
This article was originally published as: Borden, S.A., Saatchi, A., Krogh, E.T., & Gill, C.G. (2020). Rapid and 

quantitative determination of fentanyls and pharmaceuticals from powdered drug samples by paper spray 

mass spectrometry. Analytical Science Advances, 2(1), 97-108. https://doi.org/10.1002/ansa.202000083  

Analytical Science Advances, an open-access journal published by Wiley-VCH, is available online at: 

https://onlinelibrary.wiley.com/journal/26285452. 

This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 

International License.  

 

https://doi.org/10.1002/ansa.202000083
https://onlinelibrary.wiley.com/journal/26285452
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


Received: 3 July 2020 Revised: 30 July 2020 Accepted: 31 July 2020

DOI: 10.1002/ansa.202000083

F U L L A RT I C L E

Rapid and quantitative determination of fentanyls and
pharmaceuticals from powdered drug samples by paper spray
mass spectrometry

Scott A. Borden1,2 Armin Saatchi1 Erik T. Krogh1,2 Chris G. Gill1,2,3,4

1 Applied Environmental Research

Laboratories (AERL), Department of

Chemistry, Vancouver Island University,

Nanaimo, British Columbia, Canada

2 Department of Chemistry, University of

Victoria, Victoria, British Columbia, Canada

3 Department of Chemistry, Simon Fraser

University, Burnaby, British Columbia, Canada

4 Department of Environmental and

Occupational Health Sciences, University of

Washington, Seattle,Washington

Correspondence

ChrisG.Gill, AppliedEnvironmentalResearch

Laboratories (AERL),DepartmentofChem-

istry,Vancouver IslandUniversity, 900Fifth

Street,Nanaimo,BCV9R5S5,Canada.

Email: Chris.Gill@viu.ca

Corrections addedonSeptember16, 2020

after first onlinepublication: Theplacementof

Figures andTables is corrected in this article.

Funding information

Natural Sciences andEngineeringResearch

Council ofCanada,Grant/AwardNumber:

RGPIN-2016-05380

Abstract

Paper spray mass spectrometry is presented as a direct, quantitative tool for the mea-

surement of pharmaceutical drugs and a variety of fentanyl analogs in solid samples

and powder slurries with the ultimate goal of providing meaningful harm-reduction

drug checking. Method development and validation was carried out for fentanyl ana-

log slurries as a proxy for street drug samples. Lower limits of quantitationwere deter-

mined to be3.6-7.4 ng/g for fentanyl analogs in the pharmaceutical slurrymatrix. Using

1mg of solid sample, the method can quantify picogram quantities of these drugs, well

below required thresholds for even the most potent fentanyl analogs. Quality control

samples were prepared and used to assess method validity according to the Scien-

tific Working Group for Forensic Toxicology (SWGTOX) guidelines. Performance met-

rics for both precision and accuracy were found to be within SWGTOX-recommended

guidelines. Additionally, pharmaceutical tabletswere used to demonstrate the applica-

bility of the developed paper spray methodology for the direct qualitative and quanti-

tative analysis of active ingredients in pharmaceutical powders deposited directly onto

the paper spray substrate. A proposed workflow for rapid solid drug sample measure-

ments is presented with potential applications for point-of-use street drug measure-

ments and other solid samplematrices.

KEYWORDS

drugs of abuse, fentanyl, harm-reduction drug checking, paper spraymass spectrometry, pharma-
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1 INTRODUCTION

The threat of an international opioid crisis looms: global trends demon-

strate high opioid prescription rates, rising nonmedical opioid use, and

the emergence of highly potent synthetic opioids that are diversify-

ing global opioid markets.1 The Global Burden of Diseases, Injuries,

and Risk Factors Study estimated that in 2017 over 100 000 people

died from an opioid overdose.2 In the United States, the Center for

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.
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Disease Control and Prevention reported 49 608 opioid-related over-

dose deaths in 2017, and of these, 29 406 (59.3%) involved synthetic

opioids such as fentanyl or related analogs (termed “fentalogs”).3 The

rate of drug overdose deaths involving synthetic opioids (methadone

excluded) in the United States increased on average by 8% per year

from 1999 to 2013 with average increases of 71% per year from 2013

to 2017. This trend has been observed in Canada as well, with similar

increases in drug overdose deaths from synthetic opioids observed.4
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In British Columbia alone, fentanyl or its analogs were detected in

ca. 87% and 83% of all illicit drug toxicity deaths in 2018 and 2019,

respectively.4 Governments around the world have grappled with the

opioid crisis in a variety of different ways. In Canada, Western Euro-

pean nations, and a growing number of countries, harm-reduction

approaches todealwith the crisis (rather thanpunitive approaches) are

being explored.

In Canada, public health policy toward harm reduction for sub-

stance use is multifaceted. It is aimed at mitigating the negative social,

physical, and economic consequences of the ongoing opioid crisis;

the approach includes needle exchange programs, opioid substitu-

tion replacement therapy (eg, methadone or buprenorphine), naloxone

distribution, and, notably, supervised consumption sites (SCS) and

overdose prevention sites (OPS).5 The first dedicated drug checking

program to be used as a strategy for harm reduction was introduced

in 1992 in the Netherlands, when the government commissioned the

Drug Information and Monitoring System to monitor the recreational

drug market: harm-reduction drug checking (HRDC) has subsequently

spread to many other European countries.6 The success of harm-

reduction services has led to theestablishmentof SCS/OPSacrossAus-

tralia, Western Europe, Canada, and at select locations in the United

States. At these sites, people who use drugs (PWUD) have access

to many of these programs. These sites can serve as a primary con-

tact with health professionals and medical support staff. One ser-

vice offered by SCS/OPS that has been successfully able to mitigate

overdose events is HRDC.7 HRDC services allow PWUD to have

their recreational drugs checked for chemical composition and receive

personalized evidenced-based information regarding associated risks.

