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Purpose: Precise and timely detection of methotrexate (MTX) concentration played a key
role in high-dose MTX individualization therapy in acute lymphoblastic leukemia (ALL)
children to avoid serious adverse effects or nonresponse. This report described a sensibility
and validation of ultra-high performance liquid chromatography tandem mass spectrometry
(UHPLC-MS/MS) method for therapeutic drug monitoring (TDM) of methotrexate concen-
tration in children’s plasma.

Methods: One-step protein precipitation of samples was accomplished by adding 200 pL of
acetonitrile to 100 puL of plasma sample. The separation of plasma samples was carried out
on a ZORBAX Eclipse Plus C18 Rapid Resolution HD column with gradient elution using a
mobile phase constituted of acetonitrile and 1% formic acid. The detection was executed by
electrospray ionization (ESI) of triple quadrupole tandem mass spectrometer (TQMS) in the
multiple reaction monitoring (MRM) mode with the transitions m/z 455.2 — 307.9 for
methotrexate and m/z 458.2 — 311.2 for IS, separately. Linear concentration range of the
calibration curve was 44—11,000 nmol/L and 44 nmol/L was the lower limit of quantification.
Results: The methotrexate elution time was at 1.577 min, and the overall running time was
only 3.3 min. The intra- and interday precision for all the analysis results was within 11.24%,
and mean recoveries rate of methotrexate exceeded 87.98%.

Conclusion: The described and fully validated UHPLC-MS/MS method was successfully
applied in clinical TDM after infusion of high-dose methotrexate 1-5 g/m? to 41 childpatients.
Keywords: high-dose methotrexate, UHPLC-MS/MS, therapeutic drug monitoring,
children, acute lymphoblastic leukemia

Introduction

Methotrexate (MTX) was a vital medication in treatment regimens for acute lympho-
blastic leukemia (ALL) in children." There were evidently individual differences in
MTX plasma concentrations owing to large inter-individual variation in the absorption,
distribution, metabolism, and excretion of MTX in the body. Therefore, individualized
therapies were important for therapeutic dose adjustments. The high-dose MTX (HD-
MTX) (1-5 g/m?) as a 24-h infusion, 1/6 of the high-dose MTX was infused in initial one
hour and the rest of the dose at a constant rate in the remaining 23 h, based on HD-MTX
treatment regimen.">> MTX was mainly eliminated via the kidneys in vivo, and renal
clearance was influenced by many prerequisites, especially dosage, individual
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differences, and urinary pH.*’ During HD-MTX administra-
tion, patients could achieve the cytotoxic benefits by avoiding
overtreatment which may lead to acute renal function injury
and tubular toxicity.* '° Folinic acid (CF) was a drug used for
decreasing the toxic effects of methotrexate.'' '* CF rescue
treatment was initiated at 36 h after the beginning of HD-MTX
infusion, and CF at an initial dose of 15 mg/m? was repeated
intravenously every six hours. However, the action of CF not
only reduced the adverse reactions of HD-MTX, but also, to
some extent, rescued cancer cells."* Thus, concentration of
MTX was monitored at 24, 48, and 72 h, after the start of the
HD-MTX individualization therapy in children with ALL. In
routine therapy, the appropriate dose adjustments of CF were
according to protocol instructions.'* CF dosage was increased
while concentration of MTX at 48 h was above 1000 nmol/L
and was stopped if the concentration of MTX was below 100
nmol/L. Meanwhile, it was very valuable to develop a selec-
tive, sensitive, rapid and simple method to determine the MTX
concentration in children’s plasma. There were several analy-
tical methods for the determination of MTX plasma including
fluorescence polarization immunoassay,'>'® HPLC,'” and LC-
MS/MS."®

