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ABSTRACT

Objectives: There is no analytical method for simultaneous monitoring of warfarin and novel direct oral
anticoagulants (NOACs) in human urine samples in a single run in the clinics. Although several studies
have reported their measurements in human blood samples, but its sample collection is more invasive
and time-consuming, thereby challenging to monitor frequently.
Methods: In this work, we developed a fast microextraction technique (ultrasound-assisted salt-induced
liquid-liquid microextraction, USA-SI-LLME) coupled with high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) to rapidly quantify four commonly used NOACs drugs (apix-
aban, dabigatran, edoxaban, and rivaroxaban) and warfarin in human urine samples. USA-SI-LLME con-
ditions were optimized using a water-miscible organic solvent as an extraction solvent, high salt
concentrations, sample pH, and extraction time (~5.5 min).
Results and conclusions: The analytical method showed excellent linearities from 0.5 to 500 pg/L for apix-
aban, edoxaban, rivaroxaban, warfarin, and 1 ~ 500 pg/L for dabigatran. Intra- and inter-day precision
values were <9.31% and R? > 0.99 for all analytes. Limits of detection ranged between 0.07 ~ 0.18 pg/L
, and relative recoveries ranged between 92.18 and 110.15%. This method was successfully applied to
analyze 15 one-spot urine samples from 15 clinical patients who regularly took warfarin or NOACs,
and high accuracy was found. We concluded that this method could be used as a non-invasive high-
throughput and rapid monitoring of NOACs and warfarin in human urine in clinical settings and could
provide timely analysis during emergency care.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Novel direct oral anticoagulants (NOACs) have gradually
replaced the conventional vitamin K antagonists (VKAs) such as
warfarin for the prevention of atrial fibrillation (AF)-associated
stroke and systematic venous thromboembolism (VTE) because
they have relatively predictable pharmacokinetic profiles and they
have faster action onset times and elimination rates (Baglin, 2013).
Although the NOACs currently approved for use in Taiwan (apixa-
ban, dabigatran etexilate, edoxaban, and rivaroxaban) can be
administered at fixed doses with usually no need for routine mon-
itoring, pharmacokinetics studies and large clinical trials have
reported them to vary widely in blood concentrations from one
person to another, suggesting differences in clearance and metabo-
lism rates. Because anticoagulant levels are not usually regularly or
routinely monitored in these patients, those taking fixed-dose
therapeutic regimes over a long time could potentially be taking
inappropriate dosages of these drugs, mainly if there is a change
in elimination rate. In this situation, there is a chance that exces-
sive or suboptimal anticoagulation concentrations could lead to
therapeutic failure or adverse drug reactions, including significant
bleeding (Gong and Kim, 2013; Hellwig and Gulseth, 2013). There-
fore, it would be beneficial to develop a non-invasive method of
quantifying concentrations of the different NOACs for point-of-
care service, expanding upon the precision medicine capabilities
of the service. Prothrombin time (PT), activated partial thrombo-
plastin time (aPTT), and thrombin time (TT) assays are traditionally
used as laboratory coagulation tests for VKAs. However, they are
not appropriately applied to monitoring NOACs because test
results are not reproducible, and they do not progress linearly over
a wide range of drug concentrations (Eriksson et al., 2009;
Stollberger, 2017). Since NOACs have different targets, it is also
challenging to develop pharmacodynamic assays for them. Even
those with the same targets give inconsistent quantitative results
when traditional coagulation assays are used to monitor them.

