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Rivaroxaban, as a direct oral anticoagulant, has been widely used in the treatment and prevention of
thrombosis disease (TD). However, even if the same dose of rivaroxaban is taken, different pathophysiolo-
gical characteristics of TD patients determine the differences in plasma concentrations between individ-
uals, leading to the difficulties of dosage selection and plasma concentration control. Conventional rivar-
oxaban detection methods, including prothrombin time method, anti-Xa assay and liquid chromato-
graphy-tandem mass spectrometry (LC-MS/MS), are not widely used in clinical practice due to the limit-
ations of accuracy, speed and cost. Here, we present a simple quantitative detection method for rivaroxa-
ban by terahertz (THz) spectroscopy. Combining density functional theory (DFT) method and THz
spectroscopy, the THz absorption peaks of rivaroxaban and the corresponding low-frequency vibrational
modes are studied theoretically and experimentally. We find linear relationships between the amplitudes
of these characteristic peaks and the concentrations of rivaroxaban. Based on these linear functions, we
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can analyse the rivaroxaban concentration with a detection time of 1 minute per test and the lowest
detection limit of 2 pmol mL™. As compared to Raman spectroscopy method (its detection limit is about
80 pmol mL™), our method has more potential and is practical for the clinical quantitative detection of
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Introduction

Thrombosis disease (TD) is the leading cause of death and dis-
ability in cardiovascular diseases like myocardial infarction,"?
cerebrovascular diseases like cerebral infarction,® and lung dis-
eases like pulmonary embolism.”” In the American guidelines
for antithrombotic therapy,”” oral anticoagulants are rec-
ommended as the first choice for the treatment and prevention
of thrombosis. Rivaroxaban is a direct oral anticoagulant, with
the advantages of rapid absorption (reaches maximum plasma
concentration within 2-4 hours) and high bioavailability
(80%-100%).% It can interact directly with the blood coagu-
lation factor Xa,” and then inhibit the generation of thrombin
(one molecule of factor Xa can produce one thousand mole-
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rivaroxaban as well as other direct oral anticoagulants.

cules of thrombin),’® resulting in an enhancement in the
degradability of the blood clot.'" For these advantages, rivarox-
aban has been approved by many experts including the
European Society of Cardiology'? and the American College of
Chest Physicians.”® Clinical efficacy of rivaroxaban relates
closely to its concentration. However, even if TD patients take
the same dose of rivaroxaban, the drug concentration varies
according to the pathophysiological characteristics of different
patients. These individual differences of rivaroxaban may be
fatal for the patients in conditions such as before surgery, in
perioperative period, with renal injury, bleeding or overdose.'*
Therefore, quick and accurate detection of rivaroxaban is
important and helpful in making medical decisions, including
the choice of appropriate doses and intervals, and the assess-
ment of the risks and side effects."®

Conventional detection methods for rivaroxaban are mainly
prothrombin time method, anti-Xa assay and liquid chromato-
graphy-tandem mass spectrometry (LC-MS/MS). Prothrombin
time is the time for plasma to clot, which can reflect the con-
centration of rivaroxaban indirectly. However, this method has
an important limitation, that is easily affected by systemic con-
ditions such as hepatic impairment, sepsis or vitamin K
deficiency.'®” Anti-Xa assay is another indirect detection
method for rivaroxaban, whose accuracy and reliability are
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limited because its detection results are usually higher than
the actual concentration of rivaroxaban.'®'® Unlike the former
two methods, LC-MS/MS can detect the concentration of rivar-
oxaban directly.”>*' In LC-MS/MS detection, samples must
undergo a complex pre-treatment process, to separate rivaroxa-
ban from the sample matrix. This process brings difficulties in
balancing the service life of chromatography columns and the
efficiency of detection. Although many efforts have been made
to solve these problems, including the use of a new sample
extraction method,” a multi-target simultaneous detection
technique,?® and an electrospray ionization source,* presently
LC-MS/MS is still not suitable for clinical applications as a
general medical equipment. To meet the needs of clinical use,
it is necessary to find a simple and economic method for the
direct detection of rivaroxaban.

