mass defect
filter to fragment ions prior to precursor ion searching increases the breadth of analogs that can be detected. The combined
approach defines a broad-spectrum search for related molecules.

Designer drugs are chemical analogs of illegal abused
substances, usually devised to circumvent drug laws.1

One family of designer drugs that has gained considerable
attention recently is synthetic cannabinoids. Examples such as
JWH-018, CP 47,497, and AM-2201 are commonly found in
herbal incense blends sold at gas stations, “head shops,” and on
the Internet. These compounds produce psychotropic effects
that mimic those of cannabis, but the frequency and severity of
adverse effects are much greater. Commonly reported adverse
effects include hypertension, agitation, elevated heart rate,
hallucinations, seizures, and panic attacks.2−6 Several countries
have passed bans on the most frequently encountered of these
compounds, and as of March 1, 2011, JWH-018, JWH-073,
JWH-200, CP-47,497, and cannabicyclohexanol are officially
classified as schedule 1 controlled substances by the US Drug
Enforcement Agency (DEA).7

Detection of designer drugs remains a challenge because as
bans on specific compounds go into effect, manufacturers
rapidly substitute closely related analogs for the newly banned
substances, creating a constantly moving analytical target.
Several mass spectrometry (MS) based methods for detection
have been published recently, including GC-MS,8−10 LC-MS

and LC-MS/MS,11−13 and MALDI-TOF.14 However, all of
these methods are targeted approaches and rely on library
searches, known masses, or multiple reaction monitoring
(MRM) transitions, and therefore are often unable to detect
recently discovered or unreported designer analogs. A recent
study by Uchiyama et al.,15 used GC-MS, LC-MS, LC-UV,
DART-TOF, and NMR to identify four new adulterants not
previously detected in herbal products. All four adulterants
were eventually identified as JWH synthetic cannabinoids,
exemplifying the difficulties in detecting and identifying
unreported designer analogs.
Because of the recent proliferation of designer drugs

available, a nontargeted approach is needed to keep pace with
the rapid turnover of compounds being marketed for
recreational use. Approaches using full-scan accurate mass
instruments partially fill this need by collecting and storing data
for all ions in a sample, making retrospective nontargeted
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analysis possible. Thus, while the initial data inspection may
employ a targeted approach, designer analogs that are
unreported or unknown at the time of analysis and therefore
not included in the initial targeted screening, can be targeted at
a later date in post acquisition data processing. While these
types of methods provide some improvement over traditional
targeted assays, they still rely on the success of other methods
to identify new designer analogs to be targeted in
postacquisition data analysis.
Here, a method using high-resolution MS in conjunction

with mass defect filtering is presented as a nontargeted
approach to screen for designer cannabinoids. As is the case
with many families of designer drugs, including cathinones,
piperazines, and phenethylamines, designer analogs of synthetic
cannabinoids are made by altering functional groups attached
to the core structure of a template compound, often with the
intent to elude detection yet preserve desired psychotropic
effects. Many of the JWH compounds, including JWH-018, are
within a subset of synthetic cannabinoids that are based on an
indole core structure. Indole-derived synthetic cannabinoids
were originally synthesized in the lab of Dr. John W. Huffman
to explore structure−activity relationships at CB1 and CB2
cannabinoid receptors.16,17 Recently, they have gained popular-
ity for recreational use, and JWH-018 has been widely reported
in smokable herbal incense products, along with analogs with
minor structural modifications to create JWH-073 and JWH-
250.3,18−20 While most of these structural modifications result
in a shift in mass, the mass defect typically remains close to that
of the original compound. By applying a mass defect filter to a
liquid chromatography−mass spectrometry (LC-MS) data set,
ions with mass defects significantly shifted from that of the
original compound can be eliminated. This process simplifies
data sets and is effective at filtering out potential designer drugs
from matrix elements and other components in unknown
samples.
The benefit to this approach over traditional targeted

