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Abstract: Recently, neoadjuvant treatment has turned out to be a feasible alternative for individuals
suffering from locally advanced breast cancer. The neoadjuvant therapy is a type of chemotherapy
that is given either before or after surgeries to diminish a tumor and minimize the likelihood of recur-
rence. This article demonstrates the development of a unique bioanalytical validated sensitive method
by means of an ultra high performance liquid chromatography—-tandem mass spectrometry (UPLC-
MS/MS) approach for the concurrent estimation of neoadjuvant treatments including 5-Fluorouracil,
Doxorubicin, and Capecitabine in rat plasma. Samples were prepared using the fine minor QuECh-
ERS process and analyzed using a Shimadzu-Cjg column via an isocratic separation. Acetoni-
trile:water in the ratio of (30:70) (both containing 0.1 percent formic acid v/v) was the mobile phase
employed at a flow rate of 0.20 mL/min. At concentrations of 50.00-500.00 ng/mL for 5-Fluorouracil,
25.00-500.00 ng/mL for Doxorubicin, and 5.00-100.00 ng/mL for Capecitabine, the procedure was
shown to be linear. The limit of detection (LOD) was assessed in ng/mL and varied from 1.33 to
13.50. Relative standard deviations for precision were below 2.47 percent over the whole concentration
range. For all analytes, the average recovery rate varied from 73.79 to 116.98 percent. A preliminary
pharmacokinetic study was successfully performed in real rats to evaluate the procedure efficiency.

Keywords: 5-Fluorouracil; Doxorubicin; Capecitabine; QUEChERS; UPLC-MS/MS

1. Introduction

The most prevalent form of breast cancer found in females in their forties is locally
progressed breast cancer (LABC). LABC applies to broad breast tumors (diameter > 5 cm)
with chest wall or skin invasion or disease progression to the axillary, supraclavicular, or
ipsilateral internal mammary lymph nodes [1]. Although (LABC) is a rare occurrence, its
control remains a challenge. With just a five-year survival rate of 30-40%, LABC has a poor
prognosis. Despite the fact that it is incurable, the majority of people require therapy to
alleviate symptoms and extend their lives [2].

Neoadjuvant chemotherapy (NAC) is a term that relates to chemotherapy provided
before surgical treatment. NAC'’s purpose was to hasten tumor shrinkage so that a major
mastectomy or radiation could be performed later [3]. In the last 60 years, the management
of (LABC) has changed significantly. Radical mastectomy was initially the first line of
treatment for females with LABC. Patients with LABC were eventually managed with
systemic neoadjuvant chemotherapy in addition to surgery and radiation, based on the

Separations 2022, 9, 403. https://doi.org/10.3390/separations9120403

https://www.mdpi.com/journal /separations


https://doi.org/10.3390/separations9120403
https://doi.org/10.3390/separations9120403
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://orcid.org/0000-0002-8562-786X
https://orcid.org/0000-0002-4995-2788
https://orcid.org/0000-0002-2397-3361
https://doi.org/10.3390/separations9120403
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations9120403?type=check_update&version=2

Separations 2022, 9, 403

20f16

poor outcomes of surgery and radiation, as well as the early encouraging findings of
adjuvant chemotherapy in females with axillary node-positive illness [4].

Interest in neoadjuvant treatment has grown in recent years [5]. When compared to
full breast excision, breast conservation can be achieved by neoadjuvant chemotherapy,
which is linked to lower morbidity and a better body image [6]. One of the prospective
benefits of this approach is that it can downstage large tumors, increasing the number of
patients who can get breast-conserving surgery [7].

Capecitabine is an orally administered fluoropyrimidine carbamate utilized to cure
metastatic breast cancer that has returned after earlier therapy where tissues and lymph
nodes in the neck, chest, and under the breastbone are affected (locally advanced breast
cancer). Other parts in the body may be impacted as well (secondary breast cancer). It is
a prodrug that is transformed into the active metabolite 5-Fluorouracil via an enzymatic
mechanism at the tumor site. It is presently approved for use as a third-line therapy
for metastatic illness in a number of countries [8]. Capecitabine is frequently utilized in
conjunction with other anticancer drugs. It was discovered to be beneficial in individuals
with HER2-negative breast cancer who developed invasive disease following conventional
neoadjuvant treatment [9]. Patients with a poor prognosis, including those with triple-
negative disease and suffering the expected adverse effects, benefitted from adjuvant
Capecitabine therapy, which increased disease-free and overall survival.

