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Quantitative determination of opioids in whole
blood using fully automated dried blood spot
desorption coupled to on-line SPE-LC-MS/MS

Ruth Verplaetse and Jack Henion*

Opioids are well known, widely used painkillers. Increased stability of opioids in the dried blood spot (DBS) matrix compared to
blood/plasma has been described. Other benefits provided by DBS techniques include point-of-care collection, less invasive micro
sampling, more economical shipment, and convenient storage. Current methodology for analysis of micro whole blood samples
for opioids is limited to the classical DBS workflow, including tedious manual punching of the DBS cards followed by extraction
and liquid chromatography-tandem mass spectrometry (LC-MS/MS) bioanalysis. The goal of this study was to develop and
validate a fully automated on-line sample preparation procedure for the analysis of DBS micro samples relevant to the detection
of opioids in finger prick blood. To this end, automated flow-through elution of DBS cards was followed by on-line solid-phase
extraction (SPE) and analysis by LC-MS/MS. Selective, sensitive, accurate, and reproducible quantitation of five representative
opioids in human blood at sub-therapeutic, therapeutic, and toxic levels was achieved. The range of reliable response
(R*>0.997) was 1 to 500 ng/mL whole blood for morphine, codeine, oxycodone, hydrocodone; and 0.1 to 50 ng/mL for fentanyl.
Inter-day, intra-day, and matrix inter-lot accuracy and precision was less than 15% (even at lower limits of quantitation (LLOQ)
level). The method was successfully used to measure hydrocodone and its major metabolite norhydrocodone in incurred human
samples. Our data support the enormous potential of DBS sampling and automated analysis for monitoring opioids as well as

other pharmaceuticals in both anti-doping and pain management regimens. Copyright © 2015 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Opioids represent a highly effective class of drugs widely pre-
scribed and used for pain management.! They include natural
(e.g. morphine, codeine), semi-synthetic (e.g. hydrocodone, oxyco-
done), and synthetic (e.g. fentanyl) compounds. In addition to correct
therapeutic use, these compounds are also abused by some pain
patients and recreational drug users, as well as during athletic
competition.? In 2013, the global number of opioid users was
estimated to be 0.7% of the total adult population (i.e. 32.4 million
users), with the highest prevalence in North America (3.8% of the
adult population).”

Dried blood spot (DBS) refers to a micro blood sampling tech-
nigque without the need for a phlebotomist where small volumes
of blood (5 to 20 ulL) are collected and spotted on an appropriate
cellulose substrate paper, dried and sent to the laboratory via con-
ventional mail services for bioanalysis. Due to less-invasive sample
collection (e.g. from a finger prick), small sample volumes, increased
analyte stability as a result of enzyme deactivation, and easy sample
shipping/storage, DBS sampling is an appealing approach for
bioanalysis. The use of DBS techniques has been extensively
reviewed recently.® DBS sampling may allow patient-friendly
point-of-care sampling and easy in-competition testing as well as
out-of-competition sample collection/testing, providing advan-
tages for anti-doping control, therapeutic drug monitoring, and
clinical analyses/chemistry.”~'? Modern analytical instruments are
capable of the sensitive measurements required for analyzing

micro samples (<50 puL). Labour-intensive off-line sample prepara-
tion includes punching a disk from the DBS card followed by trans-
ferring the punched spot to a tube or multi-well device, extracting
the disk and sometimes additional sample treatment such as solid-
phase extraction (SPE) or liquid-liquid extraction (LLE). These steps
are often considered the bottleneck of DBS analyses which can be
circumvented by the approach described herein.

Several reports have described effective, but tedious off-line
sample preparation of DBS-containing opioids.">>*" Analysis of
DBS samples from one up to six of the following compounds has
been reported: buprenorphine, codeine, despropionylfentanyl, fen-
tanyl, hydromorphone, methadone, 6-monoacetylmorphine (6-MAM),
morphine and its glucuronides, methadone, norfentanyl, noroxycodone,
oxycodone, and sufentanyl. These studies demonstrated the
applicability of DBS for bioanalysis of opioids as well as a stabiliz-
ing effect of DBS for 6-MAM and morphine-glucuronides.!">~"*!
There is one more automated DBS extraction procedure for
several model compounds including opioids.!'”'® However, punching
disks out of the DBS cards is still needed and concentrations of
morphine in the lower therapeutic range could not be detected,
which limits the method'’s applicability.
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Approaches enabling automated handling of DBS samples with-
out any treatment or manual disk punching include flow-through
elution of DBS and direct extraction from the surface of the card.”®
A limited number of feasibility studies using these approaches have
been published.?*>? To the best of our knowledge, fully automated
on-line DBS analysis has not been evaluated for opioids.

