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Abstract: This work aimed at developing and validating a rapid, sensitive, and robust method of
liquid chromatography with high-resolution mass spectrometry (LC–HRMS) in parallel reaction
monitoring (PRM) mode for apixaban quantification in dried plasma spots (DPSs) with a simple
extraction procedure. A 25 µL sample of human plasma was placed onto Whatman 903 Protein Saver
Cards and allowed to dry; 3.2 mm diameter disks were cut out from DPSs using a puncher, and
100 µL of a working internal standard solution was added to each sample. After this, they were
vortexed on a shaker for 15 min at 800 rpm and 40 ◦C and quick centrifugation (10,000× g, 10 s), and
then the extracts were transferred into a 300 µL vial for LC–HRMS. Data were acquired in PRM mode
via detection of all target product ions with 10 ppm tolerance. Total analysis time was 5 min. The
LC–HRMS method was validated for the 10–400 ng/mL range with R2 > 0.99. Within this range,
intra- and interday variability of precision and accuracy was <10%, and recovery was 69.7–85.1%.
Apixaban was stable after brief storage at room temperature, and at 4 ◦C for up to a month. The
method development and validation results proved that this LC–HRMS assay of apixaban in DPSs is
selective and robust.

Keywords: dried plasma spot; DPS; dried blood spot; apixaban; high-resolution mass spectrometry;
LC–HRMS; parallel reaction monitoring

1. Introduction

Apixaban is a new-generation oral anticoagulant drug [1]. It is used to prevent
ischemic stroke and venous thromboembolism in patients with nonvalvular atrial fibrilla-
tion [2,3]. Apixaban is a direct inhibitor of the active site of factor Xa with high selectivity
vis-à-vis other coagulation proteases and structurally linked enzymes involved in fibrinoly-
sis and digestion [4]. Apixaban has no direct effect on platelet congestion but indirectly
inhibits platelet congestion caused by thrombin. By inhibiting factor Xa, apixaban pre-
vents thrombin formation and thrombus growth [5]. Apixaban is also a substrate for
P-glycoprotein and may engage in drug interactions [6]. How this drug can be optimally
used in specific clinical situations is not clear [7]. Identification of its therapeutic range
where bleeding and thrombosis are minimized is important for general and personalized
treatments. An effective and efficient assay of apixaban may help to control the concentra-
tion of this drug, especially in rare cases of clinically significant drug interactions or in other
special situations [8]. Human plasma is the most commonly used biological fluid for drug
assays, and several methods have been developed for apixaban quantitation in human
plasma by tandem mass spectrometry with liquid chromatography (LC–MS/MS) [6,9–15].

Dried blood spots enable minimally invasive sampling, for example, via a finger
or heel prick, with a smaller sample volume (as a rule <100 µL for 3–4 spots) [16,17].
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These methods have a number of advantages over existing techniques of venous blood
sampling—patients can collect samples at home without special training; monitoring can
be implemented at any time; because the samples are spots of dried blood, there are no
biosafety requirements, and thus the samples can even be mailed in sealed packages to
a designated laboratory, thereby minimizing costs; and sample stability is higher for a
dried blood spot than for venous blood [18,19]. Nonetheless, patients often fail to collect
blood samples correctly, resulting in incorrect processing of data in 19% of cases [20].
The proportion of unsatisfactory samples can reach 30% [20,21]; therefore, sampling in
laboratory settings is preferable. During the processing of the sample, a fixed area of
the spot is usually cut out for extraction and analysis. This approach is based on the
assumption that blood initially spreads evenly on filter paper and yields a constant spot
area for a given sample volume. The most important parameter influencing the accuracy
of this approach is blood hematocrit, which affects blood viscosity, thereby causing size
variation of dried blood spots for a given volume [16]. To eliminate the potential hematocrit
effect in our work, we used dried plasma spots (DPSs). On the other hand, the limited
amount of a sample increases the difficulty with quantifying analytes on DPS cards, and
therefore LC–MS/MS is often employed to analyze drug concentrations in DPSs, owing to
high sensitivity, selectivity, and flexibility [17,18,22].