Doxorubicin is an anthracycline chemotherapeutic drug utilized to cure different
types of cancer such as lymphoma, Kaposi’s sarcoma, bladder cancer, breast cancer, and
acute lymphocytic leukemia. Doxorubicin is a DNA intercalator that stops cancer cells
from multiplying by blocking topoisomerase II. It is an effective therapy for breast cancer
when used alone or in combination with other drugs [10,11]. It has also been used as a
neoadjuvant chemotherapy for LABC [12]. In the treatment of metastatic triple-negative
and locally advanced breast cancer, Doxorubicin and Capecitabine have shown encouraging
results [13,14], with 77% of the patients achieving a clinical response. This strategy was
feasible with adequate tolerability [15].

5-Fluorouracil is the active cancer-fighting form of Capecitabine. 5-Fluorouracil in-
hibits the nucleotide synthetic enzyme (thymidylate synthase) and its metabolites from
integrating into RNA and DNA, preventing them from performing their normal function.
It is commonly used to treat a range of cancers, particularly colorectal, breast, and digestive
tract tumors, and it may also be used with other chemotherapeutic medications to enhance
response and survival rates [16]. In individuals with advanced breast cancer, 5-Fluorouracil
plus Doxorubicin is typically a well-tolerated first-line treatment [17].

Current problems in antineoplastic treatment include sub-therapeutic concentrations
and serious toxic effects, which can both be addressed by using therapeutic drug monitoring
(TDM)-guided dosage to keep concentrations within the therapeutic window and improve
treatment outcomes [18].

Pharmacokinetic (PK) investigations of chemotherapeutics in cancer victims are crucial
for dosage selection and dosing intervals in clinical applications. As soon as the chemother-
apy is administered, it passes through a number of metabolic pathways; in order to figure
out which ones, researchers must monitor the drugs in biological samples using various
analytical methodologies. Furthermore, in patients undergoing multi-drug cancer therapy
regimens, multi-drug quantitation approaches can provide a variety of benefits, including
reduced sampling time and processing costs [19].

Sample preparation is a crucial feature of bioanalytical estimates since biological
samples are exceedingly complex matrices with numerous components that might interfere
with excellent separations and/or good mass spectrometer signals [20]. In this study,
the QUEChERS technique was customized for extraction of the target analytes. It was
commonly used for extraction of pesticide residues in food [21-23]. Recently, its use has
been tailored to include drugs [24] and other poisons [25] in biological fluids.

Quick, Easy, Cheap, Effective, Rugged, and Safe are all parts of the term “QuEChERS”.
It pertains to a testing process based on dispersive solid phase extraction that was developed
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5-Fluorouracil

H5;C

in 2003 to measure pesticide residue on fruits and vegetables. In addition to being practical,
quick, and affordable, QUEChERS can be used for analytes other than pesticides. Its
acceptance in the food testing industry and other sectors consequently skyrocketed [26].
QuEChERS has typically been paired with either (GC-MS) or (LC-MS) analysis. Through
the selection of various extraction solvents, salt formulations, and buffers for salting-out
partitioning, as well as various d-SPE and SPE sorbents for the clean-up procedure, it
is possible to modify the extraction procedures for target analytes for better selectivity,
sensitivity, and specificity [27].

Several methods, including liquid-liquid extraction, protein precipitation, solid-liquid
phase microextraction, and solid phase extraction, have been developed for the estima-
tion of Capecitabine and its metabolites (including 5-Fluorouracil in human plasma by
HPLC/UV [28], LC-MS/MS [29-36], and in mouse plasma [37]). However, no approaches
utilizing the QUEChERS technique for plasma extraction and quantifying Capecitabine,
Doxorubicin, and 5-Fluorouracil have been reported.

The purpose of this research is to investigate a new bioanalytical eco-friendly strategy
using (UPLC-MS/MS) for concurrent determination of Capecitabine, Doxorubicin, and
5-Fluorouracil in rat plasma with a low limit of detection, small sample volume, minimal
solvents for the extraction of chemotherapeutics from plasma samples through the use
of an unprecedented mini-QuUEChERS approach. A brief preliminary pharmacokinetic
investigation on actual rats was correspondingly conducted using these findings.

2. Experimental
2.1. Materials
2.1.1. Pure Standards

Capecitabine, Doxorubicin, and 5-Fluorouracil were kindly supplied from Hikma
Pharmaceuticals (Cairo, Egypt). Caffeine (used as an internal standard) was purchased
from Fluka (Chemie GmbH, Buchs, Switzerland). All standards were labeled to be more
than 98% purity. Figure 1 depicts the chemical structures of the target compounds and the
internal standard.

OH

Capecitabine Caffeine (IS)

Figure 1. Chemical structure of the studied compounds and the utilized IS.