This report presents the rigorous development and validation of
fully automated flow-through elution of DBS micro samples with
on-line SPE and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) bioanalysis used for the detection of opioids. For this
study, five representative compounds covering the analytical chal-
lenges posed by the opioids were chosen. These included mor-
phine, codeine, oxycodone, hydrocodone, and fentanyl. This
selection includes isomers (codeine and hydrocodone) as well as
compounds with varying polarities (logP values ranging from -0.1
for morphine, a hydrophilic drug up to 2.3 for fentanyl, a highly lipo-
philic drug). These five compounds are widely prescribed to pain
patients and are on the Prohibited List as established by the World
Anti-Doping Agency (WADA)!"? As the parent drugs of these
opioids predominate in blood, metabolites were not included in
the method development and validation (morphine and hydrocodone
are metabolites of codeine, but they are parent compounds
themselves and therefore included in our selection).*”

Experimental
Chemicals, reagents, and materials

Morphine, morphine-ds, codeine, codeine-ds, oxycodone, oxycodone-ds,
hydrocodone, hydrocodone-ds, fentanyl, fentanyl-ds, norhydrocodone,
and norhydrocodone-d; were purchased from Cerilliant (Round
Rock, TX, USA). LC-MS-grade acetonitrile, LC-grade isopropanol,
and LC-MS-grade methanol were purchased from Honeywell
Burdick & Jackson (Muskegon, MI, USA). MilliQ water from a
Millipore system was used. Ammonium formate, ammonium hy-
droxide and formic acid were obtained from EMD Chemicals Inc.
(Gibbstown, NJ, USA). Whole blood from adult healthy volunteers
containing Na,EDTA was used within 7 days of collection. Blood
containing Na,EDTA with corrected haematocrit values (30%, 45%,
60%) was purchased from BioreclamationIVT (Westbury, NY, USA).
Ahlstrom 226 DBS cards were supplied by Perkin EImer (Boston,
MA, USA). Desiccant pellets and glassine envelopes used for storage
of DBS cards were purchased from GE Healthcare Life Sciences
(Pittsburgh, PA, USA). Stock and working solutions were stored in
4 mL and 20 mL borosilicate glass vials from Kimble Chase (Vineland,
NJ, USA). Blood samples were prepared in 1.5 mL Protein LoBind
tubes from Eppendorf (Hamburg, Germany). Volumetric pipettes
were Pipet-Lite XLS series from Rainin Instrument LLC (Oakland, CA,
USA) and a Repeater plus multi-pipette from Eppendorf.

On-line DBS-SPE

Hardware instrumentation from Spark Holland (Emmen, the
Netherlands) was used in this work.2***! It consists of a DBS card
autosampler (DBSA) to perform flow-through elution of the DBS
card, an automated SPE cartridge exchange module (ACE) for on-line
SPE, and a high pressure dispenser pump (HPD) to deliver solvents.
The DBS-SPE system was controlled via Spark Link software.

The DBS cards were manually placed into the card rack of the
DBSA and then sequentially inserted into the autosampler by a
robotic arm. An initial digital picture was taken in sequence of each
DBS card and then the card was clamped such that the center of

the detected spot was eluted within a rim diameter of 2.0 mm. The
compounds were eluted or desorbed from the DBS card on-line onto
the SPE cartridge by flow-through elution with 1 mL 0.1% NH,OH ata
flow rate of 2 mL/min (delivered by the HPD). Twenty pL of the inter-
nal standard (IS) solution (0.1ng/mL fentanyl-ds and 1ng/mL
morphine-ds;, codeine-d;, oxycodone-ds, hydrocodone-ds; in 20:80
methanol:water) was loaded onto the clamped card via the flow-
through elution solvent. After desorption, a second photograph of
the DBS card was automatically taken and saved within the data file
for each analytical run.

The disposable SPE cartridge used was a HySphere C18HD, 7 um,
2 x 10 mm cartridge (Spark Holland, Emmen, the Netherlands). It was
conditioned using 1 mL methanol at 5 mL/min and equilibrated with
1mL 0.1% NH4OH at 5 mL/min before the compounds were eluted
from the card to the cartridge. After loading of the SPE cartridge with
the desorbed target opioids, washing of the SPE cartridge to remove
interferences occurred using 1mL 0.1% NH,OH at 5mL/min. The
targeted analytes were then eluted from the SPE cartridge onto the
LC column using the LC mobile phase under gradient conditions.

After each SPE elution, both the SPE cartridge and the DBS clamp
(with a DBS card clamped in a blank region of the DBS paper) were
washed sequentially with four solvents to minimize carry over: 1 mL
0.1% NH4OH, 1 mL methanol, 1 mL 20:40:30:10 water:methanol:ace-
tonitrilezisopropanol with 0.1% formic acid and finally 1 mL 0.1%
formic acid at 5 mL/min.

LC-MS/MS

LC-MS/MS analysis was performed with a Nexera UHPLC system
coupled to a LCMS-8050 mass spectrometer and LabSolutions soft-
ware from Shimadzu (Marlborough, MA, USA).

