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Abstract: A novel liquid chromatography-tandem mass spectrometry (LC-MS/MS) method has been
developed and validated for the simultaneous determination of tipiracil (TIP), trifluridine (FTD),
and their metabolites, 5-trifluoromethyluracil (FTY) and 5-carboxy-2’-deoxyuridine (5CDU), in rat
plasma. This method is highly sensitive, specific, and fast. Paracetamol (PAR) is used as an internal
standard (IS). Using acetonitrile-induced protein precipitation, the analytes were extracted from
a plasma sample and separated on a Waters BEH C18 (1.7 um particle size, 50 mm x 2.1 mm ID)
column protected by a security guard cartridge (C18, 4 x 2.0 mm). The isocratic mobile phase was
made up of methanol and water containing 0.1% formic acid (80:20, v/v) at a flow rate of 0.5 mL/min
for 4 min. The quantification was performed using a positive electrospray ionization (ESI) interface
and a multiple-reaction monitoring (MRM) mode. The MRM transitions employed were m/z 242.96
— 182.88 for TIP, 296.96 — 116.86 for FTD, 180.98 — 139.85 for FTY, 272.96 — 156.86 for 5CDU, and
151.97 — 92.68 for IS. The validated method complied with the guidelines set by the US-FDA over on a
linear concentration range of 54000 ng/mL for FTD, FTY, and 5CDU, and 5-1000 ng/mL for TIP. The
coefficient of determination (r2) was equal to or greater than 0.997. The corresponding lower limits of
detection (LLOD) were 1.5 ng/mL for FTD, FTY, and 5CDU and 1.0 ng/mL for TIP. The recoveries of
all analytes from rat plasma ranged from 88.67% to 112.18%, and the mean relative standard deviation
(RSD) of accuracy and precision result was less than or equal to 6.84%. FTD, FTY, 5CDU, and TIP
demonstrated adequate stability throughout the various circumstances examined. Additionally, no
matrix effects were identified for any of the analytes. The assay was effectively utilized to conduct
a pharmacokinetic study in rats following the oral administration of FTD and TIP at a dosage of
5.6 mg/kg, with a ratio of 1:0.5 for FTD and TIP, respectively. This indicates that the suggested
approach is suitable for future clinical research. The pharmacokinetic parameters Cmax (maximum
concentration), Tmax (time to reach maximum concentration), t1/2 (half-life), AUC.o4 (area under the
concentration—time curve from 0 to 24 h), AUC total (total area under the concentration—-time curve),
Ke (elimination rate constant), Vd (volume of distribution), and CL (clearance) of all analytes were
assessed. The assay developed exhibits significant advancements compared to earlier bioanalytical
methods documented in the literature. These improvements include high sensitivity, specificity, and
efficacy in high throughput analysis of complex matrices. Additionally, the assay offers a shorter run
time and smaller sample volume (50 pL).
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1. Introduction

Trifluridine/ tipiracil (Lonsurf®; Taiho Oncology, Taiho Pharmaceutical Co., Ltd. Tokyo,
Japan.) is an orally taken cytotoxic drug that has been approved for the treatment of pa-
tients with advanced colorectal cancer (CRC) who have become unresponsive to other
therapies [1]. Colorectal cancer (CRC) accounts for 10% of all cancer cases globally and is
the third most common cancer in males and the second most common cancer in women [2].
Trifluridine (FTD; 2'-deoxy-5-(trifluoromethyl) uridine; [Mwt] 296.20 g/mol, (Figure 1),
is an antivirus thymine derivative drug; it was approved for medical use in 1980 to treat
primary herpes simplex keratoconjunctivitis [3]. FTD functions as an anticancer agent
by being incorporated into DNA during the process of DNA synthesis, hence impeding
the proliferation of tumor cells. Thymidine kinase quickly adds a phosphate group to
it, turning it into its active form called TF-TMP. This active form easily attaches itself to
tyrosine 146 in the active site of thymidylate synthase (TS), which stops the enzyme from
working properly [4]. The primary method of elimination was by metabolism via thymi-
dine phosphorylase (TPase), resulting in the formation of an inactive metabolite called
5-Trifluoromethyl-2,4(1H,3H)-pyrimidinedione (FTY), which was the major metabolite, and
5-carboxy-2'-deoxyuridine (5CDU) as a minor metabolite [5] as represented in Figure 2.
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Figure 1. Chemical structures of tipiracil (A), trifluridine (B), 5-trifluoromethyluracil, (C) and 5-
carboxy-2’-deoxyuridine (D).
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Figure 2. Metabolic pathways of trifluridine in human; trifluridine (B), 5-trifluoromethyluracil,
(C) and 5-carboxy-2’-deoxyuridine (D).

After administering a single 60 mg tablet of Lonsurf®, the average cumulative urine
excretion of unaltered FITD was 1.5%, FTY was 19.2%, and unchanged tipiracil was 29.3%
within 48 h [6]. The primary route of elimination for FTD is through metabolism by TPase,
resulting in the production of the major metabolite FTY, which is then eliminated in the
urine. On the other hand, tipiracil is primarily excreted in unchanged form in the urine [6].
Tipiracil (TIP), with a molecular weight of 279.12 g/mol (Figure 1), is a compound that
inhibits the breakdown of FTD by TPase when administered orally.
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The monitoring of plasma concentrations of anticancer medications holds significant
potential. Drug monitoring enables dose adjustment to enhance effectiveness and minimize
treatment-related side effects. This can be accomplished through the advancement and
refinement of sophisticated and highly responsive analytical techniques. The predominant
instrumentation employed in this methodology is LC-MS/MS, utilizing a triple quadrupole
mass spectrometer [7-9]. LC-MS/MS has emerged as a powerful separation technique
utilizing various separation approaches. It offers distinct benefits in terms of precision,
heightened responsiveness, and effectiveness, requiring lower sample volume, less solvent
usage, and rapid analysis. These advantages enable the identification of medicines in
biological samples even when metabolites are present [10].