Terahertz (THz) spectroscopy is a promising analysis
technology in the detection of biomolecules, due to its advan-
tages of being simple, low-cost, and non-destructive and its
high sensitivity to the collective motions of molecules, includ-
ing the intramolecular motion, the intermolecular modes and
the lattice vibrations.>> Recently, with the assistance of specific
sensors,”*>° THz spectroscopy has achieved ultrasensitive
detection of molecules and has been applied in various bio-
medical detections, including deoxyribonucleic acid,***!
metabolites,>** neurotransmitters,>*> breathing gas,*® and
drugs.’”*® Here we present a qualitative and quantitative
detection method for rivaroxaban by THz spectroscopy and
density functional theory (DFT) analysis, as well as their corres-
ponding theoretical and experimental results. This work has a
certain reference value to clinical drug monitoring in the
future.

Experimental

Materials

Rivaroxaban (purity > 99%, CAS: 366789-02-8), high-density
polyethylene powder (HDPE, particle size: 40-48 pm, CAS:
9002-88-4), and dimethyl sulfoxide (DMSO, CAS: 67-68-5) were
purchased from Sigma-Aldrich.

THz measurement

The THz spectra were obtained on a Fourier transform infrared
spectrophotometer (FTIR, Bruker VERTEX 80v, signal to noise
ratio >55 000 : 1) with 64 scans and 2 cm ™" spectral resolution.
All THz measurements were made in the vacuum environment
to reduce the impact of water vapour on the experiment.
Qualitative identification of rivaroxaban. 10 mg of rivaroxa-
ban and 50 mg of HDPE were ground together, and com-
pressed to form a sheet with 13 mm diameter and 0.49 =
0.01 mm thickness. This sheet was measured by THz spec-
troscopy for the qualitative identification of rivaroxaban.
Quantitative detection of rivaroxaban. According to the con-
centration range of rivaroxaban in the human body, samples
with different rivaroxaban concentrations were prepared fol-
lowing the steps above for the quantitative calibration.
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Normally, the human body does not contain any rivaroxaban
itself. After rivaroxaban is ingested orally, 66% of it passes
through the kidney into urine and exists in two forms:
unchanged rivaroxaban (36%) and active metabolites of rivar-
oxaban (30%).*® For the patients after taking 20 mg of rivaroxa-
ban, the concentration of rivaroxaban in urine determined by
anti-Xa chromogenic assays was 159.0-11 251.5 ng mL™" (1 = 6)
(i.e. 0.36-25.81 pmol L™"),** while that determined by LC-MS/
MS analysis was 169 to 9579 ng mL™' (n = 117) (ie.
0.38-21.97 pmol L™").** Generally, people urinate 1.5 litres of
urine every day. After general evaporation and concentration
processing, 0.54-38.72 pumol of rivaroxaban can be extracted
from human urine daily because it is almost insoluble in
water. Then, we prepare a series of rivaroxaban/HDPE mixed
sheets with a diameter of 13 mm and a weight of 200 mg
(weight loss < 1%). The concentration of rivaroxaban (Cg) is
calculated by eqn (1):

Cr = m/(M x nr*xd), (1)

where m is the mass of rivaroxaban (measured by an electronic
balance, precision: 0.01 mg), M is the molecular weight of riv-
aroxaban (435.88), d is the thickness of rivaroxaban/HDPE
sheet (measured by a micrometer, precision: 0.01 mm), and r
is the radius (6.5 mm) of the sheet, respectively. The Cy are
0 umol mL™, 9.3 umol mL™, 18.8 umol mL™*, 29.0 pmol
mL™", 38.0 umol mL™", 47.9 pmol mL™", 57.9 pmol mL™},
67.9 pmol mL™', 78.7 umol mL™', 88.4 pmol mL™" and
98.2 pmol mL™", respectively. The sheet without rivaroxaban
(Cg: 0 pmol mL™") was used as the reference, and its THz spec-
trum was used as the reference spectrum in THz
measurements.