The LC column employed was a Raptor Biphenyl, 2.7 um, 2.1 x
50mm protected by a guard column (2.7 um, 2.1 x 5mm) from
Restek (Bellefonte, PA, USA). The mobile phase consisted of (A)
5mM ammonium formate and 0.1% formic acid and (B) methanol.
The gradient program used for SPE elution and LC separation was:
start: 5% B, 2.5 min: 62.5% B, 3 min: 100% B kept for 0.4 min before
returning to initial conditions. Flow rate was 0.4 mL/min at 45°C.

The mass spectrometer was operated in the positive electrospray
ionization (ESI) mode using the following conditions: interface
voltage: 2kV, interface temperature: 300°C, desolvation line tem-
perature: 250°C, heat block temperature: 400°C, heating gas flow:
5L/minN,, drying gas flow: 5L/minN,, nebulizing gas flow:
5L/minN,, CID gas: 270 kPa argon. For each compound two se-
lected reaction monitoring (SRM) transitions were monitored: mor-
phine (m/z 286.1 to m/z 165.1 and m/z 201.1), morphine-ds (m/z
289.1 to m/z 165.1 and m/z 201.1), codeine (m/z 300.1 to m/z 165.1
and m/z 215.1), codeine-ds (m/z 303.1 to m/z 165.1 and m/z
215.1), oxycodone (m/z 316.1 to m/z 241.0 and m/z 256.1),
oxycodone-dg (m/z 3221 to m/z 2471 and m/z 262.1),
hydrocodone (m/z 300.1 to m/z 1991 and m/z 171.0),
hydrocodone-ds; (m/z 303.1 to m/z 199.1 and m/z 171.0), fentanyl
(m/z 337.1 to m/z 188.1 and m/z 105.1), fentanyl-ds (m/z 342.1 to
m/z 188.1 and m/z 105.1), norhydrocodone (m/z 286.1 to m/z
199.1 and m/z 171.1) and norhydrocodone-d; (m/z 289.1 to m/z
202.1 and m/z 174.1). The listed precursor and product ions are
in good agreement with MS/MS spectra observed by others.*¥

Preparation of calibrators and QC samples

Primary stock solutions of the target opioid compounds were
purchased as methanolic solutions at a concentration of 1 mg/mL
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(0.1 mg/mL for the deuterated analogues). These stock solutions
were diluted with 50:50 methanol:water to obtain working stan-
dard solutions at the following concentrations: for morphine,
codeine, oxycodone and hydrocodone: 0.05, 0.25, 1.25, 5, 12.5,
25ug/mL; for fentanyl the corresponding concentrations were:
0.005, 0.025, 0.125, 0.5, 1.25, 2.5 pg/mL. The working standard solu-
tions were used for the preparation of calibrators. Quality control
(QC) working solutions were prepared in 50:50 methanol:water at
the following concentrations: for morphine, codeine, oxycodone
and hydrocodone: 0.05, 0.15, 7.5, 22.5 ug/mL; concentrations were
10 times lower for fentanyl. These working solutions were used
for the preparation of QC samples. All solutions were stored at
-20°C.

Calibrators and QC samples were prepared by diluting the appro-
priate working solution with human blood (volume of working
solutions was 2% of the total volume). The final concentrations of
the calibrators were: 1 (lower limit of quantification (LLOQ)), 5, 25,
100, 250 and 500 (upper limit of quantification (ULOQ)) ng/mL
blood for morphine, codeine, oxycodone and hydrocodone; 0.1
(LLOQ), 0.5, 2.5, 10, 25 and 50 (ULOQ) ng/mL blood for fentanyl.
QC samples contained 1 (LLOQ), 3 (LOW), 150 (MED) and 450 (HIGH)
ng/mL morphine, codeine, oxycodone and hydrocodone in whole
blood; 0.1 (LLOQ), 0.3 (LOW), 15 (MED) and 45 (HIGH) ng/mL fenta-
nyl. Fortified blood samples were shaken for 15 min at 37°C and
allowed to cool to room temperature prior to spotting. DBS cards
were spotted with 10 pL whole blood and dried at room tempera-
ture for at least 3 h. After drying, they were stored at room temper-
ature in glassine envelopes in sealed plastic bags with desiccant
pellets until analysis.

