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Abstract

A simple, sensitive and selective high performance liquid chromatographic method with UV detection for the chiral separation of racemic
methotrexate (rac-Mtx) and enantiomeric purity ofl-methotrexate in pharmaceutical formulations was developed and validated. The chiral
separation was optimized studying both the nature of the stationary phase by using Chirobiotic TTM, Chiracel OJ and human serum albumin
columns and the effect of the mobile phase composition. The best results in terms of enantioresolution and enantioselectivity were achieved with
a polar organic mobile phase on Chirobiotic TTM stationary phase. Essential steps in method validation such as precision, accuracy, suitability
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and stability were studied according to ICH guidelines. At wavelength 303 nm, the limit of detection (S/N = 3) was found to be 0.9�g/ml for
rac-Mtx. The separation ofd-Mtx at 0.2% (w/w) level (as limit of quantitation) from the main drugl-Mtx was successfully obtained wit
1.72 enantioresolution value. Enantiomeric purity ofl-Mtx was determined in pharmaceutical formulations (tablets and injections) with i
and intra-days relative standard deviation≤ 1.6%. Under the validated stereoselective HPLC conditions for methotrexate, folic acid wa
analysed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

l-Methotrexate (l-Mtx) is a drug included into the anti-
neoplastic and antireumatic therapeutic categories. It belongs
to antifolates which produced the first striking, although tem-
porary remission in leukemia and the first cure of a solid
tumor, choriocarcinoma[1–5]. d-Mtx can be present as im-
purity from raeemization of the syntheticl-Mtx product or
during the shelf life of the pharmaceutical product, due to im-
proper storage conditions[6,7]. It was found that the pharma-
cokinetics ofd-Mtx is different from that ofl-Mtx. Although
d-Mtx exhibits similar dihydrofolate reductase (DHFR) in-
hibitory effect, yetd-Mtx is much less toxic (40-fold lower
LD50) and its antitumor effect is proportionately reduced
[6]. Many analytical methods have been reported to ana-
lyze Mtx in pharmaceutical formulations and in biological
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fluids by using LC[8–14], capillary zone electrophores
[15,16], spectrophotometric[17,18] and voltammetric tech
niques[19–23]. However, there are few reported analytic
methods which discriminate betweenl- andd-enantiomers
of Mtx [15,24,25]. These methods suffer from long time an
ysis, pre-step derivatization or not satisfactory resolution
enantiomeric purity estimation in pharmaceutical formu
tions.

The aim of this work was to develop and validate a ste
oselective HPLC method with UV detection based on
use of a chiral stationary phase for the direct enantiose
tive analysis of Mtx in pharmaceutical formulations such
tablets and injections. Concerning the optimization of
stereoselective chromatographic resolution, some chiral
tionary phases were tested: Chirobiotic TTM, Chiracel OJ and
human serum albumin (HSA) columns under several ch
matographic conditions in direct and reversed phase.
der the optimised chromatographic conditions, the met
validation was performed and the two Mtx enantiom
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Fig. 1. Structures of the drugs investigated.

identified and determined in pharmaceutical formulations
such as tablets and injections.

Moreover, as there is no reports in literature for the si-
multaneous quantitation of Mtx and folic acid (FA), which
is often administer together with Mtx, the method was also
validated for FA. InFig. 1 the structures of Mtx and FA are
shown. Low levels of FA may play a role in cancer develop-
ment, particularly cancers of the cervix, lung, and colon[2].
It was found that patients who took folic acid supplements
along with the arthritis drug methotrexate were less likely to
have a malfunctioning liver and less side effects than those
taking just methotrexate[3–5].

2. Experimental

2.1. Materials

dl-Amethopterin hydrate (rac-Mtx), l-Amethopterin (l-
Mtx) and d-Amethopterin (d-Mtx) were purchased from
Aldrich (Milano, Italy). N-[4-{[(2,4-diamino-6-pteridinyl)-
methyl]methyl amine}benzoyl]l-glutamic acid (folic acid)
was obtained from Fluka. Methanol (ultrapure for HPLC),
acetonitrile 200 (for UV),n-hexane (95%), isopropanol (ul-
trapure for HPLC) and sodium hydroxide were obtained
f as
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2.2. Apparatus

Separations on Chirobiotic TTM (teicoplanin) HPLC sta-
tionary phase (250 mm× 4.6 mm i.d., Astec, Whippany,
NJ, USA) and Chiralcel OJ [250 mm× 4.6 mm i.d., Dai-
cel Chemical Industries, Ltd., column, cellulose tris(4-
methylbenzoate)] were carried out with a Beckman 110 B
solvent delivery system, a Rehodyne injection valve and a
Beckman System Gold 166 Detector. Data were collected
with Gold Nouveau Chromatography Data System, Version
1.6 (Beckman Instruments Inc.). A constant mobile phase
flow rate (0.8 ml/min) was provided and UV detection was
carried out at 303 nm. Samples were injected using loop in-
jections (5�l) and chromatographic analyses were performed
at room temperature (20± 2.0◦C).

