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Background Cardiovascular disease (CVD) is the leading cause of morbidity and
mortality worldwide. Long-term use of antiplatelet drugs is a well-studied therapy for
the prevention of cardiovascular death. one of the important problems is compliance
with lifelong administration of antiplatelet drugs, in particular acetylsalicylic acid (ASA).
The aim of the study was to apply nuclear magnetic resonance and vibrational
spectroscopy methods for the detection of patient compliance for long-term treatment
of ASA. Methods and Findings Urine samples of volunteers were collected before and
after taking 100, 300 and 3000 mg ASA for 24 h after dosing. Urine samples were
examined by 1H NMR on a VARIAN 400 spectrometer in a magnetic field of 9 Tesla
using a method of water signal suppression. Two-dimensional COSY experiment were
performed with using of the following pulse sequence: (900) - t1 — (900) - t1. The 1H
NMR profile of the spectrum of urine collected after 4 hours after taking 100 mg ASA
shown significant changes -additional intense signals were observed in the 6.8-6.9
ppm and 7.7 ppm regions. New signals appear in the region of 6.8 ppm -7.1 ppm,
which can be attributed to the main ASA metabolites — salicylic (SA) and salicyluric
acids (SU). Thus, it was shown that the 1H NMR method is sensitive to the detection of
low concentrations of ASA metabolites in the urine (at a dosage of 100 mg). Since the
NMR method is not specific for certain substances, urine samples require preparation
before carrying out of the experiments, adjusting the pH, and adding a deuterated
solvent or standard for quantitative measurements and stabilization of experimental
conditions. The prospects of Surface-Enhanced Raman Spectroscopy (SERS) realized
on silver island films were shown for the detection of salicylic acid (SA) in patients’
urine in case of taking more than 300 mg doze of acetylsalicylic acid. Characteristic
markers have been revealed confirming the presence of SA metabolites both after
taking 300 mg and 3000 mg of ASA. Skeletal molecular vibrations (C-C) at a frequency
of 766 cm-1, C=0 vibrations at 1637 cm-1 and characteristic maximums of C-O-H at
1152 cm-1 were detected. Certain perspectives for ASA overdose detection with IR-
Fourier spectroscopy have been shown. The methodology for clear urine spectra
detection has been performed. Conclusions The methods of detection of the main
metabolites of ASA in urine have different efficiency. Detection of the main metabolites
of ASA in the urine of the studied methods have different efficiencies. In particular, a
method based on IR spectroscopy does not have sufficient sensitivity to detect the
main metabolites of ASA. At the same time, methods based on 1H NMR and SERS
can detect ASA metabolites (SA, SU) even after taking ASA at low doses. It is
advisable to continue the study on based on NMR and SERS and to verify them with a
wider range of doses of ASA and at different time intervals after administration of the
drug.
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Abstract
Background

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide. Long-
term use of antiplatelet drugs is a well-studied therapy for the prevention of cardiovascular death.
one of the important problems is compliance with lifelong administration of antiplatelet drugs, in
particular acetylsalicylic acid (ASA). The aim of the study was to apply nuclear magnetic
resonance and vibrational spectroscopy methods for the detection of patient compliance for long-
term treatment of ASA.

