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ARTICLE INFO ABSTRACT

Keywords: A rapid and sensitive ultra-high performance liquid chromatography-tandem mass spectrometry
Doxorubicin (UPLC-MS/MS) method was established for the simultaneous determination of doxorubicin (DOX)
UPLC-MS/MS

in mouse plasma and tissues, including the heart, liver, spleen, lung, kidney and tumor, and to
investigate the pharmacokinetics and distribution in mice. In this study, daunorubicin (DNR) was
used as an internal standard, and the mobile phase consisted of ammonium formate 2 mM con-
taining 0.1 % formic acid (A) and acetonitrile (B), the chromatographic column was ACQUITY
UPLC BEHTM C18 with a gradient elution at a flow rate of 0.2 mL/min. Electrospray ionization
(ESI) in positive ion pattern was utilized for the ion separation of DOX, with the ions used for
quantitative analysis being DOX m/z 544.28 — 397.10 and DNR m/z 528.35 — 321.08, respec-
tively. The results showed that a good linear relationship in the calibration curve range of 1-800
ng/mL in mouse plasma and 1-2500 ng/g in tissues (R? > 0.99) with the limits of quantification
of 1 ng/mL in plasma and tissues. The method exhibited good matrix effect and extraction re-
covery, with the intra-day and inter-day precision of plasma and tissue were less than 10.3 % and
15.4 %, and the relative error (RE) were both less than +14.8 % and +18.9 %, respectively. The
stability results under different conditions were found to be accurate. It also revealed the dis-
tribution of DOX in various tissues of mice, with the concentration ranking as liver > heart >
kidney > spleen > lung > tumor. This method was successfully used to the study for the phar-
macokinetics in plasma and drug distribution in tissues of BALB/c mice.

Pharmacokinetics
Drug distribution

1. Introduction

Doxorubicin (DOX), also known as adriamycin, its molecular structure formula is Co7H9NO13. It is an anthracycline anti-tumor
antibiotic that eliminates tumor cells through the following two main mechanisms: (1) inhibiting the transcription and replication
of DNA by intercalating two adjacent DNA base pairs, thereby inhibiting the activity of topoisomerase II; (2) generating a large number
of oxygen free radicals (ROS), leading to damage in protein, lipid, membrane and DNA, ultimately inducing apoptosis in tumor cells
[1-3]. At present, DOX is extensively utilized in the treatment of different clinical cancers including acute lymphoblastic leukemia,
liver cancer, ovarian cancer, breast cancer, bladder cancer, lung cancer and gastric cancer [4-7]. However, DOX chemotherapy can
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also result in some adverse reactions in the human body. The common side effects include acute myelosuppression (leukopenia and
neutropenia, anemia and thrombocytopenia), neurotoxicity (numbness and pain in hands and feet), gastrointestinal reactions (nausea,
vomiting, loss of appetite and even diarrhea), and subcutaneous tissue damage (rash, itching, pigmentation). In severe cases, it can
lead to dose-dependent, mainly irreversible heart failure or arrhythmia [2,8-10]. Due to the above adverse reactions, the clinical
application of DOX is constrained. In addition, because of its broad anticancer effects, DOX has been used on a large scale in clinical
practice, resulting in drug resistance [11]. Therefore, when using DOX for chemotherapy treatment, it is particularly crucial to strictly
control the dosage and monitor the process of DOX in patients including absorption, distribution, metabolism and excretion. This
approach aims to maximize the bioavailability and therapeutic effects while reducing side effects.

