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Abstract. Paper spray tandem mass spectrometry is used to identify and quantify
eight individual amphetamines in whole blood in 1.3 min. The method has been
optimized and fully validated according to forensic toxicology guidelines, for the
quantification of amphetamine,methamphetamine, 3,4-methylenedioxyamphetamine
(MDA), 3,4-methylenedioxy-N-methylamphetamine (MDMA), 3,4-methylenedioxy-N-
ethylamphetamine (MDEA), para-methoxyamphetamine (PMA), para-
methoxymethamphetamine (PMMA), and 4-fluoroamphetamine (4-FA). Additionally,
a new concept of intrinsic and application-based selectivity is discussed, featuring
increased confidence in the power to discriminate the amphetamines from other
chemically similar compounds when applying an ambient mass spectrometric method

without chromatographic separation. Accuracy was within ±15% and average precision was better than 15%, and
better than 20% at the LLOQ. Detection limits between 15 and 50 ng/mL were obtained using only 12 μL of whole
blood.
Keywords: Forensic toxicology, Amphetamines, Whole blood, Paper spray mass spectrometry, Validation,
Selectivity

Received: 26 June 2017/Revised: 9 August 2017/Accepted: 10 August 2017/Published Online: 6 September 2017

Introduction

Paper spray (PS) was introduced as a new ambient ioniza-
tion technique for mass spectrometry (MS) by Wang et al.

in 2010 [1]. The application of a small triangular shaped paper
substrate to create a stable electrospray as a way to ionize and
introduce analytes of interest into the mass spectrometer

provides unique features. Advantages of paper spray MS in-
clude minimal to no sample preparation, low cost and high
speed of analysis, and the very low sample volumes/amounts
required. This also includes accurate and precise quantitative
analysis in the low ppb range (by using isotope labeled internal
standards), the minimal risks of carryover (due to single use of
the paper substrate), and instrument contamination (because of
the retention of matrix compounds on the paper substrate) [2].
These attractive features have resulted in a broad range of
applications, including the analysis of food [3], beverages [4,
5], natural products [6, 7], environmental samples [8, 9], algae
[10], cell cultures [11], forensic analysis of paper evidence,
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including ink (i.e., questioned documents) [12, 13], drugs of
abuse [14, 15], the characterization of catalysts [16, 17], the
monitoring of chemical reactions [18], and the classification of
bacteria [19, 20]. PS-MS has also shown educational value in
academic chemical analysis and organic synthesis courses [21].
For clinical and biomedical applications, PS-MS by is ideally
suited for the quantitative trace analysis of drugs, medicines,
and associated metabolites in complex biological matrices such
as urine, saliva, serum, whole blood, and biological tissues.
Achievements, current development, and future challenges of
the PS mass spectrometric analysis of biofluids have recently
been discussed [2].

The analysis of drugs of abuse and their corresponding
metabolites in human matrices with the simplicity and high
speed features of PS-MS are of course also of high relevance to
forensic science [22]. In a previous study, we have demonstrat-
ed the use of PS-MS for the quantitative analysis of eight drugs
of abuse in whole blood [23]. The ability to screen multiple
compounds in a single analysis is essential for successful
implementation in a forensic toxicology laboratory or on-site
using e.g., a miniaturized mass spectrometer [24]. As we re-
ported earlier, developing a suitable assay for Binstant^ and
selective drug quantification would have several important
applications not only in road-side testing for driving under
the influence but also in forensics and toxicology, employment
and workplace screening, and therapeutic drug monitoring
[23]. Amphetamine-type stimulants (ATS) are the world’s
second most widely used type of drug after cannabis; hence,
they are frequently encountered in forensic toxicology (https://
www.unodc.org/documents/ATS/ATS_Global_Assessment_
2011.pdf). According to the UNODC (United Nation’s Office
on Drugs and Crime) more than 170 tons of ATS were seized
globally in 2014 [25]. While methamphetamine is the
predominantly encountered drug in recent years, the amount
of confiscated MDMA doubled that year compared to previous
annual averages. In addition to the increase in the world wide
trade of ATS there is also a strong increase in the amount and
number of new psychoactive substances (NPS). The UNODC
has registered over 75 new compounds in the drug market in
2015 and 66 new substances in 2014. Although NPS represent
a very broad range of chemical compounds, the UNODC
recognizes a specific class of phenethylamines that can also
be considered as amphetamine types on the basis of chemical
structure and psychoactive nature [25].

An ambientMS-based quantitativemethod for the analysis of
amphetamines in biological matrices would allow for the rapid
screening of these drugs in forensic settings. We therefore devel-
oped a PS-MS method for the simultaneous quantitative analysis
of eight amphetamines in human whole blood. Five of these were
taken from the set of illicit drugs that were selected in another
screening method [23]. para-Methoxyamphetamine (PMA) and
para-methoxymethamphetamine (PMMA) were added since
these are increasingly encountered as contamination in XTC
tablets, resulting in injuries and several fatalities. MS analyses of
these amphetamines, either by LC-MS/MS [26] or GC-MS [27],

have already been briefly described in literature. The compound 4-
fluoroamphetamine (4-FA) was also added because the use of this
new psychoactive substance (NPS) as a recreational drug is
becoming more common in The Netherlands. Since 4-FA was
absent from the list of illicit drugs until recently, few analysis
methods for this drug have been described [28–30].

