University of Groningen

The influence of the sample matrix on LC-MS/MS method development and analytical
performance
Koster, Remco Arjan

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2015
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Koster, R. A. (2015). The influence of the sample matrix on LC-MS/MS method development and analytical
performance. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 09-01-2023

The influence of the sample matrix
on LC-MS/MS method development
and analytical performance
Remco A. Koster

Publication of this thesis was financially supported by Rijks Universiteit Groningen (RUG), the
Stichting ter bevordering van Onderzoek in de Ziekenhuisfarmacie te Groningen (Stichting
O.Z.G.), Groningen University Institute for Drug Exploration (GUIDE), Agilent Technologies,
Thermo Scientific, DBSL, Spark Holland, Astellas, Pfizer, Dutch Kidney Foundation, KNCV
Tuberculosis Foundation, and Stichting Beatrixoord Noord Nederland.
Cover

Thermo Scientific

Layout

Renate Siebes, Proefschrift.nu

Printed by

Ridderprint, Ridderkerk

ISBN

978-90-367-8022-3

© Remco A. Koster, 2015
Copyright of the published articles is with the corresponding journal or otherwise with
the author. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, without the prior permission in writing from the
author or the copyright-owning journal.

The influence of the sample
matrix on LC-MS/MS method
development and analytical
performance

Proefschrift

ter verkrijging van de graad van doctor aan de
Rijksuniversiteit Groningen
op gezag van de
rector magnificus prof. dr. E. Sterken
en volgens besluit van het College voor Promoties.
De openbare verdediging zal plaatsvinden op
vrijdag 25 september 2015 om 16:15 uur

door

Remco Arjan Koster
geboren op 9 juli 1979
te Utrecht

Promotores
Prof. dr. D.R.A. Uges
Prof. dr. J.G.W. Kosterink

Copromotor
Dr. J.W.C. Alffenaar

Beoordelingscommissie
Prof. dr. I.P. Kema
Prof. dr. N.C. van de Merbel
Prof. dr. G.W. Somsen 		

Contents
Chapter 1

General introduction, scope and outline of the thesis

7

Chapter 2

Robust, high-throughput LC-MS/MS method for Therapeutic Drug
Monitoring of cyclosporin A, tacrolimus, everolimus and sirolimus in
whole blood

15

Chapter 3.1

What is the right blood hematocrit preparation procedure for
standards and quality control samples for dried blood spot analysis?

37

Chapter 3.2

Determination of moxifloxacin in dried blood spot using LC-MS/MS
and the impact of hematocrit and blood volume

51

Chapter 3.3

Simultaneous determination of rifampicin, clarithromycin and their
metabolites in dried blood spots using LC-MS/MS

73

Chapter 3.4

Fast LC-MS/MS analysis of tacrolimus, sirolimus, everolimus and
cyclosporin A in dried blood spots and the influence of the hematocrit
and immunosuppressant concentration on recovery

97

Chapter 3.5

Dried blood spot analysis of creatinine with LC-MS/MS in addition to
immunosuppressants analysis

117

Chapter 3.6

The relation of the number of hydrogen bond acceptors with recoveries
of immunosuppressants in dried blood spot analysis

139

Chapter 3.7

The influence of the dried blood spot drying time on the recoveries of
six immunosuppressants

153

Chapter 3.8

The performance of five different dried blood spot cards for the analysis
of six immunosuppressants

165

Chapter 4

Fast analysis of remifentanil with the use of LC-MSMS and an extensive
stability investigation in whole blood and acidified EDTA plasma

183

Chapter 5.1

Fast and highly selective LC-MS/MS screening for THC and 16 other
abused drugs and metabolites in human hair to monitor patients for
drug abuse

201

Chapter 5.2

Application of sweat patch screening for 16 drugs and metabolites
using a fast and highly selective LC-MS/MS method

229

Chapter 6

General discussion and future perspectives

255

Chapter 7

Summary

269

Samenvatting

277

Publication list

285

Dankwoord

289

About the author

295

Chapter 1

general introduction,
scope and outline of the thesis

Chapter 1

Background
High Performance Liquid Chromatography coupled with tandem mass spectrometry (LCMS/MS) has nowadays established itself as the primary analytical technique to support
therapeutic drug monitoring (TDM), clinical and forensic toxicology and drugs of abuse
analysis. Because of the sensitivity and selectivity of the LC-MS/MS, elaborate sample
extraction techniques like solid phase extraction and liquid liquid extraction may often
be unnecessary. The application of fast and simple extraction techniques like protein
precipitation or sample dilution is therefore feasible. On the turn side, matrix effects are
therefore observed more frequently and the LC-MS/MS method should then be optimized to
overcome these matrix effects. Other types of matrix effects could originate from substance
interaction with the matrix.
The matrices whole blood, plasma, serum and urine samples are common in TDM and
toxicological analysis. More recently, dried blood spots (DBS), saliva and hair have been
introduced in an increasing number of clinical laboratories. The monitoring of drugs of abuse
in psychiatry, workplace, detention and child abuse drug testing can also be performed in
urine, hair, sweat (patches) and saliva. Each human matrix has its clinical and analytical
advantages and disadvantages, and the performed analysis and interpretation of the analysis
results strongly depend on this matrix.
Each matrix has its specific application to measure drug concentrations in relation to intake
of that particular drug. For example, blood, serum, plasma and saliva may be used to monitor
drug use on the day of ingestion. While urine is a suitable matrix for testing the previous
two days and sweat for a maximum of the previous seven days. Information about drug
use over a period of several months can be provided by segmental analysis of hair strands
(hair growth about 1 cm per month), which may distinguish single exposure from long-term
exposure [1]. Hair and sweat patches are a non-invasive alternative for blood samples and
less inconvenient and time-consuming than supervised urine collection. In addition, urine
samples are easily diluted in vivo by excessive drinking or in vitro adulterated by additives.
The use of urine, sweat and hair imply that the obtained concentrations are very difficult to
relate to the amount of ingested drug. Instead, the analysis of abused drugs in these matrices
may provide the physician or health-care professional with information about drug abuse,
and could be used for patient-specific therapy.
During the last several years, DBS analysis is gaining popularity for TDM [2-4]. For DBS, just
a single drop of blood from a finger is used to create a blood spot on a special spotting card.
8
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This spot is dried and sent to the laboratory. Because of the small blood volumes that are
needed for DBS, pharmacokinetic studies and TDM will be less burdensome for the patient.
Patients who use drugs for long periods of time or live in remote areas could benefit greatly
by DBS analysis. DBS sampling can be performed at home by self-sampling, saving travelling
costs and improving the effectiveness of patient treatment [2]. While conventional plasma
sampling is often not feasible in resource limited areas due to lack of equipment or cooled
transportation. Moreover, DBS sampling has many potential advantages such as prolonged
sample stability, lower risk of infections and transport at ambient temperature [2-5]. These
advantages may facilitate the application and implementation of TDM in many different
settings and even in resource limited areas.
New matrices will challenge investigators to identify important parameters that may
negatively influence the analytical results. The impact and source of influence of these
parameters need to be evaluated in order to provide a framework in which the analytical
results are reliable and valid.

Objectives of the thesis
The aim of this thesis is to identify, evaluate and overcome issues caused by the effect of
different matrices on the performance of analytical procedures.
The main objectives of this thesis are gaining insight in:
–– Efficient extraction procedures for a variety of matrices.
–– Developing (multi analyte) LC-MS/MS methods.
–– Critical parameters that influence analytical results in DBS analysis.
–– Evaluation of drug instability in the particular matrices and procedures to
overcome stability issues.
–– Improving analytical method validation for specific matrices.

Outline of the thesis
Chapter 2: Whole blood analysis
The analysis of whole blood is common for substances that reside in red blood cells. Whole
blood is blood that is mixed with an anticoagulant (e.g. heparine, EDTA or citrate) directly
9
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after sampling. Whole blood is more difficult to process than plasma because of the viscous
red blood cells, which tend to clot during sample preparation. Although the tandem mass
spectrometer is a highly selective detection technique, a chromatographically selective
method needs to be developed with care for possible interfering peaks, memory effects
and ion suppression or ion enhancement.
The development of a whole blood analysis method was performed for the immunosuppressants
tacrolimus, sirolimus, everolimus, cyclosporin A and focused on the following issues:
–– The development of an efficient, reproducible and robust sample
preparation for whole blood by testing various extraction solvents with
and without zinc sulphate.
–– The development of a fast multi-analyte chromatographic gradient, which
can still separate interfering peaks.
–– Achieving best LC-MS/MS sensitivity by optimizing two MS/MS methods
where sirolimus and everolimus were measured separately from tacrolimus
and cyclosporin A.

Chapter 3: Dried blood spot analysis
In this chapter we studied the critical parameters concerning DBS sample preparation,
extraction and analysis. For DBS analysis, substances may be difficult to extract from the
spotting card matrix or they may form complexes with the endogenous components present
in the DBS matrix. The extraction efficiency may be influenced by different aspects like
extraction conditions, blood hematocrit and concentration of the substance. The blood
hematocrit also affects the viscosity of the blood and that in turn influences the formation
of a blood spot, which affects the analytical results. The analysis of a partial DBS (fixed area)
should relate to a certain volume of blood but it is no guarantee that the volume will be
reproducible with an acceptable precision under all circumstances. While the analysis of a
fixed volume (whole spot analysis) is unpractical for patient sampling because the patient
would have to accurately sample the intended blood volume, which is to prone for errors.
It will be important to investigate the level of impact of these influences before routine
patient analysis can be implemented [6]. Although DBS analysis will benefit the service
towards the patient, the development and validation of analytical DBS methods will become
more complex compared to plasma or serum analysis. On top of classical parameters for
method validation of liquid whole blood or plasma, additional parameters like the effect of
10
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the hematocrit and blood spot volume should be validated. The performed research should
result in improved procedures concerning DBS analysis.
This chapter focuses on the following issues for analytical DBS research:
–– The correct preparation of the target hematocrit values for standards and
quality control samples.
–– Finding optimal DBS extraction procedures in order to improve recoveries
and minimize matrix effects.
–– The relation of the number of hydrogen bond acceptors of the analyte
with the analyte recovery.
–– The influence of the drying time of the DBS on the recovery of the analytes.
–– The influence of the hematocrit value of the blood and the concentration
of the analyte on the recovery and blood spot formation.
–– The performance of the various types of dried blood spot cards.
–– The use of calibration standards and quality control samples for the
measurement of the endogenous creatinine.

Chapter 4: Plasma analysis
Remifentanil is used in anesthesia and intensive care medicine and is rapidly metabolized
in both blood and tissues, which results in a very short duration of action. The in vivo halflife of remifentanil is approximately 3 minutes, independent of the duration of infusion [7].
Even after blood sampling remifentanil is unstable in whole blood and plasma because of
endogenous esterases and chemical hydrolysis.
Chapter 4 focussed on the following matrix related issues regarding the stability of
remifentanil:
–– Citric acid, ascorbic acid and formic acid are tested to improve the stability
of remifentanil by decreasing the pH of the plasma.
–– The stability of remifentanil is investigated in whole blood, EDTA plasma
and acidified EDTA plasma at various temperature conditions.

11
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Chapter 5: Hair and sweat patches
Stability issues for the analysis of drugs of abuse in hair or sweat are different compared
to matrices like blood or plasma. During the hair growth and sweat excretion into patches,
the sample is not yet in a controlled environment and stability may be an issue. In that case,
the (additional) analysis of the metabolite may be an option. However, when drugs are
incorporated into the hair or the sweat patch, the human metabolism can no longer affect
the drug. The amount of drug in hair can be affected by external factors, such as washing,
bleaching and drugs deposited on the hair. The amount of drug in hair can also depend on
the personal properties of the hair, like natural colour and race. For the analysis of drugs of
abuse, the analytical result needs to exceed a pre-set concentration, the so called cut-off
value, in order to report drug abuse. These cut-off values depend on several factors, like
analytical performance, used matrix, presence of a metabolite, and age of the patient, but
also political or clinical insights. Concentrations found above this cut-off value are considered
“positive” and drug use can be concluded. In the case of the analysis of drugs of abuse, an
analytical method is required to be very selective. For this, international guidelines can be
followed [8-11]. However, when these are not available or incomplete, the researcher will
have to propose and substantiate new guidelines.
We aimed to develop two analytical methods for a number of drugs of abuse for hair and
sweat patches while focusing on the following issues:
–– The development of a procedure for washing external contamination
from the hair.
–– Assessing the last wash step for external contamination of the hair sample.
–– The development of a procedure to efficiently extract the drugs from
the hair.
–– To set cut-off values which are specific to the analytical capabilities of the
developed analytical method.
–– The development of validation rules for the validation of a qualifier mass
transition.

Chapter 6: General discussion and future perspectives
In the final chapter, several important aspects of the various human matrices and the
developed analytical procedures will be discussed along with the investigated parameters
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that are critical for a robust, selective, sensitive, accurate and precise method. The impact
of the developed analytical procedures on the laboratory, the personalized treatment of
the patient and the future perspectives are discussed as well.
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Abstract
The authors describe a fast, robust and straightforward LC-MS/MS method with the use of
a single LC-MS/MS system for cyclosporin A, tacrolimus, sirolimus and everolimus in whole
blood. The purpose of this method was to replace the immunoassay methods used in the
laboratory of a hospital performing most organ transplantations (including heart, lung, liver,
kidneys, bone marrow and intestinal track). Several LC-MS/MS methods have been described
so far, however most of them require complicated on-line extraction procedures. The
described LC-MS/MS method uses a chromatographic gradient in combination with protein
precipitation as sample preparation. The chromatographic method is capable of separating
otherwise interfering peaks, with an analysis time of 2.6 minutes. Analyses were performed
on a triple quadrupole LC-MS/MS system, with a C18-column held at 60°C. Sample preparation
required only one precipitation/dilution step. Sirolimus and everolimus are prepared and
measured separately from tacrolimus and cyclosporin A. During method development it was
found that the use of zinc sulphate provides process efficiency results of about 100% for
tacrolimus and cyclosporin A but only 81% and 87% for sirolimus and everolimus respectively.
With the developed sample preparation without zinc sulphate for sirolimus and everolimus
process efficiencies were 99% and 108% respectively. The methods have been fully validated
and in a comparative study patient samples were analysed with immunoassay and our
developed LC-MS/MS methods. In the comparative studies, correlations (R2 values) of more
than 0.85 were found between the immunoassay and the new LC-MS/MS patient blood
levels. There was a systematic deviation in blood levels measured by LC-MS/MS compared to
immunoassays for cyclosporin A (17% lower than with immunoassay) and everolimus (30%
lower than with immunoassay). There appeared to be little or no systematic deviation for
sirolimus and tacrolimus. The controls determined by the LC-MS/MS method over the last
ten months showed CVs of no more than 8.0% for each of the four immunosuppressants. In
conclusion the authors find the developed methods to be cost saving, more flexible, more
sensitive and to have larger linear ranges than the previously used immunoassay methods.
The methods are already used for over 20,000 patient samples in the daily routine, analysing
approximately 70 patient samples per day.
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INTRODUCTION
Allograft rejection by the recipient immune system still remains one of the most important
obstacles in allogeneic organ transplantation. Various immunosuppressive drugs are currently
used to suppress the immune system and prevent cytokine associated tissue damage.
Cyclosporin A, tacrolimus, sirolimus and everolimus are successfully applied in kidney,
heart, lung, pancreas, intestinal tract, skin and liver transplantations [1]. But their narrow
therapeutic index requires caution regarding the dosages of these immunosuppressants.
At low blood levels there is risk of rejection. At high blood levels serious side-effects can
emerge (including nephro- and cardiotoxicity, neurological effects and elevated risk of
infections [2, 3]). Because immunosuppressants exhibit a great degree of interindividual and
intraindividual pharmacokinetic and pharmacodynamic variability (incomplete, unpredictable
uptake, extensive metabolism and Cytochrome P450 related drug interactions), patient blood
levels are complex and unpredictable [4]. In addition the therapeutic ranges of the different
immunosuppressants are even dependent on the transplanted organ, the age of the patient,
the co-medication and the period after transplantation [5]. Constant patient therapeutic drug
monitoring (TDM) is therefore mandatory. At the moment, several pharmacokinetic markers
are used, including (limited sampling) AUC monitoring, C2 (two hours after administration)
and through blood levels [4]. Which one of the TDM approaches produces the optimal
clinical outcome, is still under debate. As the number of organ transplantations grows and
the post-transplant patients require lifelong medical treatment and lifelong TDM, the number
of patient immunosuppressant blood samples will increase. At the same time these drugs
are also used against a growing number of other diseases, such as steroid resistant nephrotic
syndrome, psoriasis and other auto immune disorders [6]. This puts ever more pressure on
TDM laboratories to develop methods that are fast, robust and accurate and can be used
for larger series of patient samples.
Currently, several analytical methods have been developed for the determination of immunosuppressive drugs, among which the following immunoassays (IA): Fluorescence
polarization immunoassay (FPIA), Microparticle Enzyme Immunoassay (MEIA), Enzyme
Multiplied Immunoassay (EMIT), radioimmunoassay (RIA), Enzyme-Linked Immuno Sorbent
Assay (ELISA) and HPLC-UV and HPLC-MS/MS methods [7].
Analytical methods based on IA for the measurement of immunosuppressive drugs are
easily operated, but have a number of disadvantages. The analysis costs of IA techniques are
relatively high (e.g. for tacrolimus and everolimus). The LLOQ of the IA techniques is often
17
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not low enough, especially for tacrolimus in case of liver transplantation in young children.
The IA techniques are often not selective enough. Cyclosporin A exhibits an extensive
metabolism. These metabolites influence the analysis results because of the significant
cross-reactivity in the IA [8]. The everolimus kit shows cross-reactivity with sirolimus [9,
10]. For patients who switch from sirolimus to everolimus medication the selectivity of
the IA technique is insufficient. In addition, the everolimus IA performed in the authors’
laboratory often produced rejected runs because of deviant quality control samples with
23 out 83 of the medium levels (11 µg/L) having a deviation over 15% (authors internal
laboratory quality control programme). LC-MS/MS is at this moment generally accepted as
the technique of choice because of its selectivity, sensitivity and flexibility [7]. Several LCMS/MS methods have been described so far, yet most of them require on-line extraction
procedures [11-18]. The on-line extraction procedures also require an additional pump,
switch valve and trapping column, making the method more complicated and vulnerable
to instrument problems. In other cases different LC-MS/MS configurations are required to
analyse all four immunosuppressants [14, 18].
In the authors’ hospital laboratory, many urgent and outpatient clinical samples are analysed
daily, divided over all four immunosuppressive drugs. Therefore the development of a fast
and laboursaving method which uses one LC-MS/MS system was very desirable.
In this article the authors describe a newly developed fast, selective and robust LC-MS/MS
method for the simultaneous determination of cyclosporin A, tacrolimus, sirolimus and
everolimus in whole blood with little sample preparation, as a tool for therapeutic drug
monitoring (TDM).

MATERIALS and METHODS
Reagents
Everolimus and cyclosporin A were a kind gift of Novartis Pharmaceuticals (Basel, Swit
zerland), and sirolimus was kindly provided by Wyeth Pharmaceuticals in New York, USA.
Ascomycin and tacrolimus were purchased from Sigma-Aldrich Inc (St. Louis, USA). Stock
solutions were prepared in methanol and stored at -20°C. Analytical grade methanol,
acetonitrile and zinc sulphate heptahydrate were purchased from Merck (Darmstadt,
Germany). Purified water was purchased from Biosolve B.V. (Valkenswaard, the Netherlands).
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Ammonium acetate was purchased from Acros (New Jersey, USA). Pooled blank whole
blood with dipotassium edetate as an anticoagulant was a kind gift of Medisch Lab Noord
(Groningen, the Netherlands).

Equipment and conditions
All experiments were performed on a Thermo Fisher Scientific (Waltham, MA, USA) triple
quadrupole Quantum Access LC-MS/MS system with a Surveyor® MS pump and a Surveyor
plus® autosampler with an integrated column oven. The Quantum Access mass selective
detector was operated in electrospray positive ionisation mode and performed selected
reaction monitoring (SRM). High purity nitrogen was used for the sheath gas and auxiliary
gas and argon was used as collision gas. In the first quadrupole ammonium adducts [M +
NH4]+ were selected for tacrolimus, sirolimus and everolimus, for cyclosporin A the single
charged ions [M + H]+ were selected. For all transitions, scan times, optimum tube lens and
collision energy values are shown in table 1.
Table 1

The mass parameters at a scan width of 0.5 m/z
Parent ion
m/z

Product ion
m/z

Scan time
MS

CE
V

TL
V

Ascomycin

809.5

756.5

100

21

84

Tacrolimus

821.5

768.4

200

21

106

Cyclosporin A

1202.9

1184.8

400

30

176

Everolimus

975.6

908.5

100

18

89

Sirolimus

931.5

864.4

100

18

122

Immunosuppressant

m/z: mass to charge ratio; CE: Collission energy in eVolts; TL tube lens value in eVolts.

Sirolimus and everolimus have their optimum capillary temperature set at 280°C and
tacrolimus and cyclosporin A at 360°C. For all these immunosuppressants, the ion source
spray voltage was set at 5,500 V, the sheath gas pressure at 55 Arbitrary Units (AU), the
auxiliary gas pressure at 8 AU. The Surveyor plus® autosampler was set at 10°C and the
integrated column oven was set at a temperature of 60°C. The mobile phase gradient
consisted of methanol, purified water and an 0.2 mol/L ammonium formate buffer pH 3.5
which maintained constant at 5% during the gradient, see figure 1.
Analyses were performed on a 50 x 2.1 mm Hypurity® C18, 3-µm analytical column from
Interscience (Breda, the Netherlands) equipped with a separate 0.5 µm Varian frit filter
19
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(Palo Alto, USA). Chromatographic separation was performed by means of a gradient with
a flow of 0.5 mL/min and an analysis time of 2.6 minutes. The automatic switch valve in the
mass selective detector was used to divert the first 0.8 minutes of flow to the waste, keeping
material not retained on the column such as salts away form the spray source. In figure 1 a
combined chromatogram and gradient table is shown for all four immunosuppressants, where
the gradient line of methanol is corrected in time for its delay volume. Xcalibur® software
version 2.0 SR2 was used for peak height integration for all components.

Figure 1 Typical ion chromatograms for all immunosuppressants and the methanol gradient line corrected
for its delay time.
Chromatographic gradient. A: 0.2 M ammonium formate buffer pH 3.5; B: methanol; C: purified water.
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Sample preparation
An aliquot of 200 µL whole blood is transferred into a glass 2.0 mL HPLC screw top vial
(Varian, Palo Alto, USA). Protein precipitation reagent with internal standard ascomycin (an
ethyl analogue of tacrolimus, structurally related to tacrolimus, everolimus and sirolimus) is
added to monitor sample injection and preparation. Sirolimus and everolimus are prepared
and analysed separately from cyclosporin A and tacrolimus. For sirolimus and everolimus
500 µL methanol: acetonitrile 50:50% v/v containing 100 µg/L ascomycin is used as the
protein precipitation reagent. For cyclosporin A and tacrolimus precipitation is performed
by adding 500 µL methanol containing 100 µg/L ascomycin, followed by 25 µL 2.4 mol/L zinc
sulphate in water. The further procedure is identical for both sample preparations. After
precipitation, the vials are vortexed for 1 minute (Multitube vortexer, Labtek corporation
Ltd., New Zealand) and stored at -20°C for at least 10 minutes. The samples are precipitated
and vortexed in batches of approximately 50 vials. Afterwards the vials are again vortexed
for 1 minute, centrifuged at 11,000 g for 5 minutes and 5 µL of the clear upper layer of
supernatant is automatically injected.

Method validation
For validation, blank human whole EDTA blood was spiked with immunosuppressant stock
or standard solutions to yield the required concentrations. Validation was performed with a
maximum tolerated bias and CV for the lower limit of quantification (LLOQ) of 20% and 15%
for the other validation concentrations [19]. For each validation concentration bias and CV
were calculated per run. Within-run, between-run and overall CVs were calculated with the
use of one-way ANOVA. Eight calibration points were used to determine linearity on three
separate days. To maximise sample throughput, calculation of concentrations by the use of
response factors are preferred in the authors’ laboratory. Response factors are calculated using
the highest calibrator. To validate this practice linearity for the eight calibration points is to
be validated without the use of a weighting factor, and response factors are used to calculate
accuracy and precision. For determination of accuracy, precision and over-curve dilution (OC),
all concentrations were prepared and measured in five-fold in three separate runs on separate
days. The over-curve pool for dilution consisted of a single concentration of at least two times
the concentration of the higher limit of quantification (HLOQ), which was ten times diluted
during sample preparation. Stabilities of the immunosuppressants were assessed at room
temperature in whole blood, in the autosampler at 10˚C and during three freeze-thaw-cycles.

21

Chapter 2

To assess process efficiencies organic solutions with the composition of a processed sample
containing water instead of whole blood were prepared. Sufficient stock solution was
spiked to obtain concentrations identical to a whole blood sample of 10 µg/L for sirolimus,
everolimus and tacrolimus, and 250 µg/L for cyclosporin A after sample preparation.
These solutions were analysed in triplicate. Ion suppression was tested by infusing a stock
solution to the gradient flow with a T-piece and injecting multiple processed blank whole
blood samples [20]. The whole blood samples used for ion suppression tests were from 2
individuals and one pooled batch which was also used for the preparation of the validation
pools. Also processed samples using blank water instead of whole blood were injected to
monitor changes in signal sensitivity during the gradient. Carry-over was monitored during
method development and validation.

Correlation studies
In the correlation studies, all immunosuppressive patient samples were analysed by our
conventional (IA) and new (LC-MS/MS) methods. These studies were executed in order to
achieve a more realistic view on the expected differences in immunosuppressant bloodlevels due to drug metabolism in our patient population, measured by IA and LC-MS/MS.
The conventional analyses were performed on the following Abbott auto-analysers (Abbott
diagnostics, USA): cyclosporin A on an AxSym® by means of FPIA, tacrolimus and sirolimus
on an IMx by means of MEIA, everolimus on a TDxFLx by means of FPIA. All IA analyses were
performed with Abbott assay kits except for everolimus where Seradyn® assay kits (Seradyn
Inc. USA) were used. The methods were compared by simple linear regression and Passing
Bablok using the statistical software Analyse-it®.

Results
Method
In the developed methods sirolimus and everolimus are measured separately from tacroli
mus and cyclosporin A, but under the same chromatographic conditions. Sirolimus and
everolimus require an optimum capillary temperature of 280°C and a sample preparation
without zinc sulphate. Whereas tacrolimus and cyclosporin A require an optimum capillary
temperature of 360°C, and a sample preparation with zinc sulphate. One efficient and fast
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chromatographic gradient is developed for all four immunosuppressants where a column
temperature of 60°C and a high column flow of 0.5 mL/min on a 2.1 mm diameter column
results in short runtimes of 2.6 minutes. In spite of these short runtimes otherwise interfering
peaks of sirolimus and everolimus are chromatographically separated and excellent peak
shapes are obtained for all immunosuppressants, as can be seen in the chromatograms in
figure 1 and 2.

Method validation
During method development it was found that the use of zinc sulphate provides process
efficiency results of 103% for tacrolimus and 110% for cyclosporin A but of only 81% and
87% for sirolimus and everolimus respectively. With the developed sample preparation
without zinc sulphate for sirolimus and everolimus process efficiencies were 99% and 108%
respectively. In table 2 the average peak heights and process efficiency results are displayed
for everolimus.
The ion-suppression tests show that none of the immunosuppressants have ion suppression at
their elution times. In figure 3 representative ion suppression plots are given for both sample
preparations. Ion suppression plots are practically the same for all four immunosuppressants.
The ion-suppression figure shows 2 significant ion suppression areas. One at the injection

Table 2

Process efficiency results for everolimus and sirolimus at 10 µg/L

Protein precipitation reagents
Everolimus
Methanol : Acetonitrile 50:50% v/v
Methanol and zinc sulphate 2.4 M
Sirolimus
Methanol : Acetonitrile 50:50% v/v
Methanol and zinc sulphate 2.4 M

Average peak
heights
cps

CV
%

Blood
Process efficiency
Blood
Process efficiency

17,217
16,002
12,986
14,949

5
4
5
5

Blood
Process efficiency
Blood
Process efficiency

14,906
15,035
11,112
13,710

6
7
8
7

Sample

Process
efficiencies
%

108
87

99
81

The average peak heights of four processed blood samples are compared to the average peak heights of four
process efficiency samples. Process efficiency samples are of the same composition as processed whole blood
samples, where whole blood has been replaced by water.
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Figure 2 Ion chromatograms of LLOQs and representative clinical samples of tacrolimus, cyclosporin A,
sirolimus and everolimus.
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Figure 3 Representative ion suppression chromatograms for all four immunosuppressants.
The ion suppression plots from top to bottom correspond with the order of immunosuppressants in the legend.

front and one at 1.5 minutes. Both suppression areas are well separated from the eluting
peaks. During the runtime the sensitivity rises due to the increase of the methanol in the
gradient, as can be seen in the gradient shown in figure 1. Ascomycin, added to monitor
sample injection and preparation, showed little variation in peak height (about 4% within
a run of approximately 60 injections) and proved to be suitable as an internal standard.
Linearity has been assessed without the use of a weighting factor. Regression coefficients
are: R2=0.9978 for tacrolimus, R2=0.9877 µg/L for cyclosporin A, R2=0.9938 for everolimus and
R2=0.9967 for sirolimus. The validation results for accuracy and precision are all well within
the maximum tolerated bias and CV (20% for the LLOQ, 15% for the other concentrations),
as summarized in table 3. During validation, overall CV and bias proved to be less than 14%
for all LLOQs and less than 12% for the other concentrations. The LLOQ is 1.00 µg/L for
tacrolimus, 10.0 µg/L for cyclosporin A and 2.50 µg/L for both everolimus and sirolimus.
The over-curve dilution of ten times the over-curve pool showed to have a bias and CV
well within 10% for all components. During whole blood stability evaluation, cyclosporin A,
everolimus, sirolimus and tacrolimus proved to be stable at room temperature for at least
72 hours. Processed samples proved to be stable in the autosampler at 10°C for at least 69
hours for all four immunosuppressants. Freeze-thaw stability was determined during three
cycles and for none of the immunosuppressants a trend showing instability was observed.
No carry-over peaks were present in blanks following the HLOQ and no interfering peaks
were present in blank whole blood samples.
25

Chapter 2

Table 3

Validation results of all five immunosuppressants

Immunosuppressant

regression
coefficient
linear range
(µg/L)

Cyclosporin A

0.9877
(10–2,000)

Everolimus

0.9938
(2.50–50.0)

Sirolimus

0.9967
(2.50–50.0)

Tacrolimus

0.9978
(1.00–50.0)

Concentration
(µg/L)

Withinrun CV
(%)

Betweenrun CV
(%)

Overall
CV
(%)

Overall
Bias
(%)

LLOQ (10.0)
LOW (50.0)
MED (800)
HIGH (1,600)
DIL (4,000)

13.3
6.3
2.9
2.1
4.5

0.0
0.0
2.4
3.9
1.3

13.3
6.3
3.8
4.4
4.6

-2.5
2.7
0.4
1.1
1.0

F/T stab
RT stab 74 h
AS stab 69 h

2.0
1.5
3.7

6.0
n/a
n/a

6.3
n/a
n/a

1.0
-2.4
11.9

LLOQ (2.50)
LOW (5.00)
MED (15.0)
HIGH (40.0)
DIL (100)

8.3
8.0
5.4
5.3
7.9

2.8
2.0
4.9
0.0
5.7

8.8
8.2
7.3
5.3
9.7

-11.9
-2.2
1.7
0.8
-2.0

F/T stab
RT stab 72 h
AS stab 72 h

5.3
2.4
4.0

0.0
n/a
n/a

5.3
n/a
n/a

1.0
-4.9
-2.0

LLOQ (2.50)
LOW (5.00)
MED (15.0)
HIGH (40.0)
DIL (100)

9.4
6.3
4.5
3.0
7.5

0.0
2.8
4.7
2.0
2.4

9.4
6.9
6.5
3.6
7.9

-5.6
1.0
-3.0
-6.6
-7.0

F/T stab
RT stab 72 h
AS stab 72 h

4.0
2.0
5.9

3.0
n/a
n/a

5.0
n/a
n/a

-7.0
0.9
-9.7

LLOQ (1.00)
LOW (5.00)
MED (15.0)
HIGH (40.0)
DIL (100)

9.2
7.4
4.6
3.3
5.0

4.6
0.0
4.5
3.8
3.9

10.3
7.4
6.4
5.0
6.3

1.3
11.4
4.7
2.0
0.0

F/T stab
RT stab 72 h
AS stab 72 h

3.8
3.6
3.6

3.9
n/a
n/a

5.5
n/a
n/a

4.0
7.4
5.8

LLOQ, LOW, MED and HIGH are the validation concentrations used for accuracy and precision; DIL is the dilution
pool, which is ten times diluted prior to sample preparation; F/T stab. = freeze and thaw stability after three
cycles; RT stab.xx h = stability in whole blood at room temperature for xx hours; AS stab.xx h = stability in the
autosampler at 10°C for xx hours after sample preparation.
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Correlation study
In the comparative study (see figure 4) the linear regression equations showed good
correlations between the old MEIA and FPIA and the new LC-MS/MS patient blood levels:
cyclosporin A R2=0.9642 (n=374); tacrolimus R2=0.8594 (n=219) sirolimus R2=0.9273 (n=27);
everolimus R2=0.9663 (n=57). Correlations were assessed by calculating a linear regression
line with 95% confidence intervals. The linear regression equations for LC-MS/MS and IA

Figure 4 The correlation plots of cyclosporin A (IA by FPIA), tacrolimus (IA by MEIA), sirolimus (IA by MEIA)
and everolimus (IA by FPIA) results obtained from patient samples analysed with the developed LC-MS/MS
method (x) and the IA method (y).

27

Chapter 2

obtained in the correlation study are the following (x = LC-MS/MS, y = IA): for cyclosporin A
y = 1.08x + 26.19; tacrolimus y = 1.02x - 0.39; sirolimus y = 0.93x + 1.01; and for everolimus y
= 1.34x + 0.85. The Passing Bablok regression showed similar results: cyclosporin A y = 1.15x
+ 11.46; tacrolimus y = 1.09x - 1.20; sirolimus y = 0.97x + 0.60; and everolimus y = 1.32x +
1.03. There was a systematic deviation in blood levels measured by LC-MS/MS compared
to IA for cyclosporin A and everolimus. For cyclosporin A the concentrations measured with
LC-MS/MS were found to be approximately 17% lower than with IA. And for everolimus the
concentrations measured with LC-MS/MS were approximately 30% lower. There appeared
to be little or no differences for sirolimus and tacrolimus.

Sample throughput
With the developed chromatographic gradient a high sample throughput of 20 samples per
hour is achieved. Preparation of 50 samples in one batch takes approximately 32 minutes
(15 minutes of pipetting, a total of 2 minutes vortexing, 10 minutes at -20°C and 5 minutes
centrifuging).
Since the use of our LC-MS/MS method more than 20,000 patient samples have been
analysed. Cyclosporin A and tacrolimus are the most common analyses of the four
immunosuppressants, they form about 95 percent of the analyses. The remaining 5 percent
are sirolimus and everolimus analyses. The controls used in our runs are monitored in our
internal quality control program. Here the robustness of our LC-MS/MS method can be seen
by the CVs of the controls used for the analysis during 10 months. The control levels are 10
µg/L for tacrolimus, sirolimus and everolimus, and 250 µg/L for cyclosporin A, all common
therapeutic levels. The CV for tacrolimus is 5.3% (n=1,145), were 29 control values exceeded
the acceptance criteria of ±15% bias. The CV for cyclosporin A is 7.4% (n=1,121), were 65
control values exceeded the acceptance criteria of ±15% bias. The CV for sirolimus is 7.9%
(n=155), were 6 control values exceeded the acceptance criteria of ±15% bias. For everolimus
the CV is 8.0% (n=153), were 8 control values exceeded the acceptance criteria of ±15% bias.
The authors’ laboratory also participates in the International Proficiency Testing Scheme.
The method has passed every test since implementation.
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Discussion
This method was developed for high throughput TDM of tacrolimus, cyclosporin A, sirolimus
and everolimus, while still being chromatographically selective and robust. With our system
sirolimus and everolimus are measured separately from tacrolimus and cyclosporin A for
three reasons. First, sirolimus and everolimus have a significant different optimum capillary
temperature (280°C) than tacrolimus and cyclosporin A (360°C). Secondly, sirolimus and
everolimus require a different sample preparation (without zinc sulphate). Thirdly the
separate analysis of sirolimus and everolimus keeps the number of scan masses minimal
and this has a positive effect on the signal to noise ratio.
The appropriate sample preparation in combination with well designed chromatography is
acknowledged as a key factor for LC-MS/MS sample analyses, especially with a whole blood
sample matrix [18]. Our research has shown that the use of zinc sulphate provides lower
process efficiencies for sirolimus and everolimus. With the authors’ sample preparations,
process efficiency tests show about 100% for all four immunosuppressants. The process
efficiency tests and the ion suppression tests prove that there is no negative influence of
the matrix on the analytical results.
The authors’ gradient is designed to give chromatographic separation of interfering peaks
of especially sirolimus and everolimus. An adjacent peak can be seen in each sirolimus and
everolimus chromatogram, as shown in figure 2.
During method development especially the LLOQ peak shapes and peak heights showed
significantly less variation between injections when these peaks were chromatographically
separated (data not shown). The gradient elution separates cyclosporin A from the other
immunosuppressants allowing the use of scan segments in the instrument method, which
has a positive effect on the signal to noise ratio and ultimately on the LLOQ.
Compared with our previous IA methods, the LLOQ of all immunosuppressive drugs was
improved (except for everolimus; new LLOQ: 2.50 µg/L versus 2.00 µg/L). In the introduction
the bad performance of the everolimus IA in the authors’ laboratory was mentioned. This
everolimus IA could only be validated when the average was calculated of duplicate analyses,
although the LLOQ is slightly higher with the developed LC-MS/MS method. The robustness
and method CV, based upon single analysis results, are improved in comparison with the
everolimus IA. With the use of LC-MS/MS, linearity was increased which minimises the
dilutions of high concentration samples and makes the method more suitable for daily clinical
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practice. The IA and new (LC-MS/MS) validated linearity ranges are respectively: 4.00–30.0
µg/L versus 1.00–50.0 µg/L for tacrolimus, 25–800 µg/L versus 10–2,000 µg/L for cyclosporin
A, 2.0–40.0 µg/L versus 2.50–50.0 µg/L for everolimus, 3.30–30.0 µg/L versus 2.50–50.0 µg/L
for sirolimus. The large linear ranges are very important because more and more (high) C2
levels are analysed beside through levels. The comparative MEIA and FPIA / LC-MS/MS study
revealed correlations of R2 values more than 0.85 between patient blood levels determined
by IA and LC-MS/MS for all immunosuppressants. As expected, cyclosporin A and everolimus
blood levels measured by LC-MS/MS were systematically lower due to significant IA cross
reactivity with metabolites and/or structural analogues. The cross-reactivity of sirolimus
with the everolimus IA method for example is 74% to 68% [9, 10]. The effect of metabolites,
structural analogues, type of organ transplantation and patient metabolism make a good
correlation study of IA versus LC-MS/MS difficult. For cyclosporin A (which shows extensive
metabolism and metabolite cross reactivity with the IA) the concentrations measured with
LC-MS/MS were found to be approximately 17% lower than with IA. Here the intercept is
the main reason for this deviation, having more influence at low concentrations. Similar
results for cyclosporin A were found in another comparison study performed by Napoli et
al. showing average results which were 12% lower [21]. For everolimus the concentrations
measured with LC-MS/MS were approximately 30% lower. In this correlation study the steeper
slope caused overall everolimus deviations, while the large intercept has more influence
near the LLOQ concentrations. The comparison results of Salm et al. for everolimus show
similar results which were 24% lower when measured with LC-MS/MS [22]. These differences
between the IA and the LC-MS/MS methods are predominantly due to the low selectivity and
low robustness of the IA method. The correlation study of sirolimus and tacrolimus showed
little or no difference between LC-MS/MS and IA. Other comparison studies performed to
investigate the difference between LC-MS/MS and IA results for tacrolimus and sirolimus
show varying results between studies [23]. For tacrolimus, Cogill et al. found results to be
15.6% lower when measured with LC-MS/MS compared to MEIA [24]. A correlation study
of Wang et.al found no significant difference between LC-MS/MS and MEIA for tacrolimus
and sirolimus [23]. Other comparison studies showed LC-MS/MS results to be 11.5% and
15% lower for sirolimus when measured with LC-MS/MS compared to MEIA [25, 26]. These
varying correlation results between comparison studies may be caused by differences in
patient populations.
In the authors’ laboratory the total costs of sample throughput performed with LC-MS/MS
showed to be less then the costs of IA (see table 4). For IA the purchase of the reagent kits
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Table 4 Approximate yearly costs of the analyses with the three IA systems (AxSym, TDxFLx and IMx) versus
the developed LC-MS/MS method
Yearly costs

Total for the IAs

LC-MS/MS

Appararatus

20,000

50,000

Maintenance

20,000

20,000

Reagents/ consumables

150,000

10,000

Technician(s)

50,000

50,000

Total

240,000

130,000

Calculations experienced in the authors’ laboratory. Based on 15,000 samples analyzed per year. Prices in
euros including VAT. Apparatus costs for the LC-MS/MS is based on 250,000 euro for purchase and 50,000 euro
depreciation per year during 5 years.

contributed most to the costs of the IA. With IA the amount of samples analyzed have no
great influence on the costs per sample. The costs of the LC-MS/MS mainly consisted of the
purchase and maintenance of the system. Here an increase in samples does mean a decrease
in the costs per sample. The LC-MS/MS method proved to be more labour efficient, but
required higher educated technicians. This resulted in approximately the same technician
costs, as mentioned in table 4. Based on table 4 it would be profitable to replace the IAs
with the developed LC-MS/MS method starting from approximately 8,000 samples a year.
In the authors’ laboratory the developed LC-MS/MS method showed to save approximately
110,000 euro per year.

CONCLUSION
The method described here shows a straightforward LC-MS/MS method without the use of
additional components and complicated method setups, but with a fast sample preparation
and chromatography which maximises analysis speed without compromising in the separation
of otherwise interfering peaks. Our research has shown that the use of zinc sulphate and
methanol in the sample preparation gives process efficiency results of about 100% for
tacrolimus and cyclosporin A, while for sirolimus and everolimus about 100% process
efficiency is only achieved without the use of zinc sulphate. This has resulted in the use of
two preparation methods allowing the simultaneous analysis of cyclosporin A and tacrolimus
or sirolimus and everolimus with a single LC-MS/MS system. The method is fully validated
and showed to be selective, fast and robust. This is proven by our analysis of approximately
70 patient samples daily, with a total number exceeding 22,000 patient samples over the
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last year. In addition control values of all immunosuppressants obtained during bio-analysis
have a CV of no more then 8.0 percent per immunosuppressant. With 20 injections per hour,
during a working day of 8 hours 160 injections can be performed and when necessary patient
samples can be analysed during the night, making this method fast enough for the expected
increase of patient samples in the future. With this new method, preparation time, analysis
time, consumables and chemicals are diminished in comparison to IA.
In the authors’ laboratory the developed LC-MS/MS system proved to save approximately
110,000 euro per year.
This all provides better and faster patient care at lower costs. The fast sample preparation,
short run times and simultaneous detection of immunosuppressive drugs allow high sample
throughput at maximal flexibility, making the method ideal for therapeutic drug monitoring.
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Abstract
Since hematocrit effects on dried blood spot analysis is widely acknowledged, a correct
preparation of the target hematocrit is vital. We compared two procedures for preparing
specific hematocrit values using a hematology analyzer. In the first procedure, whole blood
was centrifuged, red blood cells (RBC) and plasma were separated and the proper volumes
of RBC and plasma were mixed to obtain the target hematocrit. This procedure resulted in a
measured hematocrit which was 11% lower than the target value. In the second procedure,
blood was centrifuged and a calculated volume of plasma was removed or added in order to
adjust the hematocrit. No difference was observed between the measured hematocrit and
the target value. The second procedure was therefore considered the preferred procedure. It
is recommended that as part of quality assurance the target hematocrit should be measured
after preparation using a hematology analyzer.
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INTRODUCTION
Dried Blood Spot (DBS) sampling has many advantages and among others allows the patient
to sample blood at home and send the DBS sample to the laboratory by mail. This sampling
is simple; saves patients travel expenses and time, and is therefore considered to be patient
friendly and cost effective. Other advantages of DBS sampling are lower risk of bio-hazard
and a smaller amount of blood required for sampling, which is also an advantage for preclinical studies using rodents [1-4].
Several factors need to be taken into account in case therapeutic drug monitoring (TDM)
using whole blood or plasma sampling is replaced by DBS sampling. The bias caused by the
hematocrit (HT) variability of the sample can be considered a critical parameter related to
DBS analysis [5]. The HT represents the relative volume of the red blood cells (RBC) in the
blood and has a direct effect on the viscosity of the blood. The permeability of the DBS
card is influenced by the HT of the blood. Blood with a high HT has a low penetration of
the DBS card and thus forms a smaller spot. A fixed diameter punch would then contain a
higher blood volume causing a higher bias. Earlier publications have investigated the effect
on the measured concentration caused by the viscosity of blood over a range of HT values
during validation. It is suggested to correct for this effect with the use of a linear relation
between HT and measured concentration [6-8]. When a fixed volume of venous blood is
drawn from the patient and applied on the DBS card, followed by full spot analysis, the DBS
can be considered more as a sample storage method than as a sampling method. In this
case the hematocrit effect caused by the viscosity of the blood would be of no influence on
the analytical results. However, this would hamper self sampling by patients, because the
applied volume cannot be checked for accuracy.
There are two procedures to prepare a target HT value of anticoagulated whole blood used for
standard and quality control samples for DBS analysis. In the first procedure, anticoagulated
blood is centrifuged, RBC and plasma are separated and the proper volumes of packed RBC
and plasma are pipetted and pooled to obtain the target HT [9-15].
In the second procedure, a volume of anticoagulated blood with a known measured HT (by
the microHT method or hematology analyzer) is centrifuged and the appropriate amount of
plasma is removed or added to obtain the target HT [16-20]. The disadvantage of the second
procedure is that the HT of each batch of blood needs to be measured by a hematology
analyzer, but there’s no tedious pipetting of the packed RBC. The first procedure seems to
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control both the volume of RBC and the volume of plasma. However, the centrifuged red
blood cell fraction still contains plasma between the cells. The volume of plasma which is
still present in the red blood cell fraction may depend on the centrifugal procedure and
may result in a lower HT value than the target HT value. Various centrifugal procedures may
produce different HT values. In current literature, the HT preparation procedure is often
not accurately described and may have had a negative influence on the target HT [7, 8, 15,
21-27]. Articles that describe the preparation of a target HT by pipetting RBC and plasma
use varying centrifugal procedures like 2 minutes at 1000g [9], 10 minutes at 1543g [10,
12], 4 minutes at 7000g [28] and 10 minutes at 3506g [14]. It seems uncommon to refer to
the DIN 58933-1 (German National Standard) reference method, the CLSI H7-A3 (Clinical
Laboratory Standards Institute) standard or another reference method in the preparation of
HT values for DBS analysis [29, 30]. The DIN 58933-1 document mentions that the product
of the minimum relative centrifugal force (RCF ≥ 5000g) acting on the erythrocytes and the
centrifuging time in minutes is at least 100,000, implying a centrifugal time for example of
20 minutes at 5000g (20 x 5000 = 100,000). The product of the centrifugal time and the RCF
of 100,000 was not met by the earlier described centrifugal procedures for the preparation
of the target HT by pipetting RBC and plasma [9-14] , which ranged from 2000 (2 min x
1000g) [9] to 35060 (10 min x 3506g) [14]. The CLSI H7-A3 standard describes the use of a
microhematocrit centrifuge spinning at 10,000g to 15,000g. The centrifuge method should
be calibrated by testing the minimum packing time which is required to obtain a stable
minimum packed cell volume for two consecutive time series [30]. For this study, the optimal
centrifuge method was derived from both the DIN 58933-1 reference method and the CLSI
H7-A3 standard. Since HT effects are common in DBS analysis, the preparation procedure
of the target HT was considered a critical step in DBS analysis.
The varying HT preparation procedures described in literature may cause a variation in the
prepared HT values and may influence the analytical results in DBS analysis. This effect may
be underestimated at this time and was thus subject of this investigation.
The aim of the study was to establish the best procedure for the preparation of target HT
values based on two common procedures. The first procedure involved pipetting RBC and
plasma while the second procedure involved removing or adding plasma. These procedures
were compared with some different HT preparation procedures described in literature and
were all evaluated with the HT assay results of a hematology analyzer.
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MATERIALS and METHODS
Chemicals and materials

3.1

Citrate whole blood was purchased from Sanquin (Amsterdam, The Netherlands) and was
used within two weeks after blood donation and was always checked on hemolysis before use.
The whole blood was stored at 4°C. A Hettich centrifuge model 460R (Tuttlingen, Germany)
was used to centrifuge the whole blood for HT preparation.
A XN-9000 hematology analyzer from Sysmex (Hyogo, Japan), using flow cytometry, was
applied for all HT analyses and was an integral part of the routine patient HT analyses in
the authors’ hospital.

The preparation of the target HT
In order to test the HT preparation procedure, HT calibration curves from three different
lots were each prepared in triplicate by the two described different preparation procedures
in order to achieve target HT values of 0.10, 0.20, 0.30, 0.40, 0.50, and 0.60 L/L. The whole
blood was first allowed to reach ambient temperature under very gentle tumble mixing
before any centrifugation tests were performed.
The first preparation procedure was performed by centrifuging citrate whole blood and
separating the plasma supernatant and the RBC. Then, the RBC and plasma were mixed
together in order to obtain the target HT. The RBC were pipetted using an Eppendorf air
displacement pipette with two times pre-wetting of the pipette tip. Pre-wetting is a standard
procedure for viscous samples recommended by Eppendorf AG (Hamburg, Germany), the
producer of the Eppendorf pipette.
The second preparation consisted of centrifuging citrate whole blood with a known HT
(measured by the Sysmex XN-9000 analyzer), followed by removing or adding the necessary
volumes of plasma to achieve the target HT values. The two optimized HT preparation
procedures are described in table 1.
Centrifugation procedures found in DBS publications, which make use of the pipetting of
RBC and plasma, were used to prepare target HT values of 0.50 L/L in triplicate, as described
above. The following centrifugation procedures were tested: 2 minutes at 1000g [9], 10
minutes at 1543g [10, 12], 4 minutes at 7000g [28] and 10 minutes at 3506g [14].

41

Chapter 3.1

Table 1

The two optimized hematocrit (HT) preparation procedures

Step

First procedure

Second procedure

1

Centrifuge for 30 minutes at 4637g

Measure the HT with a hematology analyzer

2

Transfer plasma supernatant to fresh tube

Centrifuge for 5 minutes at 2000g

3

Discard approximately 300 µL of the top layer
to minimize the amount of plasma in the RBC
section

Remove or add the necessary volume of plasma

4

Gently homogenize the RBC

Gently homogenize the blood tube

5

Pipette the necessary volumes of RBC and
plasma together

Measure the HT with a hematology analyzer

6

Measure the HT with a hematology analyzer

The pipetting of the red blood cells (RBC) was performed by reverse pipetting with two times pre-wetting, using
an Eppendorf air displacement pipette.

