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A dried blood spot (DBS) sampling method was exploited to extract cardiovascular drugs
using a small volume of whole blood of human and rodent. Thereafter, an analytical
method using liquid chromatography with tandem mass spectrometry (LC-MS/MS) was
developed and validated for the determination of 12 cardiovascular drugs. A 6 mm internal
diameter disc containing 10 uL of blood was punched from a specifically designed card and
analyzed by LC-MS/MS using a gradient elution method with a total run time of 16 min. For
sample separation, a universal octadecyl-silica column was used with a flow rate of 0.2 mL/
min. The developed method was validated in terms of linearity, accuracy, and precision,
which showed satisfactory results. In addition, the matrix effects were closely investigated
to confirm the extraction efficiency. Additionally, the stability was tested by storing DBSs at
room temperature; the results showed that these drugs were stable for at least 30 days.
Accordingly, the proposed LC-MS/MS method is capable to analyze several cardiovascular
drugs in a single analysis. It can be applied to therapeutic drug monitoring in patients as
well as in the in vivo settings.
Copyright © 2019, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cardiovascular disease is defined as disorders related to the
heart and blood vessels, such as angina, heart attack, hy-

the leading causes of death worldwide [1—4]. There are
several types of drugs to treat cardiovascular disease, which
are classified by their mechanisms of action as follows: 1)
Angiotensin-converting enzyme inhibitors; 2) Angiotensin II
receptor blockers; 3) Beta-blockers; 4) Calcium channel

pertensive heart disease, and heart failure, and it is one of blockers; 5) Diuretics; and 6) Statins (HMG-CoA reductase
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inhibitors). These drugs function as the blood pressure
reducing or lipid-lowering agents [1,5—7]. Treatments using
these medications can reduce the risk of cardiovascular
diseases, and most patients take more than one medication
for treatment [8]. Therefore, an efficient analytical method
is needed to detect multiple classes of drugs simultaneously
in a small amount of blood in a single analysis for a stable
blood concentration monitoring or a medical emergency
handling.

Generally, therapeutic drug monitoring (TDM) is performed
through venous sampling. Previous studies have quantified
several cardiovascular drugs for TDM purposes [9—11]. Dried
blood spot (DBS) sampling is becoming popular for TDM due to
its several advantages. DBS sampling was first conducted by
Guthrie and Susi for newborn screening of phenylalanine to
detect phenylketonuria using a simple heel pricking proced-
ure [12]. DBS sampling can be performed by finger prick with a
lancet in adults. These methods have several advantages
compared to existing venous sampling methods: 1) patients
can collect the sample at home without special techniques; 2)
monitoring can be performed at any specified time; 3)
compared to normal venous sampling, the methods are less
painful and require only a small amount of blood, which
places less of a burden on the patient; 4) since the samples are
dried blood spots, there are no biohazard requirements, so the
samples can be shipped by mail in sealed packages; and 5)
sample stabilities are better for DBS than venous blood [13,14].
Due to these advantages, there are many reports using DBS
sampling for drug analysis. Various immunosuppressants,
antiretroviral drugs, antimicrobial drugs, antidiabetics, anti-
epileptics, and antidepressants have been studied [15—-22].
Additionally, DBS studies on cardiovascular drugs have been
reported, including assays to analyze the most-prescribed
drugs in the UK [2,23]. However, it is still necessary to
develop determination method of multiclass cardiovascular
drugs using DBS for clinical studies.

In this study, we developed a quantification method for the
simultaneous determination of 12 cardiovascular drugs using
DBS sampling and high-performance liquid chromatography
equipped with a triple quadrupole mass spectrometer (LC-MS/
MS). The method was validated for linearity, accuracy, preci-
sion, and matrix effects. To determine the stability of cardio-
vascular drugs, samples were stored in DBS form at room
temperature for 30 days and were compared with samples
analyzed immediately after sampling. Through this study,
multiclass of cardiovascular drugs were analyzed simulta-
neously allowing a helpful method for the monitoring of
multi-dose cardiovascular patients.