Separations 2022, 9, 403

40f16

2.1.2. Chemical Reagents

All of the solvents employed in this study were LC-MS grade. Solvents such as
acetonitrile, methanol, Dimethyl sulfoxide (DMSO), and water were obtained from Supelco
(Darmstadt, Germany). Formic acid (purity > 99%) was purchased from (Carlo Erba,
Val de Reuil, France). Anhydrous magnesium sulphate and sodium chloride were supplied
from (Fisher Chemical, Analytical reagent AR, Loughborough, UK). Primary secondary
amine (PSA) bulk packing (50 um, 70 A) was obtained from Phenomenex (Torrance, CA,
USA). Rat plasma (adult male Sprague Dawley rats) was purchased from El-Nile Company
(Cairo, Egypt). Vacutainer EDTA tubes (Vacuette K3E) for plasma were supplied from
Greiner-Bio-One Gmb (Frickenhausen, Germany).

2.2. Methods
2.2.1. Instrumentation and HPLC Conditions

Isocratic chromatography was performed on Nexera 2040 C Liquid chromatograph
(Shimadzu, Japan) using a Cig column (150.0 x 2.1 mm, 1.9 um) secured by a similar
Cys guard column (10.0 x 2.1 mm, 1.9 um) (Shimadzu, Kyoto, Japan) using Caffeine as
the IS, with the mobile phase comprising acetonitrile:water in the ratio of (30:70, v/v)
and 0.1 percent formic acid (v/v) at 0.2 mL/min as the flow rate. Centrifuge Z 36 HK,
Super High Speed Refrigerated (Hermle Labortechnik, Wehingen, Germany), Mechanical
Shaker (Heidolph, Schwabach, Germany), and Vortex Mixer (ZX3, Alfa medical Westbury,
Shanghai, China) were also employed during the analysis.

2.2.2. Mass Spectrometric Conditions

In the multiple reaction monitoring (MRM) mode, Triple Quadrupole Mass Spectrom-
eter (Shimadzu MS-8045) with an electrospray ion (ESI) source was employed to gather
both the parent and fragment ion spectra for analyte recognition and verification. Except
for 5-Fluorouracil, which was polarized in the negative ESI mode, all of the compounds
were polarized in the positive ESI mode. Lab Solutions LCMS software (Version 5.97 SP1,
Shimadzu Corporation, Kyoto, Japan) was utilized to process data from the Shimadzu
equipment. The interface temperature was adjusted at 300 °C, while the heat block tem-
perature at 400 °C, the desolvation temperature was set to 250 °C, 10.0 L/min, 3.0 L/min,
and 10.0 L/min were the flow of drying gas, flow of the nebulizing gas, and the flow of
heating gas, respectively. Table 1 displays the mass parameters of the target analytes and
the utilized IS employed in this investigation.

Table 1. Mass detection parameters and retention times of the target analytes and the utilized IS.

Compound

Retention Time (Min)

Q1
Precurs-or Ion ESI Product Ion . Pre
(mlz) Mode (ml2) Dwell Time (Msec) Bias

w)

Collision Energy (CE) Q3 Pre Bias (V)

5-Fluorouracil

2.15

42.00 * 13 22 14
129.00 - —_— 100.0
85.95 13 21 28

Caffeine (IS)

138.10 * 20 20 25

195.10 + 4210 100.0 13 37 15

110.10 14 23 20

Doxorubicin

5.06

397.15* 20 14 28

544.20 + 361.10 100.0 20 28 25

321.20 20 27 22

Capecitabine

6.62

244.15* 10 12 17

360.30 + 174.10 100.0 10 22 18

130.15 13 32 22

* Quantifier ions; Target ions used for quantification are in bold.

2.3. Solutions and Standards

Standard stock solutions of Caffeine (IS) and Capecitabine (1.00 mg/mL) were diluted
in acetonitrile to obtain working solutions of (1.00 pug/mL). While, Doxorubicin and 5-
Fluorouracil stock solutions (1.00 mg/mL) were diluted in water and DMSO, respectively,
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to produce (10.00 ng/mL) working solutions. Working solutions were then serially diluted
to produce concentrations of (50.00, 100.00, 150.00, 200.00, 250.00, 300.00, 500.00 ng/mL)
for 5-Fluorouracil, (25.00, 50.00, 100.00, 250.00, 450.00, 500.00 ng/mL) for Doxorubicin,
and (5.00, 10.00, 20.00, 30.00, 70.00, 90.00, 100.00 ng/mL) for Capecitabine. Dilutions were
carried out in the mobile phase. Stock and working solutions were stored at —20 °C while
not in use and were freshly prepared to undergo analysis and validation.

Spiked and Real Plasma Samples

Working solutions (1.00 ng/mL) for Capecitabine or (10.00 png/mL) for Doxorubicin
and 5-Fluorouracil were loaded into 50.0 pL of blank rat plasma in specific proportions
(5.0-100.0 pL). 5-Fluorouracil concentrations were (50.00, 100.00, 150.00, 200.00, 250.00,
300.00, 500.00 ng/mL), Doxorubicin concentrations were (25.00, 50.00, 100.00, 250.00, 450.00,
500.00 ng/mL) and concentrations of Capecitabine were (5.00, 10.00, 20.00, 30.00, 70.00,
90.00, 100.00 ng/mL). Caffeine was utilized in all assays at 50.00 ng/mL. QC levels of
5-Fluorouracil were (50.00, 250.00, and 500.00 ng/mL), whereas those for Doxorubicin were
(25.00, 250.00, 500.00 ng/mL) and for Capecitabine were (5.00, 50.00, and 100.00 ng/mL).