The prepared samples were analyzed for their HT using the Sysmex XN-9000. The prepared
target HT and the measured HT of the HT calibration curves were compared using Passing and
Bablok regression analysis with Analyse-it® (version 2.30) software (Leeds, United Kingdom).

RESULTS AND DISCUSSION
The pipetting of the RBC appeared to be a critical step in the DBS procedure because of the
high viscosity of the RBC. The use of a Gilson positive displacement pipette, which is very
suitable for pipetting viscous samples, caused hemolysis by the friction of the plunger. An air
displacement pipette (Eppendorf Hamburg, Germany) with careful reversed pipetting and
two times pre-wetting proved to be the best approach. Centrifuging at 4637g for 30 minutes
resulted in no further decrease in RBC levels compared with the preceding centrifugation
time, which complied with the CLSI H7-A3 standard. The centrifugal procedure also complied
with the DIN 58933-1 guideline, where the RCF multiplied with the time in minutes, was
in this case 138,000 and was higher than the recommended value of >100,000 (where the
RCF should be >5000).
For the procedure of pipetting the RBC and plasma, the Passing and Bablok results of the three
prepared HT curves in triplicate showed a difference of -11% between measured HT relative
to target HT according to the following equation: y = 0.89x – 0.01, with 95% confidence
intervals (CI’s) of 0.86 to 0.95 for the slope and -0.02 to 0.01 for the intercept (figure 1).
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Figure 1 Results of the Passing and Bablok and residual plots where the prepared target hematocrit was
compared with the measured hematocrit using a Sysmex XN-9000 analyzer.
The target hematocrit was prepared by pipetting red blood cells and plasma in triplicate for each of the 3 batches
of blood at each hematocrit level. N = 9 at each of the 6 hematocrit levels. The following equation was found: y =
0.89x – 0.01, with 95% confidence intervals (CI’s) of 0.86 to 0.95 for the slope and -0.02 to 0.01 for the intercept.

The coefficients of variation (CV’s) for the HT measurements ranged between 3.95% and
7.04% per HT value (n=9). The procedure of adding or omitting plasma from blood with a
measured HT showed a deviation in HT of 0% according to the following equation: y = 1.00x –
0.00, with 95% CI’s of 0.95 to 1.03 for the slope and -0.01 to 0.01 for the intercept (figure 2).
43

Chapter 3.1

Scatter Plot with Passing & Bablok Fit

0,6

Measured hematocrit (L/L)

0,5

0,4
Identity

0,3

Passing & Bablok (I) fit
(-0.00 + 1.00x)
95% CI bands

0,2

0,1

0
0

0,1

0,2

0,3

0,4

0,5

0,6

Prepared hematocrit (L/L)

Residual Plot

0,005
0,004
0,003

Residual

0,002
0,001
0
-0,001
-0,002
-0,003
-0,004
0

1

2

3

4

5

6

Rank (Xi,Yi)

Figure 2 Results of the Passing and Bablok and residual plots where the prepared target hematocrit was
compared with the measured hematocrit using a Sysmex XN-9000 analyzer.
The target hematocrit was prepared by removing or adding plasma in triplicate for each of the 3 batches of
blood at each hematocrit level. N = 9 at each of the 6 hematocrit levels. The following equation was found: y =
1.00x – 0.00, with 95% CI’s of 0.95 to 1.03 for the slope and -0.01 to 0.01 for the intercept.

The CV’s for the HT measurements ranged between 2.13% and 3.65% per HT value (n=9).
The procedure of adding or omitting plasma yielded lower CV’s compared to the pipetting
of RBC and plasma, indicating that this is a more robust procedure.
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The varying centrifugal times and forces combined with pipetting of the RBC and plasma
as mentioned in previous publications provided similar deviations of the HT, as can be seen
in table 2.

3.1

The procedure of centrifuging for 2 minutes at 1000g showed by far the highest deviation, and
can be considered as inadequate. The differences between the other centrifugal procedures
were of much less influence on the HT preparation procedure. However, all the centrifugal
procedures that used the pipetting of RBC and plasma yielded biases between -7.9% and
-16.1%. It can be concluded that the procedure of pipetting RBC and plasma will unavoidably
cause an error in the prepared HT. And this procedure should only be used after correction
by HT measurements for every HT preparation using a hematology analyzer. Maybe this
procedure could be validated over time with various batches of blood, where a constant
bias and a low batch to batch variability may provide a correction factor.
As a consequence of these discrepancies, the HT effects mentioned in the literature should
be interpreted with caution, since real HT values may deviate from the mentioned HT values.
A HT preparation procedure that causes deviating HT values is especially advised against
when a HT effect has been observed and standards and quality control samples are prepared
with a HT value that was meant to represent the patient population. This prepared HT value
may already cause analytical biases due to the different HT values of the standards and the
patient population.

Table 2 The varying centrifugal times and forces combined with pipetting of the RBC and plasma derived
from previous publications
Centrifugal parameters

Bias (%)

CV (%)

2 minutes at 1000g

-16.1

0.14

10 minutes at 1543g

-12.1

0.57

10 minutes at 3506g

-9.7

0.78

5 minutes at 10,000g

-9.2

1.14

30 minutes at 4637g

-9.1

1.25

4 minutes at 7000g

-7.9

0.13

The prepared target hematocrit values were compared to the hematology analyzer resulting in the stated
biases (n=3).
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CONCLUSIONS
The preparation of the target HT with the pipetting of RBC and plasma (first procedure)
caused a significant bias in the HT and can only be used when the HT is corrected with the
measured HT using a hematology analyzer. The procedure of adding or removing plasma from
blood with a known HT (second procedure) caused no error in the HT and was considered
the preferred HT preparation procedure. It is recommended that as part of quality assurance
the target HT should be measured after preparation using a hematology analyzer.

FUTURE PERSPECTIVE
The use of dried blood spot (DBS) analysis for therapeutic drug monitoring will play an
increasing role in the future. The investigation of critical parameters such as the preparation
of the target hematocrit value for calibration curves and quality control samples will lead
to improved procedures for DBS validation and analysis. This will ensure that future DBS
analysis results will be generated with improved quality standards.
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Abstract
Moxifloxacin (MFX) is a potential oral agent use in the treatment of multidrug-resistance
tuberculosis (MDR-TB). Due to variability in pharmacokinetics and in vitro susceptibility of
causative bacteria, therapeutic drug monitoring (TDM) of MFX is recommended. Conventional
plasma sampling for TDM is facing logistical challenges, especial in limited resource areas,
and dried blood spots (DBS) sampling may offer a chance to overcome this problem. The
objective of this study was to develop a LC-MS/MS method for determination of MFX in
dried blood spots (DBS) that is applicable for TDM.
The influence of paper type, the hematocrit (HT) and the blood volume per spot (Vb) on
the estimated blood volume in a disc (Vest) was investigated. The extracts of 8mm diameter
discs punched out from DBS were analyzed using liquid chromatography tandem mass
spectrometry (LC-MS/MS) with cyanoimipramin as internal standard. The method was
validated with respect to selectivity, linearity, accuracy, precision, sensitivity, recovery and
stability. The effect of HT and Vb on the LC-MS/MS analytical result was also investigated.
The relationship between MFX concentrations in venous and finger prick DBS and those in
plasma was clinically explored.
Vest was highly influenced by HT while the effect of Vb appeared to be different among paper
types. Calibration curves were linear in the range of 0.05–6.00 mg/L with inter-day and
intra-day precisions and biases of less than 11.1%. The recovery was 84.5, 85.1 and 92.6
% in response to blood concentration of 0.15, 2.50 and 5.00 mg/L, respectively. A matrix
effect of less than 11.9% was observed. MFX in DBS was stable for at least 4 weeks at room
condition (temperature of 25°C and 50% of humidity). A large range of HT value produced a
significant analytical bias and it can be corrected with resulting DBS size. A good correlation
between DBS and plasma concentrations was observed and comparable results between
venous DBS and finger prick DBS was attained. This fully validated method is suitable for
determination of MFX in dried blood spot and applicable for TDM.
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INTRODUCTION
Fluoroquinolones play a crucial role in MDR-TB treatment regiment [1]. Moxifloxacine
(MFX) is one of the most promising drug of this group with high in vitro and in vivo activity
and is well tolerated [2-4]. Furthermore, MFX may be useful in extensively drug-resistant
tuberculosis (XDR-TB) [5]. MFX appeared to be effective in shortening tuberculosis treatment
if it is added to or substituted for an agent in the standard regimen [6]. In selected patient
populations (e.g. HIV and tuberculosis meningitis), MFX is a potential candidate to become
part of the routine treatment [7, 8].
Although MFX is frequently used in the treatment of tuberculosis, the optimal dosage of
MFX in tuberculosis treatment is not clearly defined [9]. The in vitro pharmacodynamic
infection model showed optimized efficacy using a dosage of 800 mg per day, while 400 mg
per day is given in daily practice [1, 7, 9]. Furthermore, a significant drop in area under the
curve (AUC) of MFX of approximately 30% is observed if rifampicin as an enzyme inducer is
administered concomitantly [10]. Taking these facts in consideration, a TDM may help to avoid
too low blood levels and to improve the treatment outcomes [11]. Unfortunately, facilities
for determination drug level in remote rural areas are not available. As blood samples are
unstable at room temperature and cooled shipment is not feasible, the application of DBS
sampling is a potential solution to overcome these logistical problems. Although MFX is
stable in plasma at the room temperature for at least 5 days [12] long distance transport may
take more time or room temperature may be exceeded during transport. DBS sampling has
also other advantages including easily to perform; lower risk of infection and the required
blood sample volume is smaller [13, 14]. Although the influence of HT and volume of the
bloodspot (Vb) were emphasized as potential confounding factors, these may vary for each
drug. Therefore HT and Vb need to be investigated in DBS method development [13-19].
Up to now, DBS method had been developed for the pharmacokinetics and TDM of a number
of drugs [13, 14, 20]. As DBS proved its value in TDM of HIV drugs it may also help to optimize
the treatment of tuberculosis (TB), especially with MDR-TB.
Clinical validation is highly recommended for DBS method development because HT, viscosity,
and consistence of blood may vary between patients. In the clinical validation the relation
between the plasma concentration and the concentration of the drug in whole blood
(plasma-blood cell partition coefficient) can be determined. The result obtained with DBS
can be translated to the reference value which have been determined in serum or plasma
value using the blood/plasma ratio [13].
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The objectives of our study are to develop a LC-MS/MS method for determination of MFX
in DBS, and to investigate the effect of influencing factors of this method of sampling and
matrix on DBS method development.

MATERIALS and METHODS
Chemicals and reagents
Moxifloxacin hydrochloride was provided by Bayer AG (Berlin, Germany). The internal
standard, cyanoimipramine, was supplied by Roche (Woerden, The Netherlands). Acetonitrile
(ACN) Lichrosolve and water for LC/MS were purchased from BioSolve (Valkenswaard, The
Netherlands). The chemicals, including methanol (MeOH) Lichrosolve and trifluoroacetic
anhydride, were of HPLC or analytical grade and were obtained from VWR (Amsterdam,
The Netherlands). Three types of paper, including Whatman 31 ET CHR, Whatman 903 and
Whatman N03 were used. The punching machine (punch diameter = 8 mm) was supplied
by Technical Support Facilities of the University of Leiden (NL) by P.M. Edelbroek PhD,
(Heemstede, the Netherlands) [13]. Packed cells and pooled human serum were provided
by the Department of Haematology, University Medical Center Groningen according to local
regulations.

Sample preparation
Stock solutions of MFX were prepared as stock A and stock B by dissolving MFX HCl in water
at concentration of 200 mg/L in order to make calibration standards and quality control (QC)
samples. The stock solutions were diluted to working stock solutions of 10 mg/L (working
stock A1 and B1).
Packed red blood cells (RBC) were centrifuged and the preserving solution was discarded.
The subsequent cells were washed three times with physiological buffer and one time with
serum before adding a precise volume of serum to produce pooled blood with the HT of
20, 35 and 50%.
Calibration blood was prepared at concentrations of 0.05, 0.15, 0.50, 1.00, 2.00, 3.50, 5.00
and 6.00 mg/L by adding stock solution A or A1. QC samples, including LLOQ (lower limit
of quantitation), LOW, MED, HIGH, OC (over the calibration curve) at concentration of 0.05,
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0.15, 2.50, 5.00 and 10.00 mg/L, respectively, were prepared from stock solution B and B1
by the same method. All tests for the validation were performed using the HT of 35% except
for the evaluation of the HT effect itself.
To prepare a DBS, 50 μL of blood was transferred onto paper by an Eppendorf pipette. It was
left to dry for at least 3 hours at room temperature and then preserved in a sealed plastic
bags at -80°C. Each QC level was prepared in six folds of which five were analyzed.
The extracting solution consisted of cyanoimipramine 0.03 mg/L in a mixture of methanol
and water (9:1, v/v). An 8 mm diameter disc was punched out from the DBS and was then
transferred to a 1.5 mL Eppendorf tube where 300 μL of extracting solution was added. The
extraction was accelerated by 60 minutes of sonication. After sonication 200 μL of the extract
was transferred to a polypropylene vial and 5 μL was injected into the LC-MS/MS system.

Equipment and conditions
All samples were analyzed on a Thermo Fisher Scientific TSQ Quantum Discovery (Waltham,
US) triple quadrupole LC-MS/MS with a Thermo Surveyor MS pump and a surveyor plus
autosampler with a set temperature of +20°C. Analyses were performed on a 50 mm x 2.1
mm HyPurity C18 5-μm analytical column (Interscience Breda, the Netherlands). The mobile
phase at flow rate of 0.3 mL/min consisted of purified water, acetonitrile and an aqueous
buffer (containing ammonium acetate 10 g/L, acetic acid 35 mg/L and trifluoracetic anhydride
2 mL/L water). The buffer was maintained constant at 5% during the gradient (table 1).
The Thermo TSQ Quantum Discovery mass selective detector was used in positive ion mode
and performed selected reaction monitoring as scanning mode. The mass parameters of

Table 1

Solvent gradient program

Time (min)

Buffer (%)

Water (%)

Acetonitrile (%)

0.00

5

95

0

0.50

5

35

60

1.60

5

35

60

1.61

5

0

95

2.90

5

0

95

2.91

5

95

0

3.50

5

95

0
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m/z 402.0 – 358.2 (collision energy 19 eV) and m/z 306.0 – 218.0 (collision energy 39 eV)
were measured with scan width of 0.5 m/z for MFX and cyanoimipramine detection. Ion
spray voltage, sheath gas pressure, auxiliary gas pressure and capillary temperature were
set at 3,500 V, 35 arb (arbitrary units), 5 arb and 350°C, respectively. Peak height integration
and quantification of the components were achieved with Xcalibur software version 1.4. SRI
(Thermo Fisher Scientific, Waltham, US).

Method development and validation
Method development
To determine MFX in a DBS, a fixed diameter disc is punched out from DBS. Normally, it is
assumed that blood volumes in different discs are equal. However, paper type, blood viscosity,
that mostly relates to HT, and Vb, were possible factors introducing analytical bias [13, 14,
19]. As a consequence, we evaluated the variation in disc-weight and blood spreading with
three types of paper including Whatman grade 3, Whatman 31ET CHR and Whatman 903.
From each of six paper cards taken randomly, six blank paper discs were punched out and
scaled to determine disc-weight variation. In addition, a precise blood volume of 10, 15, 20,
25, 30, 35, 40, 45, 50, 55 and 60 μL with a HT of 20, 35 and 50% was pipetted on the paper
in 6 fold. From both sides of the blood spots, images were taken using a Nikon D60 camera.
Areas of blood spots were measured by image analysis using ImageJ® software (version
1.42q). The Vest was calculated using the equation: Vest = (1/4).π.d2.Vb/SDBS (1).
In Eq. (1), d is diameter of the punch (8 mm); Vb and SDBS are blood volume and respective
DBS area. For each type of paper, linear regression analysis was performed to estimate
the effect of the two parameters, HT and Vb, on the variation of Vest. The changes of Vest
over the investigated range of HT and Vb were calculated as ErrorHct  Hct bHct / Vest and
ErrorVb  Vb bVb / Vest , respectively. In which, Vest is the average of Vest.  Hct and  Vb are

the differences between the lowest and the highest values of HT and Vb that were investigated,
respectively; bHT and bVb are unstandardized regression coefficients of HT and Vb. To develop
the extraction method, different extracting solutions including MeOH, ACN, water, the
mixture of ACN:MeOH (16:84, v/v) and the mixtures of MeOH:water (10:90 and 20:80, v/v)
were tested with a sonication time of 30min. The extracting solution was selected based on
the visual signs and the chromatographic response of the extraction. With this extracting
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solution, the sonication time of 0, 10, 30, 60 and 100 min was evaluated and the optimal value
was selected. The DBS at concentration of 2.5 mg/L was used in the method development.

Method validation
The method was validated in terms of linearity, selectivity and specificity, accuracy, precision,
dilution integrity, carry-over, process efficiency and stability [21]. Validation was performed
with a maximum tolerated bias and coefficient of variation (CV) of 20% for the LLOQ and
15% for the other validation concentrations. In addition, the influence of HT and Vb were
also evaluated.
On each of three consecutive days, a single calibration curve with eight concentration levels
was analyzed. Calibration curves were then established using 1/x weighted linear regression.
Peak height ratios of MFX and the internal standard were used to calculate concentrations.
Inter and intra-day reproducibility was evaluated at LLOQ, LOW, MED, HIGH and OC levels.
The extract at OC level was diluted ten times with the extract of a blank DBS and the analytical
result was then multiplied by ten to correct for the dilution. Selectivity and specificity were
evaluated by analyzing blank and LLOQ DBS samples prepared from five different batches
of real human blood. The carry-over was estimated by injecting a blank sample five times
after analyzing a HIGH-level sample. To calculate the process efficiency, 10 µL of blank and
QC (LOW, MED and HIGH) blood were used to make a spot. The whole spot was punched
out and extracted. Process efficiency, which was defined as matrix effect and recovery, was
calculated from peak height responses of three solutions (A, B and C). Solution A was the
extract of 10 µL QC DBS in extracting solution. Solution B was the mixture of MFX stock
solution and the extracting solution at concentrations equal to nominal values of solution
A. Solution C was the extract of 10 µL blank DBS which was extracted by solution B. The
matrix effect and recovery were determined as: matrix effect = (C−B)/B; recovery = A/C [14].
In addition, the matrix effect was also investigated by injecting the extracts of five DBS
samples derived from finger pricks of MFX free volunteers while MFX and cyanoimipramine
neat solution were post-column infused [22].
The stability of processed samples after 24 and 48 hours stored in the auto-sampler was
evaluated by re-injecting the extracts of previous days and calibrated by a freshly prepared
calibration curve. Long-term stability was investigated for -80°C, room condition (25°C and
50% of humidity), high temperature (50°C) and high humidity (~100% at room temperature)
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at 2 weeks and 4 weeks after DBS preparation. High humidity environment was created by
storing DBS in a sealed plastic bag with wet tissues without contacting with DBS paper and
monitored by a hygrometer.

Influence of HT and Vb
Tuberculosis patients have a relatively low HT value of approximately 35 ± 6% [23]. For
this reason, HT values of 20, 25, 30, 35, 40, 45 and 50% were evaluated using the same
experiment described in the method development section. A linear regression equation
between Vest and HT was constructed. Furthermore, the QC level of LOW, MED and HIGH at
each HT value were prepared, analyzed and calibrated by calibration samples with a HT of
35%. The result was then corrected by the following equation:

Ccorrected  Cobserved

Vstd

Vstd
 bHct  35

(2)

Ccorrected is the concentration after correcting for HT; Cobserved is the concentration before
correcting for HT; Vstd is the Vest at standardized HT (35%); HT is the HT of corrected sample;
b is the regression coefficient between Vest (µL) and HT (%)
Blood volumes of 30, 50 and 100 μL were used to make different DBS sizes. Discs were
punched out from the central part of the DBS and analyzed in five fold. Calibration samples
with a blood volume of 50 μL were used to calculate the influence of Vb.

Clinical validation
The samples for clinical validation were taken from tuberculosis patients who received MFX
400 mg once daily orally as part of their treatment .The study protocol was approved by
the local institutional ethics committee. Written informed consent was obtained from the
patients. Venous blood sampling with a volume of about 3 ml was performed by nurses
before the intake of the drug and at 1, 2, 3, 4 and 8 h after oral administration. At each
sampling time, a venous DBS was prepared by pipetting 50 µL of the venous blood onto
the paper. The remaining venous blood was centrifuged at 3,000 rpm and the plasma was
withdrawn and stored at - 20°C until analysis. In addition, at the time of pre-dosing, 2 and 8
h post-dose, finger pricks were taken and blood was dropped directly on the paper to make
the finger prick DBS. The DBS were left dried for at least 3 h and then stored in a sealed
plastic bag at -80°C before analysis. The DBS samples were analyzed using the developed
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method and the plasma samples were analyzed by the routine analytical method in our
laboratory [12]. The correlations between venous DBS, DBS from finger prick and plasma
concentrations were evaluated by simple linear regression and Passing&Bablok regression
with the help of Analyse-it® software.

3.2

RESULTS
Method development
The evaluation of the different types of filter paper showed that disc weight relates to the
paper’s thickness and its matrix. The variation in disc weight may contribute to the variation
of Vest and subsequently to the analytical result. Among the three types of paper tested the
Whatman 31ET CHR showed the smallest variation in disc weight with a CV of 2.3% (table 2).
With the assumption that blood equally spreads from the centre to peripheral of the DBS, Vest
apparently represents blood volume in a punched disc. Linear regression analysis showed that
HT and Vb highly contributed to the variation of Vest but was not equal among different types
of paper. Whatman 31ET CHR showed the highest R2 of 0.89 which means 89% of variation in
Vest can be explained by the regression model for this type of paper. Furthermore, the effect
of the Vb was of no significant influence (βVb=0.03, p=0.246) suggesting that blood equally
spreads on this paper regardless the size of DBS. In contrast, HT is an important predictor
which explains 88% (equal to β2HT) of total variation of the Vest. If the results are corrected
for HT, the accuracy of the DBS method can be improved. For the other two types of paper
the lower R2 value suggested that the variation in Vest is less explained by the HT and Vb. In
addition, the contributions of these parameters are not unique because βHT and βVb vary
among different paper types (table 2).
Table 2

Variability in disc weight and the effect of HT, Vb on Vest among 3 types of paper
Effect of HT and Vb on Vest

Disc weight
Mean (mg)

CV (%)

Mean (SD)

βHT

N0 3

9.10

4.1

15.87 (1.22)

0.68*

903

9.32

3.2

18.95 (2.48)

31ET CHR

9.59

2.3

19.95 (1.95)

Paper

βVb

R2

ErrorHT

ErrorVb

0.41*

0.62

12.8%

9.8%

0.84

*

0.13

0.72

26.8%

5.2%

0.94

0.03

0.89

22.5%

0.9%

*
*

HT was centralized at 35% and Vb was centralized at 35 (µL), βHT, βVb: standardised regression coefficient of HT
and Vb, R2: total correlation coefficients of the model. * p <0.001.

59

Chapter 3.2

The difference in HT ranged from 20 to 50%. This produced an ErrorHT of 12.8% with Whatman
N03, 22.5% with Whatman 31ETCHR and up to 26.8% with Whatman 903. With Whatman
31ET CHR the ErrorVb was only 0.9% and this suggests the bias was not explained by Vb.
However, with Whatman N03, the bias caused by Vb can reach 9.8%. The Whatman 31ET
CHR showed a high correlation between the bias of Vest and HT. Based upon these results
the Whatman 31ET CHR was selected for the method development.
The extract in water was dark and not suitable for injecting into the LC-MS/MS system. We
did not intend to develop another step to clean this extract because it required a more
complicated procedure. In addition, MFX appeared to be poorly extracted by ACN or the
mixture of ACN:MeOH (16:84 v/v %) because a very low response was observed. The extract
in MeOH was clear and produced a high chromatographic response. By adding 10 or 20%
of water, the chromatographic response was improved. However, with 20% water, the
extract became darker and therefore the mixture of 10% MeOH was selected. During the
optimization of the extraction peak height responses increased with increasing sonication
time. The maximum extraction performance was achieved at 60 minutes, where no significant
difference was observed between 60 and 100 min (p=0.43) (figure 1). Therefore, 60 min of
sonication was selected to be used in the method validation.

Method validation
Selectivity and interference
No interfering peaks at the retention time of MFX and cyanoimipramine were observed in
the chromatograms of 5 blank blood DBS samples. The responses of blank DBS samples
were lower than 4% of those of the LLOQ DBS. These results showed that the method is
selective and specific (figure 2).

Linearity, accuracy and precision
Calibration regression lines (n=3) were linear in the range of 0.05–6 mg/L with correlation
coefficients (R2) of 0.9986 ± 0.0015. The attained regression equation is: y = 0.1376(SD=0.0156)x
+ 0.00026 (SD=0.0014).
The results of inter and intra-day reproducibility, with respect to bias and precision were
within accepted range for all QC levels, with a maximum bias of -8.1% and a maximum CV
of 8.7%. The maximum bias and CV of the OC samples after correcting for the dilution were
-11.1% and 5.8%, respectively (table 3).
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Figure 1 Influence of sonication time on the response of DBS extracts (n=5).
Results were presented as mean ± SD.

Figure 2 Representative chromatograms.
Chromatograms of cyanoimipramin (a) and moxifloxacin (b) in a blank DBS extracted by blank extracting solvent
(A); in a blank DBS (B), a LLOQ DBS (MFX=0.05 mg/L) (C) and a patient finger prick DBS (MFX=1.49 mg/L) (D)
extracted by extracting solvent with internal standard (cyanoimipraimin = 0.3 mg/L).
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Table 3

Accuracy and precision results (n=5)
QC level (nominal conc.)
(mg/L)

Mean conc.
(mg/L)

Precision
(CV %)

Accuracy
(bias %)

Day 1

LLOQ (0.05)
LOW (0.15)
MED (2.50)
HIGH (5.00)
OC (10.00)

0.053
0.146
2.572
5.244
10.343

6.8
8.7
2.4
1.7
5.5

5.8
-2.6
2.9
4.9
3.4

Day 2

LLOQ (0.05)
LOW (0.15)
MED (2.50)
HIGH (5.00)
OC (10.00)

0.051
0.138
2.360
4.705
8.892

4.9
3.5
3.3
2.4
2.3

2.8
-8.1
-5.6
-5.9
-11.1

Day 3

LLOQ (0.05)
LOW (0.15)
MED (2.50)
HIGH (5.00)
OC (10.00)

0.050
0.153
2.388
4.968
8.955

5.4
2.8
5.5
3.2
5.8

0.3
2.2
-4.5
-0.6
-10.4

Inter-day

LLOQ (0.05)
LOW (0.15)
MED (2.50)
HIGH (5.00)
OC (10.00)

0.051
0.146
2.440
4.972
9.397

5.8
6.9
5.4
5.1
8.7

3.0
-2.8
-2.4
-0.6
-6.0

LLOQ: lower limit of quantification; MED: medium; OC: over the calibration curve.

During method development, carry-over was observed and re-injections of blank samples
for at least 4 times were needed to totally eliminate the carry-over effect. Consequently, 5
injections of blank sample were used after a HIGH level sample to resolve carry-over during
validation.

Recovery
High recoveries of 84.5%, 85.1% and 92.6% for QC LOW, MED and HIGH were achieved
and no significant matrix effect was observed (table 4). Furthermore, no significant ion
suppression or ion enhancement visually presented at the retention time of MFX (1.5 min.)
or cyanoimipramine (2.0 min.) during ion suppression testing with post-column infusion
(figure 3).
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Table 4

Matrix effect and recovery of the DBS method (n=5)

QC level
(nominal conc.) (mg/L)

Response
Solution

Mean

CV (%)

Matrix effect (%) (C/B-1)

Recovery (%) (A/C)

LOW (0.15)

A
B
C

0.020
0.024
0.024

6.0
3.7
3.8

- 3.4

84.5

MED (2.50)

A
B
C

0.335
0.446
0.393

2.5
5.1
1.8

-11.9

85.1

HIGH (5.00)

A
B
C

0.676
0.769
0.730

3.3
2.0
1.2

-5.1

92.6

3.2

A, B and C = response of solution A, B and C.

Figure 3 Representative ion suppression chromatograms obtained from post-column infusion experiments
with blank DBS samples.
(a) cyanoimipramin; (b) moxifloxacin.

Stability
The stability of processed samples in the auto-sampler was evaluated at 24 and 48 hours
and complied with the validation criteria. For long-term stability, the DBS samples were
stable at room conditions for 2 and 4 weeks. However, high humidity and high temperature
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significantly accelerated the degradation of MFX in DBS as the MFX amounts decreased
up to -33.5% bias (table 5). This indicates that the samples should not be exposed to high
temperatures and extremely high humidity.

Influence of HT and Vb
The regression equation between Vest and HT was:
Vest = 19.98 + 0.1398 × (HT-35) (R2 = 0.81).
From this result, Vstd of 19.98 and b of 0.1398 were applied to Eq. (2). Extreme HT percentages
showed high analytical biases before correcting. The difference of uncorrected concentrations
between lowest and highest HT was approximately 40%. After correcting for HT, the biases
were lowered and fell within the accepted range of 15% (figure 4).
The Vb showed to have an effect on the concentration by less than 15% bias. The Vb showed
to be directly proportional to the concentration of the DBS. Even though the volume of the
DBS has a minor effect on the concentration of the punched area of the DBS, it does affect
the accuracy of the analysis within validation requirements (figure 5).

Clinical validation
For clinical validation, the plasma, venous DBS and DBS from finger prick samples were
taken from 6 tuberculosis patients with hematocrit values of 26, 37, 33, 41, 35 and 38%. The
Table 5

Stability after 2 and 4 weeks stored in different conditions (n=5)

Condition

QC level
(nominal conc.)
(mg/L)

2-week stability

4-week stability

Mean conc.
(mg/L)

CV
(%)

Bias
(%)

Mean conc.
(mg/L)

CV
(%)

Bias
(%)

- 80°C

LOW (0.15)
HIGH (5.00)

0.156
4.886

3.5
1.8

4.1
-2.3

0.161
5.324

4.3
4.9

7.4
6.5

Normal

LOW (0.15)
HIGH (5.00)

0.158
4.660

4.2
2.9

5.5
-6.8

0.158
5.231

6.0
6.0

5.4
4.6

50°C

LOW (0.15)
HIGH (5.00)

0.124
3.869

5.8
1.4

-17.1
-22.6

0.112
3.503

4.5
6.2

-25.4
-29.9

Humidity

LOW (0.15)
HIGH (5.00)

0.117
3.325

31.9
39.2

-21.7
-33.5

0.124
4.518

17.1
14.4

-17.4
-9.6
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Figure 4 Influence of HT on analytical results and the analytical results corrected by HT (n=5).
Before correction for HT: (a); after correction for HT: (b). LOW: opened square, dash line; MED: closed triangles
dot line; HIGH: closed circles, solid line.

Figure 5 Influence of blood volume on analytical results (n=5).
LOW: opened square, dash line; MED: closed triangles dot line; HIGH: closed circles, solid line.
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Figure 6 Correlation between MFX concentration in venous/finger prick DBS and plasma.
Correlation between venous DBS and plasma concentration (cross): Passing Bablok regression line (dot line,
n=36), y = 1.59x - 0.04 (95% CI slope: 1.50–1.66, intercept: -0.15–0.03); simple linear regression coefficient
R2=0.973. Correlation between finger prick DBS and plasma concentrations (closed circles): Passing Bablok
regression line (dash line, n=18), y = 1.49x - 0.05 (95% CI slope: 1.32–1.77, intercept: -0.30–0.06; Simple linear
regression coefficient R2=0.966.

simple linear regression showed excellent correlations between the plasma level and the DBS
level: finger prick DBS, R2 0.966 (n=18); venous DBS, R2 0.973 (n=36). Using a Passing Bablok
regression, the obtained slopes of regression lines between DBS and plasma concentrations
was significantly higher than 1 (95% CI: finger prick DBS, 1.32–1.77; venous DBS, 1.50–1.66),
and thus shows systemic differences between DBS and plasma concentrations (figure 6). A
comparable result between finger prick DBS and venous DBS concentrations was observed:
y = 1.01x - 0.05 (95% CI slope: 0.92–1.11 and intercept: -0.23–0.01).

DISCUSSION
We developed a method of analysis for routine monitoring of MFX using dried blood spot
sampling. Our method was based on punching and extracting a part of the collected blood
spot using LC/MS/MS. Validation was performed according to the guidelines for bioanalytical
method validation. Effect of HT and Vb were evaluated as part of this validation. The method is
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suitable for clinical pharmacokinetic studies and routine monitoring of MFX in daily practice.
To the best of our knowledge this is the first described validation using DBS for MFX.
The HT value and blood volume showed to have a relation with the size of blood spot. Blood
with a high HT shows an increased viscosity resulting in a smaller bloodspot. This factor needs
to be addressed if the blood is not obtained with a volumetric capillary and only part of the
spot is extracted and analyzed. However, sampling with a finger prick without volumetric
capillary is easier and cheaper and can therefore be preferred in case of sampling in remote
rural areas. The impact of HT and Vb on the accuracy of DBS analysis should be emphasised
during method validation. Our results showed that with a HT range from 20 to 50%, a
significant difference of 22.5% in Vest was observed and therefore results should be corrected
for HT value. The correction can help to reduce the bias but seems not to totally eliminate
it. The remaining small bias may be the result of other factors such as chromatographic
effect in which the higher HT, the higher concentration of MFX in the central part of DBS
[13, 14]. Wilhelm et al. concluded that HT ranged from 20 to 70% produced no significant
bias of cyclosporin A concentration in DBS [15]. Nevertheless, even though all biases were
less than 15%, HT of 20 and 70% seemed to produce a higher bias. In the clinical application
of DBS, Marca et al. suggested that ignoring the impact of HT could lead to a serious error
especially if HT levels not within the normal range [20].
In case of sampling in remote rural areas, patients’ HT values are not always available and
in that case analytical bias caused by HT seems unavoidable. However, as TB patients have
a mean HT value of 35% and our method is calibrated on this point, the resulting difference
on the concentration of MFX is generally small.
In a clinical setting, it is difficult to control the size of the DBS without using a volumetric
device. The effect of the size of the DBS on the bias of the result appeared to have less impact
than the effect of the HT. The concentration of the DBS showed to be directly proportional
to the blood volume it was created with. Although the volume of the bloodspot showed
to be of influence, the differences were well within 15% bias (figure 5). Because the discs
were punched out from the central part of the DBS, the possible reason could be the
chromatographic effect of the paper in which MFX distributed more in the central and less
at the peripheral part. This experiment proved that it is best to create bloodspots that show
low variation in volume. On the other hand variation in volumes of 30–100 µL between
patient blood spots will still be within validation requirements.
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An ion enhancement caused by ethylenediaminetetraacetic acid (EDTA) on MFX analysis was
reported earlier [12]. We also experienced ion enhancement with DBS prepared from fresh
frozen plasma that contained citrate as anticoagulant. For that reason, we selected serum
to prepare DBS in which a matrix effect of less than 15% was observed.
In the clinical validation, it appeared that the MFX concentration in DBS was significantly
higher than in plasma. This can be explained by the unequal distribution of MFX between
plasma and blood cells caused by a difference in binding capacity to plasma proteins and
blood cells [24]. The slope of the regression lines of 1.49 (95% CI: 1.32–1.77) for finger blood/
plasma ratio and 1.59 (95% CI: 1.50–1.66) for venous blood/plasma ratio showed a higher
concentrations in blood than in plasma. Despite these differences, excellent regression
correlations were observed. The ratio can be used to translate the DBS concentration into a
plasma concentration. Comparable MFX concentrations between DBS from finger prick and
venous puncture were observed and thus suggested a similar MFX concentration between
the venous and the finger capillary blood. This result also confirmed that the DBS sampling
from the finger prick blood without a volumetric device was as reliable as using pipette.
Although the free drug concentration of MFX cannot be calculated based on a DBS result, it
still enables the attending physician to make clinical decisions on dosing MFX in TB patients.

CONCLUSION
A rapid and fully validated LC-MS/MS method was developed for determining MFX in DBS.
Vb is of minor influence compared to HT value on the analytical result. MFX concentrations
obtained with DBS are significantly higher than the plasma concentrations because of the
blood/plasma ratio but show a good correlation. As MFX is stable in DBS at room conditions
for at least 4 weeks, the method can facilitate pharmacokinetic studies and TDM of this drug
in remote rural areas.
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Abstract
Introduction: Rifampicin (RIF) and clarithromycin (CLR) are common drugs for the treatment
of infections like Mycobacterium tuberculosis and Mycobacterium ulcerans. Treatment
for these diseases are long-term and the individual pharmacokinetic variation, drug-drug
interactions or non-adherence may introduce sub-therapeutic exposure or toxicity. The
application of therapeutic drug monitoring (TDM) can be used to ensure efficacy and avoid
toxicity. With the use of dried blood spot (DBS), TDM may be feasible in rural areas. During
DBS method development, unexpected interactions or matrix effects may be encountered
due to endogenous components in the blood. Another complication compared to plasma
analysis is that RIF can form chelate complexes with ferric ions or can bind with hemes,
which are potentially present in the extracts of dried blood spots.
Methods: The investigation focused on the interaction between RIF and the endogenous
components of the DBS. The use of ethylenediaminetetraacetic acid (EDTA) and deferoxamine
(DFX) as chelator agents to improve recoveries and matrix effects were investigated. A rapid
analytical method was developed and validated to quantify RIF and CLR and their active
metabolites desacetyl rifampicin (DAc-RIF) and 14-hydroxyclarythromcin (14OH-CLR) in DBS
samples. A clinical application study was performed in tuberculosis patients by comparing
DBS concentrations with plasma concentrations.
Results: The interaction between RIF and the DBS matrix was avoided using the complexing
agents EDTA and DFX, which improved recoveries and matrix effects. The developed sample
procedure resulted in a simple and fast method for the simultaneous quantification of RIF,
CLR and their metabolites in DBS samples. High stability was observed as all four substances
were stable at ambient temperature for two months. Deming regression analysis of the clinical
application study showed no significant differences for RIF, DAc-RIF, CLR and 14OH-CLR between
patient plasma and DBS analysis. The slopes of the correlation lines between DBS and plasma
concentrations of RIF, DAc-RIF, CLR and 14OH-CLR were 0.90, 0.99, 0.80 and 1.09 respectively.
High correlations between plasma and DBS concentrations were observed for RIF (R2=0.9076),
CLR (R2=0.9752) and 14OH-CLR (R2=0.9421). Lower correlation was found for DAc-RIF (R2=0.6856).
Conclusion: The validated method is applicable for TDM of RIF, CLR and their active
metabolites. The stability of the DBS at high temperatures can facilitate the TDM and
pharmacokinetic studies of RIF and CLR even in resource limited areas. The role of EDTA
and DFX as complexing agents in the extraction was well investigated and may provide a
solution for potential applications to other DBS analytical methods.
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INTRODUCTION
Rifampicin (RIF) and clarithromycin (CLR) are used for the treatment Mycobacterial infections.
According to the tuberculosis (TB) treatment guideline of the World Health Organization,
RIF is the back bone of the first line anti-TB drugs in the treatment of Mycobacterium
tuberculosis. CLR is indicated for treatment of multidrug resistant (MDR) TB. In combination,
RIF and CLR showed high efficacy for the treatment of Mycobacterial ulcerans which is the
organism causing Buruli Ulcer disease [1]. RIF displays large pharmacokinetic variability
that may result in subtherapeutic drug exposure [2, 3]. It is well known that RIF is a liver
enzymes inducer while CLR is an inhibitor. Several studies suggested that RIF reduces the CLR
plasma concentration while CLR, on the other hand, increases the RIF plasma level [4, 5].
Furthermore, the metabolism of RIF and CLR by cytochrome P450 results in active metabolites
including 25-desacetylrifampicin (DAc-RIF) and 14-hydroxyclarithromycin (14OH-CLR) [6-8].
Therapeutic drug monitoring (TDM) might help to assure adequate exposure and therefore
may improve the treatment outcome of these drugs.
The common endemic areas for TB or Buruli Ulcer diseases often have limited resources.
Conventional plasma sampling is often not feasible due to lack of equipment or cooled
transportation [9]. Dried blood spot (DBS) sampling has many potential advantages such as
prolonged sample stability, lower risk of infections and transport at ambient temperature
[9, 10]. These advantages may facilitate the application and implementation of TDM even
in resource limited areas. Methods of analysis for the determination of RIF or CLR in the
biological fluids using high performance liquid chromatography (HPLC), liquid chromatography
tandem mass spectrometry (LC-MS/MS) have been reported earlier [11, 12], including the
simultaneous determination of rifampicin and clarithromycin [13, 14]. Only one report
described the development of an analytical method to determine RIF in DBS using HPLC
[15]. However, the described extraction method is time consuming, while the LLOQ of 1.5
mg/L is still too high regarding RIF trough levels ranging from 0.2–1.0 mg/L. In addition, the
DBS method did not include the determination of DAc-RIF. The application of LC-MS/MS
with high selectivity and sensitivity can help to deal with these limitations.
To extract DBS samples, hydrophilic or hydrophobic organic solvents can be applied [1618]. If hydrophilic extraction is implemented, further liquid-liquid extraction is not required
but endogenous components from the DBS matrix will contaminate the extract [19]. The
endogenous components in the blood may cause unexpected interactions or matrix effects
during the analysis [20]. Another complication in DBS compared to plasma analysis is that RIF can
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form chelate complexes with ferric ions or can bind with hemes which are potentially present
in the extracts of dried blood spots [21]. This could negatively affect the analytical results. The
application of ethylenediaminetetraacetic acid (EDTA) and deferoxamine could prevent RIF
from forming chelate complexes or bind with hemes. In addition, EDTA has previously been
successfully applied to precipitate endogenous components [22]. All considered, the use of a
chelator like EDTA could improve the robustness of an analytical DBS method.
In addition to the standard validation criteria, the influence of the hematocrit value and blood
spot volume should be assessed during the method validation, as these parameters could be
of influence on the analytical results [9, 10, 23]. Furthermore, before DBS is implemented
in daily routine, the correlation between RIF in DBS and plasma concentrations should be
demonstrated [9, 10, 23].
The aim of this study is to develop a rapid LC-MS/MS method for the determination of RIF,
CLR and their metabolites in DBS that is suitable for TDM or clinical pharmacokinetic studies
in rural areas.

MATERIALS and METHODS
Chemicals, reagents and disposables
Clarithromycin (C38H69NO13) and 14-hydroxyclarithromycin (C38H69NO14) were provided by
Abbott (IL, USA). Rifampicin (C43H58N4O12) and 25-desacetylrifampicin (C41H56N4O11) were
provided by Sanofi-Aventis (Frankfurt, Germany). The 2H8-Rifampicin and cyanoimipramine
were supplied by Brunschwig Chemie (Amsterdam, The Netherlands) and by Roche (Woerden,
The Netherlands), respectively. Purified water was prepared by a Milli-Q Integral system
(Billerica, Massachusetts, USA). Acetonitrile (ACN) of ultra LC/MS grade were supplied by
Biosolve (Valkenswaard, The Netherlands). Disodium ethylenediaminetetraacetic acid (EDTA),
ammonium acetate, acid acetic and trifluoroacetic anhydride were of analytical grade and
purchased from VWR (Amsterdam, the Netherlands). Deferoxamine mesilate (DFX) was
obtained from Novartis Pharma (Arnhem, the Netherlands). Pooled plasma and packed red
blood cells were obtained from the Department of Hematology, University Medical Center
Groningen according to local regulations. Whatman 31 ET CHR paper sheets (Whatman, Kent,
UK) were cut in to 4×6 cm paper cards which were used for the preparation of calibration
and quality control (QC) DBS and patient sampling.
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Equipment and conditions
Vortexing was performed with a Labtek multi-tube vortexer (Christchurch, New Zealand).
Sonification was performed at 47 kHz using a Branson 5210 ultrasonic bath (Danburry,
CT, USA). The punching machine (punch diameter of 8mm) was supplied by the Technical
Support Facilities of the University of Leiden (Leiden, the Netherlands) and designed by
P.M. Edelbroek PhD, (Heemstede, the Netherlands) and was used in an earlier study [19].
The LC-MS/MS system consisted of a Surveyor® MS pump and a Surveyor plus® autosampler
connected with a Thermo Fisher Scientific TSQ Quantum Discovery, triple quadrupole mass
spectrometry (Thermo Fisher, Waltham, USA). The autosampler and column were set at a
temperature of 20°C. The chromatographic analysis was performed on a 50 mm×2.1 mm×3µm
HyPurity C18 column (Interscience, Breda, the Netherlands). The analytes were eluted with
a flow rate of 300 µl/minute using a solvent gradient as followed: 0–1 minute, ACN from
0% to 95%, water from 95% to 0%; 1–2.5 minute, ACN 95% and water 0%; 2.5–2.6 minute,
decreased ACN to 0% and kept eluting by 95% water until 3.5 minutes. The aqueous buffer
(ammonium acetate 10 g/L, acetic acid 35 mg/L and trifluoroacetic anhydride 2 mg/L at pH
3.5) was kept at 5% during the gradient.
The Thermo TSQ Quantum Discovery mass selective detector worked in positive ion mode
and performed selected reaction monitoring (SRM) at a scan width of 0.5 m/z. The mass
parameters for each analytes and the internal standards are presented in table 1. The ion
spray voltage, sheath gas pressure, auxiliary gas pressure and capillary temperature were
set at 3500 V, 35 arb (arbitrary units), 5 arb and 350°C, respectively. The Xcalibur software
version 1.4 SR1 was used for peak height integration and quantification (Thermo Fisher,
Waltham, USA).

Preparation of the samples
Preparation of the stock solutions
Two separate stock solutions were prepared in water at a concentration of 600 mg/L for RIF
and 200 mg/L for the other three analytes. These stock solutions were used to prepare the
calibration curve and QC samples. For spiking low concentrations, the stock solutions were
diluted with water to 25 mg/L. This ensures that the spiked volume of the stock solution
could not exceed 5% of the total volume. The stock solutions were stored at 4°C.
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306.2

Cyanoimipramine

CE: collision energy.

2

764.4

748.5

Clarithromycin

831.5

781.4

Desacetyl rifampicin

H8-Rifampicin

823.3

Rifampicin

14-Hydroxy clarithromycin

Parent

218.0

799.5

606.2

590.2

749.2

791.2
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Mass transition (m/z)

39

17

20
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14

17

CE (eV)

-

-

0.05, 0.15, 0.5, 1.0, 3.0, 5.0, 8.0, 10.0

0.05, 0.15, 0.5, 1.0, 3.0, 5.0, 8.0, 10.0

0.15, 0.5, 1.0, 3.0, 5.0, 8.0, 10.0
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Calibration concentrations (mg/L)

The mass spectrometer conditions and concentrations of calibration and quality control samples

Substance

Table 1

-

-

0.05

0.05
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0.15

LLOQ

-

-

0.15

0.15

0.50

0.45

LOW

-

-
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5.00

15.00

MED

-

-

8.00

8.00

8.00

24.00

HIGH

QC sample concentrations (mg/L)

-

-

20.00

20.00

20.00

60.00
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Preparation of the Calibration Curve and QC’s in Blood
The packed red blood cells (RBC) obtained from the Hematology department contained a
preservation solution. To completely remove the preserving solution, RBC were centrifuged
at 3,506 xg for 10 minutes and the upper layer was discarded. To wash the RBC, an equal
volume of phosphate buffered saline with pH 7.4 was added and mixed by a rotating mixer
for 5 minutes. The RBC suspension was centrifuged and the upper layer was discarded. The
RBC washing procedure was subsequently repeated twice with phosphate buffered saline and
lastly with plasma. Calibration and QC blood at the desired Hct values were produced by mixing
washed RBC with plasma and appropriate volumes of stock solution. All the calibration and
QC blood samples were prepared at the standardized Hct value of 35%, since the tuberculosis
patient population showed to have a lower mean Hct than healthy volunteers [19]. The
concentrations of each component in the calibration and QC samples are presented in table 1.

Preparation of DBS samples
The calibration and QC DBS samples were prepared by pipetting 50 µl of blood onto the paper
card and left to dry for 3 hours at ambient temperature. DBS cards were stored separately
in sealed plastic bags with desiccant sachets at -20°C.

Development of the DBS extraction
The DBS at MED level were used for roughly evaluating the process efficiency of different
methods of extraction. The analytical method for the simultaneous determination of RIF,
CLR and their metabolites in plasma was successfully validated previously. Therefore, the
developed DBS analytical method mainly focused on the extraction procedure, matrix
effects and recovery [14]. Different extracting solvents including pure water, mixtures of 0%,
30% and 80% ACN in methanol were tested at a volume of 300 µL for DBS at MED level. A
sonication of 60 minutes at ambient temperature was used to accelerate the extraction and
5 µL of extract was injected into the LC-MS/MS. The sample preparation was performed in
three-fold to evaluate matrix effects and recovery in the method development [23]. Three
solutions were prepared for each extraction solvent: The neat solution (extraction solvent)
was spiked at the theoretical calculated MED concentration (solution A). Solution A was used
to generate extracts of blank DBS (solution B). The extracts of DBS at MED level used blank
extracting solvent (solution C). The average peak height responses were used to calculate
recovery and matrix effects. The calculations of the recovery and matrix effects were as
followed: recovery=C/B×100, matrix effect=(B/A×100)-100.
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The DBS aqueous extraction suffered from endogenous matrix effects and therefore required
a cleaning process [9, 19]. A volume of 600 µL ACN was added to precipitate 200 µL of DBS
aqueous extracts containing EDTA. The EDTA concentrations were tested in the range of 0.0 to
1.54 g/L (12 concentrations). UV-VIS absorption spectra with a wavelength range of 200–600
nm were obtained from the varying supernatants using a Varian UV-VIS spectrometer to
indicate the cleanliness of these solutions.

Extraction procedure used for the method validation
The extracting solution consisted of 2H8-Rifampicin 0.25 mg/L (internal standard of RIF),
cyanoimipramine 0.05 mg/L (internal standard of DAc-RIF, CLR and 14OH-CLR), EDTA 1 g/L
and DFX 1 g/L in water. A disc with a diameter of 8 mm was punched out from the central part
of DBS and transferred to a 1.5 mL Eppendorf plastic tube. An extracting solution volume of
300 µL was added and the extraction was accelerated by sonication for 20 minutes. A volume
of 200 µL of the extract was transferred to a glass vial and a 600 µL of ACN was added to
precipitate the endogenous components. The sample was vortexed for 1 minute, centrifuged
at 10,146 xg for 5 minutes and 5µL of the supernatant was injected into the LC-MS/MS system.

Method validation
The method was validated in accordance with the US Food and Drug Administration’s
Guidance for Industrial Bioanalytical Method validation [24]. The validated criteria
included the selectivity, linearity, accuracy and precision, dilution integrity, carry-over,
process efficiency and stability. In addition to these validation guidelines, the validation
was extended with the assessment of the influence of Hct and blood volume of DBS, which
are recommended for DBS analysis [19, 25]. The validation was performed with maximum
tolerated bias and coefficient of variation (CV) of 20% for the lower limit of quantification
(LLOQ) and 15% for the other validated concentrations.