This allows PWUD to make informed decisions about their drug use,

with the ultimate goal of behavioral modification leading to the reduc-

tion of societal, physical, and economic harm. Indeed, research has

shown that HRDC does lead to behavior modification7 (ie, reduced

consumptionanddiscarding substances). In order to affect harmreduc-

tion, chemical analysis must be achieved prior to use. Drug analy-

sis methodologies used in forensic and clinical laboratory settings for

confirmatory testing, such as gas chromatography and liquid chro-

matographymass spectrometry, often require extensive sample prepa-

rationwith costly and lengthy analysis times using benchtop laboratory

instruments.Consequently, these techniquesarenotwell suited foron-

site HRDC, where providing rapid results at the point-of-care/use can

positively impact the behavior and health outcomes of PWUD.

To affect true harm reduction through informed drug use, HRDC

technologies should: provide rapid results that are sensitive enough

to detect trace levels of highly toxic substances (eg, fentanyl analogs

such as carfentanil)with high specificity, be field-deployable for use at a

SCS/OPS, be adaptable to address changes in the drug supply, and pro-

vide quantitative, easily interpretable results in a cost-effective man-

ner. It is our contention, and intent to demonstrate, that paper spray

mass spectrometry (PS-MS) meets all these criteria and addresses

short comings of existing HRDC technologies.

Currently, popular point-of-care HRDC methods include colori-

metric tests, immunoassays, Fourier transform infrared spectroscopy

(FTIR), and Raman spectroscopy. Colorimetric tests have been

employed for decades to provide rapid, on-site drug screening, but

they are nonquantitative, not very specific and unable to distinguish

trace or multiple drug components. Immunoassay drug test strips are

low cost, portable, and provide rapid results, with the added benefit of

high sensitivity and increased selectivity, although they still are unable

to differentiate closely related compounds (eg, fentanyl vs carfentanil)

with significantly different toxicities. Spectroscopicmethods are easily

operated in point-of-care settings with portable instruments. These

systems have modest power requirements, are relatively low cost, and

have rapid analysis times. An assessment of FTIR spectroscopy and

immunoassay test strips for the analysis of fentanyl in real street drug

samples found that of 173 samples that tested positive for fentanyl

(using quantitative nuclear magnetic resonance), 30 (17.3%) failed to

detect fentanyl using FTIR spectroscopy, and four (2.3%) did not detect

fentanyl using immunoassay test strips.8 FTIR was able to quantify

drug and excipient content, but required concentrations ≥10% w/w,

and even the immunoassay test strips required fentanyl concentra-

tions ≥5% w/w for reliable detection. Given that lethal dosages of

fentanyl have been documented to be as low as 250 µg (0.25% in a

typical 100 mg street dose), the point-of-care techniques listed above

lack the necessary sensitivity and/or selectivity required for fentanyl

and related synthetic opioids. Substantially lower fatal dosages for

carfentanil and other synthetic opioids have been reported,9 further

emphasizing the need for more sensitive quantitative methods.

PS-MS, first demonstrated in 2010, is an ambient ionization mass

spectrometry technique introduced and subsequently developed by

Cooks and Ouyang.10 Of the innumerable ambient ionization tech-

niques developed over the last 15 years, beginning with the introduc-

tion of desorption electrospray ionization (DESI) and direct analysis in

real time (DART) in 2004 and 2005, respectively,11,12 PS has attracted

considerable interest due to the simplicity, quantitative capabilities,

and low cost of implementation. In a typical PS-MS measurement, a

small amount (ca. ≤10 µL of sample [eg, whole blood, raw urine, etc])

is directly deposited onto a triangular piece of filter paper and dried.

Small amounts of solvent and a high voltage (ca. 3-6 kV) are applied.

Analytes dissolved by the solvent are subsequently wicked to the tip

of the paper, whereupon they are ionized in a process similar to elec-

trospray for mass spectrometry. The technique has been thoroughly

reviewed by a number of groups,13-15 and in-depth fundamental PS-

MS studies regarding matrix effects,16 paper properties,17 and the

ionization mechanism18 have also been presented. PS-MS coupling to

miniature or portable MS has also been demonstrated and recently

reviewed.19

Demonstrations of the analysis of drugs of abuse (DoA) using PS-

MS in blood,20 plasma,21,22 urine,23 and oral fluid24,25 have been pub-

lished. The measurement of DoA in biofluids assists in clinical and

forensic applications, though does little to help with HRDC via behav-

ior modification, because information is only available postexposure.