The chromatographic analyses related to the use of HSA
chiral stationary phase (150 mm× 4.6 mm i.d.) (Shandon
Scientific, Runcorn, UK) containing HSA immobilized on
a 7�m diol silica support, were carried out using the sol-
vent delivery system (Jasco PU-980 Intelligent HPLC pump)
equipped with Rehodyne Model 7125 injector with a 20�l
sample loop. The eluents were monitored by Jasco MD 910
Multi-wavelength Detector (DAD) connected to a computer
station. For routine analysis the detector wavelength was set
at 303 nm. The temperature was maintained constant at 30◦C
using a column heater/chiller (Model 7955, Jones Chro-
m
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rom Carlo Erba (Milan, Italy). Triethylamine (99%) w
urchased from Sigma and acetic acid (99.7%) was

ained from Aldrich (Germany). The pharmaceutical form
ations (tablets and injections, Wyeth Lederle S.P.A.) w
ocally purchased from pharmacies (Bologna, Italy). All
ther chemicals were of analytical reagent grade (Carlo
eagenti, Milano, Italy) and were used without further

ification. Water used for the preparations of solutions
obile phases was purified by a Milli-Rx apparatus (M
ore, Milford, MA, USA). All organic solvents were us
ithout further purifications.
atography Ltd., UK).
The pH values of the mobile phases were adjusted by

pH-meter (basic 20, Crison) at 20± 2.0◦C. This instrumen
as calibrated by using standard universal buffer solutio
ifferent pHs.

.3. Chromatographic conditions

The mobile phases for Chirobiotic TTM HPLC column
ere composed of different percentages (0.1, 0.2, 1.0
.0%) of acetic acid and triethylamine in the presenc
00% methanol (polar organic phase). Under the reve
hase mode, the mobile phases contained either water o

riethylamine acetate (TEAA) buffer with different amou
f methanol or acetonitrile as organic modifiers. The bu
as prepared by dissolving 2.0 ml triethylamine in wa
lacial acetic acid was added to adjust the appropriat
alue before bringing the volume to 200 ml in a volume
ask.

The mobile phases used for Chiralcel OJ column
isted of isopropanol andn-hexane (80:20) (v/v) as norm
hase mode and acetonitrile in combination with water i
ersed phase mode. All mobile phases were filtered thr
0.45�m membrane filter and degassed before using
PLC analysis.
The chromatographic conditions for chiral separatio

ac-Mtx. on HSA chiral stationary phase consisted of ph
hate buffer (50 mM, pH 7.4):n-propanol (97.5:2.5 or 99:1
v/v). Sample solution at 0.1 mg/ml concentration were
ected.
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2.4. Calibration curves

2.4.1. Standard stock solutions
Standard stock solutions ofrac-, l-, d-Mtx and folic acid

(1.0 mg/ml) were dissolved in 0.1 M sodium hydroxide and
were stored at 4◦C. Daily required volumes of each analyte
stock solutions were diluted in the same solvent to prepare
the standard working solutions.

2.4.2. rac-Mtx and folic acid calibration curves
Working solutions were prepared by diluting the stock so-

lution with the same solvent to obtain concentrations ranged
within 3–250�g/ml of bothrac-Mtx and folic acid. Each so-
lution was stirred for about 30 s, sonicated for about 5.0 min
and then filtered before injection into the HPLC system. Du-
plicate injections were performed for each solution. Opti-
mized chromatographic conditions involved the use of Chi-
robiotic TTM column with a mobile phase composed of 0.2%
acetic acid and 0.1% triethylamine in methanol (polar or-
ganic phase), flow rate 0.8 ml/min at 20◦C with UV detection
at 303 nm. For obtaining the calibration graphs, the analyte
peak heights were plotted against the correspondent analyte
concentrations (�g/ml).

2.4.3. Standard addition ofd-Mtx
Standard stock solutions ofd-Mtx (1000�g/ml) andl-
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with 400�l of 0.1 M sodium hydroxide, stirring, sonicat-
ing and filtrating; similarly to the samples extracted from
the tablets, the final concentration ofrac-Mtx was about
2500�g/ml.

The analysis ofl-Mtx in both tablets and injections
was carried out on the same sample solutions previously
obtained after a 30 times dilution with 0.1 M sodium
hydroxide.

The content of each enantiomer was determined by us-
ing external standard working solutions from pure reference
compounds.