Following intraperitoneal administration of the examined combination into rats, sam-
ples were taken. While the rat was immobilized, blood was extracted from its venous sinus.
The eye was allowed to protrude and the neck was lightly scuffed. Laterally, medially,
or dorsally, a capillary tube was introduced. Capillarity allowed blood to flow into the
capillary tube. Samples were maintained at —20 °C in vacutainers containing EDTA until
analysis. The calibration standard samples and QC samples were both freshly made.

2.4. Sample Preparation

First, 50.0 pL of rat plasma (blank or spiked) was vortexed with 700.0 uL of acetonitrile
in Eppendorf tubes using a minor QUEChERS technique. Sodium chloride (0.05 g) and
anhydrous magnesium sulphate (0.10 g) were added and mixed for another five minutes.
At a speed of 6000 rpm, tubes were centrifuged for twenty minutes. The top layer com-
prising acetonitrile was then transported to new Eppendorfs containing 7.00 mg PSA and
40.00 mg anhydrous magnesium sulphate, which were mixed for one minute, then even-
tually centrifuged at 6000 rpm for another twenty minutes. To perform UPLC-MS/MS
analysis, the purified extract was evaporated to dryness before being reconstituted in the
1.0 mL mobile phase.

2.5. Method Validation

Linearity, intra-day and interday precision, accuracy, selectivity, analyte recovery,
lower limit of quantification (LLOQ), and stability following sample preparation were all
subjected to a thorough validation protocol in compliance with US FDA guidelines [38].

2.5.1. Linearity

As previously stated, six different standard concentrations were prepared in blank
rat plasma and each was evaluated five times. Calibration curves for the analytes were
created using ratios of peak areas of the target analytes to the used IS versus the nominal
concentrations of the calibration standards.

Except for LLOQ, which was set at 20%, the acceptance criteria for each concentration
level was 15% departure from the nominal value [38].

2.5.2. Precision and Accuracy

Five replicates were analyzed at three different QC levels (n = 15) in addition to the
other three calibration standards as mentioned above to assess inter-, intra-assay precision,
and accuracy. The suggested method’s accuracy was stated as a percentage recovery. With
the exception of LLOQ, which was set at 20% of the supposed values, it should not exceed
15% for all QC levels. Additionally, precision (expressed as RSD) should be 15% for QC
levels, but 20% RSD for LLOQ [38].
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2.5.3. Specificity and Selectivity

The method’s specificity was established by evaluating six distinct batches of blank
rat plasma samples to show that endogenous plasma components did not cause chromato-
graphic interference. Selectivity was measured at the LLOQ level and chromatograms were
compared to those of blank plasma.

Peak areas of co-eluting substances should be no more than 20% of that of the analyte
at the LLOQ or 5% of that of the internal standard area. In LLOQ samples, there should be
less than a 20% variation from real concentrations [36].

2.5.4. Matrix Effect and Absolute Recovery

The influence of plasma components on 5-Fluorouracil, Doxorubicin, and Capecitabine
ionization was investigated. This was accomplished by comparing the spiked plasma sam-
ples’ responses (post extraction) to the analyte’s reaction from standard sample solutions at
equivalent concentrations. They were computed and reported as a percentage of recovery.
Recoveries were calculated by comparing responses of the examined pharmaceuticals in
spiked samples to their responses in pure solvents at equal concentrations.

2.5.5. Stability

Stability of the analytes 5-Fluorouracil, Doxorubicin, and Capecitabine was assessed at
successive stages at LQC (50.00, 25.00, 5.00 ng/mL) and HQC (500.00, 500.00,
100.00 ng/mL), respectively, using freshly produced spiked samples as a reference. Stability
of the compounds in plasma after twelve hours at ambient temperature and in the autosam-
pler for 48.0 h at 4 °C was tested in five replicates. Additionally, stability in plasma after
three freeze-thaw rounds (—20 °C) was assessed. Samples were tested for long-term stability
after freezing for two weeks (—20 °C). Analytes are stable when they recover 90-110% of
the original concentration in stock and working solutions. However, in biological extracts
when 85-115% of the original concentration is restored, they are called stable [38].