To some extent, these previous methods were not
going to deal with emergency situations (an abnormally
high concentration of MTX plasma and large sample
size measurement) the reason why these existed had
their own drawbacks, including time-consuming require-
ment for plasma sample preparation, long-term chroma-
tographic run, and low sensitivity. Fortunately, the
combination of UHPLC and MS/MS techniques were
more suitable for the detection of compounds in com-
plicated mixtures, such as MTX in plasma. There were
various advantages, such as high sensitivity, fast analyz-
ing rate, and low consumption of solvent. Thus, the
highly sensitive, time-saving, specific UHPLC-MS/MS
method in the present study that was validated and
developed could determine concentrations of MTX and
methotrexate-d3 (MTX-d3), which was considered as an
internal standard (IS). Currently, the new method was
fully validated in lower limit of quantification (LLOQ),
linearity, precision, selectivity,

accuracy, recovery,

matrix effect, and stability as well. It was successfully
applied in TDM in ALL children.

Experimental

Materials and Reagents

Methotrexate (purity >98%), methotrexate-d3 (purity >98%),
and formic acid (purity >98%) were obtained from Sigma
Chemical Co., USA. Methanol (HPLC grade) and acetonitrile
(HPLC grade) were provided by Merck Co., Germany.
Ultrapure water was purified by using a Milli-Q system
(Millipore Co., USA). In this study, blank children’s plasma
used was collected from the Second Affiliated Hospital and
Yuying Children’s Hospital of Wenzhou Medical University
(China).

UHPLC-MS/MS Conditions

Chromatographic separation was complied with ZORBAX
Eclipse Plus C18 Rapid Resolution HD column (2.1x50
mm, 1.8 um) and inline stainless steel frit filter (0.2 pm).
The temperatures of C18 column and autosampler were
kept at 30°C and 4°C respectively. Mobile phase which
was consisted of solvent A (acetonitrile) and solvent B
(0.1% formic acid) was used in the study. A gradient elution
was divided into four steps: 0-0.4 min, 10% B; 0.4-1.8
min, 10-95% B; 1.8-2.3 min, maintained at 95% B; one
minute for re-equilibration time. The whole running time
was 3.3 min with 6 pL of pre-injection with a flow rate
keeping at 0.4 mL/min. UHPLC-MS/MS with Agilent 1290
UHPLC system and 6420 series Triple-Quadrupole Tandem
Mass Spectrometer (Agilent, CA, USA) coupled to ESI
source operating was applied for MS detection and analyses
in positive ion mode.

The main working parameters of MS and multiple reac-
tion monitoring (MRM) fragmentation transitions were sum-
marized in Table 1. The other conditional parameters were
set as follows: desolvation gas (nitrogen) flow: 12 L/h,
nebulizing gas and drying gas (both nitrogen): 45 psi and
350°C, source temperature: 150°C, capillary voltage: 4000
V. Data acquisition and analysis were executed by
MassHunter Agilent Software (version B.07.00).

Table | Summary of MS Parameters for Methotrexate and Methotrexate-d3 (MTX-d3) (IS)

Compound Parent [M+H]+ (m/z) Daughter (m/z) Fragmentor Voltage (V) Collision Energy (V)
Methotrexate 455.2 307.9 170 18
MTX-d3 458.2 311.2 145 18
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Calibration Standards and Quality
Control (QC) Samples, and IS Solutions

A concentration of 1.00 mg/mL MTX stock solution was
obtained by dissolving 10 mg MTX in 10 mL methanol, and
was frozen at —80°C. Stock solution was thawed to ambient
temperature and then was diluted with methanol to prepare
several concentration levels of working solution. The corre-
sponding working solutions were further diluted with blank
children’s plasma to obtain QC and calibration standards sam-
ples. The three different levels of QC samples for MTX in the
plasma were 110, 440, and 4400 nmol/L, respectively. Final
concentration levels of the calibration samples for MTX in the
plasma were 44, 110, 220, 440, 2200, 4400, and 11,000 nmol/
L, separately. Dissolving 5 mg MTX-d3 into 5 mL methanol
was applied to obtain an initial concentration of 1.00 mg/mL IS
stock solution. The IS stock solution was further diluted with
methanol to prepare IS working solution at concentration 5000
nmol/L.The aliquots of 100 pL of calibration samples, QC
samples, and working solutions were frozen at below 0°C
(—20°C).