Methods and Findings

Urine samples of volunteers were collected before and after taking 100, 300 and 3000 mg ASA
for 24 h after dosing. Urine samples were examined by 1H NMR on a VARIAN 400
spectrometer in a magnetic field of 9 Tesla using a method of water signal suppression. Two-
dimensional COSY experiment were performed with using of the following pulse sequence:
(900) - t1 — (900) - t1. The 1H NMR profile of the spectrum of urine collected after 4 hours after
taking 100 mg ASA shown significant changes -additional intense signals were observed in the
6.8-6.9 ppm and 7.7 ppm regions. New signals appear in the region of 6.8 ppm -7.1 ppm, which
can be attributed to the main ASA metabolites — salicylic (SA) and salicyluric acids (SU). Thus,
it was shown that the 1H NMR method is sensitive to the detection of low concentrations of
ASA metabolites in the urine (at a dosage of 100 mg). Since the NMR method is not specific for
certain substances, urine samples require preparation before carrying out of the experiments,
adjusting the pH, and adding a deuterated solvent or standard for quantitative measurements and
stabilization of experimental conditions. The prospects of Surface-Enhanced Raman
Spectroscopy (SERS) realized on silver island films were shown for the detection of salicylic
acid (SA) in patients’ urine in case of taking more than 300 mg doze of acetylsalicylic acid.
Characteristic markers have been revealed confirming the presence of SA metabolites both after
taking 300 mg and 3000 mg of ASA. Skeletal molecular vibrations (C-C) at a frequency of 766
cm-1, C=0 vibrations at 1637 cm-1 and characteristic maximums of C-O-H at 1152 cm-1 were
detected. Certain perspectives for ASA overdose detection with IR-Fourier spectroscopy have
been shown. The methodology for clear urine spectra detection has been performed.

Conclusions

The methods of detection of the main metabolites of ASA in urine have different efficiency.
Detection of the main metabolites of ASA in the urine of the studied methods have different
efficiencies. In particular, a method based on IR spectroscopy does not have sufficient sensitivity
to detect the main metabolites of ASA. At the same time, methods based on 1H NMR and SERS
can detect ASA metabolites (SA, SU) even after taking ASA at low doses. It is advisable to
continue the study on based on NMR and SERS and to verify them with a wider range of doses
of ASA and at different time intervals after administration of the drug.



1. INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality among
individuals worldwide. In 2017, CVD caused an estimated 17.8 million deaths worldwide,
corresponding to 330 million years of life lost and another 35.6 million years lived with disability
(1, 2). For high-risk patients it is important that treatment is continuous and that good compliance
Is maintained over the long term (3).

Currently, several approaches have been developed and applied in assessing the adherence
to aspirin: methods for counting the drug, interviewing patients, evaluating platelet function,
determining aspirin metabolites in the blood and urine. Only a few studies measured levels of
acetylsalicylic acid (ASA) metabolites in patients with CVD taking ASA for CVD prevention (4,
5).

The biological half-life of ASA is about only 20 min (6) and ASA undergoes rapid
hydrolysis by esterases in the gastric mucosa, liver, plasma and erythrocytes, producing major
ASA metabolites — salicylic acid (SA) and salicyluric acid (SU) as far as minor metabolites —
gentisic acid, salicyl-acyl glucuronide, salicylphenolic glucuronide, salicyluric acid phenolic
glucuronide and gentisuric acid (7-9). The urinary excretion ratio of the three main metabolites of
ASA in human urine — SA, SU and gentisic acid is 8.3: 45.0: 1.0 (9). Therefore, the most rational
approach for monitoring ASA ingestion is to identify two main ASA metabolites (SA and SU) in
the blood or in the urine.

Various methods, such as H!’LC and :-=C—-MS/MS, have been developed to determine ASA
and ASA metabolites in human blood and urine (9, 10). Therefore, there are no researches focused
on ASA analysis of urine metabolites related to patient’s compliance monitoring process. The aim
of this study was to study the possibilities of using vibrational spectroscopy methods 5t RS and
IR spectroscopy) and nuclear magnetic resonance (NMR) spectroscopy to identify ASA

metabolites for monitoring patients for compliance with ASA.

2. METHODS
2.1 Human investigation

The investigation used a panel of healthy volunteers, drawn from the students and staff of
Immanuel Kant Baltic Federal University, ages 19-50 years, body wait 55-85 kg. The subjects had
taken no drugs for at least seven days before their participation in the study; no other exclusion
criteria were applied. Urine samples were collected from healthy volunteers after signing informed

consent. Informed consent, study protocol was approved by an independent ethics committee.
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Urine samples of volunteers were collected before and after taking 100, 300 and 3000 mg
ASA for 24 h after dosing. Freshly collected urine was centrifuged at 2000 g, after which the
supernatant was collected and passed through a filter nozzle (average pore diameter is 0.2 um,
membrane diameter is 28 mm, cellulose acetate, fiberglass (Merck, Millipore)). Then, using a
buffer solution, the urine.»H was adjusted to 7.2-7.4. The volume and pH of the sample was

recorded at the time of collection, and samples stored at -20°C until analyzed.