Method validation

A method validation covering all aspects (selectivity, linearity, accu-
racy, precision, matrix interferences, recovery, carry over, and stabil-
ity) required to establish the feasibility of a validated fully
automated DBS-SPE-LC-MS/MS approach for analysis of opioids
was performed according to Food and Drug Administration (FDA)
regulatory bioanalysis guidelines. Control blanks (i.e. DBS cards
spotted with blank blood analyzed without IS, n=2) and zero sam-
ples (i.e. DBS cards spotted with blank blood analyzed with IS,
n=2) were evaluated during each run. Matrix inter-lot selectivity
was assessed by analyzing six different lots of whole blood matrix
(without IS, n=1 and with IS, n=1). Calibrators at six concentration
levels (n=2 at each level) were analyzed on each of three days.
The intra- and inter-day accuracy and precision of the method
was evaluated using QC samples at four concentration levels
(n=6) on each of three days. Matrix inter-lot accuracy and precision
were assessed by analyzing six different lots of matrix at both LLOQ
and ULOQ level (n=1). For determination of recovery, flow-through
elution of a spot was repeated up to 5 times (LLOQ level, 6 different
lots) or 10 times (ULOQ level, 6 different lots). The effect of
haematocrit (HCT) was evaluated using QC samples at three con-
centration levels (n=6) prepared in blood at 30% (low HCT), 45%
and 60% (high HCT). At each HCT value, flow-through elution of a
spot was repeated up to 5 times (LLOQ level) or 10 times (QC HIGH)
to determine the impact of HCT on recovery. Carry over was inves-
tigated by analyzing blank blood DBS cards after the analysis of the
highest calibrator and QC sample. The stability was investigated by
storing QC samples at four concentration levels (n=4 for each con-
centration level on one DBS card) at room temperature for 2and 4 h
before spotting. To establish the stability on the DBS card, QC sam-
ples at four concentration levels (n=4) were spotted onto DBS cards

and stored for 3, 7, 15, 30, 55, and 95 days at three different storage
temperatures (room temperature, 4°C and -20°C) before DBS-SPE-
LC-MS/MS analysis. The analyte concentrations were determined
using calibration curves generated with calibrators prepared and
analyzed the day of analysis of the stability QCs.

Incurred samples

Hydrocodone (10 mg immediate release formulation) was adminis-
tered orally to a healthy male volunteer. Non-volumetric DBS sam-
ples were collected from a finger prick at 0,0.5,1, 1.5, 2, 3,4, 5,6, 7,
8,9, and 19 h after intake. The DBS cards were dried at room tem-
perature for at least 3 h and stored in glassine envelopes in sealed
plastic bags with desiccant pellets until analysis. In addition to the
targeted opioids, norhydrocodone was also monitored in a semi-
quantitative way (the quantitative determination of this compound
was not included in the method validation).

Results and discussion
Method development

The automated DBS-SPE-LC-MS/MS workflow that was optimized
and validated for analysis of whole blood micro samples for opioids
included seven major steps: (1) conditioning and equilibration of
the SPE cartridge (Figure 1a), (2) flow-through desorption of the
target compounds of the DBS cards onto the SPE cartridge includ-
ing loading of the IS via the DBS card onto the SPE cartridge
(Figure 1b), (3) washing of interferences from the SPE cartridge
(Figure 1a), (4) elution of the target compounds from the SPE
cartridge onto the LC column (using LC gradient) (Figure 1c¢), (5)
elution of the compounds from the LC column to the mass spec-
trometer, (6) detection of the target compounds by MS/MS, and
(7) washing of the DBS-SPE system (Figure 1b). These steps are
carried out in an automated manner using three different valve
settings (Figure 1). Due to the on-line nature of all parts of the auto-
mated system, all the processes should be considered and evalu-
ated simultaneously during method development as the different
steps will influence each other. Optimized parameters were the
DBS elution solvent (composition, flow rate, volume, and tempera-
ture), SPE cartridge, SPE solvents (composition, flow rate, and
volume), LC column, LC mobile phase (composition, flow rate, tem-
perature, and gradient) and MS/MS parameters. A brief summary
showing the most important experiments performed during
method development is shown.

A variety of SPE cartridges is available to use on the ACE
system.2¥ Initially mixed-mode SPE (cation exchange) was pre-
ferred as it provides a degree of selectivity to reversed-phase LC.
Moreover, elution of basic compounds from these SPE cartridges
requires a high pH, in turn providing so-called wrong-way round
electrospray ionization and more retention on the LC-MS/
MS.**31 Flow-through elution of the DBS card and loading onto
the mixed-mode SPE cartridge was performed with 0.1% formic
acid. Unfortunately, elution of the compounds from the SPE car-
tridge onto the LC column was only achieved after pumping a high
percentage of organic solvent, making chromatographic separation
of the isomers impractical.

Next, reversed-phase cartridges were tested. C2 and C18 SPE car-
tridges performed equally well, except for morphine, where signif-
icantly more retention was observed on a C18 SPE cartridge. No
organic solvent was used in the DBS desorption/SPE loading
solvent as even 5% organic content already decreases SPE loading.
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Figure 1. Three sets of valve settings used in the automated on-line DBS-
SPE-LC-MS/MS workflow: (a) IS loop fill, preparation and wash of SPE
cartridge, (b) flow-through desorption of DBS card and system wash of
both SPE cartridge and DBS clamp, (c) SPE elution with LC gradient.