2. Materials and methods
2.1. Chemicals and materials

LC-MS grade acetonitrile, methanol, and water were pur-
chased from ].T.Baker (Milwaukee, WI, USA). Amlodipine,
atenolol, atorvastatin, digoxin, enalapril, losartan, proprano-
lol, simvastatin, and sulfameter were purchased from
Sigma—Aldrich (St. Louis, MO, USA). Fenofibrate, furosemide,
nifedipine, and valsartan were purchased from Tokyo

Chemical Industry (Tokyo, Japan). Whatman 903 blood sam-
pling cards were purchased from GE Healthcare (West-
borough, MA, USA). Human whole blood with EDTA was
purchased from Innovative Research (Novi, MI, USA), which is
a supplier of human blood samples. Experimental usage of
human blood was approved by the Institutional Review Board
of Seoul National University (IRB NO. E1605/003-003).

2.2. Preparation of standard solutions

Twelve standard stock solutions were prepared in methanol
at a concentration of 1 mg/mL. These stock solutions were
then diluted with 0.9% NaCl to simulate blood conditions.
The solution concentrations were determined depending on
the sensitivity of each standard. Solutions were diluted to
concentrations according to the calibration range. For the
internal standard (IS), lovastatin was used to calculate the
loss during the extraction process. Sulfameter was included
as an IS to control for shifts in retention time, following
previous studies by Dias et al. These standards were dis-
solved in methanol at 1 mg/mL and then further diluted to
obtain 10 pg/mL internal standards (ISs) in the extraction
solvent.

2.3. Optimization of sample extraction methods for DBS
samples

Three types of sample extraction methods (protein precipi-
tation, organic extraction, liquid-liquid extraction) were
evaluated to optimize the extraction method. Protein pre-
cipitation is a two-step extraction method. First, 50 pL of
water: methanol (9:1) was added as an aqueous solution to
extract the blood spot into the aqueous phase. Then, 250 uL
of methanol, was added to precipitate blood proteins from
the DBSs. After the centrifugation, the upper layer was used
for the analysis.

Organic extraction is a one-step extraction method that
simply adds organic solvent directly to DBS samples. Usually,
100% methanol or acetonitrile is used, but the results can be
altered by changing the proportion and volume of the organic
solvent. For the comparison of extraction methods, 300 pL of
100% methanol was added for the extraction.

The third method is liquid—liquid extraction (LLE), which is
a two-step extraction method. The aqueous buffer consists of
50 mM ammonium acetate was added to DBS to dissolve blood
samples into the aqueous phase. Next, 600 uL of hexane was
added to the aqueous samples as a water-immiscible organic
solvent. After shaking, the samples are divided into two
phases. The organic layer is transferred and analyzed for the
comparison of the extraction method.

For DBS samples, 20 pL of the standard solution was
spiked into 980 pL of human blood to obtain blood samples.
Then, 10 pL of a blood sample was spotted onto DBS card
and dried at room temperature for 3 h before the extraction
process. The extraction procedures were compared to
identify the best method. All the samples were recon-
stituted with injection solvent (water:acetonitrile, 8:2) to
compare with the consistent condition. After selecting the
extraction method, the ratio and volume of extraction sol-
vent were optimized.
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2.4. Optimized DBS extraction

A 6 mm disc was punched from the DBS cards and transferred
to a 2.0 mL microcentrifuge tube. The extraction solvent
(500 pL of acetonitrile:methanol, 1:2) was then added to the
tube. The tube was briefly vortexed and sonicated for 15 min
and then centrifuged at 16,000 g for five minutes. After
centrifugation, the supernatant was transferred to a new tube
and evaporated to dryness with nitrogen gas. The dried sam-
ple was reconstituted with 100 pL of injection solvent
(water:acetonitrile, 8:2).