Selectivity, specificity and carry-over
The selectivity and specificity were evaluated by comparing the responses of the LLOQ
and blank DBS samples prepared from 5 batches of human blood. The average response
of blank DBS samples was required to be within 20% of the average response of the LLOQ
samples. The carry-over was assessed using the response ratio of a blank sample injected
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after a HIGH QC and compared to a LLOQ response. The response was required to be less
than 20% of the LLOQ QC.

Linearity, reproducibility and dilution integrity
On each of three consecutive validation days, a single calibration curve was analyzed to assess
linearity. The calibration curves were constructed using 1/x2 weighted linear regressions. The
analytical responses, which were the peak height ratios between analyte and the respective
internal standard, were used for the quantification. Additionally, in each validation day, five
QC’s of LLOQ, LOW, MED, HIGH and OC (over the calibration curve) were analyzed in fivefold
to evaluate the intra-day and inter-day accuracy and precision and dilution integrity. The
precipitated supernatants from OC samples were diluted 10 times with extracts of blank DBS
before injection. Accuracy and the inter-day and intra-day precision was estimated using
one-way analysis of variance (one-way ANOVA).

Matrix effect, complexing effect and recovery
The matrix effects resulting from DBS endogenous components or ferric chloride were
evaluated at three QC levels of LOW, MED and HIGH. The role of the complexing agents
EDTA and DFX in recovering the response due to DBS matrix effects or ferric chloride was
also investigated. Different solutions A, B, C, D, E, F,G, H, I and K were prepared and analyzed
in five-fold as presented in table 2.
Table 2 Experimental design to investigate the matrix effect, complexing effect, recovery and process efficiency
Solutions (*)
Added components

A
(µL)

B
(µL)

C
(µL)

D
(µL)

E
(µL)

F
(µL)

G
(µL)

H
(µL)

I
(µL)

Neat solution

200

200

200

200

200

200

200

200

200

Ferric chloride 1 g/L

10

10

EDTA 23 g/L

10

10

10
10

Deferoxamine 23 g/L
Blank DBS (disc)

1

10

10

10

10

10

10

10

10

1

1

QC DBS (disc)
Water

K
(µL)

1
30

20

30

20

10

20

10

10

210

Neat solution: aqueous solution containing the analytes at the theoretical concentrations of LOW, MED and
HIGH level; QC DBS (disc): DBS at LOW, MED and HIGH concentrations; (*): These solutions were subsequently
processed according to the described extraction procedure, with the added volume of 690 µLACN.
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To calculate the theoretical concentration of the neat solution, DBS with a blood volume of 10
µL was prepared and therefore the whole DBS could be punched for extraction. All prepared
solutions were sonicated for 20 minutes and 690 µL of ACN was added to each sample.
The prepared solutions yielded volumes of 230 µL instead of the normally used volume of
200 µL. To retain the ratio of 1:3 (aqueous:ACN) for the protein precipitation, the volume
of ACN was raised to 690 µL. After vortexing for 1 minute and centrifuging at 10,146 xg for
five minutes, the clear solution was transferred to a glass vial and injected into the LC-MS/
MS. The mean responses of five replicate analyses obtained from their respective solutions
were denoted as A to I. The matrix effects resulting from the DBS matrix and ferric chloride
were calculated as followed: without presence of complexing agents: (B/A×100)-100 and
(C/A×100)-100; with EDTA: (E/D×100)-100 and (F/D×100)-100 and with the mixture of EDTA
and DFX: (H/G×100)-100 and (I/G×100)-100, where 0% represents no decrease of signal or
matrix effects. Recovery and process efficiency were calculated as K/I×100 and K/G×100,
respectively, were 100% represents optimal recovery or process efficiency.

Effect of hematocrit and blood spot volume
Hct and blood spot volume may affect the analytical results and therefore these parameters
were evaluated [19, 25]. The effect of Hct was evaluated using QC blood at three Hct values
of 20, 35, 50%. The effect of blood spot volume was assessed by preparing DBS with blood
volumes of 30, 50 and 100 µL. At each Hct level and blood spot volume, three QC levels of
LOW, MED and HIGH were analyzed in five-fold. The bias is calculated as the percentage
deviation from the standard Hct of 35% or blood volume of 50 µL. Further, it was assessed
if the bias caused by the Hct value could be corrected [19].

Stability
The stability of the analytes in DBS was tested with QC levels LOW and HIGH after storing at
temperatures of 50°C for 1, 3, 7 and 15 days, at 37°C for 10, 20 and 30 days and at ambient
temperature for 7, 30 and 60 days. The samples were prepared and analyzed in fivefold and
the analytical result was compared with their nominal concentration.
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Clinical application study
Adult tuberculosis patients in the TB unit of the Beatrixoord hospital who received rifampicin
or clarithromycin were eligible for the clinical application study. The proposal was approved
by the medical ethical committee of University Medical Center Groningen. Informed consents
were obtained from all participating patients. To create a finger prick, the patient’s finger was
disinfected with 70% ethanol and, after the ethanol completely evaporated, a prick was made
with a disposable contact activated lancet (Becton Dickinson, New Jersey, United States). A
single drop of blood was deposited on a coded paper card. Three DBS samples at 0, 2 and 8
hours after dosing for clarithromycin or at 1,2 and 4 hours after dosing for rifampicin were
collected from each patient. The DBS samples were then left to dry at ambient temperature
for 3 hours and stored separately in a sealed plastic bag with a desiccant sachet at -20°C
until analysis. A venous blood sample was taken at the same time as DBS sampling using
an EDTA vacutainer. After centrifuging for 5 minutes at 3,506 xg, the plasma was obtained
and stored at -20°C until analysis with a validated method [14, 26]. The correlation between
DBS and plasma analytical results were assessed using simple linear regression and Deming
regression to compare the analyte concentrations in plasma and DBS samples by applying
the software tool Analyze-it, version 2.20 (Analyze-it Software, Ltd.) in Microsoft Excel.

RESULTS
Method development
The extraction of DBS was intensively investigated by testing various extraction solvents. With
the use of methanol or its mixture with ACN, a dramatic decrease in peak height of rifampicin
was observed. The addition of ACN appeared to negatively influence the recovery. With 80%
of ACN in methanol, recoveries of less than 3% for all four analytes were observed (table 3).
During method development it was observed that the rifampicin peak height decreased in
the presence of DBS extracts or whole blood matrix. The same effect was observed if ferric
chloride was added to the neat solution at a final concentration of 50 mg/L in the extract.
The assumption is that rifampicin may bind with components in the DBS matrix in which
Fe3+ was suggested to be a potential factor [22]. Therefore, the un-fragmented mass of RIFFe(III) (m/z=879, collision energy=0 eV) was checked and a small peak at the retention time
of rifampicin was observed. The efforts to adjust the chromatographic conditions did not
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Table 3

Effect of different extracting solutions on matrix effects and recovery at MED level
Extracting solution
(ACN: MeOH)

Rifampicin

Desacetyl
rifampicin

Clarithromycin

14-Hydroxy
clarithromycin

Matrix effect (%)

0:100
30:70
80:20

-85
-81
-83

-37
-26
-41

6
12
3

9
13
3

Recovery (%)

0:100
30:70
80:20

40
32
2

54
44
1

75
65
3

68
59
2

Data calculated from 3 replications.

succeed to retrieve the chromatographic response of rifampicin. In addition, complexing
agents such as EDTA and DFX could not prevent the formation of these complexes during
the extraction when methanol or ACN was used.
The aqueous extraction of DBS yielded a dark red extract which was not suitable to directly
inject into LC-MS/MS system. The addition of ACN and methanol to the aqueous extracts did
not sufficiently precipitate the endogenous components. However, the use of an aqueous
extracting solution containing EDTA can initiate the precipitation of endogenous components.
With the EDTA concentration range from 0 to 1.54 g/L, the precipitation depended on the
EDTA concentration. As the concentration of EDTA increased, the amount of precipitated
endogenous components in the DBS increased and therefore the supernatant was cleaner. At
an EDTA concentration higher than 0.58 g/L, the precipitated extracts appeared to be totally
colorless and UV-VIS spectra presented no significant absorbance peak (figure 1). Although
the EDTA concentration of 0.58 g/L was sufficient to precipitate endogenous components
in the DBS, the EDTA concentration of 1 g/L was used to compensate for potential patient
variability in blood characteristics. The precipitation of endogenous components from the
aqueous extracts of DBS using EDTA and ACN was simple, rapid and can be applied to analysis
methods for other drugs also.
Although the precipitated extraction was optically clean with the presence of EDTA, the peak
height of rifampicin was approximately 50% of the peak height of respective neat solution.
It was recovered to approximately 100% after adding DFX to the extracting solution at a
final concentration of 1 g/L.
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Figure 1 UV-VIS absorbance of the precipitated DBS extracts using different EDTA concentrations.
A: ACN: water (v/v 3:1); B: Blank extract using EDTA 1.54 g/L in water; C: Extracts of DBS using EDTA concentrations
of 0–0.38 g/L in water; D: extracts of DBS using EDTA concentrations of 0.58–1.54 g/L in water.

Method validation
Selectivity, specificity and carry over
The mean response of the blank samples accounted for less than 4.6% of the response
of LLOQ samples. In addition, all six batches of human blood showed no signal higher
than 20% response of the LLOQ sample prepared from the same matrix. A corresponding
chromatogram is presented in figure 2. No carry-over was observed for all four analytes as
the responses of the blank sample after injecting a HIGH QC sample were less than 20% of
the response of LLOQ samples.

Linearity, reproducibility and dilution integrity
The calibration curves of RIF, DAc-RIF, CLR and 14OH-CLR showed to be linear with correlation
coefficients (R2) of 0.9953, 0.9971, 0.9987 and 0.9986, respectively. The linear model test
based on ANOVA showed no significant lack of fit. The CV and bias (n=3) at each calibration
level were all less than 15%.
The reproducibility of the method was assessed as the accuracy and the within day and
between day precision. The accuracy and precision estimated by one-way ANOVA analysis
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were tolerated with criteria of the FDA guidelines in which acceptable bias and CV are less
than 20% for LLOQ and 15% for other validation concentrations (table 4).

Figure 2 Representative chromatograms.
A: LLOQ DBS sample; B: DBS sample of a TB patient at t=2h after administered rifampicin (DBS concentration
RIF=11.00 mg/L, DAc-RIF=0.51 mg/L); C: B: DBS sample of a TB patient at t= 2h after administered clarithromycin
(DBS concentration CLR=0.80 mg/L, 14OH-CLR=0.92 mg/L).
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Table 4

Accuracy, precision and the dilution integrity (n=5)
Rifampicin

Desacetyl rifampicin

QC level

LLOQ

LOW

MED

HIGH

OC

LLOQ

LOW

MED

HIGH

OC

Nominal
concentration
(mg/L)
Accuracy (% bias)
Within-run
precision (% CV)
Between run
precision (% CV)
Overall precision
(% CV)

0.15

0.45

15.0

24.0

60.0

0.15

0.5

5.0

8.0

20.0

-1.1
5.4

1.9
2.1

1.6
3.2

-0.5
2.7

4.0
3.8

0.1
12.5

5.0
6.0

1.4
4.8

-0.1
4.2

12
4.1

7.2

2.6

2.4

3.7

6.2

11.0

4.8

0.0

0.0

7.1

9.0

3.3

4.0

4.6

7.3

16.6

7.7

4.8

4.2

8.2

Clarithromycin

Nominal
concentration
(mg/L)
Accuracy (% bias)
Within-run
precision (% CV)
Between run
precision (% CV)
Overall precision
(% CV)

14-Hydroxy clarithromycin

LLOQ

LOW

MED

HIGH

OC

LLOQ

LOW

MED

HIGH

OC

0.05

0.15

5.0

8.0

20.0

0.05

0.15

5.0

8.0

20.0

0.3
9.1

10.5
3.7

3.6
2.6

0.2
2.3

-4.0
3.2

-3.9
10.7

4.7
5.6

4.7
3.4

2.7
3.3

-7
3.2

0.0

4.8

0.6

0.0

5.9

6.4

7.9

3.7

0.0

6.2

9.1

6.0

2.7

2.3

6.7

12.5

9.7

5.0

3.3

7.0

OC: Over the calibration curve concentration (diluted 10 times).

The accuracy and precision of the 10 times diluted OC samples were within the acceptance
of FDA guidance demonstrating the dilution integrity of the method (table 4).

Matrix effect, complexing effect and recovery
With the presence of ferric chloride or DBS, substantial matrix effects of at least -72% were
observed, which resulted in a dramatic decrease in peak heights of RIF. This effect was
neutralized by incorporating complexing agents during the extraction. With the presence
of EDTA and DFX, the observed matrix effects due to DBS were +2%, +6% and -4% for the
LOW, MED and HIGH levels of RIF respectively. Similar matrix effects of at least -48% were
observed with DAc-RIF. The used complexing agents reduced the matrix effects. However,
the matrix effects were not fully excluded as -11% to -33% matrix effects were still observed
in DBS. The responses of CLR and 14OH-CLR were not influenced by the DBS matrix or the
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presence of the complexing agents. High recoveries of 88% to 102% were obtained at three
QC levels for CLR and 14OH-CLR. Lower recoveries of RIF and DAc-RIF between 70% and 91%
were observed yielding lower process efficiencies. Nevertheless, compared to methanol or its
mixtures with ACN the aqueous extraction with the use of EDTA and DFX produced 51% higher
recoveries for RIF and 31% higher recoveries for DAc-RIF at the MED levels (tables 3 and 5).

Effect of hematocrit and blood spot volume
At all three QC levels of CLR and 14OH-CLR, Hct of 20% and 50% generated minor bias, which
was within the acceptance limit of 15%. For RIF and DAc-RIF however, a bias of -18.4% was
observed at a Hct of 20% and a bias of 28.0% was observed for a Hct of 50%. When the
analytical results were corrected for their respective Hct value according to Vu et al. [19],
the biases were reduced to -8.9% and 15.8% respectively.
Table 5

Matrix effects, complexing effects, recoveries and process efficiencies
Rifampicin

Matrix
(1) Ferric chloride
(2) DBS
(3) Ferric chloride with EDTA
(4) DBS with EDTA
(5) Ferric chloride with EDTA
and DFX
(6) DBS with EDTA and DFX
(7) Recovery
(8) Process efficiency

Desacetyl rifampicin

LOW
(%)

MED
(%)

HIGH
(%)

LOW
(%)

MED
(%)

HIGH
(%)

(B/A×100)-100
(C/A×100)-100
(E/D×100)-100
(F/D×100)-100
(H/G×100)-100

-72
-40
-32
-58
-3

-83
-66
-4
-58
8

-83
-72
-9
-63
-9

-48
-32
-58
-59
-31

-52
-47
-33
-62
-13

-49
-50
-14
-49
-4

(I/G×100)-100
K/I×100
K/G×100

2
70
71

6
91
96

-4
87
83

-33
70
47

-22
85
66

-11
82
73

Calculation
formula (*)

14-Hydroxy
clarithromycin

Clarithromycin

(1) Ferric chloride
(2) DBS
(3) Ferric chloride with EDTA
(4) DBS with EDTA
(5) Ferric chloride with EDTA
and DFX
(6) DBS with EDTA and DFX
(7) Recovery
(8) Process efficiency

88

LOW
(%)

MED
(%)

HIGH
(%)

LOW
(%)

MED
(%)

HIGH
(%)

(B/A×100)-100
(C/A×100)-100
(E/D×100)-100
(F/D×100)-100
(H/G×100)-100

5
-2
17
6
9

15
6
10
14
10

15
1
8
11
3

6
-15
-4
-22
5

1
-7
4
-4
7

2
-9
6
-2
4

(I/G×100)-100
K/I×100
K/G×100

0
99
99

3
102
105

2
95
98

-15
88
75

-3
92
89

-1
90
90
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The variation in blood spot volume resulted in from -7.8% to 8.9% for all four analytes at
QC MED and HIGH. At LOW QC the blood spot volume of 30 µL resulted in negative biases
as low as -23.6, -19.4, -17.6 and -20.6% for RIF, DAc-RIF, CLR and 14OH-CLR, respectively.

Stability
A high stability was observed with CLR and 14OH-CLR in DBS in which no significant
degradation occurred at ambient temperature, 37°C and 50°C for 60 days, 30 days and 15
days, respectively. RIF and DAc-RIF showed to be stable at ambient temperature for up to
two months. At higher temperatures of 37°C and 50°C, RIF and DAc-RIF were stable for 10
days and for 3 days, respectively. Longer storage at temperatures over 37°C resulted in more
than 15% degradation (table 6).

Clinical application study
Thirteen patients receiving rifampicin agreed to join the study. One patient experienced vomiting
on the sampling day and was excluded. From the remaining twelve patients, eight pairs had RIF’s
concentrations under LLOQ (0.2 mg/L for plasma and 0.15 mg/L for DBS) both in plasma and
in DBS. The DAc-RIF concentrations lower than LLOQ (0.2 mg/L for plasma and 0.15 mg/L for
DBS) were observed in 16 pairs of samples. Two pairs of samples with DAc-RIF concentrations
above LLOQ for DBS (0.19 mg/L and 0.23 mg/L) but below LLOQ for plasma were not included
in the regression analysis. Four MDR-TB patients treated with CLR provided 12 pairs of DBS and
plasma samples. Under LLOQ levels (0.1 mg/L for plasma and 0.05 mg/L for DBS) were observed
in two pairs of samples of CLR and 14OH-CLR. The correlation results obtained with Deming
regression are shown in figure 3. The slopes of the correlation lines between DBS and plasma
concentration of RIF, DAc-RIF, CLR and 14OH-CLR were 0.90, 0.99, 0.80 and 1.09 respectively.

DISCUSSION
The result of this study revealed that concentrations of RIF, CLR and their active metabolites
can be measured in DBS which present a good correlation with plasma. Therefore, this
method is considered suitable for therapeutic drug monitoring and pharmacokinetic studies.
The validated analytical method was reproducible and and the DBS specimens showed
high stability. In addition, a simple extraction was developed in which problems due to the
interaction between the analytes and the DBS matrix was minimized.
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Table 6

Long term stability under different storage temperatures (n=5)
Rifampicin

Desacetyl rifampicin

Time
(days)

LOW

HIGH

LOW

HIGH

Ambient

7
30
60

5.5 (4.3)
-2.6 (5.2)
-4.3 (2.4)

-0.6 (3.4)
-1.7 (2.6)
-14.5 (2.2)

1.2 (12.7)
2.4 (3.2)
-3.3 (4.5)

1.1 (5.9)
-0.6 (5.7)
-11.5 (5.0)

37°C

10
20
30

0.6 (4.1)
-8.9 (5.8)
-15.0 (6.8)

-14.1 (3.4)
-19.2 (1.7)
-28.2 (5.3)

-4.8 (5.8)
-8.0 (7.1)
-15.7 (8.9)

-11.1 (1.7)
-20.3 (2.5)
-26.4 (4.0)

50°C

1
3
7
15

-1.2 (6.0)
-9.8 (4.7)
-15.7 (4.5)
-20.2 (5.0)

0.8 (2.6)
-9.1 (2.1)
-19.0 (5.5)
-24.2 (5.4)

5.8 (6.4)
-11.9 (7.3)
-18.4 (10.1)
-31.3 (12.2)

3.2 (3.7)
-5.5 (5.0)
-14.0 (5.3)
-25.8 (7.0)

Temperature

Clarithromycin

14-Hydroxy clarithromycin

LOW

HIGH

LOW

HIGH

Ambient

7
30
60

4.8 (7.7)
9.2 (3.8)
7.8 (4.8)

2.4 (3.8)
0.1 (3.8)
-5.5 (1.8)

9.2 (9.7)
4.5 (5.2)
3.0 (8.9)

4.3 (3.3)
2.1 (5.0)
-3.0 (3.9)

37°C

10
20
30

10.7 (6.3)
8.0 (6.1)
13.9 (6.5)

-7.0 (3.2)
-7.7 (4.8)
-6.7 (3.4)

1.4 (3.3)
-1.7 (4.5)
-0.2 (5.7)

-0.6 (1.5)
-6.4 (4.5)
-4.4 (3.4)

50°C

1
3
7
15

8.2 (4.1)
-0.7 (4.1)
2.0 (2.8)
9.4 (4.4)

-0.8 (2.6)
3.9 (1.2)
0.0 (5.0)
-1.9 (3.8)

1.5 (4.9)
5.7 (5.2)
5.0 (2.6)
-6.9 (6.4)

3.6 (1.4)
8.8 (2.8)
6.0 (7.0)
-1.1 (3.0)

Results are presented as %Bias (%CV) of five replications. The bias was calculated from the nominal concentration.

The development of a simple extraction method was challenged by low recoveries and
substantial matrix effects observed for RIF and DAc-RIF during extraction with ACN, methanol
or their mixtures. Consequently, in the pre-validation experiment, non-linear calibration
curves and irreproducible results were observed. Experiments during method development
revealed that significant matrix effects occurred if DBS or blood was added to the extraction.
The complex formation between RIF and endogenous components in blood extracts was
assumed in a previous suggested theory [21, 22]. This complex was unstable and showed
to have a slightly different retention time. During ionization, the analytes were released
from their complexes. A shoulder was observed next to the RIF and DAc-RIF’s peak and thus
deteriorating the chromatographic quality of the analysis and lowering the peak height at the
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Figure 3 Clinical application study of venous blood and DBS for rifampicin, desacetyl rifampicin, clarithromycin
and 14 hydroxy clarithromycin.
The dotted line is the identity line, the continuous line is the Deming regression line. Simple linear regression
coefficients and Deming regression equations are the following. rifampicin: R2=0.9076 (n=28), y=0.90x-0.01
(95% confidence interval (CI) slope: 0.78–1.01, intercept: -0.53–0.51); desacetyl rifampicin: R2=0.6856 (n=19),
y=0.99x+0.06 (95% CI slope: 0.46–1.52, intercept: -0.20–0.32); clarithromycin: R2=0.9752 (n=10), y=0.80x-0.15
(95% CI slope: 0.53–1.08, intercept: -0.41–0.11) and 14 hydroxy clarithromycin: R2=0.9421 (n=10), y=1.09x-0.13
(95% CI slope: 0.81–1.37, intercept: -0.29–0.03).

RIF’s retention time. The incorporation of complexing agents such as EDTA and DFX aimed
to prevent the formation of these complexes during the extraction was unsuccessful with
the extraction using methanol or ACN. During method development it was observed that
an aqueous extraction provided an appropriate environment for interaction between the
DBS matrix and complexing agents. Furthermore, EDTA added to the aqueous extraction
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solvent improved the precipitation of the DBS extract, resulting in a cleaner supernatant.
Without EDTA, the response of RIF and DAc-RIF was negatively influenced by the dirty extract
while no such effect was observed with CLR and 14OH-CLR. Interestingly, the efficacy of
the precipitation appeared to be EDTA concentration-dependent. An EDTA concentration
higher than 0.58 g/L showed to be sufficient for a good precipitation. The incorporation of
EDTA recovered the response of the neat RIF’s solution containing ferric chloride but not of
the DBS extract, were the complexing effects were again strongly present at -58% to -63%.
It was supposed that RIF may interact with other endogenous components in the DBS
matrix rather than only the ferric ions. It was reported that DFX as a ferric chelating agent
improves the analytical response of artemisinin derivatives [27]. The addition of both DFX
and EDTA to the extraction solutions recovered the responses of RIF in the DBS extraction
to approximately 100% (table 5).
The successful combination of EDTA and DFX for the extraction might be explained by their
chelating properties. During the complex formation DFX completely covers the surface of
Fe3+, while EDTA is not able to completely shield the surface of the Fe3+ ion and forms an
open (basket) complex. Although EDTA has a high stability constant for the formation of
the EDTA and Fe3+ complex, other metal ions also form complexes with EDTA, making EDTA
not a very specific chelating agent. DFX on the other hand, is known for its strong binding
affinity to Fe3+ and less affinity to other metals, making it a specific chelating agent for Fe3+.
This makes DFX better suitable as a complexing agent. However, the contribution of EDTA
in he developed method is 2-fold. First, it can form complexes with Fe3+. Second, it aids in
the precipitation of dissolved matrix after the DBS extraction which is performed by the
addition of ACN [28].
The DBS sampling without a volumetric device is confronted with an analytical bias resulting
from the variation of Hct or blood volume of the spot. It is generally known that as Hct values
increase, and thus viscosity of the blood, DBS will become smaller and higher concentrations
will be measured for the same fixed area punch. On the other hand, lower concentrations
will be measured in fixed size spots at lower Hct values. As expected, this study also showed
significant biases at the extreme Hct values. The correction for the Hct value can reduce this
bias to an acceptable range [19]. Since the Hct values of patients may not be available for
this correction, the bias up to 28% for RIF should be taken into account when interpreting
analytical results to make a clinical decision. Similarly, biases of approximately 20% were
observed with the blood spot of 30µL at LOW QC concentration. This may result from a
chromatographic effect in which the analytes stay more in the centre part of the DBS. As an
92

Dried blood spot: Rifampicin and clarithromycin

acceptance criterion for the approval of a DBS during routine analysis, a minimal spot size,
corresponding with a 50 µL DBS, should be applied. The use of a volumetric capillary may
be considered to reduce this kind of bias [10, 23].
The clinical application study showed no significant differences between patient analysis
of plasma and DBS for RIF, DAc-RIF, CLR and 14OH-CLR. The slope of CLR (0.80) showed
the highest deviation from the identity line, indicating a systematic difference between
plasma and DBS. The 95% confidence intervals of the Deming regression analysis showed
no significant deviation from the ideal correlation. For CLR, the differences in concentrations
between plasma and DBS can be clinically relevant, and based on the current results it is
advised to compensate for these differences with the use of the Deming fit correlation
equation. Although DAc-RIF showed no systematic difference between plasma and DBS,
the correlation coefficient had a low R2 of 0.6856. This may result in substantial errors once
plasma exposure is predicted from DBS concentrations. Since DAc-RIF is equally active as
RIF, the sum of both concentrations can be used to evaluate whether patient concentrations
are within therapeutic range. However, DAc-RIF concentrations are about tenfold lower than
their respective RIF concentrations, and will therefore be less likely to affect potential dose
adjustments based on TDM. It was noticed that DBS and plasma samples under LLOQ levels
were 100% matched for CLR, RIF and 14OH-CLR and 89% matched for DAc-RIF. These results
showed that DBS sampling can also be useful to monitor the non-adherence of patients or
patients with very low bioavailability. The results of DBS as a consequence can be used to
predict the plasma exposure which is well investigated in pharmacokinetics studies. However,
it would be advisable to assess a larger population for an extended clinical application study
in the future.
One of the most attractive issues of DBS in bioanalysis is the stability. This study showed that
RIF, CLR and metabolites were stable up to 2 months at ambient temperature of approximately
25°C. All four substances also showed to be stable at 37°C, which mimics a tropical climate
and is common in the high burden areas like South Africa and Asia. In these conditions, CLR
and 14OH-CLR were not affected after 2 months and RIF and DAc-RIF were stable after 10
days of storage only. CLR and its metabolite 14OH-CLR also showed a high stability at a high
temperature of 50°C as no significant degradation was observed after 15 days. RIF and its
metabolite DAc-RIF showed to be stable after 3 days of storage at 50°C. Although RIF and
DAc-RIF were found to be less stable than CLR, 10 days at 37°C or 3 days at 50°C could be
enough for transporting sample even by normal post.
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In conclusion, a rapid LC-MS/MS method was developed and thoroughly validated to
simultaneously quantify RIF, CLR and their metabolites in DBS. The role of EDTA and DFX
as complexing agents in the extraction was well investigated and may provide a solution
for potential applications to other DBS analytical methods. The clinical application study
showed a good correlation between the results of DBS and conventional sampling. The long
term stability of the DBS at high temperature could facilitate the TDM and pharmacokinetic
studies of RIF and CLR even in resource limited areas.
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Abstract
We developed a method for the analysis of four immunosuppressants in dried blood spot
(DBS) samples to facilitate therapeutic drug monitoring for transplant patients outside
the hospital. An 8 mm disc from the central part of the DBS was punched, extracted and
followed by LC-MS/MS analysis. The method was validated with ranges from 1.00–50.0
µg/L for tacrolimus, sirolimus and everolimus, and from 20.0–2,000 µg/L for cyclosporin
A. The validation showed a maximum overall bias of 13.0% for the sirolimus LLOQ, while
the maximum overall CV was 15.7% for the everolimus LLOQ. All four immunosuppressants
showed to be stable in DBS for at least 7 days at 22°C. The volume of the blood spot showed
to have minor effect on measured concentrations. A cross-validation test between the 31 ET
CHR paper and the Whatman FTA DMPK-C cards showed no significant difference between
the two types of paper. During validation the hematocrit (HT) showed to have significant
influence on the analytical results. When the measured concentrations were corrected for
the effect of the HT, biases improved significantly. Additional recovery tests proved that the
combination of especially low HT and high concentration does not only affect the spot size
but can also affect the extraction recoveries of sirolimus and especially everolimus. Although
the tested parameters like HT and concentrations are extreme and unlikely for routine
analysis of outpatients, the fundamental effect of the combination of these parameters on
extraction recoveries are proven with this research. The protein binding in the blood and
hydrogen binding to the cellulose of the paper is suggested to influence extractions and
gives new insights in the extraction methodology of DBS samples.
The observed HT effect during the validation appeared to be negligible during the correlation
study as no concentration corrections for the HT values were needed. Nevertheless, results
from DBS samples with extremely high concentrations combined with extremely low HT
values should be interpreted with caution. The patient correlation study showed good
correlations with R2 values higher than 0.87 between venous whole blood and venous DBS
samples were observed for all four immunosuppressants. The Passing & Bablok plots showed
positive biases of the slopes of 18% for tacrolimus and less than 12% for sirolimus, everolimus
and cyclosporin A. The validated method, proved stability of the immunosuppressants in
DBS, and the correlation study showed the capability of the DBS method to be used as an
alternative for whole blood analysis in therapeutic drug monitoring.
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INTRODUCTION
Allograft rejection still remains one of the most important obstacles in allogeneic solid organ
transplantation. Tacrolimus (TaC), sirolimus (SiR), Everolimus (EvE) and cyclosporin A (CyA)
are successfully applied in solid organ transplantation [1]. But their narrow therapeutic
ranges require individualised dosing and continuous therapeutic drug monitroing to balance
between subtherapeutic and toxic effects of these drugs.
Outpatients need to travel to the hospital on a regular basis to have their blood samples taken
and analyzed. The use of DBS sampling allows the patient to sample at home and send the
DBS sample to the laboratory by mail. This sampling is simple, saves patients transportation
costs and time, and therefore considered to be patient friendly. In addition, early transfer
of the DBS sample from the patient to the laboratory provides the clinician with analysis
results before the patient visits the clinic for their routine check-up [2]. Other advantages
of DBS sampling are lower risk of bio-hazard and a smaller amount of blood required for
sampling [2, 3]. The hematocrit (HT) represents the relative volume of the red blood cells
in the blood and has a direct effect on the viscosity of the blood. The permeability through
the paper is influenced by the HT of the blood. A high HT has a low permeability through the
paper and thus forms a smaller spot. The fixed diameter punch would then contain a higher
blood volume causing a higher bias. Earlier publications have proven the effect of the HT
on the measured concentration and it is suggested to correct for this effect with the use of
a linear relation between HT and measured concentration [4, 5]. Because the effects of the
HT and volume of the blood to create DBS samples may be drug dependant, they need to be
investigated during the validation. The available DBS analysis methods are focussed on of one
or two immunosuppressant drugs only [6-11]. Only one study described the simultaneous
analysis for all four immunosuppressants [5]. However, no clinical validation was presented
in this study and the sample preparation required a time consuming extraction [5]. With the
simultaneous analysis of all four immunosuppressants, one sample preparation procedure
and one LC-MS/MS setting can be used for the analysis, creating an efficient workflow in
the laboratory.
The objective of this study was to develop a fast and reliable method for the simultaneous
analysis of TaC, SiR, EvE and CyA in DBS to provide a more efficient way to monitor outpatient
transplant recipients.

99

3.4

Chapter 3.4

MATERIALS and METHODS
Chemicals and reagents
TaC was purchased from USP (Rockville, MA, USA). EvE was purchased from Sigma-Aldrich
Inc. (St. Louis, USA). SiR was purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany)
and CyA was purchased from EDQM (Strasbourg, France). Deuterated internal standards
(IS) were used for all drugs. TaC [13C,2H2], SiR [13C,2H3], EvE [13C2,2H4] and CyA [2H12] were
purchased from Alsachim (Illkirch Graffenstaden, France). Analytical grade methanol was
purchased from Merck (Darmstadt, Germany). Purified water was prepared by a Milli-Q
Integral system (Billerica, Massachusetts, USA). Ammonium formate was purchased from
Acros (Geel, Belgium).
Human packed red blood cells (RBC) were provided by the department of Hematology,
University Medical Center Groningen according to local medical ethical regulations. Pooled
human serum was acquired in the laboratory from immunosuppressant free patient samples.
Whatman 31 ET CHR paper was used for method development and validation, while Whatman
FTA DMPK-C cards were used for the cross-validation test between the two kinds of paper
(Whatman, Kent, UK).

Equipment and conditions
Vortexing was performed with a Labtek multi-tube vortexer (Christchurch, New Zealand).
Sonification was performed at 47 kHz using a Branson 5210 ultrasonic bath (Danburry, CT,
USA). The punching machine (punch diameter = 8 mm) was supplied by the Technical Support
Facilities of the University of Leiden (NL) and designed by P.M. Edelbroek PhD, (Heemstede,
the Netherlands) [2].
All experiments were performed on an Agilent 6460A (Santa Clara, Ca, USA) triple quadrupole
LC-MS/MS system, with an Agilent 1200 series combined LC system. The Agilent 6460A
mass selective detector operated in heated electrospray positive ionisation mode and
performed dynamic multiple reaction monitoring (DMRM) with unit mass resolution. High
purity nitrogen was used for both the source and collision gas flows. In the first quadrupole
ammonium adducts [M+NH4]+ were selected for all four immunosuppressants. All precursor
ions, product ions, optimum fragmentor voltages and collision energy values were tuned
and optimized in the authors’ laboratory and are shown in table 1.
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Table 1

Mass spectrometer settings for all substances

Substance
Tacrolimus

Precursor ion
(m/z)

Product ion
(m/z)

Fragmentor voltage
(V)

Collision energy
(V)

821.5

768.4

190

11

Tacrolimus [ C, H2]

824.5

771.4

140

15

Sirolimus

931.5

864.4

140

6

13

2

Everolimus

975.6

908.5

121

10

Everolimus [13C2,2H4]

981.6

914.5

165

13

Cyclosporin A

1219.8

1202.8

200

30

1231.8

1214.8

170

16

Cyclosporin A [ H12]
2

For all substances the capillary voltage was set at 4,500 V, gas temperature at 200°C, gas
flow at 13 L/min, nebulizer gas at 18 psi, sheath gas temperature at 200°C, sheath gas flow
at 12 L/min and the nozzle voltage at 0 V. The Agilent 1290 autosampler was set at 10°C and
the 1260 TCC column oven was set at a temperature of 60°C. The gradient was based on an
earlier published method developed in the authors’ laboratory using a quaternary LC pump
[12]. The method was adapted and chromatographically optimized for this specific binary
LC-pump. The mobile phase consisted of methanol and a 20 mM ammonium formate buffer
pH 3.5. Analyses were performed with a 50 x 2.1 mm 3-µm Hypurity® C18 analytical column
from ThermoFisher Scientific (Waltham, MA, USA) equipped with a separate 0.5 µm Varian
frit filter (Palo Alto, CA, USA). Chromatographic separation was performed by means of a
gradient with a flow of 0.5 mL/min and a run time of 3.1 min. The gradient starts at 30%
methanol and 70% 20 mM ammonium formate buffer pH 3.5 and changes to 73% methanol
at 0.36 min and increases slowly to 77% methanol in 1.52 min. From 1.88 min to 2.08 min
the methanol increases to 95% and is maintained until 2.71 min. From 2.71 to 3.10 min the
gradient is kept at 30% methanol to stabilize the column for the next injection. Peak area
ratios of the substance and its internal standard were used to calculate concentrations. Agilent
Masshunter software for quantitative analysis (version B.04.00) was used for quantification
of the analysis results.

Sample preparation
For the preparation of the DBS, RBC were washed and a precise volume of serum was added
to produce blood with the desired HT according to a previously described procedure [4]. For
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the preparation of the DBS samples 50 µL blood was pipetted on the paper. The DBS were left
to dry overnight and then stored at -80°C in a plastic seal bag containing a 2 g silica gel sachet.
The extraction solution consisted of methanol:water (80:20 v/v%) and contained the
deuterated internal standards TaC [13C,2H2], EvE [13C2,2H4] and CyA [2H12] at concentrations
of 2.5 µg/L, 1.0 µg/L and 10 µg/L respectively.
For the preparation of the DBS samples an 8 mm disk from the central part of the blood
spot was punched into an eppendorf tube and 200 µL extraction solution was added. The
samples were vortexed for 60 sec, sonicated for 15 min and then vortexed again for 60
sec. The extract was transferred into a 200 µL glass insert and placed at -20°C for 10 min
to improve protein precipitation. After centrifugation at 11,000 rpm for 5 min, 20 µL of the
extract was injected to the LC-MS/MS system.

Validation
DBS validation
The analytical method validation was performed at a standardized HT value of 0.35 L/L
and included linearity, accuracy, precision, selectivity, specificity and stability according
to international guidelines [13]. For the DBS matrix the validation was extended with the
investigation of the effect of the blood spot volume, HT and the cross-validation test between
the 31 ET CHR paper and Whatman FTA DMPK-C cards. Both types are non impregnated
cellulose paper.

Analytical method validation
All reference standards were weighed and dissolved in methanol. One set of stock solutions was
used for the preparation of the calibration curve, while another set was used for preparation
of all other quality control (QC) concentrations. To prevent cell lysis, the volume of the spiked
stock solution never exceeded 5% of the total blood volume used for the preparation of the
blood standards. The prepared blood standards were then mixed gently for 30 minutes at room
temperature directly followed by the preparation of the DBS according to section 2.3. For each
substance an eight point calibration curve was used. TaC, SiR and EvE were prepared at 1.00,
3.00, 10.0, 20.0, 25.0, 30.0, 40.0 and 50.0 µg/L. The calibration curve for CyA was prepared at
20.0, 50.0, 100, 250, 500, 1,000, 1,600 and 2,000 µg/L. The following QC concentrations were
used for the validation. The Lower Limit Of Quantification (LLOQ) was 1.00 µg/L, Low 3.00
µg/L, Medium (Med) 25.0 µg/L and High 40.0 µg/L for TaC, SiR and EvE. For CyA, the LLOQ
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was 20.0 µg/L, Low 50.0 µg/L, Medium (Med) 1,000 µg/L and High 1,600 µg/L. Validation
was performed with a maximum tolerated bias and CV of 20% for the LLOQ and 15% for all
other QC samples including the stability validation. For the determination of the accuracy and
precision, all QC concentrations were measured in five fold in three separate runs on separate
days. For each accuracy and precision concentration bias and CV were calculated per run.
Within-run, between-run and overall CVs were calculated with the use of one-way ANOVA.
One calibration curve was analyzed each day to determine linearity on three separate days.
For stability testing DBS were prepared at Low and High concentrations in five fold and
compared to simultaneously prepared DBS in five fold which were stored at -80°C. Stabilities
of the substances were assessed in five fold as processed sample in the auto-sampler at
10°C after 5 days. Stability of the substances in DBS at 22°C and 37°C was assessed in five
fold at multiple time points.

Blood spot volume
To assess the effect of the blood volume used to create a blood spot, blood was prepared
with a HT of 0.35 L/L. DBS were prepared at Low and High concentrations with volumes of
30, 50, 70 and 90 µL. The 50 µL spots were considered the standard spot and the biases of
the other volumes were calculated with a maximum acceptable bias and CV of 15%.

Extraction recovery, matrix effect and process efficiency
The creation of DBS with an unknown blood volume and a fixed punch diameter makes it
impossible to exactly know the amount of blood that is used for the extraction. The amount
of blood used for the extraction is estimated to be approximately 20 µL. To assess extraction
recovery, matrix effect and process efficiency a defined amount of blood has to be used to
create the DBS. Blank paper spots were punched, transferred to an eppendorf cup and 15
µL blood with an HT of 0.35 L/L at Low and High concentration were spiked on the punched
spots and analyzed the next day (solutions A Low and A High). For the extraction recovery,
extracts of blank DBS were spiked at Low and High concentration (solutions B Low and B
High). For the matrix effect and process efficiency, extraction solvent was spiked at Low
and High concentration (solutions C Low and C High). The average peak area responses
were used to calculate recovery, matrix effect and process efficiency. The calculations of
the recovery, matrix effect and process efficiency were as followed: recovery = A/Bx100,
matrix effect = (B/Cx100)-100, process efficiency = A/Cx100. Where A, B and C refer to the
prepared solutions mentioned above.
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Influence of the hematocrit
To test the influence of the HT, blood samples at Low and High concentration were prepared
by adding the necessary volume of red blood cells and serum to obtain the following HT
values: 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50 L/L. From these blood samples DBS were created
using 50 µL of blood. For the remaining, the procedure described in section 2.3 was followed.

Influence of the hematocrit and concentration on the recovery
It seems common to state that the effect of the HT on the analytical bias is due to the viscosity
of the blood and its permeability through the paper. Thus the DBS spot size is assumed to
be of main influence on the observed analytical biases. To assess whether the analytical
biases were caused by the spot size of the created DBS or by another mechanism, DBS were
made at different HT values and concentrations without the effect caused by the spot size.
In this way the parameters which cause the effect at varying HT values could be investigated.
A similar approach was used as in the extraction recovery tests. Concentrations in whole
blood were prepared at 3.0, 20.0, 40.0, and 50.0 µg/L for TaC, SiR and EvE, and at 50.0,
800, 1,600 and 2,000 µg/L for CyA. Every concentration was prepared in whole blood at HT
concentrations of 0.25, 0.35 and 0.45 L/L. Blank paper spots were punched, transferred to an
eppendorf cup and 10 µL whole blood was spiked on the punched spots. For the remaining,
the procedures described in sections 2.3 and 2.4.3 were followed.

Cross-validation test between the 31 ET CHR paper and Whatman FTA DMPK-C cards
To assess significant differences between the paper types of the Whatman 31 ET CHR paper
and the Whatman FTA DMPK-C cards, an eight point calibration curve was analyzed from
each paper type according to the described sample preparation and analytical procedure.
The 95% confidence intervals (CI) of the intercepts and slopes of each calibration curve were
compared to determine a significant difference between the two types of paper.

Correlation study: patient analysis in venous blood and DBS from venous blood
The correlation study included patients who had a heart, kidney, lung, liver, pancreas or small
intestine transplantation. Trough levels were used to determine the immunosuppressant
concentrations. Venous EDTA blood samples received by the laboratory for routine
immunosuppressant analysis were analyzed daily according to a previously published method
[12]. The venous EDTA blood samples were used to create venous DBS according to section
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2.3. The DBS were analyzed and correlated with the results from the venous blood analysis
using Passing & Bablok with the help of Analyse-it® software. In addition, this patient
population was used to calculate the average HT values of the outpatients and inpatients.

RESULTS
Validation results
Analytical method validation
During method development it became clear that some deuterated internal standards were
contaminated with one of the immunosuppressants. TaC [13C,2H2] was 1.1% contaminated
with TaC, SiR [13C,2H3] was 2.9% contaminated with SiR, EvE [13C2,2H4] was 0.5% contaminated
with EvE and was 0.7% contaminated with SiR. For this reason it was decided to validate
without SiR [13C,2H3] and to use EvE [13C2,2H4] as the internal standard for SiR instead.
Low concentrations of the internal standards were used to minimize the effect of the
contaminants, while still providing high and reliable peak areas.
In table 2 the validation results regarding accuracy and precision are shown. TaC, SiR and
EvE were validated with a linear range of 1.00 to 50.0 µg/L with correlation coefficients of
respectively 0.9975, 0.9962 and 0.9960. CyA was validated with a range of 20.0 to 2,000
µg/L and a correlation coefficient of 0.9992. For CyA a quadratic fit showed to be most
suitable for this large calibration range. For the accuracy and precision the highest overall
bias found during the validation was 13.0% for the LLOQ of SiR, while the highest overall CV
was 15.7% for the LLOQ of EvE.
In figure 1, representative LLOQ chromatograms are shown for each immunosuppressant. The
results of the stability validation of all four immunosuppressants are shown in table 3. The
auto-sampler stability was proven for 48 hours at 10°C for all substances with a maximum
overall bias of 12.6%. All substances showed to be stable for at least 7 days at 22°C at Low
and High concentration. SiR and especially EvE showed degradation at 37°C over a 4 week
period (data not shown).

Blood spot volume
The volume of the bloodspot showed minor impact on the measured concentrations. The 30
µL spots showed negative biases with a maximum of -6.6% for the SiR at Low concentration,
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Table 2

Accuracy and precision results of all substances
Concentration
(µg/L)

Within-run CV
(%)

Between-run CV
(%)

Overall CV
(%)

Overall bias
(%)

Tacrolimus

LLOQ (1.00)
Low (3.00)
Med (25.0)
High (40.0)

12.4
5.9
4.4
3.8

0.0
7.0
0.5
0.0

12.4
9.2
4.4
3.8

-1.2
7.5
1.6
-1.4

Sirolimus

LLOQ (1.00)
Low (3.00)
Med (25.0)
High (40.0)

13.4
10.3
4.8
6.8

0.0
0.0
2.1
0.0

13.4
10.3
5.3
6.8

13.0
4.2
-5.1
-4.5

Everolimus

LLOQ (1.00)
Low (3.00)
Med (25.0)
High (40.0)

15.7
7.8
5.4
4.9

0.0
0.0
0.0
0.0

15.7
7.8
5.4
4.9

-2.2
12.0
8.6
1.9

Cyclosporin A

LLOQ (20.0)
Low (50.0)
Med (1,000)
High (1,600)

4.0
3.9
2.8
5.9

8.8
5.8
6.4
12.3

9.7
6.9
6.9
13.7

4.1
0.4
-3.1
-0.5

Substance

while the 90 µL spots showed positive biases with a maximum of 13.9% for the CyA at High
concentration.

Extraction recovery, matrix effect and process efficiency
With the used extraction and analysis method high process efficiencies are obtained for TaC,
SiR and EvE, without any significant matrix effects. For CyA however, high extraction recoveries
are found but there showed to be a significant negative matrix effect of about -64% (table
4). The matrix effect also showed to be present with an equal effect at the M+1 mass as with
the ammonium adduct (data not shown). During method development it became clear that
chromatographically separating the matrix effect from the peak of CyA was impossible. The
use of a deuterated IS corrects for the occurring matrix effect, as can be seen in table 4. And
since CyA showed good validation results the presence of the matrix effect was accepted.

Influence of the hematocrit
As expected the HT showed to be of significant influence on the analytical results. With the
HT of 0.35 L/L as the standardized HT value, positive biases were observed for increasing
HT values and vice versa. A multivariate regression equation with the use of Microsoft
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Figure 1
Table 3

Chromatograms of all LLOQ concentrations for tacrolimus, sirolimus, everolimus and cyclosporin A.
Results of the stability testing for all four substances
Low

High

Substance

Stability

Time
(days)

Within-run
CV (%)

Within-run
bias (%)

Within-run
CV (%)

Within-run
bias (%)

Tacrolimus

AS 10°C
DBS 22°C
DBS 37°C

5
28
28

4.1
5.7
8.2

1.1
-5.1
-14.2

4.0
4.7
4.5

4.4
-3.6
-9.8

Sirolimus

AS 10°C
DBS 22°C
DBS 37°C

5
7
7

10.1
9.6
13.6

12.6
-4.9
1.1

7.0
4.1
6.3

10.9
-1.3
-12.4

Everolimus

AS 10°C
DBS 22°C
DBS 37°C

5
13
2

6.1
5.2
7.5

11.0
-7.8
-6.2

5.6
5.1
6.8

8.1
-12.7
-10.8

Cyclosporin A

AS 10°C
DBS 22°C
DBS 37°C

5
28
28

3.4
6.5
3.7

0.5
-0.2
-1.7

3.0
4.4
3.8

10.2
10.5
11.4

AS is autosampler stability in processed sample. Low is 3.00 µg/L and High is 40.0 µg/L for tacrolimus, sirolimus
and everolimus. For cyclosporin A, Low is 50.0 µg/L and High is 1,600 µg/L.
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Table 4

Results of the extraction recovery, matrix effect and process efficiency testing
Concentration
µg/L

Extraction
recovery
%

Matrix effect
%

Process
efficiency
%

Matrix effect
corrected with IS
%

Tacrolimus

3.00
40.0

95.4
95.2

0.6
14.3

95.9
108.8

-4.1
0.2

Sirolimus

3.00
40.0

92.4
88.7

3.1
3.5

95.2
91.8

5.3
4.0

Everolimus

3.00
40.0

98.8
85.7

-4.3
0.1

94.5
85.7

-1.8
0.5

Cyclosporin A

50.0
1,600

121.3
89.1

-66.5
-60.5

40.7
35.2

-8.9
-2.2

Substance

IS is internal standard.

Excel was applied to calculate the expected analytical bias with HT value and nominal
concentration as covariates. This expected analytical bias was then used to correct the
measured concentration. After correction most biases were within the acceptable range of
15% bias. Only SiR and EvE still showed -20% and -28% bias respectively at the extreme HT
of 0.20 L/L at High concentration.

Influence of the hematocrit and concentration on the extraction recovery
The results of the performed tests show that varying HT and concentrations have no
significant influence on matrix effects. For TaC and CyA the extraction recoveries remained
constant at 99% (CV 2.3%) and 87% (CV 4.3%) respectively and showed not be influenced
by varying concentrations and HT values. For SiR and EvE however, the extraction recovery
was influenced by the concentration as well as the HT value, as seen in figure 2. The lowest
extraction recoveries were observed at the highest concentrations in combination with the
lowest HT values. For SiR the highest extraction recovery of 93% was found at 3 µg/L and a
HT of 0.45 L/L, while the lowest extraction recovery of 69% was found at 50 µg/L and a HT
of 0.25 L/L. For EvE the highest extraction recovery of 87% was found at 3 µg/L and a HT
of 0.35 L/L, while the lowest extraction recovery of 49% was found at 50 µg/L and a HT of
0.25 L/L. This proves that the effect of the DBS spot size caused by the HT is not the only
parameter that can cause the deviating biases. For SiR and EvE an additional negative effect
is caused by the deteriorated extraction recoveries especially at extremely low HT values
combined with extremely high concentrations.
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Figure 2 Recoveries of tacrolimus, sirolimus, everolimus and cyclosporin A influenced by concentration and
HT, without the chromatographic effect of the paper.