analyses, is that it gives an investigator insight into the
identities of components of an unknown sample, based on their
mass defects. An analytical standard must be run for
confirmatory purposes, but it is difficult to run an analytical
standard for an unidentified compound. By narrowing the list of
possible compounds by structural class based on mass defect,
and further elucidating structure by fragmentation patterns, it
gives an analytical chemist a reasonable starting place from
which to choose appropriate analytical standards. Furthermore,
for many newly emerging designer drugs, analytical standards
are not available. A method such as this that provides
information about possible identity can be used to guide
custom synthesis of predicted components, which can then be
run as analytical standards for comparison.

■ EXPERIMENTAL SECTION
Materials. All solvents were HPLC grade or better,

purchased from Sigma-Aldrich (St. Louis, Missouri), and used
without further purification. Synthetic cannabinoid standards
were synthesized in the lab of Dr. John W. Huffman and
provided by Dr. Jenny L. Wiley, or purchased from Cayman
Chemical (Ann Arbor, Michigan). Herbal product samples, sold
as incense and advertised as legal, were purchased from head
shops and gas stations in and around Chapel Hill, North
Carolina in two batches, one prior to and one after the DEA
ban on five specific synthetic cannabinoids. Because of rapidly
changing drug laws, preventative measures were taken to

register all samples with the DEA and add them to our
controlled substances inventory.

Sample Preparation. Herbal products were subjected to
an ethanol extraction for LC-MS analysis: 10−15 mg of each
herbal product were combined with ethanol at a ratio of 70 μL/
mg of plant material. This sample size was deemed sufficient to
provide representative sampling of the products. Samples were
sonicated for 10 min followed by centrifugation at 4 °C and
18 000g for 10 min. Supernatants were filtered using Durapore
PVDF 0.1 μm centrifugal filter units (Millipore Corp, Billerica,
MA) and diluted 10-fold with 50:50 ethanol/water (V:V).
Extractions were stored at −20 °C and were further diluted
100-fold with 50:50 ethanol/water prior to analysis.

LC-MS. Samples were analyzed using a Waters Synapt G2
HDMS quadrupole time-of-flight (Q-TOF) instrument inter-
faced to a Waters Acquity UPLC system. Since this is a
nontargeted approach, instrument conditions were chosen that
produced optimal responses from a wide variety of synthetic
cannabinoids. The Synapt system was operated in resolution
mode giving a resolving power of around 20 000. Data were
acquired with a 500 ms scan time using positive mode
electrospray ionization and a capillary voltage of 2.9 kV, source
temperature of 150 °C, desolvation temperature of 500 °C,
sampling cone at 31 V, and extraction cone at 4 V. The mass
spectrometer was externally calibrated from 50−800 Da using a
sodium formate solution, and mass shifts during acquisition
were corrected for using leucine enkephalin as a lockmass. Data
were acquired using a generic data independent MSE method,21

in which low and high collision energy data are collected nearly
simultaneously for every m/z. The method consisted of one
low energy function with a trap collision energy (CE) of 6 eV,
and one high energy function with a trap CE ramp from 20 to
40 eV. Liquid chromatography was performed by injecting 2 μL
of sample onto a BEH C18 column (1.7 μm 2.1 × 50 mm) held
at 40 °C. A gradient with mobile phase A consisting of 95% 10
mM ammonium acetate with 5% methanol and mobile phase B
consisting of 95% methanol with 5% 10 mM ammonium
acetate was used at a flow rate of 400 μL/min. The gradient was
increased linearly from 50% to 70% B over 2 min, then from
70% to 95% B over 4 min, held at 95% B for 3 min, decreased
to 50% B over 0.1 min, then equilibrated at 50% B for 2.9 min.
All extracted ion chromatograms were extracted with a mass
window of 0.02 Da unless otherwise noted.
Six synthetic cannabinoids (JWH-200, JWH-015, JWH-250,

JWH-073, JWH-018, and JWH-019) were quantified in herbal
samples using synthetic standards purchased from Cayman
Chemical. A seven point calibration curve was prepared in
50:50 ethanol/water over the range from 2.5 to 1250 ng/mL.
Peak areas were calculated from extracted ion chromatograms
of the exact masses, with a window of 0.02 Da, from the low CE
function.