2.5. LC-MS/MS analysis

The LC-MS/MS system consisted of an Agilent 1260 Infinity LC
system connected with an Agilent 6460 triple quadrupole
mass spectrometer (Agilent Technologies, Santa Clara, CA,
USA) with an electrospray ionization source. Cardiovascular
drugs were separated using a Phenomenex Gemini C18
(50 x 2.00 mm, 3 micron) column (Phenomenex, Torrance, CA,
USA). The column oven temperature was set to 30 °C, and the
sample injection volume was 5 uL. The sample was kept at
4 °C, and the injection needle was washed with water:-
acetonitrile (1:1) solution after each injection. The mobile
phases consisted of water containing 0.1% formic acid (mobile
phase A) and acetonitrile containing 0.1% formic acid (mobile
phase B) at a flow rate of 0.200 mL/min.

The mass spectrometer was operated in positive and
negative multiple reaction monitoring (MRM) mode. The
source conditions were set as follows: drying gas temperature:
300 °C; dry gas flow: 5 L/min; nebulizer: 45 psi; sheath gas
temperature: 350 °C; sheath gas flow: 11 L/min. Optimized
MRM transitions are listed in Table 1 with dwell time and cell
accelerator voltage as 100 msec and 4 V, respectively.

MassHunter Workstation Acquisition software B.07.00
(Agilent Technologies, Santa Clara, CA, USA) was used to
operate the LC/MS systems, and the data were processed
using Qualitative Analysis B.06.00 (Agilent Technologies,
Santa Clara, CA, USA).

2.6. Validation

Validation of the developed method was performed following
international guidelines [24]. Validation of the developed

method was based on selectivity, linearity, lower limit of
quantification, accuracy, precision, recovery, matrix effects,
and stability.

2.6.1. Selectivity

Selectivity was validated by analyzing blank DBS samples and
spiked drug samples. Chromatograms of blank DBSs were
compared with those of samples with LLOQ level to check for
overlapped peaks. The method was considered selective if
there were no overlapped peaks between the blank and target
compounds and the ISs.

2.6.2. Linearity and lower limit of quantification (LLOQ)
Standard solutions for linearity were prepared in three rep-
licates on three days. Calibration plots were obtained by
plotting the area of the target standards divided by the area
of the ISs versus the concentration of the target compounds
with 6 points. Linearity was evaluated based on the correla-
tion coefficient using linear regression analysis. The lower
limits of quantification (LLOQ) is the lowest concentration
from the calibration curve which was validated by evaluating
accuracy and precision with six replicates as low
concentration.

2.6.3. Accuracy and precision

For accuracy and precision, three levels of concentration were
selected. These levels were defined as low, medium, and high
concentrations and these concentrations were determined
from the calibration range.

These were prepared in six replicates for three days to
validate the intraday/interday accuracy and precision. Accu-
racy was calculated based on the relative error, and precision
was calculated based on the relative standard deviation (RSD).
The results of three concentrations were regarded as accept-
able if they were in the range of <15%, in accordance with
international recommendations.

2.6.4. Recovery

Recovery was assessed by comparing the peak area ratios of
compounds extracted from DBS samples and the peak area
from compounds spiked into blank DBS extracts. Recovery
was determined at three concentrations (low, medium, and
high), using six replicates, as performed for accuracy and
precision.

Table 1 — Optimized MS/MS condition for target compounds.

Compound Precursor ion (m/z) Product ion (m/z) Fragmentor voltage Collision energy Polarity
Amlodipine 409.1 237.8 135 3 4+
Atenolol 267.1 190.1 135 13 aF
Atorvastatin 559.6 440.2 175 17 4
Digoxin 651.3 131 160 24 aF
Enalapril 377.1 234.1 115 24 4+
Fenofibrate 361.0 233.0 115 11 =
Furosemide 329.0 284.9 110 10 +*
Losartan 423.1 207.1 105 20 A
Nifedipine 347.1 315.1 920 3 4
Propranolol 260.4 116.1 145 14 4
Simvastatin 419.2 199.1 100 9 4+
Valsartan 436.2 291.0 80 14 4
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2.6.5. Matrix effects

To estimate the suppression or enhancement effects in DBS
extracts, the matrix effects were tested. The target com-
pounds were spiked into six replicates of blank DBS extracts at
three concentrations and compared to standards that were
spiked into reconstitution solvent.