Cross-validation test between the Whatman 31 ET CHR paper and Whatman FTA DMPKC cards
In table 5 the results of the compared curves are shown for each substance. The overlapping
95% confidence intervals of the intercepts and slopes between the two types of paper
concluded no significant differences between the two types of paper for each of the four
immunosuppressants. Although it is preferred to use a single kind of paper for the DBS of
the calibration curve, quality control samples and patients this test showed that the use of
either type of paper will provide similar results.
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Table 5 Results of the correlation between the calibration curves of the Whatman 31 ET CHR paper and
Whatman FTA DMPK-C cards for all four substances using a 95% confidence interval (95% CI)
Substance

Whatman
paper

Intercept
(95% CI)

Slope
(95% CI)

Regression
coefficient

Correlation
coeficient

Tacrolimus

31 ET CHR

0.0427
(0.0222–0.0632)
0.0288
(0.0135–0.0441)

0.1059
(0.0982–0.1136)
0.1134
(0.1076–0.1191)

0.9947

0.9947

0.9974

0.9987

0.01518
(0.0006–0.0297)
0.005827
(-0.0023–0.014)

0.06159
(0.0561–0.0671)
0.05608
(0.053–0.0591)

0.9922

0.9961

0.9970

0.9985

0.008848
(-0.0064–0.0241)
0.003898
(-0.0156–0.0234)

0.07945
(0.0737–0.0852)
0.08730
(0.0800–0.0946)

0.9948

0.9974

0.9930

0.9965

0.004576
(-0.0177–0.0268)
0.01001
(-0.0113–0.0313)

0.003503
(0.0031–0.0039)
0.00399
(0.0036–0.0044)

0.9850

0.9924

0.9893

0.9947

FTA DMPK-C
Sirolimus

31 ET CHR
FTA DMPK-C

Everolimus

31 ET CHR
FTA DMPK-C

Cyclosorin A

31 ET CHR
FTA DMPK-C

Correlation study: patient analysis in venous blood and DBS from venous blood
For TaC, SiR, EvE and CyA, 50, 36, 55 and 57 samples were analyzed respectively. The
correlation results obtained with Passing & Bablok regression are shown in figure 3. The
95% confidence intervals showed that the slopes for TaC, EvE and CyA were significantly
higher than 1, concluding a systematic difference between venous blood and DBS from
venous blood. The Passing & Bablok results for SiR showed no systematic difference between
venous blood and DBS from venous blood. The Passing & Bablok plots showed a positive bias
of the slope of 18% for tacrolimus and biases less than 12% for sirolimus, everolimus and
cyclosporin A. Since the DBS method was initially developed for the analysis of outpatients
the average HT values and their 95% confidence interval were calculated for the inpatients
and the outpatients. The outpatients showed to have an average HT of 0.384 L/L (n=102,
95% CI: 0.379–0.389), while inpatients showed to have a lower average HT of 0.295 L/L
(n=55, 95% CI: 0.289–0.302). This significant difference in HT values between inpatients and
outpatients shows that the standardized HT used for the calibration curve must depend on
the population which is monitored.
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Figure 3 Patient correlation study of venous blood and DBS for tacrolimus, sirolimus, everolimus and
cyclosporin A.
The dotted line is the identity line, the continous line is the Passing & Bablok regression line. Simple linear
regression coefficients and Passing & Bablok regression equations are the following. tacrolimus: R2=0.9607
(n=50), y=1.18x-0.45 (95% CI slope: 1.11–1.25, intercept: -1.02–0.19); sirolimus: R2=0.8708 (n=36), y=0.97x+0.52
(95% CI slope: 0.80–1.21, intercept: -1.04–1.66); everolimus: R2=0.9698 (n=55), y=1.10x-0.26 (95% CI slope:
1.04–1.21, intercept: -0.96–0.19) and cyclosporin A: R2=0.9775 (n=57), y=1.12x-12.26 (95% CI slope: 1.05–1.18,
intercept: -20.55–-4.06).

DISCUSSION
We developed a method for the analysis of DBS samples to facilitate TDM of immuno
suppressants outside the hospital. The developed method is fast and the extract can be
injected into the LC-MS/MS without a time consuming concentration step like evaporation
to dryness and subsequent re-dissolving of the sample. The method was extensively
validated, including the effect of the blood spot volume and by testing a wide range of HT
concentrations. The HT and recovery tests in section 3.1.5 showed that the viscosity of the
blood due to the HT is not the only parameter that affects the measured concentration.
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At extremely high concentrations combined with extremely low HT values, recoveries
deteriorated for EvE and SiR.
Van der Heijden et al. also found that extraction recoveries of EvE (60.8% recovery at
8 µg/L) deteriorated at higher concentrations and suggested that EvE adsorbed to the
paper [7]. Impregnation of the paper with a mixture of ammonium acetate, formic acid
and pasteurised plasma-protein solution would prevent the adsorption and a filtration
extraction procedure improved the recovery of EvE. Although our results showed the same
phenomenon, the extraction recoveries with the here described extraction method at Low
and High concentrations were 98.8% and 85.7% respectively, without the inconvenient
impregnation of the paper. Van der Heijden et al. explained the concentration dependant
recovery by the ability to easily extract the superficial EvE from the DBS, while the EvE that
permeated deeper into the DBS was alleged to be extracted less well [7].
TaC and SiR have protein bindings of approximately 99% and 92% respectively, while EvE
has a lower protein binding of approximately 74% [14]. To improve oral availability, EvE was
synthesized by chemists at Novartis, who made a 2-hydroxyethyl chain substitution at position
40 of the SiR structure [15, 16]. A high number of hydrogen bond acceptors may explain the
level of affinity to form hydrogen bonds with the cellulose of the paper. The molecules of
TaC, SiR and EvE have 12, 13 and 14 hydrogen bond acceptors respectively [17]. For EvE this
resulted in a lower protein binding affinity and higher affinity to form hydrogen bonds with
the cellulose of the paper compared to its structural analogues TaC and SiR. An alternative
hypothesis that we propose is that at high concentrations and low HT the free fraction of
EvE is increased which forms hydrogen bonds with the cellulose of the paper. The protein
bound EvE is easily extracted, while the EvE, which is bound to the cellulose of the paper is
more difficult to extract. The same hypothesis could be applied for SiR, but to a lesser extend.
The HT value also showed to be of significant influence on the measured DBS concentration
of CyA. Additional testing, which excluded the effect of the spot size during the creation of
the DBS, showed no decrease in the extraction recovery of CyA at varying concentrations
and HT values. This proved that the chromatographic effect during the formation of the DBS
is of significant influence on the distribution of CyA in the DBS and is HT and concentration
dependant. In blood, the distribution of CyA is concentration dependent with approximately
33–47% in plasma and 41–58% in erythrocytes. At high concentrations, the binding capacity
of leukocytes and erythrocytes becomes saturated [14]. The high affinity of CyA to distribute
to plasma may explain the chromatographic effect seen at extremely low HT combined with a
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high concentration. This causes a high degree of plasma bound CyA which has a lower viscosity
than the erythrocytes, creating a chromatographic effect in the distribution of the DBS.
The observed HT effects during the validation showed to be negligible at the patient correlation study, where a good correlation was observed without concentration corrections
of the HT values. The less extreme HT values and concentrations at the patient correlation
study minimize the observed effect during the validation and allow DBS analysis without
HT correction.
The patient correlation study showed good correlations for all four immunosuppressants
with R2 values higher than 0.87 between venous whole blood and venous DBS samples. In
addition, the R2 of CyA was 0.9775, showing that the ion-suppression found for CyA in this
study was well corrected with its deuterated internal standard during venous DBS patient
analysis. The correlation study showed the capability of the DBS method to be used as an
alternative for whole blood analysis in therapeutic drug monitoring.

CONCLUSION
A fast analysis method for TaC, SiR, EvE and CyA in DBS was developed and fully validated.
The validation showed significant effects by the combination of extreme HT values and
concentrations on the analytical results. Additional recovery tests proved that the combination
of especially low HT and high concentration does not only affect the spot size but can also
affect the extraction recoveries of SiR and especially EvE. Although the tested parameters like
HT and concentrations are extreme and unlikely for routine analysis of through levels, the
fundamental effect of the combination of these parameters on recoveries are proven with
this research. The suggested influence of protein binding in the blood and hydrogen binding
to the cellulose of the paper give new insights in the extraction methodology of DBS samples.
Future research is needed to further determine the mechanism of binding and extraction
of these immunosuppressants regarding the paper matrix. For the patient correlation study,
which showed no extreme HT values or concentrations, these effects showed to be of minimal
influence and patients analysis acquired from venous whole blood and DBS showed good
correlation results. Nevertheless, results from DBS samples with extremely high concentrations
combined with extremely low HT values should be interpreted with caution. The validated
method and proved stability of the immunosuppressants of at least 7 days at 22°C in DBS
makes the method suitable to replace the whole blood analysis for outpatients.
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Abstract
In order to monitor creatinine levels or to adjust the dosage of renally excreted or nephrotoxic
drugs, the analysis of creatinine in dried blood spots (DBS) could be a useful addition to DBS
analysis. We developed a LC-MS/MS method for the analysis of creatinine in the same DBS
extract that was used for the analysis of tacrolimus, sirolimus, everolimus and cyclosporin
A in transplant patients with the use of Whatman FTA DMPK-C cards.
The method was validated using three different strategies; a 7-point calibration curve
using the intercept of the calibration to correct for the natural presence of the creatinine in
reference samples; a one point calibration curve at an extremely high concentration in order
to diminish the contribution of the natural presence of creatinine and the use of creatinine[2H3] with an 8-point calibration curve.
The validated range for creatinine was 120 to 480 µmol/L (7-point calibration curve), 116 to
7,000 µmol/L (1-point calibration curve) and 1.00–400.0 µmol/L for creatinine-[2H3] (8-point
calibration curve). The precision and accuracy results for all three validations showed a
maximum CV of 14.0% and a maximum bias of -5.9%. Creatinine in DBS was found stable at
ambient temperature and 32°C for 1 week and at -20°C for 29 weeks.
Good correlations were observed between patient DBS samples and routine enzymatic
plasma analysis and showed the capability of the DBS method to be used as an alternative
for creatinine plasma measurement.
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INTRODUCTION
Over the last decade, dried blood spot analysis (DBS) has become increasingly popular
for outpatient therapeutic drug monitoring (TDM). Analytical methods for DBS analysis of
several substances have been successfully developed during the last years. DBS analysis of
tacrolimus, sirolimus, everolimus and cyclosporin A are especially favored because of the
need for life long TDM in transplant patients. Because DBS is a low invasive and convenient
method for the patient, TDM has been gradually changing from whole blood to DBS analysis.
The main advantage of DBS analysis is that the patient can perform the sampling at home
and can sent the DBS card directly to the laboratory [1, 2].
In addition to the concentration of the drug of interest, relevant clinical parameters are
mandatory to adjust the dosage of renally excreted or nephrotoxic drugs [3, 4]. DBS would be
less efficient if patients still have to travel to the hospital for having a blood sample taken for
other laboratory analyses. A more efficient approach of TDM would be the analysis of the drug
of interest and relevant clinical parameters in the same DBS. As creatinine is the most common
analyte measured in relation to drug clearance or toxicity samples from transplant patients.
An analytical method for the analysis of creatinine in DBS would be useful for these patients
who have a high risk of renal failure. Examples are the immunosuppressants cyclosporin A
and tacrolimus that are nephrotoxic, in which case creatinine monitoring may help discover
nephrotoxicity. Other examples are the early detection of drugs that may accumulate in case
of decreasing renal function such as digoxin, metformin and lithium. Creatinine monitoring
is also useful in case of therapy with renally cleared drugs that cause toxicity when renal
function declines such as home intravenous treatment with aminoglycosides. Several DBS
procedures have been developed for which a creatinine measurement would be helpful
(diabetic patients, patients with heart failure) [5, 6].
To date only one study described the analysis of creatinine in DBS together with tacrolimus
[7]. The authors performed a preliminary validation and showed that it is possible to analyze
creatinine along with tacrolimus in the same DBS. There are several disadvantages to their
method. The DBS preparation procedure for tacrolimus uses a time consuming solid phase
extraction, while this is not performed for the creatinine extraction. In addition, the two
different chromatographic procedures; i.e. normal phase chromatography and reversed
phase chromatography, complicate the combined analysis on a single LC-MS/MS system.
On could also debate the use of phosphate buffered saline (PBS) as surrogate for creatinine
free whole blood because the change in matrix effects both the formation of the spot as
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well as the subsequent analysis using LC-MS/MS. As only fixed volume DBS preparation was
evaluated without evaluation of the hematocrit (HT) effect this procedure is not useful for
daily practice.
The objective of this study was to develop a fast and reliable method for the analysis of
creatinine in the same DBS extract used for tacrolimus, sirolimus, everolimus and cyclosporin
A on a single LC-MS/MS system and to solve the issue of the naturally present creatinine in
the reference standards. This would provide a reliable and efficient procedure to perform
TDM for outpatient transplant recipients.

MATERIALS and METHODS
Chemicals and reagents
Creatinine and creatinine-[2H3] were purchased from Sigma-Aldrich Inc. (St. Louis, USA).
Creatinine-[13C3,2H3] was purchased from Alsachim (Illkirch Graffenstaden, France). Analytical
grade methanol was purchased from Merck (Darmstadt, Germany). Purified water was
prepared by a Milli-Q Integral system (Billerica, Massachusetts, USA). Ammonium formate
was purchased from Acros (Geel, Belgium). Citrate whole blood was purchased from Sanquin
(Amsterdam, The Netherlands) and was used within two weeks after blood donation and
was always checked whether the blood was not hemolytic prior to use. The whole blood
was stored at 4°C. Whatman FTA DMPK-C cards were used for method development and
validation (Whatman, Kent, UK).

Equipment and conditions
Vortexing was performed with a Labtek multi-tube vortexer (Christchurch, New Zealand).
Sonification was performed at 47 kHz using a Branson 5210 ultrasonic bath (Danburry, CT,
USA). The punching machine (punch diameter = 8 mm) was purchased from the Technical
Support Facilities of the University of Leiden and designed by P.M. Edelbroek PhD (Heemstede,
the Netherlands) [1].
All experiments were performed on an Agilent 6460A (Santa Clara, Ca, USA) triple quadrupole
LC-MS/MS system, with an Agilent 1200 series combined LC system. The Agilent 6460A mass
selective detector operated in heated electrospray positive ionization mode and performed
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multiple reaction monitoring (MRM) with unit mass resolution. High purity nitrogen was
used for both the source and collision gas flows. The used mass transitions for creatinine
were m/z 114.2 with fragment m/z 72.1, for creatinine-[2H3] m/z 117.2 with fragment m/z
75.1 and for creatinine-[13C3,2H3] m/z 120.2 with fragment m/z 91.1. The fragmentor voltage
was 110 Volt for all mass transitions and the collision energy was 15 Volt for creatinine and
creatinine-[2H3] and 8 Volt for creatinine-[13C3,2H3]. For all substances the capillary voltage
was set at 4,500 V, gas temperature at 200°C, gas flow at 13 L/min, nebulizer gas at 18 psi,
sheath gas temperature at 200°C, sheath gas flow at 12 L/min and the nozzle voltage at 0
V. The Agilent 1290 auto-sampler was set at 10°C and the 1260 TCC column oven was set at
a temperature of 40°C. The column oven was equipped with an integrated Agilent column
switch. The mobile phase solutions consisted of methanol and an aqueous 20 mM ammonium
formate buffer pH 7.0. Analyses were performed with a 100 x 2.1 mm 3-µm Waters Atlantis T3
analytical column from Waters Corporation (Milford, MA, USA). Chromatographic separation
was performed by means of a gradient with a flow of 0.5 mL/min and a run time of 2.5 min.
The gradient starts at 100% 20 mM ammonium formate buffer pH 7.0 and changes to 95%
methanol between 1.40 and 1.60 min were it remains until 2.00 min. From 2.01 to 2.50 min
the gradient is kept at 100% 20 mM ammonium formate buffer pH 7.0 to stabilize the column
for the next injection. Peak area ratios of the substance and its internal standard were used
to calculate concentrations. Agilent Masshunter software for quantitative analysis (version
B.04.00) was used for quantification of the analysis results. Analyse-it® software was used
for Passing and Bablok regression analysis.

Sample preparation
The preparation of the target HT values was performed by centrifuging tubes with 8 mL
of citrate whole blood with a known HT (measured by a Sysmex XN-9000 analyzer) for 5
minutes at 1,972g. The necessary volumes of plasma were omitted or added to achieve the
target HT values [8]. From these blood samples, DBS were created using 50 µL of blood. The
DBS were left to dry for 24 hours and then stored at -20°C in a plastic seal bag containing
a 2 g silica gel sachet.
The DBS extraction for tacrolimus, sirolimus, everolimus and cyclosporin A was performed
according to a previously described procedure [9]. The extraction solution consisted of
methanol:water (80:20 v/v%) and contained the creatinine-[2H3] or the creatinine-[13C3,2H3]
internal standard (IS) at a concentration of 20 µmol/L.
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For the preparation of the DBS samples an 8 mm disk from the central part of the blood
spot was punched into an eppendorf tube and 200 µL extraction solution was added. The
samples were vortex mixed for 60 sec, sonicated for 15 min and then vortex mixed again
for 60 sec. The extract was transferred into a 200 µL glass insert and placed at -20°C for 10
min to improve protein precipitation. After centrifugation at 10,000g for 5 min, 0.1 µL of
the extract was injected to the LC-MS/MS system.

Validation
DBS validation
The analytical method validation was performed at a standardized HT value of 0.38 L/L
and included linearity, precision, accuracy, selectivity, specificity and stability based on
international guidelines [10]. For the DBS matrix the validation was extended with the
investigation of the effect of the blood spot volume and HT.
Since creatinine free blood and thus DBS is not available and can not be prepared without
changing the matrix, it was difficult to fully meet the validation requirements using a standard
approach. In order to assess the performance of the analytical method, the method was
validated using three different strategies. The first strategy was a 7-point calibration curve,
using the intercept of the calibration curve to correct the concentrations for the creatinine
present in the used batch of blood. Secondly, a one point calibration curve at an extremely
high concentration of approximately 100 times higher than regular creatinine concentrations
was used in order to limit the contribution of the creatinine already present in the used batch
of blood. The used IS for these validations was creatinine-[2H3]. The third strategy was the
use of a creatinine-[2H3] calibration curve as replacement for creatinine and with creatinine[13C3,2H3] as IS. Since the creatinine-[2H3] is not naturally present in the blood, this provided
the possibility to assess the Lower Limit Of Quantification (LLOQ) of the analysis method.

Analytical method validation
All reference standards were weighed and dissolved in purified water. One set of stock
solutions was used for the preparation of the calibration curve, while another set was used
for preparation of all other quality control (QC) concentrations. To prevent cell lysis, the
volume of the spiked stock solution never exceeded 5% of the total blood volume used for
the preparation of the blood standards and QCs. The prepared blood standards were then
tumble mixed gently for 30 minutes at room temperature directly followed by the preparation
122

Dried blood spot: Creatinine

of the DBS according to section 2.3. A 7-point calibration curve was prepared by addition of
60.0, 80.0, 100, 150, 250, 320 and 400 µmol/L creatinine. For the 1-point calibration curve,
a standard of 7000 µmol/L creatinine was prepared. The following QC concentrations were
added for the validation: LLOQ 60.0 µmol/L, Low 100 µmol/L, Medium (Med) 200 µmol/L
and High 320 µmol/L.
The validation of the linearity, precision and accuracy was also performed with creatinine[2H3] as target substance and creatinine-[13C3,2H3] as IS.
In order to assess the agreement of the analytical responses of creatinine and creatinine[2H3], the calibration curves of creatinine and creatinine-[2H3] were compared in extraction
solvent. First, 2 separate calibration curves of creatinine and creatinine-[2H3] were spiked
in extraction solvent containing 20 µmol/L creatinine-[13C3,2H3] as IS in order to represent
60.0, 80.0, 100, 150, 250, 320 and 400 µmol/L creatinine or creatinine-[2H3]. The calibration
curves were each analyzed in triplicate and the response ratios were compared using Passing
& Bablok regression.
The concentrations used for the 8-point calibration curve of creatinine-[2H3] in DBS were:
1.00, 3.00, 10.0, 30.0, 100, 200, 320 and 400 µmol/L. The following QC concentrations were
used for the validation: LLOQ 1.00 µmol/L, Low 3.00 µmol/L, Med 200 µmol/L and High 320
µmol/L.
Validation was performed with a maximum tolerated Coefficient of Variation (CV) and bias of
20% for the LLOQ and 15% for all other QC samples including the stability validation. For the
determination of the precision and accuracy, all QC concentrations were measured in five fold
in three separate runs on separate days. For each precision and accuracy concentration CV
and bias were calculated per run. Within-run, between-run and overall CVs were calculated
with the use of one-way ANOVA. One calibration curve was analyzed each day to determine
linearity on three separate days.
For stability testing, DBS were prepared in fivefold without addition of creatinine and at
Low and High creatinine concentrations and compared to simultaneously prepared DBS
in fivefold which were stored at -20°C. Stability at -20°C was assessed by preparing fresh
DBS after 29 weeks of storage at -20°C. Stability of creatinine was assessed in fivefold as
processed sample in the auto-sampler at 10°C after 7 days. Stability of creatinine in DBS
at 22°C, 32°C and 50°C was assessed in fivefold at multiple time points. All stability results
were calculated with the use of the 1-point calibration curve.
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Blood spot volume
To assess the effect of the blood volume used to create a blood spot, blood was prepared
with a HT of 0.38 L/L. DBS were prepared at Low and High concentrations with volumes of
30, 50 and 70 µL. The 50 µL spots were considered the standard spot and the biases of the
other volumes were calculated with a maximum acceptable bias and CV of 15%.

Extraction recovery, matrix effect and process efficiency
The creation of DBS with an unknown blood volume and a fixed punch diameter makes it
impossible to exactly know the amount of blood that is used for the extraction. The amount
of blood used for the extraction is estimated to be approximately 20 µL. To assess extraction
recovery, matrix effects and process efficiency of creatinine and creatinine-[2H3], a defined
amount of blood has to be used to create the DBS. Blank paper spots were punched,
transferred to an eppendorf cup and 15 µL blood with a HT of 0.38 L/L at Low, Med and
High concentration were spiked on the punched spots and analyzed the next day in fivefold
(solutions A Low, Med and High). In order to determine the extraction recovery, matrix effect
and process efficiency, DBS without creatinine should be used to obtain blank DBS extracts.
These extracts could be spiked with creatinine at the concentrations that represent 100%
recovery, matrix effect or process efficiency. Since it is impossible to obtain creatinine free
blood, a batch of blood was used from which the creatinine concentration was established
by LC-MS/MS measurements. For the extraction recovery, extracts of DBS containing only
naturally present creatinine were spiked at Low, Med and High concentration (solutions B Low,
Med and High) and were compared to solutions A. Since solutions A and B both contained
the naturally present creatinine, there was no need to correct for this phenomenon.
For the matrix effect and process efficiency of creatinine, the established concentration of
the naturally occurring creatinine was added up to the Low, Med and High concentrations
of the extraction solvent (solutions C Low, Med and High).
This was not an issue for the matrix effect and process efficiency testing of creatinine-[2H3],
where the extraction solvents were spiked at Low, Med and High concentration (solutions
C Low, Med and High). The average peak area responses were used to calculate recovery,
matrix effect and process efficiency. The calculations of the recovery, matrix effect and process
efficiency were as followed: recovery = A/Bx100, matrix effect = (B/Cx100)-100, process
efficiency = A/Cx100. Where A, B and C refer to the prepared solutions mentioned above.
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Ion suppression chromatograms were obtained by injection of 6 processed DBS samples
obtained from healthy volunteers with the use of a t-piece to combine the flows of the
syringe pump with creatinine stock solution and the LC pump.

Influence of the hematocrit
To test the influence of the HT, blood samples at Low and High concentration were prepared
at the following HT values: 0.23, 0.28, 0.33, 0.38, 0.43, 0.48, 0.53 L/L. For the remaining,
the procedure described in section 2.3 was followed. The HT of 0.38 L/L was considered the
standard HT values and the biases of the other HT values were calculated with a maximum
acceptable bias and CV of 15%.

Correlation study: patient analysis in venous blood and DBS from venous blood
The correlation study included EDTA blood samples of solid organ transplant recipients that
were obtained for routine TDM. Venous EDTA blood samples received by the laboratory for
routine immunosuppressant analysis were analyzed daily according to a previously published
method [11]. The venous EDTA blood samples were used to create venous DBS according to
section 2.3. The DBS samples were analyzed with the 1-point calibration curve and correlated
with the results from the plasma analysis performed for routine patient monitoring in the
hospital using Passing & Bablok with Analyse-it® software. The creatinine routine plasma
analysis was performed with a Roche enzymatic creatinine assay on a Roche Modular (Roche
Diagnostics Limited, West Sussex, UK).
In order to assess the possibility to use creatinine-[2H3] to calculate creatinine levels, the
patient correlation study was also performed with the use of the creatinine-[2H3] calibration
curve, while creatinine Low, Med and High controls were used for run acceptance. In addition
the results obtained by both calibration curves were correlated with each other using Passing
& Bablok with Analyse-it® software.
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RESULTS
Validation results
Analytical method validation
All three validation approaches yielded excellent validation results. The regression equations
of the 7-point calibration curves which were analyzed on each of the 3 days were used
to calculate the mean creatinine concentration of the un-spiked blood. This resulted in
a creatinine concentration of 60 µmol/L, which was added to the theoretical validation
concentrations.
The 7-point calibration curve with the use of creatinine-[2H3] as IS was validated with a linear
range of 120 to 460 µmol/L and a correlation coefficient of 0.9992 without weighing. In table
1 the validation results regarding precision and accuracy are shown which were obtained
with the 7-point calibration curve.

Table 1 The precision and accuracy results obtained with the use of the 7-point calibration curve with
creatinine-[2H3] as internal standard
Concentration
(µmol/L)

Within-run CV
n=15 (%)

Between-run CV
n=15 (%)

Overall CV
n=15 (%)

Measured mean
(µmol/L)

Overall bias
n=15 (%)

60

3.3

2.5

4.1

66

9.4

120

2.1

2.7

3.4

125

4.3

160

2.2

2.0

3.0

168

5.1

260

2.8

2.2

3.6

265

2.0

380

2.5

2.8

3.8

395

4.0

For the 1-point calibration curve, which was analyzed on each of the 3 days the mean
un-spiked blood concentration was calculated to be 56 µmol/L, which was added to the
theoretical validation concentrations. In table 2 the validation results regarding precision
and accuracy are shown which were obtained with the 1-point calibration curve.
The peak area ratios of the 7-point calibration curves prepared with creatinine and creatinine[2H3] in extraction solvent showed corresponding peak area ratios. The following Passing &
Bablok correlation equation was found: y = 1.02x - 0.01 (95% Confidence intervals; slope:
0.98–1.08, intercept: -0.01–0.00). This proved that the area response ratios of creatinine
and creatinine-[2H3] were equal.
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Table 2 The precision and accuracy results obtained with the use of the 1-point calibration curve with
creatinine-[2H3] as internal standardas internal standard
Concentration
(µmol/L)

Within-run CV
n=15 (%)

Between-run CV
n=15 (%)

Overall CV
n=15 (%)

Measured mean
(µmol/L)

Overall bias
n=15 (%)

56

3.6

1.9

4.0

56

0.0

116

2.2

2.9

3.7

111

-4.2

156

2.3

2.6

3.4

150

-3.2

256

2.9

2.9

4.1

240

-5.9

376

2.5

3.6

4.4

361

-3.9

The 8-point calibration curve with the use of creatinine-[2H3] as target substance and
creatinine-[13C3,2H3] as IS was validated in DBS with a range of 1.0 to 400 µmol/L and a
correlation coefficient of 0.9971 with 1/X2 weighting with 0.5 µL injection volume. In table
3 the validation results regarding precision and accuracy are shown which were obtained
with the 8-point calibration curve with the use of creatinine-[2H3] as target substance.
Representative LLOQ and Upper Limit Of Quantification (ULOQ) chromatograms for creatinine, followed by a chromatogram obtained from a finger prick DBS from a healthy volunteer
are shown in figure 1.
In figure 2, representative LLOQ and ULOQ chromatograms are shown for creatinine-[2H3]
and a creatinine-[13C3,2H3] chromatogram.
The results of the stability validation with the use of the 1-point calibration curve are shown
in table 4. The creatinine DBS showed stability issues, which depended on the temperature
and the concentration of the creatinine. At higher temperature and lower concentration,
the creatinine showed increased biases. The measurements of the un-spiked creatinine DBS
showed the largest biases. The un-spiked creatinine DBS showed to be stable for 1 week
at 22°C and 32°C.
Table 3 The precision and accuracy results obtained with the use of the 8-point calibration curve with
creatinine-[2H3] as target substance and creatinine-[13C3,2H3] as internal standard
Concentration
(µmol/L)
1.0

Within-run CV
n=15 (%)

Between-run CV
n=15 (%)

Overall CV
n=15 (%)

Measured mean
(µmol/L)

Overall bias
n=15 (%)

2.2

13.8

14.0

1.0

2.9

3.0

2.5

5.8

6.3

2.8

-5.8

200

3.9

0.0

3.9

208

3.4

320

3.6

0.0

3.6

326

1.9
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Figure 1 Representative LLOQ and Upper Limit Of Quantification chromatograms for creatinine and a
chromatogram obtained from a finger prick DBS from a healthy volunteer.

Figure 2 Representative LLOQ and Upper Limit Of Quantification chromatograms for creatinine-[2H3] and a
chromatogram of creatinine-[13C3,2H3].
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Table 4

The results of the stability validation with the use of the 1-point calibration curve
Concentration
56 µmol/L

156 µmol/L

376 µmol/L

Stability

Time
(weeks)

CV (%)

Bias (%)

CV (%)

Bias (%)

CV (%)

Bias (%)

AS 10°C

1

1.7

-3.9

2.8

-4.6

2.6

-5.3

DBS -20°C

29

0.9

7.7

2.1

2.9

1.7

1.5

DBS 22°C

1

2.1

-4.1

2.3

-7.3

2.3

-9.2

DBS 22°C

2

3.5

39.7

1.7

-2.8

1.8

-6.6

DBS 22°C

4

n.p.

n.p.

1.3

-0.6

1.6

-7.1

DBS 32°C

1

0.7

4.7

1.1

-2.0

2.2

-11.1

DBS 32°C

2

5.9

44.5

1.8

1.5

3.0

-7.5

DBS 32°C

4

1.4

59.4

2.0

7.8

1.4

-7.9

DBS 50°C

1

1.8

77.1

1.5

19.2

4.1

-4.2

DBS 50°C

2

3.3

133.1

3.4

35.0

0.9

-1.8

DBS 50°C

4

0.9

165.8

1.5

42.4

1.8

4.0

3.5

AS is auto-sampler stability in processed sample. n.p. is not performed.

Blood spot volume
The volume of the bloodspot showed to be of minor impact on the measured concentrations.
The 30 µL spots showed biases of -6% for the Low and -7% for the High, while the 70 µL spots
showed biases of +1% for the Low and +2% for the High concentrations.

Extraction recovery, matrix effect and process efficiency
With the used extraction and analysis method, high process efficiencies were obtained
without any significant matrix effects. The recoveries for creatinine were 87.3%, 101.0% and
110.5% for Low, Med and High respectively. The matrix effects for creatinine were 1.6%, 4.7%
and 0.7% for Low Med and High respectively. The total process efficiencies for creatinine
were 88.7%, 105.7% and 109.7% for Low, Med and High respectively.
The recoveries for creatinine-[2H3] were 100.4%, 92.2% and 94.6% for Low, Med and High
respectively. The matrix effects for creatinine-[2H3] were -4.3%, -5.1% and -5.8% for Low Med
and High respectively. The total process efficiencies for creatinine-[2H3] were 96.0%, 87.5%
and 89.1% for Low, Med and High respectively.
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The ion suppression chromatograms showed very little ion suppression at the dead time,
partly because of the extremely low injection volume of 0.1 µL. No ion suppression was
observed near the retention time of creatinine.

Influence of the hematocrit
The HT value showed not to be of major influence on the analytical results. With the HT
of 0.38 L/L as the standardized HT value, positive biases were observed for increasing HT
values and vice versa. The highest biases were found at the Low level where the HT of 0.23
L/L showed a bias of -5.0%, while the HT of 0.53 showed a bias of 9.9%, see table 5.

Table 5 Effect of the hematocrit on the bias at Low and High level with the standard hematocrit set at 0.38 L/L
Concentration
156 µmol/L

376 µmol/L

CV (%)
n=5

Bias (%)
n=5

CV (%)
n=5

Bias (%)
n=5

0.23

4.1

-5.0

2.1

-4.2

0.28

2.5

0.4

1.7

-1.4

0.33

1.5

0.1

1.4

-0.6

0.38

3.0

0.0

1.7

0.0

0.43

4.0

6.3

3.5

3.8

0.48

2.6

8.2

3.1

7.3

0.53

2.2

9.9

1.5

9.0

Hematocrit
(L/L)

Correlation study: patient sample analysis in venous blood and DBS prepared
from venous blood
For the correlation study 50 patient samples were analyzed in plasma and DBS with HT values
ranging from 0.28 to 0.56 L/L. The following Passing & Bablok fit was found with the creatinine
1-point calibration: y = 0.80x - 2.92 (95% confidence intervals; slope: 0.77–0.84, intercept:
-8.64–0.04) with a R2 of 0.9904 using simple linear regression. The 95% confidence intervals of
the Passing & Bablok results showed a systematic difference of 20% lower concentrations of
DBS from venous blood compared to plasma results. The correlation results for the creatinine
1-point calibration curve, obtained with Passing & Bablok regression are shown in figure 3.
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Scatter Plot with Passing & Bablok Fit
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Figure 3 Patient correlation study of plasma and DBS for creatinine using the 1-point calibration curve.
The dotted line is the identity line, the continuous line is the Passing & Bablok regression line. The simple linear
regression coefficient and Passing & Bablok fit are the following: R2 of 0.9904 (n=50), y = 0.80x - 2.92 (95%
confidence intervals; slope: 0.77–0.84, intercept: -8.64–0.04).
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Scatter Plot with Passing & Bablok Fit
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Figure 4 Patient correlation study of plasma and DBS for creatinine using the 8-point creatinine-[2H3]
calibration curve.
The dotted line is the identity line, the continuous line is the Passing & Bablok regression line. The simple linear
regression coefficient and Passing & Bablok fit are the following: R2 of 0.9904 (n=50), y = 0.84x - 3.34 (95%
confidence intervals; slope: 0.82–0.89, intercept: -9.40–-0.20).
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The patient correlation study calculated with the creatinine-[2H3] 8-point calibration curve
and creatinine controls showed the following Passing & Bablok fit: y = 0.84x - 3.34 (95%
Confidence intervals; slope: 0.82–0.89, intercept: -9.40–-0.20) with a R2 of 0.9904 using simple
linear regression. These results showed a systematic difference of 16% lower concentrations
of creatinine in DBS from venous blood compared to plasma results. The correlation results
for the creatinine-[2H3] 8-point calibration curve, obtained with Passing & Bablok regression
are shown in figure 4.
The correlated patient results obtained by creatinine and creatinine-[2H3] DBS calibration
curves showed the following Passing & Bablok fit: y = 1.06x - 0.25 (95% confidence intervals;
slope: 1.06–1.06, intercept: -0.25–-0.25) with a R2 of 1.0000 using simple linear regression.
The patient sample results of the creatinine-[2H3] calibration curve showed overlapping 95%
confidence intervals with the patient results calculated with the creatinine 1-point calibration
curve with very small confidence intervals. This further underlines the suitability of both the
creatinine 1-point calibration curve as well as the 8-point creatinine-[2H3] calibration curve
for creatinine DBS patient analysis.

DISCUSSION
Our developed analytical procedure showed that the determination of creatinine in addition
to tacrolimus, sirolimus, everolimus and cyclosporin A in the same extract of a single DBS
sample with only a simple reinjection of the sample produced accurate and precise results [9].
All 3 validation approaches yielded excellent results. The use of a 7-point calibration curve
required a correction for the naturally occurring creatinine in the used batch of blood, while
the use of a 1-point calibration curve did not require this correction. This simplifies the
concentration calculation process and will be less prone to errors. The concentration of the
1-point calibrator of 7,000 µmol/L was not adjusted, because concentration enhancement
by the natural presence of creatinine in the calibrator would be only 1%. The purpose of this
approach was that the calibration curve would be independent of the naturally occurring
creatinine in the used batch of blood. Although the use of a 1-point calibration curve may not
be a standard approach, the here described methodology proved to be practical, provided
valid results and its use can be scientifically supported [12].
The lowest calibrator would normally also represent the LLOQ. Because of the naturally
occurring creatinine, the lowest calibrators were 120 and 116 for the 7-point and 1-point
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3.5

Chapter 3.5

calibration curves. In order to calculate the un-spiked creatinine DBS, the 7-point calibration
curve needed to be extrapolated, while this was technically not the case for the 1-point
calibration curve. The replacement of the creatinine calibration curve by the creatinine-[2H3]
calibration curve proved to provide equal analytical results. Therefore it would be feasible to
use a creatinine-[2H3] calibration curve to calculate creatinine patient and QC concentrations.
In addition, this validation showed that the analytical method was capable of measuring
accurate and precise creatinine levels below 120 or 116 µmol/L.
It is known that creatinine concentrations significantly increase in serum and plasma within
24 hours to 3 days [13-15]. Ring closure of creatine in the matrix occurs while losing a
molecule of water to form creatinine under influence of time, temperature and pH [16-19].
DBS is often promoted as a more stable medium for a blood sample and this is also true
for creatinine [20]. Our experiments showed that stability is now extended to 7 days at a
maximum temperature of 32°C.
For clinical practice, the DBS stability of 1 week should provide enough time to send the
sample to the laboratory. There the DBS could be stored at -20°C up to 29 weeks until analysis.
A validation without the assessment of the un-spiked DBS could have provided misleading
stability results. Especially when creatinine free blood or another matrix is used for the
stability assessment. This would have resulted in seemingly acceptable stability results during
the validation, while DBS patient results could be wrongly reported after implementation.
Although HT effects are widely acknowledged, the HT effects observed in this research
were of minor influence on the analytical results. This could be explained by the fact that
creatinine is not bound to proteins and equally distributes into the red blood cells. This causes
a homogeneous distribution of creatinine through the blood sample which is unaffected
by the HT value. Only changes in the DBS spot size due to the HT value may be observed.
The correlation study showed good correlations for plasma and venous DBS samples
calculated with the use of the 1-point DBS creatinine calibration and with the 8-point
creatinine-[2H3] calibration. The observed differences could be ascribed to differences in the
analysis techniques or to the blood-to-plasma ratio and distribution of creatinine. This should
be further investigated before the clinical validation with real DBS finger prick samples is
performed. The correlation study showed the capability of the DBS method to be used as an
alternative for creatinine plasma measurement. When creatinine DBS analysis is applied for
routine analysis, the reference ranges of creatinine DBS should be evaluated and if required
adapted according to the results of the clinical validation.
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After clinical validation, the developed DBS method would be a useful addition to the
monitoring of creatinine levels and therapeutic drug monitoring of renally excreted or
nephrotoxic drugs.
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Abstract
Background: We investigated the influence of the number of hydrogen bond acceptors on
the recovery of immunosuppressant drugs and their structural analogues. This hypothesis
was tested by evaluation of the extraction recoveries of tacrolimus, ascomycin, sirolimus,
everolimus and temsirolimus, with 12, 12, 13, 14 and 16 hydrogen bond acceptors
respectively.
Results: With an increasing number of hydrogen bond acceptors of sirolimus, everolimus
and temsirolimus a decrease in recoveries was found, while ascomycin showed recoveries
corresponding to those of tacrolimus.
Conclusion: This study showed that the number of hydrogen bond acceptors of the analyte of
interest may influence the recoveries in DBS analysis and is a relevant factor to be investigated
during method development and validation.
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INTRODUCTION
Tacrolimus (TaC), sirolimus (SiR) and everolimus (EvE) are used to prevent allograft rejection
in solid organ transplantation [1]. Their narrow therapeutic ranges require individualized
dosing using therapeutic drug monitoring (TDM) [2, 3]. To facilitate TDM, dried blood spot
(DBS) sampling has been introduced to sample at home. This procedure is considered to be
patient friendly because it saves patient’s travel costs and time and requires only a small
amount of blood [4-6].
In DBS analysis, the hematocrit (HT) effect can be considered as one of the most critical
parameters during method development and validation [7]. The HT represents the relative
volume of the red blood cells (RBC) in the blood and has a direct effect on the viscosity of
the blood. The HT of the blood influences the permeability through the DBS card. Blood
with a high HT has a low permeability through the DBS card and thus forms a smaller spot.
The fixed diameter punch would then contain a higher blood volume causing a positive
bias. Earlier publications have proven the viscosity effect caused by the HT on the measured
concentration. It has been suggested to correct for this effect using a linear relation
between HT and measured concentration [8-10]. Indirect measurement of the HT in the
DBS by potassium analysis has also been proposed [11]. In order to avoid HT effects, several
procedures used fixed volume coupled to a full spot analysis. However, the DBS sampling
through a blood drop performed by patients produces a DBS with an unknown volume of
blood, which can not be analyzed by means of a full spot analysis.
Despite being the most relevant clinical source of variability, not all observed variation can be
explained solely by the effect of the HT on the blood spot formation. A recent study showed
a significant reduction in recoveries at low HT in combination with high concentrations
of SiR and EvE [8]. The decline in recoveries could potentially be related to differences in
molecular properties of the compounds. The molecular properties of TaC, SiR and EvE showed
an increasing number of hydrogen (H)-bond acceptors of 12, 13 and 14 respectively [12].
It was hypothesized that a higher number of H-bond acceptors induced a higher cellulose
bound fraction, which was more difficult to extract than the non-cellulose bound fraction.
This could explain the lower recoveries of the compounds with more H-bond acceptors.
The objective of this study was therefore to test the hypothesis that recovery was related
to the number of H-Bond acceptors of the analyte by using a range of structural analogues
with increasing number of H-bond acceptors; TaC and ascomycin (AsC) (n=12), SiR (n=13),
EvE (n=14) and temsirolimus (TeM) (n=16).
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MATERIALS and METHODS
Chemicals and materials
TaC was purchased from USP (Rockville, MA, USA). EvE was purchased from Sigma-Aldrich
Inc. (St. Louis, USA). SiR was purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany).
AsC was purchased from LC Laboratories (Woburn, USA). TeM was purchased from SigmaAldrich Chemie GmbH (Buchs, Switzerland).
The chemical and physical properties of the investigated substances are shown in table 1.
Table 1

Chemical and physical properties of the investigated substances

Substance

Molecular
formula

Molecular
weight
g/mol

Hydrogen
bond
acceptor
count

Hydrogen
bond
donor
count

Hydrophobicity
LogP

Water
solubility
*10-3 g/L

Protein
binding
%

Tacrolimus

C44H69NO12

804

12

3

5.6

4.0

99

Ascomycin

C43H69NO12

792

12

3

5.5

N.A.

N.A.

Sirolimus

C51H79NO13

914

13

3

7.5

1.7

92

Everolimus

C53H83NO14

958

14

3

7.4

1.6

74

Temsirolimus

C56H87NO16

1030

16

4

7.1

2.4

87

N.A. Not Available.
Data derived from http://www.drugbank.ca/ and http://www.chemicalize.org/.

Combined stock solutions containing TaC, EvE, SiR, AsC and TeM were prepared at 2,500
ng/mL in methanol. This combined stock solution was five times diluted with methanol to
obtain a concentration of 500 ng/mL. These combined stock solutions were used for the
experiments. The deuterated internal standards (IS) TaC [13C,2H2] and EvE [13C2,2H4] were
purchased from Alsachim (Illkirch Graffenstaden, France). The extraction solution consisted of
methanol:water (80:20 v/v%) and contained the deuterated internal standards TaC [13C,2H2]
and EvE [13C2,2H4] at concentrations of 2.5 ng/mL and 1.0 ng/mL respectively. TaC [13C,2H2] was
used as IS for TaC and AsC. EvE [13C2,2H4] was used as IS for EvE, SiR and TeM. Citrate whole
blood was purchased from Sanquin (Amsterdam, The Netherlands). The whole blood was
stored at 4°C and was used within two weeks after blood donation. To assure the quality
of the blood, it was checked for hemolysis prior to use. Whatman FTA DMPK-C cards (Kent,
UK) were used for the DBS analysis. A XN9000 hematology analyzer from Sysmex (Hyogo,
Japan) was used for all hematocrit analyses. All experiments were performed on an Agilent
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6460A (Santa Clara, Ca, USA) triple quadrupole LC-MS/MS system, with an Agilent 1290
series combined LC system. All technical parameters were used as described by Koster et
al. [8]. All precursor ions, product ions, optimum fragmentor voltages and collision energy
values were tuned and optimized in the authors’ laboratory and are shown in table 2. Agilent
Masshunter software for quantitative analysis (version B.04.00) was used for quantification
of the analysis results, using peak area ratios of the substance and its internal standard.
Table 2

Mass spectrometer settings for all substances
Precursor ion
(m/z)

Product ion
(m/z)

Fragmentor voltage
(V)

Collision energy
(V)

821.5

768.4

190

11

Tacrolimus [ C, H2]

824.5

771.4

140

15

Sirolimus

931.5

864.4

140

6

Substance
Tacrolimus
13

2

Everolimus

975.6

908.5

121

10

Everolimus [13C2,2H4]

981.6

914.5

165

13

Ascomycin

809.5

756.5

160

16

Temsirolimus

1047.6

980.5

130
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Sample preparation
The preparation of the target hematocrit values was by centrifuging tubes with 8 mL of
citrate whole blood with a known HT (measured by a Sysmex XN-9000 analyzer) for 5 minutes
at 1,972g. The necessary volumes of plasma were omitted or added to achieve the target
HT values [13]. The prepared HT values were always measured with the Sysmex XN-9000
analyzer in order to confirm the correct HT preparation.
The sample preparation was performed according to a previously published method [8]. For
the preparation of the DBS samples an 8 mm disk was punched into an eppendorf tube.
For recovery testing, the DBS card was first punched into an eppendorf tube, followed by
the addition of 15 µL blood onto the DBS card punch. The spots were air dried at ambient
temperature for 24 hours. After addition of 200 µL extraction solution, the samples were
vortexed for 60 sec, sonicated for 15 min and then vortexed again for 60 sec. The extract
was transferred into a 200 µL glass insert and placed at -20°C for 10 min to improve protein
precipitation. After centrifugation at 10,000g for 5 min, 20 µL of the extract was injected
to the LC-MS/MS system.
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Influence of the HT and concentration on the recovery (full spot punch)
Blood samples with HT values of 0.10, 0.20, 0.30, 0.40, 0.50 and 0.60 L/L were spiked
at 3.0, 10, 50 and 100 ng/mL for TaC, SiR, EvE, AsC and TeM. Blank DBS card spots were
punched, transferred to eppendorf cups and 15 µL blood was spiked on the punched spots
in fivefold for each HT and concentration, dried for 24 hours and analyzed (solutions A).
For the extraction recovery, extracts of blank DBS were spiked at the tested concentrations
(solutions B). The average peak area ratios of the substance with its internal standard were
used to calculate the recovery. The calculation of the percentage recovery was as followed:
recovery = A/Bx100. In order to report the acquired data, the coefficient of variation (CV)
of the 5 replicate analyses was required to be within 15%.

RESULTS AND DISCUSSION
At low HT of 0.1 L/L stable extraction recoveries for TaC and AsC were observed and reduced
extraction recoveries for SiR, EvE and TeM when concentrations were increased (table 3
and figure 1). The recoveries at the lowest concentration of 3.0 ng/mL showed that TeM
has the lowest recovery of 80%. This was still close to the recoveries of SiR and EvE that
showed recoveries of 85% and 84% respectively. When the concentrations of SiR, EvE and
TeM increased, the recoveries reduced. This deterioration in recoveries was the worst for
TeM, followed by EvE and SiR respectively. The recovery of TeM decreased with 32% with
increasing concentration from 3.0 to 50 ng/mL, while the recoveries for EvE and SiR decreased
with 25% and 21% respectively.

Table 3 Mean recoveries and variation coefficients (CV) at the hematocrit of 0.1 L/L and varying concentrations
(data for figure 1) (n=5)
3 ng/mL

10 ng/mL

50 ng/mL

100 ng/mL

Substance

Mean
recovery
(%)

CV
(%)

Mean
recovery
(%)

CV
(%)

Mean
recovery
(%)

CV
(%)

Mean
recovery
(%)

CV
(%)

Tacrolimus

93.4

6.1

94.9

6.3

92.8

2.4

92.1

1.9

Ascomycin

95.4

4.3

93.8

7.1

92.9

1.8

92.4

1.0

Sirolimus

84.7

8.4

79.4

9.1

63.3

3.8

55.9

4.3

Everolimus

84.1

5.4

75.5

4.0

58.9

3.5

55.8

3.7

Temsirolimus

79.5

10.7

67.4

6.0

47.8

4.3

44.4

7.0
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Figure 1 Recovery testing of tacrolimus, ascomycin, sirolimus, everolimus and temsirolimus at a hematocrit
value of 0.1 L/L and at concentrations of 3.0, 10, 50 and 100 ng/mL using DBS full spot analysis.
For every data point the mean of n=5 was reported.

