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Abstract

An ambient method for rapid monitoring and quantitation of drugs of abuse in dried blood spots
was developed using paper spray tandem mass spectrometry (PS-MS).

Drug abuse is a serious problem worldwide with an estimated 200 million users of illicit
drugs.? Many addictive drugs have valuable therapeutic effects in clinical use. For example,
buprenorphine, oxycodone and heroin are useful analgesics, but abuse of these drugs has a
large impact on addicts’ health as well as their social lives.23 Analysis of drugs in biofluids,
such as urine and blood, is applied for screening drug users as well as for monitoring them
undergoing therapy.4> In the development of therapeutic drugs for treatment of the drug
abuse, dosing guidelines are established on the basis of pharmacokinetic (PK) and
pharmacodynamic (PD) clinical studies; these study is dependent on the analysis of the
therapeutic drugs as well as the drugs of abuse and their metabolites in blood.® The use of
drugs in therapy, such as the pain relief drug buprenorphine often used in management of
opioids dependence, needs to be strictly controlled to avoid addiction as well as other side
effects.”8

Currently, immunoassays are widely used for rapid screening of drugs of abuse.®
Confirmation of positive results is achieved by liquid chromatography mass spectrometry
(LC-MS) or gas chromatography mass spectrometry (GC-MS), which are the most reliable
methods for chemical identification and quantitation of drugs.6-10 To achieve high accuracy
and sensitivity in LC-MS and GC-MS, samples of biofluids need to be carefully prepared.
For blood analysis, sample preparation includes depositing the blood on a disk to form a
dried blood spot, punching out the dried blood spot, extracting the analytes, followed by
purification and concentration by LC or GC.11. 12 This type of multi-step procedure works
well for chemical analysis of large batches of samples. Single-step methods based on
ambient ionization mass spectrometry!3 have been shown to have good sensitivity for
analysing target analytes in complex mixture samples.

In ambient ionization mass spectrometry, the analytes are directly ionized from a sample in
its native state and transferred into the gas phase for MS analysis with little or no sample
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preparation. Starting with desorption electrospray ionization (DESI)4 and direct analysis in
real-time (DART),1> many ambient ionization methods have been reported, such as
atmospheric solids analysis probe (ASAP),16 surface sampling probe (SSP),17 extractive
electrospray ionization (EESI),!® laser-ablation electrospray ionization (LAESI),1® matrix-
assisted laser desorption electrospray ionization (MALDESI)20 and atmospheric-pressure
thermal desorption ionization (APTDI).2! The application of ambient ionization to the
analysis of dried blood spot (DBS) samples is of a significant interest, since DBS is
becoming a standard method for storage and transport of blood samples.?2 A very small
amount (10 pL—20 pL) of blood is needed for one DBS, which allows less invasive methods
for screening, such as finger prick, to be utilized when taking the sample. Collectively, these
techniques potentially could provide great advantages in high-throughput screening for
drugs of abuse and for development of therapies to treat abuse. The drugs and their
metabolites can be quickly analyzed without extensive sample treatment. However, high
accuracy and reproducibility in quantitation needs to be assured to establish the validity of
these applications23 and this is the topic of this communication.

Paper spray (PS) has recently been used as an ambient ionization method in a range of
problems including therapeutic drug monitoring.2* food safety,2> neonatal screening?6 and
tissue analysis.2” 28 To perform paper spray MS, the sample is deposited on a piece of
chromatographic paper in triangle shape to form a dried sample spot. A spray solvent of
small amount (10s of microliters) is applied onto the paper to extract the analytes from the
sample, which are subsequently ionized in the spray produced when a high voltage is
applied to the paper. When internal standards (IS) are mixed into the sample, highly precise
quantitative results have been obtained for paper spray MS. Hence, paper spray is suitable
for high-throughput DBS analysis at extremely low-cost and organic solvent consumption.
In this manuscript, we report the development of a rapid method of screening and
quantitative determination of drugs and their metabolites based on DBS analysis using paper
spray MS associated for screening and therapy of drug abuse. The entire analysis process for
one sample takes less than 1 min and acceptable LOQs and a linear range are achieved.
Pretreatment of the paper substrate by oxidation has been found to be effective in reducing
interferences due to chemicals in the paper.

The instrumental setup and the general analysis procedure for paper spray have been
reported in previous papers.2> 29 In this study, 15 pL of blood was collected and stored in
the form of a dried blood spot on a paper triangle (10 mm base width x 20 mm height). A
metal clip was used to hold the paper horizontal and conduct the high voltage for paper
spray ionization. The distance between the tip of the paper and the inlet to the mass
spectrometer was about 5 mm. After being drenched with 25 UL of a 90% acetonitrile:10%
water solution (v/v), a voltage (3500 V) was applied for spray ionization. The MS spectra
were recorded using an Exactive Orbitrap mass spectrometer (Exactive, Thermo Scientific,
CA). Quantitation of drugs in blood was carried out by tandem mass spectrometry (MS/MS)
using a TSQ Quantum Access Max mass spectrometer (Thermo Scientific, CA) in the
multiple reaction monitoring (MRM) mode with an isolation widow width of /7/20.4. The
LOQ was calculated as 10 time the standard deviation of background noise divided by the
slope of the calibration curve experimentally obtained. Bovine whole blood with Ko;EDTA
as anticoagulant was purchased from Innovative Research (Novi, Ml).

