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Methotrexate (MTX) is used as an immunosuppressant and antineoplastic drug in clinical practice. MTX is a parent drug
and converts to MTX polyglutamates (MTXPGs) to exhibit its biological activity. Clinical studies found that MTXPG
levels were associated with MTX response and toxicities, especially at low doses. Due to huge variance of MTX response
and toxicities between individuals, therapeutic drug monitoring is necessary for its use in individualized therapy. Various
chromatography methods coupled with ultraviolet-visible detector, fluorescence detector and mass spectrometry have
been reported for MTXPG analysis in various biological matrices. The aim of this paper is to review the chromatographic
based methods for the measurement of total and/or individual MTXPGs. We searched Embase, Science Direct and
PubMed databases using “methotrexate polyglutamate” and “chromatography” as search terms, and found 745 articles.
Of those, 14 articles were extracted for this study. The key steps for method development (sample pretreatment, parameter
optimization of liquid chromatography and mass spectrometry, selection of internal standard) and validation (lower limit
of quantitation, accuracy, precision, recovery, matrix effect and stability) were analyzed and summarized, which might be
helpful for researchers to develop their own methods.

Keywords Methotrexate polyglutamates, analysis, biological matrices, chromatography, mass spectrometry, method
development, method validation, review

(Received February 21, 2021; Accepted May 12, 2021; Advance Publication Released Online by J-STAGE May 21, 2021)

1 Introduction 1656 3-6 Mass detection

2 Literature Search and Data Extraction 1657 3-7 Fluorescence detection

3 Analysis of Total and Individual MTXPGs 1657 3-8 UV-visible detection
3.1 Release of MTXPGs from blood cells 3.9 Method validation
3.2 Conversion of MTXPGs to MTX 4 Conclusion 1662
3.3 Protein precipitation and analyte extraction 5 Acknowledgements 1663
3-4 Selection of IS 6 References 1663

3-5 Chromatographic conditions

Libo ZHAO received his PhD
at Tongji Medical College of
Huazhong  University  of
Science and Technology in
2008. Since 2016, he has
been director of the Clinical

Yiming ZHANG received a
bachelor’s degree in clinical
pharmacy in 2021 at the
Capital Medical University.
During her internships at
Beijing Tiantan Hospital, she
developed a strong interest in His scientific interests are Research  Center, Beijing
clinical pharmacology and related to the clinical pharma- Children’s Hospital. He is
analytical chemistry. Currently, she is studying cokinetics and the application of blood drug doctoral supervisor and his scientific interests
for a master’s degree at Beijing Children’s Hospital concentration monitoring. includes clinical pharmacology and population
and is involved in pediatric pharmaceutical care. pharmacokinetic models.

Liyu SunN received her
bachelor’s  degree  from
Capital Medical University in
China in 2022. Starting in
2022, she will be a master’s
student at Peking University.

¥ To whom correspondence should be addressed.
E-mail: ttyyzzg1022@126.com (Z. Z.); meishenghuil 983 @126.
com (S. M.)

Anal. Sci., 2021, 37, 1655-1664
DOI:10.2116/analsci.21R001



1656

1 Introduction

Methotrexate (MTX, MTXPG;) is structurally similar to folic
acid (Fig. 1), which results in anti-proliferative and anti-
inflammatory  properties, through inhibition of purine
biosynthesis and accumulation of adenosine.! High doses of
MTX is widely used as chemotherapy for various neoplastic
diseases, such as acute lymphoblastic leukemia, malignant
lymphoma, and osteosarcoma.”?  This drug can also be
administered at low doses to treat autoimmune diseases such as
psoriatic arthritis, rheumatoid arthritis, and juvenile idiopathic
arthritis.?

After 24 h intravenous administrations of MTX, 80 - 90% of
the total dose is excreted through the kidneys.* In the liver,
MTX is metabolized to its major active metabolite, 7-hydroxy-
methotrexate.’ MTX and 7-hydroxymethotrexate could
crystallize in the kidneys due to their poor water solubility under
acidic conditions, which is responsible for MTX renal toxicity.>¢
In the intestine, MTX could convert to 2,4-diamino-N10-
methylpteroic acid, which is much less toxic than MTX.
Methotrexate polyglutamates (MTXPGs) are formed in cells by
folylpolyglutamate synthetase, while gamma-glutamyl hydrolase
can remove glutamate residues from MTXPGs.%®  The
composition of these MTXPGs is determined by the equilibrium
between the two enzymes.' Compared to MTX, the
glutamylated MTX (MTXPGs,7) have increased polarity and a
higher anionic feature, and poor affinity for multidrug
resistance-associated ~ proteins, resulting in  prolonged
intracellular retention.'"'> Evidence suggests that MTXPGs
display not only longer half-lives but also higher efficacy than
MTX. 1314 Additionally, long-chain MTXPGs (MTXPGs;.)
have higher inhibition effects on key enzymes (dihydrofolic acid
reductase, thymidylate synthase, and 5-aminoimidazole
4-carboxamide ribonucleotide transformylase) over short-chain
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MTXPGs (MTX, MTXPG,).!>!¢ Therefore, MTX has also been
known as a prodrug.'’

MTX has therapeutic effects for patients with rheumatoid
arthritis or juvenile idiopathic arthritis in about 60% of patients,'’
however, its efficacy’ and toxicity (gastrointestinal disturbances,”
alopecia, liver damage, and bone marrow suppression) varies
greatly among individuals.?’ Several categories of factors could
influence MTXPG concentration in patients treated with
MTX:2!22 1. Genetic background, enzymes in the folate and
adenosine pathways;>»** 2. patient-related factors, such as age,
renal function (glomerular filtration rate) and smoking status;?
and 3. treatment-related factors, such as MTX dose, treatment
duration and co-medications.?%?’