Currently, the commonly employed quantitative methods for analyzing DOX in complex biological samples include liquid
chromatography-ultraviolet (LC-UV), fluorescent spectrometry, fluorescence coupled capillary electrophoresis (CE-FL), and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) [12-15]. When compared with the LC-MS/MS method, ultraviolet and
spectroscopy are simple and convenient, however, in practical application, these methods are not only time-consuming but also
susceptible to interference from the endogenous substances in the samples or other co-detected analytes, leading to result deviations.
In addition, the instrument exhibit poor sensitivity owing to the minimum detection limit is significantly lower than LC-MS/MS [16].
However, compared with the traditional LC-MS/MS, freshly ultra-high performance liquid chromatography-tandem mass spectrom-
etry (UPLC-MS/MS) combines the highly selective separation ability of liquid chromatography (LC) with the sensitive detection ability
of mass spectrometry (MS), which greatly improves the separation efficiency and rate, and is frequently used in the detection of the
concentration of analytes which requires very low sensitivity [17]. Capillary electrophoresis is cost-effective, but its sensitivity and
accuracy are lower than HPLC due to the small capillary diameter and the short optical path, and the sample components will be
changed during the detection process, affecting the reproducibility of the separation results. The workflow of UPLC-MS/MS is the same
as that of LC-MS/MS, involves that the LC columns with small particle size, such as hydrophilic column and C18 column, was used to
separate the analytes from the complex biological components, following by further qualitative and quantitative analysis operating
triple quadrupole MS on high pressure [18]. This method provides a higher resolution of chromatographic analysis, enhances the
sensitivity and accuracy, and save the analysis time [19,20]. Up to now, it has emerged as one of the most accurate and reliable
methods for detecting plasma drug concentration and has been widespread application in therapeutic drug monitoring (TDM),
pharmacology, and toxicology in clinical biochemical diagnosis laboratories [21-23].

To date, numerous studies have reported on the metabolism and retention of DOX in mice, rats, or humans [24]. However, there is a
paucity of research on the distribution of DOX in various tissues and solid tumors of mice. Due to the serious tissue damage resulting
from a series of toxic reactions of DOX, particularly its potential for cardiotoxicity, nephrotoxicity, and hepatotoxicity, it is imperative
to pay more attention to the utilization and distribution of drugs in tissues while closely monitoring tissue changes following drug
administration [9,25,26]. Therefore, this study employed DNR as the internal standard and established a simple, rapid, and sensitive
UPLC-MS/MS method for the determination of DOX in plasma, tissues and tumor in mice, with feasibility successfully verified. This
approach holds great significance for clinical pharmacokinetic studies and drug concentration monitoring, providing valuable insights
into the biodistribution and bioavailability of DOX in vivo, thereby offering theoretical guidance for clinical drug administration.

2. Materials and methods
2.1. Chemicals and reagents

Doxorubicin (Co7H29NO71, MW = 543.53) and daunorubicin (internal standard, IS, Co7H29NO7o, MW = 527.52) were purchased
from Yuanye Bio-Technology Co., Ltd. (Shanghai, China). They were in analytical level and used without further purification.
Methanol, acetonitrile and ammonium formate were all of chromatographic grade and obtained from Sigma-Aldrich Co., Ltd.
(Shanghai, China). Formic acid of chromatographic grade was sourced from Thermo Fisher Technology (Waltham, Massachusetts, U.S.
A.). The water phase and all aqueous solutions were prepared by the Milli-Q ultrapure water system (Millipore, MA, U.S.A.) to a
specific resistivity of 18.2 MQ cm.

2.2. Cell culture and animals

The mouse breast cancer cell line 4T1 was provided by Procell Life Technology Co., Ltd. (Wuhan, China) and cultured in RPMI-1640
medium containing 10 % fetal bovine serum of Gibco (Grand Island, New York, U.S.A.) at 37 °C in a moist atmosphere containing 5 %
COs. BALB/c mice (female, 4-6 weeks old) were provided by Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. (license
No. SCXK (E) 2022-0030). All mice had ad libitum access to water and food and underwent a fasting period of at least 12 h before the
experiment. All animal experiments were conducted in accordance with the guidelines of the Ethics Review Committee for Animal
Experimentation of Hubei University of Medicine (Ethics approval No. 2023-87).