High-performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS/MS) is generally accepted to determine small
molecule concentrations in biological fluids in many clinical labo-
ratories. It provides much better selectivity than traditional labora-
tory coagulation tests, making it possible to precisely detect and
quantify different coagulation inhibitors. According to the litera-
ture review, we found several articles reporting the use of HPLC-
MS/MS to measure concentrations of different NOACs in plasma
(Tilea et al., 2015; Baldelli et al.,, 2016; Derogis et al.,, 2017;
Wiesen et al., 2017). However, most of these studies have been uti-
lized protein precipitation with different organic solvents (such as
methanol, acetonitrile, hydrochloric acid) and solid-phase extrac-
tion (SPE) for sample preparation. Wiesen H.M. et al. recently
developed a UHPLC-MS/MS method with sample clean-up using
magnetic beads to quantify all NOACs. In these methods, the lin-
earity ranges were from 0.5 to 625 ng/mL for NOACs (Wiesen
et al.,, 2017). However, there are no procedures to date that can
simultaneously assess urine concentrations of warfarin and as well
as all the current NOACs in a single analytical run. In addition, the
collection of blood specimens requires trained medical personnel,
and it may be challenging to perform in children, the elderly, and
uncooperative subjects. Thus, in this study, seeking to find a non-
invasive method for quickly quantifying NOACs, we developed a
rapid ultrasound-assisted salt-induced liquid-liquid microextrac-
tion method (USA-SI-LLME) to extract warfarin and all NOACs from
urine and combined it with analysis and quantification by HPLC-
MS/MS performed in a single analytical run. We tested this method
using urine samples from 15 outpatients prescribed anticoagulants
and found 100% accuracy of their prescribed anticoagulants. This is
the first report of the development and validation of the USA-SI-
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LLME method coupled with HPLC-MS/MS to quantify NOACs and
warfarin in human urine samples.

2. Materials and methods
2.1. Chemicals and reagents

Ammonium acetate, formic acid, warfarin, ammonium sulphate
(NayS04), sodium hydroxide (NaOH), and hydrochloric acid (HCI)
were purchased from Sigma-Aldrich (Deisenhofen, Germany).
Apixaban, ['3C.d3]-apixaban, dabigatran (the active form of dabi-
gatran etexilate), ['3Cg]-dabigatran, edoxaban, rivaroxaban,
rivaroxaban-d4, and warfarin-d5 were purchased from Toronto
research chemicals (Toronto, Canada). HPLC-grade acetone (ACT),
acetone nitride (ACN), ethyl acetate (EA), isopropanol (IPA), and
methanol (MeOH) were obtained from Macron Fine Chemicals.
All chemicals used in this study were ACS reagent grade. ELGA pure
water system for all aqueous solutions was produced in the labora-
tory using ELGA pure water system purification system (ELGA, UK).

2.2. Preparation of standard sample solution

Stock solution (1 mg/mL for apixaban, ['>C.d;]-apixaban, dabi-
gatran, ['3Cg]-dabigatran, edoxaban, rivaroxaban, rivaroxaban-ds,
warfarin, and warfarin-ds) (Table 1) of each analyte was prepared
in dimethyl sulfoxide (DMSO)/MeOH and stored at 4 °C. The work-
ing standard solutions were obtained daily by diluting the stock
solutions with MeOH at 10 pg/mL. The internal standard solutions,
including 50 g/l ['3C.ds]-apixaban, ['3Cg]-dabigatran,
rivaroxaban-d4 and warfarin-ds, were prepared as necessary using
appropriate dilution from the internal standard (IS) stock solutions
with MeOH.

2.3. Extraction procedure

One-spot urine samples were obtained from two healthy volun-
teers and stored below —20 °C until analysis. First, 1 mL urine sam-
ples were spiked with working IS solution (50 pg/L) and standard
solution in 10 mL glass centrifugation tubes. Then, 1 M of HCl
was added and ultrasonicated for 1 min after standing for 30 s.
Next, (NH4),SO4 was added, and the mixture was homogenized
by vortex for 30 s, and then extraction was performed using a
water-miscible organic solvent. The solution was ultrasonicated
for 1 min after vortexing with the organic solvent. To ensure the
contents were mixed thoroughly and the analytes were partitioned
between the two phases, these mixtures were centrifuged at
5,000 rpm for 3 min, and the supernatant was collected.