The therapeutic window of MTX is narrow. Therefore,
therapeutic drug monitoring is important for individualized
therapy of MTX to enhance efficacy and decrease toxicity.?$?
MTX plasma levels are associated with its toxicities at high
doses, and MTX plasma levels are routinely monitored in
clinical practice.’® In recent years, MTXPG levels were found
to be related to efficacy and side effects at low doses,’' and
MTXPGs were used as alternative biomarkers in clinical
practice.'®!3

MTXPGs in white blood cell lines have a short steady-state
time, and they might be highly correlated with MTX response.*
However, measuring MTXPG levels in mature red blood cells
(RBCs) has been widely applied in clinical practice due to its
feasibility.?* Folylpolyglutamate synthetase is only present in
red cell precursors, and mature RBCs are unable to accumulate
or excrete MTXPGs.#32 RBCs lifetime is about 90 days, so
erythrocyte MTXPG concentration is reflective of the MTXPG
status in bone marrow at the time of erythrocyte formation.®!°

This paper aims to summarize and analyze methodological
literature for MTXPG detection based on chromatography in
different biological matrices, which might be helpful for analysts
in developing their own methods.
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Fig. 1

Chemical structures of folic acid, methotrexate and methotrexate polyglutamates.
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2 Literature Search and Data Extraction

Articles on “methotrexate polyglutamate” and “chromatography”
in all fields published between 1981 to 2019 were searched in
Embase, Science Direct and PubMed network databases, as well
as reference lists of relevant articles. Then after filtering and
analyzing the results, 14 articles were selected. Sample
preparation procedures, separation and detection parameters,
and method validation results were extracted from these papers
and summarized. The advantages and limitations of current
analytical methods, including high performance liquid
chromatography (HPLC) in combination with ultraviolet (UV)-
visible (three articles), fluorescence (FD) (four articles) or mass
spectrometry (MS) detection (seven articles), were discussed.

3 Analysis of Total and Individual MTXPGs

To determine the concentration of MTXPGs in biological
matrices, researchers have developed two strategies: one entails
the conversion of MTXPGs into MTX (determining total
MTXPGs); the other involves determining each component of
MTXPGs (individual MTXPGs). However, previous research
works have established that long-chain MTXPGs have a stronger
correlation with MTX exposure and effectiveness compared to
short-chain MTXPGs.** Thus, there may be considerable
clinical interest in the quantitation of individual MTXPGs.
MTXPG:;, the most abundant metabolite (48.9%) over all other
MTXPGs is highly associated with adverse effects, in connection
with the administration of weekly low doses of MTX for the
treatment of juvenile idiopathic arthritis.'®3> Therefore, to
simplify the detection method, some researcher have selected
choose MTXPG; to represent intracellular MTXPG levels.

31 Release of MTXPGs from blood cells

For MTXPGs analysis, sample preparation is the limiting and
labor-intensive step of the entire analytical procedure.® Choosing
an optimal technique for sample preparation is vital for the
measurement of MTXPGs in different matrices, especially in
erythrocyte. The results are shown in Table 1.

RBCs lysis was obtained via freeze-thaw cycle (-80,'837-%
~70,%42 and -60°C*), chemical cracking!®38404244 and blood
drying process.*** To determine total MTXPGs, RBC pellets*
or drying blood spots®® should be re-dissolved in lysis agent
(water). For individual MTXPG analysis, twice washing of
fresh human blood samples with sterile normal saline are
sufficient for removing polyglutamate hydrolase in the plasma
prior to RBC lysis to avoid conversion of MTXPGs to
MTX. 184142 However, washing just once has also been used in
other matrices (HT29 and MCF-7 cells).*¢

3-2 Conversion of MTXPGs to MTX

Human plasma, containing polyglutamate hydrolase, is used
to convert MTXPGs to MTX.3#447 Phosphate buffer was used
for pH control. Mercaptoethanol®®#’ and ascorbic acid®’* were
added to avoid oxidation.*? Under the moderate condition of
phosphate buffer with mercaptoethanol, incubation time for
conversion of MTXPGs to MTX by polyglutamate hydrolase is
6 to 14 h at 37°C.3%47 Moreover, ascorbic acid creates acidity
that accelerates the conversion reaction,® resulting in a short
incubation time (2 to 3 h at 37°C).”* Reduction by sodium
dithionite was also used for the conversion of MTXPGs to
MTX.

1657

3-3 Protein precipitation and analyte extraction

After being released from erythrocytes, parts of MTXPGs
were bounded to proteins. Therefore, protein precipitation (PP)
was an essential step to release MTXPGs from its bounded
proteins before detection. Perchloric acid,-3$404248 trichloroacetic
acid (TCA)743444647 and boiling water'$4! followed by fast
centrifugation have been used to remove proteins from biological
samples, and 70% perchloric acid is the most widely applied
agent.’3%40  However, perchloric acid resulted in a relatively
high ionic strength and low pH, thus a number of subsequent
purification steps (solid phase extraction, SPE) were required.!®
Hroch et al.#’ used 0.8 M TCA in 40% (v/v) acetic acid for PP.
PP by heating was also developed.*® Thermal extraction
(pH 7.85) was first applied for the analysis of folate
polyglutamates, which is structurally similar to MTXPGs.*
The extraction of folate needs a “Wilson and Horne” buffer,
consisting of ascorbic acid (antioxidant), mercaptoethanol (to
scavenge formaldehyde released by ascorbic acid) and
4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid/N-cyclohexyl-
2-aminoethanesulfonic acid'® buffer system (to control pH at
7.85). Van Haandel efal applied thermal extraction for
MTXPG deproteinization using a modified buffer (ammonium
bicarbonate buffer adjusted to pH 7.5 with formic acid).*