Estimating FTD, FTY, 5CDU, and TIP in biological fluids is a challenging task due
to the diverse physical and chemical properties of these analytes, as well as their distinct
pharmacokinetic profiles. Only a limited number of analytical approaches have been
documented for the quantification of FTD and TIP. RP-HPLC techniques with UV detection
were developed to quantify FTD and TIP in capsules, tablets, and bulk form [11-18].
Nevertheless, the methods that were reported utilized a linear range of 2.5-15 ug/mL and
were also time-consuming. FTD, FTY, and TPI measurement in biological fluids using
HPLC-UV techniques has only been published in two papers [19,20]. These methods
utilized liquid-liquid extraction for FTD/FTY and solid-phase extraction for TPI. They
were laborious and time-consuming. Furthermore, the assay described in reference [19]
utilized a larger plasma volume of 500 pL, a longer analytical run time of 8 min, and a
greater lower limit of quantification (LLOQ). These factors may potentially decrease the
sensitivity and suitability of the test for accurately measuring plasma concentration in
advanced cancer patients. Hence, it is imperative to devise a proficient and exceedingly
responsive bioanalytical technique for the simultaneous quantification of TIP and FTD in
the presence of their metabolites.

After conducting a thorough assessment of the existing literature, it has been found
that there is currently no bioanalytical LC-MS/MS method available for simultaneously
analyzing the combination of TIP and FTID, along with their metabolites FTY and 5CDU,
in rat plasma. The objective of this study is to create, refine, and thoroughly validate a
bioanalytical technique using LC-MS/MS that can accurately measure the levels of these
drug combinations in rat plasma. In addition, this thoroughly verified created technique
was effectively utilized for the pharmacokinetic study in rats following the oral administra-
tion of FTD and TIP. The newly developed LC-MS/MS approach offers several advantages
over previous methods, including a short run time of 4 min, a significantly smaller sample
volume of 50 pL, cost-effective sample preparation using protein precipitation extraction,
and minimal solvent use.

2. Experimental
2.1. Chemical and Reagents

Toronto Research Chemicals (Toronto, ON, Canada) provided reference standard
samples of FTD, TP, FTY, and 5CDU (purity > 99%). The Paracetamol reference standard,
with a purity level exceeding 99%, was acquired from the Amoun Pharmaceutical Company
located in El-Obour City, Cairo, Egypt. This standard serves as the internal standard (IS).
The mobile phases were prepared using HPLC-grade solvents, specifically acetonitrile
and methanol, obtained from Panreac in Barcelona, Spain. Additionally, Sigma Aldrich
and Chemic GmbH (Steinem, Germany) provided acetic acid, ammonium acetate, formic
acid, and trifluoroacetic acid. The Ultrapure water was obtained via the Ultrapure water
Milli-Q Advantage water purification system, which utilizes a 0.22 um filter manufactured
by Millipore in Molsheim, France. The study utilized male Wistar rats with a healthy
condition, weighing around 250 + 30 g. These rats were obtained from the experimental
animal care department located in the college of pharmacy at King Saud University in
Saudi Arabia.
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2.2. LC-MS/MS System

The process of chromatographic separation was carried out using a Waters® Acquity
Ultra Performance LC system from Milford, USA. The system included a sample manager
(Acquity Ultra Performance LC/model code UPA, serial # KOSUPA 993M, product of USA,
Waters Corporation, Milford, MA, USA) and a Binary Solvent Manager (Acquity Ultra
Performance LC/model code UPA, serial # COS8UPA 634M, product of USA, Waters Cor-
poration, Milford, MA, USA). The instrument was equipped with electrospray ionization
spectrometry (Zspray™ ESI- APCI-ESCI, Acquity Ultra Performance LC) and utilized multi-
ple reaction monitoring (MRM) mode. It employed a triple-quadrupole mass spectrometer
detector (STEP WAVE™, Ultra Performance LC/TQ Detector/model code TQD, serial #
QBA489). The process of sample filtration was carried out by utilizing disposable syringe
filters (CHROMAFIL Xtra PA-20/25 polyamide filter) with a pore size of 0.22 um and a filter
size of 25 mm. These filters were obtained from MACHEREY NAGEL, GmbH & Co, KG.
located in Duren, Germany. The samples were separated using a reversed phase Acquity®
UPLC BEH C18 column (50 mm x 2.1 mm ID, 1.7 um particle size). The separation was
performed in isocratic mode. The mobile phase consisted of a mixture of methanol and
water with 0.1% formic acid (80:20, v/v). The column temperature and autosampler were
maintained at a constant value of 25 °C. The injection volume was 5 uL using the full loop
mode, with a constant flow rate of 0.5 mL/min. The overall duration was 4 min. A strong
washing solution consisting of a mixture of water, methanol, and acetonitrile at a ratio of
1:1:1 (v/v/v) was prepared and employed both before and after the injection procedure to
ensure complete removal of any potential residue. The drugs under investigation, namely
FTD, FTY, 5CDU, and TIP, were subjected to electrospray ionization (ESI) in positive ion
mode. Various MS parameters, such as impact energy, capillary voltage, and cone voltage,
were individually tuned for each analyte. The temperature used was 150 °C. The desolva-
tion gas employed was nitrogen, flowing at a rate of 800 L /h. The collision gas flow rate
was set to 0.15 mL/min, while the cone gas flow rate was set to 150 L/h. A uniform dwell
period of 0.025 s was employed for all compounds. The MS analyzer was configured with
a low mass (LM) resolution of 2.8 and a high mass (HM) resolution of 14.86 for both ion
energy 1 and 2. The acquisition was conducted with multiple reaction monitoring (MRM)
to measure each analyte by tracking the transitions from protonated precursor ions [M +
H]+ to specific daughter ions. The precursor with the highest abundance is m/z 242.96 —
182.88 for TIP, followed by 296.96 — 116.86 for FTD, 180.98 — 139.85 for FTY, 272.96 —
156.86 for 5CDU, and 151.97 — 92.68 for IS. The data were obtained and analyzed using
the Masslynx™ version 4.1 software (Micromass, Manchester, UK).

