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The medicinal and recreational use of cannabis products is quickly rising from
increased worldwide legalization and decriminalization. Despite this, current
analytical methods have compromises when analyzing common isobaric
cannabinoids, such as cannabidiol (CBD) or (-)-trans-A9-tetrahydrocannabinol
(THC). We report on the use of computational chemistry, combined with design
of experiment (DoE), to optimize and develop a paper spray mass spectrometry
(PS-MS) method with on-paper cationization to simplify workflow for trace level
differentiation and quantitation of THC and CBD. Computational methods allowed
for pre-screening of candidate metal ions prior to experimental measurements,
with promising candidates then being evaluated by electrospray ionization high
resolution mass spectrometry (ESI-HRMS). A direct mass spectrometry method
using copper cationization with PS-MS was then developed and optimized using
DoE. Copper cationization with both ESI and PS-MS tandem mass spectrometry
demonstrated the best CBD/THC selectivity and sensitivity, with 1% interference
between CBD and THC copper adduct product ions with ESI. DoE results
increased the analytical performance of the PS-MS method for quantifying
cannabinoids in methanol, acetonitrile/water, and saliva matrices. Methanolic
detection limits were 10 ng/mL for CBD and 20 ng/mL for THC by PS-MS allowing
rapid (one-minute measurement), direct mass spectrometry differentiation,
whereas detection limits in both saliva and acetonitrile/water matrices were <2
ng/mL for THC and CBD. This work illustrates the advantages of using DoE and
computational chemistry to develop PS-MS and ESI methods for the rapid

differentiation and quantitation of isobaric cannabinoids.

KEYWORDS
Paper Spray Mass Spectrometry, On-paper Cationization, Cannabinoids, THC,
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The rise of cannabis product use worldwide' has led to increased need for
analytical techniques capable of rapidly differentiating and quantifying
cannabinoids at low ng/mL levels. Cannabinoids, the active medicinal and
psychoactive compounds found in the cannabis plant, share many common
isomers with the molecular formula C21H3002. The two most used and studied
cannabinoids are (-)-trans-A9-tetrahydrocannabinol (THC) and cannabidiol
(CBD), which are isobaric and have similar tandem mass spectrometry (MS/MS)
fragmentation, complicating their differentiation by direct mass spectrometry.?
CBD is typically used for its therapeutic properties, such as decreasing arthritic
inflammation, and easing pain.® THC is psychoactive, associated with the “high”
that is experienced from using cannabis products.? Because of this, regulatory
bodies impose strict regulations on THC concentrations allowed in therapeutic
CBD products, typically <0.3 % THC by dry weight in the European Union.*
Similarly, the regulatory limit for THC detection in saliva as set by the US
Substance Abuse and Mental Health Association (SAMHSA) is 2 ng/mL.5 With
increased global cannabis legalization, a need for testing of impaired drivers has
also arisen, with one study finding that driving under the influence of cannabis
doubled after its legalization in Canada in 2018.5 Cannabinoid testing typically
relies on either gas or liquid chromatography mass spectrometry methods for
regulatory testing, orimmunoassay-based techniques for roadside testing.%’ This
means regulatory testing is often slow and expensive, whereas on-site roadside
testing has poor analytical robustness, being on average 38% sensitive, 95%
specific, and 73% accurate for cannabinoid presence.” Further, cannabinoids
have many potentially psychoactive isomers, complicating their quantitation in
both commercial products and enforcement purposes.® Therefore, rapid, direct
methods for the analysis of cannabinoids are necessary to alleviate testing
backlogs and improve on-site analysis capabilities.

Paper spray mass spectrometry (PS-MS) is an ambient ionization, direct
mass spectrometry approach that is gaining popularity for rapid, quantitative
chemical measurements in a wide range of applications.®-'2 Paper spray
ionization is similar to electrospray ionization (ESI) in that the ionization efficiency
of compounds is dependent on the presence of ionizable moieties, such as