2.2. NMR spectroscopy study of the urine samples

540 ul of prepared and pH-corrected urine sample was placed in standard 5 mm sample
tube, then 60 pl of D20 were added to the sample as ¢ < ‘erence frequency standard. Urine samples
were examined by *H NMR on a VARIAN 400 spectrometer in a magnetic field of 9 Tesla. The
main parameters of the one-dimensional experiments were as follows: the duration of 90° pulses
was 2.5 ps, the number of scans was varied from 128 to 8192. All spectra were acquired at 25° C
temperature. All chemical shifts were determined by the signal of the residual protons of deuterated

ater. The spectral assignment of signals of endogenous compounds in urine samples was
performed by taking into account the literature data of chemical shifts in biological fluids, spin-
spin interaction constants. *H NMR spectra of three standard acids: salicylic, salicyluric and
gentisic acids, corresponding to the major metabolites of acetylsalicylic acid, obtained from Sigma-
Aldrich, were acquired under the same experimental conditions as urine samples. Two-
dimensional COSY experiment were performed with using of the following pulse sequence: (90°)
- t1 — (90°) - t1.

To suppress water signal, various pulse sequences have been tested (WATER suppression
by GrAdient Tailored Excitation scheme - WATERGATE). The "//ATERGATE technique turned
out to be the most effective for recording one-dimensional spectra of the studied samples. It allows
us to obtain spectra with minimal artifacts in the region of the suppressed water signal.
WATERGATE makes it possible to observe signals from protons whose frequencies are close to
or overlap with the water resonance ‘! HO). The WATERGATE is a spin echo sequence using
frequency-selective excitation pulses with a minimum excitation power at the frequency of the
water signal. Fine tuning of the sequence parameters was carried out based on the effectiveness of
the water signal suppression. To identify the metabolites, a two-dimensional COSY pulse sequence
was used to reveal the proton-proton interactions of the overlapping signals in the area of interest.
In two-dimensional spectra, the water signal was suppressed by the WET method.

Preliminarily, in order to distinguish the signals of ASA metabolites against the
background of healthy human metabolites, such as hippuric acid, we recorded spectra of SA, SU

and gentistic acids with the addition of deuterated water, and determined chemical shifts relative
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to TMS. Urine samples from healthy volunteers before and after taking 100 mg, 300 mg and 3000
mg ASA, prepared as described above, were studied by *H NMR using a method of water signal
suppression.
2.3. Surface-enhanced Raman spectroscopy study of the urine samples
2.3.1. Silver nanoparticles synthesis

A wet chemistry chemical method based on the reduction of silver ions with sodium
tetrahydride borate (LTD «Lenreactivy», Russia; Purity > 98%) was used for silver nanoparticles
(NPs) synthesis. To perform the synthesis, 100 ml of Milli-Q water (2 = 18,2) and 7.5 mg of
NaBHs was added in chemically purified flat-bottomed flask. Then the flask was placed on
magnetic stirrer, where the resulting solution was subjected to cooling in ice to a temperature t =
0° C and mixing with a ferrite anchor (~1100 rpm). After that, 5 ml of AgNO3 with a concentration
of 10 M was quickly added dropwise into the solution. The reduction reaction of silver ions led
to the formation of nanoparticles and a change in the color of the solution from colorless to yellow-
brown. The suspension was kept at zero temperature for another 20 minutes to perform the full
silver reduction. After that, a freshly prepared hydrosol of nanoparticles was used in 2 hours for
SERS experiments.
2.3.2. Optical properties of silver nanoparticles AgNPs

