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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 Sigma-

Aldrich 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

Hydro-
phobicity

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

Substance
Precursor ion

(m/z)
Product ion

(m/z)
Fragmentor voltage

(V)
Collision energy

(V)

Tacrolimus 821.5 768.4 190 11

Tacrolimus [13C,2H2] 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

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)

Substance

3 ng/mL 10 ng/mL 50 ng/mL 100 ng/mL

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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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.

rEfErENcEs
1  Ferrara JL, Deeg HJ. Graft-versus-host disease. N. Engl. J. Med. 324(10), 667-674 (1991). 

2.  Smith JM, Nemeth TL, McDonald RA. Current immunosuppressive agents: efficacy, side effects, and 
utilization. Pediatr. Clin. North Am. 50(6), 1283-1300 (2003). 

3.  Fishman JA. Infection in solid-organ transplant recipients. N. Engl. J. Med. 357(25), 2601-2614 (2007). 

4.  Li W, Tse FL. Dried blood spot sampling in combination with LC-MS/MS for quantitative analysis of small 
molecules. Biomed. Chromatogr. 24(1), 49-65 (2010). 

5.  Edelbroek PM, van der Heijden J, Stolk LM. Dried blood spot methods in therapeutic drug monitoring: 
methods, assays, and pitfalls. Ther. Drug Monit. 31(3), 327-336 (2009). 

6.  Vu DH, Alffenaar JW, Edelbroek PM, Brouwers JR, Uges DR. Dried blood spots: a new tool for tuberculosis 
treatment optimization. Curr. Pharm. Des. 17(27), 2931-2939 (2011). 

7.  Wilhelm AJ, den Burger JC, Swart EL. Therapeutic Drug Monitoring by Dried Blood Spot: Progress to 
Date and Future Directions. Clin. Pharmacokinet. (2014). 

8.  Koster RA, Alffenaar JW, Greijdanus B, Uges DR. 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. Talanta. 115, 47-54 (2013). 

9.  Vu DH, Koster RA, Alffenaar JW, Brouwers JR, Uges DR. Determination of moxifloxacin in dried blood 
spots using LC-MS/MS and the impact of the hematocrit and blood volume. J. Chromatogr. B. Analyt 
Technol. Biomed. Life. Sci. 879(15-16), 1063-1070 (2011). 

10.  den Burger JC, Wilhelm AJ, Chahbouni A, Vos RM, Sinjewel A, Swart EL. Analysis of cyclosporin A, 
tacrolimus, sirolimus, and everolimus in dried blood spot samples using liquid chromatography tandem 
mass spectrometry. Anal. Bioanal Chem. 404(6-7), 1803-1811 (2012). 



Chapter 3.6

150

11.  Capiau S, Stove VV, Lambert WE, Stove CP. Prediction of the hematocrit of dried blood spots via potassium 
measurement on a routine clinical chemistry analyzer. Anal. Chem. 85(1), 404-410 (2013). 

12.  National Center for Biotechnology Information. PubChem Compound Database; CID=6473866; 
CID=5284616; CID=6442177; CID=5284373; http://www.ncbi.nlm.nih.gov/pccompound/. Accessed 
Okt. 06, 2014. 

13.  Koster RA, Alffenaar JW, Botma R et al. What is the right blood hematocrit preparation procedure for 
standards and quality control samples for dried blood spot analysis?. Bioanalysis. 7(3), 345-351 (2015).



Dried blood spot: Hydrogen bond acceptors

151

3.6