carboxylic acids, or amines.''3 PS-MS and ESI both struggle with the
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detection and quantitation of both synthetic and natural cannabinoids by PS-MS
include adding extraction methods prior to quantitation,’*1® preconcentration
using oils,'® modifying the paper substrate to mitigate matrix effects,!”, or by
modifying spray solvents to increase ionization efficiency.'® Metal ion adducts can
be used to enhance ionization efficiency by forming complexes with transition and
alkali earth metals.’®20 For cannabinoids, the use of silver ion (Ag*) cationization
with ESI and PS-MS (termed argentation), has been demonstrated.!®?
Argentation has increased the PS-MS ionization efficiency and sensitivity of
cannabinoids by over 500%, making it possible to quantify cannabinoids in the
lower ng/mL range by PS-MS, albeit with incomplete differentiation.!92
Unfortunately, argentation has not yet been used for measurements in biofluids,
and still has limitations in terms of sensitivity, with current lower limits of detection
(LLOD) around 15 ng/mL in cannabis oils.'®2" Other reactive methods to improve
cannabinoid ionization have been explored, such as adding triphenyl phosphine
to the argentated cannabinoids to be measured with ESI,?223 or by using reactive
PS-MS methods employing azo-salts such as Fast Red RC.?* Additionally,
miniaturized mass spectrometers with ambient ionization methods have been
used for quantifying synthetic cannabinoids in biofluids,?526 providing a potential
option for roadside testing. These methods have limitations, such as the lack of
differentiation by azo-salt reaction,?* or being semi-quantitative in the case of
triphenyl phosphine complexation.?3 To our knowledge, other metal ion
cationization strategies have not yet been explored for ionization enhancement
of cannabinoids.

Metal ion selection and optimizing cationization conditions is a tedious
process, frequently involving significant trial and error.2” Computational methods
can accelerate this task by screening the utility of candidate metal ions in silico
prior to mass spectrometry, providing insight into the best metal ions to explore.
Calculating the change in Gibbs Energy (AG) (Equation 1), allows estimation of

thermodynamic favourability for cannabinoid metal complexation.

AG = G[MCannabinoid]+ _(GCannabinoid + GM*) Equation 1
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oxidation states can be accomplished, identifying potential candidates for mass
spectrometry applications.

In this work, computational chemistry and design of experiment (DoE)?8
were employed to develop an improved method for differentiating and quantifying
trace-level CBD and THC using on-paper copper cationization with PS-MS.
Following computational screening, ESI-HRMS was used to evaluate promising
candidates, which were subsequently evaluated for analytical performance by
ESI with a triple quadrupole mass spectrometer. DoE was used to optimize
copper cationization conditions for PS-MS which is sensitive to the concentration
of impregnated metal cations. Final optimized quantitative evaluations were
conducted using PS-MS/MS with a triple quadrupole mass spectrometer. Using
on-paper cationization with PS-MS simplifies the analytical workflow by reducing
reagent consumption per measurement and sample preparation steps.921.24 We
present a sensitive method for selectively quantifying THC and CBD that meets

regulatory sensitivity guidelines.*°

EXPERIMENTAL
Reagents and Materials

HPLC-grade methanol, acetonitrile, and water (<10 ppb total metal
content) were purchased from Fisher Scientific (Vancouver, BC, Canada).
Human saliva was sourced from anonymous volunteers. Whatman 31ET pointed
PS-MS strips (6 mm base, 29 mm from base to tip, 38° tip angle) were obtained
courtesy of Thermo Fisher Scientific (San Jose, California, USA). Metal salts
(CuCl, LiOAc, PdCl2, SnCl2) were purchased from Sigma Aldrich Chemical
Company (Burlington, Massachusetts, USA). Methanolic cannabinoid standards
(THC, CBD, CBD-dg) were purchased from the Cerilliant Chemical Company

50 (Round Rock, Texas, USA). Unless otherwise noted, all solutions, standards, and
g; samples were prepared in 2 mL glass vials with Teflon™ faced septa caps from
gi Fisher Scientific (Mississauga, Ontario, Canada).

55

56 .

57 Computational Methods

gg Computations were performed using the Digital Research Alliance of
60

Canada (DRAC) clusters, Graham, and Cedar. The software package employed
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modelling.2®3% Free energies for gas phase and solvated systems were
calculated using the wB97XD functional®'-32 and def2-TZVPPD basis set, with
basis sets obtained courtesy of BasisSetExchange.org.®3-3° Two solvated
systems, MeOH and H2O, were investigated using the SMD solvation model
included in the Gaussian package. The free energies for metal ions,
cannabinoids, and cannabinoid metal adducts were calculated individually in
each solvent system. Gibb’s energy for solvated systems were calculated using
the electronic energy from the SMD calculation, with the thermal free energy
correction from the gas phase system.*0 Initial structures were optimized using a
HF LanL2DZ level of theory prior to optimization with more computationally
expensive methods.#'42 Input files and output files are openly available in the

Vancouver Island University Dataverse (See Associated Content).