2.3. Preparation of Calibration Curve and Quality Control (QC) Samples

The stock solutions of FTD, FTY, 5CDU, TIP, and IS were made separately as standards
and quality controls (QC) with a concentration of 100 pg/mL. This was achieved by
dissolving 10 mg of each analyte in 50 mL of warm ultrapure water and then filling a
100 mL volumetric flask with ultrapure water to reach the desired volume. The stock
solutions were held at a temperature of —80 °C. Individual working standard solutions of
these drugs were generated by diluting the aforementioned stock solution with ultrapure
water to a concentration of 5.0 ug/mkL. The solutions remained stable for one month
when stored in a refrigerator at —20 °C. The FTD, FTY, 5CDU, and TIP working standard
solutions with a concentration of 5.0 ug/mL were added to a pool of rat plasma that
did not contain any substances of interest. This mixture was then diluted with ultrapure
water to make eight calibration standards. The concentration ranges for FTD, FTY, and
5CDU were 5-4000 ng/mL, while the concentration range for TIP was 5-1000 ng/mL. The
calibration ranges for all analytes were selected based on the drug concentrations in rats.
The quality control (QC) standards were prepared using the same methodology at four
different concentration levels: the lower limit of quantification (LLOQ), lower QC (LQC),
medium QC (MQC), and high QC (HQC). The concentration levels for FTD, FTY, and
5CDU were 5, 15, 2000, and 3900 ng/mL, respectively. For TIP, the concentration levels



Separations 2024, 11, 10

50f19

were 5, 15, 500, and 950 ng/mL. The approach was validated using an adequate number of
calibration and quality control standards. Three levels of controls were established, namely
Low Quality Control (LQC), Medium Quality Control (MQC), and High Quality Control
(HQC). The samples were kept at a temperature of —20 °C.

2.4. Sample Preparation

The protein precipitation method was employed for sample extraction. Prior to
examination, rat plasma samples were thawed at ambient temperature. Rat plasma (50 uL)
was mixed with different amounts of the working standard solutions (5 pg/mL) of FID,
FTY, 5CDU, and TIP to create concentrations of 5, 15, 100, 500, 1000, 1500, 2000, and
4000 ng/mL for FID, FTY, 5CDU, and 5, 15, 50, 100, 250, 500, 750, and 1000 ng/mL for
TIP. Additionally, 50 pL of a working internal standard (IS) solution was added to achieve
concentrations of 500 ng/mL in 2.0 mL disposable polypropylene microcentrifuge tubes.
Every tube was diluted to a volume of 1200 uL using ultrapure water and then thoroughly
mixed for a minimum of 30 s. Deproteinization of the mixture was achieved by adding
500 pL of acetonitrile. The tubes were then subjected to high-speed vortexing for one
minute and subsequently centrifuged at 6000 rpm for 30 min. The liquid portion was
moved to sterile Eppendorf tubes and then subjected to evaporation at 40 °C using a mild
flow of nitrogen until completely dried. The dry extracts were dissolved in 100 uL of the
mobile phase, filtered, and placed into the autosampler tray. Subsequently, a 5 L aliquot
of the supernatant was introduced into the LC-MS/MS apparatus to perform quantitative
analysis. Plasma samples that did not include FTD, FTY, 5CDU, TIP, or the internal standard
(IS) were processed in a similar manner.

2.5. Pre-Study Validation

The complete method validation protocol for this LC-MS/MS assay, which includes
assessing linearity, accuracy, precision, selectivity, carry-over, recovery, matrix effect (ME),
and stability, was compiled in accordance with the recommendations provided by the US
Food and Drug Administration (FDA) [21].

The method’s selectivity and specificity were assessed by analyzing six distinct batches
of rat plasma from six individual animals. This analysis included samples without the
analyte and internal standard (double blank samples), samples with only the internal
standard (blank samples), and samples with the lowest limit of quantification (LLOQ)
along with the internal standard. The purpose of this analysis was to demonstrate that
there was no interference from endogenous plasma components in the chromatography.
The LLOQ (lowest limit of quantification) was established by identifying the concentration
at which the precision, as measured by the relative standard deviation (RSD), is less than
20%, and the accuracy falls within the range of 80% to 120% of the theoretical value [21].

The linearity of the method was evaluated by analyzing the calibration curves of FTD,
FTY, 5CDU, and TIP, which were made in duplicate. The calibration standards were exam-
ined separately at the start and the end of the analytical batch. The calibration curves were
created in rat plasma by plotting the peak area ratio of the analytes’ transition pair with that
of the internal standard (IS) against the nominal concentration of the calibration standards.
The concentrations utilized were 5, 15, 100, 500, 1000, 1500, 2000, and 4000 ng/mL for
FTD, FTY, and 5CDU. For TIP, the concentrations employed were 5, 15, 50, 100, 250, 500,
750, and 1000 ng/mL. The lower limit of quantification (LLOQ) was determined as the
minimum concentration exhibiting a signal-to-noise ratio of 10 or above, with a precision
not exceeding 20% of the relative standard deviation (RSD), and an accuracy within £20%.
The linearity of the data was assessed by calculating the squared correlation coefficient (r)
and determining the least-squares regression line. A correlation coefficient (r) equal to or
greater than 0.997 was necessary.

A carry-over (residual) effect is defined as the effect of treatment on the response from
the previous time point to the current time point. It occurs when the effect of a treatment
administered at the initial time point persists into the next period and distorts the effect
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of the subsequent treatment. The carry-over effect on subsequent runs was assessed by
sequentially injecting the following samples: plasma with no analyte, plasma with the
lowest limit of quantification (LLOQ), plasma with no analyte, plasma with the highest
limit of quantification (ULOQ), and lastly plasma with no analyte.