Three kinds of SPE cartridges were used for sample
purification with different elution solvents and steps. Recovery
rates obtained from the Sep-Pak CI8 cartridge ranged from
77 -102,% 61 - 81,4 and 69 - 91%.4¢ Oasis MAX cartridge was
reported by Mo et al.,’” with recovery rates of 70% (total
MTXPGs) and 27 - 71% (individual MTXPGs). The recovery
rates for these SPE methods were acceptable. Only one method
using SPE for sample purification reported matrix effect (85 -
115%) for total and individual MTXPGs,_s analysis in dry blood
spots.3®  The drawbacks of SPE included high cost, low
reproducibility, and time consuming process, all of which
limited its clinical application.’’ The recovery rate of MTXPGs
in human blood pretreated by SPE combined with PP was 27 -
71%% (Hawwa et al., 2014) and 31.2 - 50.6%** (Van Haandel
et al., 2009).

Liquid-liquid extraction (LLE) was also performed alone or in
combination with PP for sample pretreatment,* but large
amounts of organic solvents were required for better recovery.
Therefore, evaporation was required to remove the solvents
followed by re-dissolving the residues before sampling. Ethyl
acetoacetate’’ and acetonitrile’® were used for LLE, and recovery
ranged from 26.2 - 30.7%7 and 60 - 108%,* respectively.

3-4 Selection of IS

E. den Boer et al. found that recovery and matrix effects
differed greatly between different MTXPGs.*#® A stable isotopic
internal standard (IS) was vital for reliable quantitation of
MTXPGs, especially for methods with multistep sample
preparation procedures.*? Various IS were used in MS detection-
based methods, including methotrexate-ds,'$3¢ (13Cs,’N)-MTX,*
doxofylline” and aminopterin.®®> E. den Boer et al. used
(BCs,’N)-MTX as IS and obtained acceptable matrix effect
results (95 - 99%, coefficient of variation (CV) < 20%). The
chemical structure of MTXPGs is similar to that of folic acid
polyglutamtes, therefore Van Haandel efal wused folate
polyglutamates as IS for MTXPG analysis.!”® Since folate
supplementation is very common, they screened 12 samples (2
patients receiving folate supplementation and 10 individual
donors) to confirm the potential influence of folate
polyglutamates. Theophylline was originally employed as IS by
Mo et al.,’” but interference was observed. Doxofylline was
demonstrated to be an ideal IS with high specificity, proper
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Table 1 Sample preparation and chromatographic conditions for methotrexate polyglutamates analysis by liquid chromatography based
methods
. Sample Column; Mobile phase Flow rate;
Author  Matrix  Analyte . o . .
preparation temperature/ C A B run time; elution
K. Brady* Dried MTXPG;  Lysis by drying process; PP Accucore pentafluorophenyl  0.1% formic acid with 1 mL/min; 6 min; NA
capillary by 70% perchloric acid analytical column (50 x 0.01% triethylamine
blood 2.1 mm, 2.6 um); NA and CH;CN
A.F Dried blood Total Lysis by drying process and Atlantis T3-C18 column (150 X 10 mM ammonium CH;CN 0.15 mL/min; 20 min;
Hawwa®*  spots MTXPGs  freeze-thaw cycle; convert 2.1 mm, 3 um; Waters); bicarbonate buffer 0 - 10 min, 8 - 20% B;
MTXPGs to MTX by 30°C adjusted to pH 7.5 10 - 20 min, 98% A
polyglutamate hydrolase; using formic acid
PP by 70% perchloric
acid; SPE, Oasis MAX
cartridges (1 mL/30 mg)
on a Waters Extraction
Manifold (Waters, USA)
MTXPG;s Lysis by drying process and Atlantis T3-C18 column (150 x 10 mM ammonium CH;CN 0.15 mL/min; 30 min;
freeze-thaw cycle; PP by 2.1 mm, 3 um; Waters); bicarbonate buffer 0 -20 min, 0 - 20% B;
70% perchloric acid; SPE,  30°C adjusted to pH 7.5 20 - 30 min, 100% A
Oasis MAX cartridges using formic acid
(1 mL/30 mg) on a Waters
Extraction Manifold
(Waters, USA)
E. den Human MTXPG,s Lysis, NA; PP by 16% Waters Acquity ethylene 10 mM ammonium Methanol 0.3 mL/min; 6 min; 0 -
Boer* blood perchloric acid bridged hybrid C18 column bicarbonate adjusted 0.5 min, isocratic hold
(100 x 2.1 mm, 1.7 pm); to pH 10 with 25% 5% B; 0.5 - 4 min,
35°C ammonium 5-40% B; 4 -4.25
hydroxide min, 40 - 100% B;
4.25-4.75 min,
isocratic 95% B;
4.75 - 5 min, 100 - 5%
B; 5 - 6 min, isocratic
5% B
X. Mo*? Human Total Lysis by freeze-thaw cycle; XB-C18 column (100 x 2.1 CH;CN (1% formic 0.2 mL/min; 3 min; 0 -3
blood MTXPGs  convert MTXPGs to MTX  mm, 3 um; Welch Materials ~ acid)-20 mM min, 100% mobile
by polyglutamate Inc., USA); room ammonium formate phase
hydrolase; PP by temperature solution (30:70, v/v)
trifluoroacetic acid; LLE
by ethyl acetoacetate
L. Van Human MTXPG,; Lysis by freeze-thaw cycle; Phenomenex Synergy 10 mM ammonium CH;CN with 5 200 uL/min; 12 min;
Haandel'®  blood PP by boiling Hydro-RP LC column (50 X bicarbonate buffer mM of 0-1 min, 90% A: 10%
1 mm, 4 um); NA with 5 mM of the N,N-dimethyl-  B; I - 10 min, 90% A:
N,N-dimethylheptyl-  heptylamine 10% B-70% A: 30% B;
amine adjusted to pH 10 - 12 min, 90%
7.5 with formic acid A:10% B
L. Van Human Total Lysis by freeze-thaw cycle; Phenomenex Inertsil ODS-3 10 mM ammonium Methanol 1 mL/min; 7 min; 0 -7
Haandel*'  blood MTXPGs  convert MTXPGs to MTX  analytical column (150 x 4.6  acetate in water min, 30% B
by reduction; PP by mm, 5 um, 100 A); NA
boiling
L. Van Human MTXPG,; Lysis by freeze-thaw cycle; Phenomenex Synergy 10 mM ammonium CH;CN with 5 200 pL/min; 20 min; 0 -
Haandel*?>  blood PP by 70% perchloric Hydro-RP LC column (50 x bicarbonate buffer mM N,N- 1 min, 90% A; 1 -
acid; SPE, Oasis HLB 1 mm, 4 um, 80 A); NA with 5 mM N,N- dimethyl- 10 min, 90 - 70% A;
cartridges (30 mg) dimethylhexylamine hexylamine 10-12 min, 70% A;
adjusted to pH 7.5 12 - 20 min, 90% A
with formic acid
G. Chen* Caco-2 MTXPG;s Lysis by freeze-thaw cycle; C8 column (150 X 3.9 mm, 5  0.1% formic acid CH;CN 0.5 mL/min; 15 min; 0-7
cells LLE by acetonitrile wm; Symmetry Shield RP8, min, 10-90% B; 7-9
Waters); 40°C min, 90% B; 9 - 10
min, 90 - 10% B; 10 -
15 min, 10% B
M. Hroch*” Human Total Lysis, NA; convert MTXPGs Gemini C18 110A RP column 50 mM ammonium 0.6 mL/min; 13 min; 0 -
blood MTXPGs  to MTX by polyglutamate (150 X 4.6 mm, 5 um); 30°C  acetate buffer (pH 13 min, 100% mobile
hydrolase; PP by 0.8 M 5.5)-CH;CN- phase
trichloracetic acid in 40% hydrogen peroxide
(v/v) acetic acid (890:110:0.25, v/v)
H. Li*? Human Total Lysis by freeze-thaw cycle; HP Zorbax StableBondSB-C18 CH3CN-50 mM 1 mL/min; 8.5 min; 0 -
blood MTXPGs  convert MTXPGs to MTX  column (150 X 4.6 mm, 5 ammonium acetate in 8.5 min, 100% mobile
by polyglutamate um); 40°C water (7:93, v/v) phase
hydrolase; LLE by sodium
hydroxide solution and
methanol
T. Red blood MTXPG,; Lysis by water; PP by 70%  Terra MS C18 column (250 x 10 mM ammonium CH:CN 1 mL/min; 30 min; O - 20
Dervieux®  cells perchloric acid 4.6 mm, 5 pum; Waters); 4°C acetate (pH 6.50) min, 0 - 13% B; 20 -
containing 2 mL/L 30 min, 100% A
hydrogen peroxide
R. Durand® HT29 cell MTXPG,4 Lysis by water; PP by C18 uBondapak column (30 X 5 mM potassium Methanol 2 mL/min; 40 min; 0 - 10