ESI High Resolution Mass Spectrometry

To verify computational findings for metal-cannabinoid complexation, 5
pg/mL solutions of each metal salt and 500 ng/mL of either THC or CBD were
prepared in HPLC-grade methanol. ESI with a 10 yuL/min direct infusion flow rate
was used to introduce samples to an Orbitrap mass spectrometer (Exploris
120™ Thermo Fisher Scientific). Spray voltage for each adduct was optimized
using Orbitrap Exploris 120™ Tune Application (Version 4.2.362.16, Thermo
Fisher Scientific). For full scans, 60 seconds of data were collected. For product
ion spectra, HCD cell fragmentation voltage was ramped from 1-40 V in 5 V
increments, collecting 15 seconds of data at each voltage. Unless otherwise
noted, the most intense copper isotope (%3Cu) adduct was used for HRMS
characterization and quantitative analyses. HRMS operating conditions are
summarized in the Supplementary Information, Table S1. Product m/z were
assigned using Xcalibur™ Qual Browser (Version 4.5.474.0, Thermo Fisher

Scientific), with a 5 ppm mass tolerance cutoff.

ESI Triple Quadrupole Mass Spectrometry
Initial quantitative performance of copper cannabinoid adducts was
evaluated using ESI with a 10 pL/min direct infusion flow rate and a triple

quadrupole mass spectrometer (TSQ Altis™, Thermo Fisher Scientific). MRM

6
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3.4.3268.14, Thermo Fisher Scientific), with ions of highest intensity being used
(also confirmed by HRMS). Optimal MRM conditions are given in Table S2. To
evaluate interference between THC/CBD MRMs, a series of methanolic
standards (0, 5, 10, 25, 100, 250, 500 ng/mL) of either THC or CBD were
analyzed by ESI-MS, using 100 ng/mL CBD-dy as internal standard (ISTD) for
each, since CBD and THC are expected to have similar ionization efficiencies.
The measured response was integrated area of cannabinoid divided by
integrated area of the internal standard. Unless otherwise noted, data was
processed using TraceFinder™ (Clinical LC Version 5.1, Thermo Fisher
Scientific) and Microsoft 365 Excel, and standard residuals for calibrations were
monitored to ensure no bias from any data point. Instrument parameters for these

investigations are given in Table S3.

Paper Spray Mass Spectrometry

PS-MS analysis was performed using a high throughput, commercially
available paper spray ion source (VeriSpray™ Paper Spray lon Source, Thermo
Fisher Scientific) and a triple quadrupole mass spectrometer (TSQ Altis™,
Thermo Fisher Scientific). Instrument parameters for PS-MS are summarized in
Tables S4-S6, with MRM transitions optimized using an in-house constructed PS-
MS source (described elsewhere),** summarized in Table S7. Based on our
unpublished observations, to eliminate any signal suppression effects from MS
inlet ion optic charging when using PS-MS, ionization polarity switching was
employed. Design of experiment optimized strips (described below) were spotted
with 10 yL of sample matrix before drying at 40 °C (VWR Oven Gr Con 2.3CF,
VWR International, Radnor, PA, USA) for 10 minutes prior to a rapid one-minute
PS-MS analysis using 90/10/0.1 % MeOH/H20/Formic acid spray and rewet
solvent. To evaluate interference between THC/CBD MRMs, a series of
standards in 3:1 acetonitrile/water matrix (0, 5, 10, 25, 100, 250, 500 ng/mL) of
either THC or CBD were analyzed by PS-MS, using 100 ng/mL CBD-dy as
internal standard (ISTD). The measured response was integrated area of

cannabinoid divided by integrated area of the internal standard.
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Design of Experiment (DoE) is an experimental approach to study and
assess the influence of experimental factors simultaneously while considering
interactions between different factors.?® DoE was performed using Stat-Ease 360
Software (Version 23.1.7, Stat-Ease Inc., Minneapolis, MN, USA).44 Randomized
central composite designs were used for optimization of copper ion solution
concentrations and PS-MS paper strip soak times. For DoE, unmounted PS-MS
paper strips were soaked in methanolic CuCl solutions prepared in 2 mL red Safe-
Lock™ Eppendorf™ Tubes (Eppendorf Inc., Mississauga, Ontario, Canada), with
conditions summarized in Table S8. The strips were subsequently mounted in
VeriSpray™ paper spray sample plates (Thermo Fisher Scientific) and air dried
at 40 °C for 10 minutes. The prepared strips were spotted with 10 uL of a
methanolic 500 ng/mL THC and CBD-dy standard and dried at 40 °C for 10
minutes. For measurements in saliva matrix, a simple 3:1 acetonitrile to saliva
protein crash was used, vortexing the samples with acetonitrile for 30 seconds
(Fisher Digital Vortex, Cat. No. 02215418, Fisher Scientific) at 3000 (arbitrary)
speed prior to sample spotting. THC and CBD-ds MRMs were monitored as the
response for DoE, whereas CBD MRMs were monitored as a control for noise.
Response surface diagrams were generated using the software recommended
best-fit model, chosen to lower aliasing and increase model fit confidence.
Residuals, Cooks Distance, DFFITS, and leverage were monitored to ensure no
bias from any single data point. For methanolic samples, optimized conditions
were 200 ug/mL CuCl in methanol and 30 min soak time, whereas for saliva
matrix samples the optimized conditions were determined to be 600 ug/mL CuCl

in methanol and 25 min soak time.