2.4. HPLC-MS/MS conditions

High-performance liquid chromatography (1200 HPLC system,
Agilent Technologies, Palo Alto, CA, USA) was equipped with a
C18 column (4.6 mm*100 mm, 2.6 pm, Sun-Shell C18, ChromaNik
technologies Inc.) and column protection system (4 mm*2 mm,
0.12 mm, Macherey-Nagel REF718966, Germany). A gradient elu-
tion was conducted for chromatographic separation of analytes
with mobile phase A (ACN contained 0.05% formic acid) and mobile
phase B (2 mM ammonium acetate contained 0.05% formic acid, pH
3) as follows: 0-1 min (95-95% A), 1-3 min (95-25% A), 3-3.5 min
(25-5% A), 3.5-4 min (5-5% A), 4-7 min (5-95% A). Flow-rate was
1.0 mL/min, and the total run time was 7 min. The column temper-
ature was 25 °C, and the injection volume was 5 pL. We used an
API 4000 triple quadrupole mass spectrometer equipped with an
electrospray ionization (ESI) source (AB Sciex Corp.) for detection
by mass spectrometric. The ion spray interface source was run at



Tzu-Yu Pan, Wei-Chung Tsai, Chun-Hsiang Tan et al.

Journal of King Saud University - Science 33 (2021) 101602

Table 1

Physicochemical properties, chemical formulas, and molecular weights of the five anticoagulants. (Abbreviation: LogP, lipophilicity; pKa(A), acid function; pKa(B), basic function.)
Analytes Chemical formulas Molecular weights LogP pKa (A) pKa (B)
Apixaban C25H25N504 459.50 2.23 13.12 -1.6
Dabigatran Cy5H25N705 471.51 2.37 11.51 4.24
Edoxaban Co4H30CIN;04S 548.03 1.61 11.08 7.23
Rivaroxaban Cy9H15CIN505S 435.88 1.74 13.6 -1.6
Warfarin C19H1604 308.33 241 6.33 —6.6

600 °C. Curtain gas flow rate was 25 (arbitrary units), source gas 1
flow rate was 60, and source gas 2 flow rate was 60. CAD gas pres-
sure was set at medium and ion spray voltage 5500 V. Multiple
reaction monitoring (MRM) mode was used to measure NOACs
using the characteristic fragmentation transitions for apixaban
(4604 > 443), dabigatran (472.5 > 289), edoxaban
(548.5 > 366.2), rivaroxaban (436.3 > 145), warfarin
(309.4 > 163), as summarized in Table S1. Analyst 1.4.2 software
(AB Sciex, Corp.) was used for instrument control and data
acquisition.

2.5. Method validation

The calibration curves for apixaban, edoxaban, rivaroxaban, and
warfarin were prepared in drug-free urine at 0.5 to 500 pg/L. The
calibration curves for dabigatran were prepared in drug-free urine
at 1.0 to 500 pg/L. Precision and accuracy tests were conducted in
the same drug-free urine at three concentrations (2.5, 10, and
100 pg/L) of five anticoagulants. These validations were carried
out in intra-day (n = 3) and inter-day (n = 3) assays. Accuracy,
defined as relative error (RE), was calculated as RE (%) = [(found
concentration - known concentration)/known
concentration] x 100% and precision defined as the relative stan-
dard deviation (RSD) was calculated as RSD (%) = (standard
deviation/mean) x 100%. Acceptable accuracy was defined as not
deviating more than *15% from the known concentration and
acceptable precision not deviating <15%. The relative recovery
(RR) was calculated as RR (%) = [(found concentration — analyte
concentration in drug-free urine sample)/known
concentration] x 100%. The limit of detection (LOD) was deter-
mined based on concentration with signal to noise ratio of 3 (S/
N = 3) calculated as 3 x d (the standard deviation of the y-
intercept of the regression line)/S (the average slope of regression
lines). The limit of quantification (LOQ) was defined as the lowest
concentration of analyte that could be quantitatively determined
with acceptable precision and accuracy.

2.6. Clinical application

The performance of the present method was further evaluated
in clinical samples. One-spot urine samples were collected from
15 outpatients in the Departments of Cardiology and Neurology.
In addition, the patients regularly received checkups to determine
whether or not their warfarin and/or NOACs doses needed adjust-
ment. This research was approved by the Institutional Review
Board (IRB) of Kaohsiung Medical University Hospital (KMUHIRB-
E(1)-20170202).