Several instrumental approaches are applied to substance quantification depending
on the mass spectrometer in question [23,24]. Triple-quadrupole mass spectrometers allow
for detection of a precursor ion of a whole molecule as well as product ions of molecular
fragments in multiple reaction monitoring (MRM) mode, also known as selected reaction
monitoring mode [25,26]. Transitions “whole molecule → fragment” can also help to
determine or confirm the structure of a molecule. The transition with the highest intensity
is used for the quantitation, while others, usually one or two, for additional confirmation
of the analyzed substance. The advantage of high-resolution mass spectrometry (HRMS) is
the detection of analytes by means of accurate mass, with a measurement error of 10 ppm or
less. Therefore, HRMS can be utilized for different assays in many fields, e.g., Yan et al. [27]
proposed the use of HRMS for the quantification of xenobiotics in biological samples,
whereas Ponzetto et al. [28] employed ultra-high-performance liquid chromatography
(UHPLC)–HRMS for steroid profiling in serum. An enhancement of HRMS allowed us
to include a method of parallel reaction monitoring (PRM) [29], primarily developed for
targeted proteomics [30,31]. In PRM mode, all target product ions are detected during one
mass analysis, thus allowing a “fingerprint” of a studied substance at high resolution to be
obtained. The benefit of PRM is the ability to summarize signals from different fragments
to increase the intensity of the resulting peak. This ability is important when researchers
work with low concentrations of substances and small amounts of samples, as is the case for
DPSs. To date, investigators have used LC−MS/MS to measure apixaban concentrations in
dried blood spots in only three studies, and all of them utilized MRM [8,16,32]. Therefore,
the purpose of the present study was to develop and validate a rapid and robust liquid
chromatography with high-resolution mass spectrometry (LC–HRMS) assay in PRM mode
for apixaban quantification in DPSs with a simple extraction procedure.

2. Materials and Methods
2.1. Materials

Apixaban (98% purity) and edoxaban (97% purity) were acquired from AChemBlock,
Inc. (Burlingame, CA, USA). Their structures are shown in Figure 1. Acetonitrile (ACN) and
methanol (MeOH) of LC–MS-grade were purchased from AppliChem Panreac (Barcelona,
Spain), whereas formic acid (FA) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Water for the assay was produced by means of a Milli-Q system from Millipore Corp.
(Bedford, MA, USA). Whatman 903 Protein Saver Cards were purchased from Bio-Sciences
Corp. (Westborough, MA, USA). Human plasma was obtained from healthy volunteers
with approval by the Human Ethics Committee of the Institute of Chemical Biology and
Fundamental Medicine.
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maximum ion injection time of 100 ms. Each target was monitored with an isolation 
window of m/z 4. The inclusion list consisted of 2 lines with the following settings: m/z 
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m/z 548.1841 (less than 1 ppm error relative to theoretical mass with NCE 30 eV) for 
edoxaban, serving as an internal standard (IS). Customized tolerance for both com-
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2.2. Mass Spectrometry

The LC–HRMS system consisted of a DIONEX UltiMate 3000 chromatograph (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) coupled to a Q Exactive HF Orbitrap mass
spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The analysis was per-
formed on a ProntoSil-120-3-C18 (2 × 75 mm, 3 µm) analytical column (EcoNova, Russia)
at 25 ◦C, and sample injection volume was 5 µL. Total run time of the analysis was 5 min.
The mobile phase consisted of water (eluent A) and of MeOH (eluent B), both containing
0.1% of FA. Initial eluent composition was 5% B and increased to 55% by the end of minute
2, further increased to 95% from minute 2 second 40 to minute 4 second 50 at a flow rate of
200 µL/min, next to 97% from minute 4 second 50 to minute 4 second 51, and then returned
to 5% at a flow rate of 300 µL/min. Data acquisition and quantification were performed in
Xcalibur 4.2.47 software (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