To study the optical properties and sizes of silver nanoparticles, spectrophotometry and
photon-correlation spectroscopy were used. The absorption spectrum (Fig. 1b) was obtained using
a UV-2600 double-beam spectrophotometer (Shimadzu, Japan). To determine the size of the
nanoparticles (Fig. 1a), the Photocor Complex analyzer (Photocorr, Russia) was used. The
calculation of the concentration of nanoparticles in the obtained hydrosols was carried out

according to the formula:

C=—r— , ()

T 4Amr3pNgV

where m is mass of silver in the solution (m = 3.397 mg); r is NPs radius (r = 12 nm); p is
silver density (p = 10.49 g/cm3 ), V is solution volume (V=0.12 I). The resulting concentration
of silver spherical nanoparticles was C=6,19-102°M .
2.3.3. SERS substrates preparation

Since Raman spectroscopy experiments demonstrated small cross-sections of scattering,
the SERS active surfaces were prepared in order to amplify the signal of Raman scattering. High
quality quartz glasses were used and silver nanoparticles were thermally deposited on it. Quartz
glasses were chemically cleaned with isopropyl alcohol, after which they were placed on a pre-
heated tile. The glass heating temperature was 40° C. Temperature control was carried out using
an external thermal controller. A created hydrosol of silver nanoparticles was applied dropwise (5

ul) to the prepared quartz glass. The next 5 pl drop was added on the glass after the first droplet



dried. The third 5 ul drop was added on the layer after the second drop was dried. As a result the
silver clusters were formed on the substrate surface. Modified substrates with silver nanoparticles
were ready for used for SERS experiment in 10 min after drying of the hydrosol third layer. The
effective amplification of the Raman signal reached orders of magnitude 102 — 10° pa3 for urine
samples.
2.3.4. Registration of Raman spectra of the urine samples

Raman spectra of the urine samples were obtained using Raman Centaur U (LTD
«NanoScanTechnology», Russia) spectrometer with spectral resolution 2,5 cm™. The
spectrometer was equipped with 532 nm Cobolt Samba DPSS laser (50mW) which was applied to
register the SERS spectra. The optical scheme of the spectrometer included Olympus BX41
microscope (Olympus, Japan) with 100X (NA 0.9) objective to perform beam positioning and
scattered photons collection. Spectrometer M266 (SolarLS, Belarus) monochromator had a focal
length of 284 mm, 1200 g/mm holographic diffraction grating and was equipped with a 1024 x
256 pixels CCD thermoelectric cooled detector (Andor Tech., UK). Urine samples were put on the
chemically purified quartz glass and placed in the microscope holder. The laser beam was
positioned on the sample located on silver cluster USB Video Camera (Olympus, Japan) and the
laser spot from the Raman spectrometer was focused on the sample’s surface. The size of the laser
spot was varied from 1 x 25 pmto 1 x 30 um depending on laser power used. To prevent sample
destruction and achieve the best signal-to-noise ratio, laser power embedded to the sample was
manually adjusted from 5 to 50 mW for DPPS lasers. The notch filters were applied to eliminate
Rayleigh scattering. Three times averaged spectra from one place of the droplet have been
collected for each sample. Signal acquisition time was 50s. Acquisition time and number of
averages were selected manually to get a best signal-to-noise ratio. Raman spectra were recorded
in a wavenumber «fingerprint» range for organic samples between 600 cm™ and 1800 cm™ with
spectral resolution 2.5 cm™. The instrument was calibrated before assessment of each series of
specimens with silicon standard (Horiba, Japan) at a static spectrum centered at 520.1 cm ™ for 1
s. All spectral data was saved after the registration as .txt files for further assessment.