Prior to application in forensic casework, analytical
methods require thorough validation and should preferably be
ISO 17025 accredited. A validation protocol, according to
international guidelines, was therefore applied to test the ro-
bustness and forensic suitability of the method [31–34]. Selec-
tivity is an important aspect of the validation, and a thorough
validation of this feature is needed to prevent false positive
findings, especially when no separation methods are applied
prior to MS analysis. We therefore discuss a new and extended
approach to study and determine compound selectivity in the
absence of a chromatographic separation.

Experimental
Chemicals and Reagents

All organic solvents (HPLC grade) were purchased from VWR
International (Radnor, PA, USA). Amphetamine, methamphet-
amine, 3,4-methylenedioxyamphetamine (MDA), 3,4-
methylenedioxy-N-methylamphetamine (MDMA), 3,4-
methylenedioxy-N-ethylamphetamine (MDEA), para-
methoxyamphetamine (PMA), para-methoxymethamphetamine
(PMMA), and 4-fluoroamphetamine (4-FA), including their deu-
terated internal standards, were purchased, in solution, from
Cerilliant (Reston, VA, USA) and stored at –20 °C. Whatman
grade 31ET-Chr paper was obtained as a sample fromWhatman
(Piscataway,NJ,USA).Humanwholebloodwithsodiumheparin
anticoagulant was purchased from Bioreclamation IVT
(Hicksville, NY, USA) and stored at 4 °C.

Sample Preparation

Working drug solutions were prepared same-day for experi-
ments by serial dilution with methanol. Internal standards (IS)
were first diluted with methanol/water (1:1, v/v) and then
spiked together with the working drug solutions into the liquid
blood and vortexed at 3000 RPM for 15 s. Both the working
drug solutions and internal standard solutions were spiked by
20-fold dilution: IS/drug/blood (10:10:180, v/v/v).

Paper Spray Ionization

Paper spray was performed using a Velox automated ion source
with disposable cartridgesmanufactured by Prosolia, Inc. (Indi-
anapolis, IN, USA). The cartridges consisted of a teardrop-
shaped paper substrate (Whatman chromatographypaper, grade
31ET-Chr), a plastic casing, and a steel ball for electrical contact.

Twelve μL of spiked blood was spotted onto the paper and
dried for 2 h at room temperature. Solvent was applied to the
cartridge by eight injections of 3 μL on top of the blood spot, and
seven injections of 10 μL behind the blood spot. The solvent used
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wasmethanol/dichloromethane/hydroxylamine (80:20:0.2, v/v/v).
Hydroxylamine originated from a 50 wt. % in H2O solution.

Mass Spectrometry, Data Collection, and Data
Processing

Analyses were performed on a TSQ Quantum Access MAX
(Thermo Scientific, San Jose, CA, USA). The inlet capillary
temperature was 300 °C and the spray voltage was 4 kV. The
amphetamines were analyzed by collision induced dissociation
in the selected reaction monitoring (SRM) mode, utilizing
isolation widths of 0.30 m/z and scan times of 70 ms. For six
of the eight analyzed compounds, deuterated internal standards
were available. The signal fluctuations of PMA and PMMA
were corrected using MDA-D5 and MDMA-D5, respectively,
as internal standard. The amphetamine fragmentation appeared
to be strongly dependent on small variations in the collision
pressure. In order to analyze all eight compounds from a single
blood spot, a mass spectrometric method was therefore de-
veloped consisting of two segments, each with a different
collision pressure. The mass spectrometer required 10 s to
stabilize after being switched between 1.3 and 1.7 mTorr.
Data was processed using the Xcalibur Quan Browser.
Figure 1 and Table 1 show an overview of the mass
spectrometry analysis conditions for each sample. As can be
seen in Figure 1, the analysis of each analyte or internal
standard starts and ends with a short period in which zero
voltage is applied, thereby creating a baseline. This yields the
characteristic shape of a chronogram and also facilitates
integration (as illustrated in Figure 2).

Validation
Validation of Forensic Toxicological Methods

The reliability, robustness, and accuracy of analytical data in
forensic toxicological casework is of great importance because

of the impact that the findings can have on the outcome of a
criminal investigation and subsequent court ruling. Therefore,
methods are preferably ISO 17025 accredited to ensure the
highest quality standard. As part of the accreditation process,
validation according to accepted standards and protocols is
mandatory. For forensic toxicological analysis, ISO 17025-
based standard practices and guidelines are usually provided
by international and national committees and working groups
[31]. The validation of bioanalytical methods in forensic sci-
ence, in line with existing quality frame-works, has been
discussed in detail by Peters et al. [32–34] In forensic toxico-
logical laboratories currently high performance liquid chroma-
tography with tandem mass spectrometry (LC-MS/MS) is the
preferred instrumentation for the forensic analysis of biofluids.
Validation of such LC-MS/MS methods (see for example [35,
36]) is generally conducted according to the guidelines as
described in these papers and hence this framework also
formed the basis for the validation of the current paper spray
method which lacks an LC separation prior to mass spectro-
metric analysis.