The study subjects were eligible if they (1) were > 20 years old
and were regularly receiving anticoagulation drugs in their outpa-
tient care, (2) they agreed to participate in this study, and (3) they
had no history of chronic kidney disease (CCr < 15 mL/min). We
calculated the normalization of urinary warfarin or NOACs concen-
trations with creatinine (Egs. (1)), adjusting anticoagulant concen-
trations to a reference value equivalent to those of the general
population. The urinary warfarin or NOACs concentrations were

expressed as pg/ml, and creatinine-corrected analyte concentra-
tion was expressed as pig/mmol.

Canalyte (,ug/mL) x 10 + (Ccreatinine (mg/dL) + 114 g/mOI) x 1073
(1)

Unit: ug mmol/L?, Where Canatyter Cereatinines and 114 g/mol were
analyte and creatinine concentrations in human urine samples,
respectively, 114 g/mol was the molecular weight of creatinine.
The urine-creatinine concentrations unit was converted from mil-
ligrams to micrograms.

3. Results

We have successfully developed USA-SI-LLME coupled with
single-run HPLC-MS/MS quantification of warfarin and NOACs
with isotopically labeled standards (IS) in human urine samples.
As shown in Table 2, the intra- and an inter-day calibration curve
of five anticoagulants ranged 0.5-500 pg/L. The linear regression
equation and the squared correlation coefficient (R? value) of all
the analytes were greater than 0.998. The relative recovery were
ranged 92.18-110.15% with relative standard deviations less than
10%. LOD ranged 0.07-0.18 pg/L, indicating that the analytical
method had a good linear relationship for quantitation. Because
extraction efficiencies were affected by extraction solvent used,
extractant volume, amount of salt added, and pH value of the sam-
ple, we evaluated these parameters to obtain the maximum extrac-
tion efficiency below.

3.1. Optimization of extraction solvent and extractant volume

Five different organic solvents, including acetone (ACT), acetone
nitride (ACN), ethyl acetate (EA), isopropanol (IPA), and methanol
(MeOH) were evaluated. MeOH did not produce organic phase sep-
aration. Therefore, we used four organic solvents (ACT, ACN, EA,
and IPA) but not MeOH as extraction solvents to evaluate extrac-
tion capacities and phase separation (Fig. 1A). EA with IPA was
found to have the highest extraction efficiency compared to the
other organic solvents separately. In contrast, when EA alone or
EA with ACT was used as the organic solvent, the extraction effi-
ciency of edoxaban was lower. To obtain a higher volume of the
collected extractant phase after centrifugation and improve extrac-
tion efficiency, we used EA with IPA as the extractant in our further
experiments. Different volumes of EA with IPA (200-500 pL) were
evaluated for their extraction efficiency (Fig. 1B). We found that
200 pL EA with 300 pL IPA had the best extraction efficiency, indi-
cating that these solvent volumes could affect the collected extrac-
tant organic phase and extraction efficiency for all analytes.

3.2. Effect of added salt and extraction solution pH

Different amounts of ammonium sulphate, ranging 2.5-4.5 g,
were investigated for use in the extraction system (Fig. 2A). When
increasing ammonium sulphate from 2.5 to 4.5 g, we increased the
volume of the extractant phase from 200 to 500 pL (Fig. S1). As
shown in Fig. 2A, 4 g of ammonium sulphate had the highest
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Table 2

The analytical condition of measuring anticoagulants spiked in human urine samples.
Analytes Regression equations Linear range (pg/L) R? RSD (%) LOD (pg/L) LOQ (pg/L)
Intra-day®
Apixaban y = 6.35x — 0.011 0.5-500 0.999 6.06 0.10 0.5
Dabigatran y =40.94x — 0.022 1-500 0.998 7.16 0.18 1
Edoxaban y =25.35x — 0.023 0.5-500 0.999 6.84 0.07 0.5
Rivaroxaban y = 87.52x — 0.077 0.5-500 0.999 7.96 0.15 0.5
Warfarin y =27.56x + 0.091 0.5-500 0.999 8.10 0.08 0.5
Inter-day®
Apixaban y = 6.22x — 0.0053 0.5-500 0.999 7.71 0.10 0.5
Dabigatran y = 40.54x + 0.0032 1-500 0.998 8.88 0.18 1
Edoxaban y =20.97x + 0.026 0.5-500 0.999 6.96 0.07 0.5
Rivaroxaban y = 78.08x + 0.064 0.5-500 0.999 9.31 0.15 0.5
Warfarin y = 25.06x + 0.038 0.5-500 0.999 8.78 0.08 0.5