To evaluate accuracy and precision, we used four different quality control (QC) levels:
lower limit of quantification (LLOQ), lower QC (LQC), medium QC (MQC), and high QC
(HQC). These levels were set at 5, 15, 2000, and 3900 ng/mL for FTD, FTY, and 5CDU,
and at 5, 15, 500, and 950 ng/mL for TIP. To assess the precision and accuracy of the assay,
we analyzed six replicates of each QC level on three separate days. Relative standard
deviations (RSDs) were computed to assess both the precision within a single day and
the precision across several days. The recovery of each analyte from the current protein
precipitation technique was assessed by comparing the peak regions of each analyte and
internal standard (IS) in two samples. Recovery was assessed by comparing processed
samples (HQC, MQC, and LQC, n = 6) to the reference FTD, FTY, 5CDU, and TIP solutions
in blank rat plasma collected at the same quantities. The extraction recovery values were
quantified as a percentage (%).

The LC-MS/MS system’s ESI interface can encounter ion suppression, caused by
endogenous substances present in the biological sample matrix. This phenomenon is re-
ferred to as the matrix effect (ME), which has the potential to impact essential analytical
parameters such as limit of detection (LOD), limit of quantification (LOQ), linearity, accu-
racy, and precision. Hence, it is imperative to thoroughly examine ME during the method
development and validation [22-24]. The post-extraction spiked method was employed
to accurately measure and quantify the extent of matrix effect (ME) on the LC-MS/MS
method that was developed. The impact of plasma components on the ionization of FTD,
FTY, 5CDU, TIP, and the IS was assessed by comparing the responses of the post-extracted
plasma standard QC samples (A) with the response of the pure analyte solutions in the
mobile phases (B) at the same concentrations [23]. The plasma samples were enriched
with FID, FTY, 5CDU, and TIP at three different concentration levels, which spanned the
linear range of 15, 2000, and 3900 ng/mL for FTD, and 15, 500, and 980 ng/mL for FTY,
5CDU, and TIP, respectively. The internal standard (IS) was present at a concentration of
500 ng/mL. The ratio, expressed as A divided by B multiplied by 100, is defined as ME.

The assessment of dilution integrity involved diluting plasma samples with high
concentrations that beyond the linear range of the established method. This was done
to determine the impact on the recoveries of FTD, FTY, 5CDU, and TIP. Plasma samples
were enriched with high concentrations of 6000 ng/mL for FTD, FTY, and 5CDU, and
1500 ng/mL for TIP. These enriched samples were then diluted with blank plasma samples
using dilution factors of 1:2 and 1:4. The diluted samples were subsequently processed
according to the instructions provided in the sample preparation Section 2.4. The stability
of the analytes was assessed by doing six duplicates at the LQC and HQC levels, utilizing
a calibration curve that was produced immediately prior to the experiment. The stock
solutions’ stability was assessed by quantifying the concentrations of analytes following a
30-day storage period at a temperature of —80 °C. The stability of FTD, FTY, 5CDU, and TIP
in the plasma samples was assessed using the same conditions as the study samples. The
freeze-thaw stability was assessed by exposing the quality control (QC) samples to three
cycles of freezing (at —80 °C) and thawing (at room temperature). The quality controls
(QCs) were subjected to ambient temperature for a duration of 6 h and thereafter stored at a
temperature of —80 °C for a period of 30 days in order to conduct short-term and long-term
stability tests, respectively. For the samples to be deemed stable, the test readings needed
to fall within the permitted levels of accuracy (+15% standard deviation) and precision
(<15% relative standard deviation) [21].

2.6. Application to Pharmacokinetic Study

Prior to the studies, four male Wistar rats in good health, 8 weeks old and weighing
250 £ 30 g, were obtained from King Saud University’s Animal Care Center in Saudi Arabia
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and housed in a typical laboratory setting. The King Saud University Institutional Research
Ethics Committee (REC) rules, which were reviewed in compliance with all experimental
methods, were issued with an ethics reference number (KSU-SE-18-18). The rats were
given an oral mixture of TIP and FTD saline solution. Meeh’s formula [25] converts a dose
of 35 mg/m? at a ratio of 1:0.5 FTD and TIP to 5.6 mg/kg. Blood samples (approximately
300 uL) were collected into 1.5 mL polythene tubes containing ethylenediamine tetraacetic
acid dipotassium (EDTA K2), (anticoagulant), before drug administration, and at thirty
minutes, one, two, four, six, eight, ten, twelve, and twenty-four hours later, the samples
were collected into lithium heparinized tubes, which were placed in ice water. The samples
underwent an instantaneous centrifugation at 4500 rpm for ten minutes at 4 °C. The plasma
samples were then stored at —80 °C until examination. Sample preparation followed the
same extraction procedure as outlined in calibration standards preparation (Section 2.4).
The pharmacokinetic parameters of the analytes under study were determined using
the non-compartmental analysis (NCA) model and the PK Solver Add-In software [26].
The area under curve zero to last and infinity (AUCp24; AUC(_o), maximum plasma
concentration (Cpax), time to achieve this (Tax), half-life (Ty;), elimination rate constant
(Kel), and mean residence time were measured.