Regression Model

Seven non-zero calibration standards, a single blank (contain-
ing internal standard), and a double blank (not containing
internal standard nor analyte) were prepared in duplicate for
each run and analyzed in three independent runs. Pooled whole
blood from seven batches was used for these experiments.
Calibration curves were constructed using the area ratio of the
transition of interest referenced to the internal standard and
plotted against nominal concentrations and fitted by least-
squares linear regression using the reciprocal of the concentra-
tion (1/x) as a weighting factor. According to the guidelines, as
described above, to assess linearity, deviations from the mean
calculated concentrations over three runs should be within
85%–115% of nominal concentrations. At the lower limit of
quantification level (LLOQ) a deviation of 20% is permitted.

Figure 1. Mass spectrometry analysis conditions for each sample
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The LLOQwas defined as the concentration at which the signal
to noise ratio was equal to or greater than 5.

Accuracy and Precision

Intra- and inter-assay accuracies and precisions of the method
were determined by assaying quality control samples at the

LLOQ, a low, a mid, and a high concentration level in three
separate runs with five replicates per concentration level. The
concentration of each quality control sample was calculated
using the calibration curve that was constructed from data
obtained during the same run. The differences between the
nominal and the measured concentrations were calculated for
each replicate. This was then used to calculate accuracies.

Table 1. SRM Parameters and Probabilities for Analytes and Internal Standards

Compound Precursor ion m/z Fragment ion m/z Collision (arbitrary units) Tube Lens (V) CP (mTorr) Ion ratio

Amphetamine 136.1 91.2 12 55 1.3 100:59
119.1 7 55

Methamphetamine 150.2 91.3 19 77 1.3 100:10
119.0 6 77

MDA 180.1 133.2 13 87 1.7 100:86
105.2 17 87

MDMA 194.1 163.1 10 95 1.7 100:22
105.2 19 95

MDEA 208.1 133.2 16 91 1.7 100:37
77.3 41 91

4-Fluoroamphetamine 154.1 109.2 14 88 1.7 100:10
83.3 36 88

PMA 166.1 121.2 14 78 1.7 100:7
78.3 45 78

PMMA 180.1 121.2 16 82 1.7 100:83
149.2 9 82

Amphetamine-D8 144.2 97.3 14 55 1.3 100:38
127.2 6 55

Methamphetamine-D8 158.2 93.3 21 77 1.3 100:71
124.3 8 77

MDA-D5 185.1 138.2 14 85 1.7 100:80
110.2 17 85

MDMA-D5 199.1 165.2 10 98 1.7 100:21
107.3 19 98

MDEA-D5 213.1 135.2 19 86 1.7 100:28
77.3 45 86

4-Fluoroamphetamine-D5 159.0 111.2 16 70 1.7 100:11
84.2 38 70

RT: 0.00 - 1.32
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Figure 2. Example of a chronogram consisting of methamphetamine (left) and MDA (right) as obtained using the method as
presented in Figure 1
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According to the guidelines, as described above, the average
intra- and inter-assay accuracy should be within 85%–115%
except at the LLOQ, where a range of 80%–120% is allowed.
The average intra- and inter-assay precision, expressed as the
coefficient of variation, should not exceed 15%, except for the
LLOQ where it should not exceed 20%.

Cross-Analyte Interference

Cross-analyte interferences were tested for each of the amphet-
amines to determine if the presence of a high concentration of
one amphetamine would produce a false-positive result for one
of the other amphetamines. Whole blood samples without any
amphetamines were therefore spiked, each containing only one
amphetamine at its upper limit of quantification. These samples
were then analyzed for the presence of each of the other
amphetamines that were not spiked into the sample. The re-
sponse of these amphetamines should not exceed 20% of their
corresponding response in an LLOQ whole blood standard.

Selectivity

Although PS-MS usually offers simplified and faster analysis in
comparison to LC-MS [2], this benefit also comes at a cost of
reduced selectivity. With the direct introduction of analytes into
the mass spectrometer, there is a risk of false positive results
when isomers and isobars are present in the sample since they
have the same molecular mass as the analyte of interest. Tandem
mass spectrometry provides additional selectivity as a result of
the fragmentation step but there is still a chance that isomers and
isobars are present showing equal mass transitions, especially if
the analyte exists of C, H, N, and O only and its functional
groups are common. The use of chromatography prior to theMS
analysis might then provide the additional required selectivity
for discrimination but this step is avoided for the sake of speed
and ease of analysis when using paper spray. Hence, in the
validation of PS-MS methods, additional attention is required
with respect to correct confirmation of the identity of the com-
pound in order to prevent false positive findings. In addition to
performing conventional selectivity analysis as described in
international guidelines, we have therefore defined and investi-
gated two novel features to establish selectivity in PS-MS:

(1) Intrinsic selectivity, expressed as a random chemical match
probability (RCMP), i.e., the probability that a random
compound would have the same precursor ion mass and
generate fragment ions with equal nominal masses, thus
leading to a false positive outcome.