Note: LOD, limit of detection; LOQ, limit of quantification; R? correlation coefficient (n = 3); RSD, relative standard deviation. ® The regression equations of intra-day analysis
were calculated from the assay values of prepared standards on a single day (n = 3); ® The regression equations of inter-day analysis were calculated from the assay values of

prepared standards on three different days (n = 3).
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Fig. 3. Extracted ion current chromatograms (a) drug-free urine sample spiked with isotopically labelled standards (each 50 pg/L) and b) drug-free urine sample spiked with
five anticoagulants in standard solution (each 100 pg/L) and their isotopically labelled standards (each 50 pg/L) under optimal conditions. IS, internal standard.

extraction efficiency and best precision for all analytes. It was also
essential to adjust the pH value of the extraction solution because
pH can change the ionization status and solubility of the target
analytes, increasing their extraction efficiency. Fig. 2B shows the
higher pH value used, the less extraction efficiency obtained.
Therefore, pH 1 was opted in the extraction system and for further
studies.

3.3. Method evaluation

The selectivity, linearity, repeatability, LOQ, and LOD of the
HPLC-MS/MS method were investigated. As shown in Fig. 3, no
added interference from drug-free urine samples spiked with five
anticoagulants (each 100 pg/L). Their isotopically labeled stan-
dards (50 pg/L) were analyzed under the optimal conditions
described above (Fig. 3). The linearity of apixaban, edoxaban,
rivaroxaban, and warfarin ranged from 0.5 to 500 pg/L and dabiga-
tran from 1.0 to 500 pg/L.

The linear regression analysis was carried out on the standard
curve generated by plotting peak area ratios of the target analytes
and internal standard versus concentrations. The mean correlation
coefficients for regression equations generated for inter-day and
intra-day were both 0.999 for apixaban, edoxaban, rivaroxaban,
warfarin, and 0.998 for dabigatran (Table 2). For all analytes, LOQ

was within 0.5 to 1 pg/L and LOD within 0.07 to 0.18 pg/L, indicat-
ing that the analytical method had acceptable sensitivity and was
capable of measuring the analytes at concentrations ranges even
lower than therapeutic ranges.

We assessed the precisions and accuracies of the analytes by
measuring them in drug-free urine samples obtained from healthy
female and male volunteers spiked at three concentration levels
(2.5, 10, 100 pg/L). As shown in Table 3, RSDs ranged from 0.68
to 11.32%, RE ranged from —7.82 to 10.15%, and RR from 92.18 to
110.15%, all within acceptable limits.

3.4. Real sample analysis

This method was successfully applied to analyze 15 one-spot
urine samples obtained from 15 patients who regularly underwent
warfarin and NOACs prescription in Kaohsiung Medical University
Hospital (Table 4). The urine samples were collected from patients
treated with apixaban (n = 2), dabigatran etexilate (n = 3), edoxa-
ban (n = 1), rivaroxaban (n = 8) and warfarin (n = 1). Fig. S2 shows
the extracted ion current chromatograms of analyzing warfarin
and NOACs in 15 one-spot urine samples from patients treated
with those drugs. The urinary concentrations ranged 0.027-0.056
pg mmol/L? for apixaban, 0.03-0.096 pg mmol/L? for dabigatran,
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Table 3
The precision and accuracy of determining anticoagulants spiked in urine samples by gender.