For HRDC purposes, selective and sensitive measurements of harm-

ful components in drug samples are required prior to, or at the time

of use. PS-MS has previously been applied to the qualitative analy-

sis of solid drugs samples including the semiquantitative detection of

fentanyl and norfentanyl standards spiked into an analgesic slurry,26
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the detection of cocaine from simulated samples (following centrifu-

gation and filtration),27 and the forensic qualitative screening of DoA

from various solid matrices using a variant of PS-MS called paper cone

spray ionization (PCSI).28,29 However, the quantitative analysis of DoA

directly from solid samples with little to no sample preparation using

PS-MS is notably absent from the published literature. In this paper,

we present fundamental studies andmethod validation of PS-MS using

a series of fentanyl analogs mixed with pharmaceutical drug sample

matrices, as well as rapid qualitative screening, and quantitation of

active ingredients in pharmaceutical tablet slurries todemonstrate fea-

sibility for future HRDC applications.

2 MATERIALS AND METHODS

2.1 Reagents and standards

Legally exempt, certified reference standards (fentanyl, carfentanil

oxalate, acrylfentanyl, 4-fluoro-isobutyryl fentanyl (FIBF), furanylfen-

tanyl, heroin, acetaminophen, chlorpheniramine maleate, and pseu-

doephedrine) and isotopically labeled internal standards (fentanyl-

d5, carfentanil-d5 oxalate, acetaminophen-d4, chlorpheniramine-d6

maleate, andpseudoephedrine-d3HCl)werepurchased fromCerilliant

Corporation (Round Rock, TX, USA). Caffeine and caffeine-d3 were

purchased from Sigma-Aldrich (St. Louis, MO, USA). The structures of

all drugs used in this study are given in Figure S1.HPLCgrademethanol

was obtained fromVWR International (Mississauga, ON, Canada). ACS

grade formic acid was acquired from GFS Chemicals (Columbus, OH,

USA). Deionized (DI) water was prepared using a water purification

system (18.4 MΩ⋅cm Facility Scale Reverse Osmosis/Ion Exchange

Water Purification System; Applied Membranes Inc, Vista, CA, USA).

All standards were prepared gravimetrically, with w/w concentrations

represented as ng of analyte per g of total mass.

2.2 Mass spectrometry

A triple quadrupole mass spectrometer (Micromass Quattro Ultima

LC, Waters-Micromass, Altrincham, UK) was used for all analyses. The

atmospheric pressure ionization inlet on this instrumentwas a second-

generation Z-Spray geometry design (Waters-Micromass). Nitrogen

gas (UHP grade, Praxair, Nanaimo, BC, Canada) was used as cone gas

at 50 L/h to reduce any build-up of sample material on the inlet cone.

Argon collision gas (UHP grade, Praxair, Nanaimo, BC, Canada) was

maintained at a pressure of ca. 3.1 mTorr for all MS/MS experiments.

MS/MS scanmethods were developed using directly infusedmethano-

lic standardswithpositiveESI (capillary voltage=+4.0 kV). This is stan-

dard practice for PS-MS given that the ionizationmechanisms of paper

spray ionization (PSI) and ESI are similar.18 Instrumental parameters,

consistent across all methods, are outlined in Table S1, and analyte-

specific parameters from multiple reaction monitoring (MRM) experi-

ments for the selection of two product ions for each precursor ion are

outlined in Table S2.

2.3 Paper spray

All PS-MSmeasurements used commercially available PS-MS sampling

cartridges (Prosolia Inc, Indianapolis, IN, USA). In all cases, 10 µL of an

internal standard (or internal standard mixture) was deposited on the

paper strip and allowed to air dry at ambient temperatures (ca. 15min)

before the application of 10 µL of sample, which was also dried prior to

analysis. A syringe pump (Fusion 100, Chemyx Inc, Stafford, VA, USA)

equipped with a 10-mL gastight syringe (Hamilton Corporation, Reno,

NV, USA) was used to deliver spray solvent composed of 90/10/0.1

(%v/v/v) methanol/DI water/formic acid to the cartridges (Prosolia Inc,

Indianapolis, IN, USA)with red PEEK tubing (o.d. 1/16″, i.d. 0.005″) and
a 8-cm length of 22 gauge stainless steel hypodermic stock (Vita Nee-

dle Co., Needham,MA, USA). Spray solventwas delivered in two stages

to increase the speed of analysis1: 60 µL was delivered at a rate of

100 µL/min (36 s) to pre-wet the paper strip2; 30 µL/min was delivered

for the remainder of the measurement (ca. 1 min) to maintain ion pro-

duction. PS-MS cartridges were manually mounted in a custom-made

PS-MS holder (Prosolia), mounted on a three-axis translation stage.

A custom mounting bracket was made in-house using a stereolitho-

graphic 3D printer (Form 2, Formlabs Inc, New Castle, DE, USA) to

interface the PS-MS holder with theMS and enable reproducible align-

ment of thePS cartridge in front of theMScone inlet.High voltage, sup-

plied by the ESI source of the MS, was applied to the cartridge using a

simplemetal spring clip. The PS-MS cartridge was positioned such that

the paper tip was ca. 5 mm away from theMS inlet cone. Images of the

custom PS-MS interface and sampling cartridge are given in Figure S2.