(2) Application-based selectivity, a process used to establish if,
for the analyte of interest in the matrix considered and for
the PS-MS parameters applied, any other compound could
a priori be present that could yield a false positive result
when applying the selected PS-MS ionization and fragmen-
tation parameters.

The intrinsic selectivity as determined by the RCMP pro-
vides an indication of the general discrimination power of the

PS-MS analysis for that given compound and ionization and
analysis parameters. This discrimination power has to be
very high when analyzing complex and unknown samples
to minimize the chance of an unexpected false positive
outcome. In addition, the application-based selectivity en-
sures that the method is checked against known associated
compounds that could be present in the matrix and on the
basis of chemical similarity could possibly result in a false
positive result. This requires the input of forensic and chem-
ical expert knowledge and a proactive approach to challenge
the method by exhaustively searching for potential false
positive candidates.

Conventional Selectivity Analysis Seven individual batches
of control humanwhole blood were used to assess selectivity of
the method. To determine whether endogenous constituents
interfere with the assay, a blank and a sample spiked at the
LLOQ were processed from these batches. The samples were
subsequently analyzed according to the above described pro-
cedure. The area ratio observed in the blank should be below
20% of the area ratio in the LLOQ sample in each of the seven
batches of control human blood.

Intrinsic Selectivity Analysis To estimate intrinsic selectivity
in PS-MS based on the RCMP, the methodology as intro-
duced by Berendsen et al. has been adopted [37]. In this
approach, the individual probabilities of the occurrence of a
selected precursor ion mass (Mpc) and two product ion
masses (Mpd1 and Mpd2) are estimated from comprehensive
LC-MS databases containing LC-MS data of an extensive
range of chemical compounds that have been detected and
analyzed by the RIKILT institute. The selectivity of the
precursor ion(s) is given by the fraction of compounds in
the data collection showing the same precursor ion mass:
P(Mpc). The selectivity of the product ions is not only related
to the product ion mass (Mpd) itself but also the resulting
neutral loss (Mpc – Mpd) is considered. For instance, a prod-
uct ion of m/z 200 has a low occurrence, but if it originates
from a precursor ion of m/z 218 and, thus, if a neutral loss of
18 Da is involved, this transition should be considered non-
selective given the frequent occurrence of the loss of water
with CID. In the proposed worst case approach, the selectiv-
ity of the product ion is determined by selecting the highest
value of either P(Mpd) or P(Mnl), the probability of the
corresponding neutral loss. The probability of the occurrence
of a compound having the same MS characteristics as the
compound of interest is now estimated by multiplying the
probabilities of the precursor ion and the two worst case
values of the two product ion masses, i.e.:

RCMP ¼ P Mpc

� �*
max P Mpd1

� �
; P Mnl1ð Þ� �*

max P Mpd2

� �
; P Mnl2ð Þ� �

:

Ofcourseadditional selectivity canbeobtainedbyconsidering
additional product ions but using two product ions, preferably
both of high signal intensity, is common practice. It should be
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noted that in this calculation it is assumed that the probabilities are
independent and thus that the product ions and the precursor ion
are completely independent and uncorrelated. From a chemical
perspective it is clear that this assumptionwill not alwaysbevalid.
As an example, if a product ion ofm/z 105 is observed, which is
usually the benzoyl cation, inmany cases a product ion ofm/z 91,
the tropylium cation, will also be observed. If correlated product
ions are selected for confirmation of the identity of a particular
compound, the selectivity can be compromised. In other words,
theuseofmultiple fragment ions isof limitedaddedvalueandwill
lead to an underestimation of theRCMP. Furthermore, a relation-
ship can also exists between the precursor ion and theproduct ion,
as reported previously [37]. This also introduces an additional
uncertainty in theRCMPcalculations.However, this reduction in
RCMPwill be partly counteracted by the worst-case approach in
the estimation of the probabilities of the product ions. Overall, a
RCMP, calculated as described above, is not a quantitative mea-
sure but should be considered as an indicator of the discriminative
powerof thePS-MSmethod for agivencompound.Nevertheless,
calculation of the RCMP is a valuable, easy, and fast tool to
investigate the intrinsic selectivity for the confirmation of the
identity of many compounds under selected instrumental condi-
tions. Additionally, the RCMP can be a very useful parameter for
selecting appropriate product ionswhen developing and optimiz-
ing anMRMmethod as is further discussed in the next section.