In figure 2 (and table 4) it is demonstrated that at the HT values of 0.1 to 0.5 L/L and a fixed
concentration of 3.0 ng/mL the extraction recoveries of all substances showed biases of no
more than 10% compared to the extraction recoveries at a HT of 0.40 L/L, which is considered
the mean HT of the patient population. The extraction recoveries at 100 ng/mL were also
stable for TaC and AsC, while for SiR, EvE and TeM the recovery patterns showed decreasing
extraction recoveries when the HT value decreased. At lower HT values, the recoveries of
TeM were the lowest, followed by EvE and SiR.
The observations regarding the recoveries of TeM, EvE and SiR were in accordance with their
number of H-Bond acceptors of 16, 14 and 13 respectively (table 1). TaC and AsC showed
stable recoveries which was expected due to their 12 H-Bond acceptors. The inclusion of
AsC and TeM seemed to confirm the theory that the number of H-bond acceptors was of
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Figure 2 Recovery testing of tacrolimus, ascomycin, sirolimus, everolimus and temsirolimus at 3.0 and 100 ng/mL, at varying hematocrit values using DBS full spot analysis.
For every data point the mean of n=5 was reported.
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3.0
100

3.0
100

3.0
100

3.0
100

3.0
100

Tacrolimus

Ascomycin

Sirolimus

Everolimus

Temsirolimus

Concentration
ng/mL

79.5
44.4

84.1
55.8

84.7
55.9

95.4
92.4

93.4
92.1

Mean
recovery
(%)

10.7
7.0

5.4
3.7

8.4
4.3

4.3
1.0

6.1
1.9

CV
(%)

Hematocrit
0.1 L/L

85.4
53.0

90.7
60.5

91.4
65.3

95.0
92.2

98.0
91.4

Mean
recovery
(%)

5.6
1.1

3.8
2.6

2.8
2.5

4.1
2.2

3.7
2.4

CV
(%)

Hematocrit
0.2 L/L
CV
(%)
2.3
2.5
5.9
5.8
11.8
6.2
9.6
3.8
13.5
11.6

Mean
recovery
(%)
89.2
92.4
86.5
94.8
83.6
70.4
82.5
64.5
74.4
57.1

Hematocrit
0.3 L/L

76.6
61.9

82.3
67.2

83.0
73.0

88.4
92.6

88.6
90.6

Mean
recovery
(%)

7.4
8.1

4.0
2.9

7.0
4.7

3.8
0.7

5.6
1.0

CV
(%)

Hematocrit
0.4 L/L

73.1
65.2

71.7
65.9

75.3
73.5

85.8
88.8

84.4
87.4

Mean
recovery
(%)

11.3
5.5

10.2
4.4

8.2
4.8

3.1
1.4

4.1
1.3

CV
(%)

Hematocrit
0.5 L/L

51.6
50.8

57.2
52.6

57.5
55.8

69.9
74.9

68.1
72.7

Mean
recovery
(%)

13.1
6.8

10.8
6.9

9.8
8.3

4.4
3.6

8.5
3.4

CV
(%)

Hematocrit
0.6 L/L

Mean recoveries and variation coefficients (CV) at the concentrations of 3.0 ng/mL and 100 ng/mL and varying hematocrit values (data for figure 2) (n=5)

Substance

Table 4
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influence on the extraction recoveries [8]. In addition, table 1 does not show any major
differences in the chemical and physical properties of the investigated substances, other
than the ascending number of hydrogen bond acceptors.
The HT value of 0.60 L/L showed lower extraction recoveries for all substances compared to
the HT of 0.50 L/L. The current DBS extraction procedure was tested for extended sonication
times of 30 and 60 minutes in order to improve the recoveries, without the desired results.
Therefore, the current extraction procedure was considered optimal.
The results indicate that the measurement of trough levels in DBS could be performed in a
wide HT range with minimal deterioration of the recoveries for TaC, AsC, SiR, EvE and TeM.
For the measurement of a wide range of concentrations such as pharmacokinetic curves
of SiR, EvE and TeM, the HT dependent recovery effects should be acknowledged and the
interpretation should be conducted with caution. The preparation of the calibration curve at
the same HT as the pharmacokinetic curve of the patient could correct for the concentration
dependant recovery effects at a certain HT value. Because the HT is normally unknown in a
DBS sample, the analysis method could also be validated with a lower concentration range
of for example 1.0 to 15 ng/mL. Within that framework the recoveries may not be affected,
even at extreme HT values.
Based on our results, a simple correction for the HT value based on one tested concentration
would not correct for all HT effects, and would have limited value. The HT and concentration
dependant recovery effects require a more advanced algorithm for correction.

CONCLUSIONS
This study proved that the widely discussed HT effect in DBS analysis includes more than just
the effect on the spot size and thus the punched blood volume with partial spot analysis. The
influence of the number of H-Bond acceptors on the recoveries of TaC (12 H-bond acceptors),
SiR (13 H-bond acceptors) and EvE (14 H-bond acceptors) seem to be confirmed with the
inclusion of AsC (12 H-bond acceptors) and TeM (16 H-bond acceptors), where the substance
with the highest number of H-bond acceptors showed the lowest recovery.
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FUTURE PERSPECTIVE
This study showed that the number of H-bond acceptors of the analyte of interest may
influence the recoveries in DBS analysis and is a relevant factor to be investigated during
method development and validation. Therefore, guidelines for DBS validation should be
constantly improved based on ongoing DBS research.
Future research should include the testing of a wider range of substances and H-bond
acceptors in order to elaborate and substantiate the current theory.
In the near future, newly engineered DBS materials will primarily focus on limiting the HT
effects regarding spot formation. However, the alternative material could also offer significant
improvements regarding the substance binding to the DBS matrix, resulting in improved
extraction recoveries.
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Abstract
Background: Investigation of the drying time of dried blood spots (DBS) is currently not
included in DBS validations. The influence of the DBS drying time on the recovery of tacrolimus, ascomycin, sirolimus, everolimus, cyclosporin A and temsirolimus was evaluated
by measuring DBS with a fixed blood volume at a hematocrit range between 0.1 and 0.6 L/L
at 3, 24 and 48 hours of drying time.
Results: Results showed that the recovery of sirolimus, everolimus, temsirolimus and cyclosporin
A was influenced by the DBS drying time, while the recovery of tacrolimus and ascomycin was not.
Conclusion: A drying time of at least 24 hours is advised in order to stabilize hematocrit
and concentration related recovery effects of sirolimus, everolimus, temsirolimus and
cyclosporin A.
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INTRODUCTION
One of the main advantages of DBS sampling is that it allows the patient to sample at home
and send the DBS sample to the laboratory by mail [1-4]. This sampling is considered to be
patient friendly because it is less invasive and saves patients transportation costs and time.
DBS sampling also has a lower biohazard risk and requires a smaller amount of blood than
venous sampling [2, 4]. Solid organ transplant recipients are required to use a lifetime of
immunosuppressant medications like tacrolimus (TaC), sirolimus (SiR), everolimus (EvE)
and cyclosporin A (CyA) to prevent allograft rejection. Bioanalysis and Therapeutic Drug
Monitoring of these drugs are necessary because efficacy and toxicity is associated with
blood concentrations and/or pharmacokinetic parameters. Therefore, these patients could
greatly benefit from immunosuppressant DBS analysis.
Since the use of dried blood spot (DBS) analysis for therapeutic drug monitoring (TDM),
more extensive validation procedures have been proposed in order to improve the quality
of the analysis results. Variations of the hematocrit value, spot volume and DBS stability are
among the parameters that should be investigated during method validation [1, 5].
A perhaps unappreciated source of variability may be the drying time of a dried blood spot
sample. After collection of the blood on the DBS card it should be dried on air at room
temperature. It is already suggested by the European Bioanalysis Forum (EBF) that the
required drying time may be influenced by the hematocrit (HT) and that this may affect the
robustness and reproducibility of the assay [5]. Consequently it is recommended to investigate
these parameters as part of the validation [5]. Although the DBS may appear dry after 3 hours,
the extraction recoveries of the substances within the DBS could still suffer from further
drying effects after those 3 hours. This could especially be the case when substance binding
to the DBS card matrix by the hydrogen bond acceptors of the substance with the hydrogen
groups in the cellulose of the DBS cards is suspected [6-8]. Despite this recommendation,
many publications describe a drying time of 2 to 3 hours without presenting data to support
this period. The most recent review of DBS validation procedures also noted that none of 68
reports included in the review described the effect of aging on the recovery [9].
The objective of this study was to investigate the influence of the drying time of the DBS on
the recoveries for the immunosuppressants TaC, SiR, EvE, CyA and their structural analogues
ascomycin (AsC) and temsirolimus (TeM).
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MATERIALS and METHODS
Chemicals and materials
TaC was purchased from USP (Rockville, MA, USA). EvE was purchased from Sigma-Aldrich Inc.
(St. Louis, USA). SiR was purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany) and CyA
was purchased from EDQM (Strasbourg, France). AsC was purchased from LC Laboratories
(Woburn, USA). TeM was purchased from Sigma-Aldrich Chemie GmbH (Buchs, Switzerland).
Combined stock solutions containing TaC, EvE, SiR, AsC and TeM were prepared at 2,500 ng/
mL in methanol and CyA at 50,000 ng/mL.
The following deuterated internal standards (IS) were purchased from Alsachim (Illkirch
Graffenstaden, France): TaC [13C,2H2], EvE [13C2,2H4] and CyA [2H12]. The extraction solution
consisted of methanol:water (80:20 v/v%) and contained the deuterated internal standards
TaC [13C,2H2], EvE [13C2,2H4] and CyA [2H12] at concentrations of 2.5 ng/mL, 1.0 ng/mL and 10
ng/mL respectively. TaC [13C,2H2] was used as IS for TaC and AsC. EvE [13C2,2H4] was used as
IS for EvE, SiR and TeM. And CyA [2H12] was used as IS for CyA.
Citrate whole blood was purchased from Sanquin (Amsterdam, The Netherlands). The whole
blood was stored at 4°C and was used within two weeks after blood donation. To assure the
quality of the blood, it was checked for hemolysis prior to use.
Whatman FTA DMPK-C cards (Kent, UK), which are not impregnated with chemicals, were
used for the DBS analysis. A XN9000 hematology analyzer from Sysmex (Hyogo, Japan) was
used for all hematocrit analyses. All experiments were performed on an Agilent 6460A (Santa
Clara, Ca, USA) triple quadrupole LC-MS/MS system, with an Agilent 1290 series combined
LC system. All technical parameters were used as described by Koster et al [6]. All precursor
ions, product ions, optimum fragmentor voltages and collision energy values were tuned and
optimized in the authors’ laboratory and are shown in table 1. Agilent Masshunter software
for quantitative analysis (version B.04.00) was used for quantification of the analysis results.

Sample preparation
The preparation of the different target hematocrit values was by centrifuging tubes of citrate
whole blood with a known HT (measured by a Sysmex XN-9000 analyzer) for 5 minutes at
1,972g. The necessary volumes of plasma were omitted or added to achieve the target
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Table 1

Mass spectrometer settings for all substances
Precursor ion
(m/z)

Product ion
(m/z)

Fragmentor voltage
(V)

Collision energy
(V)

821.5

768.4

190

11

Tacrolimus [ C, H2]

824.5

771.4

140

15

Sirolimus

931.5

864.4

140

6

Substance
Tacrolimus
13

2

Everolimus

975.6

908.5

121

10

Everolimus [13C2,2H4]

981.6

914.5

165

13

Ascomycin

809.5

756.5

160

16

Temsirolimus

1047.6

980.5

130

16

Cyclosporin A

1219.8

1202.8

200

30

1231.8

1214.8

170

16

Cyclosporin A [ H12]
2

HT values [10]. The prepared HT values were always measured with the Sysmex XN-9000
analyzer in order to confirm the correct HT preparation.
The sample preparation was performed according to a previously published method [6].
For the preparation of the DBS samples an 8 mm disk was punched into an eppendorf
tube. For recovery testing the DBS card was first punched into an eppendorf tube, followed
by the addition of 15 µL blood onto the DBS card punch in five-fold for each HT value and
concentration. The spots were air dried at ambient temperature. After addition of 200 µL
extraction solution the samples were vortexed for 60 sec, sonicated for 15 min and then
vortexed again for 60 sec. The extract was transferred into a 200 µL glass insert and placed
at -20°C for 10 min to improve protein precipitation. After centrifugation at 10,000g for 5
min, 20 µL of the extract was injected to the LC-MS/MS system.

Influence of the DBS drying time on the recovery (full spot punch)
Since recoveries could be negatively affected by lower HT values, combined with high
concentrations [6-8], blood with HT values of 0.10, 0.20, 0.30, 0.40 0.50 and 0.60 L/L were
spiked at 100 ng/mL for TaC, SiR, EvE, AsC and TeM and at 2,000 ng/mL for CyA.
After the DBS preparation, the spots were dried for 3, 24 and 48 hours at ambient
temperature, directly followed by processing and analysis (solutions A). For the extraction
recovery, extracts of blank DBS were spiked at the tested concentrations (solutions B). The
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average peak area ratios of the substance with its internal standard were used to calculate
the recovery. The calculation of the percentage recovery was as followed: recovery = A/Bx100.

RESULTS AND DISCUSSION
The drying time results were evaluated at the HT values of 0.1 L/L and 0.4 L/L, as shown in
table 2 and figure 1. The HT value of 0.4 L/L represented a common patient HT value, while
the HT of 0.1 L/L was expected to show lower recoveries compared to the HT value of 0.4
L/L, thereby confirming earlier data [6-8]. Figure 1 showed no significant trends in declining
recoveries of TaC and AsC due to the drying time at both HT values of 0.10 and 0.40 L/L. SiR,
EvE and TeM showed considerable declining recoveries between 3 and 24 hours of drying,
followed by a stabilization of the recoveries. At the low HT of 0.1 L/L, combined with the
high concentration, the recoveries of SiR, EvE and TeM declined with 24%, 26% and 27%
between 3 and 24 hours of drying time. At the HT of 0.40 L/L the decrease in recoveries
between 3 and 24 hours of SiR, EvE and TeM was still observed but was less extreme with
13%, 17% and 21% respectively. With the drying time of 3 hours, the recoveries of SiR, EvE
and TeM between 0.1 L/L and 0.40 L/L differed only 4%, 1% and 8% respectively. The short

Table 2

Mean recoveries and variation coefficients (CV) (data for figure 1) (n=5)
3 hours drying

24 hours drying

48 hours drying

Substance

Hematocrit
L/L

Mean
Recovery
(%)

CV
(%)

Mean
Recovery
(%)

CV
(%)

Mean
Recovery
(%)

CV
(%)

Tacrolimus

0.1

93.6

6.6

83.2

7.8

88.7

3.1

Ascomycin

0.1

96.3

7.2

85.8

9.4

91.6

2.3

Sirolimus

0.1

75.3

6.5

51.1

9.3

44.9

4.7

Everolimus

0.1

76.5

6.0

50.5

8.9

43.4

4.4

Temsirolimus

0.1

69.4

5.6

42.4

10.5

34.9

5.8

Cyclosporin A

0.1

83.1

6.0

69.3

9.6

76.4

3.8

Tacrolimus

0.4

86.9

0.7

88.7

1.9

90.1

1.0

Ascomycin

0.4

89.1

1.3

90.2

2.4

92.1

1.5

Sirolimus

0.4

79.3

3.6

66.0

3.7

68.4

1.7

Everolimus

0.4

77.0

2.8

60.2

4.3

58.4

2.0

Temsirolimus

0.4

77.5

3.0

56.2

3.8

54.9

2.2

Cyclosporin A

0.4

83.3

2.6

64.4

2.7

72.6

3.0
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Figure 1 Influence of the DBS drying time on the substance recoveries using DBS full spot analysis.
The concentrations for tacrolimus, ascomycin, sirolimus, everolimus and temsirolimus were 100 ng/mL. And for cyclosporin A 2,000 ng/mL. For every data point the mean
of n=5 was reported.
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drying time of 3 hours apparently showed no HT related recovery effects. While a drying
time of 24 hours or more showed declining recoveries for SiR, EvE and TeM at a normal HT
of 0.40 L/L, while the low HT of 0.10 L/L showed additional HT related recovery effects with
even lower recoveries. In line with a previous study, Cya showed no HT related drying time
effects [6]. However, for both HT values of 0.10 L/L and 0.40 L/L CyA showed a decrease
in recoveries of 14% and 19% respectively between 3 and 24 hours of drying. This showed
that a drying time of 3 hours may also be insufficient when the substance recoveries are
not influenced by binding to the cellulose of the DBS card.
Since TeM recoveries were most affected by HT, figure 2 illustrated the additional effects
of the drying time combined with the HT effects at the HT range from 0.10 L/L to 0.60 L/L
(see also table 3). It was observed that the whole HT range showed reduced recoveries after
drying for 24 and 48 hours compared to those at 3 hours. A standardized drying period of 24
hours would result in lower, but more importantly, stable recoveries for SiR, EvE and TeM.
Table 3 also showed that the difference in recoveries for TeM between the drying times of
3 and 24 hours at the HT of 0.4 L/L was 21%. At the drying time of 3 hours, the difference in
recoveries between a HT of 0.4 L/L and 0.1 L/L was 8%. At the drying time of 24 hours, the
difference in recoveries between a HT of 0.4 L/L and 0.1 L/L was already 14%. And at the
drying time of 48 hours, the difference in recoveries between a HT of 0.4 L/L and 0.1 L/L
was 20%. This shows that both the drying time and the HT had significant influence on the
recovery, and that the recovery is affected by the combination of these parameters. When
the validation would be performed with a 3 hours drying time, the (recovery) results would
be too optimistic, since patient DBS samples would probably dry for a longer time.

Table 3

Mean recoveries and variation coefficients (CV) for temsirolimus (data for figure 2) (n=5)
3 hours drying

24 hours drying

48 hours drying

Mean
Recovery
(%)

CV
(%)

Mean
Recovery
(%)

CV
(%)

Mean
Recovery
(%)

CV
(%)

0.1

69.4

5.6

42.4

10.5

34.9

5.8

0.2

72.7

6.7

51.2

6.3

45.7

4.6

0.3

75.9

3.9

54.8

3.4

55.7

3.2

0.4

77.5

3.0

56.2

3.8

54.9

2.2

0.5

75.9

7.4

51.4

11.4

55.1

6.1

0.6

71.0

8.1

43.4

3.6

50.0

5.4

Hematocrit
L/L
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Figure 2 Recovery testing of temsirolimus (100 ng/mL) at the hematocrit values of 0.10, 0.20, 0.30, 0.40,
0.50 and 0.60 L/L using DBS full spot analysis.
For every data point the mean of n=5 was reported.

It should be noticed that the observed effects are only related to the (full spot punch)
recoveries and that the distribution of the blood on the DBS cards due to HT would create
an additional error.
The influence of the DBS drying time may overlap with substance stability effects at a certain
point in time. This could imply that instability of the substances in the liquid or dried blood
interfered with the conclusion of this study. However, the stability of TaC, SiR, EvE and CyA
was previously validated in whole blood for three days at ambient temperature and were
all found stable [11]. And the stability of TaC, SiR, EvE and CyA was previously validated in
DBS for at least 7 days at ambient temperature [6]. Both validations support the conclusion
that the lowered recoveries were due to the observed drying time effects and not due to
stability issues.
Published DBS analysis methods for immunosuppressants mentioned drying times of 3 hours
[12], at least 3 hours [13-15] and overnight drying [16, 17]. The lack of data supporting a 3
hour DBS drying time or more suggests that the effect of the drying time was underestimated.
When a DBS drying time of 3 hours is applied during the validation, this will provide misleading
161
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results for SiR, EvE, TeM and CyA with less extreme HT related recovery effects and relatively
high recoveries. Therefore, discrepancies in drying times between prepared standards and
patient DBS samples may introduce significant bias during analysis of patient samples.

CONCLUSIONS
It is clear that the DBS drying time is not yet acknowledged as a possible factor of influence
in DBS analysis, since the most recent review did not include the DBS drying time in their
recommended validation practices [9].
In conclusion, this study showed that the DBS drying time could have a significant influence
on analyte recovery.

FUTURE PERSPECTIVE
All considered, a 3 hour DBS drying time is not recommended and a drying time of at least
24 hours is advised in order to minimize the risk on drying time related recovery effects for
the compounds tested in this study. As a future perspective, DBS drying time effects should
be investigated for a period of at least 48 hours during future method development and
validation.
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Abstract
Background: The relation between hematocrit, substance concentration, extraction recovery
and spot formation of tacrolimus, sirolimus, everolimus, ascomycin, temsirolimus and
cyclosporin A was investigated for Whatman 31 ET CHR, Whatman FTA DMPK-C, Whatman
903, Perkin Elmer 226 and Agilent Bond Elut DMS DBS cards.
Results: We found that all DBS cards showed the same hematocrit and concentration dependent
recovery patterns for sirolimus, everolimus and temsirolimus. At high concentrations, the total
hematocrit effects were much more pronounced than at low concentrations for tacrolimus,
sirolimus, everolimus, ascomycin and temsirolimus.
Conclusion: The tested card types showed differences in performance, especially at extreme
concentrations and hematocrit values. It may be useful to investigate the performance of
different types of DBS cards prior to analytical method validation.
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INTRODUCTION
In the past years, several dried blood spot (DBS) methods have been published regarding the
analysis of immunosuppressants [1-3]. These DBS methods used different DBS card types.
However, the performance of different card types for these substances were never compared
in one research. There are several factors that need to be taken into account when a DBS
method is to be developed and validated. The hematocrit (HT) value can be considered as
one of the most important parameters that can influence DBS analysis results. Since the HT
represents the relative volume of the red blood cells in the blood it also affects the viscosity
of the blood. Therefore the spreading of the blood drop on the DBS card is influenced by
the HT of the blood where a high HT forms smaller spots and vice versa. The intended fixed
volume of a set diameter punch would then contain a deviating blood volume, which causes
analytical biases. The preparation of a range of hematocrit (HT) reference samples during
method validation has been evaluated earlier. The effect caused by the HT on the measured
concentration was linear correlated with the HT value and it was suggested to correct for
this effect [4-6].
The influence of the combination of the HT and the concentration of the analyte on the
recovery could also affect the analytical results [4]. This means that the spot size is not
the only parameter that is influenced by the HT and that a simple linear HT correction
may not correct for all HT related analytical biases. At low HT in combination with a high
concentration resulted in decreased recoveries of sirolimus (SiR), everolimus (EvE) and
especially temsirolimus (TeM). This was explained by the increasing number of hydrogen
(H)-bond acceptors of 13 for SiR, 14 for EvE and 16 for TeM compared to those of tacrolimus
(TaC) and ascomycin (AsC) with 12 H-bond acceptors [7]. Where a high number of H-bond
acceptors explained the level of affinity to form H-bonds with the cellulose of the DBS card.
Because the spreading of the blood drop is not the only parameter that will affect the
analytical results, the fixed punch size of a partial DBS will be affected by the combination
of the spreading of the blood drop and possible variation of recoveries.
Different types of card matrices may, in combination with varying HT values, have different
effects on the spreading of the blood spot and the extraction recovery of the substance.
Whatman 903 and Perkin Elmer 226 (previously Ahlstrom) are the only types of DBS cards that
are approved by the FDA as clinical collection devices. These types of cards are extensively
monitored for consistent performance between batches [8, 9]. Several studies described the
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effect of the HT and spot volume using different DBS card types. O’Mara et al. investigated
the effect of the HT on the distribution on Perkin Elmer (Ahlstrom) 226, Whatman FTA,
Whatman FTA Elute and DMPK C cards [10]. Vu et al. tested Whatman grade No3, 31 ET CHR,
and 903 cards for the analysis of moxifloxacin [5]. A DBS card with an alternative material,
the Agilent Bond Elut DMS cards, are made of non-cellulose material that should reduce nonspecific binding of analytes to the card matrix [11]. This type of card could help to overcome
the observed reduced recoveries due to binding to the cellulose matrix of other cards [4].
In this research, the performance of the DBS cards were assessed by testing a wide range
of HT levels in combination with various substance concentrations. This was tested in two
different ways. In the first, the influence of the changing HT values and concentrations were
assessed by full spot analysis. This test included the influence on the substance recovery but
ruled out the effect of the spot formation. In the second, the influence of the changing HT
values and concentrations were assessed by partial spot analysis. This test included both
the influence on the substance recovery and the effect of the spot formation.
For clinical use it is relevant to get more insight in the differences in performance of various
DBS cards. Therefore, the objective of this study was to evaluate five types of DBS cards by
measuring recoveries and spot formation effects at various concentrations and HT values
for a range of immunosuppressants.

EXPERIMENTAL SECTION
Chemicals and materials
TaC was purchased from USP (Rockville, MA, USA). EvE was purchased from Sigma-Aldrich
Inc. (St. Louis, USA). SiR was purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany)
and CyA was purchased from EDQM (Strasbourg, France). AsC was purchased from LC
Laboratories (Woburn, USA). TeM was purchased from Sigma-Aldrich Chemie GmbH (Buchs,
Switzerland). Combined stock solutions containing TaC, EvE, SiR, AsC and TeM were prepared
at 2,500 ng/mL and CyA at 50,000 ng/mL in methanol. This combined stock solution was five
times diluted with methanol to obtain concentrations of 500 and 10,000 ng/mL respectively.
These combined stock solutions were used for the experiments. The following deuterated
internal standards (IS) were purchased from Alsachim (Illkirch Graffenstaden, France): TaC
[13C,2H2], EvE [13C2,2H4] and CyA [2H12]. The extraction solution consisted of methanol:water
(80:20 v/v%) and contained the deuterated internal standards TaC [13C,2H2], EvE [13C2,2H4]
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and CyA [2H12] at concentrations of 2.5 ng/mL, 1.0 ng/mL and 10 ng/mL respectively. TaC
[13C,2H2] was used as IS for TaC and AsC. EvE [13C2,2H4] was used as IS for EvE, SiR and TeM.
And CyA [2H12] was used as IS for CyA. Citrate whole blood was purchased from Sanquin
(Amsterdam, The Netherlands). The whole blood was stored at 4°C and was used within two
weeks after blood donation. To assure the quality of the blood, it was checked for hemolysis
prior to use. The following types of DBS cards were tested: Whatman 31 ET CHR, Whatman
FTA DMPK-C, Whatman 903 (Kent, UK), Perkin Elmer 226 (Ahlstrom) (Helsinki, Finland) and
Agilent Bond Elut DMS (Santa Clara, USA). A Hettich centrifuge model 460R was used to
centrifuge the whole blood for HT preparation. A XN9000 hematology analyzer from Sysmex
(Hyogo, Japan) was used for all hematocrit analyses. All experiments were performed on an
Agilent 6460A (Santa Clara, Ca, USA) triple quadrupole LC-MS/MS system, with an Agilent
1200 series combined LC system. All technical parameters were used as described by Koster
et al. [4]. All precursor ions, product ions, optimum fragmentor voltages and collision energy
values were tuned and optimized in the authors’ laboratory and are shown in table 1. Agilent
Masshunter software for quantitative analysis (version B.04.00) was used for quantification
of the analysis results.
Table 1

Mass spectrometer settings for all substances

Substance
Tacrolimus

Precursor ion
(m/z)

Product ion
(m/z)

Fragmentor voltage
(V)

Collision energy
(V)

821.5

768.4

190

11

Tacrolimus [ C, H2]

824.5

771.4

140

15

Sirolimus

931.5

864.4

140

6

Everolimus

975.6

908.5

121

10

Everolimus [13C2,2H4]

981.6

914.5

165

13

Ascomycin

809.5

756.5

160

16

Temsirolimus

1047.6

980.5

130

16

Cyclosporin A

1219.8

1202.8

200

30

1231.8

1214.8

170

16

13

2

Cyclosporin A [ H12]
2
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Sample preparation
The preparation of the different target hematocrit values was by centrifuging tubes with
citrate whole blood with a known HT (measured by a Sysmex XN-9000 analyzer) for 5
minutes at 1,972g. The necessary volumes of plasma were removed or added to achieve
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the different target HT values [12]. The prepared HT values were always confirmed with the
Sysmex XN-9000 analyzer.
The sample preparation was performed according to a previously published method [4]. For
the preparation of the DBS samples an 8 mm disk from the central part of the blood spot was
punched into an eppendorf tube. For recovery testing, the DBS card was first punched into
an eppendorf tube, followed by the addition of 15 µL blood onto the DBS card punch. The
spots were dried at ambient temperature for 24 hours. After addition of 200 µL extraction
solution the samples were vortexed for 60 sec, sonicated for 15 min and then vortexed again
for 60 sec. The extract was transferred into a 200 µL glass insert and placed at -20°C for 10
min to improve protein precipitation. After centrifugation at 10,000g for 5 min, 20 µL of the
extract was injected to the LC-MS/MS system.

Influence of the HT and concentration on the recovery (full spot punch)
Blood samples with HT values of 0.10, 0.20, 0.30, 0.40, 0.50 and 0.60 L/L were spiked to
produce concentrations of 3.0 and 100 ng/mL for TaC, SiR, EvE and AsC and of 60 and 2,000
ng/mL for CyA. TeM was also spiked at 10 and 50 ng/mL at the HT values of 0.10 and 0.40 L/L.
Blank DBS card spots were punched from all 5 types of DBS cards, transferred to eppendorf
cups and 15 µL blood was spiked on the punched spots for each HT and concentration, dried
at room temperature for 24 hours and analyzed in fivefold (solutions A). For the extraction
recovery, extracts of blank DBS of each card type were spiked at the tested concentrations
(solutions B). The average peak area ratios of the substance with its internal standard were
used to calculate the recovery. The calculation of the percentage recovery was as followed:
recovery = A/Bx100. In order to report the acquired data, the coefficient of variation (CV)
of the 5 replicate analyses was required to be within 15%.

Influence of the HT on the formation of the spot area and recovery (partial spot
punch)
Blood samples with HT values of 0.10, 0.20, 0.30, 0.40, 0.50 and 0.60 L/L were spiked at 3.0
and 100 ng/mL for TaC, SiR, EvE, AsC and TeM and at 60 and 2,000 ng/mL for CyA and 50
µL spots were made on all 5 types of DBS cards. The cards were dried at room temperature
for 24 hours and analyzed in fivefold.
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The biases that were caused by the HT were calculated with respect to the HT of 0.40 L/L,
which was set as the standard HT value. Peak area ratios of the substance with its internal
standard were used for the calculations. In order to report the acquired data, the CV was
required to be within 15%.

RESULTS AND DISCUSSION
Influence of the HT and concentration on the recovery (full spot punch)
All tested DBS card types showed stable recoveries for TaC, CyA and AsC at HT values from
0.1 to 0.4 L/L, while higher HT values showed decreasing recoveries (figure 1). At 3.0 ng/mL
for SiR, EvE and TeM, the extraction recoveries were stable at HT values from 0.1 to 0.4 L/L,
while higher HT values also showed decreasing recoveries (figure 2). Compared to 3.0 ng/
mL, the extraction recoveries at 100 ng/mL were lower for all HT values. The Agilent Bond
Elut DMS cards also showed deteriorated extraction recoveries for SiR, EvE and TeM at the
HT of 0.1 L/L and 100 ng/mL, which was unexpected because it was claimed to be of noncellulose material. Although the Agilent Bond Elut DMS cards claimed to be of non-cellulose
material, it may still contain H-bond donor groups, which are susceptible to binding to the
investigated substances. In addition, the Agilent Bond Elut DMS cards claim to reduce nonspecific binding of substances, which is normally of more impact at low concentrations than
at high concentrations. This is in contrast to our findings, where the observed recoveries
deteriorated when concentrations increased. This may support the suggested presence of
H-bond donor groups in the Agilent Bond Elut DMS cards.
Figure 2 also showed the trends of declining recoveries of SiR, EvE and TeM influenced by
the HT values at 3.0 and 100 ng/mL. Here it can be seen that the extraction recoveries at
3.0 ng/mL did not show declining recoveries at lower HT values for all card types. Compared
to the HT of 0.40 L/L, the recoveries start to decline when the HT further increases. This
effect is most prominent with the Whatman 31 ET CHR cards and at the HT of 0.60 L/L. The
extraction recoveries of SiR, EvE and TeM at 100 ng/mL declined with 11% to 38% when
the HT decreased form 0.4 L/L to 0.1 L/L. The HT value of 0.60 L/L also showed decreased
extraction recoveries for all substances and all DBS card types compared to the HT of 0.50
L/L (figure 1 and 2). The decreased extraction recoveries with the Whatman 31 ET CHR cards
seemed to be most affected by the changing HT values. The H-bonding theory for SiR, EvE
and TeM has most effect at low HT values and high concentrations, because this leads to a
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Figure 1 Recovery testing of tacrolimus, ascomycin and cyclosporin A with varying hematocrit values using
DBS full spot analysis.
The card types were evaluated per substance. Tacrolimus and ascomycin were assessed at 3.0 and 100 ng/mL
and cyclosporin A at 60 and 2,000 ng/mL. For every data point the mean of n=5 was reported.
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Figure 2 Recovery testing of sirolimus, everolimus and temsirolimus with varying hematocrit values using
DBS full spot analysis.
The card types were evaluated per substance. Sirolimus, everolimus and temsirolimus were assessed at 3.0 and
100 ng/mL. For every data point the mean of n=5 was reported.
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higher fraction of unbound substance, which can bind to the H-bond donor groups in the card
matrix. This means that at the high HT value of 0.60 L/L the H-bonding theory is of much less
effect. In addition, TaC, CyA and AsC also showed declined extraction recoveries, meaning
that another factor like extraction efficiency may be responsible for this phenomenon. The
lowered extraction efficiency may be caused by substance inclusion in the DBS caused by the
high percentage of red blood cells. Therefore the current DBS extraction procedure with 15
minutes sonification was tested for extended sonication times of 30 and 60 minutes in order
to improve the recoveries, without the desired results. Therefore, the current extraction
procedure was considered optimal.
Since the extraction recoveries of TeM showed to be most affected by high concentrations
and low HT values, the performance of the DBS cards was shown for TeM in figure 3. Here
it can be seen that at low HT the extraction recoveries decreased when concentrations
increased. The 5 tested DBS cards all showed the same concentration dependent recovery
pattern. However, the performance varied between the DBS cards. The Whatman DMPK-C
cards showed the highest extraction recoveries while the Perkin Elmer 226 cards showed
20% lower extraction recoveries than the Whatman DMPK-C cards at 100 ng/mL. At the HT
of 0.4 L/L, the trend in extraction recoveries showed a much less decrease for all DBS cards
when concentration increased. The performance of the Perkin Elmer 226 cards now showed
to be as good as the Whatman DMPK-C cards. However, this showed that the extraction
recovery of TeM was most affected by changes in HT with the Perkin Elmer 226 cards.

Influence of the HT on the formation of the spot area and recovery (partial spot
punch)
The varying HT values will affect the DBS results by the different spreading of the blood
drop due to the blood viscosity. For SiR, EvE and TeM, the HT and drug concentration will
also influence the recovery.
For the calculation of the biases that were caused by the HT, the HT of 0.40 L/L was set as
the standard HT value. At the low concentration of 3.0 ng/mL for TaC, AsC, SiR, EvE and TeM
the HT effects exceeded the -15% bias at a HT of approximately 0.20 L/L, figure 4 and 5. At
60 ng/mL CyA, a HT of 0.30 L/L already showed -14% to -23% biases for all DBS cards, figure
4. Furthermore, HT effects didn’t seem to vary a lot between the tested card types in the
low concentration ranges of all substances.
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Figure 3 Recovery testing of temsirolimus with varying concentrations at hematocrit values of 0.1 and 0.4
L/L using DBS full spot analysis.
Each card type is evaluated at 3.0, 10, 50 and 100 ng/mL temsirolimus. For every data point the mean of n=5
was reported.

At the high concentration of 100 ng/mL for TaC, AsC, SiR, EvE and TeM and 2,000 ng/mL for
CyA, the biases caused by the HT effects already exceeded -15% at HT values ranging from
approximately 0.25 to 0.30 L/L. All DBS card types showed the downward trends in biases
when HT decreased. Strangely, at the concentration of 100 ng/mL TaC and AsC also showed
far more extreme HT effects than at 3.0 ng/mL. The previous tests showed that the extraction
recoveries of TaC and AsC were not influenced by the concentration and HT, but the HT effect
on the spot formation appeared to influence the results more at high concentrations than
at low concentrations. The HT effects of CyA were not influenced by its concentration or
changing recoveries, but extreme HT effects were observed at low and high concentrations
concluding that the spot formation effect was the most critical parameter for the HT effects
of CyA. There appeared to be another HT related parameter that was of influence on the
DBS results. This parameter could have been the distribution of AsC, TaC and CyA between
red blood cells and plasma, which depended on the concentration and HT.
The Agilent Bond Elut DMS cards showed the same downward trend in biases as the other
DBS cards, especially at high concentrations. The overall results of the Agilent Bond Elut
DMS cards sometimes seemed better than the other cards. However, the spots created on
the Agilent Bond Elut DMS cards were very small and inconsistent in shape and the spot
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material was very fragile. This has led to apparently full spot punches, while strangely still
displaying HT effects. The overall conclusion of the Agilent Bond Elut DMS cards was that
they also suffered from HT effects and were not suitable for its intended purpose.
The HT effects which were influenced by the HT and concentration showed to be of minor
impact at low concentrations for TaC, AsC, SiR, EvE and TeM. This indicated the usefulness
of DBS analysis for trough levels in patients with HT levels between 0.25 and 0.60 L/L for
TaC, AsC, SiR, EvE and TeM.
Figures 4 and 5 showed that the biases between DBS card types were similar. It should be
noted that these figures only showed the HT dependent trend in biases for all tested card
types. Since the response ratio was set at 100% at a HT of 0.40 L/L for each card type, the
biases in recoveries between the card types were not accounted for in these figures.
Based on figure 4 and 5, the total HT effects appeared not to have a linear correlation for
all substances. However, most of the current HT correction methods make use of a linear
correlation [4-6]. Especially CyA showed different HT effects above 0.40 L/L compared to
lower HT values (figure 4). This would further complicate a correction of the clinical analysis
results for the HT value. Therefore, a HT correction method should include the effect of the
substance concentration on the recovery and the non linear relation of the HT with the
measured substance concentration for each DBS card type. Since it would be complicated to
set up such a correction method it may be more feasible to set up a (linear) point-to-point
relation between recovery, HT and concentration.
When no HT correction is applied, the method validation should include a framework for
the HT and substance concentration in which the results are within acceptable limits. In
order to perform clinical DBS analysis for the investigated substances on either DBS card
type without HT correction, it is suggested that DBS analysis of TaC, SiR, EvE and TeM is
suitable for trough levels in patients with a HT range between 0.20 and 0.60 L/L. For CyA, the
acceptable HT range is smaller and should be between 0.30 and 0.60 L/L. The DBS analysis
and interpretation of pharmacokinetic curves requires caution and could be possible when
the HT value of the patient is within the acceptable HT range.
The HT values of the calibration curve and control samples could be prepared at a HT of 0.35
instead of 0.40 L/L. This would increase the acceptable HT range were the biases remain
within 15%. In addition, the development of alternative DBS card matrices may help to
overcome the current HT effects.
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Figure 4 Influence of the HT on the formation of the spot area and recovery of tacrolimus, ascomycin and
cyclosporin A using a partial spot punch.
The card types were evaluated per substance. Tacrolimus and ascomycin were assessed at 3.0 and 100 ng/mL
and cyclosporin A at 60 and 2,000 ng/mL. For every data point the mean of n=5 was reported.
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Figure 5 Influence of the HT on the formation of the spot area and recovery of sirolimus, everolimus and
temsirolimus using a partial spot punch.
The card types were evaluated per substance. Sirolimus, everolimus and temsirolimus were assessed at 3.0 and
100 ng/mL. For every data point the mean of n=5 was reported.
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CONCLUSIONS
A previous research investigated the performance properties of Whatman 903 and Perkin
Elmer 226 (Ahlstrom) for 26 newborn screening analytes [9]. Their data demonstrated
similarities of analyte recovery between the DBS cards and suggested the comparability for
newborn screening and other applications. Our results indicated that there were differences
in performance between the 2 tested DBS cards for the tested substances, which depended
on concentration and HT value.
It can be concluded that HT and concentration related effects were observed for all DBS
cards. The recovery performance with regard to the substance binding to the cellulose of
the card matrix showed to vary between the tested DBS cards. The overall performance of
the Whatman DMPK-C cards seemed to have the most constant and best performance. The
tested DBS cards showed little differences in performance regarding the formation of the
DBS during partial spot analysis. Based on this research, it is advised not to use different
DBS card types in clinical routine analysis and to fully (re)validate the analytical method
when the used DBS card matrix is changed. In addition, it may be useful to investigate the
performance of different types of DBS cards and to validate the analytical method with the
best performing DBS card.

FUTURE PERSPECTIVE
The current cellulose based DBS cards showed to have disadvantages that are inherent to
the DBS cards. Better understanding of the performance of the DBS cards and the analytical
methods may be used to provide a framework in which the analytical DBS performance is
within the validation requirements. This can be done by a set HT and concentration range.
In addition, new DBS card matrices may provide improved performance and can be tested
according to the here described method.
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Abstract
Remifentanil is a mu-opioid receptor agonist and was developed as a synthetic opioid for
use in anaesthesia and intensive care medicine. Remifentanil is rapidly metabolized in
both blood and tissues, which results in a very short duration of action. Even after blood
sampling remifentanil is unstable in whole blood and plasma through endogenous esterases
and chemical hydrolysis. The instability of remifentanil in these matrices makes the sample
collection and processing a critical phase in the bioanalysis of remifentanil.
The authors have developed a fast and simple sample preparation method using protein
precipitation followed by LC-MS/MS analysis. In order to improve the stability of remifentanil,
citric acid, ascorbic acid and formic acid were investigated for acidification of the EDTA
plasma. The stability of remifentanil was investigated in stock solution, EDTA whole blood,
EDTA plasma and acidified EDTA plasma at ambient temperature, 4°C, 0°C and at -20°C.
The analytical method was fully validated based on the FDA guidelines for bio analytical
method validation with a large linear range of 0.20–250 ng/mL remifentanil in EDTA plasma
acidified with formic acid. The stability results of remifentanil in EDTA tubes, containing
whole blood placed in ice water showed a decrease of approximately 2% in 2 hours. EDTA
plasma acidified with citric acid, formic acid and ascorbic acid showed 0.5%, 4.2% and 7.2%
remifentanil degradation respectively after 19 hours at ambient temperature. Formic acid
was chosen because of its volatility and thus LC-MS/MS compatibility. The use of formic acid
added to the EDTA plasma improved the stability of remifentanil, which now showed to be
stable for 2 days at ambient temperature, 14 days at 4°C and 103 days at -20°C.
The developed analytical method uses a simple protein precipitation and maximal throughput
by a two point calibration curve and short run times of 2.6 minutes. Best sample stability is
obtained by placing tubes containing EDTA whole blood in ice water directly after sampling,
followed by centrifugation and transfer of the EDTA plasma to tubes with formic acid. The
stability of remifentanil in EDTA plasma was significantly improved by the addition of 1.5
µL formic acid per mL of EDTA plasma. This analytical method and sample pre-treatment is
suitable for remifentanil pharmacokinetic studies.
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INTRODUCTION
Remifentanil is a mu-opioid receptor agonist belonging to the family of phenyl-piperidine
derivatives and was developed as a synthetic opioid for use in anaesthesia and intensive
care medicine [1, 2]. Remifentanil has a unique pharmacokinetic profile characterized by its
is rapid metabolism in both blood and tissues by endogenous esterases. Unlike the other
fentanyl congeners, termination of the therapeutic effect of remifentanil mostly depends on
metabolic clearance rather than on redistribution, while pharmacodynamically remifentanil
is similar to the other fentanyl congeners. The half-life of remifentanil is approximately 3
minutes, independent of the duration of infusion [1]. Even after blood sampling remifentanil
is unstable in whole blood and plasma because of the N-substituted methyl propanoate ester
group of remifentanil, which is highly susceptible to endogenous esterases and chemical
hydrolysis.
The therapeutic analgesic concentration of remifentanil is approximately between 0.5 and
8 ng/mL. In addition to the preferred low sample volume, a sensitive method is mandatory
for the pharmacokinetic studies evaluating the time course of remifentanil concentrations
in plasma.
It is well known that degradation of remifentanil is inhibited by acidification of the blood or
plasma with citric acid [3-9]. Most of the previous publications refer to the article of Selinger
and co-workers published in 1994 [3]. Here, the acidification of the whole blood with citric
acid is described, but the (target) pH of the acidified blood samples was never mentioned.
Other publications which described the acidification with citric acid neither mentioned the
target pH of the blood or plasma samples [3-9].
Some analytical methods were developed to quantify remifentanil in whole blood instead
of plasma in order to avoid the time necessary for obtaining the plasma [3, 5, 8, 10, 11]. For
example, a direct transfer of the whole blood to tubes with acetonitrile in order to overcome
the instability of remifentanil has been described [1, 11].
The applied analytical techniques found in the literature are: High Performance Liquid
Chromatography with Ultraviolet detection (HPLC-UV) [3, 7], gas chromatography [8, 11]
and HPLC with (tandem) mass spectrometry detection (LC-MS/(MS)) [5, 9, 10]. Most of these
methods use time consuming Liquid-Liquid Extraction (LLE) or Solid-Phase Extraction (SPE)
procedures to process the whole blood or plasma samples.
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In addition to the use of citric acid, ascorbic acid and formic acid were investigated for
acidification of the EDTA plasma and thus the stabilization of remifentanil. During LC-MS/
MS analysis the HPLC solvent flow containing the injected sample is vaporized in the
heated electrospray ionization source. This requires the use of volatile additives to prevent
deterioration of system performance. Since formic acid is volatile, it is considered a more
compatible acid for LC-MS/MS analysis than ascorbic acid or citric acid.
The aim of this study was to develop a fast and simple LC-MS/MS method for the analysis
of remifentanil in EDTA plasma and to extensively investigate the stability of remifentanil in
untreated EDTA whole blood and in EDTA plasma.

MATERIALS AND METHODS
Chemicals and reagents
Remifentanil was purchased from BDG Synthesis Limited (Wellington, New Zealand).
The isotopically labeled internal standard (IS) [13C6]-remifentanil was purchased from
Alsachim (Illkirch Graffenstaden, France). Analytical grade methanol, formic acid, citric acid
monohydrate and ascorbic acid were purchased from Merck (Darmstadt, Germany). Purified
water was prepared by a Milli-Q Integral system (Billerica, Massachusetts, USA). Ammonium
formate was purchased from Acros (Geel, Belgium). Human EDTA whole blood and plasma
was made available according to the guidelines of the University Medical Center Groningen.

Equipment and conditions
All experiments were performed on an Agilent 6460A (Santa Clara, Ca, USA) triple quadrupole
LC-MS/MS system, with a combined Agilent 1200 series LC system. The Agilent 6460A mass
selective detector operated in heated electrospray positive ionisation mode and performed
multiple reaction monitoring (MRM) with unit mass resolution. High purity nitrogen was used
for both the source and collision gas flows. In the first quadrupole single charged ions were
selected for remifentanil and [13C6]-remifentanil. All precursor ions, product ions, optimum
fragmentor voltages and collision energy values were tuned and optimized in the authors’
laboratory. For remifentanil the precursor ion was set at a mass-to-charge ratio (m/z) of 377.2
and the product ion at a m/z of 317.2. For [13C6]-remifentanil the precursor ion was set at a
m/z of 383.2 and the product ion at a m/z of 323.2. The fragmentor voltage was 115 V and
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the collision energy was 11 V for both substances. The capillary voltage was set at 4,000 V, gas
temperature at 300°C, gas flow at 13 L/min, nebulizer gas at 18 psi, sheath gas temperature
at 300°C, sheath gas flow at 12 L/min and the nozzle voltage at 0 V. The Agilent 1290 auto
sampler was set at 10°C and the 1260 TCC column oven was set at a temperature of 60°C.
The mobile phase consisted of methanol and a 20 mM ammonium formate buffer pH 3.5.
Analyses were performed with a 50 x 2.1 mm 3-µm Hypurity® C18 analytical column from
ThermoFisher Scientific (Waltham, MA, USA) equipped with a separate 0.5 µm Varian frit filter
(Palo Alto, CA, USA). Chromatographic separation was performed by means of a gradient with
a flow of 0.5 mL/min and a run time of 2.6 min with the use of an Agilent 1290 Infinity Binary
LC system. The gradient started at 15% methanol and 85% 20 mM ammonium formate buffer
pH 3.5 and changed to 30% methanol at 0.11 min and increased slowly to 35% methanol in
1.49 min. At 1.61 min the methanol increased to 95% and was maintained until 2.10 min. From
2.11 to 2.60 min the gradient was kept at 15% methanol to stabilize the column for the next
injection. Peak height ratios of the substance and its internal standard were used to calculate
concentrations. Agilent Masshunter software for quantitative analysis (version B.04.00) was
used for quantification of the analytical results. Regression analysis was performed by applying
the software tool Analyze-it, version 2.20 (Analyze-it Software, Ltd.) in Microsoft Excel.

Method development
Early method development showed that acidification of the blood caused coagulation
over a period of a few hours, resulting in the rejection of this matrix for further method
development. In order to assess the efficacy of varying acids for the acidification of the EDTA
plasma, citric acid, ascorbic acid and formic acid were added to the EDTA plasma to lower the
pH of approximately 7.6 to approximately 5.3. When EDTA plasma was acidified to a pH below
4.7, coagulation of the EDTA plasma was also observed after 24 hours. Acidification of the
EDTA plasma to a pH of 5.3 showed minimal coagulation, while still stabilizing remifentanil.
The following acidic solutions were added to EDTA plasma to obtain a pH of approximately
5.3. From an almost saturated 1,000 g/L citric acid solution, 6 µL was added to 1 mL of EDTA
plasma. For ascorbic acid, 37.5 µL of an almost saturated solution of 250 g/L was added
to 1 mL of EDTA plasma. And 1.5 µL of a 100% formic acid solution was added to 1 mL of
EDTA plasma. Remifentanil was spiked to all three acidified EDTA plasma’s and to untreated
EDTA plasma to obtain concentrations of 50 ng/mL. The spiked EDTA plasma samples were
processed in single for each time point according to section 2.4 and analyzed at time zero
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or stored at ambient temperature and were, subsequently, processed and analyzed at 1.5,
3.0, 19, 26, 44 and 50.5 hours.

Sample preparation
Formic acid was added to the EDTA plasma to improve the remifentanil stability. To each mL
of EDTA plasma 1.5 µL formic acid was added.
The sample preparation was performed by means of a protein precipitation. An aliquot of
100 µL EDTA plasma was transferred into a glass 1.5 mL screwneck vial (Fisher Scientific,
The Netherlands) and 400 µL methanol, containing 10 ng/mL [13C6]-remifentanil was added.
After precipitation, the vials were vortex mixed (Multi-tube vortexer, Labtek Corporation
Ltd., Christchurch, New Zealand) for 1 minute and stored at -20°C for at least 10 minutes.
Afterwards the vials were again vortex mixed for 1 minute, centrifuged at 10,000g for 5
minutes and 5 µL of the clear upper layer of supernatant was injected into the LC-MS/MS.