line boiling; SPE, Sep-Pak
C18 column (Waters

Associates Milford, MS)

0.39 cm, 10 pm; Waters
Associates, Milford, MS,
USA); NA

phosphate buffer (pH
7.4) containing 2.5
mM tetrabutyl
ammonium nitrate

min, 80% A:20% B;
10 - 40 min, 20 - 30%
B
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Table 1 (Continued)
. Sample Column; Mobile phase Flow rate;
Author  Matrix  Analyte . o . .
preparation temperature/"C A B run time; elution
J. Jolivet* MCEF-7 MTXPG,s Lysis by water; PP by Radial-Pak C8 cartridge 10 mM monopotassium CH3;CN 2 mL/min; 25 min; 0 - 15
cells trichloroacetic acid; SPE, (Waters Associates); NA phosphate with 5 mM min, 21 -27% B and
Sep-Pak C18 cartridge tetrabutyl ammonium 3.95t03.65 mM
(Water Associates) phosphate (pH 5) tetrabutyl ammonium
phosphate; 15 - 25
min, 27% B and 3.65
mM tetrabutyl
ammonium phosphate
J. Jolivet** MCF-7 MTXPG 36 Lysis by water; PP by CI8 uBondapak column (30 X 5 mM tetrabutyl CH;CN 1 mL/min; 35 min; 0 - 15

cells trichloroacetic acid; SPE,
Sep-Pak C18 cartridge NA

(Water Associates)

0.39 cm; Waters Associates);

ammonium
phosphate

min, 30 -40% B; 15 -
35 min, 40% B

[Abbreviations] MTXPGs: methotrexate polyglutamates, MTXPG; (MTX): methotrexate, MTXPG;: 4-amino-10-methylpteroyldiglutamic
acid, MTXPGs3: 4-amino-10-methylptero-yltriglutamic acid, MTXPG4: 4-amino-10-methylpteroyltetraglutamic acid, MTXPGs: 4-amino-
10-methylpteroylpentaglutamic acid, MTXPGs: 4-amino-10-methylpteroylhexa-glutamic acid, MTXPG;: 4-amino-10-methylpteroyl-
heptaglutamic acid, PP: protein precipitation, LLE: liquid-liquid extraction, SPE: solid phase extraction, RP: reverse phase, NA: not

available, CH;CN: acetonitrile.
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retention time, and acceptable stability during analysis, and the
matrix effect was 167.2 to 198.3% with acceptable CV (intra-
and inter-day, 5.3 - 8.3% and 6.3 -9.4%).” The anti-folate
aminopterin was successfully used as IS by Chen et al.*

3-5 Chromatographic conditions

LC coupled with FD and MS have been widely applied for
MTXPGs analysis. Most of the HPLC methods were performed
on C18 and C8 columns. Other kinds of columns such as
Phenomenex Synergy Hydro-reverse phase LC column,'$4
phenomenex Inertsil ODS-3 analytical column*' and Accucore
pentafluorophenyl analytical column,3 also have been reported.

