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Background: The small blood volume of mice complicates tacrolimus pharmacokinetic studies in these
animals. Here we explored dried blood spot (DBS) as a novel method to measure tacrolimus blood
concentrations in mice. DBS samples were collected from three sampling sites (cheek, tail and heart) and
compared with heart whole blood samples measured via LC–MS/MS. Results: Tacrolimus concentrations
in the whole blood samples ranged from 2.56 to 27.64 μg/l. DBS of cheek vein blood was the most reliable
sampling site, with a mean bias of 0.15 μg/l (95% CI: -4.20 to 4.50). Conclusion: The DBS cheek method
can be used for serial monitoring of tacrolimus blood concentrations in mice, offering an animal-friendly
method for tacrolimus pharmacokinetic studies in mice.
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DBS cheek method can be used for serial monitoring of tacrolimus concentrations in mouse blood,
offering an animal friendly method for tacrolimus pharmacokinetic studies in mice.
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The immunosuppressive drug tacrolimus is a first-line treatment option to prevent organ and tissue rejection
after transplantation [1]. Even at low dosages, tacrolimus can cause serious side effects, including infections [2,3],
nephrotoxicity [4], hypertension [5,6], diabetes mellitus [7] and neurotoxicity [8]. Mice are often used as a model
organism to study these side effects of tacrolimus and its effects on transplant immunology [9]. However, many
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tacrolimus studies using mice lack validation of tacrolimus blood concentration measurements [2,10,11], which
makes it difficult to interpret the pharmacokinetic data and to compare studies.

Currently, the most common detection method for tacrolimus in human blood is LC–MS/MS [1,12]. However,
it can be challenging to use LC–MS/MS for tacrolimus validation in mouse blood. For an average adult mouse
weighing 25 g, the circulating blood volume approximates only 1.80 ml [13]. According to current guidelines, a
maximum of 10% of the circulating blood volume can be sampled biweekly, which equals a maximum volume of
180 μl [13,14]. Exceeding this volume may induce hypovolemia and cardiovascular failure [13,14]. The required whole
blood (WB) volume for LC–MS/MS analysis of the tacrolimus concentration is approximately 100–200 μl, which
limits the number of samples that can be obtained from a single mouse to a one-time or end-point measurement [14].
In addition, not every research facility is equipped with the possibility to measure tacrolimus with LC–MS/MS.

Advances in LC–MS/MS technology in combination with the dried blood spot (DBS) method have enabled
the quantification of lower drug concentrations in smaller sample sizes. In DBS analyses, samples are blotted and
dried on a filter paper which can be stored at ambient temperatures [15]. This method requires a WB volume of
only 40–50 μl [16]. These DBS samples are then analyzed with LC–MS/MS [16]. The DBS method has been used
before in pharmacokinetic mouse studies [17–20], showing that it can be used to reduce mouse sampling size and
that DBS improves data quality [17]. An added benefit is the lowered cost of storing DBS samples compared with
full blood samples [15], and the possibility to easily analyze tacrolimus blood concentrations in another research
institute, by sending the DBS card by mail. However, so far, the DBS method has not been validated to measure
tacrolimus concentrations in mouse blood.

Recently, a method for the analysis of tacrolimus in human DBS samples was developed and validated according to
current guidelines in our hospital [16,21,22]. In this method, no correction for differences in hematocrit concentrations
in the normal human range (0.25–0.50 l/l) was needed, which is in accordance with literature [23,24]. Mouse
hematocrit concentrations range from 0.40–0.50 l/l [14]. For human DBS, blood samples are collected via finger
prick. Capillary blood withdrawal via finger prick is not possible in mice, and the site and manner of blood
sampling might influence the blood quality by, for example, tissue exudate. Therefore, we compared tacrolimus
concentrations by means of DBS in mouse WB that was collected by three different blood withdrawal techniques:
tail tip bleeding, which resembles capillary bleeding; a cheek puncture, the recommended technique for venous
blood sampling in mice in our institution; and lastly, heart blood derived via heart puncture during sacrifice. To
validate whether DBS can be used as a method to measure tacrolimus concentrations in mouse blood, LC–MS/MS
analysis of these samples was compared with standard LC–MS/MS on WB.