The optimal MS parameters were as follows: spray voltage of 4200 V; sheath and
auxiliary gas pressure of 9 and 0 arbitrary units, respectively; and capillary temperature
of 320 ◦C. The analytes were detected in PRM mode as positively charged ions. General
parameters of PRM were set as follows: in-source collision-induced dissociation (CID),
0.0 eV; polarity, positive; default charge, 2; and dynamic RT and inclusion, “on.” Full
MS/MS scans were acquired with an automatic gain control (AGC) target value of 2E5,
resolution of 30,000, normalized collision energies (NCE) of 35 eV, and a maximum ion
injection time of 100 ms. Each target was monitored with an isolation window of m/z 4. The
inclusion list consisted of 2 lines with the following settings: m/z 460.1975 (≈1 ppm error
relative to theoretical mass) with NCE 40 eV for apixaban and m/z 548.1841 (less than 1 ppm
error relative to theoretical mass with NCE 30 eV) for edoxaban, serving as an internal
standard (IS). Customized tolerance for both compounds was 10 ppm. Several fragment
ion m/z values were selected for detection and quantification: 199.0856 and 461.1795 for
apixaban and 152.1063, 276.1150, 349.1669, and 366.1937 for the IS.

2.3. Experimental Procedures
2.3.1. Preparation of Calibration Standards and Validation Samples

To prepare a stock solution, we dissolved several milligrams of apixaban in 1 mL
of MeOH, followed by dilution to 1 mg/mL. Working solutions were made up by serial
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dilution of the stock solution in MeOH to the following concentrations: 4000, 3500, 3000,
2500, 2000, 1500, 1000, 500, 250, 400, and 100 ng/mL. The calibration standards of apixaban
were prepared by 10-fold dilution of the respective working solutions in human plasma in
1.5 mL Eppendorf tubes to attain final concentrations of 400, 350, 300, 250, 200, 150, 100, 50,
25, and 10 ng/mL.

A stock solution of the IS (1 mg/mL) was prepared by dissolving 8 mg of the drug in
800 µL of a solution of can/0.1% aqueous FA (50:50, v/v). The IS working solution had the
final drug concentration of 2.5 ng/mL in can/H2O (90:10, v/v). The stock solutions were
kept at −22 ◦C, and the working solutions were prepared immediately before use.

By 10-fold dilution of the respective working solutions of apixaban in human plasma,
we prepared quality control (QC) solutions at 3 concentrations: 350, 200, and 40 ng/mL (or
30 ng/mL for stability tests). Solutions of QCs were also prepared in MeOH to measure
the recovery of apixaban.

2.3.2. Sample Preparation and Extraction Procedures

To prepare plasma spots, we gently applied 25 µL of each plasma sample to Whatman
903 cards in the center of the preprinted circle, which were allowed to dry for at least
3 h at room temperature, protected from light and moisture. After this, 3.2 mm diameter
disks were cut out from the DPSs using a puncher and placed into 1.5 mL Eppendorf
tubes, and 100 µL of the working IS solution was added onto each disk. These samples
were incubated on a TS-100C shaker (BioSan, Latvia) at 800 rpm for 15 min at 40 ◦C. After
centrifugation for 10 s at 10,000× g, the extracts were transferred into a 300 µL vial for
subsequent LC–HRMS analysis.

The preparation and extraction of spots for the measurement of apixaban recovery
were different from the standard procedures. In this case, 5 µL of plasma-containing QC
solutions was spotted onto Whatman 903 cards. The whole spot was punched out into
1.5 mL Eppendorf tubes and extracted with 200 µL of the working IS solution. The other
steps of extraction were carried out as described above.

To evaluate the matrix effect, we spotted 5 µL of pure plasma onto Whatman 903 cards,
punched whole spots out into 1.5 mL Eppendorf tubes, and added 200 µL of the working
IS solution; then, the procedure was continued as described above.

2.4. Assay Validation
2.4.1. Linearity

The linearity of the newly developed method was evaluated by construction of a
calibration curve with 11 concentrations (400, 350, 300, 250, 200, 150, 100, 50, 25, and
10 ng/mL), performed in 4 biological and 2 technical replicates each. Finally, a plot of the
peak area ratio (apixaban/IS) against analyte concentration was built.