2.4 Sample preparation

A variety of over the counter (OTC) pharmaceuticals, drugs, and sup-

plements were purchased from local pharmacies to be used as surro-

gate solid drug samples. The complete list of products used, including

active and inactive ingredients, is shown in Tables S3 and S4. Tablets

were ground to a fine powder using a ceramicmortar and pestle, which

was cleaned with DI water and methanol washes, and then air dried

between samples to prevent any carry over. Because of the require-

ment for exemption under Section 56 of theControlledDrugs and Sub-

stances Act in Canadian Federal Law,30 OTCmedications were used in

several experiments as surrogates for illicit street drug sample powder

matrix. For surrogate drugmeasurements (Table 1) andmethod valida-

tion studies, 11 different OTC pharmaceutical tablets (Table S3) were

ground together, creating a mixed powdered composite sample con-

taining a wide variety of common excipients and surrogates for active

ingredients typically found in street drugs.31 Fentanyl analogs were

spiked directly into theOTC tablet powder slurries. Other experiments

utilized a single OTC pharmaceutical cold medication tablet (Table S4)

as the matrix with concentrations of 10−5% to 5% (w/v) in methanol.

For the analysis of pharmaceutical drugs in OTC tablets, a solution

of 1-mg powdered tablet per milliliter (0.1%w/v) slurry was prepared

in methanol using a vortex mixer (Thermo Fisher Scientific, Waltham,

MA, USA) for ca. 15 s. The resulting slurry was diluted 100-fold in
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TABLE 1 Comparison of the LOD and LLOQ values for fentanyl analogs in methanol and the 0.1% (w/v) composite OTCmixture

Methanol 0.1% (w/v) composite OTCmixture

[Standard] LOD LLOQ [Standard] LOD LLOQ

Compound (ng/g) S/N (ng/g) (ng/g) (ng/g) S/N (ng/g) (ng/g)

Fentanyl 2.16 7.74 0.84 2.8 2.71 4.62 1.8 5.9

Acrylfentanyl 2.52 11.2 0.67 2.3 2.25 6.21 1.1 3.6

Furanylfentanyl 2.44 10.4 0.70 2.4 2.62 5.31 1.5 4.9

FIBF 2.52 10.2 0.74 2.5 2.46 3.33 2.2 7.4

Carfentanil 1.89 4.10 1.4 4.6 2.71 4.76 1.7 5.7

methanol such that active ingredient concentrations were within the

linear dynamic ranges of the target drug calibrations, and the pow-

dered tablet matrix concentration was 0.001%w/v.

2.5 Method validation

Method validation studies were carried out in accordance with the

Scientific Working Group for Forensic Toxicology (SWGTOX) 2013

guidelines.32 Within-run and between-run precision (%CV) values, and

accuracy (%bias) was determined for the analysis of fentanyl analogs

in the 11-component composite OTC pill powder matrix at a concen-

tration of 0.1% (w/v) in methanol by analyzing five replicates of low,

medium, and high quality control (QC) standards over five consecutive

days. In accordance with the SWGTOX guidelines: the lowQC concen-

tration was approximately three times the value of the lowest calibra-

tion standard, the high QC concentration was approximately 80% of

the highest calibration standard, and the concentration of the medium

QC was approximately the midpoint of the low and high QC samples.

The%bias, within-run%CV, and between-run%CVwere calculated for

eachQC concentration as shown in Equations (1-3)32:

%Bias =

grand mean of calculated concentration − nominal concentration
nominal concentration

× 100 (1)

Within − run %CV =

standard deviation of a single day of samples
mean calculated value of a single day of samples

× 100 (2)

Between − run %CV =
standard deviation of grand mean

grand mean
× 100

(3)

The reported within-run %CV value is the highest value observed

across 5 days. The limit of detection (LOD) was defined as the con-

centration value that returned a signal to noise ratio (S/N) >3 and was

determined from the lowest calibration standard used that provided a

S/N value over 3 (Equation 4). The lower limit of quantitation (LLOQ)

was defined in the same manner, but with a S/N threshold value of

10 (Equation 5). The noise was defined as the average signal area for

matrix matched blanks (n ≥ 5), and the signal was the average signal

area of the quantifier ion channel (n≥ 3).

Limit of Detection (LOD) =
Concentration of lowest standard × 3

S∕N value of lowest standard
(4)

Lower Limit of Quantification (LLOQ) =

Concentration of lowest standard × 10
S∕N value of lowest standard

(5)

2.6 Data analysis

In PS-MS, signals are similar to flow injection methods, appearing as

analytes elute from the paper and are ionized by the applied high volt-

age. An example PS-MS integrated chronogram is shown in Figure S3.

Integrated peak areas of MRM signal chronograms were recorded

using the mass spectrometer’s operating software (MassLynx Version

4.1, Waters-Micromass) without any smoothing and were used for all

measurements. Calibration curves were generated using the ratio of

the analyte quantifier ion signal peak area to the internal standard

(internal standard pairings are given in Table S2) quantifier ion signal

peak area (termed the signal area ratio [SAR]). For all measurements,

signals were collected for approximately 1 min. Data collection was

manually terminated by removing the high-voltage connection from

the MS system, thus ending ion production. All measurements were

conducted in at least triplicate, and uncertainties/error bars are given

as the standard deviation between themeasurements.