Materials & methods
Tacrolimus reference samples
A tacrolimus (S5003; SelleckChem, Huissen, The Netherlands) stock solution was prepared by dissolving the
accurately weighted reference standard in methanol. The samples were prepared by spiking blank mouse blood
with the appropriate stock solution or an intermediate solution, resulting in samples of 250 μl with tacrolimus
concentrations ranging between 4.50 and 60 ng/ml. From these samples, 50 μl was spotted on a DBS card
(Whatman 903 Protein in Saver Cards, art. no. 10531018; GE Healthcare, Hoevelaken, The Netherlands) for DBS
measurements and the other 200 μl was used for standard WB LC–MS/MS analysis. The DBS cards were dried
for at least 10 min at room temperature before being stored in zip bags with desiccant. The remnants of the mouse
WB samples spiked with tacrolimus were stored at -80◦C until both the DBS and WB samples were analyzed with
LC–MS/MS.

Tacrolimus administration in mice
This study was performed in accordance with all applicable national and institutional policies. The protocol was
approved by the Dutch Animal Ethics Committee (protocol no. AVD1010020197724). Certified biotechnicians
carried out all experimental protocols under strict guidelines to ensure careful and consistent handling of the mice.
The mice used in this study were females and males of a C57BL/6J background aged 12–20 months. The mice
were kept in individual cages from the start of the experiment with ad libitum access to food and water.

Twenty-six mice received 1 or 3 mg/kg tacrolimus per day for 28 days via Alzet R© osmotic mini-pumps (Alzet,
model 2004; Charles River, Sulzfeld, Deutschland). The Alzet pumps were preloaded with tacrolimus dissolved
in a 50% DMSO/50% EtOH solvent. After loading, the pumps were incubated in phosphate-buffered saline at
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37◦C for 24 h prior to subcutaneous intrascapular implantation. Blood samples were collected at the end of the
mouse experiment.

Blood sampling for tacrolimus measurements
Blood was sampled in three ways: via tail tip, cheek vein and heart puncture. Just before sacrificing the mice, 50 μl
capillary mouse blood was sampled from the tail tip by removing the boneless tip of the tail with surgical scissors.
Blood flow in the tail was supported by applying slight pressure on the tail vein from base to tip [25], and 50 μl per
sample was spotted by use of a pipette onto a DBS card. For cheek sampling, 50 μl venous blood was collected
from the cheek by a small needle puncture near the submandibular vein, and the blood was spotted on a DBS
card. After sacrifice, at least 250 μl venous blood was sampled via terminal cardiac puncture (under anesthesia)
with a syringe, out of which 50 μl was spotted on a DBS card and the 200 μl surplus WB was transferred to an
EDTA-coated 1-ml vial, which was frozen at -80◦C as LC–MS/MS sample until analysis. DBS samples were stored
at room temperature in the dark in a desiccator for at most 6 months until they were measured. Tacrolimus DBS
samples can be stored for up to 6 months [26].

Sample preparation
For sample preparation, a 6-mm punch was taken from the center of the DBS spot with an automatic puncher
(Analytical Sales & Services, Inc., NJ, USA). This 6-mm punch is the fully saturated part of the DBS spot and is
used to prevent the influence of inhomogeneous distribution of analytes near the edges of the DBS spot [27,28]. The
punches were collected in vials to which 200 μl internal standard (5 μg/l tacrolimus-13C2H4) working solution
(Alsa Chim, Illkirch-Graffenstaden, France) was added. The vials were vortexed and then sonicated for 15 min.
The supernatant was transferred to a snap ring vial with insert (VWR, Amsterdam, The Netherlands). A volume
of 10 μl was injected into the LC system.

For WB sample preparation, 50-μl aliquots were spiked in a vial with 700 μl internal standard working solution
(5 μg/l tacrolimus-13C2H4). The vials were vortex-mixed for 10 s and then centrifuged at 13,000 r.p.m for 10 min.
The vials were placed in the autosampler of the LC–MS, where 10 μl of the supernatant was injected into the
system.