Raman measurement

Solid rivaroxaban measurement. We prepared five 13 mm-
diameter shallow pits on the glass slides, and uniformly
sprinkled 1 mg, 3 mg, 5 mg, 7 mg, and 9 mg of rivaroxaban
powders into these pits. These glass pits filled with different
weights of rivaroxaban were used for solid Raman measure-
ment. The Raman spectra were recorded using a laser confocal
micro-Raman spectrometer (HORIBA, LabRAM HR Evolution)
equipped with a laser source of 532 nm and 250 mW, 1800 gr
per mm diffraction grating, and 50x working distance objec-
tive. The spectral resolution was less than 2 em™ over the
spectral range of 1000-3000 cm ™.

Liquid rivaroxaban measurement. We dissolved rivaroxaban
powders in DMSO to prepare rivaroxaban solutions with con-
centrations of 0 pmol mL™, 20 pmol mL™", 40 pmol mL™",
60 pmol mL™", and 80 ymol mL™". For each rivaroxaban solu-
tion, 2 mL of the solution was filled in a quartz colorimeter
cell and used for liquid Raman measurement. The Raman
spectra were recorded using a self-constructed Raman spectro-
meter equipped with a laser source of 532 nm and 500 mW
and 600 gr per mm diffraction grating. The Raman scattering
light was collected using a spectrometer (HORIBA, iHR320).

This journal is © The Royal Society of Chemistry 2020
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Results and discussion
Qualitative identification of rivaroxaban

THz absorption peaks origin from the resonance between the
THz radiation and the molecular movements that vary with
different molecular structures. Therefore, we can theoretically
analyse how a rivaroxaban molecule moves under the THz radi-
ation based on its structure.

The molecular model of rivaroxaban (C;9H;5CIN3;O5S,
PubChem Identifier: CID 9875401)** that uses software
Gaussian 09* for molecular geometry optimization and
vibrational spectrum prediction is shown in Fig. 1(a).

(a) Molecular structure of rivaroxaban

(b) Theoretical THz spectrum (c) Experimental THz spectrum
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Fig. 1 (a) Molecular structure of rivaroxaban. (b) Theoretical and (c)
experimental THz absorption spectra of rivaroxaban in the range of
0.5-5.0 THz.
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Rivaroxaban has a benzene ring and three rigid heterocyclic
structures, which are an S- five-membered ring (thiophene
residue), an N,O- five-membered ring and an N,O- six-mem-
bered ring, respectively. According to previous literature
studies,*™*” DFT is helpful to understand the low-frequency
motion modes of molecules, especially in the case of mole-
cules with semi-rigid groups (aromatic ring and heterocyclic
structure). Therefore, we calculated the theoretical spectrum of
rivaroxaban with the DFT method at the B3LYP/3-21+G level,
and compared it with the experimental spectrum of rivaroxa-
ban recorded using a FTIR spectrometer. The theoretical and
experimental spectra ranging from 0.5 to 5.0 THz are shown in
Fig. 1(b) and (c).

Theoretically, rivaroxaban has seven absorption peaks, at
1.10 THz, 1.51 THz, 2.29 THz, 2.47 THz, 2.95 THz, 3.59 THz
and 3.95 THz, respectively (Fig. 1(b)). Correspondingly, its
experimental results (Fig. 1(c)) show four absorption peaks at
1.47 THz, 2.43 THz, 2.92 THz and 4.13 THz, as well as three
shoulder peaks at 1.16 THz, 2.17 THz and 3.50 THz. These
peak-positions are in good agreement with the theoretical
results.

Considering the theoretical results fit well with the experi-
mental observations, we can analyse the vibration modes of
these experimental peaks based on the theoretical results. The
main molecular motions of rivaroxaban are shown in Fig. 2
and Fig. S1 (ESIf). The shoulder peak at 1.16 THz, corres-
ponding with the theoretical frequency of 1.10 THz, is associ-
ated with the out-of-plane twisting motion of the N,O- six-
membered ring, together with the in-plane rocking motions of
the methene and the thiophene residues [tw(-NC4H¢O,) +
r(-CH,-) + r(-C4H,ClS)], as shown in Fig. 2(a). The 1.47 THz
peak, corresponding with the theoretical frequency of 1.51
THz, mainly originates from the out-of-plane twisting of the

(b) 1.47 THz
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Fig. 2 Mainly molecular motions of rivaroxaban, corresponding to its THz absorption peaks in the experimental spectrum at (a) 1.16 THz, (b) 1.47