Sample Preparation

The frozen plasma samples were placed at room tempera-
ture (23-25°C) for 0.5 h and they were vortexed for one
minute. Aliquots of 100 pL of plasma samples and 5 pL IS
solution were transferred to a 1.5 mL centrifuge tube and
were vortex for one minute. The protein was precipitated
by adding 200 pL of acetonitrile and vortexed for one
minute, then centrifuged at 13,000 rpm for 10 min. At
the end, 6 uL of supernatant was injected into the UHPLC-
MS/MS system for further analysis.

Method Validation

According to the US FDA bioanalytical method validation
guidelines, the method was validated in some specific
aspects, including selectivity, linearity, precision, accuracy,
stability, matrix effect, carry-over effect, and recovery.'’

Selectivity

Selectivity was evaluated by comparing the chromato-
grams of blank children's plasma from six different volun-
teers with the corresponding MTX and IS spiked blank
children's plasma samples. Selectivity investigated
whether endogenous substances in plasma interfered with

the analyte and the IS.

Linearity, LLOQ and Carry-over Effect
Standard curves was acquired by peak area ratios of MTX to IS
plotting against analyte concentrations and fitted to the equa-
tions by weighted (1/x?) least-squares linear regression at
seven concentration levels (44-11,000 ng/mL). The LLOQ
was defined as the lower limit concentration of MTX in the
calibration curve. Acceptable accuracy (+20%) and intraday
and interday precision (<20%) were set here. The carry-over
effect was estimated by subsequently injecting an upper limit
of quantification (ULOQ) sample and an blank plasma sample
into UHPLC-MS/MS system.

Precision and Accuracy

The accuracy and precision of the method were validated by
detecting six replicate QC samples in children’s plasma at three
levels on three consecutive days. Accuracy was presented as
percentage relative error (RE, %), and precision was expressed
as the percentage relative standard deviations (RSD, %). The
relative error (RE, %) for QC samples was accepted to be with
+15%, and relative standard deviations (RSD, %) was required
to be <15%.

Extraction Recovery and Matrix Effect
The recovery of the MTX was assessed by comparing the peak
areas of the MTX acquired from QC samples with the post-
extraction spiked plasmas at the same concentration. The
detection method of recovery rate of IS was the same as
above. Matrix effect which might be caused by endogenous
substances of plasma samples could lead to increase of the
signal or ion suppression. Matrix effects were evaluated by the
ratio of peak areas of MTX spiked into blank plasma extraction
at three concentrations to parallel standard samples. The detec-
tion method of matrix effect of IS (250 nmol/L) was the same
as above.

Stability

The stabilities of MTX in plasma were assessed by analyz-
ing three QC levels (110, 440, and 4400 nmol/L, n=5). The
short-term stability was performed by analyzing spiked
samples exposed at temperature 23-25°C for two hours
and supernatant samples switched to the autosampler of
UHPLC-MS/MS system for 24 h after centrifugation.
After samples had been experienced three freeze—thaw
cycles (—20 to 25°C) on consecutive days, the freeze—
thaw stability was assessed. The long-term stability was
detected by analyzing spiked plasma samples which wer-
efrozen at —20°C for 42 days.
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Figure | The mass spectrum and chemical structures of methotrexate and IS in the present study: (A) MTX; (B) MTX-d3 (IS).

Dilution Integrity

The dilution integrity was used to validate the extent
which plasma sample higher than the ULOQ of the stan-
dard curve could be extended with acceptable accuracy
and precision. Six replicates were processed in blank
plasma at a concentration level of about 2 times of the
uppermost calibration standard, and then were diluted (10-
fold) with the same blank plasma before analysis.