For retention of basic compounds such as the opioids onto a
reversed-phase SPE cartridge, a basic solvent is needed. 0.1%
NH,4OH was preferred over 1% NH,OH. Temperature had no signi-
ficant effect on desorption from DBS and loading onto SPE car-
tridge (room temperature, 45°C and 80°C were compared for
desorption with both 0.1% NH,OH and 1% NH,OH). Elution with

100% aqueous solvent left a blank spot on the card, indicating
not only the compounds but also endogenous constituents of
blood were eluted from the card onto the SPE cartridge (Figure 2).
To reduce matrix effects during LC-MS/MS analysis, the SPE car-
tridge was washed with the desorption solvent in order to remove
interferences before elution of the target compounds onto the LC
column. Moreover, this step was absolutely required to prevent ab-
normal clogging of the LC column. Again, in this step no organic
solvent was used as this resulted in loss of the analytes of interest
from the SPE cartridge.

Chromatographic separation by core-shell particles was selected
in order to cope with the current maximum pressure limit of the
DBS-SPE system (300 bar) while still taking advantage of the gain
in sensitivity caused by LC with smaller particles. Three reversed-
phase LC columns were compared with respect to sensitivity,
isomeric resolution and peak shape (Figure 3). A biphenyl column
provided the best results and was selected for further use. The total
inter DBS card cycle time of the optimized DBS-SPE-LC-MS/MS
method was 4.5 min. This can be further reduced as the availability
of two clamps for SPE cartridges allows overlap between different
samples (e.g. SPE equilibration and conditioning on clamp 1 in
parallel with loading, washing and elution on other clamp).”
The possibility to couple UHPLC-MS/MS to the DBS-SPE system is
another promising approach.

Method validation

Selectivity was evaluated by monitoring DBS blanks with and with-
out IS (including different whole blood matrix lots). No interfering
ion current signals were observed at the retention times of the
analytes of interest or the IS.

Calibration curves were constructed by plotting analyte/IS peak
area ratio versus nominal concentration in DBS micro samples. Cal-
ibration curves were linear over the analyzed range (R*>0.997,
back-calculated concentrations were within £15.0% of nominal
value) (Table 1). A weighted 1/x? linear regression provided the
most accurate and precise response over the concentration range
of 1 to 500 ng/mL whole blood (0.1 to 50 ng/mL for fentanyl). This
range encompasses the concentration levels that can be expected
in real-life samples from opioid users and abusers (Table 1).['839]

DBS sample concentrations in the QC samples were determined
from the calibration curves within each analytical run. Accuracy was
reported as relative error (RE% =(calculated mean - nominal
value)/nominal value x 100) and precision as coefficient of variation
(CV% =standard deviation/mean). The results obtained for the
intra-day, inter-day and matrix inter-lot accuracy and precision were
within the acceptance criteria: RE% within +15.0% (£20% at LLOQ
level) and CV% <15% (<20% at LLOQ level) (Table 2).

The described automated platform does not allow a conven-
tional determination of recovery (i.e. comparison of a pre- and
post-extraction spiked sample). Recovery determination in this re-
port was performed by consecutively extracting the same DBS sam-
ple up to five times (at LLOQ level) or 10 times (at ULOQ level)
without removing the DBS card from the clamp. The ratio of the
analyte peak area of the first extraction and the sum of the analyte
peak of all 5 or 10 extractions defined the recovery.* A compara-
ble recovery (between 68.8 and 78.1%) was observed for all com-
pounds and tested concentration levels with very good precision
(CV% lower than 5%) (Table 1).

Unacceptable carry over (i.e. peak area ratio in a zero sample after
analysis of a sample containing a high concentration was greater
than 20% of the area ratio observed for the LLOQ samples) was seen
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Figure 2. (a) A spot before elution. (b) A cartoon of flow-through elution of a DBS card. (c) A picture taken after a 2 mm area within the spot was clamped and
eluted with 1 mL 0.1% NH4OH at 2 mL/min. The clamped 2 mm area is now free of blood. A blank part of the card (left of the blood spot) was clamped for

washing afterwards to minimize carry over.
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Figure 3. Blood spiked at the LLOQ level was spotted onto a DBS card, extracted and analyzed with three different LC columns (without guard columns).
Unsmoothed quantifier SRM transitions for the five targeted opioids are shown. Best separation of the isomers codeine and hydrocodone was obtained
on the F5 and biphenyl column. The biphenyl column provided the best sensitivity.