THz, (c) 2.43 THz, (d) 2.92 THz, (e) 3.52 THz and (f) 4.11 THz.
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six-membered ring (tw(-NC,H0,), Fig. 2(b)). The shoulder
peak at 2.17 THz, corresponding with the theoretical frequency
of 2.29 THz, mostly originates from the out-of-plane twisting
of the amide bond (tw(-CONH-), Fig. S11). The 2.43 THz peak,
corresponding with the theoretical frequency of 2.47 THz,
mainly originates from the out-of-plane twisting of the
benzene ring and the six-membered ring (tw(-Ph) +
tw(-NC4H¢0,), Fig. 2(c)). The 2.92 THz peak, corresponding
with the theoretical frequency of 2.95 THz, originates from the
in-plane rocking of -COC- in the six-membered ring
(r(-COC-), Fig. 2(d)). The shoulder peak at 3.52 THz, corres-
ponding with the theoretical frequency of 3.59 THz, originates
from the in-plane rocking of methane and the out-of-plane
wagging of the six-membered ring (r(-CH,) + w(-NC,H0,),
Fig. 2(e)). The 4.11 THz peak, corresponding with the theore-
tical frequency of 3.95 THz, also originates from the in-plane
rocking of methane and the out of plane wagging of the six-
membered ring ({-CH,-) + w(-NC,H0,), Fig. 2(f)). The peaks
at 3.50 THz and 4.11 THz have the same moving structure but
opposite directions, which gives them different peak positions
and amplitudes.

Comparisons of the THz peak positions between the experi-
mental and theoretical results, as well as the corresponding

Table 1 Comparison of the THz peak positions between the experi-
mental and theoretical spectra, as well as the calculated vibrational
modes of rivaroxaban

Experimental Theoretical

THz peak THz peak  Vibrational mode assignment®

1.16 THz 1.10 THz tw(-NC,H0,) + r(-CH,-) +

shoulder peak r(-C4H,CIS)

1.47 THz 1.51 THz tw(-NC,H40,)

2.17 THz 2.29 THz  tw(-CONH-)

shoulder peak

2.43 THz 2.47 THz  tw(~Ph) + tw(-NC,H0,)

2.92 THz 2.91THz  r(-COC-)

3.52 THz 3.63 THz r(-CHy-) + w(-NC4Hg0,); in the

shoulder peak opposite directions of the motions at
4.11 THz

411 THz 4.01 THz 1(~CH,-) + w(-NC,H40,)
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vibrational mode assignments of the peaks, are summarized
in Table 1. The main THz peaks at 1.45 THz, 2.40 THz, 2.90
THz and 4.10 THz are separated from each other and easy to
identify. Therefore, these four peaks can be used as quantitat-
ive indicators of rivaroxaban identification.

Quantitative detection of rivaroxaban

According to the concentration range of rivaroxaban in the
human body, we tested samples with different rivaroxaban
concentrations for the quantitative calibration. As the concen-
tration of rivaroxaban (Cg) increased, the spectral changes in
0.5-5.0 THz, as well as the amplitude changes of the THz
peaks (quantitative indicators) were observed and are shown in
Fig. 3.

With Cy increasing from 0 to 98.2 pmol mL ™", all the ampli-
tudes of its THz peaks increase linearly. Here, we choose four
strong peaks, at 1.45 THz, 2.40 THz, 2.90 THz and 4.10 THz,
for further analysis. The corresponding functions of the
regression lines are as follows: eqn (2)-(5)

AbS; 45 T, = 1.33 X 107 x Cg,SD = 1.996,R* = 0.997, (2)
Absy 40z = 1.16 x 107 x Cg,SD = 3.364,R* = 0.996, (3)
AbS; 00 Tz = 1.16 X 107 x Cg,SD = 3.364,R* = 0.998, (4)
Absy 10 th, = 2.52 X 107 X Cg, SD = 2.166,R* = 0.999, (5)

where Abs is the maximum absorbance of the THz peak (arb.
unit, its subscript is the corresponding peak position), Cy is
the concentration of rivaroxaban (umol mL™", calculated from
eqn (1)), SD is the standard deviation of Abs (arb. unit,
obtained from five repeated tests), and R* is the correlation
coefficient of linear fitting. All R in Fig. 3(b) are greater than
0.995, indicating that these four regression lines nearly per-
fectly fits the experimental data. These facts suggest that the
THz absorption behavior of rivaroxaban agrees with the Beer-
Lambert law.