Application to TDM of High-Dose
Methotrexate in Children with Acute

Lymphoblastic Leukemia

The advanced and validated method was applied in clinic
MTX TDM. After written informed consent from legal guar-
dian and the local Institutional Review Board (IRB) approval,
41 children (aged 2-15 years) received HD-MTX-CF che-
motherapy regimen. The MTX plasma concentrations were
medically examined at Yuying Children’s Hospital of
Wenzhou Medical University in Zhejiang Province, China.
The data of our study were collected during the period from
January 1, 2017 to December 31,2018. The subjects were

required blood collection after HD-MTX treatment. A dose
of 1/6 MTX as a loading dose was infused in the initial first
hour, and the remaining dose was intravenously infused at a
uniform rate within 23 h . Then 0.3 mL of venous blood
samples were collected into EDTA tubes at 24 h, 36 h, 72 h,
96 h, 120 h, 144 h, 168 h, after the end of MTX infusion. The
EDTA tubes were centrifuged at 13,000 rpm at 4°C for 10 min
and the collected plasma samples were separated into glass
vials and frozen at —20°C.

Results and Discussion
Method Development and Optimization

Comparing to ESI negative ion mode, a more stable and
intense signal for the MTX was observed in positive ion
mode. MS/MS parameters (eg, ESI source temperature,
flow rate of desolvation gas and cone gas) were optimized
to display the optimal response in multiple reaction monitor-
ing (MRM) mode. Then, the observed scan mass spectra
showed that the MTX parent ion and the daughter ion kept
at m/z 455.2 and m/z 307.9, respectively (Table 1, Figure 1).
The concentration of MTX was evaluated under the MRM
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Figure 2 Extracted ion chromatograms for (A) blank children's plasma, (B) blank children's plasma spiked with MTX and IS (MTX-d3), (C) Children's plasma sample 24 h

after intravenous infusion of high-dose MTX (HD-MTX 2 g/mz).

mode according to the MRM data acquisitions. Sample pre-
paration played a critical step when drugs in biological sam-
ples needed the quantitative analysis. The effective and
simple protein precipitation was applied in our present
study. In the present work, adding 200 pL acetonitrile into
plasma sample was applied for the sample preparation. The
recovery of this one-step precipitation was sufficiently con-
sistent and satisfactory.

Several various mobile phases were used to evaluate
the ionization response and chromatographic behavior of
MTX. The best response was performed by specific
mobile phases consisting of acetonitrile and water for-
tified with 0.1% formic acid. A mobile phase which

consisted of 0.1% formic acid and 99.9% water could
enhance the ionization and sensitivity of MTX. The
gradient elution mode which was used in chromato-
graphic separation obtained an ideal peak shape.
Meanwhile, the available UHPLC-MS/MS system with
ZORBAX Eclipse Plus C18 Rapid Resolution HD col-
umn was applied for providing satisfactory peak shapes
with short retention time. A clean chromatogram for
blank plasma samples was produced by this simple
procedure. The whole running time of MTX and IS
was only 3.3 min per sample. The retention time of
MTX was eluted at about 1.577 min, and IS was eluted
at 1.558 min.
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Table 2 Precision, Accuracy, Recovery and Matrix Effect for Methotrexate or IS of Quality Control Sample in Children's Plasma (n=6)

Analyte Concentration Precision Accuracy Recovery Matrix Effect
(nmol/L) RSD (%) RE (%) (%) (%)
Intraday Interday Intraday Interday
110 9.20 7.47 -0.21 -1.98 90.62 95.84
Methotrexate 440 11.24 7.00 —6.47 —2.50 87.98 99.15
4400 7.33 4.57 0.49 0.69 89.41 97.25
IS 250 / / / / 85.15 96.86
Table 3 Summary of stability of Methotrexate Under Various Storage Conditions (n=5)
Condition Concentration (nmol/L) RSD RE
Added Found (%) (%)
Ambient, 2 h 110 109.24+2.40 2.20 -0.71
440 433.18£14.27 329 —-1.55
4400 4401.31+42.48 0.97 0.03
Autosampler, ambient, 24 h 110 108.22+3.60 3.33 —1.62
440 446.11£18.63 4.18 1.39
4400 4404.18+152.82 347 0.10
Three freeze—thaw 110 112.03+5.61 5.01 1.84
440 433.41£18.03 4.16 —-1.50
4400 4425.37£167.27 3.78 0.58
—20°C, 42 days 110 107.60+3.09 287 -2.18
440 431.50£9.62 2.23 -1.93
4400 4437.33£151.12 341 0.85
Selectivity dose methotrexate (HD-MTX 2 g/m?). The clean UHPLC—