3 RESULTS AND DISCUSSION

3.1 Matrix effects in PS and electrospray

In order tomakeaccuratequantitativemeasurementsof active ingredi-

ents in actual street drug formulations, an appropriate dilution scheme

and calibration model are required to mitigate any matrix effects

and ensure that measurements are made within the linear dynamic

range of the model. A common strategy for the reduction or elimina-

tion of matrix effects is “dilute-and-shoot” ESI.33 To assess whether
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dilute-and-shoot ESI might be an effective, alternate strategy for the

measurement of drugs in powdered street drug formulations, and

whether this translates to PS-MS, fentanyl (ca. 75 ng/g) was spiked

into methanolic slurries containing varying concentrations of a single

ground pharmaceutical tablet (see Table S4) spanning five orders of

magnitude of suspended solids. Figure 1 illustrates the signal response

for fentanyl (not internal standard corrected) as the concentration of

the suspended solids increases from 10−5% to 1% (w/v) in the sample

(x-axis is a logarithmic scale) for both ESI and PSI. The signal acquired

from measurements of fentanyl in pure methanol with no added solid

matrix was normalized to a value of 1 (not plotted due to logarith-

mic scale) and subsequent measurements with added cold medication

tablet matrix are represented as a normalized signal intensity relative

to the signal area obtained for fentanyl in the neat methanol mea-

surements for both ESI and PSI. The signal areas were not corrected

using an internal standard in order to assess overall signal losses from

any matrix effects. We note that error bars for PS-MS measurements

are inherently high when they are not internal standard corrected

because of the differences between the individual paper strips used.

At a concentration of 0.001% (w/v) suspended solid matrix, the total

signal for fentanyl using ESI is reduced to ca. 34% of its value in neat

methanol, whereas the PS-MS signal is relatively unaffected (ca. 97%

relative intensity). Even up to concentrations of 0.1% (w/v), the PS-MS

signal is still ca. 41% of the total signal area relative to measure-

ments made in neat methanol. From these data, it is clear that PS-MS

measurements of fentanyl are significantly less prone to signal sup-

pression from the solid matrix components from a powdered phar-

maceutical tablet than observed with ESI. Furthermore, ESI has

been shown to have significant sample to sample carryover effects,

even following extensive sample preparation and chromatographic

separation,34 a major problem when making measurements across

significantly different concentrations, such as those encountered dur-

ing the measurement of illicit drugs. Conversely, PS-MS uses a new

paper substrate for each measurement, eliminating sample-to-sample

carryover. This assertion has been supported in the literature.20,35

Therefore, PS-MS appears to offer superior analytical performance

characteristics for the direct measurement of illicit drugs in solid sam-

ples for HRDCwhen compared to “dilute-and-shoot” ESI-MS.

3.2 Fentanyl analysis in various matrices

Gravimetrically prepared analytical reference standards in methanol

were used to generate calibration curves for fentanyl, acrylfentanyl, 4-

fluoroisobutyryl fentanyl (FIBF), furanylfentanyl and carfentanil. Cal-

ibration data for these synthetic opioids in methanol are listed in

Table S5. To assess the tolerance to matrix effects of the synthetic opi-

oids examined in this study, multipoint calibration standards of fen-

tanyl (ranging from ca. 0.5 to 200 ng analyte per g of total solution)

were constructed in four different sample matrices and analyzed in

triplicate. Figure 2 shows calibrations carried out in a variety of matri-

ces including methanol, methanol in the presence of mannitol, and a

methanolic slurry of OTC cold medication tablet matrix with and with-

out added heroin. Error bars are omitted for visual clarity (average

%RSD = 12.8); data for the calibration models including precision are

included in Table S6.

Wehavepreviously observed thatmannitol, a commonlyused street

drug cutting agent,31 demonstrated signal ionization enhancements

for fentanyl and analogs in PS-MS measurements, resulting in differ-

ent calibration slopes.23 This was not observed in these studies, evi-

denced by the nearly identical calibration slopes for fentanyl in pure

methanol, versus fentanyl in methanol with 10% (w/w) mannitol. This
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may be a MS source-dependent phenomenon, as the previous study

employed a capillary inlet23 instead of the Z-Spray inlet geometry used

here. However, as Figure 2 illustrates, even a very high solids loading of

the OTC cold medication matrix (see Table S4 for composition) of 5%

(w/v) in methanol lead to only a modest 15% reduction in the calibra-

tion sensitivity for fentanyl. This is remarkable considering the matrix

loading is in considerable excess to that which would be used for pro-

posedpowdereddrug samplemeasurements (0.001-0.1%w/v). The5%

(w/v) groundOTCtablet powder slurry containedmanyactive and inac-

tive ingredients (Table S4) that are often found in street drug formu-

lations (eg, caffeine and sugars)31 as well as surrogates for DoA (eg,

pseudoephedrine). Consequently, it was used as a proxy to evaluate

thepotential for developing aquantitativemethod forHRDC.Although

the expected variability in street drug formulations presents inher-

ent challenges in creating matrix-matched standards, we are encour-

aged by the low matrix effects observed here. Drug quantitation via

the standard additionsmethod could also be a reasonable strategy, but

the additional sample preparation steps and increased analysis time

is not well suited to HRDC, where rapid results are key for interven-

tion before drug use. Preliminary PS-MS results suggest that internal

standard use mitigates the majority of observed matrix effects even

with high matrix loadings. In lieu of preparing calibrations in actual

street drugs (Section 56 exemptions as required by the Canadian gov-

ernment were not in place at the time of this study), and with the goal

of future HRDC trials in mind, calibration standards were prepared as

methanolic slurries containing 0.1% (w/v) of a composite pharmaceu-

tical powder matrix made by combining 11 different OTC medications

(Table S3).