Table 1. Linearity and recovery

Therapeutic range
(ng/mL plasma)

Toxic range
(ng/mL plasma)

Calibration range R
(ng/mL blood)

Recovery (+ CV%)

LLOQ uLoQ
Morphine 10 - 100 >100 1 (LLOQ) - 500 (ULOQ) 0.998 78.1+4.7 77313
Codeine 10 - 250 >250 1 (LLOQ) - 500 (ULOQ) 0.998 68.8+4.1 70122
Oxycodone 5-100 >200 1 (LLOQ) - 500 (ULOQ) 0.997 780+3.6 72917
Hydrocodone 10 - 100 >100 1 (LLOQ) - 500 (ULOQ) 0.997 740+3.6 71.7+17
Fentanyl 1-3 >3 0.1 (LLOQ) - 50 (ULOQ) 0.998 735+49 746+1.8

in blood should be performed with care.>%*"

Note: large inter-individual variations in opioid concentrations are described."" Only for three of the studied compounds blood-to-plasma concentration
ratios were available: around 1.5 for oxycodone and around 1.0 for morphine and fentanyl.[2°'52'53] As such, interpretation of detected concentrations

in the absence of washing the DBS clamp and SPE cartridge. The
carryover was dramatically reduced to acceptable levels by washing
the entire DBS-SPE elution path sequentially with four different
solvents. This did not result in a higher cycle time as these wash
steps could be conducted simultaneously with the last stage of
the LC gradient. As an additional benefit, repeated usage of a SPE
cartridge up to more than 100 times without any loss in sensitivity
or reduced peak shape quality was possible. The LC guard column
was preventively replaced every 250-300 injections ensuring good
LC column performance after more than 1000 injections. As such,
the overall performance of the used system can be considered robust.

Carry over between DBS cards and/or envelopes used for storage
was also tested. To this end, blank cards were stored for one month
in an envelope that had contained a DBS card at the highest con-
centration level for another month before and in an envelope
between two DBS cards at the highest concentration level. No carry
over was seen when analyzing the blank cards after one month of
storage at room temperature.

The compounds were stable in wet blood for at least 4 h at room
temperature before spotting them onto DBS cards (RE% within
+15.0% (£20% at LLOQ level) and CV% <15% (<20% at LLOQ level)).
Notwithstanding clear differences between liquid blood and drying
blood (e.g. cell lysis) these data suggest that drying the DBS cards at
room temperature does not influence the stability of the targeted
opioids. While it is generally accepted that DBS as a matrix can have
a stabilizing effect on analytes, existing literature contains limited
data regarding the on-card stability of the studied opioids: morphine
was stable up to 7days at 4°C, -20°C, -80°C and up to 5days at
40°C.I"*1® There was instability described for morphine and codeine
after six months storage at 4°C, which was not seen when storing
the DBS cards at -20°C.1"®! For fentanyl, acceptable on-card stability
was described up to 5days at room temperature.l'™™ In this study,
morphine and fentanyl were stable (i.e. RE% within +15.0% (+20%
at LLOQ level) and CV% <15% (<20% at LLOQ level)) for 30 days after
spotting and storage at room temperature (tested at 3, 7, 15, 30, 55,
and 95 days) (Supporting Information 1). When stored at 4°C, they
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Table 2. Intra-day, inter-day and matrix inter-lot accuracy and precision

Day1 Day 2 Day 3 Over 3 days 6 different lots

RE% CV% RE% CV% RE% CV% RE% V% RE% CV%

Morphine LLOQ 13.1 6.7 6.4 6.1 -4.5 9.6 5.0 10.0 -9.3 6.5
LOW QC -04 4.8 0.6 7.5 -4.6 87 -1.5 7.1 - -
MED QC -1.8 2.0 -3.0 55 -2.6 51 -25 4.2 - -
HIGH QC 24 3.0 -17 48 -34 35 -0.9 4.4 - -

uLOQ - - - - - - - - -7.3 6.9

Codeine LLOQ 14.2 7.2 7.0 52 -3.1 6.9 6.1 9.2 -1.1 3.2
LOW QC 34 53 24 3.8 0.8 52 2.2 4.6 - -
MED QC -1.3 3.0 -1.7 5.4 -2.1 38 -1.7 3.9 - -
HIGH QC 4.0 2.7 -1.7 4.1 -54 6.0 -1.0 58 - -

uLoQ - - - - - - - - -5.1 8.7

Oxycodone LLOQ 9.0 4.9 -0.7 39 -9.3 7.2 -0.3 9.2 3.0 2.9
LOW QC 3.0 59 -0.2 7.3 -39 8.0 -0.3 7.2 - -
MED QC -4.7 4.4 -6.0 4.4 -5.6 2.6 -54 3.7 - -
HIGH QC 33 1.7 -14 6.4 -5.3 3.8 -1.1 55 - -

uLoQ - - - - - - - - -8.8 6.4

Hydrocodone LLOQ 9.2 7.6 22 48 -33 7.1 2.7 8.1 0.1 23
LOW QC -0.2 7.5 -4.2 4.9 -5.1 53 -3.2 6.1 - -
MED QC -1.3 22 -3.2 3.6 -1.5 53 -2.0 3.8 - -
HIGH QC 6.1 25 2.1 52 -2.3 4.8 20 5.3 - -