Instrumentation & UPLC conditions
Analyses were performed on a Waters Acquity UPLC–MS/MS system (Waters Corp., MA, USA). The UPLC was
connected to a Waters Xevo TQ-S micro triple quadrupole mass spectrometer. Chromatic separation was performed
on a Waters Acquity UPLC BEH C18 column (1.7 μm; 50 × 2.1 mm) at a temperature of 60◦C. A multistep
gradient elution was applied at a flow rate of 0.50 ml/min using 2 mM ammonium acetate and 0.1% formic acid
in water (eluent A) and 2 mM ammonium acetate and 0.10% formic acid in methanol (eluent B). The initial
gradient was set at 45:55 A:B. Eluent B increased to 70% in 0.6 min, then to 90% in 0.1 min, followed by 100%
B in 0.1 min, where it was kept for 1.0 min. Finally, the gradient was reset to the initial conditions for 0.20 min to
equilibrate for the next injection adding up to a total run time of 2.0 min.

Method comparisons
Validation of the DBS method and WB method were based on the US FDA’s guidelines for bioanalytical validations
guideline and the IATDMCT guideline [22,29]. The correlation coefficient (r) was >0.99 over the concentration
range of 1.00–35 μg/l for the WB method and 2.00–35 μg/l for the DBS method. For both methods, accuracy,
intra-day precision and inter-day precision were within the requirements (relative standard deviation <15%). The
results of these validation parameters are summarized in Table 1.

The analysis of tacrolimus in WB is based on an application note from Waters (Waters Corp., Wilmslow, UK) [30].
According to this application note, no matrix effects were reported. In human DBS tacrolimus samples, an average
recovery of 0.92 (range 0.74–1.14) was found. No effect of hematocrit concentrations was seen.

To compare tacrolimus measurement in mouse blood via DBS method with WB method, a method comparison
was performed, based on Deming regression and a Bland–Altman plot. To do so, from 22 mice, 3 × 22 DBS
samples and 22 WB samples were collected and compared. Deming regression was used to calculate a correction
factor for every type of DBS sampling, to compensate for systematic differences between both methods. Corrected
DBS values were compared with WB values in Bland–Altman plots. According to the guidelines of the EMA, the
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Table 1. Results for accuracy, intra-day precision and inter-day precision for dried blood spot and whole blood
methods.
Method QC Concentration (μg/l) Accuracy RSD (%) Intra-day precision RSD (%) Inter-day precision RSD (%)

DBS L 5.8 13.1 2.4 5.1

M 17.2 14.6 2.4 9.4

H 24.3 13.0 2.8 8.2

Whole blood L 4.0 8.0 2.2 5.1

M 15.0 -1.3 2.5 3.7

H 25.0 0.7 1.3 3.3

DBS: Dried blood spot; H: High; L: Low; M: Medium; QC: Quality control; RSD: Relative standard deviation.
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Figure 1. Linear regression analysis of dried blood spot
(heart) spiked tacrolimus concentrations versus whole blood
(heart) spiked tacrolimus concentrations.
DBS: Dried blood spot; WB: Whole blood.

difference between tacrolimus measurements with DBS and WB methods should be less than 20% of the mean of
the concentrations for at least 66.67% of the samples [31].

Results & discussion
Quality control samples
In order to validate whether the DBS method can be applied to analyze tacrolimus concentrations in mouse blood,
we first set out to analyze blank mouse blood spiked with tacrolimus. Simple linear regression analysis showed a
highly significant relationship (r2 = 0.99; p < 0.0001) between WB tacrolimus concentrations and DBS tacrolimus
concentrations of the validation samples (Figure 1). This correlation analysis also showed that DBS tacrolimus
concentrations tended to be higher than the WB tacrolimus concentrations (slope: 1.42).

Comparison of DBS LC–MS/MS tacrolimus concentrations with WB LC–MS/MS tacrolimus
concentrations
Next, we analyzed the concentrations of tacrolimus in mice that had been treated with 1–3 mg/kg tacrolimus
for over 2 weeks. A reference venous WB sample derived by heart puncture was compared with three techniques
of blood withdrawal spotted on DBS, which were cheek puncture (DBSCHEEK), heart puncture (DBSHEART) and
tail tip bleeding (DBSTAIL; Figure 2A). The tacrolimus concentrations in the WB samples ranged from 2.56 to
27.64 μg/l, and in all DBS samples from 3.39 to 30.97 μg/l.