Quantitative PS-MS Evaluation

Using DoE optimized conditions for PS-MS, combined calibration curves
for methanolic THC and CBD were obtained (0, 2, 5, 25, 100, 250, 500 ng/mL
levels, n = 5 replicates per level). Calibration verifications were performed at 10
ng/mL, 50 ng/mL, and 300 ng/mL (n = 5 replicates per point). Samples were
spotted onto dry CuCl impregnated PS-MS paper strips and dried for 10 minutes
at 40 °C prior to analysis. The extended drying times employed in the PS-MS

studies were used to minimize any variability from residual solvent/moisture,

8
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however this is not typically necessary for PS-MS measurements.*> The samjg; i
3:1 acetonitrile to saliva protein crash employed during DoE was used for the
saliva matrix calibrations. Calibration levels were 0, 2, 25, 100, 250, 500, and
1000 ng/mL in saliva prior to the acetonitrile protein crash, with 5 replicates per
point and with calibration verifications, using a different source of saliva,
performed at 10, 50, and 300 ng/mL. Calibration curves for acetonitrile/water
matrix were obtained (0, 0.5, 2, 25, 100, 250, 500, 1000 ng/mL levels, n = 5
replicates per level) using the same paper soak conditions as the saliva matrix,
with calibration verifications also performed at the same levels. Copper
impregnated paper stability was evaluated by pre-preparing optimized paper
substrate, which was stored in a sealed plastic bag with a desiccant packet in the
vendor shipping box prior to measurement. At 0, 3h, 6h, 48h, and 72h, the paper
strips were loaded with 10 pL of 250 ng/mL THC and CBD acetonitrile/water

solution (with ISTD) and measured by the optimized method.

RESULTS AND DISCUSSION
Density Functional Theory Simulations

Eighteen alkali, alkali-earth, and transition metals in various oxidation
states were chosen for computational screening (further details regarding
computational screening is provided in the supplementary information). The AG
for complexation with THC and CBD is tabulated in Tables S9-S11, and trends in
relative thermodynamic favourability were evaluated. Because Ag(l) cationization

is known to increase the ionization efficiency of cannabinoids with ESI and PS-

wm\fh% aficiistieded uriter € CRRative Sorfindiis Rl Bufon ot Rmalc@ 38 ﬁpc‘)ﬁeﬂii?eng.

MS, it was used as our ‘benchmark’ to evaluate adduct formation suitability. For
singly charged cation complexes, Au* and Cu* exhibited greater thermodynamic
favourability than Ag*, which has been previously reported experimentally for

alkyne and alkene complexes of the d'° centers,*6 whereas Li* was slightly less

Sa8asd e » Ogen A cgeseirtis] e Puhlished ond® Novgnka 2025 Pewnigaded o 3912250646810 & & = o o 2V O N O U1 D W N =

50 favourable than Ag*. For doubly charged cation complexes, Sn2*, Pd?*, and Pt?*,
g; showed greater thermodynamic favourability than Ag*. These results are likely
gi overinflated due to greater electrostatic interactions for 2+ ions. In this work, Pt?*
55 and Au* were not investigated further due to lack of availability and cost. The
ﬁ? candidate metal cations, Cu*, Li*, Pd?*, and Sn?* were chosen for HRMS
gg evaluations.

60
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Copper Adducts. Copper adducts of THC and CBD were observed by
ESI-HRMS (Figure 1A). Although Cu* was used as the initial source of metal
cations in these experiments, the primary adducts formed for both THC and CBD
were Cu?* complexes with a (proposed) proton loss from the cannabinoid
hydroxyl group yielding an overall 1+ complex. This is likely due to the presence
of Cu?* (d° center) in solution from the autooxidation of Cu* in solution from the
presence of O2,% thus electron donation from a deprotonated hydroxyl group
allows return to energetically favourable d'® configuration. For PS-MS, the most
sensitive MRM observed for THC was a Cu?* adduct whereas CBD favoured a
Cu* adduct. By using a Cu* salt, sufficient Cu* and Cu?* ions are present to allow
simultaneous quantitation. Additionally, hydrated [CuCannabinoid+H20-H]* (m/z
394.1561/396.1537) adducts were seen in roughly equal intensity compared to
the non hydrated adducts for THC, but not for CBD. We hypothesize that this
could be due to free rotation around the ring-ring bond in CBD, which is not
possible for THC. CBD can rotate to provide a distorted square planar complex,
whereas copper THC complexes may need additional stabilization from H20 or
another ligand (Figure 2). [CuCannabinoid]* complexes were observed at m/z
377.1486 and 379.1519 for 63Cu and %°Cu, however these were far less intense
than their Cu2* counterparts [CuCannabinoid-H]* observed at m/z
376.1453/378.1441 (Figure 1A) by ESI-HRMS.