When 4T1 cells reached the logarithmic growth phase, they were digested with trypsin (Gibco, Grand Island, New York, U.S.A.) and
then centrifuged for 5 min at 1000 rpm. The upper medium was discarded and then PBS buffer (Gibco, Grand Island, New York, U.S.A.)
was added. The 4T1 cells, with a density of 1 x 107 cells/; mL, were injected into the left axilla of BALB/c mice, with approximately 100
pL cells were injected into each mouse. The subsequent experiments were conducted approximately 2 weeks after inoculation, when
the tumor size had reached to 100-200 mm?.
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2.3. Mass spectrometry and liquid chromatography

The analytes DOX and DNR were analyzed using triple quadrupole tandem mass spectrometer (TSQ Quantiva, Thermo Fisher
Scientific, Waltham, Massachusetts, U.S.A.). All runs were acquired and processed using Multi-Quant™ 3.0 software. The analytes
were ionized by electrospray ionization (ESI) in positive ionization mode with multiple reaction monitoring mode (MRM). The ion
source parameters for MS were as follows: ion injection voltage of 3500 V; sheath gas pressure of 35 psi; auxiliary gas pressure of 5 psi;
sweep gas of 1 psi; ion delivery tube temperature of 325 °C; and vaporizer temperature of 350 °C. In the positive ionization mode, the
radio frequency (RF) voltage for the analyte and internal standard was 58 V and 59 V, and the collision energy (CE) was 12 Vand 25V,
respectively. The chromatographic instrument used was the UltiMate 3000 high-performance liquid chromatography (Thermo Fisher,
U.S.A.). The chromatographic separations of analytes were carried out on an ACQUITY UPLC BEH™ C18 column (2.1 x 100 mm, 1.7
pm, Waters, Shanghai, China) using mobile phases of (A) ammonium formate 2 mM containing 0.1 % formic acid and (B) acetonitrile at
a flow rate of 0.2 mL/min. The injection volume was 3 pL, and the column temperature was maintained at 30 °C. The mobile phases
were used in a gradient elution method as following: 0-8.0 min, 10 % B; 8.0-10.0 min, 60 % B; 10.0-10.1 min, 60%-100 % B;
10.1-12.0 min, 100 % B; 12.0-12.1 min, 100%-10 % B; 12.1-13.0 min, 10 % B. The total analysis time was 13 min.

2.4. Standard sample preparation

2.4.1. Preparation of calibration standard solutions, quality control solutions and internal standard

The 1.00 mg of DOX and the internal standard DNR were accurately weighed and dissolved to prepare an original solution with a
final concentration of 1 mg/mL using ultra-pure water. The original solution was further diluted with acetonitrile-water to prepare the
working solution, Additionally, the original solution of DOX was diluted with 50 % acetonitrile-water (acetonitrile: water = 1:1) to
prepared a standard working solution with concentrations of 2, 10, 20, 40, 80, 100, 200, 400, 1000, 1600 ng/mL. The concentrations of
DOX quality control (QC) working solution were 1600, 160 and 16 ng/mL, respectively. The internal standard was diluted to 200 ng/
mL using 50 % acetonitrile-water. The calibration standard curve and quality control of DOX were prepared using blank plasma or
blank tissues. The concentration of plasma calibration curve was within the range of 1-1000 ng/mL, and the concentrations of the low,
medium and high-quality control solutions (LQC, MQC, HQC) were 8, 80 and 800 ng/mL, respectively. The concentration range of
calibration curve for each tissue was different, and the concentrations of LQC, MQC, HQC were 4, 80 and 800 ng/mL. All solutions were
stored at —20 °C until analyzed.