2.4.2. Accuracy

The bias and precision of the newly developed method were determined by the
analysis of DPS samples at 3 analyte levels: low (LQC), medium (MQC), and high (HQC)
quality control levels (40, 200, and 350 ng/mL, respectively). Intraday bias and precision
were calculated during a single day using 12 replicates at each concentration. Interday bias
and precision were computed from 6 replicates at each concentration for 3 consecutive
days.

2.4.3. Recovery and the Matrix Effect

To measure analyte recovery and the matrix effect, we employed apixaban at each
concentration in equal amounts (5 µL) to prepare a MeOH solution and DPS.

To determine extraction procedure efficiency, we analyzed 3 quality control levels
(LQC, MQC, and HQC) in 6 biological replicates with 2 technical replicates each. For
recovery evaluation, results obtained from the extraction of fully cut out spots of 5 µL
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plasma were compared with those of standard solutions in MeOH, which represented the
absolute recovery.

To quantify the matrix effect, we spiked the extracts of fully cut out spots from 5 µL of
pure plasma with 5 µL of apixaban at each concentration. The obtained peak areas were
compared with standard solutions in MeOH, which represented the absolute recovery.

2.4.4. Stability

A series of DPSs was prepared with apixaban at 30, 200, and 350 ng/mL, and the
samples were divided into 2 parts. One part was stored at room temperature in a postal
envelope for a bench top stability test, and the other was kept in an identical envelope at
4 ◦C for a refrigeration stability test. The samples were extracted and analyzed on days 7,
21, and 35, as described above. To assess short-term stability, we left the extracted samples
in the autosampler at 4 ◦C and analyzed them after 5, 24, and 48 h.

3. Results
3.1. The HRMS Method

The PRM mode was chosen to assay apixaban by the HRMS technique. The exact
masses of apixaban and IS were added to the inclusion list with an accuracy of 10 ppm for
this purpose. During the assay, molecules of the specified masses were fragmented with
subsequent detection of all product ions. In this way, both the parent ions and fragment
ions were simultaneously detected with the given accuracy. The use of several product
ions in PRM mode for quantitation allowed both for the determination of the structure of
the analyzed molecules and the summing up of the peak areas to increase the signal. For
the quantitation of apixaban, m/z 461.1795 and 199.0856 were selected [2,33,34]. The former
can be formed by hydrolysis, affording a carboxylate derivative, whereas the latter may
be produced from the former through a loss of H2O, of a 216 Da moiety, and of CO [34].
The situation is unusual with the first product ion when its mass (461.1795) is greater than
precursor ion mass (460.1975). The mass of this product ion increases as a result of the
loss of NH3 and attachment of H2O [34]. For the IS, several fragments were chosen: m/z
152.1063, 276.1150, 349.1669, and 366.1937 [33]. The mass spectra and chemical structures
of apixaban and IS are presented in Figures 2 and 3.
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Figure 3. The mass spectrum of the internal standard (IS) registered in PRM mode. Masses of the
fragment ions of the IS used in the work are pointed out and are boldfaced.

3.2. The Extraction Procedure

To extract apixaban from blood plasma, one can use different solvents: MeOH [2,6],
ethyl acetate:methyl tertiary butyl ether (70:30, v/v) with preprocessing in orthophosphoric
acid/FA (v/v at 1:1) [5], ACN [12], or ACN:H2O (v/v at 50:50) [13]. For extraction from
dry blood spots, researchers have also used several solvents: MeOH/H2O (v/v at 100:1
and 70:30), ACN/H2O (v/v at 100:1 and 70:30), and ACN/0.1% aqueous FA (70:30, v/v) [8];
ethyl acetate/hexane (v/v at 70:30) [16]; and MeOH/H2O (v/v at 95:5) [32]. In our previous
work [35], the optimal parameters for apixaban extraction from DPSs were found: incu-
bation time 15 min, temperature 40 ◦C, volume and type of solvent 100 µL of ACN/H2O
(90:10, v/v). Therefore, these parameters were selected for apixaban extraction during the
method validation in the present work.