uLoQ - - - - - - - - -5.7 89

Fentanyl LLOQ 10.5 35 3.7 4.0 33 4.8 58 5.0 -4.4 53
LOW QC 0.6 7.3 -13 4.3 -32 4.4 -13 55 - -
MED QC -0.7 33 2.2 56 -13 39 -14 4.1 - -
HIGH QC 5.7 28 1.1 3.7 -3.1 53 1.2 52 - -

uLoQ - - - - - - - - -10.4 13.5

were stable for up to 55 days after spotting (tested at 3, 7, 15, 30, 55,
and 95days). When stored at -20°C, they were stable for up to
95days after spotting (tested at 3, 7, 15, 30, 55, and 95days).
Codeine, oxycodone, and hydrocodone were stable for 15 days after
spotting and storage at room temperature. When stored at 4°C or
-20°C, they were stable for up to 95 days after spotting. Storage of
DBS cards at -20°C is thus recommended. This is contradictory to
the popular statement that DBS cards can be simply placed in an
envelope and send by regular mail without any temperature control.
However, even with cooling being a requirement, shipping and
storage of DBS card is still preferable over liquid blood: DBS cards
take up less space than leak-proof recipients required for blood.
Moreover, DBS cards do not need extra precautions to deal with
possible biohazardous risks.

It is well known that whole blood haematocrit (HCT = the fraction
of whole blood that consists of red blood cells) can be a disturbing
factor when performing partial spot analysis, since the HCT value
affects the spreading of the blood on the filter paper.”*-%4% It is also
increasingly evident that HCT can have an impact on the extraction
efficiency and thus the recovery of an analyte.**%? Qur experi-
ments with blood at different HCT levels show acceptable accuracy
and precision (i.e. RE% within +15.0% (£20% at LLOQ level) and
CV% <15% (<20% at LLOQ level)) when analyzing blood with low
and normal HCT levels (30% and 45%) (Supporting Information 2).
We observed systematic higher concentrations in QC samples pre-
pared in blood at high HCT values (60%) versus QCs at low and nor-
mal HCT. This is most likely caused by the use of partial spot analysis
(spotting blood with higher HCT levels results in a smaller spot size
and thus more analyte present in the clamped and desorbed 2 mm
area). In accordance with this trend, one would expect the lowest

concentrations detected in QC samples prepared at the lowest
HCT. This was only the case for fentanyl. For the four other
opioids, levels determined at 30% HCT were higher than those
observed in normal blood, demonstrating that variation in assay
bias is not as simple as might be expected. The impact of HCT on
recovery was negligible. A comparable recovery (between 72.7
and 87.7%) was observed for all compounds and tested con-
centration levels in blood at low, normal and high HCT with
very good precision (CV% lower than 5.8%) (Table 3). Overall,
the results for QCs prepared in blood at 45% are in good agree-
ment with the method validation that was performed with
whole blood from adult healthy volunteers (HCT values between
36 and 50), defining the HCT range in which the validated
method delivers acceptable results.

Clearly, the impact of HCT on DBS analysis can be compensated
by preparing calibration curves in blood with HCT values close to
the range of the target population.”*” For example, for athletes,
HCT values are generally lower than that of an untrained population
and extreme HCT levels (especially low values) are rare. Exercise
causes an increase in the number of red blood cells, but also an
increase in plasma volume (higher than the increase in red blood
cells), resulting in a net decrease of HCT.***4! In the clinical world,
decreased HCT values are associated with patients with anemia
and tuberculosis, patients receiving chemotherapy and immune
compromised patients. However, abnormal HCT values can never
be excluded, so when using partial spot analysis it is a good idea
to measure the HCT value. This can be done by sampling blood in
a capillary from which the HCT can be read out after centrifugation
or by measuring the potassium concentration, which is correlated
to the level of HCT."® The latter approach is also possible from a
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Table 3. Recovery (+ CV%) for different levels of HCT
HCT 30% HCT 45% HCT 60%

LLOQ HIGH QC LLOQ HIGH QC LLOQ HIGH QC
Morphine 83.8+23 79.6+0.9 87.7+29 87.2+45 825+43 848+ 1.9
Codeine 777 4.7 72710 80.2+2.1 81.8+5.8 754+£1.8 80.2+23
Oxycodone 823+1.5 749+1.0 87.0+3.6 83.8+5.3 82.0+34 81.3+20
Hydrocodone 779+13 741+1.1 833+26 834+55 776+1.8 809+23
Fentanyl 773+43 76.7+13 813134 824+3.7 778+13 81.1+1.8

DBS sample. Information about an athlete’s HCT does not require
extra testing, as it is available by means of the Athlete Biological
Passport (ABP). The ABP was introduced in 2009 as a tool to detect
blood manipulation through longitudinal monitoring of selected
hematological markers.**! A long-term evaluation of these markers
allows for discrimination of doping use from changes caused by
exercise which impacts the plasma volume and red cell mass
and/or hypoxia (e.g. induced by altitude) which increases red cell
mass. One of the measured parameters is the athlete’s HCT value.
When the HCT of the blood is known, it can be checked whether
it is within the accepted HCT range defined during method valida-
tion. In case a significant deviation in HCT value is found, it could be
incorporated into an established algorithm that enables the correc-
tion of the analyte concentration.””