2.6.6. Stability

DBS samples were stored in sealed plastic bags for 30 days at
room temperature to determine the stability of the target
compounds in DBS form. The purpose of the stability test was
to estimate the storage time for the target compounds in the
DBS state. Stability tests were performed on six replicates at
three concentrations, and the accuracy and precision were
calculated.

2.7. The application of method in in vivo experiment

The developed method was applied to quantify cardiovascular
drugs in rat blood to confirm the applicability. Twelve drugs
were administered to four different male Sprague Dawley rats,
each with three different drugs. Rats were anesthetized under
zoletil and cannulated with polyethylene tube into the
femoral artery and vein. Cardiovascular drugs were dissolved
in 30% DMSO and were administered into the femoral vein ata
dose of 1 mg/kg with a volume of 500 pL. After 5 min, blood
was collected and applied to the sample collection card to
make DBS. Obtained blood spots were analyzed by the
developed method and the drug concentration in rat whole
blood was calculated. Animal studies were approved by the
Animal Care and Use Committee of the College of Pharmacy,
Seoul National University (approval number: SNU-170315-6).

3. Results and discussions
3.1. LC and MS conditions

The gradient conditions for LC analysis were optimized to
effectively separate 12 drugs. The gradient started at 4% B,
gradually increased to 98% B over 10 min, and held for 2 min.
The gradient was returned to 4% B for 4 min for column re-
equilibration. The fragmentor voltage, collision energy, and
cell accelerator voltage were optimized by direct injection into
the MS detector; the optimized parameters are listed in Table
1.

3.2. Extraction procedure optimization

To obtain the best extraction efficiencies, the extraction
method, extraction solvent ratio, and volume were optimized.
First, the extraction method was optimized. There are various
possible sample extraction methods for DBS [25—-27]. We
tested three representative methods for DBS extraction,
namely, protein precipitation, organic extraction, and
liquid—liquid extraction.

These three extraction methods were used to compare the
extraction efficiency of the target compounds (Fig. 1A). Most of
the compounds showed good efficiency in the organic
extraction method compared to the other methods. Protein

precipitation resulted in lower intensities than those of
organic extraction. In the case of LLE, only some of the com-
pounds could be detected. LLE uses an aqueous buffer, and the
extraction efficiency can be affected by the pKa of the com-
pounds. This makes it difficult to simultaneously extract
multiple types of compounds using LLE. Therefore, organic
extraction was selected as the extraction method. The next
step was to determine the ratio and volume of the organic
solvents. By adjusting the ratio of acetonitrile and methanol,
the optimal composition of the organic solvent was deter-
mined (Fig. 1B). The solvent ratio of acetonitrile: methanol
(1:2) produced the largest peak area. The volume was then
optimized (Fig. 1C). Solvent volumes of 500 and 1000 uL pro-
duced similar peak areas, but the higher solvent volume could
extract more blood constituents, which may result in matrix
effects. Therefore, 500 puL was selected as the optimal solvent
volume. As a result, 500 pL of acetonitrile:methanol (1:2) was
selected for the extraction solvent, and validation was per-
formed for the optimized method.

3.3. Method validation

3.3.1. Selectivity

Selectivity was determined by comparing the chromatograms
of blank DBS samples with those of the target compounds at
LLOQ to check whether there were overlapped peaks (Fig. 2).
This method demonstrated good selectivity since there were
no interference peaks at the retention times of the twelve
compounds in the blank DBS samples.

3.3.2. Linearity and lower limit of quantification (LLOQ)

The linearity of twelve cardiovascular drugs was determined
by drawing calibration plots using six points. The area of the
target compound/area of IS was plotted against the concen-
tration of the target compound, and linear regression was
performed. The results are presented in Table 2. All drugs
showed good linearity since every compound had an R? value
greater than 0.99. The LLOQ was used as the lowest calibration
standard, as presented in Table 2.