2.4.2. Pretreatment of plasma and tissue samples

The protein precipitation method (PPT) was used for the pretreatment of mouse plasma and tissue samples. For tissue samples,
homogenized was performed by fully homogenizing the samples in the Tissue Multi-channel Homogenizer (QIAGEN Kaijie Tissue-
Lyserll, Shanghai, China) after adding 1 mL of normal saline to 0.1 g of tissue. Firstly, the plasma or tissue homogenate samples (50 pL)
were mixed with 50 pL of the same volume of internal standard solution (200 ng/mL) and 50 pL of 50 % acetonitrile-water, and then
vortexed for 1 min. Subsequently, 225 pL acetonitrile was added to the solution and fully vortexed mixing for 2 min, with the entire
process being carried out on ice. The supernatant was then transferred to a clean centrifuge tube by centrifugation for 15 min at 12,000
rpm at 4 °C. After filtering with a 0.22 pm membrane filter, the sample was transferred to 1.5 mL sample injection vials and stored at
4 °C until quantified and analyzed by LC-MS/MS.

2.5. Method validation

The study was validated in according with the International Conference on Harmonization guidelines for bioanalysis methods [27,
28]. The assessment of exclusivity and specificity, matrix effect, recovery, linearity, precision and accuracy, as well as stability had
been validated sequentially.

2.5.1. Exclusivity and specificity

The specificity of this method for the detection of analytes in plasma and tissues of mice needed to be verified. To verify the ex-
clusivity and specificity of this method, the chromatograms of DOX and IS of the blank plasma or tissue samples of mice were compared
with the lower limit of quantification (LLOQ) and the plasma or tissue samples of mice after 2 h of tail vein administration, so as to
ensure that the endogenous substances in plasma or tissues did not interfere with the accurate detection of DOX and IS.

2.5.2. Matrix effect and extraction recovery

The low, medium and high concentration QC samples were prepared and treated by using three different methods: direct extraction
samples (A), unextracted samples (B), and pure solution samples (C). The matrix effect was evaluated by comparing the average peak
area between the unextracted (labeled QC and IS after extraction) and the corresponding blank matrix (water) [29-31]. The extraction
recovery was determined by calculating the peak area ratio of extracted samples to unextracted samples. It was required that the
extraction recovery and matrix effect RSD of DOX and IS in plasma or tissue should be less than or equal to 15 %.

Matrix effect = Peak Area (s)/Peak Area () x 100%, (€))

Recovery = Peak Area (5)/Peak Area gy x 100% 2)
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2.5.3. Linearity and calibration curve

In this study, 1 /x> weighted linear regression curve and the least square method were utilized to fit the curve. The ratio of DOX peak
area to IS peak area was used as the ordinate of the plasma or tissue calibration curve, with the concentration of DOX as the abscissa.
The standard curve of plasma or different tissues consisted of at least 5 data points, and the precision and accuracy achieved at each
point within the linear range were required to meet the specified requirements.

2.5.4. Intra-and inter-day precision and accuracy

The precision test includes intra-day precision and inter-day precision. The precision and accuracy of the method were evaluated by
comparing the concentrations of three different concentrations of QC (LQC, MQC, HQC) with the concentrations of DOX calculated by
the standard curve on the same day. Each quality control level was prepared with plasma or tissue samples from 6 different sources,
and the determination was repeated for 6 times. RSD (%) indicates precision and RE (%) indicates accuracy. The precision in plasma
should be < 15 %, and the acceptable range of accuracy should be within +15 %. For tissues, the acceptable range of precision and
accuracy of different concentrations of QC should be within +20 %.

Precision (RSD%) = (SD/X) x 100%, (€)]
Accuracy (RE%) =|x — QC|/QC x 100% “@
SD: the standard deviations of the six results; X: the mean value of the six results; QC: the quality controls

2.5.5. Stability

The stability of the method was evaluated by placing the quality control samples under the following three different conditions,
including 4 h at room temperature (short-term stability), 12 h in an automatic injector (post-extraction stability), and repeated freezing
and thawing for three times (freeze-thaw stability). Three plasma or tissue samples were determined for each quality control con-
centration (LQC, MQC, HQC). Comparing the theoretical concentration with the actual concentration, the final precision and accuracy
of plasma and tissue were less than +15 % and +20 %, respectively, indicating that DOX could remain stable under different storage
conditions of the experiment.