Mass Defect Filtering. The mass defect of a compound
refers to the fractional, or noninteger, portion of its
monoisotopic mass. A mass defect filter consists of a target
mass defect and a specified tolerance range above and below
the target. When a filter is applied to an LC-MS data file, ions
whose mass defects fall within the specified tolerances are
retained, while ions with mass defects outside the range are
removed. Filtering of LC-MS data was done using Waters
MassLynx software, version 4.1 SCN 833.
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■ RESULTS AND DISCUSSION
The composition of the plant material varied greatly in visual
appearance between samples, but damiana (Turnera dif fusa),
mugwort (Artemisia vulgaris), mullein (Verbascum thapsus), and
marshmallow (Althaea of f icinalis) leaves were commonly
advertised on the packaging. (Photographs and spectra of all
the materials tested have been made publicly available in a
searchable database at www.forensicdb.org.) Several methods
were examined to extract synthetic additives from the plant
material. Methods that included grinding resulted in higher
background levels without any apparent increase in synthetic
cannabinoid extraction efficiency. This finding is not surprising,

considering anecdotal reports on how these products are
madeby first dissolving synthetic additives in acetone or
another solvent, then spraying the resulting solution on the
surface of the plant material. The final method chosen involved
a simple sonication in ethanol followed by filtration.

Mass Defect Filtering of Intact Ions. Table 1 lists
modifications which, when applied to JWH-018 as a template
core structure, can be used to describe all of the published JWH
indole-derived synthetic cannabinoids and their corresponding
effects on mass defect. Some of the modifications, such as
successive alkylations or dealkylations, result in a significant
shift in mass defect on their own, but as shown in Table 2, the
final molecule resulting from the total of all modifications often
has a minimal mass defect shift compared to the core structure.
As shown in Figure 1, the majority of compounds in this

family have mass defects between 0.13 and 0.23 mDa. A mass
defect filter centered at 0.185 with a window of ±50 mDa
would capture approximately 75% of the currently published
structures. The small population of compounds with mass
defects less than 0.13 mDa is primarily composed of structures
halogenated with Cl, Br, or I. The large mass defect shifts
associated with these compounds makes filtering unlikely to
capture intact Cl, Br, or I containing analogs. However, Cl and
Br produce characteristic isotope patterns that modern software
tools can easily detect. If these analogs are removed from the
analysis (Figure 1B), a filter centered at 0.185 with a window of
±50 mDa would capture approximately 85% of the compounds.
The remaining 15%, with mass defects less than 0.13 mDa and
greater than 0.23 mDa, result from iodination and successive
alkylation, respectively. These modifications result in large
shifts in both mass and mass defect, making them better suited

Table 1. Modifications in Published Indole-Derived
Cannabinoid Structures

modification
mass shift
(Da)

mass defect shift
(mDa)

net formula
change

methyl 14.01565 15.7 +CH2

methoxy 30.01057 10.6 +OCH2

hydroxyl 15.99492 −5.1 +O
morpholine 85.05276 52.8 +C4H7NO
naphthalene 126.04695 47.0 +C10H6

benzyl 90.04695 47.0 +C7H6

benzene 76.03130 31.3 +C6H4

cyclohexane 82.07825 78.3 +C6H10

cyclopropyl 40.03130 31.3 +C3H4

1−3-benzodioxole 120.02113 21.1 +C7H4O2

reduction 2.01565 15.7 +H2

fluoro 17.99058 −9.4 −H + F
chloro 33.96103 −39.0 −H + Cl
bromo 77.91051 −89.5 −H + Br
iodo 125.89665 −103.4 −H + I