Validation
The analytical method validation in acidified EDTA plasma included linearity, accuracy,
precision, selectivity, specificity and stability based on international guidelines [12]. Two
stock solutions were weighed and dissolved in purified water. One stock solution was used
for the preparation of the calibration curve, while another stock solution was used for the
preparation of the quality control (QC) concentrations. The volume of the spiked stock
solution never exceeded 5% of the total EDTA plasma volume used for the preparation of
the EDTA plasma standards. An eight point calibration curve was prepared at 0.20, 0.50,
2.0, 5.0, 25, 100, 200 and 250 ng/mL. The following QC concentrations were used for the
validation: 0.20 ng/mL (Lower Limit Of Quantification (LLOQ)) ng/mL, 0.50 ng/mL, 100 ng/
mL, 200 ng/mL and the Over the Curve concentration of 500 ng/mL. The Over the Curve
concentration was diluted 10 times with blank EDTA plasma prior to sample processing in
order to validate the dilution. One calibration curve, consisting of eight calibration points,
was analyzed each day to determine linearity on three separate days. All three calibration
curves were assessed with the use of Analyse-it to assess the linear regression of the 8-point
calibration curve and to assess whether a 2-point calibration would provide the same linear
fit. In order to maximize sample throughput for routine analysis, the accuracy and precision
were calculated for all 3 days using a two point calibration curve, consisting of the lowest
(0.20 ng/mL) and highest (250 ng/mL) concentrations of the calibration curve. In this way,
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the use of a two point calibration curve was embedded in the validation procedure. The
validation was performed with a maximum tolerated bias and Coefficient of Variation (CV)
of 20% for the LLOQ and 15% for all other Calibration and QC samples including the stability
validation. For the determination of the accuracy, precision and Over the Curve, all QC
concentrations were processed and measured five times and the run of five was repeated
on each of three separate days. For each accuracy and precision concentration bias and CV
were calculated per run. Within-run, between-run and overall CV’s were calculated with
the use of one-way ANOVA.
In order to test the Limit Of Detection (LOD) a concentration of 0.015 ng/mL was prepared
in acidified EDTA plasma and was processed five times and analyzed to assess the CV, with
a maximum tolerated CV of 20%.
To assess the variation of the acidification procedure between different EDTA plasma lots of
different healthy volunteers, 9 lots of EDTA plasma were acidified with 1.5 µL formic acid /
ml EDTA plasma and followed by pH measurement. These 9 acidified EDTA plasma lots were
also used for the selectivity and specificity testing, since the FDA guideline states the testing
of at least 6 sources of the used biological matrix. From every batch a LLOQ was spiked and
processed together with a blank sample from each batch. Peaks found in the blank samples
should not exceed 20% of the peak height of the LLOQ.
Stability of remifentanil in acidified EDTA plasma was assessed at 0.5 ng/mL and 200 ng/mL
and was processed five times and analyzed after 2 days at ambient temperature, 14 days
at 4°C and 14 days as processed sample in the auto sampler at 10°C. Long term stability
of remifentanil in EDTA plasma at -20°C was assessed at 103 days, with the use of freshly
prepared at 0.5 ng/mL and 200 ng/mL. Freeze thaw stability was assessed after one and
three times freezing and thawing and was processed five times and analyzed.
Stock stability at 100 µg/mL in purified water was assessed after a 1,000 times dilution to
100 ng/mL and followed by triplicate injections after 6 months storage at -20°C and at +4°C.
The stability of remifentanil in EDTA whole blood without acidification was investigated at
ambient temperature, 4°C and at 0°C (ice water). EDTA whole blood was spiked at 0.5 ng/
mL and at 200 ng/mL and divided over multiple tubes which were labelled and sealed. At
multiple time points during 5 hours, one tube of each concentration was centrifuged and
the EDTA plasma was stored at -20°C. The stored samples were prepared in triplicate and
analyzed the following day.
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Ion-suppression, extraction recovery, matrix effect and process efficiency
The presence of ion-suppression during an analytical run was tested by infusion of stock
solution of remifentanil and [13C6]-remifentanil with the use of a t-piece to combine the
flows of the syringe pump with stock solution and the LC pump. The 9 acidified EDTA
plasma lots used for selectivity and specificity, were processed as described in section 2.4,
without [13C6]-remifentanil. Ion-suppression chromatograms were recorded for all 9 lots
of processed EDTA plasma.
The extraction recovery, matrix effect and process efficiency were assessed at 2 concentrations in triplicate. Remifentanil was spiked at 0.5 ng/mL and 200 ng/mL in EDTA plasma
acidified with formic acid (solutions A). For the extraction recovery, acidified blank EDTA
plasma samples were spiked at 0.5 ng/mL and 200 ng/mL after processing (solutions B).
For the matrix effect and process efficiency, methanol was spiked at 0.5 ng/mL and 200
ng/mL (solutions C). The average peak height responses were used to calculate extraction
recovery, matrix effect and process efficiency. The calculations of the extraction recovery,
matrix effect and process efficiency were as follows: extraction recovery = A/Bx100, matrix
effect = 100x(B/C-1), process efficiency = A/Cx100. Where A, B and C refer to the prepared
solutions mentioned above.

RESULTS
Method development
The stability test with un-acidified EDTA plasma and EDTA plasma acidified with citric acid,
ascorbic acid and formic acid was performed by means of single sample analysis for all 7
time points and each matrix. The results of the stability test in EDTA plasma showed that
untreated EDTA plasma was very unstable with a decrease in remifentanil concentration
of 13% within 3 hours. Citric acid and formic acid showed 0.5% and 4.2% remifentanil
degradation respectively after 19 hours at ambient temperature, while ascorbic acid showed
7.2% degradation, see figure 1. Formic acid was chosen to acidify the EDTA plasma for the
validation, because of the volatility (LC-MS/MS compatibility) and the fact that this acid was
also used in the mobile phase.
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Figure 1 Results of the stability test for remifentanil at ambient temperature in untreated and acidified
EDTA Plasma.
The 95% control line is to detect a 5% deterioration and the 85% control line marks the QC rejection point of 15%
bias. The stability test was performed by means of single sample analysis for all 7 time points and each matrix.

Validation results
The eight point calibration curve of remifentanil proved to be linear from 0.20 to 250 ng/
ml with a R2 of 0.9995. The linear regression equation with its 95% confidence intervals (CI)
was y = 0.02495 (CI 0.02471 to 0.02519) x - 0.02342 (CI -0.05192 to 0.00508) for the 8-point
calibration curve. While the regression equation was y = 0.02483 (CI 0.02400 to 0.02566)
x - 0.001312 (CI -0.14854 to 0.14592) for the 2-point calibration curve. The 95% CI of the
intercepts and the slopes of both calibration curves showed overlapping CIs. Therefore it
can be concluded that both calibration curves did not significantly deviate from each other
and the use of a 2-point calibration curve was justified. The accuracy and precision results
calculated with a two point calibration curve showed the highest overall bias during the
validation of -5.0% (CV 4.3%) for 0.5 ng/mL, while the highest overall CV was 5.6% for 0.20
ng/mL. The validation results regarding accuracy, precision and dilution are shown in table 1.
In figure 2 chromatograms are shown for a representative blank, LLOQ (0.20 ng/mL) and
highest calibration standard (250 ng/mL) for remifentanil and the internal standard [13C6]remifentanil. The LOD was tested at 0.015 ng/mL and showed a CV of 7.5%.
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Table 1

Accuracy and precision results of remifentanil

Concentration
(ng/mL)
0.20 (LLOQ)

Within-run CV (%)
n=15

Between-run CV (%)
n=15

Overall CV (%)
n=15

Overall bias (%)
n=15

5.1

2.3

5.6

0.5

0.50

3.1

2.9

4.3

-5.0

100

3.7

0.0

3.7

3.7

200

3.2

0.0

3.2

5.1

500 (OC)

1.5

1.6

2.1

-1.0

LLOQ is Lower Limit of Quantitation. OC is Over the Curve concentration which is diluted 10 times. N=15 means 5
replicate analyses on each day on each of the 3 validation days. Within-run, between-run and overall coefficient
of variation (CV) were calculated with One-Way ANOVA.

Figure 2 Chromatograms of representative processed samples of a blank, 0.20 ng/mL remifentanil, 250 ng/
mL remifentanil and the internal standard [13C6]-remifentanil.
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The 9 lots of EDTA plasma acidified with formic acid showed reproducible pH values ranging
from pH 4.7 to pH 5.4, with a mean pH of 5.08. Peaks found in the blank samples of the 9 lots
of EDTA plasma acidified with formic acid did not exceed 20% of the peak height of the LLOQ.
The results of the stability validation are shown in table 2.
Table 2

Results of the stability testing of remifentanil in EDTA plasma acidified with formic acid
0.50 ng/mL

200 ng/mL

Time
(days)

Bias (%)

CV (%)

Bias (%)

CV (%)

n.a.

0.6

2.3

0.9

3.7

2

-3.3

3.0

-11.6

2.2

EDTA plasma 4°C

14

-6.6

5.5

-11.8

2.7

EDTA plasma -20°C

103

5.5

4.4

-7.2

1.3

AS 10°C

14

1.3

3.5

-3.4

3.6

Stability
EDTA plasma F/T 3
EDTA plasma AT

F/T 3 is the stability of three freeze and thaw cycles. AT is the stability at ambient temperature. AS is autosampler
stability in processed sample.

The stock solutions of 100 mg/L proved to be stable at -20°C and at +4°C for 6 months with
a maximum bias of 4.3% (CV 1.3%). The stability of remifentanil in EDTA blood during 2
hours showed an average decrease of approximately 42% at ambient temperature, 12% at
+4°C and less than 2% decrease at 0°C (ice water) at 0.50 and 200 ng/mL. The results of the
stability tests in untreated EDTA whole blood can be seen in table 3 and figure 3.
At ambient temperature, remifentanil showed to be even more unstable in untreated EDTA
whole blood than in EDTA plasma without acidification. After 3 hours at ambient temperature
the remifentanil concentration decreased with approximately 54% in untreated EDTA whole
blood (figure 3) compared to a 13% decrease in untreated EDTA plasma (figure 1).

Ion-suppression, extraction recovery, matrix effect and process efficiency
The developed analysis method showed extraction recoveries of 99% (CV 8.2%) and 107%
(CV 1.3%) for 0.5 ng/mL and 200 ng/mL respectively. Matrix effects were -8% (CV 4.1%)
for 0.5 ng/mL and -10% (CV 0.3%) for 200 ng/mL. The total process efficiency was 91% (CV
8.2%) for 0.5 ng/mL and 96% (CV 1.3%) for 200 ng/mL. The ion-suppression chromatograms
showed no ion-suppression near the retention time of remifentanil in all 9 lots of acidified
EDTA plasma, see figure 4.
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Table 3 Results of the stability testing of remifentanil in untreated EDTA whole blood in triplicate, at ambient
temperature, 4°C and 0°C at 0.50 and 200 ng/mL
Ambient temperature

4°C

0°C

0.50 ng/mL

200 ng/mL

0.50 ng/mL

200 ng/mL

0.50 ng/mL

200 ng/mL

Bias
(%)

CV
(%)

Bias
(%)

CV
(%)

Bias
(%)

CV
(%)

Bias
(%)

CV
(%)

Bias
(%)

CV
(%)

Bias
(%)

CV
(%)

0.00

100.1

3.5

100.0

4.4

100.1

3.5

100.0

4.4

100.1

3.5

100.0

4.4

0.17

95.9

1.3

94.2

0.6

98.7

4.5

101.1

3.7

103.3

3.1

105.8

2.6

0.33

92.4

0.3

95.5

3.8

96.2

3.6

98.6

3.1

103.2

1.8

106.9

3.6

0.50

86.2

1.3

91.2

3.4

95.0

2.0

98.3

4.5

102.5

2.6

105.8

4.0

0.67

86.3

1.6

86.7

3.3

93.1

3.3

97.0

3.3

100.8

3.4

104.2

2.3

0.83

75.7

1.2

83.8

1.2

91.1

2.1

97.4

1.2

100.4

1.4

103.2

3.3

1.00

75.9

3.1

79.5

0.7

89.7

2.2

94.7

2.9

100.2

4.3

104.9

0.8

1.17

70.8

3.0

75.2

3.6

89.1

3.5

95.4

1.0

98.8

3.0

105.1

0.4

1.33

68.2

1.2

72.2

1.8

88.3

2.9

93.4

1.1

97.7

4.5

103.2

1.2

1.50

65.8

2.9

70.4

0.2

86.8

2.3

91.6

1.8

96.2

3.3

102.8

0.8

2.00

56.1

5.2

60.3

0.8

85.5

3.4

90.6

1.5

95.2

2.1

101.3

1.3

2.50

51.0

4.0

51.8

2.8

84.2

3.6

88.6

0.6

92.9

1.3

98.0

3.2

3.00

44.3

1.4

46.9

0.3

82.8

2.1

86.6

0.6

93.8

2.9

98.2

1.4

3.50

39.6

5.2

41.2

0.6

80.6

3.9

85.3

1.7

91.2

1.8

95.6

0.6

4.00

33.6

4.6

35.7

2.0

79.8

4.1

83.4

1.0

92.7

0.3

93.0

1.0

4.50

29.9

5.1

32.2

0.6

79.0

2.9

83.0

0.6

88.0

4.2

91.6

1.0

5.00

26.2

2.3

28.4

2.4

80.0

4.1

83.8

0.6

83.6

3.7

88.8

0.6

Time
(hours)

Biases are calculated in relation to time is 0.00 hours.

CONCLUSION
We propose LC-MS/MS analysis combined with the use of formic acid to acidify the EDTA
plasma sample as a new analytical method to measure remifentanil concentrations in EDTA
plasma. We studied the concentration stability over time, at different temperature conditions
and with or without acidification of the EDTA plasma to stabilize esterase activity.
During method development it became clear that acidifying the EDTA whole blood causes
coagulation, which impairs the integrity of the sample. For this reason the stability of
remifentanil was also investigated in untreated EDTA whole blood at ambient temperature,
4°C and 0°C. At ambient temperature, remifentanil showed to be even more unstable in
untreated EDTA whole blood than in EDTA plasma without acidification, which is in agreement
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Figure 3 Results of the stability test of remifentanil in untreated EDTA whole blood at ambient temperature
4°C and at 0°C.
The 95% control line is to detect a 5% deterioration and the 85% control line marks the QC rejection point of
15% bias.

Figure 4 Ion suppression chromatograms of 9 lots of EDTA plasma acidified with formic acid, including a
chromatogram with the retention time of the remifentanil peak at 1.2 minutes.

with the findings of Davis et al. [13]. These results showed that the collected EDTA whole
blood should not be stored at ambient temperature. The collected EDTA whole blood tube
is best stored temporarily in ice water to cool down and should then be centrifuged as soon
as possible (preferably before the first hour but not later than 2 hours after the sampling
time). To stabilize the esterase activity in EDTA plasma, the resulting EDTA plasma fraction
should be acidified with 1.5 µL formic acid per mL of EDTA plasma. Subsequently the sample
can be stored in a -20°C freezer.
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Compared to earlier used citric acid [3-9], formic acid is volatile and the use of formic acid
was considered a more compatible acid for LC-MS/MS analysis than the non-volatile ascorbic
acid and citric acid.
The pH of the acidified EDTA plasma is considered the primary determinant for the stability
of remifentanil. We found the pH values in the 9 lots of acidified EDTA plasma within an
acceptable range. This indicates that remifentanil concentrations are stable in acidified EDTA
plasma of different patient samples. The stability of remifentanil in EDTA plasma acidified
with formic acid was extensively investigated and showed good stability results, even at
ambient temperature.
The developed analytical method could be limited by the current LLOQ when bolus injections
are used. However, the validated Limit Of Quantitation of 0.20 ng/mL assured that the
method was robust and not readily vulnerable to a deteriorating sensitivity. The LOD was
tested at 0.015 ng/mL and showed a CV of 7.5%. This may indicate that a lower LLOQ could
be possible in order to monitor remifentanil even at the tail end of the pharmacokinetic
curve of bolus injections. In addition, the use of a more sensitive mass spectrometer could
also improve the LLOQ.
The application of a 2-point calibration curve, which included the LLOQ and the highest
concentration of the linear range provided excellent accuracy and precision results. The
approach of applying a minimal calibration curve already proved to be very efficient for
therapeutic drug monitoring [14]. The 2-point calibration curve could be impaired when
the curve may become non-linear, possibly due to changing ionization characteristics or
overdue maintenance. In our method, an isotopically labelled internal standard is used,
which can compensate for changing ionization characteristics. In addition, with the use
of QC samples throughout the linear range, linearity issues would result in unacceptable
biases for the QCs, and run rejection. The two point calibration curve was validated during
the 3 days validation of the linearity, accuracy and precision, indicating no such linearity
problem. The QC samples throughout the linear range proved that the use of the two point
calibration curve was valid. During routine analysis, QC samples are also incorporated in the
run, ensuring valid results at all times.
Remifentanil concentrations were frequently reported in whole blood in the past because of
the stability issues. Blood was drawn from the patient and directly mixed with acetonitrile
in order to stop the endogenous esterases [1, 11]. With our procedure, this instability is
no longer a problem and plasma analysis can be easily performed. Due to the instability
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of remifentanil and the following time consuming sample processing, the established
pharmacokinetic models were based on whole blood. La Colla et al. evaluated the predictive
performance of the model of Minto et al for morbidly obese patients [15-17]. It should be
noted that their analyses were performed in plasma, while the model of Minto was developed
for whole blood analysis. It is unclear if La Colla et al. acknowledged the blood to plasma
ratio [15]. As a future perspective, the blood to plasma ratio should be investigated before
the current pharmacokinetic models can be used with plasma analysis.
The developed analytical method uses a simple protein precipitation and maximal throughput
by a two point calibration curve and short run times of 2.6 minutes. The validation showed
excellent accuracy and precision results with a very large linear range of 0.2 ng/mL to 250
ng/mL. The method showed no ion-suppression for all 9 lots of acidified EDTA plasma.
In conclusion, we found that the developed LC-MS/MS method is suitable for measuring
remifentanil concentrations in EDTA plasma for pharmacokinetic trials.
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Abstract
To facilitate the monitoring of drug abuse by patients, a method was developed and validated
for the analysis of amphetamine, methamphetamine, MDMA, MDA, MDEA, methylphenidate,
cocaine, benzoylecgonine, morphine, codeine, heroin, 6-MAM, methadone, EDDP, THC,
nicotine and cotinine in human hair.
The hair preparation method contains a three-step wash procedure with dichloromethane
followed by a simultaneous hair pulverization and extraction procedure with disposable
metal balls. The developed LC-MS/MS method uses a single injection to detect and confirm
all 17 abused drugs, including THC, within 4.8 minutes.
Nicotine was validated with a linear range of 800–25,000 pg/mg hair and all other substances
were validated with a linear range of 30.0–2,500 pg/mg hair. For accuracy and precision the
overall bias did not exceed ‑8.2% and the overall CV did not exceed 17.7%. Auto-sampler
stability was proven for 48 hours at 10°C for all substances. Analytical cut-off concentrations
were defined for each substance at the lowest validated accuracy and precision concentration
with a bias and CV within 15% and qualifier/quantifier ratios within 20% of the set ratio.
The analytical cut-off concentrations were 200 pg/mg for codeine, 80.0 pg/mg for 6-MAM,
heroin, EDDP and THC. The analytical cut-off concentration for nicotine was 800 pg/mg,
and for all other validated substances 30.0 pg/mg. This method was successfully applied
to analyze hair samples from patients who are monitored for drug abuse. Hair samples of
47 subjects (segmented into in 129 samples) showed MDMA, methylphenidate, cocaine,
benzoylecgonine, codeine, methadone, EDDP, THC, nicotine and cotinine above the analytical
cut-off.
The method was fully validated, including the validation of qualifier-quantifier ratios. The
analysis of real hair samples proved the efficacy of the developed method for monitoring
drug abuse. The results obtained by this method provide the physician or health care
professional with extensive information about actual drug abuse or relapse, and can be
used for patient-specific therapy.
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INTRODUCTION
Examining human biological matrices for the presence of drugs is an important task of forensic
and clinical toxicological laboratories. These analyses are mostly performed for urine and
blood, and can provide information about drug use over a period of days. Information of
use over longer periods of time can be provided by analyzing hair samples, as those drugs
are incorporated into the hair during its growth. Because hair grows approximately 1 cm
each month, segmental analysis may distinguish single exposure from long-term exposure
[1-4]. Hair analysis not only can provide information about use over longer periods of time,
its sample collection is preferable because it is less invasive than obtaining venous blood
samples and less embarrassing and time-consuming than supervised urine collection.
The mechanisms for drug incorporation into hair are still under investigation, and various
mechanisms are described. Drugs are diffused from the blood capillaries into the growing hair
cells and are incorporated into the completed hair shaft by sebum, sweat and the surrounding
tissues. It is also possible that drugs are deposited on hair from the external environment.
Incorporation of drugs into hair is dependent on three key factors, namely basicity and
lipophilicity of the substance and melanin content of the hair. This results in low incorporation
rates of acidic substances into the hair. For example, 11-nor-∆9-tetrahydrocannabinol-11carboxylic acid (THC-COOH), the metabolite of delta-9-tetrahydrocannabinol (THC), and
ritalinic acid, the metabolite of methylphenidate, are only found in hair in extremely low
concentrations [1]. The incorporation rate of drugs into hair can vary between subjects and
makes hair analysis unsuitable for quantitative therapeutic drug monitoring. On the other
hand, hair analysis is useful for monitoring patient compliance by detecting presence or
absence of drugs in the hair [1-3].
In order to prepare a hair sample for analysis, a wash procedure is applied followed by
extraction of the substances. To improve analytical performance, residues from cosmetics,
sweat and sebum should be removed by washing the hair sample. A wash procedure also
helps avoid false positive results by removing possible passive external contamination of drugs
from the environment. Some methods described in the literature use no wash procedure at
all, while other methods use labor-intensive wash procedures [1, 5, 6]. However, neither of
these wash procedures were able to provide enough distinction between hair contamination
with drugs and active drug use [7, 8]. Dichloromethane is considered to be a suitable wash
solvent because it does not swell the hair, in contrast to aqueous solvents or methanol, and
therefore no relevant extraction will take place during the wash procedure [6].
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There are multiple ways to extract drugs from hair. Previously described methods use soaking
in extraction solvent, sonication with methanol, dissolving under alkaline or acidic conditions,
or using enzymes to treat the hair samples [9-15]. Dissolving hair under alkaline or acidic
conditions is a good way to increase the interaction surface, although these conditions can
cause the formation of metabolites from the parent substances. It is known, for example,
that benzoylecgonine can be formed from cocaine under alkaline conditions [6]. Extraction
by soaking or using enzymes is also very time-consuming [5, 10, 15-17]. To overcome these
problems a ball mill was used to pulverize the hair sample and increase the interaction
surface of the hair and the extraction solvent. This method creates a more homogeneous
sample, is fast, and does not induce any chemical instability in the substances.
GC-MS is a well-established technique for the determination of abused drugs and is widely
used for hair analysis. GC-MS also requires an extensive sample preparation like solid phase
extraction (SPE), liquid liquid extraction (LLE), and often derivatization of the analyzed
substances [1, 8, 18]. For a sensitive LC-MS/MS technique there may be no need for extensive
sample preparation and derivatization, while a high selectivity is accomplished through the
selection of an ionized molecule and usually the most intense fragment. To obtain a higher
level of selectivity a second fragment can be monitored simultaneously. The first fragment
(quantifier) will be used to calculate concentrations, while the second fragment (qualifier)
will be used for confirmation of the detected substance using a qualifier/quantifier ratio.
There are several parameters that have to be taken into account for a hair sample to
be considered positive. The last wash should be analyzed to monitor possible external
contamination. The identity of the substance should be confirmed by determining the
ratio of the qualifier/quantifier mass transitions. When possible, use of a drug should be
confirmed through the presence of its metabolites. The concentration of an identified drug
should exceed a cut-off concentration. Cut-off concentrations for the presence for a number
of abuse in hair are provided by the Society of Hair Testing (SoHT) and the Substance Abuse
and Mental Health Services Administration (SAMHSA) [19, 20].
According to the world drug report of the United Nations Office on Drugs and Crime, the
most widely used drugs are cannabis, amphetamines, heroin and cocaine. The non-medical
use of prescription drugs like methylphenidate or methadone is also recognized as a growing
problem. Consumption of a combination of drugs has also become more common [21].
The aim of this study was to develop and validate a hair preparation and analysis method
for most widely abused drugs and their metabolites in order to monitor patients with a high
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risk of drug abuse. The following substances were included in the method: amphetamine,
methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA), methylenedioxyamphetamine (MDA), methylenedioxyethylamphetamine (MDEA), methylphenidate, cocaine,
benzoylecgonine, morphine, codeine, heroin, 6-monoacteylmorphine (6-MAM), methadone,
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), delta-9-tetrahydrocannabinol
(THC), nicotine and cotinine.

MATERIALS and METHODS
Chemicals and reagents
Separate reference solutions containing amphetamine, methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA), methylenedioxyamphetamine (MDA), methylenedioxyethylamphetamine (MDEA), methylphenidate, cocaine, benzoylecgonine, morphine, codeine,
heroin, 6-monoacteylmorphine (6-MAM), methadone, 2-ethylidene-1,5-dimethyl-3,3diphenylpyrrolidine (EDDP), delta-9-tetrahydrocannabinol (THC), nicotine and cotinine of
1.0 mg/mL in methanol were used. Cotinine was purchased from Cerilliant (Round Rock,
Texas). All other drugs were purchased from Lipomed (Arlesheim, Switzerland). Deuterated internal standards (IS) were used for all drugs. Lipomed reference solutions were used
for 6-MAM-D3, benzoylecgonine-D3, cocaine-D3, codeine-D3, EDDP-D3, heroin-D3, MDA-D5,
MDEA-D5, MDMA-D3, methadone-D3, methamphetamine-D5, morphine-D3 and THC-D3.
Cerilliant reference solutions were used for cotinine-D3, methylphenidate-D9, nicotine-D4
and amphetamine-D10. Analytical grade methanol, 25% ammonia and dichloromethane
(DCM) were purchased from Merck (Darmstadt, Germany). Purified water was prepared by
a Milli-Q Integral system (Billerica, Massachusetts, USA). Ammonium formate was purchased
from Acros (Geel, Belgium).

Equipment and conditions

5.1

Polypropylene containers of 5 mL with screw caps (Kartell; Noviglio, Italy) were used to
weigh the hair in and to perform the wash procedure and extraction. A Retsch MM400 mixer
mill (Haan, Germany) was used to wash, pulverize and extract the hair samples. Disposable
2-mm diameter stainless steel balls (Retsch; Haan, Germany) were used to pulverize the hair
samples. Vortexing was performed with a Labtek multi-tube vortexer (Christchurch, New
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Zealand). Whatman syringeless filter vials, mini-UniprepTM with regenerated cellulose media
0.2 µm pore size (Maidstone, Kent, UK) were used to filter the suspension after extraction.
All experiments were performed on an Agilent 6460A (Santa Clara, CA, USA) triple quadrupole
LC-MS/MS system, with an Agilent 1200 series combined LC system. The Agilent 6460A mass
selective detector operated in heated electrospray positive ionization mode and performed
dynamic multiple reaction monitoring (DMRM) with unit mass resolution. High-purity nitrogen was used for both the source and collision gas flows. In the first quadrupole, single
charged ions [M + H]+ were selected. All precursor ions, product ions, optimum fragmenter
voltage, collision energy values and retention times are shown in table 1.
The most intense daughter ion in the product spectrum was chosen as quantifier, and a
second daughter ion was chosen as qualifier. For methylphenidate, however, the fragmentation of the ionized molecule only resulted in one daughter ion in the mass spectrum. This
has led to the use of only one mass transition (quantifier) for methylphenidate. Peak height
ratios of the substance and its internal standard were used to calculate concentrations. For
all substances the capillary voltage was set at 4,000 V, gas temperature at 320°C, gas flow
at 13 L/min, nebulizer gas at 60 psi, sheath gas temperature at 400°C, sheath gas flow at 12
L/min and the nozzle voltage at 0 V. The Agilent 1200 series autosampler was set at 10°C
and the integrated column oven was set at a temperature of 40°C. The mobile phase consisted of methanol and a 20 mmol/L ammonium formate buffer pH 7.0 containing 5% v/v
methanol. Analyses were performed on a 50 x 2.1 mm 5-µm Hypurity Aquastar analytical
column from ThermoFisher Scientific (Waltham, MA, USA,) equipped with a separate 0.5 µm
Varian frit filter (Palo Alto, CA, USA). Chromatographic separation was performed by means
of a gradient with a flow of 0.5 mL/min and a run time of 4.8 minutes. The gradient starts at
100% 20 mmol/L ammonium formate buffer pH 7.0 with 5% v/v methanol and increases in
3 minutes to 100% methanol, a percentage to be maintained between 3 and 3.9 minutes.
At 3.91 minutes the gradient returns to 100% 20 mmol/L ammonium formate buffer pH 7.0
with 5% methanol and stabilizes until 4.8 minutes in order to prepare the chromatographic
system for the next injection. Agilent Masshunter software for quantitative analysis (version
B.04.00) was used to quantify the analysis results.

Sample preparation
Reference solutions of 1.0 mg/mL for each substance were used to prepare two stock solutions in methanol containing 50 mg/L nicotine and 5 mg/L for all other substances. One set
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Table 1

Mass spectrometer settings and retention times for all substances

Substance

Precursor
ion
(m/z)

Product
ion
Quantifier
(m/z)

Product
ion
Fragmentor
Qualifier
voltage
(m/z)
(V)

Collision
energy
Quantifier
(V)

Collision
energy Retention
Qualifier
time
(V)
(min)

Amphetamine

136.3

91.2

119.2

70

8

3

2.3

Amphetamine-D10

146.2

98.2

n.a.

70

8

n.a.

2.3

Methamphetamine

150.2

91.1

119.2

80

12

5

2.7

Methamphetamine-D5

155.3

91.1

n.a.

80

12

n.a.

2.7

MDMA

194.2

105.2

133.2

80

23

15

2.5

MDMA-D3

197.3

105.1

n.a.

80

23

n.a.

2.5

MDA

180.2

105.2

133.2

70

20

15

2.2

MDA-D5

185.3

110.2

n.a.

70

20

n.a.

2.2

MDEA

208.2

105.2

133.2

95

25

18

2.5

MDEA-D5

213.4

105.1

n.a.

95

25

n.a.

2.5

Methylphenidate

234.2

84.2

-

90

16

n.a.

2.8

Methylphenidate-D9

243.4

93.2

n.a.

90

16

n.a.

2.8

Cocaine

304.2

182.2

150.2

130

15

23

2.9

Cocaine-D3

307.3

185.2

n.a.

130

15

n.a.

2.9

Benzoylecgonine

290.2

168.2

105.1

120

15

30

2.3

Benzoylecgonine-D3

293.2

171.2

n.a.

120

15

n.a.

2.3

Morphine

286.2

165.2

153.2

160

45

50

2.3

Morphine-D3

289.3

165.2

n.a.

160

45

n.a.

2.3

Codeine

300.2

165.2

153.1

155

45

50

2.8

Codeine-D3

303.3

165.2

n.a.

155

45

n.a.

2.8

6-MAM

328.2

165.3

211.2

120

45

20

2.6

6-MAM-D3

331.2

165.2

n.a.

120

45

n.a.

2.6

Heroin

370.2

165.2

268.2

170

55

25

2.9

Heroin-D3

373.4

165

n.a.

170

55

n.a.

2.9

Methadone

310.3

265.2

105.1

110

10

25

3.3

Methadone-D3

313.3

268.2

n.a.

110

10

n.a.

3.3

EDDP

278.3

234.2

186.2

160

30

35

3.1

EDDP-D3

281.3

234.2

n.a.

160

30

n.a.

3.1

Nicotine

163.2

130.1

106.2

100

16

10

2.9

Nicotine-D4

167.3

134.1

n.a.

100

16

n.a.

2.9

Cotinine

177.2

80.2

98.1

140

20

14

2.1

Cotinine-D3

180.2

80.2

n.a.

140

20

n.a.

2.1

THC

315.3

193.3

259.3

130

20

18

3.6

THC-D3

318.4

196.3

n.a.

130

20

n.a.

3.6

5.1
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of reference solutions was used to prepare the stock solution used for the calibration curve
and a separate set was used to prepare the stock solution for the quality control samples. A
combined stock solution of 5 mg/L was also prepared for all the deuterated internal standards
(IS). This combined IS stock solution was spiked to the extraction solvent at 25 µg/L, which
consists of analytical grade methanol. For the hair preparation a lock of hair was placed on
a piece of clean paper. The paper was folded around the hair sample and markings were
made to distinguish the hair root and the tip of the hair. Every cm of hair length was marked
on the paper. An empty 5 mL container was tared at the analytical balance, and 1 cm of
the hair sample (50 mg) and paper was cut with a pair of scissors above the container. The
paper was removed from the hair sample with a pair of tweezers in such a way that the
hair fell through the folded paper into the container without the sample being touched by
the tweezers or hands. When necessary, another cm of the hair sample was cut to achieve
approximately 50 mg. Length and weight of the sampled hair were noted. The hair sample
was washed three times with 3 mL DCM in a mixer mill at 30 Hz for 10 minutes. The last
wash was collected in a glass tube and evaporated to dryness at ambient temperature under a nitrogen gas flow. The residue of the last wash was reconstituted in 1.5 mL extraction
solvent by vortexing for 2 minutes. After completing the three wash steps the hair samples
were left for 15 minutes to evaporate the residual DCM from the containers. Fifty stainless
steel balls and 1.5 mL extraction solvent were added and the samples were mixed at 30
Hz for 30 minutes until all of the hair was pulverized. After 30 minutes the suspension was
transferred into a clean tube and centrifuged at 1,780g. Of the supernatant or the reconstituted last wash 200 µL was transferred into a Whatman filter vial and 5 µL of the filtered
supernatant was injected into the LC-MS/MS system. Length and weight of the hair samples
were noted and the concentrations were recalculated to agree with a 50 mg sample, as used
for the calibration curve, with the following formula: concentration resulted from analysis /
weighed amount of hair x 50.

Influence on ion suppression of hair pulverization followed by extraction, compared to simultaneous hair pulverization and extraction
To investigate the influence of ion suppression three blank hair samples were prepared according to the described extraction procedure. The hair pulverization was also performed
with three other identical blank hair samples. For these hair samples 1.5 mL extraction solution containing 25 µg/L of the deuterated internal standards was added after pulverization
by metal balls and the samples were shaken for 30 minutes. All extracts and neat extraction
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solvent were spiked with 20,000 pg/mg hair for nicotine and 2,000 pg/mg hair for all other
substances. Peak heights were compared to assess ion suppression of the two different
hair preparations. The influence of ion suppression was calculated as follows, where 100%
represents no ion suppression: mean peak height of spiked extracts / mean peak height of
spiked neat solution x 100.

Method validation
The performed validation included linearity, accuracy, precision, selectivity, specificity and
stability. Extracts of blank hair from one volunteer were collected for spiking the calibration
and validation samples. Using this extract an 8-point calibration curve was spiked for all substances. Nicotine was spiked at 800, 1,500, 2,500, 5,000, 10,000, 20,000 and 25,000 pg/mg
hair. The calibration curves for all other substances were spiked at 30.0, 80.0, 150, 250, 500,
1,000, 2,000 and 2,500 pg/mg hair. The accuracy and precision was tested at the Lower Limit
Of Quantification (LLOQ), as well as at Low, Medium (Med) and High concentrations. For the
assessment of accuracy and precision, concentrations were 800, 2000, 5000 and 20000 pg/
mg hair for nicotine and 30.0, 80.0, 200 and 2,000 pg/mg hair for all other drugs respectively.
Validation was performed with a maximum tolerated bias and CV of 20% at the LLOQ and
15% at all other validation concentrations, including the stability validation. To determine
accuracy and precision, all concentrations were measured fivefold in three separate runs
on separate days. For each accuracy and precision, assessment bias and CV were calculated
per run. Within-run, between-run and overall CVs were calculated using one-way ANOVA.
Eight calibration points were used to determine linearity on three separate days. Stabilities
of the substances were assessed in the auto-sampler at 10°C at Low and High levels after
48 hours. Selectivity and specificity were assessed by analyzing six blank hair samples from
different persons. Peaks found in the blank hair samples should not exceed 20% of the
peak height at LLOQ level. During the method validation the ion ratios for the qualifier and
quantifier were evaluated at the LLOQ Low and Med levels of the accuracy and precision
study. All ratios of the qualifier and the quantifier found during the accuracy and precision
validation were required to be within 20% of the ratio set in each validation run. Analytical
cut-off concentrations were defined for each substance at the lowest concentration validated
for accuracy and precision with a bias and CV within 15% and all qualifier/quantifier ratios
within 20% of the set ratio during the whole validation. Carry-over was monitored during
validation, where the peak height of the first blank following the highest calibrator should
not exceed 20% of the LLOQ. Performing a true recovery assessment with a hair matrix is
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analytically impossible because drugs need to fully incorporate into the hair. Bathing the hair
in a drug-containing solution would provide no quantifiable recovery. To provide information
about the consistency of the recovery with a real hair sample, the precision of the developed
method was further determined by the analysis of five 50-mg hair samples obtained from a
homogeneous positive hair sample for THC. The hair sample resulted from a general haircut
and consisted of short pieces with a maximum length of 0.5 cm.

Routine analysis
For purposes of routine analysis hair samples were collected from patients with a mild or
borderline intellectual disability. These patients were under institutional care for their disability. The hair analysis was used to validate a questionnaire for drug abuse in this target
group [22, 23]. All patients (and, if applicable, their guardians) gave informed consent to
participate in the study, which was approved by a certified medical ethical committee.
The collected hair samples were taken from the posterior vertex and varied from short pieces
of cut hair to hair strings with a maximum length of 37 cm. When possible, the hair strings
were segmented to reach 50 mg per sample. The results were corrected for the weighed
amount of hair per sample. For patient monitoring the validated analytical cut-off concentrations were used to determine drug abuse instead of those proposed by the SoHT or SAMHSA.

RESULTS
Influence on ion suppression of hair pulverization followed by extraction, compared to simultaneous hair pulverization and extraction
Table 2 shows the influence of ion suppression for hair pulverization followed by extraction
and simultaneous hair pulverization and extraction for all substances and their deuterated
internal standards. For hair pulverization followed by extraction the remaining peak heights
caused by ion suppression ranged from 41% to 78% with a mean of 57% (±11.1) for all
substances and 41% to 74% with a mean of 55% (±10.6) for all deuterated internal standards.
For simultaneous hair pulverization and extraction the remaining peak heights caused by
ion suppression ranged from 45% to 95% for all substances with a mean of 78% (±13.1). The
remaining peak heights for the deuterated internal standards ranged from 41% to 89% with
a mean of 73% (±13.5). Almost all substances and their deuterated internal standards were
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Table 2 The influence on ion suppression of hair pulverization followed by extraction, compared to
simultaneous hair pulverization and extraction, were 100% represents no ion suppression

Substance

Ion-suppression
pulverization with methanol
(%)

Ion-suppression
pulverization without methanol
(%)

Amphetamine

82

46

Amphetamine-D10

86

48

Methamphetamine

82

57

Methamphetamine-D5

81

57

MDA

77

42

MDA-D5

75

40

MDEA

85

62

MDEA-D5

83

60

MDMA

85

62

MDMA-D3

80

60

Methylphenidate

87

70

Methylphenidate-D9

84

70

Cocaine

91

78

Cocaine-D3

88

74

Benzoylecgonine

94

73

Benzoylecgonine-D3

85

65

Morphine

78

44

Morphine-D3

61

41

Codeine

64

55

Codeine-D3

58

51

6-MAM

76

49

6-MAM-D3

67

47

Heroin

72

59

Heroin-D3

70

58

Methadone

54

51

Methadone-D3

55

51

EDDP

81

71

EDDP-D3

80

70

Nicotine

69

50

Nicotine-D4

61

44

Cotinine

95

65

Cotinine-D3

89

61

THC

45

41

THC-D3

41

41
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equally affected by ion suppression. Deviations of less than 10% between each substance
and its deuterated internal standard were observed for both extractions. Simultaneous
hair pulverization and extraction showed a larger difference of 17% less ion suppression for
morphine compared to morphine-D3. Compared to hair pulverization followed by extraction,
simultaneous pulverization and extraction showed respectively 21% and 18% less average
ion suppression for all substances and their deuterated internal standards, and contributed
to an efficient hair extraction procedure.

Method validation
Table 3 shows the validation results for linearity, accuracy and precision, and stability. Nicotine
was validated at a linear range of 800 to 25,000 pg/mg. All other substances were validated
at a linear range of 30.0 to 2,500 pg/mg hair. For accuracy and precision the highest overall
bias found during the validation was ‑8.2% at the LLOQ of heroin (30.0 pg/mg), while the
highest overall CV was 17.7% at the LLOQ of THC (30.0 pg/mg). Auto-sampler stability was
proven for 48 hours at 10°C for all substances with a maximum overall bias of 4.8%. Selectivity
and specificity showed no interfering peaks of more than 20% of the LLOQ.
In each validation run the ion ratio of the qualifier and quantifier was determined for each
substance. The analytical cut-off concentrations were defined as the lowest concentrations
with a bias and CV within 15% and the qualifier/quantifier ratios within 20% of the mean
ion ratio found during validation. Mean ion ratios and their maximum deviations found
during the validation are shown in table 4. It can be seen that 6-MAM, heroin, EDDP, THC
and codeine have more than 20% deviation from their mean ion ratio at the LLOQ level
and acceptable deviations at the Low level, except for codeine. Codeine showed to have a
21.2% deviation at the Low level and an acceptable maximum deviation of 6.6% at the Med
level. All other substances displayed deviations within 20% from the mean ion ratio at the
LLOQ level (figure 1).
The analytical cut-off concentrations based upon the analytical performance and the
screening cut-off concentrations set by the SoHT are shown in table 5.
For 11 substances the screening cut-off concentrations are set by the SoHT, while for
benzoylecgonine and EDDP only confirmatory cut-off concentrations of 50 pg/mg are
provided. For four substances there are no cut-off concentrations set by the SoHT [24].
Because of the lower sensitivity of the qualifier, the qualifier/quantifier ratios set the
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0.99837

0.99885

0.99843

0.99868

Amphetamine

Methamphetamine

MDMA

MDA
(30–2,500)

(30–2,500)

(30–2,500)

(30–2,500)

Correlation coefficient
linear range (pg/mg)

Validation results of all substances

Substance

Table 3

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

Concentration
(pg/mg)

2.8
2.1
2.4
1.5
1.2
0.9

4.4
3.9
2.3
0.9
2.5
1.5

2.6
1.6
1.8
1.2
0.9
1.3

7.9
4.9
3.6
4.8
2.4
3.6

Within-run CV
(%)

7.5
3.5
1.1
4.8
n.a.
n.a.

1.8
2.3
2.7
3.7
n.a.
n.a.

5.7
0.7
1.6
2.3
n.a.
n.a.

0.0
4.7
2.6
2.8
n.a.
n.a.

Between-run CV
(%)

5.9
-3.4
-2.1
-1.2
-0.8
0.2

3.2
-3.4
-0.8
-0.4
0.5
1.1

0.0
-4.3
-2.5
-3.3
-0.6
-1.1

-7.0
-2.2
3.5
2.3
4.8
0.8

Overall bias
(%)

Table 3 continues on next page

8.0
4.1
2.7
5.0
n.a.
n.a.

4.7
4.5
3.6
3.8
n.a.
n.a.

6.3
1.8
2.4
2.6
n.a.
n.a.

7.9
6.7
4.5
5.6
n.a.
n.a.

Overall CV
(%)
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0.99481

0.99911

0.99812

0.99807

Methylphenidate

Cocaine

Benzoylecgonine
(30–2,500)

(30–2,500)

(30–2,500)

(30–2,500)

Correlation coefficient
linear range (pg/mg)

MDEA

Substance

Table 3

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

Concentration
(pg/mg)

2.6
1.4
1.0
0.6
1.1
0.7

4.7
2.0
1.5
1.0
0.8
0.9

2.8
2.6
1.9
2.7
3.0
1.8

4.7
3.5
1.7
1.1
1.5
1.0

Within-run CV
(%)

3.9
0.0
1.7
3.3
n.a.
n.a.

1.8
0.0
4.0
3.4
n.a.
n.a.

7.8
0.0
1.2
5.1
n.a.
n.a.

5.7
1.1
1.4
2.2
n.a.
n.a.

Between-run CV
(%)

4.8
-1.9
-0.9
-1.6
0.4
0.3

4.3
-2.8
-2.3
-3.7
-2.0
-1.9

1.1
-3.1
-2.7
-4.3
-1.9
-3.5

4.1
-0.3
0.6
-0.8
0.3
-0.2

Overall bias
(%)

Table 3 continues on next page

4.7
1.4
2.0
3.4
n.a.
n.a.

5.1
2.0
4.3
3.5
n.a.
n.a.

8.3
2.6
2.2
5.8
n.a.
n.a.

7.4
3.7
2.2
2.5
n.a.
n.a.

Overall CV
(%)
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0.99875

0.99843

0.99813

0.99867

Codeine

6-MAM

Heroin
(30–2,500)

(30–2,500)

(30–2,500)

(30–2,500)

Correlation coefficient
linear range (pg/mg)

Morphine

Substance

Table 3

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

Concentration
(pg/mg)

8.3
7.2
4.2
1.6
4.0
1.6

8.6
2.9
3.2
1.5
2.5
1.7

7.6
5.9
4.5
2.8
4.1
1.9

5.1
4.6
2.5
2.4
2.8
1.3

Within-run CV
(%)

0.0
3.1
1.4
1.1
n.a.
n.a.

1.4
2.0
2.6
2.4
n.a.
n.a.

10.9
2.1
3.7
1.2
n.a.
n.a.

5.0
1.0
2.0
1.3
n.a.
n.a.

Between-run CV
(%)

-8.2
-4.7
-4.1
-1.4
-4.8
-0.8

-2.3
-5.0
-2.3
-0.9
-4.2
-0.1

-3.2
-2.7
1.1
0.7
1.2
0.8

-1.0
-6.2
-3.0
-0.4
-2.3
1.9

Overall bias
(%)

Table 3 continues on next page

8.3
7.9
4.4
2.0
n.a.
n.a.

8.7
3.5
4.1
2.8
n.a.
n.a.

13.3
6.2
5.9
3.1
n.a.
n.a.

7.1
4.7
3.2
2.7
n.a.
n.a.

Overall CV
(%)
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0.99851

0.99842

0.99605

0.99847

EDDP

Nicotine

Cotinine
(30–2,500)

(800–25,000)

(30–2,500)

(30–2,500)

Correlation coefficient
linear range (pg/mg)

Methadone

Substance

Table 3

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (800)
Low (2,000)
Med (5,000)
High (20,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (500)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

Concentration
(pg/mg)

9.0
3.5
2.3
2.0
1.0
1.4

8.3
4.2
3.8
2.6
3.5
3.5

3.9
2.1
1.4
0.6
1.2
0.5

1.3
1.9
0.8
1.0
1.1
0.8

Within-run CV
(%)

10.9
2.6
1.6
2.8
n.a.
n.a.

2.1
0.0
4.0
3.0
n.a.
n.a.

0.0
0.9
1.6
2.4
n.a.
n.a.

5.4
0.6
3.0
3.7
n.a.
n.a.

Between-run CV
(%)

-4.3
-3.2
-1.7
-2.8
-0.1
-0.3

-2.2
-2.5
-0.5
1.3
-2.9
1.5

0.4
-6.3
-2.3
-1.2
-1.3
0.5

2.5
-2.6
-1.3
-1.8
-0.5
0.6

Overall bias
(%)

Table 3 continues on next page

14.1
4.3
2.8
3.5
n.a.
n.a.

8.6
4.2
5.5
4.0
n.a.
n.a.

3.9
2.3
2.2
2.4
n.a.
n.a.

5.5
2.0
3.1
3.9
n.a.
n.a.

Overall CV
(%)
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THC

Substance

Table 3

0.99423
(30–2,500)

Correlation coefficient
linear range (pg/mg)
LLOQ (30.0)
Low (80.0)
Med (200)
High (2,000)
AS stab Low 48 h
AS stab High 48 h

Concentration
(pg/mg)
12.3
9.7
3.7
1.8
4.1
1.3

Within-run CV
(%)
12.8
0.0
0.0
3.2
n.a.
n.a.

Between-run CV
(%)

17.7
9.7
3.7
3.7
n.a.
n.a.

Overall CV
(%)

-1.2
0.8
-1.3
0.5
-2.1
4.8

Overall bias
(%)
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Table 4 Mean qualifier/quantifier ratios during the validation and the maximum deviation found at the
LLOQ, Low and Medium levels
Maximum deviation (%)
Substance

Mean ion ratio

LLOQ

Low

Medium

Amphetamine

70.9

5.3

2.5

3.5

Methamphetamine

29.8

12.6

5.3

6.0

MDMA

60.1

17.0

7.4

6.2

MDA

69.2

13.2

9.3

5.2

MDEA

61.2

19.2

12.4

7.2

Methylphenidate

n.a.

n.a.

n.a.

n.a.

Cocaine

8.4

10.8

5.4

4.6

Benzoylecgonine

30.4

9.2

4.5

2.8

Morphine

87.2

17.8

11.4

14.4

Codeine

85.0

39.1

21.2

6.6

6-MAM

61.0

21.4

11.8

7.9

Heroin

64.5

21.8

16.9

12.2

Methadone

49.2

6.3

6.0

3.1

EDDP

30.7

21.4

9.7

4.4

Nicotine

45.4

4.4

4.0

4.0

Cotinine

23.1

6.8

5.5

3.1

THC

38.2

79.1

17.1

12.4

analytical cut-off concentrations to 200 pg/mg for codeine and 80 pg/mg for 6-MAM, heroin,
EDDP and THC. The analytical cut-off concentration for nicotine is 800 pg/mg and for all
other validated substances the method cut-off concentration is 30.0 pg/mg. All analytical
cut-off concentrations are lower than or equal to the screening cut-off concentrations set
by the SoHT. The analytical cut-off concentration of 30 pg/mg for benzoylecgonine is even
lower than the confirmatory cut-off of 50 pg/mg set by the SoHT. For EDDP, the analytical
cut-off of 80 pg/mg is higher than the confirmatory cut-off of 50 pg/mg set by the SoHT.
Since the analytical cut-off of 80 pg/mg is close to the confirmatory cut-off of 50 pg/mg
set by the SoHT, it is considered to be adequate for screening purposes. No carry-over was
detected during method development and validation. To determine the precision of the
method for THC, the results of the five hair extracts from subject 11 showed reproducible
THC concentrations, and thus consistent recoveries, with a mean concentration of 348
(±27.1) pg/mg and a CV of 7.8% (table 6).
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Table 5 Validated analytical cut-off concentrations based on the performance of the quantifier and qualifier
and the screening cut-off concentrations set by the SoHT, where available
Method
Cut-off
pg/mg hair

SoHT
Cut-off
pg/mg hair

Amphetamine

30

200

Methamphetamine

30

200

MDMA

30

200

MDA

30

200

MDEA

30

200

Methylphenidate

30

-

Cocaine

30

500

Benzoylecgonine

30

50*

Morphine

30

200

Codeine

200

200

6-MAM

80

200

Heroin

80

-

Methadone

30

200

EDDP

80

50*

Nicotine

800

-

Cotinine

30

-

THC

80

100

Substance

* No screening cut-off concentration available, confirmation cut-off concentration used.

Routine analysis
The developed analytical method was used to analyze the hair of 47 subjects; hair strings
were segmented when possible. This resulted in the analysis of 129 hair extracts. During the
routine analysis MDMA, methylphenidate, cocaine, benzoylecgonine, codeine, methadone,
EDDP, nicotine and cotinine were detected above analytical cut-off concentrations in the
hair samples. An acceptable ratio of the qualifier/quantifier mass transition was also found
for each positive sample. Eighty extracts were tested positive (>800 pg/mg hair) for the
presence of nicotine, 59 of which were confirmed by the presence of cotinine (>30.0 pg/
mg hair). The concentrations found for nicotine ranged from 816 to 176,387 pg/mg and for
cotinine from 32 to 10,296 pg/mg hair. The other detected substances are shown in table
6. For subjects 3 and 5 cocaine and methadone were present in the last wash solution. The
concentrations found in the corresponding hair extracts were 20 to 78 times higher than
219
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Figure 1 The chromatograms of the validated analytical cut-off concentrations.
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Figure 1 Continued.
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Table 6 The results of the analysis of human hair samples. The start of the “hair length segment” is the
distance of the segment measured from the scalp

Subject

Hair length
segment
cm

Substance

Last wash
pg/mg

Hair extract
pg/mg

1

1–2

MDMA

<30

44

2

0–6

MDMA

<30

165

3

1–7
0–2

Benzoylecgonine
Cocaine
Benzoylecgonine
Cocaine
Benzoylecgonine
Cocaine
Benzoylecgonine
Cocaine
Benzoylecgonine
Cocaine
Benzoylecgonine

<30
<30
<30
<30
<30
70
<30
77
<30
88
<30

40
308
61
601
82
1,420
183
1,783
198
3,891
193

<30

1,235

2–5
5–8
8–11
15–22
4

0–7

Cocaine

5

0–10

Cocaine
Benzoylecgonine
Methadone
EDDP

497
<30
1,148
<80

38,762
6,052
45,402
1,573

6

0–2
2–3

Methylphenidate
Methylphenidate

<30
<30

281
174

7

0–2
2–4
4–7

Methylphenidate
Methylphenidate
Methylphenidate

<30
<30
<30

199
159
129

8

0–1
1–2

Codeine
Codeine

<30
<30

258
289

9

0–2

THC

<80

139

10

0–6
6–10
10–14
18–22
28–37

THC
THC
THC
THC
THC

<80
<80
<80
<80
<80

<80
<80
<80
89
121

11

0–0.5 cm
0–0.5 cm
0–0.5 cm
0–0.5 cm
0–0.5 cm

THC
THC
THC
THC
THC

<80
<80
<80
<80
<80

356
385
337
303
358
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those found in the last wash. In addition, the metabolites benzoylecgonine and EDDP showed
to be present in the extracts and not in the last wash solution. This indicates that the wash
procedure does not remove intrinsic drugs from the hair sample and that the outside of
the hair may have been contaminated with the used drugs. Nevertheless, the combination
of these results leads to the conclusion that cocaine and methadone were used by these
subjects. The hair samples of subjects 6 and 7 showed the presence of methylphenidate. This
led to the conclusion that these subjects had used methylphenidate, either as prescription
drug or as abused drug. Table 6 also shows that segmental analysis proved repeated use of
methylphenidate, cocaine and codeine.