The lowest detection limit (LoD) of our method is calcu-
lated according to eqn (6):

“w, wagging; r, rocking; tw, twisting; Ph, benzene ring. LoD = 3 X SDiowest/k, (6)

(a) - ation (amolmL) (b) O ---- AbS, 5 17=0.00133xCyy
= o3f —982 88.4 = 03l R?=0.997, SD=1.996
= 787 67.9 2 ro . AbS, 4o 13,,=0.00104xCpe
3 3 R?20.996, SD=3.351 e
g g A& —— Abs, g ,,=0.00116xCp s
s s R?=0.998, SD=3.364 s
2 021 g 0216 o Abs,gm=0.00252:C; 74
c c R?=0.999, SD=2.166 _ 7
® © ke a
2 2
2 £
2 04 2 04
a T a %
< < °

0.0 0.0 = f . . . L

0 20 40 60 80 100

Frequency (THz)

Concentration (umol/mL)

Fig. 3 (a) THz spectral changes and (b) amplitude changes of four THz peaks of rivaroxaban with an increase of its concentration. Error bars have

been labeled on each data.
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where SDjowest 1S the standard deviation of Abs at the lowest
detectable concentration, k is the slope of the linear fitting.
Here LoD is 4.56 pmol mL™" for the 1.45 THz peak, 4.36 pmol
mL ™" for the 2.40 THz peak, 2.03 pmol mL ™" for the 2.90 THz
peak, and 3.80 pmol mL™" for the 4.10 THz peak, respectively.

Comparison with Raman spectroscopy

Similar to THz spectroscopy, Raman spectroscopy is a non-
destructive analysis method. So we also used Raman spec-
troscopy to detect samples with different rivaroxaban concen-

(a) Solid rivaroxaban

6 & 103
= 1428
‘e 1463 1526
5 9mg 1604 1639
s 4
g 7 mg
__? 5mg |
g 2r
3 3mg
c
= Rme A o

1300 1400 1500 1600 1700
Raman shift (cm™)
(c) Liquid rivaroxaban

20
........ 0 pmol/mL
60 umol/mL
15 - —— 80 pmol/mL 1650

Intensity (arb. unit)

0
1300 1400 1500 1600 1700
Raman shift (cm™)
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trations, in both solid and liquid sample states. The results are
shown in Fig. 4.

Fig. 4(a) and (b) show the Raman spectral changes and the
corresponding Raman intensity changes of rivaroxaban with
its mass increasing from 1 mg to 9 mg. In the Raman shift
range of 1300-1700 cm™', three strong peaks at 1428 cm™,
1463 cm™', and 1526 cm™', as well as two small peaks at
1604 cm™" and 1639 cm ™" are observed. These peaks are con-
sistent with the Raman spectra recorded by Grunenberg
et al.,*® indicating that they are Raman characteristic peaks of

rivaroxaban. However, the intensities of these peaks do not

(b)
1600 | o
=
o & =
1200 | a
T 800 B O 1428 cm™
: L 1 L 1 L
£
& 800 §
> 32 ¢ %
B 600 2
[
£ °q
] -1
< 400 | O 1463 cm
5 L L L L L
& 800
i A
} LY -y
600 | §
a
a3
400 |- A 1526 cm™
L 1L L 1 L

0 2 4 6 8 10
Rivaroxaban weight (mg)

Fig. 4 Raman spectra of rivaroxaban with different sample states: (a) solid rivaroxaban and (c) liquid rivaroxaban. (b) Raman intensity changes of riv-
aroxaban with its mass increasing from 1 mg to 9 mg. Error bars have been labeled on each data.