Table 2. Structures of Indole-Derived Synthetic Cannabinoids
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to detection by precursor ion searching or mass defect filtering
of fragment ions (see below).
The utility of mass defect filtering of intact ions is

demonstrated with the LC-MS analysis of an ethanol extraction
of one of the purchased herbal products, “K2-Summit”, as
shown in Figure 2A. This chromatogram is typical of all the
products tested, that is, several small peaks with one or two
very intense peaks. Based on its exact mass, fragment ions, and
retention time match to a standard, the peak at 4.36 min is
readily identified as JWH-018. Without further processing,
there are no other obvious indications for the presence of
additional synthetic cannabinoids. Application of a filter
centered at 0.1859, the mass defect of a protonated JWH-018
ion, with a window of ±50 mDa (0.1359 to 0.2359)
significantly reduced the background (Figure 2B), highlighting
several additional peaks of potential interest. Narrowing the
window to ±20 mDa (0.1659 to 0.2059) almost completely
removed the background and isolated an additional peak (and
possible indole-derived cannabinoid) at a retention time of 3.80
min (Figure 2C). Further narrowing the window to ±10 mDa
(0.1759 to 0.1959) further reduced the background ions and
left the two peaks at 3.80 and 4.36 min (Figure 2D), but the

improvement is negligible compared to a ± 20 mDa window.
Based on its exact mass, fragment ions, and retention time
match to a standard, the peak at 3.80 min is identified as JWH-
250 (see Supporting Information).

Precursor Ion Searching. Because of their similar core
structures, compounds within a family of designer drugs often
have the same fragment ions (see Supporting Information).
Searching for precursor ions of these common fragments leads
to compounds that are likely members of the family. This
approach may be especially useful to find compounds with
intact mass defects that are significantly shifted from the core
structure, but where the modification does not affect one or
more of the common fragments. Use of an MSE acquisition
mode makes a modified precursor ion search with a Q-TOF
instrument possible, analogous to traditional precursor ion
scanning in a triple quadrupole instrument. In this mode, high
collision energy (CE) data are collected nearly simultaneously
with low CE data in alternating scans. The high and low CE
data are stored in separate functions. Creating extracted ion
chromatograms for specific fragment ions common to a family
of designer drugs in the high CE function indicates at which
retention times those fragments were produced. Masses present

Figure 1. Distribution of mass defects of all published JWH indole-derived synthetic cannabinoids (A) and a subset of structures that do not contain
Cl or Br (B).
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at the same retention times in the low CE function are possible
precursor ions, and therefore potential members of the family.
It should be noted that this acquisition method does not use
mass selection prior to fragmentation, so signal purity is

dependent on chromatographic resolution. If ambiguity exists
due to poor chromatographic resolution, possible precursor
ions can be confirmed by traditional MS/MS in a second
injection.
The low CE total ion mass chromatogram for “Mr Nice

GuyHerbal Smoke Blend” (Figure 3A) contains an intense
peak at 4.36 min corresponding to JWH-018. Applying a mass
defect filter centered at 0.1859 with a window of ±20 mDa
effectively filters out background ions and reveals an additional
potential indole-derived cannabinoid at a retention time of 4.86
min (Figure 3B). This new peak is also discovered
independently of mass defect filtering by using precursor ion
searching. For the indole-derived synthetic cannabinoids,
fragment ions at 155.0497, 127.0547, and 214.1232 m/z are
common. The fragments corresponding to these masses for
JWH-018 are shown in Figure 3. Extracted ion chromatograms
for the 127.056, 155.051, and 214.124 m/z fragments from the
high CE function are shown in Figure 3C, D, and E,
respectively. As expected, for JWH-018 there is a peak at
4.36 min in the high CE extracted ion chromatograms for each
of these m/z values. For the 127.056 and 155.051 fragments,
there is an additional peak at 4.86 min. The presence of these
two fragments but not the 214.124 fragment indicates that this
is most likely a JWH-018 analog with a modification on the
indole side of the carbonyl. Examination of the masses present
in the low CE chromatogram at 4.86 min reveals a singly
charged ion at 356.2015 m/z (355.1942 Da uncharged mass).
The mass, fragmentation pattern, and retention time are a
match to a JWH-019 standard (Supporting Information Figure
S1). There is not an obvious peak at this retention time in the
low CE data, and this minor component would have been
overlooked without advanced data processing.