1 T N i s DU 252.0204
100 7 100 15C.[CuCBD-H; [CuCBDJ* EA 100 B
! 377.1486 /\/\377.1541 - " ?376.1
80 4 1 I
& i ) i ol O 308.0831
37BAM41 !

£ O VR |2 -
[ i - s ] -[Cu -H]* u il < S g
= 20 7 oo o me | s 20 [CuTHC-H]*
30 B i : B 9 . - rl__.' 4 . [h"'
S 3fo ars| 1 as0 | Iaas 390 345 400 | & 200 25 300] 350
£ 20 1 £ 20

i 4 361.1215

378.1446 396.1537
60 60 313.2164
~——CBD + CuCl
80 4 80
——THC + CuCl
100 - 100

376.1458 miz 394.1561 m/z 320.0829

Figure 1. (A) [CuTHC-H]* adducts were observed at m/z 376.1458/378.1446 for

complexes with Cu?*, with minor m/z 377.1539/379.1519 ions for complexes with

10
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peaks. (B) Product ion spectra for both [CuCannabinoid-H]* precursors (m/z
376.1), with HCD energy at 20 V and Orbitrap resolution of 120 000. Different
fragmentation for [CuCBD-H]* and [CuTHC-H]* is evident from the product ions,
such as m/z 361.1215, 320.0829, and 313.2164 for THC, or m/z 308.0831 and
252.0204 for CBD.

Figure 2. Computational geometry optimized structure for [CUTHC+H20O-H]*
(wB97XD/def2-TZVPPD). A distorted square planar structure is observed,
consistent with the favourable geometry for the Cu?* ion.

MS/MS differentiation of cannabinoids by [CuTHC-H]* and [CuCBD-H]J*
(Figure 1B) is evident in their HRMS/MS spectra. The base peak for [CuTHC-H]*
was found to be m/z 320.0829/322.0813 for 83Cu and 5Cu respectively, with m/z

44
22 313.2164 and 338.0936/340.0918 being the 2" and 3 most intense product
47 ions, respectively. A summary of product ion assignments and proposed
jg structures for [CUTHC-H]* fragmentation is given in Figure S1. For [CuCBD-H]*,
g? the base peak at 20 V HCD was observed to be m/z 252.0204/254.0188, followed
gg by 308.0831/310.0814 and 266.0364/268.0345. A summary of product ion
54 assignments and proposed structures for [CuCBD-H]* is given in Figure S2. While
?2 none of the product ion signals observed are completely exclusive to either THC
57

o L1
o O

or CBD, there is a very large difference in the relative intensities of the dominant

fragments for [CuTHC-H]* and [CuCBD-H]*, suggesting the potential for
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69 % to 31 %,*8 versus 51 % to 49 % for '97Ag and '%°Ag,*8 a further benefit of

using %3Cu cationization for cannabinoid quantitation.

Lithium Adducts. The second most intense metal ion adducts observed
by ESI-HRMS were [LiTHC]* and [LiCBD]*. While lithium should give more
sensitive transitions because its adduct parent ions are less distributed across
multiple isotopes when compared to Ag or Cu (6Li ~8 % and "Li ~92 %)8, lithium
adducts were not as intense as the [M+H]* peak (m/z 315.1) for THC, implying
that Li adduct (m/z 321.1) formation is not very favourable for THC (Figure 3A).
This is supported by computational results summarized in Tables S9-S11, where
the lithium cannabinoid adducts show less thermodynamic favourability when
compared to either Ag or Cu based adducts. However, for CBD, the lithium
adduct was more intense than the [M+H]* peak. Both the 11 bond and the aromatic
hydroxyl group in cannabinoids donate electron density to Li*, stabilizing the
complex. Further, it was observed that lithium forms hydrated adducts with THC,
where the H20 oxygen will likely act as the 3 coordinating atom to provide a
stable complex. Product ions for [LiITHC]* and [LiCBD]* did not differ significantly
at any observed collision energy. At 30 V HCD energy, the primary product ions
for both [LITHC]* and [LICBD]* are m/z 237.1465, 255.1567, 199.1307, and
217.1410, with 237.1465 being the base peak and 217.1410 being the least
intense (Figure 3B). Tentative product assignments based on HRMS and isotopic
peaks are presented in Figure S3. The lack of differential fragmentation for lithium
adducts can be explained by the tight association of lithium to the cannabinoid
hydroxyl groups, giving similar fragmentation for THC and CBD, much like either

cannabinoid without cationization.4®
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80 ——CBD + LiDAc 80 ——|[LiCBDJ*
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e iy 2371453