In many cases, the concentrations of a drug but also its metabolites could be used for drug
abuse screening as well as in therapeutic drug monitoring, especially for those drug
compounds with short metabolic half-lives. For example, cocaine has a short half-life (about
1 hr) and its metabolite benzoylecgonine is typically used in analysis. As shown in Fig. 1a
and 1b, 100 ng/mL of cocaine [(M+H)*, m/z304.0; product ion, /7/z182.0] and its
metabolite benzoylecgonine [(M+H)*, m/z290.0; product ion, m/z 168.0] were identified
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and confirmed using MS/MS. The high signal-to-noise (S/N) ratios in the MS/MS spectra
for the analyte peaks indicate the high sensitivity of the current PS-MS method in
quantitation of these abuse drugs at trace levels in blood. The parameters for MRM analysis
are listed in Table S-1.

The spray solvent composition was optimized to achieve the best performance for the drug
compounds in DBS. In paper spray MS, the spray solvent plays a role in both analyte
extraction and electrospray at the tip of the paper substrate.3%-31 Seven pure organic solvents
including acetonitrile, methanol, ethanol, propanol, butanol, isopropanol and ethyl acetate,
were tested. The highest signal intensity and the most accurate S/IS ratios for
benzoylecgonine (measured by the intensities of product ion m7/z 168) were obtained using
acetonitrile (Fig. S-1a,b). We further optimized the solvent composition by adding water to
acetonitrile and monitoring the analyte-to-1S (A/IS) ratios (Fig. S1c—d). The highest signal
intensity occurred with 90% acetonitrile/10% water solution and decreased rapidly with
increase in the percentage of water. The A/IS ratio also became less reproducible and less
accurate when the percentage of water exceeded 50%. This presumably is because the
increase of water percentage resulted in dissolving more water-soluble chemicals from the
DBS that interfered the ionization of the analytes during the spray. This matrix effect would
decrease the ionization efficiency by ion suppression during the ionization process and then
lead to a lower signal intensity. The impact by the DBS size and the sample amount has also
been characterized. The signal intensity increased with the increase in blood sample amount
while the variation in A/IS ratio is relatively small (Fig. Sle,f). It was found that the lowest
RSDs for A/IS ratio was obtained with 10 pL or 15 pL of blood sample. As a result of the
optimization procedure, 10 pL 90% acetonitrile/10% water solution and DBS preparation
with 15 pL blood sample were used for analysis of abused drugs.

Quantitation of cocaine and benzoylecgonine in dried blood spots was characterized with the
results shown in Figure 1. Drug solutions were sequentially diluted by the bovine whole
blood to make a set of samples at concentrations of 1, 10, 50, 100, 500 and 1000 ng/mL (or
800 ng/mL). The isotope-labeled internal standards (Table S-1) were added at 100 ng/mL.
LOQs of 0.5 ng/mL and 1 ng/mL were achieved for cocaine and benzoylecgonine. Good
linearity of calibration curve was obtained for both cocaine (R? = 0.9986) and
benzoylecgonine (R2=0.9918) over 3 orders of magnitude (Figure 1c and d), which was
sufficient to cover the whole range of monitoring cocaine and benzoylecgonine for abuse
screening and therapeutic purposes. An RSD smaller than 12% was obtained across the
entire linear range for both cocaine and benzoylecgonine. Quantitation of other abused and
therapeutic drugs as well as their metabolites in blood using paper spray MS was also
characterized in similar fashion, including oxycodone, buprenorphine, methamphetamine
and its metabolites morphine and 6-acetylmorphine. Limits of quantitation (LOQs) and the
linear ranges of calibration obtained with both IS incorporation methods are reported in
Table 1.

LOQs achieved for all the drugs or metabolites tested are adequate for screening and
therapeutic monitoring purposes, except for oxycodone. Relatively high background signal
was observed when monitoring the fragment ions /m/z 298 or 241 generated in MS/MS
transitions for both oxycodone and the IS oxycodone-d6. The interference is likely to be
caused by the chemical compounds mixed in the paper during manufacture, which might
well include oxycodone at trace levels. VVarious methods for treating the paper prior to use
for paper spray MS were explored to eliminate the chemical interference. It was found that
treating the chromatography paper with HNO3 or NaClO aqueous solution was effective. To
perform this treatment, the 31 ET (Whatman, Maidstone, England) paper was immersed into
1073 M HNO3 aqueous solution or NaCIO aqueous solution (C1% = 1.5 g/L, pH=12) in 45
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°C for 3 hr and then washed using water six times. The paper was dried at 70 °C for 2 hr and
stored for later use to DBS preparation and paper spray MS analysis.