Figure 2 showed MRM chromatogram of blank plasma;
blank plasma spiked with MTX and IS, and children's
plasma sample 24 h after intravenous infusion of high-

2500+
-
S 2000+ -=— Methotrexate
£
= 1500-
]
£ 1000
c
[}
g
o 500-
)
0 1 1 ] 1 1 ]
24 48 72 96 120 144 168
Time (h)

Figure 3 Plots of concentration versus time after intravenous infusion of high-dose
methotrexate (HD-MTX 1-5 g/m?) in 41 children patients.

MS/MS chromatogram was produced by a blank plasma
sample, and there was no obvious interference of endo-
genous peaks at the retention time of the MTX and IS. The
ideal peak shape chromatogram was produced by a blank
plasma sample spiked with MTX and IS.

LLOQ and Calibration Curve

The LLOQ was 44 nmol/L for MTX in children's plasma,
with the precision and accuracy of 9.40 and —0.54%,
separately. A regression equation for the calibration
curve is: y=1.118478x+0.001234, r°=0.9965. Calibration
curves was used to analysis linear regressions of the peak
area ratios of MTX/IS vs linear concentration (44—11,000
nmol/L) for MTX in children’s plasma sample.

Carry-over Effect

After injection of the ULOQ sample, injection of blank
sample showed no clear visible peak at the retention time
of the MTX and IS and the carry-over effect was excluded.
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Table 4 Plasma Concentrations at Various Time Points After Intravenous Infusion of High-dose Methotrexate (HD-MTX |-5 g/m?)

Time (h) 24 48 72 96 120 144 168
Number 41 40 41 22 6 4 |
Concentration (nmol/L) 189542432 559.6%+1065 295.2+660.0 209.8+362.3 360.8+327.6 126.6+77.31 53

The results indicated that determining a sample with low
concentration after injecting a high concentration sample
was achievable.

Precision and Accuracy

Table 2 collected all the analysis results of intra- and interday
precision and accuracy of three QCs and the analytes at the
LLOQ concentrations. The method was repeatable and reliable
since RSD% was <11.24%, and RE% was ranged from
—2.50% to 0.69% for all investigated MTX concentrations in
children’s plasma.

Matrix Effect and Recovery

As shown in Table 2, the matrix effect for MTX concentrations
at three QCs was from 95.84% to 99.15% in children’s plasma.
The matrix effect for IS (250 nmol/L) was 96.86+4.91%.
These results indicated that there was no obvious difference
in matrix effect in present study. Meanwhile, the matrix effects
for children’s plasma sample were also acceptable and com-
plying with the guidance of USFDA bioanalytical method
validation guidelines. Mean recoveries for MTX in children’s
plasma were >87.98% (n=6), and the recovery of the IS (250
nmol/L) was 85.15+3.57% (n=0).

Dilution Integrity

In dilution integrity study, the precisions (RSD, %)
were 1.83%, and the accuracies (RE) ranged from
—2.63% to 2.03% for the analytes. The results con-
cluded that a plasma sample with a concentration
higher than the ULOQ of the standard curve could be
analyzed.