Application Based Selectivity Analysis A robust PS-MS
method requires a high intrinsic selectivity and the RCMP proto-
colprovidesanelegantmeanstodemonstrate that this requirement
is met. However, a low RCMP value alone does not warrant
sufficient selectivity for a given compound in a given matrix.
RCMP values are estimated from databases constructed from the
LC-MS analysis of a broad range of compounds that are mostly
unrelated to the compounds of interest. Therefore, the intrinsic
selectivity only provides generic insight into selectivity and does
not consider the existence of specific isomers and isobars that are
likely to yield a false positive outcome and that could a priori be
present in the consideredmatrix, e.g., humanwhole blood.There-
fore, after establishing sufficient intrinsic validity, an additional
step is required in the selectivity validation process to ensure that
thePS-MSmethod is truly fit for purpose andwith a negligible risk
for false positive results. This step, defined as the application-based
selectivity protocol, is based on the following iterative process:

(1) A search for all compounds that have the same molecular
formula as the compound of interest,

(2) selection of all compounds that comply with step (1) and
have functional groups that could result in the same select-
ed product ions as the compound of interest,

(3) assessment of the probability of the occurrence of the
candidate compounds resulting from step (2), in the matrix
in which the analysis is performed.

This approach results in a short list of compounds that could
result in false positive outcomes in actual casework as these

compounds have an identical precursor ion mass, could yield
the same fragments during CID, and could be present in the
samples analyzed. If such compounds exist and further investi-
gation confirms the false positive potential, the PS-MS method
should be adapted, e.g., by selecting other product ions, extend-
ed, e.g., by employing reactive paper spray or using additional
information such as the ion ratio or combined with an additional
analytical method for confirmatory analysis.

Even though this approach yields a good approximation of the
probability of a false positive result, it should be noted that the
application-based selectivity assessment can be an extensive and
time-consuming process that should be carried out for every
individual compound under the selected instrumental conditions.
In addition such an assessment is not a ‘one-time effort’ and
should be repeated over time as new compounds constantly
emerge. In case of illicit drug analysis in human whole blood,
the appearance of a new NPS could for instance suddenly yield a
potential false positive result in a validated method. In this study
the application-based selectivity has been assessed for the target
amphetamines.

Results and Discussion
Method Development

Thegoal of this researchwas todevelop andvalidate aquantitative
methodfor theanalysisofeight amphetamines indriedbloodspots
at therapeutically relevant concentrations using a separation-free,
simplified, and fast directMSmethod.Appropriate sensitivitywas
considered to be the ability to measure below 50 ng/mL, which is
the impaired driving limit for all amphetamines listed in theDutch
RoadTraffic act. Amphetamine ions showmultiple ion fragments
upon CID. Of the observed fragments, two were chosen: one for
quantification and one for confirmation of the identity. RCMPs
were estimated for precursor masses and all observed product
masses. An LLOQ was subsequently determined for each mass
transition. If multiple transitions were available at the appropriate
sensitivity, the fragment ionswith the lowestRCMPwereselected.
MDAandPMMAwere exceptions to this strategy since theyhave
identical molecular masses and share various fragment ions with
identical masses. It was pivotal in this case to search for selective
fragment ions of these amphetamines in the absence of chroma-
tography, and selection of the identical fragment ionswould result
in cross-analyte interference and therefore possibly false-positive
results. Both drugs indeed had a distinctive fragment,which could
be selected without comprising the LLOQ. Table 1 displays an
overview of theMS parameters of the final method.

We selected a solvent system based on dichloromethane and
hydroxylamine. As stated before, hydroxylamine is a very mild
source of protons without requiring adjustment of the pH [23].
Since the ionization of amphetamines appeared to be unaffect-
ed using hydroxylamine instead of the more common additive
acetic acid, we continued using the hydroxylamine-based sol-
vent system. This would allow the possible addition of drugs
from the previously published method to the current one since
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hydroxylamine is necessary for the analysis of morphine [23].
Dichloromethane is also beneficial since it results in better
wetting of the blood spot than a water/methanol mixture.

Validation

All the calibration curves, constructed using a weighting factor
of 1/x, showed coefficients of variation (CV) less than 15% and
accuracies were in all cases within 85%–115%. Assay perfor-
mance data (inter-assay accuracy and precision) of all analyzed
compounds is summarized in Table 2. Details of the calibration
can be found in section S1 of the Supplementary Information.
Both Inter-assay and intra-assay accuracies and precisions were
within the defined limits for all drugs. Intra-assay data are not
shown because of space limitation. No substantial cross-
analyte interference was observed indicating that the eight
amphetamines can be accurately co-analyzed in a single PS-
MS method.