2.6. Application in pharmacokinetics and tissue distribution study

After the tumors of all mice had reached sufficient size, DOX at a concentration of 5 mg/kg was injected into the tail vein of BALB/c
tumor mice. Blood samples, tissues and tumors were collected before (0 h) and at various time points after administration (25 min, 45
min, 1 h,4h,6h,6h,8h, 24 h, 48 h, 72 h). The blood samples were collected in heparin-containing centrifuge tubes and left at room
temperature for more than 30 min. Subsequently, they were centrifuged for 15 min at 12,000 rpm at 4 °C, and the upper plasma was
stored at —20 °C for pharmacokinetic study. The tissues (heart, liver, spleen, lung, kidney and tumor) were collected immediately after
administration, and any residual blood on the surface was washed with normal saline. Finally, they were treated with liquid nitrogen
and stored at —80 °C until the study of drug distribution.

3. Results and discussion
3.1. Optimization of mass spectrometry conditions

For MS conditions, we fine-tuned the electrospray ionization (ESI) scanning mode and associated source parameters. In the positive
ion mode, both DOX and IS molecules were ionized to generate positively charged ions (IM+H]™). The mass changes of DOX and
internal standard DNR were m/z 544.28 — 397.10 and m/z 528.35 — 321.08, respectively. Compared with the negative ion mode, the
positive ion mode exhibited higher sensitivity and selectivity to DOX and IS molecules. For the mixture of DOX and IS, the multiple
reaction monitoring (MRM) scanning mode demonstrated stronger anti-interference ability and a lower detection limit than the se-
lective reaction monitoring (SRM) scanning mode. At the same time, we manually optimized the ion source parameters of MS, as
shown in Table 1. The mass spectra of the precursor ions and product ions obtained are shown in Fig. 1.

Table 1

The Mass-spectrometric ion-source parameters.
MS parameters DOX/DNR
Spray Voltage (V) 3500
Sheath gas pressure (psi) 35
Aux gas pressure (psi) 5
Sweep gas (psi) 1
Ion transfer tube temp (°C) 325
Vaporizer temp (°C) 350
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Fig. 1. The mass spectrograms in MRM mode: (a) The precursor ion of doxorubicin; (b) The precursor ion of daunorubicin; (c) The product ion of
doxorubicin; (d) The product ion of daunorubicin.

3.2. Optimization of chromatographic conditions

For the optimization of chromatographic conditions, our main focus was on improving the separation ability and analytical effect of
analytes through the optimization of chromatographic columns and flow conditions. We conducted experiments using various
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Fig. 2. Typical chromatogram: (a) doxorubicin; (b) daunorubicin (IS).
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columns, mobile phase compositions, and proportions with different pH value. Using the ACQUITY UPLC BEH™ C18 column (2.1 x
100 mm, 1.7 pm) at a temperature of 30 °C with a gradient of ammonium formate 2 mM containing 0.1 % formic acid and acetonitrile
as mobile phases, DOX and IS showed more symmetrical and higher peaks, resulting in a more intense response strength. Additionally,
compared with isometric elution, gradient elution improved the chromatographic peak shape and shortens the separation time. The
results showed that a mobile phase consisting of formic acid water containing ammonium formate (A) and acetonitrile (B) was used at
a flow rate of 0.2 mL/min. The retention times of DOX and IS were 6.95 and 7.83 min, respectively, and the chromatogram is shown in
Fig. 2.

3.3. Method validation

3.3.1. Exclusivity and specificity
The exclusivity and specificity of this method were determined by analyzing mouse plasma and homogenized tissue samples from
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Fig. 3. Typical UPLC-MS/MS chromatograms of DOX and IS: (I) plasma; (II) kidney tissue; (a) blank plasma; (b) blank plasma after addition of DOX
(LLOQ) and IS (100 ng/mL); (c) mouse plasma collected 2 h after intravenous injection of DOX (5 mg/kg); (d) blank kidney; (e) blank kidney after
addition of DOX (LLOQ) and IS (100 ng/mL); (f) mouse kidney collected 2 h after intravenous injection of DOX (5 mg/kg).
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six different sources. Take the kidney as an example of tissues, typical chromatograms of blank plasma and kidney samples are shown
in Fig. 3. It was observed that there were only chromatographic peaks of DOX and internal standard DNR in the pictures, with their
retention time (RT) demonstrating stability. This indicated that there was no obvious interference with the separation of the tested
substances in the plasma or kidney homogenate of mice. Therefore, this method demonstrated strong exclusivity and specificity for the
detection of DOX and IS.