Deming regression analysis showed a strong relationship between WB tacrolimus concentrations and DBS
tacrolimus concentrations for all analyzed blood sampling methods (n = 22; p > 0.0001; Figure 2).

In accordance with the spiked blood samples, the DBSCHEEK, DBSHEART and DBSTAIL tacrolimus concentrations
tended to be higher than the WB tacrolimus concentrations; therefore a correction factor was calculated based on the
DBS to WB tacrolimus concentration Deming regression fit slopes. DBSCHEEK had a slope of 1.02 and a y-intercept
of 1.74, DBSHEART had a slope of 1.13 and an intercept of 1.06, and DBSTAIL had a slope of 1.30 and an intercept
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Figure 2. Comparison of standard LC–MS/MS method with DBS method for measurements of tacrolimus concentrations in mouse
blood. (A) Schematic overview of blood sampling. Blood was sampled from mice treated with tacrolimus at the tail tip (1), cheek (2) and,
after sacrifice, heart (3). Tail tip, cheek and heart blood was spotted on a DBS card; heart blood was also stored as a whole blood sample
and used as a reference. (B–D) Deming regression analysis of (B) DBSCHEEK, (C) DBSHEART and (D) DBSTAIL tacrolimus concentrations versus
heart blood tacrolimus concentrations measured with LC–MS/MS. Calculated correction factor formulas were Y = 1.02*X + 1.74 for
DBSCHEEK, Y = 1.13*X + 1.06 for DBSHEART and Y = 1.30*X + 0.15 for DBSTAIL.
DBS: Dried blood spot; WB: Whole blood.

of 0.15 (Figure 2). A Bland–Altman plot with the corrected DBSCHEEK values (Figure 3A) shows a very small mean
bias (0.15) and 95% limits of agreement of -4.20 and 4.50. In total, 67% of the paired concentrations showed a
difference between methods of ≤20%, thereby complying with the EMA’s predefined minimum of ≥66.67% [31].
The other assayed measurements had lower compliance; for DBSHEART 64% of the measured samples fell within
20% of the ratio identity line (Figure 3B), and for DBSTAIL this was only 54% (Figure 3C). No trends in deviations
over the concentration range were observed. Taken together, these data indicate that DBS with mouse blood drawn
via cheek puncture can be accurately used as a method to measure tacrolimus concentrations in mouse blood.

Interestingly, the DBSHEART and WBHEART method comparison of mice treated with tacrolimus has a lower
agreement than the DBSHEART and WBHEART method comparison of heart blood spiked with tacrolimus (Figures 1
& 3B). This discrepancy suggests a role for varying pharmacokinetics of tacrolimus in mice or, for example,
differences in wound exudate in the blood samples.

Conclusion
Our comparison between DBS and WB tacrolimus concentrations shows that DBS can be used to measure
tacrolimus concentrations in a small volume of mouse blood. When comparing different blood sampling techniques,
we discovered that the venous blood withdrawal by cheek puncture spotted on DBS cards gave the most reliable
results. Heart DBS demonstrated almost equal agreements between DBS and WB methods (64% compliance for
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Figure 3. Bland–Altman absolute difference plot of tacrolimus concentrations measured via whole blood versus
dried blood spots methods. Bland–Altman absolute difference plot of tacrolimus whole blood concentrations versus
dried blood spots from (A) cheek, (B) heart and (C) tail tip. Upper and lower lines represent 20 and -20% difference
from average, dotted blue line represents the bias.
DBS: Dried blood spot; WB: Whole blood.