3.3. Linearity

The linearity of the newly developed assay was evaluated by means of a standard cali-
bration curve with 11 concentrations analyzed in 4 biological and 2 technical replicates. A
plot of the peak area ratio against analyte concentration was constructed. These calibration
standards met the specified acceptance criteria (±15%, except for the lowest concentration,
where the tolerance should be ±20% of the nominal value), while the linearity was excel-
lent: y = 0.0894 + 0.0397x, with coefficient of determination (R2) of 0.9936 for the studied
range from 10 to 400 ng/mL. Weighting coefficient 1/x was chosen as the most suitable.

Representative chromatograms of a blank DPS, of a DPS at the limit of quantitation
(LOQ), and of the IS are shown in Figure 4.

3.4. Accuracy

To assess intraday and interday accuracy and precision, we employed three QC levels
(40, 200, and 350 ng/mL). Interday accuracy and precision were determined by repeated
analyses performed on three consecutive days. The precision within and between days was
calculated as percent relative standard deviation (% RSD), while accuracy was calculated
as % bias. The results were within the predicted range for both inter- and intraday analysis;
accuracy and precision were less than 10% at all data points, as illustrated in Table 1.
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Figure 4. Liquid chromatography with high-resolution mass spectrometry (LC–HRMS) chro-
matograms of (a) a blank dried plasma spots (DPS), (b) the limit of quantitation (LOQ) of apixaban
(10 ng/mL), and (c) the IS (2.5 ng/mL) with the corresponding retention time (RT) and signal-to-noise
ratio (S/N).
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Table 1. Intraday and interday accuracy and precision.

Concentration, ng/mL
Interday (n = 18) Intraday (n = 12)

% bias % RSD % bias % RSD

40 5.0 9.6 6.1 3.0

200 3.4 5.9 5.7 5.2

350 8.3 4.4 7.1 3.9

3.5. Recovery and the Matrix Effect

The extraction recovery and matrix effect for apixaban ranged from 69.7% to 85.1% and
from 89.3% to 102.2%, respectively. Process efficiency was satisfactory and reproducible
across the concentration range (Table 2).

Table 2. Extraction recovery and the matrix effect.

Concentration, ng/mL Recovery, % Matrix Effect, % Efficiency, %

40 69.7 99.3 69.2

200 73.5 89.3 65.6

350 85.1 102.2 87.0

3.6. Stability

Short-term stability was estimated via a comparison of extraction solutions obtained
from freshly prepared, apixaban-containing DPSs kept in the autosampler at 4 ◦C for 5, 24,
and 48 h. As shown in Table 3, the samples were stable for at least 48 h. To investigate long-
term stability, we kept apixaban-containing DPSs at room temperature and in a refrigerator
at 4 ◦C for 7, 21, and 35 days, and then compared them with fresh DPSs. The data in Table 4
indicate that the DPS samples were stable during this storage period, except for the high
concentration at the last time point (35 days). When stored in the refrigerator, the lower
concentration yielded an overestimate. This was probably due to heightened humidity.

Table 3. Stability of apixaban in the autosampler.

Concentration, ng/mL
0 h 5 h 24 h 48 h

% bias % RSD % bias % RSD % bias % RSD % bias % RSD

30 11.0 13.2 3.2 10.5 10.9 15.4 11.8 17.2

200 −2.6 6.6 −1.8 7.4 −2.0 7.9 −5.9 6.7

350 10.1 8.6 6.8 12.7 7.1 9.8 8.3 8.8

Table 4. Stability of apixaban in DPSs at 4 and 20 ◦C.

Concentration, ng/mL
1 day 7 days 21 days 35 days

% bias % RSD % bias % RSD % bias % RSD % bias % RSD

20 ◦C

30 −5.5 4.6 9.6 13.0 3.6 9.6 −6.2 24.1

200 −7.0 4.9 −6.7 5.9 −5.2 10.8 −11.3 5.7

350 −7.3 8.3 −11.3 11.0 −8.8 7.3 −34.4 8.5

4 ◦C

30 −5.5 4.6 −62.4 20.1 −53.3 17.0 −29.6 13.5

200 −7.0 4.9 −16.1 3.8 −10.4 6.7 −16.6 12.9

350 −7.3 8.3 3.9 9.4 10.9 10.9 −3.1 2.3
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4. Discussion