Isocratic elution is performed for single analyte determination
(MTX or MTXPG3).%637414347 Gradient elution was widely used
for the determination of individual MTXPGs with acceptable
separation efficiency and peak shape.

Mixtures of water and acetonitrile were mainly used for
separation. Formic acid was added to achieve higher signal
intensity for mass detection and better peak shape. Methanol
has also been used for separation.*’*¥ In order to form the
oxidation product, hydrogen peroxide was added in FD
methods**#7 (Fig. 2). Additionally, ionization suppression was
observed under high aqueous elution conditions, especially for
long-chain MTXPGs.4+#

For ion-pair ultra performance liquid chromatography-MS/MS
method, ion-pair agents affected the separation efficacy of
analytes. Previous studies have described the hydrophobicity
for  ion-pair  agents:  N,N-dimethylheptylamine > N,N-

dimethylhexylamine > N,N-dimethylpentylamine.’®* But a low
boiling point of the ion-pair agent was generally considered to
be beneficial for MS detection (N,N-dimethylpentylamine >
N,N-dimethylhexylamine > N,N-dimethylheptylamine). Van
Haandel eral®® found that N,N-dimethylhexylamine could
interfere with the analysis under the multiple reaction monitoring
model, because N,N-dimethylhexylamine had the same molecular
weight as glutamyl residue. So they replaced N,N-dimethyl-
hexylamine with N,N-dimethylheptylamine.

The pH of the mobile phase was an important influencing
factor for column retention of MTXPGs (MTX, pK, 4.8, 5.5).
Under reductive conditions, the largest volume of fluorescent
product was formed between pH 5.5-6.47 The ionization
efficacy of MTXPGs improved with the increase of buffer
alkalinity.’ Under an oxidative environment, Dervieux et al.
found that a higher fluorescence response and a shorter retention
time were obtained at pH 6.5 than at pH 5.5.447 To enhance
selectivity, pH 7.5 was most commonly used in LC-MS
methods.!8342 Details are described in Table 1.

3-6 Mass detection

A triple quadrupole mass spectrometry system was used in
most of the methods under multiple reaction monitoring model
with positive electrospray ionization. The most commonly used
quantitative ion pair was m/z 455.2 >308.2 for MTXPG,
(MTX), m/z 584.4 > 308.2 for MTXPGy, m/z 713.3 > 308.2 for
MTXPGs3, m/z 842.3 > 308.2 for MTXPGy, m/z 971.6 > 308.2
for MTXPGs, m/z 1100.4 > 308.1 for MTXPGes, and m/z
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Table 2 Method validation results for methotrexate polyglutamates analysis by liquid chromatography based methods

. . Bias, % Coefficient of variation, %
Author Matrix Analyte Linear range/nM;
LOQ/mM Intra-day Inter-day Intra-day Inter-day
K. Brady?*® Dried capillary blood MTXPG; 5to0 100; 5 -11.1t0 8 -7.2t05.1 20t010.9 3.1t010.8
A. F. Hawwa3® Dried blood spots MTXPG,s; 10 to 400; 5 -8.6t0 14.4; -9.6t0 13.0; 20t019.4; 1.6to11.3;
Total MTXPGs 10 to 400; 5 -1.6t088 4.4t019.6 77t0143 33t07.0
E. den Boer* Human blood MTXPG, 5 0.97 to 250; 1 -10.0to 15.0 -3.6to0 12.8 1.0t0 4.3 5.9to 14.7
X. Mo¥ Human blood Total MTXPGs 2.2 to 220; 1 6.5t08.5 1.5t03.9 53t08.3 6.3t09.4
L. Van Haandel'® Red blood cells MTXPG, ; 1to 100; 1 -9.7t08 -8.1to7 1.1t030.3 4.91t060.1
L. Van Haandel* Human blood Total MTXPGs 10 to 500; 10 -29t06 —-1.3t0 1.3 1.2t0 8.8 1.61t09.6
L. Van Haandel*> Human blood MTXPG,; 2.5t0 100; 2.5 -232t09.8 -11.4t07.9 3.21020.6 7.21t023.7
G. Chen* Caco-2 cells MTXPG, 5 2 t0 250; 2 -34t06.6 -545t012.1 34tol5.1 429to184
M. Hroch*’ Human blood Total MTXPGs  25t0400;329 -173t03.1 -12.0to—4.7 3.8to18.8 5.1t018.3
H. Li® Human blood Total MTXPGs 4.4 to 440; 2.6 NA NA 1.8t0 3.1 2.8t07.8
T. Dervieux* Red blood cells MTXPG,; 10 to 50; 5 -11.8t0 12.3 -59t0 5.5 2.61t0 8.1 0.4t012.7
R. Durand® HT?29 cell line MTXPG, 4 NA NA NA NA NA
J. Jolivet* MCEF-7 cells MTXPG, s NA NA NA NA NA
J. Jolivet*® MCEF-7 cells MTXPG ;6 NA NA NA NA NA

[Abbreviations] MTXPGs: methotrexate polyglutamates, MTXPG; (MTX): methotrexate, MTXPG,: 4-amino-10-methylpteroyldiglutamic
acid, MTXPGs3: 4-amino-10-methylptero-yltriglutamic acid, MTXPG,: 4-amino-10-methylpteroyltetraglutamic acid, MTXPGs: 4-amino-
10-methylpteroylpentaglutamic acid, MTXPGs: 4-amino-10-methylpteroylhexa-glutamic acid, MTXPG7: 4-amino-10-methylpteroyl-

heptaglutamic acid, LOQ: limit of quantitation, NA: not available.