MS and MS/MS spectra were recorded for the blank paper substrates using the Exactive
Orbitrap and TSQ, respectively, before and after the treatments (Figure 2a,d). As shown in
Figure 2a, many peaks in MS spectra and relatively high intensities at the /m/z values for the
fragmentation ions /m/z 298 and 240 were observed for the untreated paper. Although fewer
peaks were observed in the MS spectra after the paper was washed with water, the
intensities at the /m/z 298 and 240 in the MS/MS spectra did not decrease sufficiently (Figure
2b). After the treatments with HNO3 or NaClO aqueous solution, the chemical noise in both
the MS and MS/MS spectra was significantly reduced. The comparison of chemical
interference was also made with blood samples without oxycodone (Figure S2) and similar
improvement has been observed with the treated paper substrates.

The potential improvement in quantitation of the abused drugs in blood was evaluated using
oxycodone, benzoylecgonine and buprenorphine. In each case, the fragment ion intensity
was measured for a DBS with 100ng/mL drug compounds and a blank DBS sample using
the untreated and treated paper substrates to obtain S/N values for comparison. As shown in
Figure 3a, the largest improvement was observed for benzoylecgonine, with about 16 fold
increase. The MS/MS transition of m/2316.1—241.0 was used for oxycodone and an 8 fold
improvement in S/N was obtained. The improvement in quantitation with the treated paper
substrates was also characterized using these three drug compounds. The lower end of the
calibration curves for oxycodone are shown in Figure 3b—d for comparison. LOQs of 1.0 ng/
mL and 0.9 nL were achieved with the paper substrates treated with HNO3 and NaClO,
respectively. This is adequate for quantitative analysis for therapeutic monitoring purpose
(Table 1).

In conclusion, a simple method for both fast screening and quantitative determination of
abused drugs and therapeutic drugs in DBS was developed by paper spray mass
spectrometry. Drugs can be directly extracted, identified and quantified without any pre-
treatment or separation. The composition of solvent and the size of the blood spot were
found to be important in determining signal intensity in paper spray. Internal standards were
used in the quantitation of all the drugs of abuse and the approach to loading internal
standard significantly affects the quantitation result. The ranges of quantitation are sufficient
to cover the screening range of abused drugs and metabolites with good linearity (R?> 0.99)
and acceptable reproducibility (RSD ~ 12%). In addition, a simple treatment of the paper
using HNO3 or NaClO was developed to improve quantitative performance by eliminating
the matrix effect due to small molecules in the paper. The signal to noise ratios of
benzoylecgonine, oxycodone and buprenorphine were increased by 32 times, 8 times and a
factor of two after the treatment, respectively. The limits of quantitation were also obviously
improved to be lower than the cut-off level of the confirmation screening of oxycodone.
Paper spray mass spectrometry has the potential to be an alternative method in quick
monitoring of drug abuse.
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Fig. 1.
Determination of drugs of abuse in DBS using 31 ET paper
of (a) cocaine [(M+H)*, m/z304.0; product ion, m/z182.0]

Concentration (ng/mL)

for paper spray. MS/MS spectra
and (b) its metabolite

benzoylecgonine [(M+H)*, /1/z290.0; product ion, /7/z168.0] at 100 ng/mL in whole
bovine blood. Linear dynamic ranges obtained using IS premixing for (c) cocaine and (d)

benzoylecgonine.
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MS spectra (mass range: /7/z200-1000) by Orbitrap and MS/MS spectra (parent ion: m/z

316.1, mass range: 297.0-299.0 and 240.0-242.0) by TSQ for blank paper substrates subject
to different treatments. (a) untreated 31 ET paper, (b) 31 ET paper washed with water, (c) 31
ET paper treated with 1073 M HNO3 aqueous solution and (d) ET paper treated with NaClO
aqueous solution (Cl% = 1.5 g/L, pH=12). Paper spray solvent: 90% acetonitrile: 10% water
solution; solvent volume: 25 uL; Voltage: 3.5 kV.
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(a) Comparison of signal to noise ratio of 100 ng/mL of benzoylecgonine (Ben), oxycodone
(Oxy) and buprenorphine (Bup) before and after treatment by 1073 M HNO3 aqueous
solution or NaClO aqueous solution. Calibration curves of oxycodone in DBS on the 31 ET
paper (b) without treatment, (c) treated by 1073 M HNOj3 aqueous solution and (d) treated by
NaClO aqueous solution (Cl% = 1.5 g/L, pH=12).
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