3.3 Fentanyl analog method validation studies

In order to demonstrate the feasibility of PS-MS forHRDC, calibrations

of the fentanyl analogs (ca. 0.5-250 ng/g, seven levels, three replicates)

were prepared inmethanolic slurries containing 0.1% (w/v) of the com-

posite OTC matrix. The calibrations demonstrated excellent linearity,

with R2 values ranging from .995 to .999. These calibration standards

were used to determine the LODs and LLOQs for five fentanyl analogs.

These values are shown in Table 1 and are compared to the values

obtained for methanolic standards. LLOQ values ranging from 3.6 to

7.4 ng/g were obtained in the composite OTC matrix, which are com-

parable, though slightly higher, than the LLOQ values of 2.3-4.6 ng/g

in neat methanol. Similarly, LOD values ranged from 0.67 to 1.4 ng/g

in methanol and from 1.1 to 2.2 ng/g in the composite OTC matrix

slurry. The LODvalue for fentanyl is similar to one previously published

by our group for fentanyl in an analgesic slurry, obtained with a Z-

Spray source inlet, but in this early work, significantly different, home-

made PS-MS sample strips were used.26 Given that all measurements

were conducted using 10-µL sample loadings, absolute LOD values for

the fentanyl analogs in methanol were calculated to be 5.3-11 pg, and
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TABLE 2 Intra- and interday precision values (%CV) and accuracy (%bias) results frommethod validation experiments for fentanyl analogs in
the 1mg/mL composite OTCmixture

Low (ca. 13 ng/g) Medium (ca. 65 ng/g) High (ca. 198 ng/g)

Compound

Within-run

precision

(%CV)

Between-run

precision

(%CV)

Accuracy

(%Bias)

Within-run

precision

(%CV)

Between-run

precision

(%CV)

Accuracy

(%Bias)

Within-run

precision

(%CV)

Between-run

precision

(%CV)

Accuracy

(%Bias)

Fentanyl 11.9 11.7 5.64 13.4 14.2 15.2 10.1 12.1 19.4

Acrylfentanyl 12.5 11.5 11.8 12.2 13.5 10.6 8.62 10.7 12.0

Furanylfentanyl 12.1 8.40 20.0 12.3 12.2 25.3 12.8 8.3 9.51

FIBF 12.0 10.5 16.8 14.4 12.9 18.6 8.62 6.3 4.11

Carfentanil 13.8 10.7 10.7 13.6 11.9 12.2 8.44 8.3 10.8

8.6-18 pg in the 0.1% (w/v) composite OTC matrix. Similarly, LLOQ

absolute values were found to be 18-36 pg in methanol, and 29-59

pg in the composite OTC mixture. Assuming a typical 100-mg street

drug dosage, the LLOQ values determined for the fentanyl analogs in

the composite OTC matrix would correspond to having the ability to

quantitate the equivalent of 2.9-5.9 µg in 100 mg of street drug pow-

der from a 1-mg sample. Although it is difficult to determine an exact

lethal dosage for fentanyl, especially given differing tolerances to opi-

oids, 2 mg is the generally stated lethal dosage.36 Even at a lower esti-

mate of 250 µg, we are nearly two orders of magnitude more sensitive

than the lethal dose. Therefore, the sensitivity of the method is more

than sufficient for quantitative drug testing, even for trace components

such as the synthetic opioids investigated here.

Although PS-MS is quite sensitive for fentanyl analog measure-

ments, perhaps a more important consideration is to ensure that the

method can make precise and accurate measurements across the

entire calibration range. To evaluate this, validation studies were car-

ried out according to the SWGTOX 2013 guidelines.32 Briefly, three

levels of QC samples (low, medium, and high) containing fentanyl and

analogs were prepared in methanol with 1 mg of the composite OTC

slurry per milliliter of methanol. The QC samples were analyzed daily

(n = 5 replicates) over a period of five consecutive days. Table 2

presents the within-run and between-run precision (%CV), as well as

the accuracy (%bias) values obtained. Table 2 summarizes the results

and indicates that the method meets SWGTOX guidelines of precision

(%CV ≤ 20) and accuracy (%bias ≤ ±20) for all compounds at all three

QC levels in the composite OTC matrix, with the single exception of a

slightly higher, 25.3% bias obtained for furanylfentanyl in the medium

QC sample.

3.4 Direct qualitative analysis of pharmaceutical
samples

Both illicit street drug and pharmaceutical formulations typically con-

tain several active ingredients aswell as nonactive ingredients or excip-

ients. Additionally, active ingredient levels can vary significantly in

street drugs. For example, methamphetamine may commonly consti-

tute the majority of a street drug sample sold as methamphetamine,

whereas other components like carfentanil may only be present at

trace amounts (ie, ∼1%) in street drugs and still be pharmacologi-

cally active, or even lethal.37 This wide variation in the concentra-

tion of active components is also observed in pharmaceutical formu-

lations, and those analyzed in these studies had active ingredients

that ranged from ca. 1% to 80% (w/w). Furthermore, many pharma-

ceutical drugs are structurally similar to illicit substances, for exam-

ple, pseudoephedrine is commonly found inOTCdecongestants or cold

medications and is structurally very similar to methamphetamine (see

Figure S1).