3. Results and Discussion
3.1. Method Development and Optimization
3.1.1. Liquid Chromatography

In order to account for the complicated internal components present in plasma, it was
imperative to achieve a more refined chromatographic separation and enhanced resolution
throughout the LC optimization process. The LC conditions were optimized using the
standard mixture of FTD, FTY, 5CDU, and TIP. At first, the FTD exhibited an increase in
the width of its peak on the Waters XBrige C18 column (50 mm X 2.1 mm, 3.5 pm) when
acetonitrile was used as the organic phase. No detectable peaks were seen for FTY and
5CDU when acetonitrile was used. To enhance the widening peak, one could employ the
Acquity UPLC BEH™ C18 (2.1 x 50 mm, 1.7 um) column and best separation with high
efficiency at an isocratic elution mode. The chromatographic optimization of the studied
analytes was conducted using several mixtures of solvents as the mobile phase, such as
acetonitrile and methanol with water, and those including 0.1% formic, 0.1% trifluoroacetic
acid, 0.1% acetic acid, or 10 mM ammonium acetate and tested about peak shape and
area and response and analysis time. By adding a trace amount of formic acid (0.05%)
to the mobile phase of methanol with water (1:1, v/v), both the peak shapes and the
separation efficiency can be well improved. Furthermore, this trace quantity of formic acid
can rarely have an impact on the positive MS mode detection sensitivity. In addition, we
investigated the best ratio of methanol by using different methanol percentages (30-90%),
which indicated the best separation and retention time were obtained by the ratio of
methanol 80%. Furthermore, formic acid in different concentrations 0.05, 0.10, and 0.15%
were studied on the retention time and shape of the peaks where the retention time of
all drugs decreased with increasing formic acid in the mobile phase and 0.1% given the
sharp FTY and TIP peaks and some tailing for FTY and FTD were apparent with 0.15%
formic acid. A mobile phase consisting of methanol and 0.1% formic acid in water (v/v)
was given the best separation and peak shape for FTD, FTY, 5CDU, and TIP. In addition,
different flow rates ranging from 0.1 to 1 mL/min were also assessed to achieve better
resolution, and 0.5 mL/min was set as the final choice. We investigated the use of different
internal standards such as venetoclax, nateglinide, repaglinide, cytarabine, glasdegib, and
decitabine, but such internal standards either showed poor peaks or led to overlapping
with FTD, FTY, 5CDU, and TIP. Paracetamol was selected as the method’s IS, whereas it has
a higher extraction recovery (>94%) and performance characteristics for FTD, FTY, 5CDU,
and TIP [21]. Based on the result, the optimum responses were observed with 0.1% formic
acid. The separation of the studied drugs was performed with an isocratic elution using an
Acquity UPLC BEH™ C18 (2.1 x 50 mm, 1.7 um) column with a mobile phase of methanol
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and water (80:20, v/v) containing 0.1% formic acid with a flow rate of 0.5 mL/min and
column temperature of 25 °C for a total run time of 4 min; the peaks obtained were sharp
and symmetric, wherein FTD eluted at 2.88 £ 0.24 min, FTY at 0.49 &£ 0.11 min, 5CDU at
0.79 £ 0.08 min, TIP at 1.09 = 0.08 min, and the IS at 0.27 £ 0.07 min. The chromatographic
separations of FID, FTY, 5CDU, TIP, and IS are shown in Figure 3.
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Figure 3. Representative LC-MS/MS chromatograms of trifluridine (2.88 min), 5-trifluoromethyluracil
(0.50 min), 5-carboxy-2’-deoxyuridine (0.71 min), tipiracil (1.00 min), paracetamol, and IS, (0.21 min).

3.1.2. Mass Spectrometry

Needle pump injection with individual standard of FTD, FTY, 5CDU, TIP, and IS in
both positive and negative ionization was utilized to obtain the most suitable response of
the parents and the main products of the drugs, where the best analyte signal was obtained
in positive mode. Consequently, the positive ionization mode was used to obtain both
the precursor and daughter for FTD, FTY, 5CDU, TIP, and IS. Different optimization of
MS/MS condition of source temperature and the desolvation gas flow rate was tested to
obtain the highest intensity of protonated molecular ions, which found the 150 °C was
the best ESI source temperature, and the best desolvation gas flow rate was 800 L/h.
Likewise, the collision energy and cone voltage are a critical effect on the responses of the
daughter fragment ions because an increase or a decrease from an optimum value tends
to a reduction in intensity. The values of collision energy and cone voltage that produced
maximum intensities of the selected daughter ions of FID, FTY, 5CDU, TIP, and IS are
summarized in Table 1.
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Table 1. Optimized mass parameters and m/z transitions for tipiracil (TIP), trifluridine (FTD) 5-
trifluoromethyluracil (FTY), 5-carboxy-2'-deoxyuridine (5CDU), and paracetamol (IS).

Analvtes Precursor Ion Product Ion Cone Voltage Collision Desolvation Ton Mode
y (m/z) (m/z) V) Energy (eV) Temp. (°C)
FTD 296.96 116.86 36 18 150 ES+
FTY 180.98 139.85 50 16 150 ES+
5CDU 272.96 156.86 10 20 150 ES+
TIP 242.96 182.88 24 20 150 ES+
PAR (IS) 151.97 92.68 30 22 150 ES+
Full mass spectrum scans were performed under the optimal working conditions to
select the most abundant m/z value, which was 296.96 — 116.86 for FTD, m/z 180.98 —
139.85 for FTY, m/z 272.96 — 156.8 for 5CDU, m/z 242.96 — 182.85 for TIP, and m/z 151.90
— 92.68 for IS, as seen in Figure 4.
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Figure 4. Multiple reaction monitoring (MRM) mass spectra and the expected fragmentation pathway
of tipiracil (TIP), trifluridine (FID), 5-trifluoromethyluracil (FTY), 5-carboxy-2’-deoxyuridine (5CDU),
and paracetamol (IS).
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3.2. In-Study Validation
3.2.1. Specificity and Selectivity

The method’s specificity was assessed by utilizing the developed LC-MS/MS method
on blank rat plasma samples and plasma samples spiked with FID, FTY, 5CDU, and TIP at
respective limit of quantification (LLOQ) values, along with the internal standard (IS). The
absence of any interference at the retention times of study drugs and the IS indicated the
high degree of method specificity. Representative chromatograms of extracting rat plasma,
with and without analyte, are shown in Figure 5a,b.
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Figure 5. (a) Representative total ion chromatograms for blank rat plasma. (b) Representative
total ion chromatograms for rat plasma sample spiked with LLOQ concentration (5 ng/mL) of
trifluridine (2.88 min), 5-trifluoromethyluracil (0.50 min), 5-carboxy-2’-deoxyuridine (0.71 min),
tipiracil (1.00 min), and 500 ng/mLof IS (0.21 min).

The retention time of all drugs was 2.88 min for FTD, 1.09 min for TIP, 0.49 min for
FTY, and 0.79 min for 5CDU, respectively. The internal standard (IS) had a retention time
of 0.27 min.