Analytes Concentration known (pg/L) Concentration found (pg/L) RSD (%) RE (%) RR (%)

Female®

Apixaban 2.5 2.67 £0.10 3.60 6.67 106.67
10 10.79 £ 0.18 1.71 7.90 107.90
100 109.87 + 5.45 4.96 9.87 109.87

Dabigatran 2.5 241 x017 7.17 -3.76 96.24
10 10.51 + 1.08 10.23 5.08 105.08
100 93.80 + 2.47 2.64 -6.20 93.80

Edoxaban 2.5 2.38 £ 0.07 3.01 —4.67 95.33
10 10.10 £ 0.15 1.52 0.99 100.99
100 97.82 + 2.65 2.71 -2.18 97.82

Rivaroxaban 25 2.44 £ 0.04 1.57 -2.24 97.76
10 9.87 £+ 0.25 2.50 -1.25 98.75
100 95.80 £ 7.75 8.09 —-4.20 95.80

Warfarin 2.5 2.45 +0.03 1.19 -2.10 97.90
10 9.32 +0.78 8.40 —6.76 93.24
100 102.34 £ 5.69 5.56 2.34 102.34

Male”

Apixaban 2.5 2.75 +0.11 4.07 10.04 110.04
10 11.01 £ 0.20 1.86 10.15 110.15
100 99.30 £ 4.01 4.04 -0.70 99.30

Dabigatran 2.5 2.55+0.29 11.32 2.08 102.08
10 934 +0.34 3.36 —6.63 93.37
100 99.12 £ 0.68 0.68 -0.88 99.12

Edoxaban 2.5 2.63 £0.12 4.56 5.08 105.08
10 10.00 + 0.25 247 —0.02 99.98
100 98.48 + 1.48 1.50 -1.52 98.48

Rivaroxaban 2.5 2.30 + 0.09 3.74 -7.82 92.18
10 9.75 +0.21 213 —2.48 97.52
100 107.56 + 8.98 8.35 7.56 107.56

Warfarin 2.5 2.66 = 0.19 7.25 6.58 106.58
10 9.64 + 0.35 3.65 -3.61 96.39
100 99.69 £ 5.01 5.03 -0.31 99.69

2> One urine sample from one volunteer male and female each was prepared to add different anticoagulant standards to become concentrations of 2.5, 10, and 100 pg/L and
splitted them into five samples for independent analytical measurements with triplicate for each measurement on a single day.

Table 4

Adjusted concentrations (g mmol/L?) of anticoagulants in 15 one-spot urine samples from 15 patients by HPLC-MS/MS.

Patient No. Gender Age (years) Drug prescription Warfarin Apixaban Dabigatran Edoxaban Rivaroxaban
Adjusted concentrations (ug mmol/L?) (% CV, n = 3)

1 M 68 Rivaroxaban ND ND ND ND 0.028 (5.41)
2 M 69 Rivaroxaban ND ND ND ND 0.020 (3.62)
3 F 75 Apixaban ND 0.056 (0.17) ND ND ND

4 M 65 Dabigatran ND ND 0.096 (3.04) ND ND

5 F 69 Dabigatran ND ND 0.096 (1.07) ND ND

6 M 67 Rivaroxaban ND ND ND ND 0.045 (2.92)
7 M 71 Dabigatran ND ND 0.030 (1.57) ND ND

8 F 82 Rivaroxaban ND ND ND ND 0.008 (3.01)
9 F 68 Warfarin 0.0002 (2.07) ND ND ND ND

10 F 70 Rivaroxaban ND ND ND ND 0.035 (3.94)
11 M 75 Rivaroxaban ND ND ND ND 0.009 (6.65)
12 F 85 Apixaban ND 0.027 (6.14) ND ND ND

13 M 87 Rivaroxaban ND ND ND ND 0.067 (0.93)
14 M 65 Rivaroxaban ND ND ND ND 0.0002 (10.72)
15 M 80 Edoxaban ND ND ND 0.225 (0.24) ND

CV, coefficient of variation (%); F, female; M, Male; ND, non-detectable.

0.225 pg mmol/L? for edoxaban, 0.0002-0.067 pg mmol/L? for
rivaroxaban, and 0.0002 pg mmol/L? for warfarin.