3.3.2. Matrix effect and extraction recovery

In this study, we employed the protein precipitation method for the extraction of DOX from biological samples. This approach
proved to be faster and simpler than both liquid-liquid extraction and solid-phase extraction, while also yielding superior extraction
recovery. The matrix effect and extraction recovery of DOX and IS in plasma and kidney homogenate are detailed in Table 2. It was
found that the optimal extraction recovery and minimum matrix effect were achieved when the samples were treated with 225 pL
acetonitrile, following experimentation with various protein precipitants, including methanol and acetonitrile. The detection of six
different sources of mouse plasma and tissues showed that the RSD of plasma matrix effect ranged from 2.6 % to 6.2 % with the
extraction recovery of 3.4 %-9.0 %. The tissue matrix effect and recovery were found to be within the range of 12.2 %-15.5 % and 8.3
%-12.5 %, which aligns with the stipulations for biological analysis (basically <15 %). These results indicated that the method had no
obvious matrix effect and satisfactory extraction recovery.

3.3.3. Linearity and calibration curve

The linear regression equation, linear range, and correlation coefficient (R?) for DOX in plasma and tissues are shown in Table 3.
The calibration curve demonstrated linearity within the following ranges: 1-800 ng/mL for plasma, 1-2500 ng/g for heart and spleen,
1-1000 ng/g for liver, kidney and tumor, and 1.25-1000 ng/g for lung. The correlation coefficient (R?) for plasma was 0.9987, while
the correlation coefficient for the tissues exceeded 0.99, which were in accordance with the regulations.

3.3.4. Intra-and inter-day precision and accuracy

The intra-day and inter-day precision and accuracy of plasma and kidney homogenate are shown in Table 4. In the quality control
samples containing mouse plasma, all precision measurements were within 10.3 %, and the accuracy did not exceed 14.8 %, aligning
with the stipulations outlined. For mouse tissue homogenate, the deviation remained below +20 % at all quality control concentration
levels. Therefore, the findings were accurate and reliable, rendering this method suitable in the pharmacokinetics and drug distri-
bution studies.

3.3.5. Stability

Table 5 displayed the stability of plasma and kidney homogenate under three distinct storage conditions. The results indicated that
the precision in plasma meet the criteria, but the accuracy exceeded 15 % at the autosampler and room temperature at concentration of
8 ng/mL, which may be the cause of the DOX bit degradation. Likewise, precision and accuracy were consistently within the range of
+20 % no matter what environment was placed in the organization. Hence, under varying experimental conditions, DOX remained
largely stable, exerting minimal impact on the experimental results.

3.4. Application in pharmacokinetics and tissue distribution study

3.4.1. Pharmacokinetics study

We utilized UPLC-MS/MS method which had established to detect the plasma drug concentration of BALB/c mice injected with
DOX (5 mg/kg) via the tail vein. The average blood concentration-time curve of mice is depicted in Fig. 4, and Origin software
(OriginLab Corporation, version 9.1, Commonwealth of Massachusetts, U.S.A.) was utilized for curve analysis and visualization. The
corresponding pharmacokinetic parameters are shown in Table 6, these parameters were calculated by DRUG AND STATISTICS
software (DAS, version 2.0, Mathematical Pharmacology Professional Committee of China, Shanghai, China). The findings indicated
that the peak concentration (Cpax) in BALB/c mice was 183.0 + 13.4 ng/mL, with a time to reach the maximum concentration (Tpax)
of 0.416 h. This demonstrated that DOX was fully absorbed within half an hour post-injection and subsequently circulated throughout