3.2.2. Calibration Curve

As per the standards set by the US-FDA [21], the calibration curve for rat plasma
is considered satisfactory in describing the relationship between concentration and re-
sponse if the observed deviation and precision are equal to or less than 15%. When the
experimental conditions were optimized, it was observed that the peak area ratio of FTD,
FTY, 5CDU, and TIP to that of IS showed a linear relationship within the concentration
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range of 5-4000 ng/mL for FID, FTY, and 5CDU, and within the concentration range of
5-1000 ng/mL for TIP. By utilizing the approach of least squares, we were able to obtain
high correlation coefficients (r) with values exceeding 0.997 for all analytes. Additional
statistical parameters and regressions were also computed. The variables used in the
analysis were intercept (a), slope (b), and standard deviations of residuals (Sy /), intercept
(Sa), and slope (Sp). In addition, variance ratios were computed and presented in Table 2.
The low values of Sy /y, together with the high F values, indicate a low degree of scatter of
the experimental points around the regression line [27].

Table 2. Statistical parameters of calibration curves for trifluridine (FTD), 5-trifluoromethyluracil
(FTY), 5-carboxy-2'-deoxyuridine (5CDU), and tipiracil (TIP) in rat plasma using the developed
LC-MS/MS method.

Parameters FTD FTY 5CDU TIP
Conciigj‘i’f)range 5-4000 5-4000 5-4000 5-1000
Slope (b) 4.12 x 1072 4.50 x 1072 8.18 x 1072 5.28 x 1072
Intercept (a) 1.33 x 1073 5.03 x 1073 1.04 x 1073 1.14 x 1073
def;ﬁf;f&o(;) 0.997 0.998 0.997 0.998
Sa ? 1.18 x 1073 1.19 x 1073 221 x 1073 2.61 x 1073
S, P 211 x 1073 242 x 1073 214 x 1073 1.59 x 1073
Sy/x © 298 x 10~* 2.93 x 10~* 295 x 10~* 258 x 1074
LLOQ (ng/mL) 5 5 5 5
LLOD (ng/mL) 1.5 1.5 1.5 1.0

25, standard deviation of intercept, ® Sy, standard deviation of slope, © Sy/x standard deviation of residuals.

3.2.3. Lower Limits of Quantitation (LLOQ) and Detection (LLOD)

The minimum concentration indicated on the calibration graph should be considered
as the lower limit of quantitation, provided that the response of the analyte is at least five
times higher than that of the blank extracted plasma. Furthermore, it is expected that
the drug response at the lower limit of quantification (LLOQ) should exhibit an accuracy
within an acceptable range of £20% and a precision of no more than 20% [21]. The limit of
detection (LOD) refers to the minimum concentration of the analyte at which the signal
exceeds three times the baseline noise [21]. The study determined that the lower limits of
quantification (LLOQ) for FTD, FTY, 5CDU, and TIP were 5 ng/mL each. The lower limit of
detection (LLOD) for FID, FTY, 5CDU was 1.5 ng/mL, whereas for TIP it was 1.0 ng/mL,
(Table 2). The acquired low limit of quantification (LLOQ) for FTD, FTY, 5CDU, and TIP
confirms the suitability of the developed LC-MS/MS method for accurately measuring trace
amounts of these substances in plasma. This is particularly relevant in pharmacokinetic
(PK) studies.

3.2.4. Accuracy and Precision

The accuracy and precision of the analytes were evaluated by measuring four QC
concentration levels (LLOQ, LQC, MQC, and HQC) using six replicates, both within the
same day and across different days. Table 3 demonstrates that both the intra- and inter-day
accuracies were equal to or less than 9.86%, while the intra- and inter-day precisions were
equal to or less than 6.84% across all QC concentration levels. The findings exhibited the
satisfactory level of accuracy and precision achieved by the developed method.
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Table 3. The accuracy and precision data for the determination of trifluridine (FID), 5-
trifluoromethyluracil (FTY), 5-carboxy-2/-deoxyuridine (5CDU), and tipiracil (TIP) in rat plasma
using the developed LC-MS/MS method (n = 6).

Nominal Conc. Measured Conc.

Analyte CV (%) Error (%)

(ng/mL) (ng/mL)
5 493 + 032 6.49 ~1.40
Intada 15 13.52 + 0.73 5.43 —9.86
y 2000 2050.20 + 28.08 1.37 251
73 + 44, . 2.
D 3900 3792.73 + 44.37 1.17 275
5 458 4+ 0.31 6.59 ~8.40
Interda 15 15.52 + 0.65 417 3.45
y 2000 2049.80 + 29.30 543 2.49
3900 3804.45 -+ 37.40 415 245
5 482 +027 5.64 3.60
Intada 15 13.92 + 0.65 4.67 —720
y 2000 1956.30 4 34.61 3.77 219
Ty 3900 3826.18 + 122.14 1.19 ~1.88
5 4.88 + 031 6.39 241
Interda 15 15.26 + 0.65 428 1.73
y 2000 2094.00 + 61.35 293 470
3900 3947.19 + 77.75 1.64 121
5 481+ 0.44 6.22 —3586
Inteada 15 14.28 + 0.34 239 —480
y 2000 2067.80 + 73.56 3.56 3.39
431 + 92, 231 22
5CDU 3900 3984.31 + 92.03 3 9
5 446 + 036 6.84 ~10.80
Interda 15 14.79 + 0.84 5.68 ~1.40
y 2000 2055.80 -+ 64.32 3.13 2.79
3900 4064.19 + 85.75 211 421
5 488 + 032 6.76 240
Inteada 15 14.14 + 0.46 331 _573
y 500 523.80 + 9.27 1.77 476
47423 . 17
w 980 991.47 + 23.18 239 1.1
5 481 +021 443 ~3.80
Interda 15 14.74 + 0.94 6.35 173
y 500 514.35 + 13.51 2.63 2.87
980 1020.86 + 20.20 1.98 417