2.6. Method Application in Real Animals

All laboratory animal care and use protocols were carried out in compliance with
existing laws and institutional guidelines [39]. A brief pharmacokinetic study in healthy
adult male rats (n = 7, 8 weeks, 150 g) was performed to evaluate the analytical method
described. Rats were maintained in polystyrene cages at the animal facility, Faculty of
Pharmacy, Ain Shams University, under consistent settings of temperature and humidity.
Clean drinking water was offered to the rats throughout the study, but they were deprived
of food only one day before the procedure and were acclimatized to this habitat for several
days before the trial.

The drugs were all administered intraperitoneally. The dose of 5-Fluorouracil was
modified to 100.00 mg/kg according to [40], the dose of Doxorubicin was adjusted to
5.00 mg/kg according to [41], and the dose of Capecitabine was adjusted to 540.00 mg/kg
[42]. At various time intervals, blood samples were collected (0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 h)
then moved to EDTA tubes for centrifugation at 6000 rpm for ten minutes (4 °C) to separate
the plasma, which then was withdrawn and kept at —20 °C.

2.7. Ethical Statement

The ARRIVE (Animal Research: Reporting of In Vivo Research) guidelines for report-
ing experiments involving animals were followed for all animal investigations. Animal
care and testing protocols were authorized by the Research Ethics Committee, Faculty
of Pharmacy, Ain Shams University (Approval no. ACUC-FP-ASU RHDIRB20201110301
REC#79, 13 April 2022)

3. Results and Discussion

Several LC/MS/MS methods for analyzing Capecitabine and its metabolites in biolog-
ical matrices have been published [43]. Chromatographic methods for Capecitabine and



Separations 2022, 9, 403

7 of 16

other cytostatic drugs are indicated in Table S1. However, no methodologies for simultane-
ous detection of Capecitabine and Doxorubicin have been reported except for a method
which used a magnetic solid phase extraction technique for the pretreatment of human
plasma samples.

In this study, we used a new technology called “miniaturized QUEChERS” to establish
a novel UPLC method for detecting Capecitabine, Doxorubicin, and 5-Fluorouracil in rat
plasma with minimum quantities of sample and chemical reagents. The proposed method
proved to be more simple and sensitive than the reported method [13] as shown in Table S2.

3.1. Selection of the Internal Standard

A multi-step sample method of preparation, for example, where volumetric loss of
the sample is likely, demands the use of an internal standard to aid with analyte quantifi-
cation. For each analyte, the internal standard should ideally be a deuterated analogue
or a molecule with a similar structure. However, when multiple analytes are involved,
commercial availability and high cost may be a constraint. Confirming that, the matrix
affects the internal standard and analyte signal intensities proportionately is the major goal.
Additionally, the internal standard needs to be compatible with the matrix and with no spectral
interferences with the other analytes. Hence, in our investigation, a variety of drugs, including
rosuvastatin, Caffeine, and midazolam, were initially evaluated. Caffeine was selected because
it met the criteria listed above, in addition to its structural similarity to 5-Fluorouracil, while
interferences occurred with the other inspected chemicals (midazolam & rosuvastatin).

3.2. Optimization of Chromatographic Conditions

Establishing a sensitive and selective strategy for the concurrent estimation of drugs,
especially those with different polarities, proved to be challenging. In this approach, we
utilized a C;g column (150.0 x 2.1 mm, 1.9 um) to improve the efficiency of separation.
Mobile phases as acetonitrile:water and methanol:water (each containing 0.1% formic acid)
were tested and the optimal resolution was obtained using acetonitrile. Isocratic elution was
also attempted using different ratios of both solvents, the best chromatographic separation
was conducted using acetonitrile:water (30:70, v/v). Different flow rates were also tried
and 0.20 mL/min was chosen, yielding a run time of eleven minutes as illustrated in
Figures 2a,b and 3 for the total ion chromatogram (TIC), extracted ion chromatograms
(XIC), and MRMs of the examined drugs, respectively.

3.3. Optimization of MS Parameters

Except for 5-Fluorouracil, which was investigated in the negative ion mode, the
responses for most of the compounds, such as Doxorubicin, Capecitabine, and Caffeine (IS),
performed substantially better when ESI was in the positive ion mode. Detection technique
of MRM was employed where the most dominant fragment ions for each molecule was
used to obtain good selectivity and sensitivity. MRM transitions for the analytes of interest
and IS, and collision energies (CE), are shown in Table 1, and the product ion mass spectra
are shown in Figure 4.