Mass Defect Filtering of Fragment Ions. Precursor ion
searching based solely on known fragments of a template
designer drug structure will only successfully detect analogs
with at least one fragment in common with the template
structure. Analogs with modifications that shift the masses of all
common fragment ions will likely be missed. However, many
modifications that alter the fragment masses significantly have a

Figure 2. Total ion chromatogram of “K2-Summit” with no filtering (A) and with a mass defect filter centered at 0.1859 with a window of ±50 mDa
(B), ± 20 mDa (C), and ±10 mDa (D).

Figure 3. Low collision energy total ion chromatogram for “Mr. Nice
GuyHerbal Smoke Blend” unfiltered (A) and with a mass defect
filter centered at 0.1859 with a window of ±50 mDa (B). Extracted ion
chromatograms for high collision energy fragment ions at 127.056 m/z
(C), 155.051 m/z (D) and 214.124 m/z (E). The peak at 4.36 min is
JWH-018 and the peak at 4.86 min is JWH-019.
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minimal impact on their mass defects (Table 1). Therefore,
precursor ion searching based on mass defect filtered fragment
ions increases the breadth of analogs that can be detected. This
technique is ideally suited to help detect and identify analogs
with modifications that produce intact masses and mass defects
that are significantly shifted from those of the template core
structure, but cause only a minimal shift in mass defect of one
or more common fragment ions.
Data from the analysis of “Spice 99GI Joe” are shown in

Figure 4. The high CE total ion chromatogram containing all
fragment ions (Figure 4A) has one intense peak at 2.31 min,
several smaller peaks, and a high background baseline. Applying
a filter centered at 0.051 (the mass defect of a common
fragment ion of JWH-018) with a window of ±20 mDa (Figure
4B) produces a chromatogram with virtually no background
and a single peak at a retention time of 2.31 min. The high CE
mass spectrum at 2.31 min (Figure 4C) contains two fragment
ions, 107.0504 and 135.0459 m/z, with mass defects very close
to those of common indole-derived cannabinoid fragments.
The precursor ion leading to these fragments is likely an indole-
derived cannabinoid. Precursor ion information is stored in the
low CE data function, and at 2.31 min (Figure 4D) the mass
spectrum is dominated by a singly charged precursor at
379.2027 m/z and its sodiated ion at 401.1850 m/z. The
retention time, mass, and fragment ions are a match to a WIN
48,098 standard (Supporting Information Figure S1). While
not one of the many indole-derived synthetic cannabinoids in
the JWH-series, it shares a similar structural core and would be

considered a member of the same family of designer drugs
(along with many of the compounds synthesized by Alexandros
Makriyannis,22 including AM-694 and AM-2201). The
structure of WIN 48,098 and fragments leading to the observed
masses are shown in Figure 4. This molecule has modifications
to both sides of the carbonyl compared to JWH-018, but the
mass defects of the resulting fragment ions are very close to
those of JWH-018. The mass defect of the intact ion is also only
16.4 mDa from that of JHW-018 and therefore could be found
by a mass defect filter of precursor ions, but serves as an
example of the utility of this method when modifications alter
the mass of all common fragment ions.