Figure 3. (A) Methanolic cannabinoid + LIOAc full scan spectra. [LITHC]* adducts
were observed at m/z 321.2394/322.2435, and their respective hydrated adducts
were observed at +18 m/z to the corresponding peaks. [LICBD]* adducts were
also observed at m/z 321.2407/322.2431, however hydrated adducts were less
intense. (B) Product ion spectra of ['LiITHC]* and ['LiCBD]* adducts at 30 V HCD,
120 000 Orbitrap resolution. Precursor ion [’LiCannabinoid]*, m/z 321.1. No
meaningful differentiation is observed in the product ion spectra.

Tin and Palladium Adducts. Neither palladium or tin adducts of THC and CBD
were observed in great intensity, with palladium adducts only observed for CBD,
and tin adducts only for THC. These adducts were confirmed by HRMS, however
the [SNnTHC]* adducts were distributed across the ten stable tin isotopes, and in
such low intensity that HRMS product ion spectra were unreliable. While
palladium also suffers from a large isotopic distribution (6 stable isotopes)*,
[PACBD-H]* formed very similar product ions to [AgCBD]*, expected because of
their similarity in polarizability, electronegativity, and mass. For ['%PdCBD-H]* at
20 V HCD, we observed that m/z 417.1036 was the base peak, corresponding to
the loss of Hz from the precursor ion. Similar to other observations for
[AgCBD]*,92' m/z 231.1381, and 313.2163 were observed in significant intensity
for ["°PdCBD-H]* fragment ions, shown in Figure S4.

Copper Cannabinoid MS/MS Selectivity. MS/MS selectivity for copper
cannabinoid adducts was evaluated using both ESI and PS-MS. For each
ionization method, two calibration series were prepared, one containing only THC
and ISTD and the other containing only CBD and ISTD. Selectivity was assessed

by dividing the calibration slope for the MRM of interest for the target cannabinoid
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selectivity of the CBD MRM was evaluated by dividing the resulting slope from
the CBD calibration series by the THC calibration slope. Results of all selectivity
studies are summarized in Table S12, and sample calibration curves for ESI
selectivity are given in Figure S5. Selectivity for PS-MS MRMSs, given in Figure 4,
was evaluated in a 3:1 acetonitrile/water matrix, as described above. For
[CuCBD]*, the m/z 377.1—-231.1 MRM was observed to have 2% interference
from THC (Figure 4A), whereas [CuTHC+MeOH-H]* (Figure 4B) was observed
to have negligible (not differentiable from noise) interference by CBD. The
reported 2% interference by THC for the m/z 377.1—231.1 transition is attributed
to noise over the course of the run, with 20% error in the slope for the THC
calibration and an r? of 0.8 as compared to 1% error in slope and 0.999 r? for the
CBD calibration. High resolution spectra for the [CuTHC+MeOH-H]* and

[CuCBD]* precursor are given in Figure S6.

7 1

e | .377.1 y = 0.013x + 0,024 . 09 A .403_1
g I R?=0.999 § I y =0.0016x + 0.017

. S 0.8

Q. | .231-1 fa) .361.1 R?=0.998

o m 0.7 4
o 3]

3 4 306
9, %1 e [CuCBDJ O e [CuCBDJ
: 205

23 A [CuTHC] ¢ A [CuTHCT
@ " 0.4 4

g 2 0.3 4

g-l 4 50

o ¥ =0.0003x + 0.2018 202

@1 4 2 [} y = -1E-05x + 0.0124

= Fe=0809 & 01 R? = 0.063

0 : —e— ‘ ] 0 ey ; =
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Concentration (ng/mL) Concentration (ng/mL)