1229.4 > 308.1 for MTXPG;. However, an unidentified
endogenous compound that exhibits the same m/z as MTX
(455.2) and forms a 308.10 fragment was reported by Chen
et al. and Van Haandel et al.**#? The authors declared that it did
not interfere in the analysis. However, when Hawwa et al.
optimized their MS parameters, they found that this unidentified
endogenous compound could influence MTX analysis. So they
selected the latter product ion (175.05) for the analysis of all
MTXPGs.3#

37 Fluorescence detection

Fluorescence detection of MTXPGs requires pre-column or
post-column derivatization of MTXPGs under different
conditions to generate oxidized or reduced fluorescent products
(Fig. 2).414347 The most commonly used excitation and emission
wavelength was 367 and 463 nm for both reduction and
oxidation products.

For pre-column derivatization, derivatization reagent(s) were
added to the sample prior to chromatographic separation.’*!
Van Haandel et al. chose sodium dithionite to reduce MTXPGs
to 2,4-diamino-6-methylpteridine within 45 min. The reduction
product (2,4-diamino-6-methylpteridine) has higher fluorescence
absorptivity and better chromatographic behavior than the
oxidation product (2,4-diaminopteridine-6-carboxylic acid).!34!
Total MTXPG concentrations determined by fluorescence
detector were on average 30% higher than those observed by
LC-MS/MS methods, possibly due to its poor selectivity.*!

Post-column derivatization was performed after column
separation and before detection by adding reagents to the
eluent.”! Compared to pre-column derivatization, post-column
derivatization provides several disadvantages, including
additional post column dead volume, complex equipment and
baseline fluctuations.! Dervieux et al. successfully applied
post-column photochemical derivatization reaction for total
MTXPGs analysis, while other researchers found
interferences.> Van Haandel et al. improved chromatographic
performance but failed to obtain specific and sensitive data,
mainly due to the false identification and over-estimation.*

The fluorescent compound (2,4-diaminopterin-6-carboxy-

aldehyde) formed by photo-oxidation will be further degraded
to 2,4-diaminopterin.*’ Therefore, Li ef al. chose a coulometric
electrochemical cell, which displays stable and reproducible
fluorescence signal.¥  Also, the addition of an online
electrochemical cell between the HPLC column and the
fluorescence detector did not affect the quality of the
chromatogram.*> However, studies have shown that when post-
column derivatization was combined with HPLC/ultra
performance liquid chromatography, the enlarged dead volume
could increase peak width, which might affect analysis
accuracy.’!

3-8 UV-visible detection

MTXPGs have UV absorption at 254 and 313 nm, therefore,
both 254%46 and 313 nm* have been reported for MTXPGs
analysis. Samples were pretreated by boiling or TCA to remove
proteins, and further purified by SPE. However, there has been
no methodological literature using UV detection for 30 years,
perhaps due to its low selectivity and sensitivity.

3-9 Method validation
3:9-1 Lower limit of quantitation and calibration curve

Due to the low concentration of MTXPGs, a low limit of
quantitation (LOQ) is crucial for MTXPG analysis. The LOQ
in LC-MS methods was 1 ng/mL, both for total and individual
MTXPGs.'$3748  The LOQs of LC-FD methods for total and
individual MTXPGs were 2.6 and 5 ng/mL, respectively.**+
Method validation details are illustrated in Table 2. For total
MTXPG analysis, the linear range was 2.2 - 400 ng/mL for LC-
MS/MS  methods,**® while it was 4.4 -500 ng/mL for
fluorescence methods.**3 For individual MTXPG analysis, the
linear range was 0.97 - 400 ng/mL for LC-MS/MS methods,3$4
and 10 - 50 ng/mL for fluorescence methods.** In general, the
linear range was comparable between LC-MS/MS and
fluorescence methods for both total and individual MTXPG
analysis.
3-9-2 Matrix effect and recovery

Matrix effect is an significant drawback of LC-MS based
methods. Positive electrospray ionization was applied for the
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Table 3 Matrix effect and recovery for methotrexate polyglutamates analysis by liquid chromatography based methods