BioRad-KnowltAll Informatics System (Thermo Fisher Scientific Inc., USA) was used for
manual linear baseline correction and Savitzky—Golay filtering. All spectra were baseline
corrected and normalized to the maximum signal intensity.
2.4. Infrared (IR)-Fourier spectroscopy of urine samples in KBr pellets

Urine samples were subjected to a single freeze after collection. Before the experiment, the
clinical samples were uniformly thawed in a water bath at room temperature (T = 21 °C). After
complete thawing, the samples in the tubes were inverted 4 times by 180° for 3 seconds. 20 pl of

urine was taken with an Eppendorf Research+ microliter mechanical pipette and deposited on the



on the walls of an agate mortar to form a thin layer. Mortar was purified with isopropyl alcohol
before the experiment. After it, the mortar was placed into desiccator and heated to 60° C.
Evaporation of urine occurred within 20 minutes. After evaporation, traces of remained urine
formed of a semi-matte white coating on the mortar walls. The coating was thoroughly cleaned
from the walls of the mortar and then 0.25 grams of an optically transparent and chemically pure
KBr powder (Pike Tech., UK; purity > 99%) was added to it. The resulting mass was carefully
mixed with a pestle in order to achieve a finely divided state of the mixture. Evenly distributing
the mixture on the inside of the mortar, the sample was again drying at 60° C in a desiccator for
20 minutes. After that, the grinding and drying procedure was repeated under the same conditions
with the initial amount of the sample. The next step was the pressing of a KBr pellet from the
resulting mixture with a hydraulic press at a pressure of 7-7.5 tons on sample within three minutes.
After of the procedures, the fully transparent tablet was carefully removed from the press holder
and placed at the spectrometer holder. The spectrum was recorded on a Prestige-21 IR-Fourier
spectrometer (Shimadzu, Japan). Spectra were recorded in the characteristic region of 400-3100

cm™,

3. RESULTS
3.1. Detection of ASA metabolites by NMR methods

'H NMR fragments of the spectra of a volunteer urine samples collected after taking 100
mg and 300 mg of the drug are shown in Fig. 1,2. In order to stabilize the resonance conditions, 3-
(trimethylsilyl) -2,2,3,3-tetradeuteropropionic acid (TSP-d4) (Euriso-top) was used as the internal
standard of the internal chemical shift reference. Samples were adjusted to pH = 7:2 In this paper,
the assignment of signals is given relative to TMS.

Analysis of the 111 NMR spectra of urine samples of healthy volunteers before and after
taking aspirin have showed different dynamics of metabolism depending on the time of collection
of urine. There were no significant changes in the spectra of urine samples collected after 1.5 hours
of taking medication (Fig. 1(a)). A slight line shift can be caused by a change in the pH of the
sample. However, the *H NMR profile of the spectrum of urine collected from volunteers after 4
hours from taking 100 mg of the drug undergoes significant changes. In the spectrum of the
volunteer urine sample, collected after 4 hours from taking 100 mg of the drug, additional intense
signals were observed in the 6.8-6.9ppm and 7.7 ppm regions, overlapping with hippuric acid
signals. In order to identify the signals, spectra of urine samples were compared with the spectra
of hippuric and salicylic acids. In fig. 2 (a, b) it can be seen that the line intensity in the region of
7.7 ppm - 7.3 ppm changes and new signals appear in the region of 6.8 ppm -7.1 ppm, which can
be attributed to the main ACA metabolites - SA and SU.
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More pronounced changes in the *H NMR spectra can be observed for urine samples,
collected after 4 hours of patient taking 100 mg single-dose aspirin (Fig. 3). In the region of 6.7
ppm - 6.8 ppm one can observe intense overlapping signals of SA and SU acids, as well as a clearly
distinguishable triplet and doublet of salicylic acid in the regions of 7.15-7.2 ppm and 7.60 —7.65
ppm.

In order to unambiguously assign signals and identify metabolites, correlation spectra of
COSY were recorded. Comparison of two-dimensional spectra of urine before (red) and after
(green) reception of 3g of ASA are shown Fig. 4. Cross peaks from the signals of SA and SU acids
are observed in the regions of 7.6, 7.25, 6.75 ppm. Correlation peaks uniquely indicate the presence
of coupled signals of the interacting protons of the benzene ring of salicylic acid. Thus, the study
showed that the spectral region is 6.7 ppm - 6.8 ppn:.. n which there are no noticeable signals in
the urine of a healthy person, can be used to establish diagnostic signs of taking medications.
Changes in this region of the urine spectrum are present whether the volunteer takes 3000 mg, 300

mg or 100 mg of the drug.