The qualitative analysis of solid drug samples has many applica-

tions in forensics, notably for rapid screening of unknown substances

and nontargeted analysis. PS-MS has been used for the qualitative and

semiquantitative detection of cocaine in simulated samples, though

the samples were subjected to centrifugation and filtration prior to

measurement and not measured as powdered slurries.27 Additionally,

PSI coupled with ion mobility spectrometry has been demonstrated

for the detection of cocaine residues from neat standards applied

to various surfaces.38 Direct solids analysis of pharmaceutical pow-

ders and other solid samples has been reported by a variant of PS-

MS, called paper cone spray ionization mass spectrometry (PCSI-MS),

which uses a three-dimensional paper cone as a sampling and ioniza-

tion platform.29 This methodology has since further been developed

and applied to on-site forensic and environmental sample screening

including drug tablets, crystal based drugs, and synthetic marijuana.28

Although PCSI-MS has been reported for direct powder analysis, the

technique has not yet been commercialized or been used for quantita-

tive analysis.

Presented herein is a demonstration of the qualitative measure-

ment of pharmaceutical tablet powders using PS-MS, achieved by

placing dry powder samples directly onto the PSI substrate (Fig-

ure 3A). A ca. 1-mg sample of a ground pharmaceutical tablet (see

Table S4) was deposited directly onto the sampling zone of a PS-MS

strip. As the applied spray solvent (90/10/0.1 methanol/water/formic

acid) wicks toward the tip of the paper, analytes are mobilized from

the solid powder in a quasi on-paper extraction and transferred to

the paper tip, where they were subsequently ionized. The full scan

mass spectrum obtained is given in Figure 3B, with ion signals at 272,

199, 166, and 151 m/z, corresponding to the protonated molecular
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F IGURE 3 Direct qualitative analysis of approximately 1mg of a crushed pharmaceutical tablet deposited directly on the PS sampling strip
showing (A) an image of the crushed tablet directly on the PS cartridge, (B) the full scan (100-350m/z) mass spectrum, (C) the product scan
(50-175m/z) of pseudoephedrine (15 eV collision energy), and (D)MS/MS chromatogram of the crushed tablet samples (P1-P4) and caffeine
tablets containing no pseudoephedrine as blanks (B1-B3) (20 eV collision energy)

peaks of dextromethorphan, guaifenesin, pseudoephedrine, and

acetaminophen, respectively. Additionally, an ion atm/z 148 originated

from in-source collision induced dissociation of pseudoephedrine,

leading to the formation of an [M-H2O+H]
+ ion, confirmed by a

product ion scan of pseudoephedrine (Figure 3C). Water loss is often

considered to be a nondiagnostic transition; more diagnostic fragment

ions were observed in the product ion spectrum atm/z 133, 117, 115,

70, and 56, though at lower intensities. Therefore, them/z 133 product

ion was used for MS/MS measurements of pseudoephedrine as it pro-

vided the highest sensitivity at a collision energy of 20 eV. Figure 3D

illustrates the sequential MS/MS ion chronograms obtained for the

measurement of powder samples from four individual pharmaceu-

tical tablets (P1-P4), illustrating rapid, qualitative pseudoephedrine

detection. Powder samples from commercial caffeine tablets (not

containing pseudoephedrine) were measured as blanks (B1-B3)

between each sample, illustrating negligible sample-to-sample carry

over.

3.5 Quantitative analysis of pharmaceutical
samples

Although there are examples of PS-MS for the quantitative analysis of

DoA in various biofluids and complex samples,20,39,40 the direct quanti-

tationof components in solid illicit drug samples byPS-MShasnot been

well demonstrated in the literature. Anotable exceptionwas presented

byRomãoet alwhoquantified cocaineusing aDragendorff reagent and

thin layer chromatography followed by PS-MS, as opposed to a more

direct analysis scheme.41

In order to demonstrate the feasibility of making quantitative mea-

surements from tablets or powdered illicit street drugs samples using

PS-MS, as surrogates, the medicinal ingredients present in a vari-

ety of OTC pharmaceutical tablets were quantified. For these stud-

ies, two calibration models were prepared: one for components typ-

ically present at high concentrations in the pharmaceutical tablets

(ie, caffeine and acetaminophen) as well as for compounds typically
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F IGURE 4 Calibrations (five levels and four replicates) of (A) caffeine, (B) acetaminophen, (C) pseudoephedrine, and (D) chlorpheniraminewith
results from quantitation of the prepared diluted slurries of pharmaceutical tablets (T1-T3) interpolated on the figure

present at lower concentrations (ie, pseudoephedrine and chlorpheni-

ramine). This ensured that both high concentration and trace compo-

nents present in the same sample could be accurately quantifiedwithin

the linear dynamic range of the calibration models. A similar protocol

could be enacted for illicit drug checkingmeasurements.

For quantitative measurements, ca. 1 mg of the sample was used to

produce a methanolic slurry, which was then further diluted 100-fold

in methanol to yield analyte concentrations within the linear dynamic

rangeof the calibrationmodels. This simpleworkflowensuresonlyneg-

ligible sample is used. In HRDC, this is especially important, because

PWUDare reluctant to provide significant amounts of their substances

for testing. Theoretically, even smaller samples could be used, but

smaller sample masses can limit the precision and accuracy of quanti-

tation.