Matrix effect, %; recovery, %

Author Matrix; Analyte; Internal
prefreatment  detector standard  prr¥pG, MTXPG, MTXPG; MTXPG, MTXPGs MTXPG, MTXPG,
K. Brady?* Dried MTXPGs; MS  ds-MTX — — NA; 87.6 — — — —
capillary
blood; PP
A.F Dried blood Total No 85to 115; — — — — — —
Hawwa3 spots; PP, MTXPGs; 70
SPE MS
MTXPG,s; No 85to 115; 85to 115; 85to 115; 85to 115; 85to 115; — —
MS 71 70 27 44 49
E. den Boer** Human MTXPG,s; (BC5,5N)-  98;98to 99;98to 97;98to 95;98to 99;98to — —
blood; PP MS MTX 100 100 100 100 100
X. Mo¥ Human Total Doxofylline 167.2 to — — — — — —
blood; PP, MTXPGs; 198.3;
LLE MS 26.2 to
30.7
L. Van Red blood MTXPG, 7; ds-MTX NA;48to NA;60.4 NA;67.7 NA;64to NA;63.9 NA;62.2 NA;53.7
Haandel'® cells; PP MS 54.2 to 65 to 72.7 72.8 to 76.3 to 78 to 85.9
L. Van Human Total No 107.7 to — — — — — —
Haandel*! blood; PP MTXPGs; 111.7;
FD 60.1 to
63.7
L. Van Human MTXPG,7; No NA;31.2 NA;334 NA;39.6 NA;442 NA;43.0 NA;50.6 NA;47.8
Haandel* blood; PP, MS
SPE
G. Chen® Caco-2 cells; MTXPG,s; Aminopterin 93 to 102; 95t099; 100 to 8810 98; 100 to — —
LLE MS 60to79 73to83 102;73 71to78 101;95
to 98 to 108
M. Hroch* Human Total No NA; 70.3 — — — — — —
blood; PP MTXPGs; to 72.8
FD
H. Li® Human Total No NA; 87.9 — — — — — —
blood; LLE MTXPGs; to 118
FD
T. Dervieux* Red blood MTXPG,.7; FD No NA; 66 NA; 65 NA; 65 NA; 66 NA; 79 NA; 80 NA; 60
cells; PP
R. Durand*®  HT29 cell MTXPG,4; No NA; 100 NA;77to NA;80to NA;80to NA;90 to — —
line; PP, uv 85 84 84 102
SPE
J. Jolivet* MCE-7 cells; MTXPG,s; No NA; 71 NA; 71 NA; 71 NA; 71 NA; 71 — —
PP, SPE uv
J. Jolivet#® MCF-7 cells; MTXPG .36 No NA;69to NA;69to NA; 69 to — — NA; 69 to —
PP, SPE uv 91 91 91 91

[Abbreviations] PP: protein precipitation, LLE: liquid-liquid extraction, SPE: solid phase extraction, d;-MTX: methotrexate-d;, MTXPG,
(MTX): methotrexate, MTXPG,: 4-amino-10-methylpteroyldiglutamic acid, MTXPGs;: 4-amino-10-methylptero-yltriglutamic acid,
MTXPGy: 4-amino-10-methylpteroyltetraglutamic acid, MTXPGs: 4-amino-10-methylpteroylpentaglutamic acid, MTXPGg: 4-amino-10-

methylpteroylhexa-glutamic acid, MTXPG;: 4-amino-10-methylpteroylheptaglutamic acid, NA: not available.

analysis of MTXPGs. To minimize quantitation errors caused
by matrix, sample extraction, purification and separation are
required. Only five articles reported their matrix effect results
(Table 3). For total MTXPG analysis, Mo et al.’” used PP for
sample treatment and isocratic elution for separation, and they
found stable matrix induced response enhancement (matrix
effect: 167.2 to 198.3%, CV: 1.8 - 7.7%). Hawwa et al.’® used
PP combined with SPE for total MTXPG extraction and
purification, and they obtained acceptable matrix effect without
using IS. For individual MTXPG analysis, E. den Boer ef al.*
used 16% perchloric acid for PP, and their matrix effect was
acceptable. Hawwa ef al.’® used PP combined with SPE for
individual MTXPG extraction and purification, and acceptable
matrix effect was obtained without using IS. Van Haandel
et al.'® remove proteins by boiling, and ion suppression was
observed at the elution time of MTXPG; and MTXPGg,, therefore

methotrexate-d; was used as IS to compensate the ion
suppression effect for MTXPG, and MTXPG,. In addition, the
inter-day coefficient of variation of this method varied from 4.9
to 60.1%. Chen efal.® used acetonitrile for extraction of
MTXPGs from Caco-2 cells, and no significant matrix effect
was observed for MTXPGs,.s.

Recovery is important for analysis especially when analyte
level is low. Matrix type and pretreatment process are two
major influential factors for recovery. Human erythrocyte
hemolysate was the most commonly used matrix for MTXPG
analysis. For total MTXPG analysis, Hawwa et al.*® reported a
recovery rate of 70% by using 70% perchloric acid combined
with SPE for sample pretreatment. Horch ef al*’ obtained
70.3 - 72.8% recovery by using 0.8 M TCA in 40% (v/v) acetic
acid for sample pretreatment. Using a combination of PP
(methanol) and extraction (methylene chloride), Li et al.
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Table 4 Stability of methotrexate polyglutamates in various biological matrices

Analytes in matrix Post-treatment

Author Matrix Analyte Room Long term/ Fregze thaw/ Room Autosampler/
temperature/ bias. % bias, % temperature/ bias. %
bias, % ’ (cycles) bias, % i
K. Brady® Dried capillary MTXPGs3 30 days; NA NA NA NA NA
blood
A. F. Hawwa*®  Dried blood MTXPG, 5 2 months; —80°C for 2 months; NA NA NA
spots 0.79 to 1.07 0.89to0 1.14
Total MTXPGs 2 months; —80°C for 2 months; NA NA NA
0.85to 1.01 0.92 to 1.04
E. den Boer*® Human blood MTXPG s NA —80°C for 3 month; 3;-7to7 NA 4°C for 14
-19to 6 days; —7 to
12
X. Mo?’ Human blood Total MTXPGs 4 h;-12.92 to 12 —-80°C for 1 month; 2;-14.8 to 10.5 6h;-6.5to
-11.88to 10 11.76
L.Van Haandel'® Human blood MTXPG,; NA 4°C for at least 1 3; =20 to 20 NA 4°C for 24 h;
month; —20 to 20 -20 to 20
L. Van Haandel*' Human blood Total MTXPGs NA NA 3;59t024.4 NA 7°C for 24 h;
5.8t013.4
L. Van Haandel*> Human blood MTXPG,, NA NA NA NA NA
G. Chen® Caco-2 cells MTXPG, 5 4h;-13to 16 —20°C for 30 days; 3;-13to 10 NA 4°C for 24 h;
-10to 16 -14t09
M. Hroch*’ Human blood MTXPG; NA NA 2;-14.3t0 -8 NA 25°C for 24 h;
-15to 15
H. Li® Human blood Total MTXPGs NA NA NA NA NA
T. Dervieux*® Red blood cells MTXPG,; NA 2 to 8°C for 48 h; NA NA NA
NA
R. Durand® HT?29 cell line MTXPG, 4 NA NA NA NA NA
J. Jolivet* MCF-7 cells MTXPG,s NA NA NA NA NA
J. Jolivet*® MCF-7 cells MTXPG ;6 NA NA NA NA NA