3.3.3.  Accuracy and precision

Accuracy and precision were determined using intraday/
interday tests with six replicates at three concentrations. Low,
medium, and high concentrations of each analyte were set as
specific percentages of the calibration range. The accuracy
was defined as the relative error, and precision was expressed
as the RSD. Some results at low concentration exceeded lim-
itation values, but most of the compounds were in the
acceptable range of 15%, as recommended by international
guidelines [24].

3.3.4. Recovery

Recovery was performed to check the extraction efficiency of
the developed method. Samples prepared by the whole
extraction process were compared with samples spiked
directly into the injection solvent. The same low, medium,
and high concentrations were used as in the accuracy test,
and the overall results ranged from 85 to 106%. These results
indicate that the whole extraction process is acceptable in the
calibration range.
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Table 2 — Linearity, precision and accuracy for 12 compounds.

Compound Calibration curve range (ng/mkL) R? Precision (RSD %) Accuracy (Error %)
Intraday Interday Intraday Interday
Amlodipine 15-7500 0.999 2.5-8.1 6.2-9.5 4.7-28.1 4.1-23.1
Atenolol 25—12500 0.999 4.3-5.9 7.8-9.1 6.0—13.2 1.2-17.8
Atorvastatin 1-500 0.991 2.2-6.3 3.7-13.1 8.7-18.3 5.1-15.3
Digoxin 10-5000 0.996 2.2-59 5.9-8.8 5.6-13.4 7.5-8.6
Enalapril 0.5—-250 0.993 1.3-6.7 5.8-8.5 1.0-6.9 5.2-6.2
Fenofibrate 15-7500 0.992 1.1-9.7 10.2-13.0 8.5-15.7 57-12.1
Furosemide 100—-50000 0.998 2.2-5.2 4.2-7.9 0.7-13.1 4.9-12.1
Losartan 1-500 0.996 2.0-5.0 4.5-9.2 7.3-17.1 4.6-12.4
Nifedipine 25-12500 0.998 2.7-4.7 6.8—7.7 1.2-9.5 6.3—7.6
Propranolol 1-500 0.996 5.4-9.0 6.7—9.2 1.8—4.3 2.5-6.1
Simvastatin 25-12500 0.992 3.9-6.9 4.7-6.9 2.5-9.5 52-74
Valsartan 5-2500 0.995 3.4-49 4.7-8.9 3.7-54 5.2-6.0
3.3.5. Matrix effects suppression matrix effects. According to these results, the
To check the matrix effects of the DBS extracts, we compared blood matrix and DBS paper did not affect the extraction
standards spiked into blank DBS extracts and the injection process and ionization via MS. The matrix had a relatively
solvent. The results are shown in Table 3; there were no high suppression effect at the medium level of amlodipine

compounds showing significant (<10%) enhancement or and propranolol. To analyze these compounds, adding mobile
phase additives could improve the analysis sensitivity. This

Table 3 — Validation results of recovery and matrix
effects. Table 4 — Stability of DBS after 30 days of storage.