DISCUSSION
This LC-MS/MS method was developed for fast screening of abused drugs in human hair
in patients who are monitored for drug abuse. The developed method uses a fast sample
preparation with a ball mill to simultaneously pulverize and extract the hair sample. False
positive results are minimized with the use of a wash procedure. The developed method
was fully validated with enhanced selectivity by validated qualifier/quantifier ratios.
The ion suppression tests of simultaneous hair pulverization and extraction showed 17%
less ion suppression for morphine compared to morphine-D3. The observed ion suppression
differences for all other substances and their deuterated internal standards are no more
than 9% and are able to correct well for signal changes due to matrix effects. Even though
morphine-D3 corrected less than expected for signal changes due to matrix effects, it is still
considered to be the best available internal standard and proved suitable for the developed
and validated screening method.
The developed simultaneous pulverization and extraction method is very time-efficient
compared to separate pulverization followed by extraction, and showed less ion suppression
for all substances and their deuterated internal standards. These two benefits contributed
to a fast and efficient hair extraction procedure.
Several methods have been described for the analysis of multiple substances in hair. Many
methods describe an extensive sample preparation by incubating the hair sample followed
by LLE and/or SPE and analysis using GC-MS or LC-MS/MS [25, 26]. Despite extensive sample
preparations these methods show comparable LLOQs. Previously published methods
describing the analysis of multiple drugs often do not include THC in the same analysis [27223
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31]. And despite the fact that many published methods are extensively validated, no clear
restrictions are applied for the validation of qualifier mass transitions for LC-MS/MS analysis.
Several methods describe identification criteria for ion ratios found during analysis, but
validated results for ion ratios are never clearly mentioned [5, 15, 26, 28, 30, 32]. Considering
the fact that the quantifier mass transition is almost always the most intense fragment and
the qualifier mass transition the second most intense, it is imperative that the latter be proven
to be reliable at the validated cut-off concentration. Validation of qualifier/quantifier ratios
have resulted in higher analytical cut-off concentrations for codeine, 6-MAM, heroin, EDDP
and THC than the validated LLOQs for accuracy and precision of these quantifiers. This shows
that although the quantifier provides good accuracy and precision, below these analytical
cut-off concentrations the accuracy of the ion ratio may be insufficient for confirmation of
the detected substance. Although this raises the analytical cut-off concentrations for these
substances, they are still within the screening cut-off concentrations set by the SoHT [24]. This
not only shows the usefulness of validating the qualifier/quantifier ratios, it also underlines
the selectivity and reliability of the method described here.
The routine analysis showed that multiple substances were detected in the hair above the
analytical cut-off. In some hair samples the parent drug was also detected in the last wash.
Although the concentrations found in the extracts were 20 to 78 times higher than those
found in the last wash, the presence of the metabolites definitely proved use of these drugs.

CONCLUSION
The developed method can detect and confirm 17 substances, including THC, within one
analytical run of 4.8 minutes. With this method patients can be monitored for drug abuse
without invasive sample collection. Ongoing routine analysis proved the developed method
to be a reliable tool for determining 17 abused drugs and metabolites in human hair samples
from patients who are monitored for drug abuse. The results provide the physician or health
care professional with extensive information about drug abuse or relapse in drug abuse, and
can be used for patient-specific therapy, thus improving patient care.
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Abstract
To facilitate the monitoring of drug abuse by patients, a method was developed and validated
for fast and highly selective screening for amphetamine, methamphetamine, MDMA, MDA,
MDEA, methylphenidate, cocaine, benzoylecgonine, morphine, codeine, heroin, 6-MAM,
methadone, EDDP, nicotine and cotinine in PharmCheckTM sweat patches. The analysis of
sweat patches would provide a non invasive alternative matrix to urine or blood samples.
The sweat patches were extracted during vigorous shaking for 10 minutes with 1.5 mL
ammonium formate 20 mmol/L pH7 and methanol (50:50 % v/v). The extracts were cleaned
up by filtering through Whatman mini-UniprepTM syringeless filter vials prior to injection. The
method uses a single injection to detect and confirm all 16 drugs and metabolites within
9.6 minutes.
The validated substances have a linear range of 3.0–300 ng/patch, except for nicotine
which has a linear range of 30–3,750 ng/patch. Stabilities of all substances in worn sweat
patches were validated at room temperature for 7 days and as a processed sample in the
auto-sampler at 10°C for 5 days. Only heroin was unstable, with high individual variability
and reported bias and CV of respectively -30.6% and 22.1% in worn sweat patches at room
temperature. The monitoring of ion ratios was added to the validation criteria. This resulted
in analytical cut-off concentrations of 3.0 ng/patch and 60 ng/patch for nicotine with
validated qualifier/quantifier ratios. All analytical cut-off concentrations were lower than
the cut-off concentrations proposed by the SAMHSA (Substance Abuse and Mental Health
Services Administration).
The method uses validated cut-off concentrations, qualifier/quantifier ratios and a simple
extraction without extensive sample treatment for the analysis of 16 drugs and metabolites
with a runtime of 9.6 minutes. This method was successfully applied for the analysis of 96
worn sweat patches to monitor patients for drug abuse. The results provided the physician
or health care professional with information about drug abuse and could be used to improve
patient care with patient specific therapy.
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INTRODUCTION
In order to monitor patients for drug abuse various tools can be employed. Information
about drug abuse can be obtained through self-reports and assessment by health care
professionals [1, 2]. This approach can provide the health care professional with valuable
information. An analytical method to screen for drugs in sweat patches is a useful tool to
complement information and to confirm or refute suspicions about drug abuse. Urine and
blood are mostly used to detect drug abuse over a period of days. Information about drug
abuse over longer periods of time can be provided by segmental analysis of hair strands,
so that single exposure can be distinguished from long-term exposure [3-7]. Sweat patches
are a non-invasive alternative to provide information about drug abuse during a period up
to approximately one week [8]. Besides the non-invasive nature of sweat patches they also
show attempts of adulteration, whereas a urine sample is easily tampered with through in
vivo and in vitro adulteration and urine substitution [9].
The PharmCheckTM sweat patch consists of an absorptive pad covered with a non-occlusive
membrane. Ingested drugs are excreted through sweat glands in the human skin and
absorbed by the sweat patches.
Worn sweat patches can be sent to the laboratory for analysis. For 10 of the 16 substances,
cut-off concentrations have been set by the the Substance Abuse and Mental Health Services
Administration (SAMHSA) [10]. Several methods have been described for the analysis of
multiple substances in sweat patches. To obtain information about drug abuse, the analysis
of multiple substances with the use of one extraction and analysis method is desirable. Due
to the complexity of developing a multi substance analysis method many articles describe
the analysis of just one group of substances [8, 11-21]. Most analyses are performed using
GC-MS and require extensive sample preparation with, for example, solid phase extraction
(SPE) and derivatization [11, 13, 16, 21, 22]. Only one article described sweat patch analysis
of multiple substances performed with LC-MS/MS, but this analysis still used an extensive
sample preparation with SPE [23].
The Commission of the European Communities has established a directive concerning the
performance of analytical methods and the interpretation of results [24]. The directive
describes maximum permitted tolerances for relative ion intensities and is based on the
relative intensity of the qualifier fragment compared to the quantifier fragment. The directive
states that a qualifier, which is more than 10-fold less sensitive than the quantifier fragment,
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is allowed to have a deviation of 50% from the standardized ratio for a positive confirmation
of the detected drug.
Considering the fact that the quantifier mass transition is almost always the most intense
fragment and the qualifier mass transition the second most intense fragment, it is imperative
that the less sensitive qualifier mass transition has been proven to be reliable at the validated
cut-off concentration. In that case the sensitivity of the method needs to be sufficient for
both the quantifier and qualifier mass transitions.
Although external contamination seems unlikely, several investigations have shown that
external contamination of the worn sweat patches can cause false positives. Since passive
exposure can arise from any amount of drug, setting cut-off levels other than those based
on analytical performance are unlikely to be effective for the distinction between drug use
and passive exposure [25]. These investigations have exposed the disadvantages and in some
cases unreliability of sweat patch analysis to assess drug abuse. Several court cases have
been dismissed due to concerns with environmental contamination influencing the patch
results [25]. Therefore, it can be concluded that sweat patches are not able to indisputably
prove the use of drugs. However, the non-invasive character of sweat patch testing can
provide a useful complementary tool for physicians and health care professionals to evaluate
possible drug abuse.
In order to be able to monitor drug abuse, an extraction and analysis method for PharmCheckTM sweat patches was developed and validated for the most widely used drugs and
their metabolites. The following substances were included in the method: amphetamine,
methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA), methylenedioxyamphetamine (MDA), methylenedioxyethylamphetamine (MDEA), methylphenidate, cocaine,
benzoylecgonine, morphine, codeine, heroin, 6-monoacteylmorphine (6-MAM), methadone,
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP, metabolite of methadone), nicotine and cotinine.

MATERIALS and METHODS
Chemicals and reagents
Separate reference solutions containing amphetamine, methamphetamine, 3,4-methylenedioxymethamphetamine (MDMA), methylenedioxyamphetamine (MDA), methylenedioxy232
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ethylamphetamine (MDEA), methylphenidate, cocaine, benzoylecgonine, morphine, codeine,
heroin, 6-monoacteylmorphine (6-MAM), methadone, 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (EDDP), nicotine and cotinine of 1.0 mg/mL in methanol were used. Cotinine
was purchased from Cerilliant (Round Rock, Texas, USA). All other drugs were purchased
from Lipomed (Arlesheim, Switzerland). Deuterated IS were used for all drugs. Lipomed
reference solutions were used for 6-MAM-D3, benzoylecgonine-D3, cocaine-D3, codeine-D3,
EDDP-D3, heroin-D3, MDA-D5, MDEA-D5, MDMA-D3, methadone-D3, methamphetamine-D5,
morphine-D3. Cerilliant reference solutions were used for cotinine-D3, methylphenidate-D9,
nicotine-D4 and amphetamine-D10. Analytical grade methanol, 25% ammonia and dichloromethane (DCM) were purchased from Merck (Darmstadt, Germany). Purified water was
prepared by a Milli-Q Integral system (Billerica, Massachusetts, USA). Ammonium formate
was purchased from Acros (Geel, Belgium).

Equipment and conditions
All experiments were performed on an Agilent 6460A (Santa Clara, CA, USA) triple quadrupole
LC-MS/MS system, with an Agilent 1200 series combined LC system. The LC-MS/MS settings
used were based on an earlier developed method [3]. The Agilent 6460A mass selective
detector was operated in heated electrospray positive ionisation mode and performed
dynamic multiple reaction monitoring (DMRM) with unit mass resolution. High purity nitrogen
was used for both the source and collision gas flows. In the first quadrupole single charged
ions [M + H]+ were selected. All precursor ions, product ions, optimum fragmentor voltage
and collision energy values are shown in table 1.
The most intense daughter ion in the product spectrum was chosen as quantifier, and a second
daughter ion was chosen as qualifier. However, for methylphenidate, the fragmentation
of the ionized molecule only resulted in one daughter ion in the mass spectrum, so only
one mass transition (quantifier) for methylphenidate was used. Peak height ratios of the
substance and its internal standard were used to calculate concentrations. For all substances
the capillary voltage was set at 4,000 V, gas temperature at 320°C, gas flow at 13 L/min,
nebulizer gas at 60 psi, sheath gas temperature at 400°C, sheath gas flow at 12 L/min and the
nozzle voltage at 0 V. The Agilent 1200 series autosampler was set at 10°C and the integrated
column oven was set at a temperature of 40°C. Analyses were performed on a 50 x 2.1 mm
Hypurity Aquastar, 5-µm analytical column from ThermoFisher Scientific (Waltham, MA,
USA) equipped with a separate 0.5 µm Varian frit filter (Palo Alto, USA). Chromatographic
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Table 1

Mass spectrometer settings for all substances

Substance

Precursor
ion
(m/z)

Product
ion
Quantifier
(m/z)

Product
ion
Qualifier
(m/z)

Fragmentor
voltage
(V)

CE
Quantifier
(V)

CE
Qualifier
(V)

Amphetamine

136.3

91.2

119.2

70

8

3

Amphetamine-D10

146.2

98.2

n.a.

70

8

n.a.

Methamphetamine

150.2

91.1

119.2

80

12

5

Methamphetamine-D5

155.3

91.1

n.a.

80

12

n.a.

MDMA

194.2

105.2

133.2

80

23

15

MDMA-D3

197.3

105.1

n.a.

80

23

n.a.

MDA

180.2

105.2

133.2

70

20

15

MDA-D5

185.3

110.2

n.a.

70

20

n.a.

MDEA

208.2

105.2

133.2

95

25

18

MDEA-D5

213.4

105.1

n.a.

95

25

n.a.

Methylphenidate

234.2

84.2

n.a.

90

16

n.a.

Methylphenidate-D9

243.4

93.2

n.a.

90

16

n.a.

Cocaine

304.2

182.2

150.2

130

15

23

Cocaine-D3

307.3

185.2

n.a.

130

15

n.a.

Benzoylecgonine

290.2

168.2

105.1

120

15

30

Benzoylecgonine-D3

293.2

171.2

n.a.

120

15

n.a.

Morfine

286.2

165.2

153.2

160

45

50

Morfine-D3

289.3

165.2

n.a.

160

45

n.a.

Codeine

300.2

165.2

153.1

155

45

50

Codeine-D3

303.3

165.2

n.a.

155

45

n.a.

6-MAM

328.2

165.3

211.2

120

45

20

6-MAM-D3

331.2

165.2

n.a.

120

45

n.a.

Heroin

370.2

165.2

268.2

170

55

25

Heroin-D3

373.4

165

n.a.

170

55

n.a.

Methadone

310.3

265.2

105.1

110

10

25

Methadone-D3

313.3

268.2

n.a.

110

10

n.a.

EDDP

278.3

234.2

186.2

160

30

35

EDDP-D3

281.3

234.2

n.a.

160

30

n.a.

Nicotine

163.2

130.1

106.2

100

16

10

Nicotine-D4

167.3

134.1

n.a.

100

16

n.a.

Cotinine

177.2

80.2

98.1

140

20

14

Cotinine-D3

180.2

80.2

n.a.

140

20

n.a.

CE is collision energy.
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separation was performed by means of a gradient with a flow of 0.5 mL/min and a run time
of 9.6 minutes. The gradient started at 100% 20 mmol/L ammonium formate buffer pH 7.0
with 5% v/v methanol and increased to 100% methanol in 6 minutes to maintain at 100%
methanol from 6 to 7.8 minutes. At 7.81 minutes the gradient returned to 100% 20 mmol/L
ammonium formate buffer pH 7.0 with 5% methanol and stabilized until 9.6 minutes in order
to prepare the chromatographic system for the next injection. Agilent Masshunter software
for quantitative analysis (version B.04.00) was used to quantify the analysis results.

Preparation of stock solutions and extraction solvent
Reference solutions of 1,000 mg/L for each substance were used to prepare two stock
solutions in methanol containing 50 mg/L nicotine and 5 mg/L for all other substances. One
set of reference solutions was used to prepare the stock solution used for the calibration curve
and a separate set was used to prepare the stock solution for the quality control samples. A
combined stock solution of 5 mg/L was also prepared for all the deuterated IS. This combined
IS stock solution was used to spike the extraction solvent at 25 µg/L: the latter consisted of
analytical grade 20 mmol/L ammonium formate buffer pH7:methanol (50:50 % v/v).

Sample preparation
For the extraction of the analytes the patches (PharmChem, Inc., Fort Worth, Texas, USA)
were transferred to polypropylene containers (Kartell; Noviglio, Italy) using tweezers and
1.5 mL extraction solvent was added. The samples were extracted by vigorous shaking at
1,800 rpm for 10 minutes using a Retsch MM400 mixer mill (Haan, Germany). Of the extract
200 µL was transferred into a Whatman mini-UniprepTM syringeless filter vial (Maidstone,
England) and 15 µL of the filtered supernatant was injected into the LC-MS/MS system.

Method validation
For validation, extracts of blank sweat patches were collected for spiking the calibration and
validation samples. The calibration curve for all substances other than nicotine were spiked
at 3.0, 6.0, 15, 38, 75, 150, 300, 375 ng/patch. The accuracy and precision concentrations
were spiked at the Lower Limit Of Quantification (LLOQ 1 and 2), Low, Medium (Med) and
High. The validation concentrations for all substances other than nicotine were spiked at 3.0,
6.0, 25, 150, and 300 ng/patch. The calibration curve for nicotine was spiked at 30, 60, 150,
235

5.2

Chapter 5.2

375, 750, 1,500, 3,000 and 3,750 ng/patch. The accuracy and precision concentrations for
nicotine were spiked at 30, 60, 250, 1,500, and 3,000 ng/patch. Validation was performed
with a maximum tolerated bias and CV of 20% for the LLOQ and 15% for the other validation
concentrations, including the stability validation. For accuracy and precision all concentrations
were measured five-fold in three separate runs on three separate days. For each accuracy and
precision concentration bias and CV were calculated per run. Within-run, between-run and
overall CVs were calculated with the use of one-way ANOVA. Eight calibration points were
used to determine linearity on three separate days. Stability of the substances was assessed
in worn patches at room temperature and in processed samples in the auto-sampler at 10°C
at Low level. The patches used for stability testing were worn for one week by five non-drug
using volunteers, where each volunteer wore 2 patches on their upper arm. After one week of
wearing, one patch from each volunteer was spiked with all substances at 75 ng/patch for all
substances except for nicotine, which was spiked at 750 ng/patch. These spiked worn patches
were left at ambient temperature for one week. At the end of that week the other worn patch
of each volunteer was spiked at the same levels to be measured as time zero. The patches
spiked at time zero were also re-injected to determine the autosampler stability for 5 days.
For both stability tests CV and bias should have been less than 15%. Selectivity and specificity
was assessed by analyzing 6 blank sweat patches worn by 6 non-drug using volunteers. Carryover was monitored during validation, where the peak height of the first blank following the
highest calibrator should not exceed 20% of the peak height at the LLOQ. During the method
validation the ion ratios for the qualifier and quantifier were evaluated at the LLOQ 1, LLOQ
2 and Low levels of the accuracy and precision samples. The ratio between the qualifier and
the quantifier was required to be within 20% of the ratio set in each validation run. Analytical
cut-off concentrations were defined for each substance at the lowest validated accuracy and
precision concentration with a bias and CV within 15% and all qualifier/quantifier ratios within
20% of the set ratio during the whole validation. Matrix effects were investigated for extracts
of un-worn and worn sweat patches. To investigate these effects five sweat patches were
worn for one week by different non-drug using volunteers. After extraction of the worn and
un-worn sweat patches the extracts and blank extraction solvents were spiked at 10 and 50
ng/patch for all substances other than nicotine, which was spiked at 100 and 500 ng/patch.
The matrix effects were calculated as follows. Matrix effect caused by the patch: (100 x mean
peak height of spiked extracts of a blank un-worn patch / mean peak height of spiked neat
solution) - 100. Matrix effect caused by sweat: (100 x mean peak height of spiked extracts of
a blank worn patch / mean peak height of spiked extracts of a blank un-worn patch) - 100.
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Routine analysis
For routine analysis sweat patches were collected from patients with a mild or borderline
intellectual disability. These patients were under institutional care for their disability. The
analyzed sweat patches were used to validate a questionnaire for drug abuse in this target
group [1, 2]. All patients (and if applicable, their guardians) gave informed consent to
participate in the study, which was approved by a certified medical ethical committee. For
patient monitoring the validated analytical cut-off concentrations were used to determine
drug abuse instead of those proposed by the SAMHSA guidelines.

RESULTS
Method validation
The validation results regarding linearity, accuracy and precision and stability are shown in
table 2. All substances other than nicotine were validated with a linear range of 3.0 to 375
ng/patch. Nicotine was validated with a linear range of 30 to 3,750 ng/patch. Nicotine had
a large bias of 22.3% at LLOQ 1 (30 ng/patch). Therefore the validated LLOQ of nicotine was
set at LLOQ 2 (60 ng/patch), with a bias and CV of -1.6% and 3.5%, respectively. For the other
substances the highest overall bias found during the accuracy and precision validation was
-14.9% for LLOQ 1 of methylphenidate while the highest overall CV was 9.2% for LLOQ 1 of
amphetamine. The auto-sampler stability in extracts of worn sweat patches was proven for 5
days for all substances, with a maximum overall bias of 14.7% for amphetamine. Stability of
all substances in worn sweat patches were assessed at ambient temperature for 7 days and
showed that heroin was unstable, with a bias and CV of 22.1% and -30.6%, respectively. The high
CV showed that the instability of heroin was influenced by patient matrix variability and varied
from -50.4% to -13% bias. For all other substances the stability test at ambient temperature
showed the highest bias of -8.8% for cocaine and the highest CV of 13.3% for 6-MAM.
The mean ion ratios of the qualifier and quantifier and their maximum deviations found
during the validation are shown in table 3. It can be observed that already at LLOQ 1 level
all substances were below -13.8% bias of the set ion-ratio: at LLOQ 2 and Low the highest
deviations were -12.9% and -7.2%, respectively.
The combined results of the accuracy and precision and monitored ion ratios showed
validated analytical cut-off concentrations of 3.0 ng/patch for all substances but nicotine,
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0.9963

0.9995

0.9996

Amphetamine

Methamphetamine

MDMA
3.0–375

3.0–375

3.0–375

Correlation coefficient
linear range (pg/mg)

Substance

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

Concentration
(ng/patch)

4.9
2.3
1.8
1.0
1.1
n.a.
n.a.

1.6
1.3
1.0
1.1
1.3
n.a.
n.a.

1.5
1.6
1.3
2.1
1.3
n.a.
n.a.

Within-run CV
(%)

2.1
3.0
3.7
4.6
3.7
n.a.
n.a.

1.9
1.3
0.5
0.6
0.0
n.a.
n.a.

9.1
1.6
5.3
3.1
0.0
n.a.
n.a.

Between-run CV
(%)

-7.1
-6.5
2.7
-0.1
0.7
2.5
-3.0

1.4
-1.3
-1.3
0.8
4.7
1.4
-1.8

-13.9
-7.2
1.3
-1.4
-3.3
14.7
-8.5

Overall bias
(%)

Table 2 continues on next page

5.3
3.7
4.1
4.7
3.9
1.0
6.8

2.5
1.8
1.1
1.2
1.3
1.1
5.1

9.2
2.3
5.4
3.7
1.3
6.0
6.1

Overall CV
(%)

Table 2 Validation results for the linearity, accuracy, precision, autosampler stability at 5 days (AS) and stability at ambient temperature in spiked worn patches for 7 days (RT)
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Methylphenidate

MDEA

MDA

Substance

Table 2

0.9991

0.9992

3.0–375

3.0–375

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

0.9991
3.0–375

Concentration
(ng/patch)

Correlation coefficient
linear range (pg/mg)

3.2
1.7
1.6
1.1
1.2
n.a.
n.a.

3.8
2.5
0.8
1.4
0.8
n.a.
n.a.

3.0
1.3
1.4
1.3
1.2
n.a.
n.a.

Within-run CV
(%)

6.5
1.7
4.7
4.9
2.9
n.a.
n.a.

2.1
1.5
3.4
4.7
4.2
n.a.
n.a.

0.0
2.8
2.5
3.6
2.6
n.a.
n.a.

Between-run CV
(%)

-14.9
-8.1
2.3
0.4
-1.7
8.5
-3.8

-11.8
-9.5
-2.2
-3.5
-2.3
3.3
-3.3

3.3
-3.9
-2.1
-2.0
1.9
0.8
-6.3

Overall bias
(%)

Table 2 continues on next page

7.2
2.4
4.9
5.0
3.1
5.7
4.9

4.4
2.9
3.5
4.9
4.3
1.2
4.6

3.0
3.1
2.9
3.8
2.8
2.4
4.2

Overall CV
(%)
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0.9994

0.9995

0.9991

Cocaine

Benzoylecgonine

Morphine
3.0–375

3.0–375

3.0–375

Correlation coefficient
linear range (pg/mg)

Continued

Substance

Table 2

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

Concentration
(ng/patch)

4.2
2.4
1.6
1.6
1.0
n.a.
n.a.

1.3
1.2
0.6
0.4
0.6
n.a.
n.a.

1.5
1.2
0.8
0.4
0.9
n.a.
n.a.

Within-run CV
(%)

2.0
2.9
0.4
1.1
0.6
n.a.
n.a.

1.2
1.6
0.7
0.6
1.0
n.a.
n.a.

0.6
3.1
0.6
0.8
0.0
n.a.
n.a.

Between-run CV
(%)

-1.6
-5.8
-1.4
-1.4
0.8
3.6
-4.3

2.1
-3.1
-0.8
-1.3
2.2
1.8
-0.5

-8.0
-9.2
-5.5
-3.7
0.0
-3.1
-8.8

Overall bias
(%)

Table 2 continues on next page

4.6
3.8
1.6
1.6
1.2
3.2
5.9

1.8
2.0
1.0
0.4
1.1
1.1
8.8

1.6
3.3
1.0
0.9
0.9
1.0
4.8

Overall CV
(%)
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Heroin

6-MAM

Codeine

Substance

Table 2

0.9962

0.9982

3.0–375

3.0-375

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

0.9993
3.0–375

Concentration
(ng/patch)

Correlation coefficient
linear range (pg/mg)

5.3
3.4
3.3
2.9
3.6
n.a.
n.a.

2.8
1.9
4.7
7.1
1.3
n.a.
n.a.

4.4
4.3
1.9
2.2
2.0
n.a.
n.a.

Within-run CV
(%)

1.6
6.0
3.0
2.8
4.0
n.a.
n.a.

4.1
0.0
0.0
0.0
6.5
n.a.
n.a.

3.7
1.0
0.8
0.9
0.8
n.a.
n.a.

Between-run CV
(%)

-7.0
-13.2
-8.0
-6.5
-6.6
2.7
-30.6

0.4
-3.1
0.3
-0.4
3.2
-4.5
0.1

-8.8
-7.3
-0.4
-0.5
-0.1
1.4
-3.2

Overall bias
(%)

Table 2 continues on next page

5.5
6.9
4.4
4.0
5.4
3.6
22.1

5.0
1.9
4.7
7.1
6.6
5.1
13.3

5.7
4.4
2.1
2.4
2.1
2.3
6.7

Overall CV
(%)
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0.9993

0.9993

0.9985

Methadone

EDDP

Nicotine
30–3,750

3.0–375

3.0–375

Correlation coefficient
linear range (pg/mg)

Continued

Substance

Table 2

LLQ 1 (30)
LLQ 2 (60)
LOW (250)
MED (1500)
HIGH (3000)
AS stab (750)
RT stab (750)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

Concentration
(ng/patch)

2.6
2.7
2.2
3.4
3.4
n.a.
n.a.

0.7
1.0
0.7
0.6
0.6
n.a.
n.a.

0.9
0.7
0.7
0.6
1.0
n.a.
n.a.

Within-run CV
(%)

6.4
2.3
4.5
0.0
1.8
n.a.
n.a.

1.3
0.0
0.5
0.0
0.8
n.a.
n.a.

2.9
1.0
2.0
2.0
2.7
n.a.
n.a.

Between-run CV
(%)

22.3
-1.6
-3.6
-4.0
-1.5
0.6
-0.1

8.0
-3.2
-7.7
-1.0
5.9
4.3
-4.4

2.4
-2.4
-1.1
-0.2
4.2
2.2
-4.1

Overall bias
(%)

Table 2 continues on next page

7.0
3.5
5.0
3.4
3.8
2.8
8.2

1.5
1.0
0.9
0.6
1.0
0.8
3.2

3.1
1.2
2.1
2.1
2.9
0.8
4.4

Overall CV
(%)
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LLQ 1 (3.0)
LLQ 2 (6.0)
LOW (25)
MED (150)
HIGH (300)
AS stab (75)
RT stab (75)

0.9993
3.0–375

Concentration
(ng/patch)

Correlation coefficient
linear range (pg/mg)
1.0
0.9
0.6
0.4
0.5
n.a.
n.a.

Within-run CV
(%)
0.5
1.3
0.0
0.5
0.6
n.a.
n.a.

Between-run CV
(%)

1.1
1.6
0.6
0.6
0.8
1.1
4.2

Overall CV
(%)

3.1
-4.1
-3.1
-4.2
-1.0
5.9
2.5

Overall bias
(%)

For the accuracy and precision, all concentrations were measured five-fold in three separate runs on three separate days. For linearity, a single calibration curve was measured on 3 separate days.

Cotinine

Substance

Table 2
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Table 3 Mean qualifier/ quantifier ratios during the validation and the maximum deviations found at LLOQ
1, LLOQ 2 and Low levels
Maximum deviation %
Mean ion-ratio

LLOQ 1
3 ng/patch

LLOQ 2
6 ng/patch

Low
25 ng/patch

Amphetamine

70

6.4

-2.6

-1.3

Methamphetamine

30

6.1

5.8

-3.4

MDMA

63

-11.2

10.5

3.9

MDA

69

9.1

5.2

-2.4

MDEA

63

-9.1

7.4

3.5

Substance

Methylphenidate

n.a.

n.a.

n.a.

n.a.

Cocaine

8.0

-11.9

7.1

-7.1

Benzoylecgonine

29

4.9

5.2

-2.2

Morphine

86

-8.4

-12.9

-2.6

Codeine

81

-13.8

-10.5

-7.2

6-MAM

64

10.3

-11.5

4.1

Heroin

67

15.4

12.1

4.4

Methadone

48

-3.6

-3.9

-2.5

EDDP

30

-5.4

-3.8

2.1

Nicotine

46

6.9

-7.5

-5.6

Cotinine

23

-4.7

6.9

2.3

All concentrations were measured five-fold in three separate runs on three separate days.

which was 60 ng/patch. The cut-off concentrations based upon the analytical performance
and the cut-off concentrations set by the SAMHSA guidelines are shown in table 4.
All validated analytical cut-off concentrations were well below the cut-off concentrations set
by the SAMHSA, where provided. In figure 1, the combined chromatograms of all validated
substances at their validated analytical cut-off concentrations are shown.
Selectivity and specificity showed no interfering peaks of more than 20% of the LLOQ.
No carry-over was detected during method development and validation. During method
development the extraction recoveries of the substances from the patch were investigated
and showed that the extraction efficiencies ranged from 93% to 100% (data not shown). In
table 5 the matrix effects are shown for worn and un-worn patches. The results show that
the patch itself already causes matrix effects ranging from -42% for heroin to +2% for EDDP.
Matrix effects caused by sweat ranged from -23% for amphetamine to +28% for heroin. Since
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Table 4 Validated analytical cut-off concentrations based on the performance of the quantifier and qualifier
and the cut-off concentrations set by the SAMHSA
Substance

Analytical
Cut-off
ng/patch

SAMHSA
Cut-off
ng/patch

Amphetamine

3.0

25

Methamphetamine

3.0

25

MDMA

3.0

25

MDA

3.0

25

MDEA

3.0

25

Methylphenidate

3.0

n.a.

Cocaine

3.0

25

Benzoylecgonine

3.0

25

Morphine

3.0

25

Codeine

3.0

25

6-MAM

3.0

25

Heroin

3.0

n.a.

Methadone

3.0

n.a.

EDDP

3.0

n.a.

Nicotine

60

n.a.

Cotinine

3.0

n.a.

all validation concentrations were spiked in extracts of blank un-worn patches, these matrix
effects are accounted for. It appeared that the response of heroin was increased by matrix
effects of the worn sweat patch. For each substance, matrix effects were compensated for
by their deuterated internal standard.

Routine analysis
The analytical method was used for the analysis of 96 sweat patches from 78 adult subjects.
Each patch was worn for 7 consecutive days. Some subjects wore multiple patches, which
were worn consecutively. During the routine analysis methylphenidate, cocaine, codeine,
nicotine and cotinine were detected above the validated analytical cut-off concentrations
in the analyzed sweat patches. Acceptable ratios of the qualifier/quantifier mass transitions
were found for each positive sample. 69 patches tested positive (>60 ng/patch) for the
presence of nicotine, of which 57 were confirmed by the presence of cotinine (>3.0 ng/
245
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Figure 1 Chromatograms of the validated analytical cut-off concentrations.
The chromatograms represent the following concentrations: 60 ng/patch for nicotine and 3.0 ng/patch for all other validated substances.

Chapter 5.2

246

Figure 1 Continued.
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Table 5

Matrix effects of blank un-worn patches and blank worn patches

Substance
Amphetamine

Matrix effect caused by the patch
%

Matrix effect caused by sweat
%

-26

-23

Methamphetamine

-17

-6

MDA

-35

-13

MDEA

-27

-2

MDMA

-31

-1

Methylphenidate

-4

-7

Cocaine

-3

-11

Benzoylecgonine

-10

-13

Morphine

-24

-9

Codeine

-11

-15

6-MAM

-18

-4

Heroin

-42

+28

Methadone

-1

-12

EDDP

2

-7

Nicotine

1

-16

Cotinine

-23

-16

patch). The concentrations found for nicotine ranged from 60 to 17,224 ng/patch and for
cotinine from 4.0 to 570 ng/patch. Methylphenidate was present in 15 of the analyzed sweat
patches, with concentrations ranging from 4.7 to 76 ng/patch. This led to the conclusion that
the subjects had used methylphenidate, either as a prescription drug or as drug of abuse.
One subject had 8.6 ng cocaine present in the sweat patch, but no benzoylecgonine was
detected. Without the presence of benzoylecgonine the use of cocaine cannot be confirmed.
Codeine was present in 4 sweat patches, with concentrations ranging from 4.9 to 67 ng/patch.

DISCUSSION
This LC-MS/MS method has been developed for fast and highly selective screening of drugs
present in PharmCheckTM sweat patches used by patients who have been monitored for drug
abuse. The fast extraction and analysis of the sweat patches provides a short turn-around
time and the method was fully validated with enhanced selectivity by validated qualifier/
quantifier ratios. The identification criteria concerning the performance of the qualifier
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and quantifier ratios set by the Commission of the European Communities was considered
not strict enough for the validation of the method described here [24]. The qualifier mass
transition of cocaine for example has an ion ratio of only 8% compared to its quantifier.
According to the identification criteria set by the Commission of the European Communities
this means an extremely large maximum permitted tolerance of ±50%. To ensure the
selectivity and reliability of our method the maximum deviation from the standardized ratio
was set at 20% for all substances. Despite the more strict requirements for the qualifier and
quantifier ratios, the validation yielded low analytical cut-off concentrations with validated
qualifier/quantifier ratios. All validated analytical cut-off concentrations of 3 ng/patch were
well below the cut-off concentrations of 25 ng/patch set by the SAMHSA guidelines, where
provided. Previously published methods describe the determination of a single substance
or a group of similar substances, such as nicotine [26], methadone [17], cocaine [16, 27] or
opiates [28, 29]. A number of GC-MS publications describe the simultaneous analysis of up
to 10 multiple substances, using time consuming extraction procedures [13, 22, 30]. Only
one article has described sweat patch analysis of multiple substances performed with LC-MS/
MS, but that method still used an extensive sample preparation with SPE [23].
In the method described by Concheiro et al. 14 drugs were analyzed in sweat patches using
SPE and LC-MS/MS with a runtime of 15 minutes and the use of qualifier mass transitions [23].
Despite the application of SPE to clean up the sample, ion-suppression and enhancement
was still observed for a couple of substances, while the extraction efficiency of the SPE
procedure only yielded about 50%. The application of an extensive SPE method can
decrease a significant part of the ion-suppression caused by the sample matrix. However,
a multi-analyte SPE method should be selective for all analyzed substances. This makes
the SPE less selective in total and thus less capable of separating interfering substances
that may cause ion-suppression. In addition, most ion-suppression is observed in the front
of the chromatogram and should be well separated from the analyte peaks through the
chromatographic gradient, regardless of the sample preparation. The time and effort invested
in extensive and time consuming sample preparations hardly seems justified, as they are not
able to fully eliminate ion-suppression effects and recoveries are not always high. The use of
LC-MS/MS and deuterated internal standards (IS) provides low LLOQs without the need to
perform extensive sample preparation to concentrate the sample. The use of qualifier mass
transitions ensures that the selectivity of GC-MS can be matched with the use of LC-MS/MS.
Compared to previously published methods, our method uses a fast and simple extraction
and shorter LC-MS/MS runtimes, providing short turnaround times for sweat patch screening.
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A previously described stability validation was performed in spiked patches at ambient
temperature and found no instability of the investigated substances [23]. In our study
the stability validation was performed in worn sweat patches and showed degradation of
heroin, with high individual variability. In addition, a somewhat higher CV of 13.3% was also
present for the stability testing of 6-MAM. The individual patches that showed the most
heroin instability also showed slightly increased 6-MAM concentrations. This indicates that
individual matrix variability can influence degradation of heroin to 6-MAM even when the
patch is removed and stored at ambient temperature. Therefore, positive results for 6-MAM
should be interpreted with caution when the patch is stored at ambient temperature prior
to analysis.
Our method was used to analyse 96 sweat patches worn by 78 subjects. The concentrations
found for nicotine ranged from 60 to 17,224 ng/patch and for cotinine from 4.0 to 570 ng/
patch. Kintz et al. monitored for nicotine in sweat patches after 3 days’ wear and found
concentrations ranging from 150 to 2,498 ng/patch [26]. Concheiro et al. found a maximum
concentration of 202 ng/patch cotinine in a pregnant subject [23]. In the studies of Marchei
et al. methylphenidate was administered to subjects and multiple patches were applied to
each subject [19, 31]. At different time points, patches were removed for analysis. Maximum
concentrations of methylphenidate found in the study of Marchei et al. reached 34 ng/
patch when a patch was worn for 25 hours. The concentrations of methylphenidate found
in our subjects ranged from 4.7 to 76 ng/patch. The higher concentrations found in our
sweat patches for nicotine, cotinine and methylphenidate are most probably due to the
extended length of patch wear of one week which may have accumulated multiple doses
of the ingested substance.
Codeine was present in 4 sweat patches at concentrations ranging from 4.9 to 67 ng/patch.
Kintz et al. found 73 ng/patch for codeine in an addicted subject using street heroine
contaminated with codeine [32]. Brunet et al. found a maximum of 196 ng/patch codeine
in sweat patches from pregnant women in a methadone maintenance treatment program
[12]. Although in our study the detected codeine could have originated from contaminated
street heroin, no heroin or 6-MAM were detected. The detected codeine had probably been
used as an analgesic and to relieve cough.
In the study of Taylor et al. sweat patch analysis was compared to urine analysis in a methadone clinic and good agreement was found for most drugs of abuse tested [33]. Weekly urine
analysis may have even been the main reason for possible deterioration of the agreement,
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since cocaine is excreted from the body within 3 days and single use of cocaine may not be
detected, while the sweat patch was able to accumulate drugs during the whole week. Most
screening for drugs of abuse is performed in urine. With cocaine excretion within 3 days
after use, at least 2 urine samples are needed per week in order to monitor drug abuse. The
easy and fast sweat patch extraction combined with the high LC-MS/MS throughput makes
weekly sweat patch screening with LC-MS/MS a good alternative to urine testing. Combined
with the high sensitivity and selectivity of our method, sweat patch analysis proved to be
a very useful complementary tool for physicians and health care professionals to evaluate
possible drug abuse in their specific patient setting.

CONCLUSION
The method described here uses a simple extraction without extensive sample treatment for
the analysis of 16 drugs and metabolites with a runtime of 9.6 minutes and was extensively
validated regarding cut-off concentrations, qualifier/quantifier ratios and stability assessment
in worn sweat patches. The validation resulted in much lower analytical cut-off concentrations
than those set by the SAMHSA guidelines, while using more strict requirements for qualifier
confirmation than proposed by the European Commission [10, 24]. This method was
successfully applied to the analysis of 96 worn sweat patches to monitor patients for drug
abuse. The use of sweat patches provides an alternative matrix to urine or blood samples
and patients can be monitored for drug abuse without invasive sample collection. The sweat
patch analysis provided the physicians with information about drug abuse, which can be
used for patient specific therapy.
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This research focused on the various matrix dependent issues that can be encountered
during the development of new analytical procedures for drugs and drugs of abuse using
high performance liquid chromatography coupled with tandem mass spectrometry (LC-MS/
MS). Matrix effects can severely deteriorate the analysis results and are not always detected
and acknowledged. With this research, issues caused by the different effects of the used
matrices were evaluated and overcome. Subsequently, analytical procedures were developed
for the analysis of various substances in the human matrices whole blood, plasma, dried
blood spots (DBS), hair and sweat patches. The parameters that were critical for a robust,
selective, accurate and precise method were investigated and appropriate measures were
taken. Finally, this research leads to a better understanding of the influence of various
matrices on the performance of analytical methods.

Whole blood
In chapter 2 we developed an analytical procedure for tacrolimus, sirolimus, everolimus and
cyclosporin A in whole blood, which was required to perform better than the previously
used immunoassay techniques regarding sensitivity, selectivity (metabolites), flexibility and
linear range. In addition, the aim was to reduce the high costs per sample. The developed
analytical procedure showed to be suitable for the analysis in whole blood with a fast and
simple sample preparation, runtimes of 2.6 minutes, high sensitivity and chromatographic
separation of interfering peaks. Overall, all patient samples could be analyzed and reported
on the same day. The developed method for the analysis of immunosuppressants in whole
blood has been used in daily routine for 8 years and more than 120,000 immunosuppressant
samples from inpatients and outpatients have been analyzed in our laboratory. Calculations
of the yearly costs showed that the replacement of the used immunoassay techniques with
the LC-MS/MS (costs: 250,000 Euros) saved 160,000 Euros per year [1]. With the replacement
of the LC-MS/MS in the year 2015 this added up to a total saving of 1,030,000 Euros (250,000
Euros depreciation included). This is a nice example of the impact of LC-MS/MS on clinical
laboratories for both the technical advances and economic implications. Although the
acquisition of a LC-MS/MS is costly, the benefits can be significant. It should be noted that
the knowledge of the technical staff is crucial for a scientifically responsible and efficient
use of the LC-MS/MS.
Our research has shown that the use of zinc sulphate and methanol in the sample preparation
gives process efficiency results of about 100% for tacrolimus and cyclosporin A, while for
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sirolimus and everolimus about 100% process efficiency is only achieved without the use of
zinc sulphate. This has resulted in the use of two preparation methods, while still allowing
the simultaneous analysis of cyclosporin A and tacrolimus or sirolimus and everolimus with
a single LC-MS/MS system. In addition, the parameters of the LC-MS/MS method could be
set optimal for tacrolimus and cyclosporin A, and for sirolimus and everolimus. Additional
tests showed that the use of zinc sulphate mainly enhanced the peak height of cyclosporin A.
Generally, the use of zinc sulphate provided a better and more homogeneous precipitation
of the blood, while the use of methanol without zinc sulphate showed a less homogeneous
precipitation and a higher chance of substance inclusion in the whole blood sample. This
has adverse effects on the reproducibility of the method.
As a future perspective, a more sensitive LC-MS/MS system is supposed to increase sample
throughput, with shorter runtimes and a larger autosampler capacity. With an increasing
amount of patient samples, with this system it should still be possible to analyze and
report results on the same day. In order to combine all four analytes in one method, the
sample preparation with the use of zinc sulphate will also be re-investigated for sirolimus
and everolimus. Despite the fact that our research has shown that the use of zinc sulphate
decreased the recovery for sirolimus and everolimus by approximately 20%, the positive
effect on the coefficient of variation may outweigh this loss of recovery. In addition, the
increased sensitivity of the new LC-MS/MS will be able to compensate for the decreased
signal due to the loss of recovery.

Dried blood spot
Although the use of dried blood spots (DBS) for therapeutic drug monitoring will certainly
benefit the patient because of the ease of sampling and decreased patient travelling time, the
development of suitable analytical procedures for this matrix is a challenge for the researcher.
In chapter 3, different important aspects of optimal analytical procedures were investigated.
Although most methods describe the preparation of the desired hematocrit (HT), none
of them refer to the DIN 58933-1 reference method [2]. The impact of two procedures to
prepare the target HT value was therefore evaluated. In the first procedure, whole blood
was centrifuged, red blood cells and plasma were separated and the proper volumes of red
blood cells and plasma were mixed to obtain the target HT. This procedure resulted in a
measured HT that was 11% lower than the target value. In the second procedure, blood was

257

6

Chapter 6

centrifuged and a calculated volume of plasma was removed or added in order to adjust the
HT. No difference was observed between the measured HT and the target value. The second
procedure was therefore considered the preferred procedure. This research showed that
there are discrepancies in the HT preparation procedures between DBS research projects and
validations. This may lead to over or under estimation of the HT effects during DBS validations.
Moxifloxacin, used against multi drug resistant tuberculosis, was the first analyte for which
a DBS analytical procedure was developed in our laboratory. The analytical procedure was
fully validated and extra care was given to the effect of the HT, blood spot volume and DBS
stability at various temperatures. The influence of paper type, the HT and the blood volume
per spot on the estimated blood volume in a disc was investigated using camera images to
measure DBS areas. The estimated blood volume in a disc showed to be highly influenced by
HT while the effect of blood volume per spot appeared to be different among paper types.
The large range of tested HT values produced significant analytical biases and could be partly
corrected with the HT value. Although a HT correction for the measured DBS concentration
was proposed, this is not feasible for patient DBS samples with unknown amount of blood
volume and HT.
For rifampicin and clarithromycin the DBS method initially suffered from matrix effects,
which were caused by the formation of metal ion complexes with rifampicin. The addition
of both deferoxamine (DFX) and ethylenediaminetetraacetic acid (EDTA) to the extraction
solutions recovered the responses of RIF in the DBS extraction to approximately 100%. The
successful combination of EDTA and DFX for the extraction might be explained by their
chelating properties. During the complex formation, DFX completely covers the surface of
Fe3+, while EDTA is not able to completely shield the surface of the Fe3+ ion and forms an
open (basket) complex. Although EDTA has a high stability constant for the formation of the
EDTA and Fe3+ complex, other metal ions also form complexes with EDTA, making EDTA not
a very specific chelating agent. DFX on the other hand, is known for its strong and specific
binding affinity to Fe3+ and less affinity to other metals. This makes DFX better suitable as a
complexing agent. However, the contribution of EDTA in the developed method is two-fold.
First, it can form complexes with Fe3+. Second, it facilitates in the precipitation of dissolved
matrix after the DBS extraction, which is performed by the addition of acetonitrile.
The analytical procedure for the immunosuppressants was further optimized for DBS analysis
on 31 ET CHR paper. The effect of the HT showed that the viscosity of the blood due to the
HT is not the only parameter that affects the measured concentration. Additional recovery

258

General discussion and future perspectives

tests proved that the combination of especially low HT and high drug concentration does
not only affect the spot size but also affects the extraction recoveries of sirolimus and
especially everolimus. At higher concentrations combined with lower HT values, recoveries
deteriorated for everolimus and especially sirolimus. The relatively high number of hydrogen
bond acceptors for sirolimus and everolimus was suspected to have more affinity to form
hydrogen bonds with the cellulose of the paper, making the extraction less efficient. Although
the parameters like HT and concentration were tested for a very large range and were not
always likely to occur in routine analysis of outpatient samples, the fundamental effect of the
combination of these parameters on extraction recoveries were proven with this research.
The analysis of creatinine in dried blood spots (DBS) could be a useful addition to DBS analysis
in order to monitor creatinine levels or to adjust the dosage of renally excreted or nephrotoxic
drugs. Therefore we developed a LC-MS/MS method for the analysis of creatinine in the
same DBS extract that was used for the analysis of tacrolimus, sirolimus, everolimus and
cyclosporin A in transplant patients with the use of Whatman FTA DMPK-C cards. The method
was validated using three different strategies; a 7-point calibration curve using the intercept
of the calibration to correct for the natural presence of the creatinine in reference samples;
a one point calibration curve at an extremely high concentration in order to diminish the
contribution of the natural presence of creatinine and the use of creatinine-[2H3] with an
eight-point calibration curve. It is known that in vitro creatinine concentrations significantly
increase in serum and plasma within 24 hours to 3 days [3-5]. Ring closure of creatine in
the matrix occurs while losing a molecule of water to form creatinine under influence of
time, temperature and pH [6-9]. DBS is often promoted as a more stable matrix for a blood
sample and this is also true for creatinine [10]. Our experiments showed that stability is now
extended to 7 days at a maximum temperature of 32°C.
In order to investigate the influence of the number of hydrogen bond acceptors on the
recovery of tacrolimus, ascomycin, sirolimus, everolimus and temsirolimus in dried blood
spot analysis, we added the immunosuppressant analogues ascomycin and temsirolimus
to the analytical method with the use of Whatman DMPK-C cards. Especially, the addition
of temsirolimus was important because of the number of hydrogen bond acceptors of 16
which were even more than everolimus with 14 hydrogen bond acceptors. In this way,
temsirolimus and ascomycin (12 hydrogen bond acceptors) were used to investigate the
concentration and HT dependent recovery. This hypothesis was tested by evaluation of the
extraction recoveries of tacrolimus, ascomycin, sirolimus, everolimus and temsirolimus, with
12, 12, 13, 14 and 16 hydrogen bond acceptors respectively. With an increasing number of
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hydrogen bond acceptors of sirolimus, everolimus and temsirolimus, a decrease in recoveries
was found, while ascomycin showed recoveries corresponding to those of tacrolimus. At
increasing concentration from 3.0 to 50 ng/mL, the recovery of temsirolimus decreased
with 32%, while the recoveries for everolimus and sirolimus decreased with 25% and 21%
respectively. This showed that the number of hydrogen bond acceptors of the analyte of
interest may influence the recoveries in DBS analysis and is a relevant factor to be investigated
during future method development and validation.
A minimum drying time of 3 hours is frequently used in DBS protocols. This drying time
showed to be insufficient for a robust DBS method. Our results showed that the recovery
declined significantly within a period of 24 hours, followed by a stabilization of the recoveries.
It was also noticed that the drying time effects were more distinct for sirolimus, everolimus
and temsirolimus than for tacrolimus and ascomycin. The decreased recoveries due to
increased drying times were in accordance with the increasing number of hydrogen bond
acceptors of sirolimus, everolimus and temsirolimus respectively. The results showed that
a drying time of at least 24 hours is necessary in order to minimize the risk on drying time
related recovery effects for these analytes. This study showed that DBS drying time effects
should be investigated for a period of at least 48 hours during future method development
and validation. When the drying of patient DBS samples continues during transport in sealed
bags with silica sachets, the impact may be minimal. However, if prepared calibration and
control samples used for validation or routine analysis are insufficiently dried, the impact
on the results may be significant.
The extraction recoveries and HT effects were also investigated for the following five types
of DBS cards: Whatman 31 ET CHR, Whatman FTA DMPK-C, Whatman 903, Perkin Elmer 226
and Agilent Bond Elut DMS. We found that all DBS cards showed the same recovery pattern
for sirolimus, everolimus and temsirolimus with decreasing HT and increasing concentration.
The tested card types showed differences in performance, which were more emphasized
at extreme concentrations and HT values. At high concentrations, the total HT effects were
much more pronounced than at low concentrations for tacrolimus, sirolimus, everolimus,
ascomycin and temsirolimus. Overall, the Whatman DMPK-C cards seemed to have the
most constant and best performance. With regard to the correction of analysis results for
only the HT value, a linear hematocrit correction method may be unsuitable and it may be
more feasible to set up a point-to-point relation between recovery, HT and concentration.
Recently, a DBS method for the determination of the HT by potassium measurement was
published [11]. However, a second DBS is required for the potassium measurement, including
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an immuno analyzer. This implies a significant amount of work for setting up the correction
formula and the development of the analysis method and measurement of the HT value
(by potassium measurement) in the (extra) DBS with an immuno analyzer. When no HT
correction is applied, the method validation should include a framework for the HT and
substance concentration in which the results are within acceptable limits.
Since future therapeutic drug monitoring will be performed with the use of Whatman FTA
DMPK-C cards, the method was re-validated. The limitations of the DBS analysis method
for immunosuppressants were influenced by parameters like concentration range, HT value
and the patient population. During the validation, several parameters were adjusted to the
specific patient population. The HT was set at 0.38 L/L, according to the patient population.
The QC samples Low and Medium were set at therapeutic concentrations for trough levels
and were used to assess the HT effect and recovery. The new and more restricted framework
of parameters showed far less effects of the HT and the combination of HT and concentration
dependent recovery. The HT effect showed biases within 15% within a HT range of 0.23 to
0.53 L/L, with an exception for cyclosporin A at 200 µg/L, which showed a bias of -17.8% at
the HT level of 0.53 L/L. Initially, cyclosporin A showed a quadratic calibration curve from 20
to 2,000 µg/L. This was explained by the fact that at high cyclosporin A concentrations the
binding capacity of leukocytes and erythrocytes becomes saturated [12]. The high affinity
of cyclosporin A to distribute to plasma may explain the chromatographic effect seen at
extremely low HT combined with a high concentration of the analyte. This causes a high
degree of plasma bound cyclosporin A which has a lower viscosity than the erythrocytes,
creating a chromatographic effect in the distribution of the DBS. The linear range for
cyclosporin A was shortened to 1,000 µg/L and now showed a linear fit. This shortened range
is too short for pharmacokinetic curves, but is suitable for trough levels, which are used for
the monitoring of outpatients. For concentrations measured above the linear curve of 1,000
µg/L for cyclosporin A, a dilution of the DBS extract is not possible because of the unequal
distribution of cyclosporin A in the DBS, which causes a quadratic curve at a concentration
range up to 2,000 µg/L.
The more restricted framework of parameters made the adjusted validation much more
suitable for therapeutic drug monitoring of outpatients. The observed HT effects were
addressed by restricting the framework instead of HT based concentration correction.
The approach of the restricted framework may make the analysis of an extra DBS for HT
assessment unnecessary and creates a more efficient workflow in the laboratory.
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Ongoing research and improved understanding of the parameters that influence DBS analysis
results will ultimately result in well-founded guidelines for DBS analytical method validation.
In order to transfer whole blood analysis to DBS analysis, clinical validation studies need
to be performed. First, DBS sampling instructions were documented in a flyer and a video.
Second, health care personnel and patients were trained in correct DBS sampling. Third,
the first part of the clinical validation of tacrolimus in DBS was performed with 42 patients.
The first part of the clinical validation showed good correlation of DBS with whole blood
analysis. The concentrations found in DBS were approximately 22% higher than in whole
blood. This suggests that the reference values for tacrolimus could be adapted to the new
DBS matrix. We will start the analysis of patient DBS samples for therapeutic drug monitoring
of tacrolimus soon and the clinical validation of sirolimus, everolimus and cyclosporin A will
follow subsequently. In addition, future investigation of automated DBS sample preparation
may assure a cost-effective workflow for future DBS analysis.