3.2. SERS analysis of ASA metabolites

To analyze the data obtained by the results SERS experiments, the Raman spectra of the
main metabolites of ASA were registered: SA (Sigma, purity > 98%), hippuric acid (Sigma, purity
> 98%), gentisic acid (Sigma, purity > 98%). The positions of the main characteristic maxima for
each metabolite were identified. To record reference spectra, 1 mg of pure substance in the
crystalline phase was taken. Further, a spectral analysis was carried out to identify spectral
differences in the case after taking 300 mg and 3000 mg of ASA and comparing it with the main
metabolites of ASA.

According to the results of the SERS experiment of clinical samples, characteristic bands
were revealed that confirm the presence of SA metabolites both after taking 300 mg of ASA and
after taking 3000 mg of ASA. In the case of receiving 300 mg, characteristic vibrational bands of
skeletal molecular vibrations (C-C) at a frequency of 766 cm™, C = O vibrations at a frequency of
1637 cm®, which are the part of SA molecules, were recorded. In the spectral frequency range of
1100 - 1200 cm™, characteristic maximums of C-O-H vibrations in SA were detected at a
frequency of 1152 cm™. In the control sample without ASA, either the absence of such a
vibrational band or the presence of characteristic non-intense shoulder in the spectrum at a
frequency of 1152 cm™ was observed (Fig. 4). In such a control sample, characteristic vibrations
of NH> urea at a frequency of 1159 cn -1 were also recorded (11-15).

In the case of taking a subtoxic dose of 3000 mg of ASA, an increase in the intensity of the

recorded vibrations of the C-O-H and C=0 groups at frequencies of 1637 cm™, 1152 cm™ was
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registered compared with the case of taking 300 mg of ASA. On the other hand, the intensity of
the vibrational band for a frequency of 766 cm™ decreased, which may be correspond to
repeatability problems of SERS signal (16). In this regard, the authors prioritize interpretation of
the results of SERS for identified spectral shifts, while a change in intensity is a secondary sign.

Table 1 shows the positions and intensities of the main characteristic maxima.

3.3 Determination of ASA metabolites by Fourier-transform infrared spectroscopy (FTIR)

To analyze the obtained data from the results of FTIR spectroscopy experiments, the obtained
spectra of the samples after taking 300 mg and 3000 mg of ASA and control were correlated with
the spectra of the studied metabolites. The experiments showed the lack of coincidence of the
studied bands with the following metabolites: SA, SU, hippuric acid, gentisic acid. Fig. 8 shows
the obtained spectra for the studied metabolites. Spectral differences in the case of taking a variable
dose of ASA and in the case of control were not found, as well as spectral correlation with the
characteristic maxima of metabolites.

During the experiment, 1 mg of SA standard was added to 20 pl of a urine sample without ASA.
In this case, low-intensity peaks of SA metabolite in the sample were detected. Since the detection
of metabolites was demonstrated by combining FTIR spectroscopy with other methods (17, 18)
the authors believe that the concentration of metabolites even in case of receiving a subtoxic dose
of 3000 mg is insufficient for detection of SA in urine, however, there are certain prospects for the

use of FTIR spectroscopy for studies overdoses of ASA are available

4. DISCUSSION

Long-term therapy with low-dose (75-325 mg) ASA, is highly effective for the secondary
prevention of cardiovascular events. Low-dose aspirin (LDA) also confers a 10% risk reduction
for pre-eclampsia and a 20% risk reduction for fetal growth restriction in high-risk pregnant
women, (5, 19-21). Poor compliance with low-dose ASA therapy ranged from approximately 10%
to over 50%, and patient-initiated discontinuation of therapy occurred in up to 30% of patients
(22). Nonadherence or discontinuation of aspirin imparted a 3-fold increased risk of overall
thrombotic events and a 2-fold increase in the risk of coronary artery disease and coronary artery
bypass grafting (23).