LC-MS Analysis of Herbal Samples. Using these
advanced approaches to analyze a set of herbal products, at
least one synthetic cannabinoid was found in each sample. The
samples were also subjected to a targeted quantitative analysis
for JWH-200, JWH-015, JWH-250, JWH-073, JWH-018, and
JWH-019. The MSE acquisition method allows quantification
based on either exact masses using low CE data or pseudo SRM
using fragment ions from high CE data. Signal was sufficient for
pseudo SRM quantification, but due to identical fragment ions
and less than ideal chromatographic resolution between several
of the targeted analytes, and unknown retention times of
possible nontargeted analytes, the lack of mass selection prior
to fragmentation made this approach unreliable. The results of
quantification based on extracted ion chromatograms of exact
masses using low CE data are summarized in Table 3.

Figure 4. High CE fragment ion chromatogram of “Spice 99GI Joe” unfiltered (A) and with a mass defect filter centered at 0.051 with a window
of ±20 mDa (B). The peak at 2.31 is identified as WIN 48,098 based on the high CE fragments (C) and the low CE ions present at 2.31 min (D),
and retention time match to a standard.
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JWH-018 was the most commonly found additive prior to
the DEA scheduling; however, its prevalence appears to have
lessened since then. JWH-250 and JWH-081 were the next two
most commonly detected synthetic cannabinoids, followed by
JWH-073. These results are in qualitative agreement with
results recently obtained in our group using headspace solid-
phase microextraction and gas chromatography−mass spec-
trometry (HS-SPME-GC-MS) to analyze the same product
samples.10 The two analyses were done independently using
samples weighed out by different technicians from the same
packages, indicating that the sample sizes for each analysis (50
mg for HS-SPME-GC-MS and 10−15 mg for LC-MS) were
sufficient to be representative of the contents of the packages. A
great deal of nonuniformity within samples is still expected, and
differences were seen between multiple packages of the same
product. Similarities were seen for products within the same
brand, for example, JWH-250 in Meditation products and WIN
48,098 in Spice99 products. Interestingly, the generic spice
product advertised to be “Double Strength” did contain
approximately twice the amount of JWH-018 as its regular
strength counterpart. Standards for JWH-073 and JWH-018
produced very high instrument responses, as measured by total
area under the chromatographic peak. Instrument responses for
JWH-250 and JWH-015 were about 50% and responses for
JWH-019 and JWH-200 were only 15% of those for JWH-073
and JWH-018.

■ CONCLUSIONS

Most compounds within a family of designer drugs are based
on a template core structure, and therefore have similar intact

structures and common fragments. Modifications to the
structural core often result in a substantial shift in mass, with
only a minimal shift in mass defect. Searching for related
compounds based on mass defect is a common strategy for
metabolite identification23 and has proven useful for removing
interferences from complex biological matrices.24,25 The same
principle can be applied to screening for designer drugs in a
nontargeted analysis, making mass defect filtering an effective
tool for selecting chromatographic peaks likely related to
structural analogs of known designer drugs. Mass defect
filtering can be used on both intact masses and fragment ion
chromatograms to identify compounds present at low levels
that would otherwise be difficult to discern. The MSE

acquisition method allows post acquisition data analysis and
quantification based on parent ion exact mass or fragment ions
in a pseudo SRM approach. One of the most powerful features
of MSE is that it collects data in a nontargeted fashion, without
discrimination or preselection. Therefore the data can be
reinterrogated at any time. Mass defect filtering combined with
MSE acquisition is well suited for use in a nontargeted screening
method to identify new analogs to currently banned substances
when faced with an unknown sample.

■ ASSOCIATED CONTENT

*S Supporting Information
Low CE and high CE mass spectra for all standards listed in
Table 3. This material is available free of charge via the Internet
at http://pubs.acs.org.

Table 3. Synthetic Cannabinoids Detected in Herbal Products.a

aJWH-200, JWH-015, JWH-250, JWH-073, JWH-018, and JWH-019 were quantified using purchased standards. A number indicates the calculated
concentration of the analyte in the sample in ng/mg plant material, and an x indicates that the compound was present, but not quantified. Products
in the shaded region were purchased after the US DEA ban went into effect.
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