Selectivity

Conventional Selectivity Analysis PS-MS MRM chronograms
of five out of seven batches of control human blood contained no

interference larger than 20% of the area at the LLOQ level of all
amphetamines. In twobatches, an interferencewasobservedup to
48% of the signal as observed in the LLOQ samples of amphet-
amine, 4-FA, and MDA, respectively. Visual inspection showed
these batches of whole blood to be extremely viscous and full of
clots. It seems likely that these aspects have caused interference in
the analysis but further research is warranted to analyze how this
influences the selectivity in additional batches of blank whole
blood. In contrast, human whole blood samples as obtained from
suspects in a DUI investigation by law enforcement represent a
much more consistent matrix that corresponds to the blood sam-
ples as used for accuracy and precision analyses in this study.

Intrinsic Selectivity Analysis When analyzing amphetamines,
therelevantprecursor ionmassrangeism/z130–220.Basedonthe
previously applied databases forRCMPcalculation, a probability
distribution of the occurrence of product ions and neutral losses
wasmadespecifically for theprecursor ionmassrangerelevant for
the analysis of amphetamines. These distributions, as well as for
theprecursor ionmass in the rangeofm/z100–1000,arepresented
in Figure 3. Clearly, the tropylium cation of m/z 91 is the most
common product ion followed by the ions ofm/z 77, 69, 95, and
105.Neutral lossesof 17 (ammonium), 18 (water), and46 (formic
acid) Da are also frequently observed.

As stated above, we tried to choose the fragment ion with
the lowest RCMP as is illustrated in Table 3. However, for
amphetamine and methamphetamine, only three fragment ions
are observed: m/z 119, 91, and 65, of which the intensity of the
latter is so low that it would result in a 3-fold increase in the
LLOQ. Additionally, selection of the fragment ion for MDA
and PMMA based on RCMP was limited because of a shared
precursor mass and therefore the same fragment ion masses, as
stated before. MDMA and MDEA produce the same set of six
most abundant fragment ions. They provide a clear example,
however, that selection of fragment ions is not solely based on
the probability of the fragment ion mass but also on the prob-
ability of the neutral loss. Since MDMA and MDEA have
different parent ion masses, their equal fragment ion masses
are the result of different neutral losses. As a result, the prob-
ability of each of the most predominant six transitions of
MDMA is not equal to those of MDEA. Optimization of the
selectivity (i.e., obtaining the lowest overall RCMP whilst
maintaining sufficient sensitivity) thus leads to the selection
of different fragment ions for these two drugs. PMA and 4-FA
both provide a rather large set of fragment ions. Their signal
intensities, however, vary drastically. In both cases the most
abundant fragment ions were chosen since the third most
abundant fragment ion would have resulted in an increase of
the LLOQ by a factor of three.

Finally, under the chosen conditions, the intrinsic probability
of an interfering compound for the selected amphetamines ranges
from1.0*10–6 to3.8*10–6.Note that the selectivityhas tobe set fit
for purpose, but as previously discussed [37], in residue analysis a
probability below 2*10–7 is preferred. In this case, none of the
amphetamines comply with this guideline and therefore it is

Table 2. Assay Performance Data

Analyte
(linear range)

Nominal
concentration
(ng/mL)

Inter-
assay
accuracy
(% dev)

Inter-
assay
precision
(% CV)

Amphetamine
(50–4000 ng/mL)

50 12.2 19.9
150 4.72 11.9
750 5.38 2.93
3000 6.83 3.84

Methamphetamine
(15–1200 ng/mL)

15 -5.30 4.94
45 -6.16 4.56
225 -2.93 2.98
900 -0.102 3.45

MDA
(30–2400 ng/mL)

30 -4.83 14.9
90 -8.78 9.72
450 2.07 13.1
1800 1.30 4.40

MDMA
(15–1200 ng/mL)

15 -3.09 4.88
45 -8.44 3.91
225 -4.53 12.4
900 -1.03 4.20

MDEA
(30–2400 ng/mL)

30 1.31 5.32
90 -6.15 8.43
450 -3.08 5.32
1800 -1.45 4.55

4-Fluoroamphetamine
(15–1200 ng/mL)

15 -0.258 18.4
45 -1.17 10.6
225 -2.18 13.3
900 0.193 7.97

PMA
(50–4000 ng/mL)

50 5.58 8.30
150 -2.49 6.22
750 6.47 5.16
3000 6.03 5.89

PMMA
(15–1200 ng/mL)

15 -3.44 4.57
45 -5.20 7.31
225 5.53 10.3
900 9.03 4.79

Inter-assay data (n = 15) is based on three runs with n = 5 per run. Nominal
concentrations are from quality control samples at the LLOQ, a low, a mid, and
a high concentration level
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Figure 3. Probability distribution of (a) precursor ionmasses, (b) product ionmasses, and (c) neutral losses. Probability distribution
of product ion masses and neutral losses originate from precursor ions of m/z 130–220 (n = 3547)

2672 S. F. Teunissen et al.: Paper Spray MS of Eight Amphetamines in Whole Blood



Table 3. Calculated RCMP for Each Observed Mass Transition Per Analyte and Internal Standard

Analyte Precursor
ion (m/z)

Product
Ion
(m/z)