4. Discussion

This study found our newly developed rapid USA-SI-LLME
method of simultaneously monitoring warfarin and all NOACs cur-
rently available in Taiwan in human urine samples, easy and non-
invasive collection, in a single analytical run of HPLC-MS/MS to be
both accurate and precise. We also successfully applied to the clin-
ics to identify and measure prescribed anticoagulants in 15
patients. Although several studies have used various LC-MS/MS

techniques and Turbulent Flow LC/MS to quantify NOACs in human
biological specimens (Table 5), they have all been performed using
human plasma. Collection by venopuncture is relatively invasive
compared to the collection of urine samples. Unlike ours, venop-
uncture requires the use of professional laboratory technicians,
which limits regular and routine monitoring of NOACs in clinics.
In addition, most reported studies used the protein precipita-
tion method using acetonitrile, methanol, and hydrochloric acid
or used solid-phase extraction (SPE) to isolate and clean up the
samples (Baldelli et al., 2016). These procedures require time
extraction time, laborious, and are expensive (Wiesen et al,
2017). The current study of using the pretreatment method of
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Table 5

Comparison of the present method with other reported methods of determining NOACs by LC-MS/MS.

Linearity range (ug Ref.
L

LOQ (g
LY

LOD (g
LY

Sample volume

(mL)
0.2

RT

Sample clean-up ET

Matrix in human

samples

NOACs

(min)

(min)

Baldelli et al., 2016

Rohde, 2008

1-500
0.5-500
5-500

no data
no data

~60
10.5
15

SPE

Plasma

Apixaban, dabigatran, & rivaroxaban

Rivaroxaban
Apixaban

0.5

0.2

PP-MeOH

Plasma

Delavenne et al.,

2013

4.1

0.1

1.2

PP-MeOH

Plasma

Korostelev et al.,

2014

2.5-500

2.5

no data

0.1

2.5

10.5

PP-MeOH + HCl

Plasma

Dabigatran & rivaroxaban

Tilea et al., 2015
Igbal et al., 2015

9.7-970

9.7

no data
no data

0.05
0.2

1.2
1.5
1.2

6.5
30
15
30

PP-MeOH
PP-ACN

Plasma

Apixaban

0.57-625
2-500
0.5-500

0.57

Plasma

Rivaroxaban

Wiesen et al., 2017

1.47-1.88

2

0.49-0.62
no data

0.05
0.2

Plasma MagSiMUS-Type II kit-ACN

Apixaban, dabigatran, edoxaban, & rivaroxaban

Rivaroxaban

Derogis et al., 2017

PP-MeOH + 0.22 pm PVDF

filter

Plasma

Present study

0.5-500

0.5-1

0.07-0.18

5.5

USA-SI-LLME

Urine

Apixaban, dabigatran, edoxaban, rivaroxaban, &

warfarin

Ref.: references; ET: extraction time; RT: retention time; LOD: limit of detection; LOQ: limit of quantification; PP: protein precipitation; TFC: turbo flow column (Cyclone C18-P-XL) clean up; HCI: 0.1 mol L~" aqueous hydrochloric

acid; SPE: solid-phase extraction; PVDF: poly(vinylidene fluoride); USA-SI-LLME: ultrasound-assisted salt-induced liquid-liquid microextraction.
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USA-SI-LLME for NOACs can overcome problems related to com-
plex matrix interferences and other causes of low toxicity, reduce
environmental pollution, and increase sensitivity, selectively, and
accuracy of the analysis. Although Chen et al. firstly developed
an in-tube-based USA-SI-LLME to detect the preservative agent in
cosmetic products, providing better performance in recovery and
sensitivity, their use of homemade glass tubes would not be widely
available (Chen et al., 2013). To overcome this drawback, we used a
commercial glass centrifugation tube instead.