This work describes the validation of an assay of apixaban in DPSs by the PRM method.
To the best of our knowledge, the development of methods for apixaban measurement in
dried blood spots has been described only in three articles [8,16,32], and in all cases, the
analysis was carried out in MRM mode. The PRM technique is associated with HRMS and
yields accurate masses of both whole-molecule ions and fragments. This feature enables
more accurate quantitation of analytes. Increasing the sensitivity of the PRM method
through the addition of signals from different fragments allows this technique to compete
with MRM. Nevertheless, this approach also requires efficient extraction of the analyte
from samples because a disk corresponding to a very small volume of plasma or blood is
taken from the dried spot for the assay. In this study, extraction was performed in one step
using 100 µL of ACN/H2O (90:10, v/v) and 15 min incubation at 40 ◦C, thereby permitting
validation of the method in the range of 10–400 ng/mL.

In another work [16], in order to achieve calibration in the range 0.5–500 ng/mL,
the authors applied liquid–liquid extraction with ethyl acetate/hexane (70:30, v/v). High
sensitivity in that work was achieved by a more complicated extraction technique with
the highly volatile solvent ethyl acetate as well as sample evaporation and reconstitu-
tion steps [16]. In other studies, reversed-phase solid-phase extraction was performed
with MeOH/H2O (v/v at 95:5) [32] or ACN/0.1% FA (v/v at 70:30) [8], and also included
sample evaporation and reconstitution steps. Thus, in the current work, the simplest
(only 15 min) extraction was used as compared to extraction lasting at least 30–40 min [8],
≈1 h [32], or more than 1 h [16]. Although the LOQ was the same as that in the present
work (10–800 ng/mL) [8] or below (2.5–750 ng/mL) [32], those authors used disks with a
diameter of 6.2 mm [8,16], thus utilizing almost fourfold more of the analyte for their assay
as compared to the present study.

HRMS was applied by Gous et al. for apixaban detection in human plasma [11].
The method was validated in the range 1–500 ng/mL in full-scan mode with single data-
dependent fragmentation (MS2) scans. To compare sensitivity between our method and
the assay described in [11], one should calculate the amount of the analyte used for the
determination of the LOQ. Gous et al. analyzed 100 µL of human plasma and used a 100 µL
aliquot (one-third volume of the supernatant). Therefore, the 100 µL of human plasma at
1 ng/mL drug concentration gives 0.1 ng of apixaban. Accordingly, using one-third volume
of the supernatant for the aliquot, Gous et al. employed 33 pg of the drug to determine
the LOQ.

In the current project, a 3.2 mm disk was used, corresponding to 1.7 µL of plasma [36],
and only 5 µL (1/20 volume of the supernatant) was subjected to MS. Consequently, 1.7 µL
of human plasma with 10 ng/mL drug gave 0.017 ng (17 pg) of apixaban; this amount is
already less than the apixaban amount taken for the analysis by Gous et al. By using the
5 µL aliquot (1/20 volume of the supernatant), we decreased the analyte amount (by 20-fold
down to 0.85 pg) that was employed to determine the LOQ. Accordingly, the proposed
method allows for quantification of small amounts of apixaban in DPSs using HRMS in
PRM mode.

To evaluate the possible practical application of the proposed method, we reviewed
the literature, finding that it has been reported that blood concentration of apixaban varies
in the range from ≈10 to 300 ng/mL among patients undergoing treatment (n = 115) [8].
The blood concentration of apixaban decreases to 6–7 ng/mL by 24 h after oral administra-
tion [16]. Therefore, the LOQ of 10 ng/mL is suitable for at least in clinical or pharmacoki-
netic studies. If necessary, an LOQ less than 10 ng/mL may be achieved through a minor
modification of the proposed method, for example, by using a 6.2 mm disk.

5. Conclusions

We describe the development and full validation of an accurate and sensitive HRMS
assay of apixaban in human DPSs in PRM mode. Accuracy and precision are within 15%
in the 10–400 ng/mL concentration range. The stability of apixaban in DPSs at room
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temperature was found to be at least 21 days, which should facilitate sample storage and
transportation. This method should be convenient for preclinical or clinical pharmacoki-
netic studies.
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