Figure 4. Calibration selectivity plots for THC and CBD obtained using copper
cationization with PS-MS in acetonitrile/water matrix. Two calibration series are
shown in each plot using the same MRM: one with varying concentrations of CBD
(red lines, circles) and one with varying concentrations of THC (black lines,
triangles). Error bars represent + 1 standard deviation. (A) Selectivity plot for
[CuCBD]* (MRM m/z 377.1—231.1). A steeper slope indicates greater response
for the analyte of interest. (B) Selectivity plot for [CUTHC+MeOH-H]*, (MRM m/z
408—361). Maximal response for the cannabinoid of interest is observed in both

plots, whereas minimal response is observed for the absent analyte.
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ESI selectivity was evaluated in methanolic standards, as acetonitrile-
based standards complex any available copper thus preventing quantitation of
copper adducts. For [CuCBD]*, m/z 377.1—231.1, was observed to have <1%
interference by THC and an LLOD of 0.15 ng/mL (Figure S5A), indicating that
CBD can be effectively discriminated from THC using copper cationization. For
THC, the transition which was both sensitive and semi-selective was m/z
376.1—361.1 (Figure S5B), with 6% interference by CBD and an LLOD of 10
ng/mL. Other MRMs, such as m/z 377.1—313.1 had negligible (<1 %)
interference, but an inferior LLOD of 100 ng/mL. The most sensitive MRM, m/z
m/z 376.1—320.1 exhibited 33 % interference by CBD, and is not useful for
selectivity. However, it could be combined with ion mobility to increase both
sensitivity and selectivity of copper THC adducts.

The lack of sensitivity for THC with ESI in methanolic standards is likely
due to the lack of free rotation around the ring-ring single bond in THC, creating
less favourable geometry for the complexation. Figure S7 illustrates a
comparison of the computationally optimized geometries for both THC and CBD
copper adducts. This is reflected by their precursor ion intensities, for which THC
is 7x less intense than CBD at an equivalent concentration. Overall, this shows
promising discrimination of CBD from THC by copper cationization with ESI,
however analytical sensitivity needs to be optimized for use in biofluids. For
regulatory use, the concentration of THC may be no more than 0.3 % in CBD

oils.* As most CBD oils typically range in the high mg/mL region, copper

wm\fh% aficiistieded uriter € CRRative Sorfindiis Rl Bufon ot Rmalc@ 38 ﬁpc‘)ﬁeﬂii?eng.

cationization with ESI could serve as a viable direct analytical method to quantify

both CBD and THC without significant interference for regulatory purposes.

PS-MS and Design of Experiment Optimization
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50 Copper ion impregnated PS-MS paper strips were prepared by soaking
g; the papers in solutions of methanolic CuCl. To optimize signal intensity, two DoE
gi central composite studies were conducted using a total of 26 paper strips per
55 sample matrix. The resulting DoE response surface for methanolic standards has
ﬁ? a cubic fit, given in Figure 5a. From this, the optimized concentration and soak
gg time for the PS-MS measurement of methanolic standards was determined to be
60 200 pg/mL CuCl in MeOH for 30 minutes. For saliva matrix standards, the
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optimized concentration and soak time from a quadratic fit was 600 pg/ml. CuCt:
in MeOH for 25 minutes (Figure 5b).

Methanol (A) Saliva (B)
30

N
w

Soak Time (min)
(5}

Response: CBD-d9 Area
. Design Points
3.8E+06 [ 2. 1E+07

163 337 511 _ 685 10 163
Soak Concentration (ppm)

Response: CBD-d9 Area
. Design Points
6.7E+05 [ 9-2E+06

337 511 685

Figure 5. Sample DoE response contour for CBD-dg(m/z 385.1—317.1) in MeOH
(A) and Saliva (B). Methanol: sequential fit p<0.0001 lack of fit p=0.2535, cubic
fit. Saliva: sequential fit p<0.00017 lack of fit p=0.9829, quadratic fit.

Using optimized copper impregnated paper strips, PS-MS calibrations for
methanolic, acetonitrile/water, and saliva sample matrices with PS-MS were
prepared with combined standards of THC, CBD, with CBD-dy as internal
standard. Proposed ion structures for these quantitative MRMs are illustrated in
Figure 6. Calibration verifications were performed using prepared standards
containing individual cannabinoids and ISTD. The resulting calibration curves are
given in Figure S8 for methanolic standards, Figure S9 for acetonitrile/water
matrix, and Figure S10 for saliva matrix. For PS-MS, the [CuTHC+MeOH-H]*
precursor (m/z 408.1—361.1 MRM) was the most intense and was used for
calibration, whereas for CBD, the [CuCBD]* (m/z 377.1—231.1 MRM) precursor

was optimal.
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Figure 6. Proposed ion structures for the quantitative MRMs employed for copper

cationization PS-MS.