3.2.5. Extraction Recovery and Matrix Effect

The extraction recovery results for QC samples at three concentration levels (LQC,
MQC, and HQC, n = 6) in rat plasma, using simple protein precipitation, are presented in
Table 4. The recovery values of at least 88.67% (FTD), 89.50% (FTY), 91.20% (5CDU), and
93.09% (TIP) demonstrate the high efficiency of the proposed sample treatment method.
The matrix effect was determined by dividing the area of the plasma sample containing
the analyte and internal standard (IS) by the area of the pure solution. The average matrix
effect values for FTD, FTY, 5CDU, and TIP at three different concentration levels were
above 95.15%. Additionally, the obtained relative standard deviations (RSD) for the studied
analytes were below 9.03%. These results indicate that the developed assay effectively
eliminates matrix effects and reliably determines the concentrations of FID, FTY, 5CDU,
and TIP in rat plasma.
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Table 4. The mean extraction recovery and matrix effect for the analysis of trifluridine (FTD), 5-
trifluoromethyluracil (FTY), 5-carboxy-2'-deoxyuridine (5CDU), and tipiracil (TIP) in rat plasma by
the LC-MS/MS method (n = 6).

Nominal Conc. Measured Conc. o o Matrix Effect
Analyte (ng/mL) (ng/mL) * Recovery (%)  CV (%) %)

15 13.30 + 2.2413 88.67 8.42 96.62 + 3.24

FTD 2000 2164.20 + 60.67 108.21 2.80 102.97 + 4.74
3900 3724.50 + 81.89 95.50 2.19 99.10 4+ 2.83

15 13.42 +1.89 89.50 7.03 102.90 + 7.76

FTY 2000 2119.60 + 81.05 105.98 3.82 99.10 £ 9.32
3900 3834.87 + 114.84 98.33 2.99 96.70 £+ 6.22

15 13.68 + 2.47 91.20 9.03 98.95 4+ 1.96

5CDU 2000 2243.60 + 77.98 112.18 3.47 95.15 £ 5.34
3900 3827.17 + 157.19 98.03 4.10 98.43 4+ 2.56

15 13.96 + 1.86 93.10 6.65 97.48 4+ 4.10

TIP 500 537.85 £ 11.29 107.57 2.09 101.20 4+ 6.43
980 956.58 + 14.17 97.61 1.48 101.15 +9.14

2 mean of six measurements.

3.2.6. Dilution Integrity

Accurate and precise results were obtained when rat plasma samples were spiked with
high concentrations of each of the studied analyte beyond the linear range of the developed
method and diluted with rat plasma (1:2 and 1:4) then analyzed. The RSD (%) results were
1.91-3.43 for FTD, 1.09-3.73 for FTY, 1.91-3.33 for 5CDU, and 2.01-4.41 for TIP, respectively.
Meanwhile, the recovery (%) results were 98.05-101.90% for FTD, 97.65-99.50% for FTY,
97.91-99.05% for 5CDU, and 96.05-99.11% for TIP, respectively, (Table 5).

Table 5. Evaluation of the dilution integrity of trifluridine (FID), 5-trifluoromethyluracil (FTY),
5-carboxy-2'-deoxyuridine (5CDU), and tipiracil (TIP) in rat plasma by the LC-MS/MS method.

Spiked Conc. Mean Recovery

Drugs (ng/mL) Dilution Fold (%) + RSD 2 E; (%) P
1D 6000 s w051 095
FTY 6000 L ®50+19 o5
scpu 6000 s 90519 093
P 1500 i s05 2201 395

@ Mean recovery (%) = RSD of six determinations. b Er%, percent relative error.

3.2.7. Sample Stability and Carry-Over

The stability of FID, FTY, 5CDU, and TIP of the stock solution and biological matrix
was examined throughout analysis procedures by the developed method. The stability
experiments were conducted at two different QC levels (LQC and HQC) at the following
conditions: at ambient temperature for 24 h, post preparation at room temperature for
6 h, three cycles of freeze-thaw, and long-term stability at 80 °C for 30 days. Results are
summarized in Table 6. Stability results of accuracy and precision all met the £15% criteria,
and no significant degradation was observed under above storage conditions. The carry-
over effect in the blank sample following the high concentration standard of each studied
analyte wsd less than 10% of deviation for all the measured concentrations.
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Table 6. Stability results for trifluridine (FID), 5-trifluoromethyluracil (FTY), 5-carboxy-2'-
deoxyuridine (5CDU), and tipiracil (TIP) in rat plasma under different storage conditions.

Mean Recovery (%) = RSD ?

Conc Auto-Sampler Short-Term Freeze-Thaw Long-Term
Drug n /mIL Stability Stability Stability Stability

& (15°C,24h) P (25°C,6h) ¢ (—80°C, 3 cycles)d  (—80°C, 30 days) ©
a 15 95.32 +1.33 93.04 +1.42 94.00 £ 1.63 9243 +2.12
E 4000 98.68 + 0.41 95.6 £0.13 94.79 +1.94 93.10 &+ 3.55
> 15 94.20 4+ 0.28 97.70 & 0.41 92.96 £ 4.30 89.53 £1.73
n 4000 98.80 &+ 1.27 99.97 +1.48 96.71 &+ 3.11 93.64 +4.28
2 15 93.53 + 1.44 93.87 £2.13 94.14 +2.43 89.51 + 6.29
8 4000 97.93 4+ 2.32 99.96 & 2.61 96.99 £ 3.05 94.30 & 5.31
e 15 95.47 £3.25 95.69 + 4.02 93.78 + 5.90 9141+ 4.14
= 1000 98.90 & 0.52 98.27 4+ 4.21 97.91 £ 4.02 93.09 & 4.56

2 RSD of six determinations. ® Autosampler stability is the stability of the analyte in the processed sample under
the conditions in the autosampler. © Short-term or Bench-top stability is the stability of an analyte in a matrix
under conditions of sample handling during sample processing. ¢ Freeze-thaw stability refers to the stability of
the analyte in the matrix upon freezing and thawing. ¢ Long-term stability assesses the degradation of an analyte
in the matrix relative to the starting material after periods of frozen storage.