DBSHEART compared with 67% for DBSCHEEK); however, this method is not suitable for serial blood sampling as
it can only be used as an end point blood withdrawal technique. DBSTAIL demonstrated poorer agreement between
the DBS and WB methods, making this blood withdrawal location also unsuitable for monitoring tacrolimus
blood concentrations via DBS in mice. Differences in pharmacokinetic profiling between blood sampling sites have
been observed before and have been attributed to, among others, the distribution kinetics of therapeutics in the
body [32,33]. Blood withdrawal from the tail tip also promotes leakage of wound exudate, which might account for
the lower agreement between DBS and WB methods for tail tip-derived DBS samples. For cheek DBS, 67% of
the samples scored a difference from the WB measurement within 20% of the mean, which just complies with
the EMA guidelines for method agreement. For a specific pharmacokinetic study in mice, it might be useful to
optimize the DBSCHEEK method to increase specificity, or to use the WB method if a larger sample volume can be
taken.

We argue therefore that the DBSCHEEK method can be used to obtain a solid estimate of tacrolimus blood
concentration in mouse studies. For various compounds it has been shown that hematocrit levels can influence
the extraction recovery from DBS. However, from DBS assays developed for human samples, we know that the
hematocrit effect does not exist or at least is very minimal for tacrolimus [23,34]. Especially in the hematocrit
range 0.25–0.50 l/l, there is no clinical relevance to correct for hematocrit in tacrolimus measurements. The
average hematocrit levels for mice range between 0.40 and 0.50 l/l [14]. The authors have assumed that due to
the comparable and even narrower range of hematocrit in mice, it is not necessary to correct for hematocrit in
mice. It is important to consider hematocrit effects in advance when setting up DBS for other immunosuppressive
compounds.

DBS is an advantageous method for monitoring mouse tacrolimus blood concentrations and has many benefits
over WB sampling: lower blood volumes are necessary, which allows for serial sampling during the experiment; the
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DBS cards can be easily stored for longer times at ambient temperature, offering a sustainable alternative to ultra-low
freezer storage of WB samples; and lastly, the DBS cards can be sent via post to another laboratory for analysis,
offering tacrolimus pharmacokinetic analysis to institutes that do not have the means to analyze this in house.
Furthermore, using DBSCHEEK improves animal welfare, as tacrolimus measurements are not restricted to an end
point sacrifice blood withdrawal and multiple blood samples can be taken from one mouse in a noninvasive manner.
Only a few publications containing data with mice treated with tacrolimus have actually measured tacrolimus blood
concentrations, suggesting that there is a need for an assay measuring tacrolimus blood concentrations. Our results
demonstrate that DBS of cheek blood is a useful new method for measuring tacrolimus blood concentrations in
mice.

Future perspective
Here we have developed a DBS method for the quantification of tacrolimus in mouse blood, which is useful for the
quantification of tacrolimus in animal studies. However, the interlaboratory reproducibility of this method remains
unclear. We hope that, in the future, the described method will be used as a template for DBS-based analysis of
tacrolimus in mouse blood, to improve the overall quality and interpretation of tacrolimus pharmacokinetic studies
in mice.

Summary points

• This is the first dried blood spot (DBS) bioanalytical method for determination of tacrolimus concentrations in
mouse blood.

• Out of the three tested blood sampling sites, DBS from cheek blood had the highest agreement with whole
blood samples.

• Mouse blood spiked with tacrolimus showed a high agreement between the DBS and whole blood methods for
tacrolimus determination.

• These data suggest that the variation in the measured tacrolimus concentrations between the blood sampling
sites in the same mice might be caused by pharmacokinetics or, for example, differences in wound exudate
leakage.

Financial & competing interests disclosure

H van Willigenburg is supported by a grant from the Dutch Kidney Foundation (15OP11). The authors have no other relevant

affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject

matter or materials discussed in the manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.

Ethical conduct of research

The authors state that they have obtained appropriate institutional review board approval or have followed the principles outlined

in the Declaration of Helsinki for all human or animal experimental investigations. In addition, for investigations involving human

subjects, informed consent has been obtained from the participants involved.

Open access

This work is licensed under the Creative Commons Attribution-NonCommercial 4.0 Unported License. To view a copy of this license,

visit http://creativecommons.org/licenses/by-nc-nd/4.0/

References
Papers of special note have been highlighted as: • of interest; •• of considerable interest
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