Table 2
Matrix effect and extraction recovery of DOX and IS in plasma and kidney tissue (n = 6).
Analytes Concentration (ng/mL) Extraction recovery (%) RSD (%) Matrix effects (%) RSD (%)
Plasma
DOX 8 89.1 + 3.0 3.4 89.8 + 2.3 2.6
80 92.0 + 3.8 4.1 106.8 + 4.6 4.3
800 94.7 +£ 8.5 9.0 99.5 + 6.2 6.2
DNR (IS) 100 98.8 +£7.2 7.3 94.4 + 3.8 4.1
Tissue
DOX 4 94.1+78 8.3 105.0 + 12.8 12.2
40 90.2 £11.3 12.5 94.2 £ 14.6 15.5
800 75.5 + 8.8 11.7 1121 +£17.2 15.4
DNR (IS) 100 111.2 +18.9 17.0 103.8 + 17.0 16.4
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Table 3

Linear relationship of DOX in plasma and tissue (n = 3).
Analytes Standard curve Linear range R®
Plasma Y =0.01362 X + 0.01307 1-800 0.9987
Heart Y =0.01143 X + 0.00139 1-2500 0.9971
Liver Y = 0.01354 X + 0.01375 1-1000 0.9973
Spleen Y = 0.01605 X + 0.00365 1-2500 0.9982
Lung Y = 0.01638 X + 0.00087 1.25-1000 0.9993
Kidney Y = 0.01713 X + 0.00820 1-1000 0.9975
Tumor Y = 0.01432 X + 0.00908 1-1000 0.9942

2The unit of drug concentration in plasma: ng/mL; The unit of drug concentration in tissues: ng/g.
bY: the ratio of peaks; X: concentration.

Table 4
Inter-day precision and accuracy for DOX in plasma and kidney tissue (n = 6).
Concentration (ng/ Intra-day Inter-day
mL) Measured concentration Precision (RSD Accuracy (RE Measured concentration Precision (RSD Accuracy (RE
+ SD %) %) + SD %) %)
Plasma
8 6.8 +£0.2 3.5 —14.5 6.9+0.3 4.8 -13.7
80 75.1 £ 2.5 3.4 —6.1 72.4 £ 2.4 3.3 -9.5
800 837.1 + 85.9 10.3 4.6 811.8 + 35.6 4.4 —14.8
Tissue
4 3.2+ 0.5 15.4 -18.9 3.4+0.1 3.2 —15.0
40 349 + 3.1 8.9 -12.7 34.5 £ 0.6 1.6 -13.7
800 718.1 +£71.8 10.0 -10.2 721.8 £19.1 2.6 -9.8
Table 5
Stability of DOX under different storage conditions in plasma and kidney tissue (n = 3).
Conditions Concentration (ng/mL or ng/g) Measured concentration + SD Precision (RSD%) Accuracy (RE%)
Plasma
Autosampler stability (4 °C 12 h) 8 9.4+ 0.5 5.8 18.1
80 78.3 £0.7 0.8 —-2.2
800 835.5 + 78.4 9.4 4.4
Room temperature stability (25 °C 4 h) 8 9.4 +0.4 3.8 17.1
80 75.2+6.9 9.2 —6.0
800 785.8 +47.9 6.1 -1.8
Freeze thaw stability (—80 °C 3 times) 8 9.0 +£1.2 13.4 12.6
80 79.3+23 2.9 -0.8
800 811.4 +47.1 5.8 1.4
Tissue
Autosampler stability (4 °C 12 h) 4 3.8+05 12.4 -3.8
40 33.0£0.7 2.0 -17.5
800 736.4 + 36.8 5.0 -7.9
Room temperature stability (25 °C 4 h) 4 3.8 +0.4 11.0 —5.6
40 32.1 £0.5 1.7 -19.8
800 742.5 + 54.4 7.3 -7.2
Freeze thaw stability (—80 °C 3 times) 4 3.8 £ 0.5 14.1 -3.9
40 32.0 £ 0.8 2.4 -19.9
800 677.4 £ 55.6 8.2 —-15.3