3.3. Pharmacokinetics in Rats

This study was the first reported method utilizing the LC-MS/MS technique to
simultaneously determine FTD and TIP in rat plasma and evaluate its application to a PK
study. After the oral administration of the drug combination, 5.6 mg/kg/dose at ratio 1:0.5
for FTD and TIP, respectively, the concentrations of the individual analysts in rat plasma
at different time intervals were determined, and the main relevant PK parameters from
non-compartment model analysis are listed in Table 7.

Table 7. The pharmacokinetic parameters of trifluridine (FTD), 5-trifluoromethyluracil (FTY), and
tipiracil (TIP) in rat plasma after oral administration of FTD and TIP with dose 5.6 mg/kg at ratio of
1:0.5 for FTD and TIP, respectively. (n = 6, Mean =+ SD).

Parameter Unit FTD FTY TIP
AUC( 94 ? ng-h/mL 14,167.33 £ 953.03  6439.83 + 769.54  2142.73 + 72.27
AUC(o, P ng-h/mL 14,167.33 +953.03  6439.83 + 769.54  2142.73 + 72.27
Crnax © ng/mL 352043 + 61125  2114.67 +302.56  404.29 4 29.68
Tmax h 0.83 + 0.29 1.0 +0.01 2.0 +0.02
t12© h 1.6 - 2.07
K f ng/mL 0.41 - 0.34
V48 mL/g 756.76 - 76.87
cLh mL/min/kg 5.46 - 25.73

2 Area under the curve up to the last sampling time. P Area under the curve extrapolated to infinity. ¢ The
maximum plasma concentration. ¢ The time taken to reach the maximum plasma concentration. ¢ Half-life. f Elim-
ination rate constant. & Volume of distribution. I Total clearance of drug from plasma after oral administration.

The typical MRM chromatograms of rat plasma one hour after administration of FTD
and TIP are shown in Figure 6, and the mean plasma concentration—-time profiles of the
drug combinations are depicted in Figure 7.
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Figure 6. Representative total ion chromatograms for in vivo rat plasma sample 1.0 h after oral

administration of trifluridine (FTD) and tipiracil (TIP) with dose 5.6 mg/kg at ratio of 1:0.5 FTD and
TIP, respectively, IS at a concentration of 500.0 ng/mL.
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Figure 7. Mean concentrations—time profile of trifluridine (FID), 5-trifluoromethyluracil (FTY), and
tipiracil (TIP) in rat plasma after oral administration of FTD and TIP with dose 5.6 mg/kg at ratio of
1:0.5 for FTD and TIP, respectively. Each point represents the mean & S.D. of four rats.

The result is reflective of the overall intake of a drug being fairly in dynamic equi-
librium with its elimination [28]. Mean maximum plasma drug concentration (Cmax) and
time to achieve Cyax (Tmax) were 3520.43.67 4+ 611.25 and 0.83 + 0.29, 2114.67 + 302.56 and
1.0 £ 0.01, and 404.29 £ 29.68 ng/mL and 2.0 &= 0.02 h, for FTD, FTY and TIP, respectively.
AUC_p4 for FTD, FTY and TIP were 2952.42 4 266.68 ng-h/mL, 2821.42 & 690.36 ng-h/mL,
and 13.67 £ 1.69 ng-h/mL, respectively, while AUCy_o, was 3034.68 & 277.81 ng-h/mL for
FTD 3166.94 £ 566.58 ng-h/mL for FTY, and 12.37 &+ 0.85 ng-h/mL for TIP. The elimination
half-lives (Ty ;) were 2.11 £ 0.18 h and 5.61 £ 0.87 h for FTD and TIP, respectively. The
result of pharmacokinetic parameters was similar to the data obtained from the assessment
of the Committee for Medicinal Products for Human Use (CHMP) [29]. The metabolite,
5CDU was undetectable, probably because it is a minor metabolite (15%), or due to the
interindividual variation metabolism among rats.

3.4. Comparison with Previous Methodologies

In general, the LC-MS/MS technique that has distinct advantages in terms of specificity,
high sensitivity, and efficiency was applied widely in the field of bioanalysis, especially in
complicated biology matrix. As for the novel oral anti-colorectal cancer drugs, FTD and
TIP, only two articles have reported the use of HPLC-UV methods for the quantification
of FID and TPI in biological fluids [19,20]. Liquid-liquid extraction for FTD/FTY and
solid-phase extraction for TPI were employed in these methods. They were tedious and
time consuming. Moreover, the published assay [19] using larger plasma volume (500 pL),
longer analytical run time (8 min), and the LLOQ was much higher, which significantly
decrease the efficiency of simultaneous determination of these anti-colorectal cancer drugs
in biological fluids. Furthermore, RP-HPLC methods with UV detection were developed
to determine FTD and TIP in tablets, capsules, and bulk form [11-18]. However, these
published methods adopted time-consuming and linear over range 2.5-15 pg/mL and
are not applicable in biological samples or applied to a pharmacokinetic study. In our
developed LC-MS/MS method, the plasma volume is 50 pL, short chromatographic time
(4 min), and a simple and effective PPT sample extraction could satisfy the high throughput
bioanalysis in plasma. Moreover, the present validated method was successfully applied to
a pharmacokinetic study in rats after oral administration of a mixture of FTD and TIP.
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4. Conclusions

A fully validated LC-MS/MS method has been established for the first time to deter-
mine FTD, FTY, 5CDU, and TIP in rat plasma simultaneously. This method provides signif-
icant benefits compared to the previous literature in terms of a shorter chromatographic
duration (4 min), cost-effective sample preparation (protein precipitation extraction), a
smaller sample size (50 pL), satisfactory extraction recovery, and little matrix influence. The
proposed method facilitated the measurement of the pharmacokinetics of both FTD and
TIP after their oral administration to rats. This issue is critical when it comes to individuals
with advanced colorectal cancer receiving therapeutic drug monitoring (TDM).
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