Stability

The results of stabilities of MTX under various condi-
tions, such as room temperature (two hours), auto-sam-
pler (24 h), short-term, freeze—thaw cycles (=20 to 25°C),
and long-term (—20°C for 42 days) suggested that the
stabilities of the MTX and IS were successfully validated
under the processing and storage conditions. The bias in
concentration when compared with nominal values was

between 85% and 115%, and the related date was shown
in Table 3.

Method application

The validated method was suitable for TDM of high-
dose methotrexate in 41 children’s plasma. The mean
plasma concentration time curve was shown in Figure 3
and Table 4, respectively. As shown in Table 4, the plasma
concentration of 41 children patients were detected by
UHPLC/MS-MS and expressed as mean +SD, with n=41
for 24 h, n=40 for 48 h, n=41 for 72 h, n=22 for 96 h, n=6
for 120 h, n=4 for 144 h, n=1 for 168 h.

Conclusions

The HD-MTX-CF treatment program was used for ALL in the
clinical treatment. Precise and timely detection of MTX con-
centration played a critical role in HD-MTX individualization
therapy in children with ALL. It was undeniable that HD-MTX
treatment could cause serious III-TV adverse reactions, such as
bloody diarrhea, oral mucositis, bone marrow suppression, etc.
These adverse reactions might be related to delayed excretion
of MTX and dose and rescue time of CF. Timely monitoring of
MTX treatment was conducive to promoting the effectiveness
and safety of treatment. Two definitive cases: case 7-2017, a
five-year-old child, who received HD-MTX-CF treatment pro-
gram (MTX 2.6 g IVGTT dl, CF 7.8 mg IV q6 h), was
diagnosed with acute T lymphocytic leukemia (T-ALL). Her
MTX plasma concentrations were medically examined for a
total of five times, 4510 nmol/L, 618 nmol/L, 298 nmol/L, 191
nmol/L, and 57 nmol/L, respectively. During the therapy, the
child’s oral mucosa suffered different degrees of damage. The
various MTX plasma concentrations and the severity of
adverse reactions, to some extent, determined the rescue dose
of CF, from 39 mg q6 h, to 7.8 mg g6 h, respectively.
Intravenous injection of CF was stopped when the concentra-
tion of MTX was 57 nmol/L. Case 82017, an 11-year-old
child, who received HD-MTX-CF treatment program (MTX
39gIVGTTdIL, CF 12 mgIV q6 h), was diagnosed with acute
B lymphocyte leukocytes (B-ALL). During the course of
therapy, the MTX plasma concentrations were detected for a
total of nine times, 7270 nmol/L, 4640 nmol/L, 2490 nmol/L,
818 nmol/L, 540 nmol/L, 249 nmol/L, 197 nmol/L, 120 nmol/
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L, and 84 nmol/L, respectively. The first monitoring result of
MTX concentration showed 7270 nmol/L, which indicated
hyper-methotrexatemia. Considering the patient might have
MTX excretion disorders. Thus doctors contacted the intensive
care unit, adopted continuous renal replacement treatment
(CRRT), and stopped chemotherapy, in order to deduce toxi-
city. The ALL patient received CRRT five times. The CF dose
changed from 95 mg q6 h for three days, to 60 mg q6 h for two
days, to 35 mg q6 h for one day, to 12 mg q6 h for two days. CF
was stopped until MTX concentration was below 100 nmol/L.

These two cases indicated that due to individual differ-
ences, the absorption, distribution, metabolism and excretion
of MTX in different bodies were significantly different. Thus,
clinic MTX TDM was an irreplaceable factor to optimize HD-
MTX-CF rescue treatment strategy. Based on the MTX plasma
concentration, clinicians could predict whether there was a
delay in excretion and whether it was necessary to adjust the
individualized CF rescue dose and timing of administration.
We reported here, the highly sensitive, time-saving, specific
UHPLC-MS/MS method was validated in the quantitative
determination of MTX plasma concentrations. The whole
running time of the present developed UPLC-MS/MS method
was only 3.3 min. This advanced method was successfully
applied for the analysis of considerable samples from ALL
patients who received a therapy with HD-MTX-CF.
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