3.4. Sample Preparation Development

The extraction technique was investigated once the chromatographic parameters were
appropriately adjusted. Owing to the complicated structure of plasma, sample prepro-
cessing is frequently required prior to LC-MS/MS analysis to eliminate protein and other
undesirable interferences. Miniaturization of the apparatus and the sample preparation
procedure is amongst the most advantageous approaches for high-efficiency and high-
speed analysis. Biological matrices were extracted and purified using the miniaturized
QuEChERS technique with only 50.0 uL sample volume and 700.0 uL extraction solvent.
Several solvents were investigated to extract the analytes such as acetonitrile, methanol,
and a combination of both in equal proportions. Acetonitrile proved to be the optimum
extraction solvent for all the compounds where the overall recovery was greater and more
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reliable as presented in Figure 5. In the clean-up procedure, C;g and PSA were investigated
as adsorbents. PSA yielded better recoveries and thus was the adsorbent of choice. The
quantity of magnesium sulphate was also adjusted, with 0.04 g proving to be the most
effective as presented in Figure 5.
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Figure 2. (a) TIC and (b) extracted ion chromatograms of 1. (200.00 ng/mL) 5-Fluorouracil,
2. (50.00 ng/mL) Caffeine, 3. (100.00 ng/mL) Doxorubicin, and 4. (20.00 ng/mL) Capecitabine.

3.5. Method Validation
3.5.1. Selectivity

The absence of peaks co-eluting with the analytes indicate that all drugs were effectively
separated. This can be demonstrated by comparing blank and spiked rat plasma samples at
(LLOQ). The chromatogram of rat plasma is shown in (Supplementary Figure S1)

3.5.2. Linearity and Sensitivity

5-Fluorouracil, Doxorubicin, and Capecitabine exhibited linear calibration curves
with regression coefficients (r) > 0.999 for ranges of concentration of 50.00-500.00 ng/mL,
25.00-500.00 ng/mL, and 5.00-100.00 ng/mL, respectively (Supplementary Figure S2).
Table 2 shows the regression parameters. LODs were considered to be 13.50, 4.02, and
1.33 ng/mL for 5-Fluorouracil, Doxorubicin, and Capecitabine, respectively, corresponding
to the S/N ratio of 3.3:1, whereas LOQs were set as 44.91 for 5-Fluorouracil, 12.18 for
Doxorubicin, and 4.03 for Capecitabine (S/N ratio of 10). Sensitivity is indicated by the
LLOQ’s accuracy and precision within 20%.
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Figure 3. MRM chromatograms of (1). (50.00 ng/mL) Caffeine, (2). (100.00 ng/mL) Doxorubicin,
(3). (20.00 ng/mL) Capecitabine, and (4). (200.00 ng/mL) 5-Fluorouracil.
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Figure 4. Product ion mass spectra of (1). (50 ng/mL) Caffeine, (2). (100 ng/mL) Doxorubicin,

(3). (20 ng/mL) Capecitabine, and (4). (200 ng/mL) 5-Fluorouracil.
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Figure 5. Effect of clean-up step on the extraction efficiency of the compounds from spiked rat plasma
using different solvents, amounts of acetonitrile, PSA, and MgSQOj,. (a) Effect of type of solvent,
(b) Effect of volume of acetonitrile, (c) Effect of amount of MgSOy, (d) Effect of amount of PSA.

Table 2. Validation parameters of the proposed method for the investigated analytes in rat plasma.

Analyte
Parameter
5-Fluorouracil Doxorubicin Capecitabine
Linear Range (ng/mL) 50.00-500.00 25.00-500.00 5.00-100.00
Mean =+ Standard deviation (S.D) 101.754+0.73 101.27 + 1.46 100.46 4 1.19
RSD* 0.72 1.44 1.18
Regression Equation Y = 0.0003x — 0.0067 Y =0.0031x + 0.1383 Y =0.0112x + 0.1636
Correlation Coefficient (r) 0.9999 0.9997 0.9994
Intraday precision
(% RSD) 1.10 1.27 1.38
Interday Precision
(% RS.D) * 1.21 2.46 1.74
Limit of Detection (LOD) ** 13.50 402 133
(ng/mL)
Limit of Quantitation (LOQ) *** 4491 12.18 4.03
(ng/mL)

R.S.D * = relative standard deviation. LOD and LOQ are determined based on signal to noise ratio. LOD **=3.3 x S/N.

LOQ *** =10 x S/N.
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3.5.3. Accuracy and Precision

For all the studied pharmaceuticals, the proposed method demonstrated good accu-
racy with satisfactory interday and intraday precision in plasma. Percent RSD were all
less than 2.47 at low, middle, and high QC samples (50.00, 250.00, and 500.00 ng/mL)
for 5-Fluorouracil, (25.00, 250.00, 500.00 ng/mL) for Doxorubicin, and (5.00, 50.00, and
100.00 ng/mL) for Capecitabine. The concentrations were computed by dividing the av-
erage peak areas by the Caffeine’s area, then substituting the results into the regression
equations. The ratio of the estimated to the actual concentration multiplied by 100 was
used to determine recoveries. Table S3 summarizes these findings.

3.5.4. Recovery

Table 3 shows that for all analytes, the standard deviations were smaller than 10.38
and recoveries varied from 73.79 to 116.98%.