Methanolic standard calibrations, shown in Figure S8 provided good
analytical performance in the case of CBD, where the LLOD is calculated as 10
ng/mL (Table 1). However, for THC, the LLOD is 20 ng/mL. Calibration
verification standards measured at 50 and 300 ng/mL were within 20 % bias,
however at 10 ng/mL (below LLOD) a 30-70% bias from the expected
concentration was observed. Calibration verification results are summarized in
Table S13. Samples prepared in acetonitrile/water matrix had far better analytical
figures of merit, with the LLOD for CBD and THC being 0.6 and 0.75 ng/mL,
respectively. We hypothesize that the higher LLOD for methanolic standards is
due to less favourable complexation conditions when spotted on the CuCl
impregnated paper. Acetonitrile and water used both in the 3:1 ACN/H20 and
saliva matrices have a far greater solubility for CuCl, allowing more copper ions
to be dissolved from the paper and complex with the cannabinoids as compared
to methanolic solutions. This is supported by the calibration data in Figures S7
and S8, illustrating better low concentration linearity when compared to
methanolic calibrations in Figure S8. The copper impregnated PS-MS papers
exhibited no degradation in analytical performance over a three-day period as

shown in Figure S11.
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Table 1. Analytical figures of merit and calibration information for THG . (m/z:
408.1—361.1) and CBD (m/z 377.1—231.1) measurement using copper
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cationization PS-MS by sample measurement matrix.

Matrix | Cannabinoid | Slope | Intercept R2 LLOD* LLOQ**
(ng/mL) | (ng/mL)
MeOH THC 0.0021 0.032 0.991 20 67
CBD 0.0158 0.151 0.996 10 33
3:1 THC 0.0019 | 0.061 0.997 0.75 2.50
ACN:H20 CBD 0.0141 0.191 0.999 0.61 2.03
Saliva THC 0.0019 0.257 0.998 1.9 6.3
CBD 0.0106 0.743 0.997 1.3 4.3

*LLOD is estimated by determining signal to noise with the formula (Avg Signalcaibrator -
Avg Signaleiank)/Std. Devsiank, and using the lowest calibrator with signal to noise >3 to
extrapolate back to the concentration with a signal-to-noise of 3.%°

**Lower Limit of Quantitation (LLOQ) calculated as 3.33x LLOD.

Analytical performance was acceptable in saliva matrix, even with a 3:1
protein crash diluting the initial cannabinoid concentrations by 4x. LLODs, given
in Table 1, were 1.3 ng/mL for CBD, and 1.9 ng/mL for THC . Calibration curves
for the saliva matrix are shown in Figure S10. Calibration verification samples,
summarized in Table S13, were all within 20% bias and were randomly distributed
indicating no systematic interference by either cannabinoid. For regulatory
testing, SAMHSA recommends a cutoff of 2 ng/mL for THC in saliva, suggesting
that the on-paper copper cationization PS-MS method presented provides
sufficient sensitivity for regulatory testing,® while requiring only one minute of
measurement. To our knowledge, this strategy is the most sensitive direct mass
spectrometry method reported to date for quantifying CBD and THC, providing
acceptable selectivity without any chromatographic separation.

CONCLUSIONS

Computational chemistry and DoE are useful methods which can
accelerate the development and optimization of new analytical methods. We
exemplify this through the development of on-paper copper cationization for the
direct PS-MS measurement of cannabinoids at trace levels in a one-minute
measurement. PS-MS paper strips impregnated with copper chloride allow
cationization to occur on the sample strip simplifying analytical workflow, and from

preliminary studies are stable for multiple days after drying. The presented PS-
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calibration linearity over three orders of magnitude in saliva, meeting regulatory
detection limits and suggesting potential for use as a rapid one-minute screening
method with further validation of sensitivity and robustness.® Employing miniature
or portable mass spectrometer systems with our approach could provide an
alternative to conventional immunoassay-based roadside testing. Copper
cannabinoid cationization provides excellent selectivity (<1% interference)
between THC and CBD using direct tandem mass spectrometry without the need
for chromatographic separation. The use of other metal cationization reagents,
such as lithium, could be explored for determining total cannabinoid
concentration due to the similarity of fragmentation patterns for THC and CBD
lithium adducts. Literature and computational results suggest that copper (I)
complexation is more thermodynamically favourable than silver (l) with both
alkenes and alkynes.#¢ Therefore, compounds which enjoy ionization
enhancement from silver (1) could be revisited with copper (1) to test for increased
analytical performance due to the better isotopic ratio associated with copper. We
present one such use of copper cationization with PS-MS for selectively
quantifying the isobaric cannabinoids THC and CBD at trace levels. Future work
will involve method optimization in other biofluids and investigation using ion
mobility spectrometry with copper cationization for the analysis of other isobaric
and psychoactive cannabinoids in commercial products. The methods presented
herein could be explored to simplify and accelerate regulatory testing of CBD and

THC in both saliva and in cannabis extract products.
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