Neutral
loss

Relative
intensity

P(precursor) P(product) P(total)
ideal

P(total)
selected

Amphetamine 136.1 119.2 17 12 8.2E-05 2.7E-01 1.1E-06 3.8E-06
136.1 91.2 45 100 1.7E-01
136.1 77.3 59 2 1.7E-01
136.1 65.3 71 29 7.7E-02

Methamphetamine 150.1 119.2 31 4.95 1.3E-04 9.6E-02 8.5E-07 2.1E-06
150.1 91.2 59 100 1.7E-01
150.1 65.3 85 28 6.6E-02

MDA 180.0 163.2 17 54 3.5E-04 2.7E-01 2.6E-06 3.1E-06
180.0 135.1 45 100 1.3E-01
180.0 133.1 47 72 8.4E-02
180.0 105.3 75 80 1.1E-01
180.0 79.3 101 43 8.9E-02
180.0 77.3 103 61 1.2E-01

MDMA 194.0 163.2 31 96 4.5E-04 3.8E-02 1.5E-06 1.8E-06
194.0 135.1 59 76 1.7E-01
194.0 133.2 61 43 1.0E-01
194.0 105.2 89 79 1.1E-01
194.0 79.3 115 33 8.9E-02
194.0 77.3 117 100 1.2E-01

MDEA 208.0 163.1 45 72 6.3E-04 6.4E-02 1.2E-06 1.6E-06
208.0 135.1 73 87 6.9E-02
208.0 133.1 75 50 4.4E-02
208.0 105.2 103 93 5.4E-02
208.0 79.3 129 42 4.5E-02
208.0 77.3 131 100 5.9E-02

4-FA 154.0 137.2 17 11 2.0E-04 2.7E-01 4.5E-07 1.9E-06
154.0 109.2 45 100 1.3E-01
154.0 83.2 71 27 7.7E-02
154.0 63.3 91 4 1.0E-01
154.0 59.4 95 2 4.0E-02
154.0 57.3 97 8 5.6E-02

PMA 166.0 149.2 17 41 2.6E-04 2.7E-01 6.9E-07 1.3E-06
166.0 121.2 45 100 1.3E-01
166.0 91.2 75 30 1.7E-01
166.0 78.3 88 7 4.0E-02
166.0 77.3 89 14 1.2E-01
166.0 65.3 101 10 6.6E-02

PMMA 180.0 149.2 31 15 3.5E-04 3.3E-02 7.7E-07 1.9E-06
180.0 121.2 59 100 1.7E-01
180.0 91.2 89 39 1.7E-01
180.0 77.3 103 14 1.2E-01
180.0 65.4 115 13 6.6E-02

Amphetamine-D8 144.2 127.3 17 16 1.4E-04 2.7E-01 3.3E-07 2.4E-06
144.2 97.2 47 100 6.5E-02
144.2 96.2 48 52 6.1E-02
144.2 69.3 75 28 1.1E-01
144.2 68.3 76 12 3.7E-02

Methamphetamine-D8 158.2 124.3 34 9 2.0E-04 5.2E-02 4.0E-07 1.0E-06
158.2 93.2 65 100 9.6E-02
158.2 67.4 91 12 1.0E-01
158.2 66.3 92 20 3.8E-02

MDA-D5 185.2 168.2 17 69 3.8E-04 2.7E-01 6.5E-07 1.2E-06
185.2 138.2 47 66 3.5E-02
185.2 137.1 48 61 5.8E-02
185.2 110.2 75 100 8.7E-02
185.2 80.2 105 25 4.9E-02

MDMA-D5 199.2 165.2 34 100 4.6E-04 5.2E-02 6.3E-07 1.8E-06
199.2 136.2 63 41 1.7E-01
199.2 135.2 64 48 8.4E-02
199.2 107.2 92 52 7.7E-02
199.2 81.3 118 11 6.6E-02
199.2 78.3 121 33 2.6E-02

MDEA-D5 213.1 163.2 50 100 5.8E-04 1.9E-02 4.4E-07 1.3E-06
213.1 135.1 78 52 4.0E-02
213.1 133.2 80 41 4.2E-02
213.1 105.2 108 57 5.4E-02
213.1 79.3 134 22 4.5E-02
213.1 77.3 136 53 5.9E-02
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suggested, based on the intrinsic selectivity calculations, that the
selectivity should be further improved to achieve additional cer-
tainty on the confirmation of the identity of the amphetamines in
whole blood, e.g., by monitoring an additional transition. The
relatively low selectivity is caused by the omission of chromatog-
raphy in combination with the very generic molecular composi-
tion of the amphetamines having common functional groups.

Application-Based Selectivity Analysis For each of the eight
selected amphetamineswe performed an extensive search for false
positive candidates on the basis of chemical structure and CID
fragment ions using PubChem. The procedure and results are
described indetail inSectionS2of theSupplementary Information.
Compoundswere screened and selected in four consecutive steps:

1. Selection of Pubchem compounds with an identical molec-
ular formula as the amphetamine considered.

2. Sub-selectionof Pubchemcompounds thatcontainaphenylor
benzodioxol moiety similar to the amphetamine considered.

3. Manual selection of candidates on the basis of structural
similarities that could lead to similar CID fragments as the
amphetamine considered.