[Abbreviations] MTXPGs: methotrexate polyglutamates, MTXPG; (MTX): methotrexate, MTXPG,: 4-amino-10-methylpteroyldiglutamic
acid, MTXPGs;: 4-amino-10-methylptero-yltriglutamic acid, MTXPG4: 4-amino-10-methylpteroyltetraglutamic acid, MTXPGs: 4-amino-
10-methylpteroylpentaglutamic acid, MTXPGg¢: 4-amino-10-methylpteroylhexa-glutamic acid, MTXPG;: 4-amino-10-methylpteroyl-

heptaglutamic acid, NA: not available.

reported a high recovery rate (87.9 - 118%).4* A low recovery
(24.11 - 32.57%) was observed using TCA for PP’

For individual MTXPGs, the recovery of MTXPGs;; in
erythrocyte pretreated by PP was 48 - 85.9'% and 65 - 80%.%
The recovery of MTXPGs,; in human blood pretreated by PP
combined with SPE was 31.2 - 50.6% (without IS), and the
recovery increased with the increase of the glutamate residues.*?
The recovery of MTXPGs;s in human blood pretreated by PP
alone was 98 - 100%.#* The recovery of MTXPG; in dry
capillary blood pretreated by PP was 87.6%,%* while the recovery
of MTXPGs,s in dry blood spots pretreated by PP combined
with SPE was 27 - 71% (without 1S).3® Therefore, using SPE
for sample purification could dramatically decrease recovery.
The recovery of MTXPGs, in cells pretreated by PP combined
with SPE or LLE alone was 60 - 108%.4+4 Meesters'' used
matrix-assisted laser desorption/ionization-MS for individual
MTXPG analysis using aminopterin as IS. The sample
pretreatment combined PP (TCA) and SPE (Oasis HLB 96-well
SPE plate), and the recovery was 71.3 - 97.7%.

3-9-3 Stability

MTXPGs;s in dried blood were stable at room temperature
and —80°C for 2 months.® In human blood, total MTXPGs
were stable at room temperature for 4 h.373 MTXPGs,s were
stable in human blood at —80°C for 1 month, while MTXPGs,
were stable at 4°C for 1 month'® and at 2 - 8°C for 48 h.#® In
Caco-2 cells, MTXPGs;_s were stable at room temperature for
4 h and at -20°C for 1 month.* After 3 freeze-thaw cycles,
MTXPGs were stable in human blood and Caco-2

cells.!837:39414748 For post extracted samples, total MTXPGs was
stable at room temperature for 6 h®” and at 7°C for 24 h,*! while
MTXPGs,s were stable at 25°C for 24 h*” and at 4°C for
14 days.® After sample treatment, MTXPGs,; released from
human blood and MTXPGs, s released from Caco-2 cells were
stable at 4°C for 24 h.!839

4 Conclusion

This paper reviewed several published chromatographic-based
methods for MTXPG analysis. These methods can be divided
into two categories according to analytes, total MTXPGs and
individual MTXPGs. Gamma-glutamyl hydrolase in human
plasma could convert MTXPGs into MTX, and low speed
centrifugation and twice washing with saline were used to
remove this enzyme for individual MTXPG analysis. Enzyme
hydration was commonly used to convert MTXPGs to MTX for
total MTXPG analysis. To release the analytes from cells, dry
process, freeze-thaw cycle, and hypotonic solution like water
were used, and freeze-thaw cycle was suggested for its simplicity
and efficacy. Mercaptoethanol phosphate and ascorbic acid
were used to avoid the decomposition of MTXPGs during the
analyte release process. Acid precipitation, LLE and SPE alone
or in combination with other pretreatment strategies were used
for analyte extraction and purification.  Perchloric acid
precipitation coupled with SPE purification was suggested for
its efficacy. Gradient elution by acetonitrile on reversed phase
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column was commonly used for separation in the literature and
these strategies were suggested for method development.
Fluorescence, UV or MS have been used for the detection of
MTXPGs, and MS was suggested due to the following reasons:
reduction or oxidation of analytes were required before
fluorescence detection; MS was much more selective and
sensitive than fluorescence. MTXPGs were stable under routine
analysis process.

Various methods have been successfully developed for total
and/or individual MTXPG analysis, but many questions still
remained to be solved. They include the conversion rate of
MTXPGs to MTX by various methods for total MTXPG
analysis; the lack of isotope IS for MTXPG analysis by MS; the
relatively long separation time; lack of commercial kit for
MTXPG analysis by chromatographic-based methods for
routine clinical practices; whether total MTXPG analysis could
replace individual MTXPG analysis for MTX dose adjustment.
It is hoped that this review will be helpful for researchers in the
development of their own methods.
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