the body. Similarly, the average retention time (MRT) of drug was 20.3 + 4.2 h, indicating that DOX was almost exhausted
approximately 24 h after a single intravenous administration in mice. The area under the concentration-time curve (AUC) revealed that
the total amount of DOX entering the systemic circulation over the 72-h period was 2284.0 + 248.7 mg/(L*h). Furthermore, the
plasma half-life (t; ) of DOX was determined to be 22.3 + 10.0 h, with a clearance rate of 0.002 L/kg per hour. The pharmacokinetic
parameters may indicate the direction for the future clinical development of novel antineoplastic drugs.

3.4.2. Drug distribution in mice

In this study, we not only determined the DOX content in plasma, but also explored the metabolic process of drugs in various tissues
and tumors of mice, culminating in the creation of a distribution map of DOX in various organs, illustrated in Fig. 5. It could be seen
that the rapid dissemination of the drug throughout the mouse body, with the highest concentrations observed in the kidney, followed
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Fig. 4. The average plasma concentration-time curve of mice after intravenous injection of DOX (5 mg/kg) (mean + SD, n = 3).

Table 6

Plasma concentration-time curve of DOX (n = 3, mean =+ SD).
Parameter Unit DOX
Chax mg/L 183.0 + 13.4
Tmax h 0.416 + 0.0
AUCy_¢ mg/(L*h) 2284.0 + 248.7
AUCp_ mg/(L*h) 2512.7 £+ 429.7
t1 2 h 22.3 +10.0
CL L/h/kg 0.002 + 0.0
MRT h 20.3 + 4.2

Cmax: Peak concentration; Tp,.y: Peak time; AUC: Area under the concentration-time curve;
t1/o: Elimination half-life; CL: Clearance rate; MRT: Mean residence time.

by the liver, spleen, lung, heart, and tumor. The high concentration in the liver and kidney probably due to the predominant meta-
bolism of antitumor drugs in these organs, while the notable presence in the mouse heart suggested potential cardiotoxicity. Numerous
studies have consistently confirmed this result, the inevitable toxic effect of DOX on the heart, whether administered alone or in
combination, and the degree of cardiac toxicity was different with different administration time, so heightened attention should be
paid to this issue in clinical practice [32,33]. Therefore, the study was to provide a theoretical basis for clinicians to formulate different
drug administration schemes, including considering reducing drug accumulation and side effects and ensuring a high degree of safety
and effectiveness.

4. Conclusions

In summary, we had successfully developed and validated a simple, rapid and highly sensitive UPLC-MS/MS method for quanti-
fying DOX in both plasma and various tissues, including heart, liver, spleen, lung, kidney, and tumor in mice, and verified the
feasibility and accuracy of this method. This method exhibited good specificity, precision, and accuracy, with a remarkable linearity
and R? exceeding 0.99. The LLOQ for DOX in plasma was 1 ng/mL, within a linear range of 1-800 ng/mL. Furthermore, we identified
the LLOQ of DOX in heart, liver, spleen, lung, kidney, and tumor tissues to be 1, 1, 1, 1.25, 1, and 2 ng/mL, respectively. Furthermore,
the sample processing method of protein precipitation is not only economical and convenient compared with other methods, but also
enables the rapid extraction of the desired DOX from diverse samples. Subsequently, the extracted compound can be further separated
and purified using a column for detection purposes. Following injection, the drug rapidly distributed in various organs of mice with the
concentration in vivo ranking as kidney > liver > spleen > lung > heart > tumor. This study aimed to investigate the pharmacokinetics
and tissue distribution of DOX in mice by analyzing its concentration in various biological samples, in order to provide valuable
theoretical insights for the clinical administration of DOX as an antitumor drug in complex biological matrices.
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