Table 2 The lowest detection limit, the advantages and disadvantages of the conventional methods, the Raman spectroscopy method, and our

method in the quantitative detection of rivaroxaban

Method LoD* Advantages Disadvantages
PT/INR method”'”  Non- Widely available (a) Poor sensitivity
quantitative (b) Easily affected by systemic conditions of

patients

Anti-factor Xa >30 pg L7" Highly sensitive (a) Need specific calibrators

assay'’ (b) Not yet available in every laboratory
(c) High cost

LC-MS/MS>*2* 2-3pg L Monitoring of multiple reactions (a) Need isotope-labeled standard solution

(b) Need complicated chemical treatment
(c) High cost

(a) Limited detection range

(b) Laser-induced sample damage

Its LoD should be further reduced

Raman ~80 pmol mL™"  (a) Physical method

spectroscopy (this (b) Molecular recognition with multiple Raman
work) peaks

THz spectroscopy 2 pmol mL™" (a) Physical method

(this work) (b) Molecular recognition with multiple THz peaks

(c) Without complicated chemical treatment

“LoD: lowest detection limit; PT: prothrombin time; INR: international normalized ratio.

This journal is © The Royal Society of Chemistry 2020
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increase with the mass of rivaroxaban (Fig. 4(b)). This result
diverges from the Beer-Lambert law. This is because the detec-
tion range of Raman spectrometer is only 0.5-1 pm in the
radius and 1-2 pm in the depth, which is limited by the laser
wavelength and the objective lens used in this instrument.

Fig. 4(c) shows the Raman spectral changes of rivaroxaban/
DMSO solutions with the rivaroxaban concentration increasing
from 0 pmol mL ™" to 80 pmol mL™". In the Raman shift range
of 1300-1700 em™", the peaks at 1346 cm™" and 1650 cm™*
originate from the solvent DMSO, while the peaks at
1446 cm™" and 1564 cm™ ' originate from rivaroxaban. Until
the rivaroxaban concentration increases to 80 pmol mL™", its
Raman characteristic peaks can be observed. This fact indi-
cates that the detection limit of the Raman spectroscopy
method is more than 80 pmol mL™". While the lowest detec-
tion limit of our method is as low as 2.03 pmol mL™".
Therefore, our method has more potential than the Raman
spectroscopy method in the detection of rivaroxaban.

Table 2 shows the comparison of the characteristics of the
conventional methods, the Raman spectroscopy method, and
our method in the quantitate detection of rivaroxaban.
Compared with other methods, our method has advantages of
direct recognition of rivaroxaban molecules, of being a quanti-
tative model based on many indexes (THz absorption peaks of
rivaroxaban), and of not involving a complicated chemical
treatment. We will further reduce the LoD of our method
through different approaches of THz signal improvement.*’
Considering these characteristics, our method can be used as
a complementary method to monitor rivaroxaban in the
future.

Conclusions

Here we present a low-cost, accurate (four quantitative indi-
cators) detection method for direct oral anticoagulant rivaroxa-
ban, by DFT method and THz spectroscopy. Based on the DFT
method, we theoretically investigated the THz absorption
peaks and the corresponding vibration modes of rivaroxaban.
By using a FTIR spectrometer, we recorded the experimental
THz spectrum of rivaroxaban in the range of 0.5-5.0 THz. It
was in good agreement with the theoretical spectrum. With
these results, we made it clear that the THz peaks at 1.45 THz,
2.40 THz, 2.90 THz and 4.10 THz are four important indicators
in the rivaroxaban identification. Then we carried out a series
of tests for different rivaroxaban concentrations. The ampli-
tudes of these four characteristic peaks all linearly increased
with the concentration of rivaroxaban from 0 to 98.2 pumol
mL~". This range covers the rivaroxaban concentrations in the
human urine. For the patients taking 20 mg of rivaroxaban
every day, 0.54-38.72 umol of rivaroxaban will be found in the
urine. Therefore, rivaroxaban can be detected by the linear
functions of its THz peak amplitudes and non-intrusive urine
sampling. Also, we compared this method with Raman spec-
troscopy, and found that the lowest detection limit of Raman
spectroscopy method is much higher than our method. Based
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on the above results, our method shows the properties of
being simple, economic, and non-destructive, as well as pro-
vides the advantages of recognition at the molecular level and
multi-quantitative indicators. This method may be helpful for
the clinical monitoring of rivaroxaban and other related drugs
in the future.
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