Non-invasiveness and the ability to collect a large amount of quantitative and qualitative
information, in particular about the biochemical composition, conformations of molecules in
biological fluids, the relative simplicity of sample preparation, and high analysis speed are
potential advantages FT-IR and Raman spectroscopy (including SERS) methods for determining
ASA metabolites.



The NMR method is becoming increasingly widespread as an experimental basis for
studying the metabolic profile of humans and animals during their life activity under normal
conditions and various pathologies, as well as under the influence of drugs (24), and is an
indispensable method for identifying metabolites. The prospects of using *H NMR spectroscopy
in studying the composition of urine in order to develop new laboratory methods for diagnosing
diseases were shown in (25). It was noted (24) that *H NMR spectroscopy is an express method
for the determination of various metabolites in biological fluids, such as urine and blood. In papers
(25, 26), *H NMR was proposed as a convenient method for detecting salicylate poisoning by
detecting the main metabolites of acetylsalicylic acid in saline samples: salicylic acid (SA),
gentisic acid, and salicyluric acid (SU). In (25), the NMR frequencies and spin — spin coupling
constants of SA and SU were determined by two-dimensional J-resolved spectroscopy.

In a recently published review, an attempt was made to systematize existing methods for
the qualitative and quantitative study of adherence to aspirin. It turned out that the use of objective
quantitative tests based on laboratory or instrumental data in research is extremely limited. In
particular, it was shown that only 6% of researchers relied on an assessment of serum or urinary
thromboxane. And methods based on measuring levels of aspirin metabolites are mentioned in
only 2 of 87 studies (27). In our opinion, one of the explanations why the methods based on the
detection of aspirin metabolites are not widespread is their complexity and high cost. First of all,
this concerns various modifications of the HPLC. The physical methods investigated in this work
for identifying aspirin metabolites are largely devoid of these drawbacks.

In our study volunteer urine samples were evaluated before and after receiving of 300 mg
and 3000 mg ASA. There were revealed significant changes in the *H NMR spectra associated
with the presence of additional ASA metabolite signals. The complexity of the unambiguous
identification of emerging metabolites is due to the fact that the *H NMR spectrum of a healthy
person’s urine contains a number of metabolite signals whose chemical shifts are in the range from
6.9 ppm to 8 ppm (32, 33) related to the signals of aromatic protons of hippuric acid and phenols.
A comparative analysis of the spectra of urine samples and the spectra of pure forms of hippuric,
SA and SU acids dissolved in water made it possible to identify the presence of metabolites of SA
and SU acids. Two-dimensional correlation (COSY) experiments confirmed the appearance of
signals of SA and SU metabolites in urine samples of volunteers receiving aspirin by detecting
additional cross peaks whose chemical shifts are in the range from 6.9 ppm to 8 ppm, which is
consistent with the results of (32-34, 40). After receiving high dosed of aspirin (3000 mg), changes
in the 'H NMR spectrum of the urine were detected not only in regions characteristic of the
identification of ASA metabolites, but also in the region of the spectrum characteristic of urea

identification - 5.3-5.8 ppm. It was revealed that the peak intensity in the spectral region of 5.3—



5.8 ppm, characteristic of urea, two hours after administration of ASA at a dose of 3000 mg, was
lower than before administration of ASA (Fig. 3 b).

This fact can be explained by the peculiarities of the pharmacological action of ASA.
Nephrotoxicity of non-steroidal anti-inflammatory drugs (NSAIDs) as well as ASA has been
widely described (28). ASA nonselective inhibit renal cyclooxygenases in the arachidonic acid
pathway, this disrupts the production of prostaglandins which results in renal vasoconstriction (29,
30) and decrease urea glomerular filtration rate.

The NMR method was sensitive to the detection of low concentrations of ASA metabolites
in the urine (at a dosage of 100 mg).