4. Using Pubchem and Internet information and forensic expert
input to investigate whether the false positives candidates are
likely to occur in human whole blood, e.g., as drugs of abuse,
medicines,dopingagents,metabolites, foodstuff, natural com-
pounds, or abundant man-made chemicals.

This methodology is based on a couple of assumptions to
effectively scan millions of compounds to find potential false
positive candidates. We assume that no compounds exist with a
different molecular formula that could result in a false positive
outcome. This assumption will be true for most small molecules
but will become more problematic when dealing with molecules
with higher molecular masses. High resolutionMSwith accurate
massmeasurementswould add a lot of certainty in this respect but
is not always an option in terms of cost and required speed of
analysis in PS-MS analysis. We also assume that no compounds
exist with the same molecular formula that do not possess an
aromatic functionality but still result in a false positive outcome.
Given the selected fragment ions that are all based on the phenyl
moiety, this seems to be a very reasonable assumption. Finally, if
in PubChem only references are made to chemical specialty
companies that provide the material as a standard or reference
and the material is unknown in forensic toxicological and illicit

drug case work, we assume that finding such a compound in
humanwhole blood is a priori very unlikely.

This search strategy resulted in four potential false positive
candidates out of a total of over 91million registered compounds
in the Pubchem platform (Figure 4). This exceptional selectivity
clearly shows the power of MRM in increasing the reliability of
separation-free ambient mass spectrometry.

Compounds that have been identified as potential false
positive sets with a reasonable a-priori probability of being
present in human whole blood samples are phenpromethamine
versus methamphetamine, methoxyphenamine, also known as
ortho-methoxymethamphetamine versus PMMA, and 2-
fluoroamphetamine (2-FA) and 3-fluoroamphetamine (3-FA)
versus 4-FA. These compounds might theoretically interfere
although to our knowledge they have not been reported in
forensic case work. Actual analysis of these compounds, using
the developed PS-MSmethod, should showwhether we indeed
can predict a response similar to the analyte of interest on the
basis of molecular structure. The outcomes of the application
based selectivity yields a more accurate estimation of the
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Figure 4. (a) para-Methoxymethamphetamine (b) ortho-
methoxymethamphetamine (methoxyphenamine), (c) metham-
phetamine, (d) phenpromethamine, (e) 2-fluoroamphetamine,
(f) 3-fluoroamphetamine, (g) 4-fluoroamphetamine

Table 3 (continued)

Analyte Precursor
ion (m/z)

Product
Ion
(m/z)

Neutral
loss

Relative
intensity

P(precursor) P(product) P(total)
ideal

P(total)
selected

4-FA-D5 159.0 142.2 17 18 2.3E-04 2.7E-01 5.5E-07 1.0E-06
159.0 112.2 47 19 4.7E-02
159.0 111.2 48 100 5.1E-02
159.0 110.2 49 40 5.8E-02
159.0 84.2 75 26 8.7E-02
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probability of encountering an interfering substance. The find-
ing of potentially interfering substances for the studied amphet-
amines is in agreement with not meeting the residue analysis
guideline as determined by the intrinsic selectivity calculations.

A feature that has not been considered thus far is the ion ratio,
which might play a crucial role in the extent of interference.
Johansenetal. demonstratedhow4-FAcanbediscriminated from
2-FA and 3-FA by variations in a selective ion ratio [30]. There-
fore, this feature could also be applicable in our PS-MS method.
To the best of our knowledge, no studies utilizing MS for the
analysis of phenpromethamine or methoxyphenamine have been
published.Further research is thereforewarranted todetermine the
ion ratio of these compounds to define the extent of interference
with methamphetamine and PMMA, respectively.

Conclusion
We have successfully developed and validated a rapid, sensitive,
and sufficiently selective separation-free method for the quantifi-
cation of eight amphetamines in whole blood based on PS-MS.
Lower limits of quantification were below typical physiological
and toxicological levels of all amphetamines. All considered com-
poundswere quantified simultaneously in a single PS-MSanalysis
of only 1.3 min. We have also combined three independent ap-
proaches to ensure proper selectivity in the absence of chromato-
graphic separation. In addition to the conventional approach, a
previously published method for the theoretical calculation of the
intrinsic selectivity and a new iterative process to determine the
application-based selectivity were applied. Since new drugs, e.g.,
NPS, are continuously emerging, the list of possible interfering
compounds should be kept up-to-date and selectivity validation
should also be repeated regularly over time. To allow for on-site
analysis, e.g., on crime scenes or at drug laboratories, we are
currently transferring thehereinpresentedmethodtoaminiaturized
mass spectrometer that also utilizes paper spray ionization.
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