Instead of dealing with the HCT effect as described above, it can
also be avoided by analysis of the entire blood spot instead of a par-
tial spot coupled with a quantitative volume of applied whole
blood.® The Spark Holland system can be configured with a
6 mm or 8 mm DBS desorption clamp, allowing automated analysis
of an entire spot" For whole spot analysis, volumetric application
of spots is the most critical parameter. Moreover, in order to
avoid/minimize possible effects of HCT (i.e. not only the effect on
spot size but also on analyte recovery), the recovery of the whole
spot assay must be high enough.*'*? Several promising ap-
proaches are currently being developed/tested to deal with these
challenges and will be explored by the authors in future
research.#14246471

Incurred samples

The above-described validated DBS-SPE-LC-MS/MS method was
successfully applied to human DBS samples obtained from a

50

45

Concentration measured in DBS
(ng/mL blood)

healthy volunteer who received a single oral dose of 10mg
hydrocodone.

Previously a maximum hydrocodone plasma level of 37.3 ng/mL
at 1.0h (ty,,) after intake was reported in a similar experimental
setting.*® Another study reports a maximum peak concentration
of 23.6+£5.2ng/mL serum achieved at 1.3+0.3h (t,,,) after a
10mg oral dose of hydrocodone administered to five adult male
subjects. The elimination half-life (t;,,) for hydrocodone following
oral administration in humans is around 4 h for hydrocodone and
8 h for norhydrocodone 283947

We observed a maximum peak concentration in blood of
44.9 + 1.9 ng/mL hydrocodone and 7.7 + 0.3 ng/mL norhydrocodone
1 h after intake (Figure 4). These concentrations were reduced by
approximately 50% after another 3 h and 8 h for hydrocodone and
norhydrocodone respectively (20.5 + 1.0 ng/mL hydrocodone was
measured 4 h after intake and 3.3 +0.4 ng/mL norhydrocodone
9 h after intake). The time points (tya. ti,2) reported in literature
are in good agreement with our results. Interpretation of the con-
centration values is more difficult, as the blood-to-plasma ratio for
hydrocodone is not known.”®*" For morphine, it is approximately
1.0, for oxycodone 1.5.12%°>3 Considering the structural similarities
with hydrocodone, a similar value can be expected, suggesting
good agreement between our results and the literature. This
demonstrates that the presented automated workflow can be
implemented in real-life applications such as doping control,
therapeutic drug monitoring and clinical chemistry. However, in
addition to the HCT issue described above, the lack of reference
values measured in DBS and/or whole blood and the use of
plasma and serum values to interpret a result is another concern
that should be addressed when using DBS. Bridge experiments

norhydrocodone -m-hydrocodone

0 1 2 3 4 5 6 7 8

9

10 M 12 13 14 15 16 17 18 19

Time after intake (h)

Figure 4. Concentrations of hydrocodone and its major metabolite norhydrocodone measured in DBS collected after oral intake of 10 mg hydrocodone by a
healthy volunteer. The average concentration + standard deviation measured in three analyzed spots was plotted for each time point.
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that may be helpful to further understand the correlation between
DBS and plasma/serum measurements can benefit from an auto-
mated workflow as described here.

Conclusions

A fully automated DBS-SPE-LC-MS/MS method for the quantitative
determination of five representative opioids in whole blood has
been developed and validated over the concentration range of 1
to 500 ng/mL morphine, codeine, hydrocodone, and oxycodone
(0.1 to 50 ng/mL for fentanyl), allowing detection and bioanalytical
confirmation of sub-therapeutic, therapeutic and toxic levels within
5min analysis time after placing a DBS card into the card rack. The
method was successfully applied to analyze incurred whole blood
samples obtained from simple finger pricks.

These data demonstrate the feasibility of a fully automated
approach that combines simple, point-of-care micro sample collec-
tion without the aid of a phlebotomist, on-line sample preparation
and sensitive detection employing state-of-the-art LC-MS/MS. This
automated workflow dramatically reduces the challenging tradi-
tional off-line workload for punching and DBS extraction which
can minimize potential manual handling errors. The range of possi-
ble DBS applications that could benefit from the presented
workflow is vast: therapeutic drug monitoring, clinical analysis,
doping control and roadside testing of drivers among many other
applications.

Future research will focus on the applicability of the automated
DBS-SPE-LC-MS/MS system for other relevant compounds and the
refinement of the current approach (e.g. decreasing analysis time,
avoiding haematocrit issues by whole spot analysis combined with
volumetric application of blood onto DBS cards).
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