3.5.5. Matrix Effect

The matrix effect is caused by the existence of co-eluting compounds in the sample,
which causes the analytical assay to vary. The matrix effect is investigated to see if ionization
changes due to matrix different components. It was determined using the peak area ratios
of spiked samples after preparation (compared with those of the compounds in their pure
forms at similar concentrations). Capecitabine and Caffeine (IS) exhibited ion enhancement,
while ion suppression was observed at all levels of Doxorubicin and 5-Fluorouracil. The
permissible limits for % recoveries and their RSD are summarized in Table 3.

3.5.6. Stability

Table 4 highlights the stability findings, indicating that all chemicals were stable in
rat plasma for up to 12 h at 20-25 °C, except for 5-Fluorouracil, which was stable for up
to 6 hr. After storage in the autosampler for 48 h, all samples remained steady, indicating
reproducibility. Freeze—thaw cycles for three times (at —20 °C) were likewise successful in
rat plasma samples. Finally, the final extract was examined for long-term stability, with all
compounds remaining stable at —4 °C for up to 2 weeks. 5-Fluorouracil and Doxorubicin
were no longer stable after two weeks in working and stock solutions, the other analytes
studied were rather stable in working and stock solutions for up to one month.

3.6. Method Application for Determination of Real Plasma Samples

Figure S3 and Table 5 illustrate the pharmacokinetic parameters and concentrations of
the studied compounds following intraperitoneal administration in rats over a six-hour
period, demonstrating the efficiency of the suggested procedure to be used for quantifying
the investigated drugs in rat plasma for a short pharmacokinetic study. All drugs showed
a sharp rise in plasma concentration with Doxorubicin being the fastest, reaching its
maximum concentration in half an hour, while the other drugs reached maximum plasma
concentration in one hour. 5-Fluorouracil had the greatest peak concentration, which can
be explained by the fact that it is an active metabolite of Capecitabine. Doxorubicin had the
lowest peak concentration.

3.7. Analytical Eco-Scale Tool for Evaluation of the Proposed Method’s Greenness (ESA)

The ESA tool was proposed in 2012 [44] and it was based on the production of a
numerical total score that classifies the level of greenness of the analytical procedure.
The ideal green procedure receives a score of 100 overall with no deducted points. The
method’s negative ecological impacts are represented by penalty points, which are deducted
from the final score of 100 points. Hazardous solvent use, high energy usage, and waste
disposal have a negative impact on the environment. The green technique with a total
score greater than 75 points, the reasonably green method with a total score between 50 and
75 points, and the inadequate green analysis with a total score of less than 50 points are the
three classifications made by this assessment tool [44,45]. The reported chromatographic
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approach [33], as well as the proposed methodology, exhibit an outstanding Eco-Scale score.
The penalty points for the proposed method are discriminated from those of the reported
method, as shown in Table 6.

Table 3. Absolute recovery and matrix effect at five different concentration levels for the studied
analytes in rat plasma using UPLC-MS/MS, (n = 15).