Compound Nominal Recovery Matrix effect% Compound Nominal Precision Accuracy
conc. (ng/mlL) (%) conc. (ng/mL) (RSD %) (Error %)
Amlodipine 15 102.69 2.32 Amlodipine 15 10.26 90.57
150 100.75 -8.53 150 3.35 89.84
1500 92.08 3.11 1500 1.92 88.29
Atenolol 25 95.96 5.81 Atenolol 25 6.61 88.42
250 103.29 —3.46 250 3.11 97.69
2500 104.72 4.54 2500 1.92 88.29
Atorvastatin 1 106.50 1.68 Atorvastatin 1 12.49 92.55
10 103.46 3.39 10 5.33 89.98
100 99.42 2.66 100 4.88 102.16
Digoxin 10 98.08 0.78 Digoxin 10 16.41 91.28
100 97.61 571 100 2.44 95.73
1000 91.04 0.58 1000 5.27 97.63
Enalapril 0.5 106.54 0.41 Enalapril 0.5 14.43 93.24
5 90.07 —0.85 5 1.02 102.53
50 96.13 3.20 50 4.94 97.07
Fenofibrate 15 103.49 1.16 Fenofibrate 15 3.47 97.54
150 103.03 —4.35 150 6.09 104.70
1500 100.54 —4.33 1500 3.65 98.65
Furosemide 100 85.63 6.47 Furosemide 100 2.33 97.25
1000 98.92 2.31 1000 2.12 106.16
10000 92.01 —2.62 10000 3.32 95.46
Losartan 10 104.38 2.75 Losartan 10 5.76 88.07
100 97.56 —1.43 100 3.48 99.34
1000 92.45 7.13 1000 6.88 91.38
Nifedipine 25 88.91 2.83 Nifedipine 25 5.00 97.34
250 94.19 3.90 250 5.57 98.34
2500 87.99 1.26 2500 2.53 102.62
Propranolol 1 93.68 3.16 Propranolol 1 6.48 101.43
10 91.56 —7.05 10 2.35 101.52
100 92.99 -3.21 100 5.97 92.96
Simvastatin 25 102.17 3.18 Simvastatin 25 5.83 94.49
250 102.36 -0.84 250 10.32 92.82
2500 90.44 1.61 2500 5.83 94.49
Valsartan 50 87.20 2.04 Valsartan 50 10.51 92.23
500 91.54 -1.99 500 4.31 99.71

5000 85.46 4.23 5000 4.59 101.43
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Table 5 — Level of cardiovascular drugs in rat whole blood
(n =3).

Compound Rat blood concentration (ng/mL)
Amlodipine 2494 + 6.73
Atenolol <LOQ
Atorvastatin 41.94 + 4.04
Digoxin <LOQ
Enalapril 7.67 + 0.64
Fenofibrate 28.40 +6.10
Furosemide <L0Q
Losartan 73.39 +7.95
Nifedipine <LOQ
Propranolol 1.52 + 0.29
Simvastatin 89.57 + 3.26
Valsartan 13.06 + 0.87

factor should be considered when analyzing these com-
pounds alone.

3.3.6. Stability

Twelve cardiovascular drugs were spiked into DBS and stored
at room temperature for 30 days to check the stability of the
drugs. The precision result at low concentration was relatively
higher than those at other concentrations, but all the results
were acceptable. These results indicate that all tested car-
diovascular drugs are stable for at least 30 days in DBSs stored
at room temperature, which can be considered when creating
blood sampling plans for cardiovascular patients staying at
home (Table 4).

3.4. The application of the method in in vivo experiment

Since in vivo model is an important model for drug metabolism
monitoring, we hypothesized that our developed method for
human blood could also be used with the whole blood samples
from the rat. To this end, the developed method was applied
to analyze whole blood samples collected from rats adminis-
tered with 12 cardiovascular drugs. Twelve drugs were divided
into four groups, each containing three drugs, and the divided
groups were administered to rat separately by intravenous
injection. The results showed that all of the target drugs in rat
blood were detected and eight drugs were able to be quantified
by the developed method (Table 5). With these result, it can be
confirmed that the developed method can be successfully
applied to quantify the concentration of cardiovascular drugs
in the blood not only for the purpose of clinical studies but
also be suitable in the in vivo experiments.

4, Conclusion

In this study, a rapid LC-MS method was developed for the
determination of several classes of cardiovascular drugin DBS
samples. The method was validated in terms of selectivity,
linearity, precision, and accuracy. The DBS sampling method
showed minimal matrix effects. The stability of cardiovascu-
lar drugs in DBS samples was evaluated after storage for 30
days at room temperature, and these drugs showed good
stability in dried blood spots. Applicability of this method was

confirmed by administering drugs to rats. The simplicity is the
advantages of DBS sampling method and therefore blood from
the patient can be collected without the restriction of site and
time. It will help to perform therapeutic drug monitoring of
cardiovascular drugs in a more convenient way and this will
improve the process of cardiovascular treatment.
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