The USA-SI-LLME method, an LLME-based technique, requires
appropriate organic extraction solvents to extract and concentrate
target analyte from aqueous samples before analysis. In this two-
phase mixture system, salt is added to help facilitate organic sol-
vent separation from the sample. The target analytes are then iso-
lated from the matrix into a supernatant organic phase that can be
evaporated and resuspended or directly injected into a liquid chro-
matographic system. The most important factors affecting the
extraction efficiency in the USA-SI-LLME method are the type of
extraction solvent used and solvent volume (Hashemi et al.,
2009; Gupta et al., 2010; Chen et al., 2013; Sharifi et al., 2016). This
study found that when the solvent volume was decreased, both
supernatant organic phase volume and extraction efficiency were
decreased (Fig. 1B). When the solvent volume was decreased to
200 pL, extractant phase volume decreased to less than 50 pL
and separation worsened, resulting in lower extraction efficiency
and less precision. When the solvent volume was increased to
500 pL, the phase separation and the extraction efficiency of all
analytes was better than all other volumes used (Fig. S1). The vol-
ume of extraction solvents are directly relevant to surface contact
between the organic layer and the aqueous sample. In this study,
when extraction solvent volumes were larger, surface contact of
all the analysts increased, their organic layer could be clearly
observed, and their signal intensities increased. We selected the
EA with IPA as the extraction solvent because of their low volatil-
ity, low toxicity, and low solubility in aqueous solution and
because they both can solidify at near room temperature, making
them easy to collect by pipet.

One study has evaluated the different types and concentrations
of salt that affect phase separation in a similar system. Ammonium
sulphate was found to have a strong phase separation ability com-
pared to other salts, including magnesium sulfate, sodium sul-
phate, and sodium chloride (Pasupuleti et al., 2020). They found
that when concentrations of this salt were increased, the hydrophi-
lic compound solubility increased in the aqueous phases by way of
a salting-out effect enhancing the extraction efficiency of the ana-
lytes in the organic phase. We used ammonium sulphate because
of its good solubility and salting-out ability. Our study found the
amount of salt added had an impact on extraction efficiency. When
the amount of salt up to 4 g was added to the sample solution,
extraction efficiency was reduced because the extraction system
containing a large amount of saturated salt. The extraction effi-
ciency decreased because high concentration of salt reduced both
the mass-transfer efficiency and organic phase solubility (Chen
et al., 2018). When the amounts of salt were reduced, the hydro-
philic compound solubility decreased in the aqueous phases by a
salting-out effect reducing the extraction efficiency of the analytes
in the organic phase.

We also investigated the effect of pH value on extraction effi-
ciency. Increasing the pH caused dehydronation in all analytes
reducing their extraction efficiencies. Ghambari and Hadjmoham-
madi (Ghambari and Hadjmohammadi, 2012) reported that an
acidic drug (warfarin) could be extracted at low pH value by using
dispersive liquid-liquid microextraction method. We also found
acidification of the sample solution resulted in the deionization
of analytes and increased ability of the analytes to transfer from
the water phase into the organic layer, resulting in their better
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extraction efficiency. The higher sample pH, the lower extraction
efficiency of target analytes. Therefore, best extraction efficiency
of all analytes was achieved at pH 1.

Importantly, this study found our method able to identify what
oral anticoagulant a patient was taking. For example, Patient #7
did not have any information about what anticoagulant was taking
before analysis. However, our analysis of his urine revealed that he
was taking dabigatran, confirmed by Taiwan’s PharmaCloud sys-
tem. PharmaCloud system is a cloud-based system developed by
Taiwan’s National Health Insurance (NHI) to provide physicians a
patient’s entire pharmaceutical history from different healthcare
institutions under their consent to avoid possible medication
errors (Liao et al., 2019). Thus, our analytical method can poten-
tially be used by clinicians to monitor the use of anticoagulant
drugs in a clinical setting quickly. The limitation of this work is that
our real sample size was small. Much larger-scale sample analysis
studies are needed. Still, another limitation is that we did not ana-
lyze the target drug’s metabolites in urine samples. Until now, it is
not clear if any of these metabolites are pharmacologically active.
This information is relevant to the evaluation of treatment
response and adverse effects.

5. Conclusion

The developed method is fast, sensitive, and simultaneously
identified and quantified warfarin and four NOACs in human urine
samples to biomonitor five anticoagulants in one single run for
clinical use. This non-invasive analytical method can help emer-
gency ward clinicians determine drug dosages and withdrawal
times and help other clinicians monitor patient adherence to drug
prescription recommendations. In addition, the microextraction
technique consumes less solvent and energy; therefore, this
method is considered to be an eco-friendly method. Moreover, this
method can be applied to simultaneous analysis of the NOACs, and
their metabolites in urine and blood samples in our upcoming
studies to understand the metabolic mechanisms better.
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