However, not all volunteers showed changes in the *H NMR spectra of urine samples after
receiving small doses of the drug. It was found that the intensity of the signals of ASA metabolites
in the samples depends on the time of urine collection, which passed after administration of ASA.
The problem of the individual metabolic rate of ASA in volunteers is still waiting for its solution.
Moreover, a comparison was made of the amount of salicylic acid (SU) and salicylic acid (SA)
daily excreted in the urine by non-vegetarians and vegetarians who do not take salicylate drugs,
and patients taking low doses of aspirin (75 or 150 mg aspirin / day ) (31). The authors found that
vegetarians daily released significantly more SU (4.98-26.60 pmol / 24 hours) than non-
vegetarians (0.87—-12.23 umol / 24) hours), although the amounts were significantly lower than
those that are secreted by patients taking aspirin. The amount of SA, relative to SU, excreted from
the body in all four studied groups was relatively low, which probably reflects the number of
metabolic pathways that SA can use. This fact can also be used to establish the identification of
low-dose aspirin.

Thus, it was shown that the *H NMR method is sensitive to the detection of low
concentrations of ASA metabolites in the urine (at a dosage of 100 mg). The probability of
detecting ASA metabolites in the urine depends on the interval from taking the drug to collecting
tests and, possibly, the individual metabolic rate of the patient. Since the NMR method is not
specific for certain substances, urine samples require preparation before carrying out of
experiments, adjusting the pH, and adding a deuterated solvent or standard for quantitative
measurements and stabilization of experimental conditions. Nevertheless, the sensitivity of the
method allows the detection of ASA metabolites in therapeutic doses used for the prevention of
cardiovascular diseases.

Raman and FTIR spectroscopy are highly versatile techniques and have minimum sample
preparation. Samples can be simply placed onto different surfaces (ZnSe crystals, quartz, SERS
active surfaces e t.c.) for fast and label-free analysis. Combinations of complementary Raman and

FTIR methods can avoid researchers to get away from FTIR sample absorption in water (using



Raman instead) and allowing usage of suitable FTIR methods as attenuated total reflectance
(ATR), analysis in KBr pellets. The rapidity of spectral collection for both methods is an
advantage and more than 800 spectra can be collected within 24 h using both methods.

Raman spectroscopy is widely used for diagnostic applications (32-34). For urea analysis,
Raman spectroscopy is applied to detect and monitor nitrogen compounds in case of kidney
deceases (35). Authors (36) perform glucose identification in diluted urine by the Raman
spectroscopy method. Urine metabolites can be detected for physically active subjects (37). To
amplify Raman scattering low cross-sections for urine metabolites detection SERS-based methods
towards plasmonic nanoparticle colloids (38) and surfaces (16) are used for it. SERS can be
effectively used for detection the presence of illegal substances in sportsmen's urine (39, 40). Paper
(41) demonstrated prospects of SERS spectroscopy for multiplex detection of two families of urine
metabolites correlated with miscarriage risks: 5p-pregnane-3a, 20a-diol-3a-glucuronide and
tetrahydrocortisone. IR spectroscopy is also used for metabolites detection, but mostly in
combination with other methods: HPLC spectroscopy (17) and liquid chromatography-mass
spectrometry (LC-MS) (42). The detection of lapatinib metabolites in liver tissue can be performed
by mass spectrometry imaging using infrared matrix-assisted laser desorption electrospray
ionization (IR-MALDESI) (18). The metabolic fingerprinting using FTIR are undertaken using
NIR measurement of lactate in human blood (43) and metabolites in faeces (44).

Thus, the comprehensive study has showed that the detection of the main metabolites of
ASA in the urine of the studied methods have different efficiencies. In particular, a method based
on IR spectroscopy does not have sufficient sensitivity to detect the main metabolites of ASA. At
the same time, methods based on *!!:NMR and RS / SERS can detect SA, SU acids even after
taking ASA at low doses used to prevent cardiovascular disease. It is advisable to continue the
study on based on NMR and RS / SERS and to verify them with a wider range of doses of ASA

and at different time intervals after administration of the drug.
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