Absolute Recovery Matrix Effect
Name of
Analyte Spiked Level Found Rec % * Spiked Found Matrix Effect
(ng/mL) (ng/mL) ° Level (ng/mL) (ng/mL) (ME %) *
50.00 60.05 120.10 50.00 61.55 123.10
50.00 57.01 114.02 50.00 56.55 113.10
Caffeine (IS) 50.00 56.14 112.28 50.00 61.12 122.24
atteme 50.00 58.83 117.66 50.00 59.98 119.96
50.00 60.41 120.82 50.00 57.77 115.54
Rec + S.D 116.98 £ 3.73 Rec + S.D 118.79 + 4.32
50.00 35.81 71.62 50.00 39.98 79.96
150.00 116.64 77.76 150.00 122.04 81.60
. 250.00 179.25 71.70 250.00 269.70 89.90
5-Fluorouracil
350.00 258.68 73.91 350.00 280.98 80.28
500.00 423.25 84.65 500.00 44135 88.27
Rec £+ S.D 75.93 + 5.47 Rec + S.D 84.00 + 4.72
25.00 28.18 112.72 25.00 22.99 91.96
50.00 45.94 91.88 50.00 47.53 95.06
.. 100.00 90.55 90.55 100.00 90.49 90.49
Doxorubicin
250.00 260.75 104.30 250.00 268.38 89.46
500.00 553.80 110.76 500.00 441.50 88.23
Rec £ S.D 102.04 4 10.37 Rec = S.D 91.04 + 2.63
5.00 3.61 72.20 5.00 5.89 117.80
20.00 14.92 74.60 20.00 24.08 120.40
C ol 50.00 37.26 74.52 50.00 59.29 118.58
apecitabine
70.00 51.27 73.24 70.00 79.73 113.90
100.00 74.39 74.39 100.00 121.29 121.29
Rec £+ S.D 73.79 + 1.05 Rec = S.D 118.39 =+ 2.87
*: Average of 5 determinations.
Table 4. Stability data for 5-Fluorouracil, Doxorubicin, and Capecitabine by the proposed method.
Short Term Stability Autosampler Stability
Compound ) o,
P Initial Conc. ‘gf}te: ﬁf;lei Accuracy RS/O Initial Conc. After 18 h * ﬁfrz Accuracy RS/O
50.00 44.67 36.38 81.05 14.46 50.00 4741 4551 92.92 2.89
5-Fluorouracil
500.00 478.31 353.97 83.24 21.13 500.00 479.32 454.31 93.36 3.79
25.00 21.98 21.55 87.06 1.40 25.00 23.61 22.09 91.40 4.70
Doxorubicin
500.00 470.41 459.83 93.02 1.61 500.00 483.01 520.05 100.31 5.22
L. 5.00 4.82 5.18 100.00 5.09 5.00 4.61 5.31 99.20 9.98
Capecitabine
100.00 96.91 107.06 101.99 7.04 100.00 93.01 111.09 102.05 12.53
Freeze and thaw Stability Long term Stability
Compound Initial C st cycle * 3rd cycle* A % Initial C 1st day * Last day * A %
nitial Conc. st cycle rd cycle ccuracy RSD nitial Conc. st day ast day ccuracy RSD
50.00 46.19 45.81 92 0.58 50.00 46.70 43.51 90.21 5.00
5-Fluorouracil
500.00 463.71 451.88 91.56 1.83 500.00 461.07 480.54 94.16 292
25.00 21.99 21.81 87.60 0.58 25.00 23.81 22.45 92.52 4.16
Doxorubicin
500.00 450.04 446.43 89.65 0.57 500.00 473.89 450.92 92.48 351
5.00 4.50 5.41 99.10 12.99 5.00 4.47 4.31 87.80 2.58
Capecitabine
100.00 106.91 109.63 108.27 1.78 100.00 92.61 88.22 90.42 3.43

*: Average of 3 replicates.
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Table 5. Concentrations of the investigated drugs in plasma samples collected from male rats
following intraperitoneal injection of a single dose of anticancer combination (n = 7).

Analyte Plasma Concentrations (ng/mL) at Different Time Intervals * Cmax Tmax "
(Dose in mg/kg) 05h 10h 20h 40h 6.0h (ng/mL) () Ave
5-Fluorouracil 70.42 12,952.07 135.14 38.40 ND 12,952.07 1.0 6717.15
(100 mg/kg)
Doxorubicin 35.61 6.49 261 ND ND 35.61 05 15.08
(5 mg/kg)
Capecitabine 12.58 1062.82 17.77 1.55 ND 1062.82 1.0 559.62
(540 mg/kg)
*: Average of 3 replicates. AUC **: area under the curve.
Table 6. Penalty points for the greenness assessment of the proposed chromatographic method as
compared with the reported method.
Penalty Points
Hazard Proposed Method Reported Method ?
Reagents
Reagent amount
Acetonitrile 1 1
Methanol 1
Formic acid 1 1
Magnesium sulphate 1
Sodium Chloride 1
PSA 1
Hazardous reagents
Instruments
Energy (1.5 kW h per sample) 2 2
Occupational hazard 0 0
Waste 3 3
Total penalty points 10 7
Analytical Eco-Scale total score ® 90 93

2 Reported method (2021): Ultra performance liquid chromatographic method with tandem mass detection [33].
b >75 represents excellent green analysis, >50 represents acceptable green analysis, and <50 represents inadequate
green analysis [44].

4. Conclusions

We present a new, rapid, and sensitive eco-friendly UPLC-MS/MS technique for the
concurrent determination of some drugs used for locally advanced breast cancer named
5-Fluorouracil, Doxorubicin, and Capecitabine in rat plasma using a simple QUEChERS
extraction strategy. The established approach displayed great accuracy and reproducibility.
This assay is believed to be appropriate for TDM through a brief preliminary pharmacoki-
netic study in actual rats.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations9120403/s1, Figure S1: TIC and MRM Chromatograms
of blank plasma; Figure S2: Linearity of the peak area ratios versus the corresponding concentrations
of each analyte using the proposed UPLC-MS/MS method; Figure S3: Concentration vs time curves
of (A) 5-Fluorouracil, (B) Doxorubicin and (C) Capecitabine in plasma samples collected from
male rats following intraperitoneal injection of a single dose of anticancer combination (n = 7);
Table S1: Summary of the different LC/MS methods in the literature used for the determination of the
studied compounds in biological samples; Table S2: Comparison between the proposed method and
the other reported method [11]; Table S3: Accuracy, Intra and inter-day precision data in rat plasma at
three concentration levels (1 = 15). References 46-55 are cited in the supplementary material [46-55].
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