Plasma
Although plasma is considered to be an easier to matrix for LC-MS/MS analysis than the
other matrices which have been investigated for this thesis, in some cases this matrix still
poses challenges to the researcher.
Chapter 4 is dedicated to the plasma matrix and the synthetic opiate remifentanil, which
is very unstable in whole blood and plasma because of digestion by endogenous esterases
and chemical hydrolysis. The instability of remifentanil in these matrices makes the sample
collection and processing a critical phase during bioanalysis. After withdrawal of the blood
sample, the blood tube is placed in ice water and subsequently centrifuged at 4°C and 1 mL
of plasma is then transferred into a tube containing 15 µL of 10% formic acid and mixed.
In this matrix, remifentanil showed to be stable for 2 days at ambient temperature, 14
days at 4°C and 103 days at -20°C. When the developed sample collection and acidification
procedure was not applied, remifentanil already showed a -14% decrease in concentration
after 30 minutes at ambient temperature in whole blood. The observed drug instability was
not observed in stock solution in water, which proved to be stable for 6 months at +4°C.
The understanding of the process of drug instability in the obtained sample should be part
of the analytical method development and validation.
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Hair and sweat patches
Hair and sweat sampling is non-invasive and can be used to monitor a larger time window of
drug use than blood or plasma. Chapter 5 is dedicated to the matrices hair and sweat, which
are mainly interesting for monitoring compliance or non-adherence of drug use. There are
however, some drawbacks like external contamination. In order to minimize false positive
results for hair analysis, a wash procedure was developed with the use of dichloromethane
which removed external contamination from the hair without already extracting the
analyte of interest. The developed preparation method uses a ball mill to simultaneously
pulverize and extract the hair sample with methanol containing isotopically labeled internal
standards. The pulverized sample is then centrifuged and filtered prior to injection to the
LC-MS/MS.
Since the sweat patch is covered by a non-occlusive membrane, external contamination
seems unlikely. However, several investigations have shown that external contamination of
the worn sweat patches can cause false positives [13]. The detection of metabolites may
assist in overcoming this issue. Nevertheless, it may be concluded that sweat patches are
not able to indisputably prove the use of drugs. However, the non-invasive character of hair
and sweat patch testing can provide a useful complementary tool for physicians and health
care professionals to evaluate possible drug use.
The use of qualifier mass transitions to enhance selectivity is advised when drugs of abuse
analysis is performed and the European Commission has set maximum permitted tolerances
for relative ion intensities for mass spectrometric techniques in the Official Journal of the
European Communities [14].
In this document it is stated that the acceptable bias of a qualifier/quantifier ratio depends
on the relative intensity of the qualifier mass transition compared to the quantifier mass
transition. The qualifier/quantifier ratio is allowed to deviate 50% from its set value when a
qualifier mass transition is more than 10 times less sensitive than its quantifier. This means
that the less sensitive a qualifier, the less strict the rules for confirmation are. We found this
unacceptable for the validation of the developed analytical methods.
In order to obtain enhanced selectivity during the MS/MS analysis of drugs of abuse, a
qualifier mass transition was added to the analysis method and validated. Since no clear rules
were described for the validation of qualifier mass transitions in literature, we developed
and applied our own more strict rules of confirmation. During the method validation, the
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ion ratios for the qualifier and quantifier were evaluated at the LLOQ, Low and Med levels
of the accuracy and precision validation. All ratios of the qualifier and the quantifier found
during the accuracy and precision validation were required to be within 20% of the ratio set
in each validation run. Analytical cut-off concentrations were defined for each substance at
the lowest concentration validated for accuracy and precision with a bias and CV within 15%
and all qualifier/quantifier ratios within 20% of the set ratio during the whole validation.
For some substances, the validation of qualifier/quantifier ratios has resulted in higher
analytical cut-off concentrations than the validated LLOQs for accuracy and precision of these
quantifiers. This shows that although the quantifier provides good accuracy and precision,
below these analytical cut-off concentrations the accuracy of the ion ratio may be insufficient
for confirmation of the detected substance. Although this increases the analytical cut-off
concentrations for these substances, they are still within the screening cut-off concentrations
set by the Society of Hair Testing for hair analysis and by the Substance Abuse and Mental
Health Services Administration for the sweat patch analysis [15, 16]. This validation of the
qualifier/quantifier ratios also underlines the selectivity and reliability of the described
analytical procedures and should be incorporated in future validation protocols for the
analysis of drugs of abuse.

Conclusive remarks
In order to provide personalized patient treatment, the requirements for a laboratory are
high. A large number of analytical procedures is needed to measure a large variety of drugs
in various human matrices, and short turnaround times are often desired for TDM patient
samples. In addition, each patient setting may require a specific matrix. Sweat and hair
samples may be used to monitor drug abuse or drug adherence. TDM performed with the
use of blood and plasma samples may be suitable for in-patients, while DBS may be more
suitable for outpatients. The use of DBS for TDM is very promising, but the investigated
critical parameters showed not to be underestimated and need to be considered before
performing patient analysis.
In the near future, personalized patient treatment will not only comprehend personalized
dosing of patients, but also a personalized choice of matrix which best suits the patients’
circumstances and optimal needs.

264

General discussion and future perspectives

In this thesis, we have shown that the influence of the matrix can result in altered stability
of the substance, formation of complexes with other substances or binding of the substance
with the sampling material. More insight in these matrix effects will lead to improved
analytical methods and performance, but will above all improve patient care and research.
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In this thesis, the influence of various matrices on the development and performance of
analytical methods using high performance liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) was investigated. The parameters that were critical for
substance stability in the matrix and a robust, selective, accurate and precise method were
investigated and appropriate measures were taken. Finally, analytical procedures were
developed for several substances in the matrices whole blood, plasma, dried blood spots
(DBS), hair and sweat patches.
In chapter 2 we focused on the matrix whole blood for the development of an analytical
procedure for the analysis of the immunosuppressants cyclosporin A, tacrolimus, sirolimus
and everolimus. The purpose of this method was to replace the immunoassay methods used
in our laboratory. Several LC-MS/MS methods had been described so far, however most of
them required complicated extraction procedures. The described analytical procedure uses a
protein precipitation as sample preparation in combination with a chromatographic gradient
of 2.6 minutes that is capable of separating otherwise interfering peaks. Our research showed
that the use of zinc sulphate provides process efficiency results of about 100% for tacrolimus
and cyclosporin A but only 81% and 87% for sirolimus and everolimus respectively. Therefore,
two procedures were developed for the combined analysis of sirolimus and everolimus
and for tacrolimus and cyclosporin A. With the developed sample preparation without zinc
sulphate for sirolimus and everolimus, process efficiencies were 99% and 108% respectively.
In conclusion, we found the developed methods to be cost saving, more flexible, more
sensitive and to have larger linear ranges than the previously used immunoassay methods.
Since implementation of the analytical methods in our laboratory in 2007, approximately
140,000 patient samples have been analysed in daily routine.
In chapter 3.1 we aimed to determine the right blood hematocrit (HT) preparation pro
cedure for standards and quality control samples for DBS analysis. Since HT effects on
DBS analysis are widely acknowledged, a correct preparation of the target HT is vital. We
compared two procedures for preparing specific HT values using a hematology analyzer.
In the first procedure, whole blood was centrifuged, red blood cells and plasma were
separated and the proper volumes of red blood cells and plasma were mixed to obtain the
target HT. This procedure resulted in a measured HT, which was 11% lower than the target
value. In the second procedure, blood was centrifuged and a calculated volume of plasma
was removed or added in order to adjust for the right HT. No difference was observed
between the measured HT and the target value. The second procedure was therefore
considered the preferred procedure. In conclusion we recommended that as part of
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quality assurance the target HT should be measured after preparation using a hematology
analyzer.
In chapter 3.2 we developed an analytical procedure for the determination of the antibiotic
moxifloxacin in DBS and we investigated the impact of the HT and blood spot volume with
Whatman N0 3, 903 and 31 ET CHR paper. The influence of paper type, the HT and the blood
volume per spot on the estimated blood volume in a disc was investigated using camera
images to measure DBS areas. The effect of HT and blood volume per spot on the analytical
results was also investigated and linear regression models were developed for each paper
type. For the Whatman 31 ET CHR paper, which was used for the analytical validation, 89%
of the variation of the estimated blood volume in a disc showed to be caused by the HT.
While the effect of the blood volume was of no significant influence, suggesting that blood
equally spreads on this paper regardless the size of DBS on Whatman 31 ET CHR paper.
The regression models for Whatman N0 3 and 903 showed that only 62% and 72% of the
variation of the estimated blood volume in a disc could be explained by the HT and applied
blood volume. A large range of HT values produced a significant analytical bias and could be
partly corrected for the HT value. In conclusion, we found that the HT is main parameter that
influences the analytical results but that the HT correction can not be performed without a
known HT, which is normally unknown in DBS samples.
In chapter 3.3 we investigated interactions and matrix effects of endogenous substances
in blood with rifampicin, clarithromycin and their metabolites. Rifampicin can form chelate
complexes with ferric ions or bind with heme groups, which are potentially present in
the DBS extracts. The investigation focused on the interaction between rifampicin and
endogenous substances in the DBS. The use of ethylenediaminetetraacetic acid (EDTA) and
deferoxamine (DFX) as chelator agents improved the recovery of rifampicin with 51% and
the eliminated the matrix effects. Finally, an analytical method was developed and validated
to quantify rifampicin and clarithromycin and their metabolites desacetylrifampicin and
14-hydroxyclarithromycin in DBS samples. The role of EDTA and DFX as in the extraction may
provide a solution for potential applications to other DBS analytical methods.
In chapter 3.4 we developed an analytical procedure for the analysis of tacrolimus, sirolimus,
everolimus and cyclosporin A in DBS samples to facilitate therapeutic drug monitoring for
transplant outpatients. Our research showed that the HT had a significant influence on the
analytical results. Extensive recovery tests proved that the combination of especially low HT
and high concentration does not only affect the spot size but can also affect the extraction
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recoveries of sirolimus and especially everolimus. For example, the recovery of everolimus
at HT 0.35 L/L and 3 µg/L was 87%, while the recovery at HT 0.25 L/L and 50 µg/L was
lowered to 49%. Although the parameters like HT and concentration were tested for a very
large range and were not always likely to occur in routine analysis of outpatient samples,
the fundamental effect of the combination of these parameters on extraction recoveries
were proven with this research. The increasing number of hydrogen bond acceptors of
the substances (tacrolimus 12, sirolimus 13, everolimus 14) and lowered level of protein
binding in the blood was hypothesized to influence the formation of hydrogen bonds with
the cellulose of the paper. This observed influence on the extraction efficiency gave new
insights in the extraction methodology of DBS samples. The observed HT effects during the
validation appeared to be negligible during the patient correlation between venous blood
and venous DBS study as no concentration corrections for the HT values were needed. The
patient correlation study showed good correlations for all four immunosuppressants with R2
values higher than 0.87 between venous whole blood and venous DBS samples. Nevertheless,
results from DBS samples with extremely high concentrations combined with extremely low
HT values should be interpreted with caution.
In chapter 3.5 we investigated if it was possible to measure creatinine in the same DBS
extracts as used for the analysis of tacrolimus, sirolimus, everolimus and cyclosporin A. In
order to monitor creatinine levels or to adjust the dosage of renally excreted or nephrotoxic
drugs, the analysis of creatinine in DBS could be a useful addition to DBS analysis of
immunosuppressants. Since creatinine free blood and thus DBS is not available and can not
be prepared without changing the matrix, this issue had to be overcome. Therefore, our
analytical method was validated using three different strategies; a 7-point calibration curve
using the intercept of the calibration to correct for the natural presence of the creatinine in
reference samples; a one point calibration curve at an extremely high concentration in order
to diminish the contribution of the natural presence of creatinine and the use of creatinine[2H3] with an 8-point calibration curve. Creatinine concentrations significantly increase in
serum and plasma within 24 hours to 3 days. Ring closure of creatine in the matrix occurs
while losing a molecule of water to form creatinine under influence of time, temperature
and pH. DBS is often promoted as a more stable medium for a blood sample and this is also
true for creatinine. Our experiments showed that stability is now extended to 7 days at a
maximum temperature of 32°C and at -20°C for 29 weeks.
In chapter 3.6 we investigated the influence of the number of hydrogen bond acceptors
on the recovery of tacrolimus, ascomycin, sirolimus, everolimus and temsirolimus in DBS
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analysis. The hypothesis that the substance recovery was influenced by the number of
hydrogen bond acceptors of the substance was tested by evaluation of the extraction
recoveries of tacrolimus, ascomycin, sirolimus, everolimus and temsirolimus, with 12, 12, 13,
14 and 16 hydrogen bond acceptors respectively. For all tested substances, the recoveries
were evaluated at varying concentrations and HT values. With an increasing number of
hydrogen bond acceptors of sirolimus, everolimus and temsirolimus a decrease in recoveries
was found, while ascomycin showed recoveries corresponding to those of tacrolimus. At
the HT of 0.1 L/L and concentration of 50 ng/mL, the recoveries were 93% for tacrolimus,
93% for ascomycin, 63% for sirolimus, 59% for everolimus and 48% for temsirolimus. This
study showed that the number of hydrogen bond acceptors of the analyte of interest may
influence the recoveries in DBS analysis and is a relevant factor to be investigated during
method development and validation.
In chapter 3.7 we investigated the influence of the DBS drying time for tacrolimus, sirolimus,
everolimus, cyclosporin A, ascomycin and temsirolimus on the recovery. Investigation of the
DBS drying time as part of the method validation is currently not included in DBS validations.
The influence of the DBS drying time on the recovery was evaluated by measuring DBS with
a fixed blood volume at a HT range between 0.1 and 0.6 L/L at 3, 24 and 48 hours of drying
time. Results showed that the recovery of sirolimus, everolimus, temsirolimus and cyclosporin
A was influenced by the DBS drying time, while the recovery of tacrolimus and ascomycin
was not. At the low HT of 0.1 L/L, the recoveries of sirolimus, everolimus, temsirolimus and
cyclosporin A declined with 24%, 26%, 27% and 14% respectively between 3 and 24 hours
of drying time, followed by a stabilization of the recoveries. Therefore, we advised a drying
time of at least 24 hours in order to stabilize drying time related recovery effects of sirolimus,
everolimus, temsirolimus and cyclosporin A.
In chapter 3.8, the performance of five DBS card types was investigated for the DBS analysis
of tacrolimus, sirolimus, everolimus, ascomycin, temsirolimus and cyclosporin A. For these
substances, the extraction recoveries and HT effects were investigated for Whatman 31 ET
CHR, Whatman FTA DMPK-C, Whatman 903, Perkin Elmer 226 and Agilent Bond Elut DMS
DBS cards. We found that all DBS cards showed the same pattern in declining recoveries for
sirolimus, everolimus and temsirolimus with decreasing HT at increasing concentration. The
tested card types showed differences in recovery performance, which were more emphasized
at concentrations and HT values outside the normal range. Overall, the Whatman DMPK-C
cards seemed to have the most constant and best performance. The tested DBS cards
showed little differences in performance regarding the formation of the DBS during partial
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spot analysis. However, the total HT effects differed between Low and High concentrations.
At high concentrations, the total HT effects were much more pronounced than at low
concentrations for tacrolimus, sirolimus, everolimus, ascomycin and temsirolimus. Based
on our research, a simple correction of analysis results for the HT value may be questioned,
since the combination of the HT value and the substance concentration can affect the
analysis results.
When no HT correction is applied, it is proposed that the method validation should include a
range for the HT and substance concentration in which the results are within acceptable limits.
In chapter 4 we investigated the matrix dependent stability of the synthetic opiate remifentanil
in EDTA whole blood and acidified EDTA plasma. Remifentanil is rapidly metabolized in both
blood and tissues and even after blood sampling remifentanil is unstable in whole blood
and plasma through endogenous esterases and chemical hydrolysis. The instability of
remifentanil in these matrices makes the sample collection and processing a critical phase
for the bioanalysis of remifentanil. The stability of remifentanil was investigated in EDTA
whole blood, EDTA plasma and acidified EDTA plasma at ambient temperature, 4°C, 0°C and
at -20°C. The stability results of remifentanil in EDTA tubes, containing whole blood, placed in
ice water showed a decrease of approximately 2% in 2 hours and 42% decrease at ambient
temperature. The use of formic acid to acidify the EDTA plasma improved the stability of
remifentanil, which now showed to be stable for 2 days at ambient temperature, 14 days
at 4°C and 103 days at -20°C. The enhanced stability has made this analytical method and
sample pre-treatment very suitable for remifentanil pharmacokinetic studies.
In chapter 5.1 and chapter 5.2 we developed two analytical procedures for abused drugs in
hair and sweat patches. Both matrices provide a non-invasive alternative to urine or blood
samples.
For hair analysis, an analytical procedure was developed and validated for amphetamine,
methamphetamine, MDMA, MDA, MDEA, methylphenidate, cocaine, benzoylecgonine,
morphine, codeine, heroin, 6-MAM, methadone, EDDP, THC, nicotine and cotinine in human
hair. All the substances mentioned above were also incorporated for the sweat patch analysis
method, except for THC.
The risk of false positive results caused by external contamination of the hair was minimized
by a three-step wash procedure with dichloromethane, followed by simultaneous hair
pulverization and extraction procedure with disposable metal balls.
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The stability investigation of the abused drugs was performed in five sweat patches which
were worn for one week by different non-drug using volunteers and were spiked with the
drugs afterwards. The results showed that only heroin was unstable, with high individual
and thus specific patient matrix variability.
We have set the requirements for the qualifier-quantifier ratios more clear and strict than
previously described in literature. During the validation, the analytical cut-off concentrations
were defined for each substance at the lowest validated accuracy and precision concentration
with a bias and CV within 15% and qualifier/quantifier ratios within 20% of the set ratio. This
resulted in lower analytical cut-off concentrations than those set by the Society of Hair testing
for hair analysis and by the Substance Abuse and Mental Health Services Administration for
the sweat patch analysis. The developed analytical methods were used for the analysis of
47 locks of hair (segmented into in 129 samples) and 96 sweat samples and proved to be
useful for monitoring drug abuse.
In chapter 6, General discussion and future perspectives, we discussed the performed
research in relation to the objectives of the thesis. Furthermore, we discussed the impact
of the investigated matrices on the performed research and the final analytical methods
that were developed. Finally, we discussed the future perspectives based on the performed
research, where a personalized choice of matrix may be used in order to best suit the
patients’ circumstances.
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In Hoofdstuk 1 worden de achtergrond, opzet en doelstellingen van dit proefschrift beschre
ven. De analysetechniek “hoge druk vloeistof chromatografie gekoppeld aan tandem massa
spectrometrie” (LC-MS/MS) is tegenwoordig vaak de eerste keus voor de ondersteuning van
therapeutic drug monitoring (TDM), klinische en forensische toxicologie en het aantonen
van drugsmisbruik. Dankzij de hoge gevoeligheid en selectiviteit van LC-MS/MS is een
uitgebreide monstervoorbewerking, met zuivering en concentratie van de te bepalen analiet
(medicijn, drug of afbraakproduct/metaboliet hiervan), vaak niet nodig. Dit betekent dat
de analysetijden flink kunnen worden verkort en er veel tijd wordt bespaard ten opzichte
van andere detectiemethoden. Matrixeffecten kunnen voor grote problemen zorgen bij
LC-MS/MS-analyses en openbaren zich meestal tijdens de ionisatie. Een andere vorm van
matrixeffect is onafhankelijk van de analysetechniek en kan plaatsvinden in het monster,
of tijdens de monstervoorbewerking door een interactie tussen de matrix en de analiet.
De matrices volbloed, plasma, serum en urine worden het meest gebruikt voor TDM en
toxicologische analyses. In toenemende mate worden in klinische laboratoria ook gedroogde
bloeddruppels (dried blood spots, DBS), speeksel, zweetpatches (speciale pleisters) en haren
geanalyseerd. Elke humane matrix heeft zijn klinische en analytische voor- en nadelen en de
uitgevoerde analyse en interpretatie van de analyseresultaten zijn in sterke mate afhankelijk
van de gebruikte matrix. Daarbij heeft het zijn specifieke toepassing voor het meten van de
analietconcentratie met betrekking tot de inname. Bijvoorbeeld: bloed, serum, plasma en
speeksel kunnen worden gebruikt voor het monitoren van de concentratie van de analiet
op de dag van inname van het medicijn of de drug, terwijl deze in de urine tot ongeveer 2
dagen na de inname nog aanwezig kan zijn en bij zweetpatches na een draagtijd van maximaal
zeven dagen. Informatie over drugs- of medicijngebruik voor een periode van maanden
kan worden verkregen door analyse van gesegmenteerde haarlokken (met haargroei van
ongeveer 1 cm per maand). Het gebruik van urine, zweet en haar betekent dat de gemeten
concentraties moeilijk te relateren zijn aan de hoeveelheid ingenomen medicijn of drugs.
In plaats daarvan worden deze matrices vooral gebruikt om informatie te verkrijgen over
misbruik van medicijnen en drugs.
De laatste jaren is de populariteit van de DBS-matrix enorm toegenomen voor TDM. De
patiënt heeft veel voordeel van DBS-analyses. Er is maar 1 druppel bloed uit de vinger
nodig om een bloedspot te maken op een speciaal kaartje. De afname van het bloed kan
thuis door de patiënt zelf worden uitgevoerd, wat reiskosten bespaart. De stabiliteit van de
analiet is vaak beter dan in andere matrices. Het besmettingsrisico is lager en het transport
kan ongekoeld via de reguliere post plaatsvinden.
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Tijdens dit promotieonderzoek stond de invloed van de matrix op de ontwikkeling en prestatie
van LC-MS/MS-methoden centraal. De verschillende parameters die van belang zijn voor een
robuuste, selectieve, gevoelige, accurate en precieze methode, zijn onderzocht en zo nodig
geoptimaliseerd. Uiteindelijk zijn analytische procedures opgezet in de matrices volbloed,
plasma, DBS, haar en zweetpatches.
In Hoofdstuk 2 hebben we ons gericht op humaan volbloed als matrix voor de ontwikkeling
van een procedure voor de analyse van de immunosuppressiva (middelen tegen afstoting
van getransplanteerde organen) tacrolimus, cyclosporine A, sirolimus en everolimus. Het
doel van dit onderzoek was om in onze ziekenhuisapotheek de relatief dure, ongevoelige
en te weinig specifieke immunoassays te vervangen. De door ons ontwikkelde analyse
maakt gebruik van een eiwitprecipitatie gecombineerd met een snelle chromatografische
gradiënt van 2,6 minuten. Uit het onderzoek bleek dat het gebruik van zinksulfaat tijdens
de monstervoorbewerking een procesefficiëntie gaf van ongeveer 100% voor tacrolimus
en cyclosporine A, maar minder voor sirolimus en everolimus. Met de apart ontwikkelde
monstervoorbewerking zonder zinksulfaat voor sirolimus en everolimus werden wel
procesefficiënties behaald van ongeveer 100%. We vonden ook dat de ontwikkelde methoden
kostenbesparend, flexibeler en gevoeliger zijn en tevens een groter lineair bereik hebben
dan de immunoassays. Sinds de implementatie van deze LC-MS/MS-methoden in 2007 zijn
hiermee ongeveer 140.000 patiëntenmonsters in ons laboratorium geanalyseerd.
In Hoofdstuk 3.1 hebben we ons gericht op het bepalen van de juiste procedure voor het
bereiden van de hematocrietwaarde (HT, volume rode bloedcellen in bloed) voor standaarden
en kwaliteitscontrolemonsters voor DBS-analyse. Omdat het effect van het HT op de DBSanalyseresultaten algemeen is erkend, is een correcte bereiding van het beoogde HT cruciaal.
We hebben twee procedures voor de HT-bereiding met elkaar vergeleken door middel van
het meten van het HT. In de eerste procedure werden de rode bloedcellen en het plasma
gescheiden en weer in de juiste verhouding bij elkaar gevoegd. Deze procedure resulteerde
in een gemeten HT die 11% lager lag dan het beoogde HT. Voor de tweede procedure werd
alleen plasma verwijderd of toegevoegd. Met deze methode werd geen verschil aangetoond
tussen het gemeten HT en het beoogde HT.
In Hoofdstuk 3.2 beschrijven we de methodeontwikkeling voor de analyse van het antibio
ticum moxifloxacine in DBS. Hierbij is onderzocht wat de invloed is van het HT en het volume
van de bloedspot op verschillende kaarttypes. Tijdens dit onderzoek is de invloed van het
HT en het bloedvolume op het geschatte bloedvolume van een uitgeponste DBS en op de
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analytische resultaten onderzocht. Voor het Whatman 31 ET CHR-kaartje bleek 89% van de
variatie in het geschatte bloedvolume in een uitgeponste DBS veroorzaakt te worden door
het HT, terwijl het opgebrachte bloedvolume zich gelijkmatig verspreidt over de DBS-kaart
en dus geen significante invloed had. Het geteste bereik aan HT-waarden gaf een verlopende
analytische bias die gedeeltelijk kon worden gecorrigeerd. Concluderend vonden we dat de
HT de parameter was met de grootste invloed op de analytische resultaten. Een kanttekening
hierbij is dat de HT-correctie alleen kan worden uitgevoerd als het HT bekend is.
In Hoofdstuk 3.3 hebben we de interacties en matrixeffecten onderzocht van de antibiotica
rifampicine, claritromycine en hun metabolieten met endogene stoffen in het bloed.
Rifampicine kan een chelaatcomplex vormen met ijzerionen of kan binden met heemgroepen
die aanwezig kunnen zijn in DBS-extracten. Het onderzoek heeft zich gericht op de interactie
tussen rifampicine en endogene stoffen in de DBS. Het gebruik van ethyleendiaminetetraazijnzuur (EDTA) en deferoxamine (DFX) als chelatoren verbeterden de extractieopbrengst van
rifampicine met 51% en elimineerden de matrixeffecten. Uiteindelijk werd de ontwikkelde
analytische methode gevalideerd voor de kwantificering van rifampicine, claritromycine
en hun metabolieten desacetylrifampicine en 14-hydroxyclaritromycine in DBS-monsters.
In Hoofdstuk 3.4 hebben we een analytische procedure ontwikkeld voor tacrolimus,
sirolimus, everolimus en cyclosporine A in DBS-monsters. Dit om TDM te kunnen faciliteren
voor transplantatiepatiënten die niet meer in het ziekenhuis zijn opgenomen, maar nog
wel met regelmaat naar het ziekenhuis moeten komen voor bloedafname. Ons onderzoek
heeft uitgewezen dat het HT een significante invloed heeft op de analytische resultaten.
Uitgebreide testen van de extractieopbrengsten bewezen dat de combinatie van een lage
HT en een hoge concentratie niet alleen van invloed is op het formaat van de DBS, maar ook
op de extractieopbrengst van sirolimus en in het bijzonder everolimus. Onze hypothese is
dat het toenemende aantal waterstofbindingsacceptoren van de analieten (tacrolimus: 12,
sirolimus: 13, everolimus: 14) en het verlaagde niveau van eiwitbinding in het bloed van
invloed is op de formatie van waterstofbindingen met de cellulose van het papier.
In Hoofdstuk 3.5 hebben we onderzocht of het mogelijk was om het lichaamseigen crea
tinine te meten in het DBS-extract voor de analyse van tacrolimus, sirolimus, everolimus
en cyclosporine A. Creatinine-vrij bloed, en dus ook DBS, is niet beschikbaar en kan niet
worden bereid zonder de matrix te veranderen. Daarom is onze ontwikkelde methode
gevalideerd met drie verschillende kalibratieprocedures; een 7-punts kalibratiecurve
gebruikmakend van de asafsnede om te corrigeren voor de natuurlijk aanwezige creatinine
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in de kalibratiestandaarden; een 1-punts kalibratiecurve met een extreem hoge concentratie
om de bijdrage van de natuurlijk aanwezige creatinine te minimaliseren en het gebruik
van gedeutereerde creatinine met een 8-punts kalibratiecurve. De literatuur geeft aan dat
creatinineconcentraties in bewaard serum en plasma binnen 1 tot 3 dagen significant kunnen
toenemen. Onze validatieresultaten laten zien dat creatinine in DBS langer stabiel blijft en
dus een stabielere matrix is dan serum en plasma.
In Hoofdstuk 3.6 hebben we de invloed van het aantal waterstofbindingsacceptoren van
tacrolimus, ascomycine, sirolimus, everolimus en temsirolimus op de extractieopbrengst
bij DBS-analyse onderzocht. De hypothese was dat de extractieopbrengst van de analiet
wordt beïnvloed door het aantal waterstofbindingsacceptoren. Dit werd getest door het
evalueren van de extractieopbrengsten van tacrolimus, ascomycine, sirolimus, everolimus
en temsirolimus, met respectievelijk 12, 12, 13, 14 en 16 waterstofbindingsacceptoren.
De extractieopbrengsten van alle geteste analieten werden geëvalueerd bij variërende
concentraties en HT-waarden. Met het toenemende aantal waterstofbindingsacceptoren van
sirolimus, everolimus en temsirolimus werd een afname in extractieopbrengst gevonden. Door
middel van dit onderzoek is duidelijk geworden dat het aantal waterstofbindingsacceptoren
van de analiet de extractieopbrengst kan beïnvloeden bij DBS-analyses en dat dit een
relevante factor is om te onderzoeken tijdens methodeontwikkeling en validatie.
In Hoofdstuk 3.7 hebben we onderzocht of de droogtijd van de DBS van invloed kan zijn op
de extractieopbrengsten van tacrolimus, sirolimus, everolimus, cyclosporine A, ascomycine en
temsirolimus. Deze invloed is geëvalueerd door DBS-metingen te verrichten met een HT-bereik
van 0,1 tot 0,6 L/L, na 3, 24 en 48 uur droogtijd. Hieruit bleek dat de extractieopbrengsten
van sirolimus, everolimus, temsirolimus en cyclosporine A worden beïnvloed door de DBSdroogtijd, terwijl dit niet het geval is voor die van tacrolimus en ascomycine. Bij de lage
HT van 0,1 L/L namen de extractieopbrengsten van sirolimus, everolimus, temsirolimus en
cyclosporine A af met respectievelijk 24%, 26%, 27% en 14% tussen 3 en 24 uur droogtijd,
gevolgd door een stabilisatie van de extractieopbrengst. Gebaseerd op dit onderzoek,
adviseren we een DBS-droogtijd van tenminste 24 uur.
In Hoofdstuk 3.8 hebben we de prestaties van vijf verschillende DBS-kaarten onderzocht
voor de DBS-analyse van tacrolimus, sirolimus, everolimus, ascomycine, temsirolimus
en cyclosporine A. De extractieopbrengst en HT-effecten werden onderzocht bij vijf
verschillende types DBS-kaarten. We zagen dat alle types DBS-kaarten hetzelfde patroon
vertoonden van afnemende extractieopbrengst voor sirolimus, everolimus en temsirolimus
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bij afnemende HT en toenemende concentratie. De geteste kaarttypes gaven verschillende
extractieopbrengsten, die meer werden benadrukt bij concentraties en HT-waarden buiten
het normale bereik. Over het algemeen leken de Whatman DMPK-C-kaarten het beste te
presteren. De geteste DBS-kaarten vertoonden onderling maar kleine prestatieverschillen
bij de analyse van een gedeeltelijke spot. Echter, de totale HT-effecten verschilden wel
tussen lage en hoge concentraties. Voor tacrolimus, sirolimus, everolimus, ascomycine en
temsirolimus waren bij hoge concentraties de totale HT-effecten veel nadrukkelijker aanwezig
dan bij lage concentraties. Omdat de combinatie van de HT-waarde en de concentratie
van de analiet de meetwaarde kan beïnvloeden, kan de juistheid van het gebruik van
een simpele lineaire correctie van de analyseresultaten op basis van alleen de HT-waarde
worden betwijfeld. Indien er geen correctie plaatsvindt voor de HT-waarde, wordt door
ons voorgesteld om het maximaal toelaatbare bereik van het HT en de analietconcentratie
tijdens de validatie vast te stellen.
In Hoofdstuk 4 hebben we de matrixafhankelijke stabiliteit van het synthetische opiaat
remifentanil onderzocht in EDTA-bloed en aangezuurd EDTA-plasma. Remifentanil is zeer
instabiel en wordt snel gemetaboliseerd in bloed en weefsels en zelfs na de bloedafname is
remifentanil instabiel door endogene esterases en chemische hydrolyse. Dit betekent dat
de bloedafname en -verwerking een kritische fase is bij de bioanalyse van remifentanil. De
stabiliteit van remifentanil werd onderzocht in EDTA-bloed, EDTA-plasma en aangezuurd EDTAplasma bij kamertemperatuur, 4˚C, 0˚C en bij -20˚C. Remifentanil in EDTA-bloed vertoonde in
2 uur een concentratieafname van ongeveer 2% bij 0˚C en 42% bij kamertemperatuur. Het
gebruik van mierenzuur voor het aanzuren van het EDTA-plasma verbeterde de stabiliteit van
remifentanil naar 2 dagen bij kamertemperatuur, 14 dagen bij 4˚C en 103 dagen bij -20˚C. De
verbeterde stabiliteit maakt deze analytische methode erg geschikt voor farmacokinetische
studies van remifentanil.
In Hoofdstuk 5.1 en Hoofdstuk 5.2 hebben we twee bepalingsmethoden ontwikkeld voor de
analyse van drugs (en misbruikte medicatie) in hoofdhaar en zweetpatches. Beide matrices
zijn een niet-invasief alternatief voor urine- of bloedafname. Voor de analyse van drugs in
haar werd een analytische methode ontwikkeld waarin amfetamine, methamfetamine,
MDMA, MDA, MDEA, methylfenidaat, cocaïne, zijn metaboliet benzoylecgonine, morfine,
codeïne, heroïne, zijn metaboliet 6-MAM, methadon, zijn metaboliet EDDP, THC (cannabis),
nicotine en zijn metaboliet cotinine kunnen worden gemeten. Al deze analieten, behalve
THC, werden ook toegevoegd aan de analysemethode voor zweetpatches.
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Er werd gebruik gemaakt van een driestaps wasprocedure met dichloormethaan om het
risico van valspositieve resultaten, veroorzaakt door externe contaminatie van het haar, te
minimaliseren. Deze werd gevolgd door een simultane verpulvering en extractie van het
haar met metalen balletjes.
We hebben voor onze validatie de eisen voor de qualifier-quantifier ratio’s duidelijker en
strenger opgesteld dan voorheen in de literatuur stond beschreven. Dit resulteerde toch
nog in lagere analytische grenswaarden dan gesteld door de ´Society of Hair Testing’ voor
haaranalyse en door de ‘Substance Abuse en Mental Health Services Administration’ voor de
zweetpatchanalyse. De ontwikkelde analytische methoden hebben zich bewezen voor het
monitoren van drugsgebruik door middel van de analyse van 47 (gebundelde) haarlokken
(gesegmenteerd in 129 deelmonsters) en 96 zweetpatches.
In Hoofdstuk 6 worden de uitgevoerde onderzoeken bediscussieerd met betrekking tot de
gestelde doelen van de dissertatie. Verder zullen de impact van de verschillende matrices
op het uitgevoerde onderzoek en de ontwikkelde analytische methoden worden besproken.
Uiteindelijk bediscussiëren we de toekomstperspectieven op basis van het uitgevoerde
onderzoek, waarbij de gepersonaliseerde dosering van de patiënt gecombineerd kan
worden met een gepersonaliseerde keuze van de te gebruiken matrix die het best past bij
de vraagstelling van het patiëntonderzoek.
Samenvattend kunnen we zeggen dat de gebruikte monstermatrix van invloed is op de
methodeontwikkeling en de analytische prestaties bij LC-MS/MS. Bij matrixeffecten wordt
in eerste instantie vaak gedacht aan ionsuppressie tijdens de ionisatie. Maar in een breder
perspectief gezien kunnen matrixeffecten ook veroorzaakt worden door interacties van de
analiet met de matrix waar het zich in bevindt. Afhankelijk van de gebruikte matrix kunnen
matrixeffecten resulteren in veranderde stabiliteit van de analiet, complexformatie met
andere aanwezige stoffen, of binding van de analiet met het monsternamemateriaal. Meer
inzicht in deze matrixeffecten zal leiden tot verbeterde analytische methoden en prestaties,
maar bovenal tot verbeterde patiëntenzorg en onderzoek.
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Het boekje is klaar, en een mijlpaal is bereikt. Wat begon als een handjevol ideeën over de
uit te voeren onderzoeken, eindigde in een proefschrift met 12 artikelen. Het promoveren
vanuit (en naast) de functie van Research Analist had nog niet eerder plaatsgevonden binnen
onze afdeling. Deze combinatie bleek dankzij een dynamische aanpak van het promotietraject
een erg mooi samenspel tussen onderzoeksprojecten voor het laboratorium en het eigen
promotieonderzoek. Het mooie aan dit onderzoek is dan ook dat veel van de resultaten en
opgedane kennis direct zijn toegepast in het laboratorium en hebben bijgedragen aan het
verbeteren van de patiëntenzorg. Voor het behalen van deze mijlpaal ben ik dankbaar voor
de steun van iedereen om me heen.
Mijn dank gaat als eerste uit naar mijn promotoren en copromotor.
Beste Donald, al vanaf het eerste onderzoek heb je mij gesteund in het verwezenlijken van
mijn promotietraject. Ik kon altijd binnenwandelen met vragen en ook na je pensionering
was je altijd erg betrokken bij alle onderzoeken. Maar het belangrijkste is misschien wel dat
het laboratorium, met het hoge kennisniveau en geavanceerde apparatuur, er is dankzij jouw
jarenlange inspanningen. En dankzij die inspanningen kon ik uiteindelijk promoveren. Bedankt
voor je steun, vertrouwen en de vrijheid die je me hebt gegeven tijdens alle onderzoeken.
Beste Jos, ondanks jouw ontzettend drukke baan als hoofd van de afdeling Klinische Farmacie
en Farmacologie, heb je altijd tijd voor mij vrij kunnen maken. Tijdens het promotieoverleg
was er regelmatig ruimte voor een grapje en dat zorgde voor een zeer fijne en gemoedelijke
sfeer waarin wel spijkers met koppen geslagen werden. Bedankt voor de goede begeleiding
tijdens mijn promotietraject.
Beste Jan-Willem, als er iemand vanaf dag één in mij geloofde, dan was jij dat wel. Je zag al snel
in dat er meer uit mijn onderzoeken te halen was dan alleen dat eerste artikel. Jouw positieve
instelling en voortvarende aanpak in nieuwe onderzoeken zijn bewonderenswaardig en
hebben de afgelopen jaren dan ook gezorgd voor een zeer fijne en efficiënte samenwerking.
Je hebt me ook regelmatig betrokken bij nieuwe interessante onderzoeken en publicaties
die geschreven konden worden en ik hoop dat er in de toekomst nog veel gezamenlijke
projecten zullen volgen. Als echte co-promotor heb jij je altijd enorm voor mij ingezet en
daarvoor ben ik je zeer dankbaar.
Graag zou ik de beoordelingscomissie, bestaande uit Prof. dr. I.P. Kema, Prof. dr. N.C. van de
Merbel en Prof. dr. G.W. Somsen, willen bedanken voor het beoordelen van het manuscript.
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Beste Daan, in de paar jaar dat je hoofd van het laboratorium bent, heb je al bij kunnen
dragen aan zes artikelen die ik gebruik voor mijn proefschrift. Ondanks dat je het ontzettend
druk hebt als hoofd van het laboratorium geeft dit wel aan hoe betrokken je bent bij alle
onderzoeken. Bedankt voor alle steun en betrokkenheid tijdens mijn onderzoek. Aangezien
er behoorlijk wat onderzoeksaanvragen en interessante projecten klaar staan, zullen we
maar zeggen dat onze samenwerking nog maar net is begonnen.
Beste Ben, van alle taken die je hebt als hoofdanalist draag je onderzoek wel het meest een
warm hart toe. Dankzij jouw rustige instelling leken grote problemen altijd wat minder erg,
en werd de soep nooit zo heet opgediend. Bedankt dat je me altijd gesteund hebt tijdens
mijn onderzoek en dat we in goed overleg altijd overal uitkwamen.
Beste Erwin, jouw encyclopedische kennis doet mij telkens weer versteld staan. Naast analytische wetenswaardigheden is het natuurlijk altijd leuk om te weten dat voor de duurste
koffie (Kopi Loewak) de koffiebonen uit de ontlasting van een civetkat worden gevist. En
als ik tijdens mijn onderzoek een sparringpartner nodig had kon ik altijd bij jou terecht om
te brainstormen, ook al was dat tijdens het sporten. Gelukkig ging het niet altijd over het
werk. Belangrijke levensvragen als hoe maak je de beste mojito? en wat is nu een lekkere
whisky of Belgisch biertje? maakten heel wat avonden tot een succes. Ook stond je tijdens
de afronding van mijn promotieonderzoek altijd klaar om mee te denken en te helpen.
Bedankt voor alle hulp en bedankt dat je mijn paranimf wilt zijn.
Beste Eli, het eerste artikel hebben we samen geschreven. Destijds heb ik veel van jou
opgestoken over het schrijven van een artikel en de goede afronding van dit traject was
misschien wel de basis voor mijn promotie. Bedankt voor de fijne samenwerking.
Beste Mathieu, Kim en Arianna, onze promotietrajecten overlapten elkaar voor het grootste
deel. De fijne onderlinge sfeer en open houding heb ik altijd heel fijn gevonden. Zoals
Mathieu zou zeggen: Merci!
Dear Hoa, your project started the dried blood spot research and together we have worked
on several method developments. After you finished your thesis and went back to Vietnam,
the dried blood spot research continued and has led to new and improved methodologies,
but the foundations were laid in your project. Thank you for the pleasant time that we
worked together and for all the nights we drank mojitos and Belgium beers.
Beste Kai, Gerben, Albert-Jan, Hiltjo, Mireille, Jan, Justine, Renella, Pauline, Tanja, Annalie,
Stephan, Ingrid, Ellen, Anet en Marieke, als collega’s van het laboratorium wil ik jullie allemaal
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bedanken voor alle steun en belangstelling tijdens mijn onderzoeksperiode. Zonder een
grote groep kundige collega’s had er niet een dergelijk kwalitatief hoogstaand laboratorium
kunnen zijn. Jullie zijn de fundamenten van het lab en dus mede dankzij jullie inzet is mijn
promotietraject mogelijk geweest.
Ook is er een aantal co-auteurs waar ik vooral een fijne samenwerking op afstand mee had.
Joanneke, Hugo en natuurlijk Michel, jullie waren altijd enthousiast en erg betrokken bij het
betreffende onderzoeksproject. Als er vragen waren over het onderzoek of de publicatie
overlegden we meestal via de email, maar er zijn ook de nodige telefonische sessies geweest
die altijd erg verhelderend waren. Bedankt voor de prettige samenwerking.
Zonder de hulp van mijn zeer gewaardeerde studenten Marieke, Ruben, Gerdine en Rixt had
dit proefschrift nooit zo snel af kunnen zijn. Allemaal heel erg bedankt! In het bijzonder wil
ik Rixt bedanken voor haar inzet voor het laatste onderzoek, en de periode erna, dat heeft
geresulteerd in wel vier artikelen.
Beste Annemiek, Wianda en Jessica, als ik bij jullie binnenloop is er altijd een warm onthaal
en jullie staan altijd klaar om alles in goede banen te leiden. Heel erg bedankt voor al jullie
steun in de afgelopen jaren en in de laatste fase van het promotietraject.
Het lijntje kan niet altijd gespannen staan. Gelukkig heb ik een aantal goede vrienden (en
ex-collega’s) die me het werk af en toe even laten vergeten. Martin, Hendriëtte, Roderik,
Richard, Marco en Lesley, allen bedankt voor de leuke (motor)weekendjes weg en alle lol
die we altijd hebben.
Beste Martin, ook al woon je jammergenoeg niet meer in Groningen, toch vind je nog
regelmatig de tijd om gezellig langs te komen voor bijvoorbeeld een ouderwets potje snooker
of gewoon een biertje en een goed gesprek. Ik ben blij dat onze vriendschap niet beperkt
wordt door de afstand. Bedankt dat je mijn paranimf wilt zijn.
Ook wil ik al mijn familie bedanken voor hun interesse, steun en vooral welkome afleiding
de afgelopen jaren. Wouter, Carolien, Nova, June (die steun gaf vanuit de buik), Oma, Willy,
Arnold, Patricia, Casper en natuurlijk Pieter en Ina bedankt.
Lieve pap en mam. Jullie drukken me altijd op het hart dat ik plezier moet hebben in mijn
werk en ik ben ervan overtuigd dat dat een voorwaarde is om goed te worden in je werk.
Ik had blijkbaar zoveel plezier in mijn werk dat het resulteerde in dit promotieonderzoek.
Gelukkig kon ik bij jullie altijd mijn verhaal kwijt en konden we met regelmaat langskomen
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in Friesland om even compleet tot rust te komen op het water. Ik ben blij en dankbaar dat
jullie er altijd voor me zijn.
Mijn allerliefste Karin, wat ben ik blij dat wij elkaar gevonden hebben. Vanaf het begin van onze
relatie hebben we veel mooie dingen meegemaakt. Samen via China op vakantie naar NieuwZeeland en Australië, en de komst van onze prachtige zoon Luca in 2013. En promoveren doe
je natuurlijk niet alleen, dankzij jouw steun en liefde heeft het promotietraject zo soepel
kunnen gaan. Bedankt dat je me de ruimte hebt gegeven om aan mijn proefschrift te kunnen
werken. Jouw organisatietalent zorgde ervoor dat alles thuis in goede banen geleid werd,
terwijl je zelf ook een drukke functie op de satellietapotheek hebt. Thuiskomen betekent
‘relaxed’ en stress laten we ergens onderweg naar huis achter. En als er een doctoraat in
Candy Crush behaald zou kunnen worden dan was je nu ook doctor geweest.Lieve Luca, als
ik weer eens te lang achter de laptop zat kwam je me zelf wel ophalen om samen te spelen
(mee, mee). Dat deed me altijd weer beseffen dat er belangrijkere zaken op aarde zijn en
dat het werk wel heel even kon wachten.
De afgelopen jaren zijn behoorlijk druk geweest, maar ik had het allemaal voor geen goud
willen missen. Na afronding van deze mijlpaal kijk ik uit naar veel nieuwe en mooie onderzoeken. Maar vooral kijk ik uit naar de mooie toekomst samen met ons drietjes.
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