Figure 4 illustrates the calibrations (five levels and four repli-

cates) of (A) caffeine, (B) acetaminophen, (C) pseudoephedrine, and

(D) chlorpheniramine in methanolic standards using characteristic

MS/MS quantifier transitions and isotopically labeled internal stan-

dards (Table S2). Detail on the calibration models is outlined in

Table S7. The calibrations demonstrated excellent linearity in all cases

(R2 > .9991). The calibrations were used to calculate the amount of

analyte in commercial pharmaceutical tablets using the experimen-

tally determined SAR, the equation of the line for the calibration, and

the dilution factor. The calculated values of the concentration of ana-

lytes in the tablets (T1-T3) are overlaid on the calibrations in Fig-

ure 4 to demonstrate that the dilution scheme allows for the results

to fall within the linear dynamic range of the calibration models. From

the determination of analyte concentration by PS-MS in T1-T3, the

amount (mg) of each of the active ingredients in the original tablets

was determined and compared to the value reported by the manufac-

turer. Recognizing that these are commercial products, and not stan-

dard reference materials, a percent difference was calculated using

the formula (mean calculated amount – amount specified by manufac-

turer) / amount specified by manufacturer × 100%. Table 3 gives the

results from the quantitative analysis of several different pharmaceu-

tical tablets. In these studies, three individual tablets from the same lot

were prepared for measurement, and each tablet slurry obtained (T1-

T3) was analyzed in triplicate. Percent difference values ranged from

–14.5% to 18.8%, and precision values from triplicate measurements

ranged from 2.24% to 16.1% (CV). The reported performance metrics
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TABLE 3 PS-MSmeasurement of active ingredients in pharmaceutical tablets (three diluted slurries [T1-T3] were prepared for each type of
tablet [using a new tablet each time] and analyzed in triplicate)

Tablet Medicinal ingredients

Amount
a

(mg)

Measured

amount
a
(mg) %CV %Difference

Analgesic tablet T1 Acetaminophen 500 594 3.50 18.8

Caffeine 65 78.0 8.47 18.4

Analgesic tablet T2 Acetaminophen 500 534 2.14 6.74

Caffeine 65 67.6 10.1 3.98

Analgesic tablet T3 Acetaminophen 500 526 1.44 5.26

Caffeine 65 76.1 16.1 17.1

Chlorpheniramine tablet T1 Chlorpheniraminemaleate 2.8 2.56 5.68 –8.98

Chlorpheniramine tablet T2 Chlorpheniraminemaleate 2.8 2.42 2.80 –14.1

Chlorpheniramine tablet T3 Chlorpheniraminemaleate 2.8 2.41 2.53 –14.5

Pseudoephedrine tablet T1 Pseudoephedrine HCl 49 51.6 2.37 5.03

Pseudoephedrine tablet T2 Pseudoephedrine HCl 49 47.4 2.49 –3.62

Pseudoephedrine tablet T3 Pseudoephedrine HCl 49 50.1 8.07 1.95

Caffeine tablet T1 Caffeine 200 200 4.93 –0.173

Caffeine tablet T2 Caffeine 200 179 2.24 –10.4

Caffeine tablet T3 Caffeine 200 221 12.1 10.3

aAmount refers to themass of the free base (not salt) in the original pill.

for all samples were within the SWGTOX guidelines.32 The success-

ful quantitative analysis of these pharmaceutical tablets by PS-MSwas

achieved and demonstrates the potential for using this strategy to pro-

vide quantitative analysis results for illicit drug powders and tablets.

4 CONCLUSION

In summary, we have demonstrated the use of PS-MS as a quantitative

method for the measurement of fentanyl and a variety of analogs in

slurry samples prepared using solid pharmaceutical powders as prox-

ies for illicit street drugs.We demonstrate excellent sensitivity for fen-

tanyl compounds in the low ng/g range corresponding to detection lim-

its of 8.6-18pgon-paper in a0.1% (w/v) pharmaceutical powdermatrix.

Importantly, this makes the method sensitive enough to quantitatively

detect even the most potent fentanyl analogs well below their lethal

limits.Method validation studies demonstrated precision and accuracy

performance metrics within the SWGTOX guidelines. The technique

presents several advantages including:

1. drastically reducing or eliminating powdered sample preparation,

2. allowing for precise and accurate quantitative results for active

ingredients present in powdered drug samples within minutes,

3. eliminating lengthy chromatographic separations, and

4. negligible use of solvents or other chemicals.

Additionally, we have demonstrated direct qualitative and quantita-

tive analysis of the active ingredients in pharmaceutical tablet powders

using PS-MS, with performance metrics also within SWGTOX guide-

lines. The direct qualitative analysis of solid powders is amenable to

future applications in rapid in situ screening applications with portable

mass spectrometers, where samples could be rapidly screened by law

enforcement personnel in situ and subjected to further confirmatory

lab-based testing if/when necessary. Given the results from method

validation studies and the performance metrics presented, as well

as the wealth of recent literature presented for quantitative analy-

sis of various substances with PS-MS, confirmatory testing using PS-

MS for legally defensible results seems to be an imminent possibil-

ity. The techniques presented here for the analysis of pharmaceuti-

cal tablets are immediately transferable to the quantitative analysis

of real illicit street drug samples for HRDC. Furthermore, we believe

that the technique may have applications for the direct analysis of

other solid samples including soils, food, biological material, and other

residues.
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