3. Results and discussion

A large number of drugs with one stereogenic center has
been resolved using macrocyclic antibiotic and polysaccha-
ride based stationary phases[31,34–37]. Macrocyclic an-
tibiotics represent a relatively new class of chiral selectors,
which have been introduced by Armstrong et al.[26–28].
One of the recent selectors is Chirobiotic TTM (teicoplanin)
phase. This column is packed with a chromatographic station-
ary phase produced by chemically bonding the macrocyclic
glycopeptide teicoplanin to a 5�m silica matrix through
a spacer arm, which yields several ether linkages that are
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tx (2625�g/ml) were prepared in 0.1 M sodium hydroxi
Five calibration solutions were prepared by mixing 20�l

f l-Mtx solution with 10�l of diluted working solution
f d-Mtx to give d-Mtx concentrations ranged from 5
2.5�g/ml thus corresponding to 0.2–2.5% (d-/l-Mtx) (w/w)

n the presence of a constant amount ofl-Mtx (525�g). The
olution containing 0% ofd-Mtx was also prepared by mi

ng 200�l of l-Mtx solution with 10�l of 0.1 M sodium
ydroxide. Each solution was stirred for about 30 s, s
ated for about 5 min and then filtered before injection
he HPLC system. Chromatograms were acquired by u
he HPLC chromatographic conditions as reported in Se
.4.2. The standard addition calibration graph was obta
y plotting the peak height ofd-Mtx against the percenta
f d-Mtx.

.5. Stereoselective analysis of pharmaceutical
ormulations

The developed method was applied to the analysis of
ercially available formulations (tablets and injections).

he analysis of the distomerd-Mtx, solutions from tablet
ere prepared by grinding 13 tablets in a mortar; aliq
f 100 mg corresponding to the average weight of all
3 tablets were accurately weighed and dissolved in 0
odium hydroxide solution by stirring and sonicating
min at room temperature, in order to obtain final s
le solutions which contained about 2500�g/ml of rac-Mtx
s declared by the manufacturer. Injection solutions
repared by mixing 200�l of the commercial formulation
ydrolytically stable. Teicoplanin is considerably surf
ctive having three sugar moieties surrounding four c

ies and a methyl dodecyl side chain. All of the defi
echanisms for chiral recognition of this kind of stati
ry phase are contained within this structure. These inc
omplexation, hydrogen bonding, dipole stacking and s
nteraction as well as the inclusion mechanism typica
yclodextrins.

Another type of chiral selector used in search of o
al enantioselective chromatographic separation is Chi
J, one of the cellulose derivative-based phases[39]. These
hases introduced by Ichida et al.[29] and Okamoto et al.[30]

ound application to the chiral separation of a broad rang
ompounds with carboxylic groups[31–33]. Therefore, th
tudy of the chiral recognition of cellulose tris(4-methyl b
oate) (Chiracel OJ), for the separation of Mtx enantiom
nd for the analysis of folic acid was thought to be prom

ng. For these reasons, the enantiomeric separation orac-
tx was investigated on Chirobiotic TTM and Chiralcel O

olumns. Finally a HSA based chiral stationary phase
mployed because the enantioselective separation ofrac-Mtx
as reported to occur by using bovine serum albumin[25].
urther this column was employed in the view of perform
inding studies on human serum albumin (HSA), which p
major role in the plasma binding of neutral or acidic dr
his binding is often stereoselective with respect to ch
olecules and can affect the pharmacokinetic and pharm
ynamic profiles of each enantiomer. The Mtx enantiose

ive binding to HSA will allow further drug–drug interactio
tudies.
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Table 1
The effect of acid–base ratio in a new polar organic mode on the separation
of rac-Mtx and folic acid on a Chirobiotic TTM stationary phase

Acetic acid/TEA Methotrexate Folic acid

k1 k2 α Rs k

1/2 4.8 4.8 – – 0.6
0.1/0.2 2.9 2.9 – – 0.7
1/1 4.1 4.7 1.1 2.3 0.4
0.1/0.1 1.7 2.2 1.3 2.5 0.6
2/1 2.0 2.5 1.2 3.0 0.2
0.2/0.1 2.2 3.6 1.6 4.1 0.2

k1: capacity factor of first eluting enantiomer;k2: capacity factor of second
eluting enantiomer;α: enantioselectivity value,Rs: enantioresolution value;
tr: retention time [k= tr − t0/t0, α =k2/k1, Rs = 2(t2 − t1)/(W1 +W2)].

3.1. Stereoselective rac-Mtx separation

3.1.1. Stereoselective separation of rac-Mtx on the
teicoplanin-based chiral stationary phase (Chirobiotic
TTM)

The stereoselective separation ofrac-Mtx and FA was first
approached on teicoplanin-based stationary phase by using
a polar organic mode and the reversed phase mode. The po-
lar organic mode was originally developed as a novel way to
obtain difficult enantioselective separations on cyclodextrin-
based phases, while suppressing inclusion complex forma-
tion [38]. Therefore this mode was approached due to the
presence of strong polar groups in the macrocyclic peptides
and the presence of more than one functional group in Mtx
and FA capable of interacting with the chiral selector (some
of these groups are near or on the stereogenic center). The key
factor in obtaining complete separation with the polar organic
phase was found to be the acid/base ratio. The concentrations
of acid and base were varied from 2.0 to 0.1% in methanol. In
fact, above 2% the mobile phase becomes too polar and the
system assumes typical reversed phase behaviour, whereas
below 0.1% it behaves as in normal phase chromatography
[38]. No separation ofrac-Mtx enantiomers in the presence
of 1/2 acid/base ratio occurred, while increasing the acid per-
centage, enantioselectivity and enantioresolution ofrac-Mtx
increased.Table 1shows the influence of percentage varia-
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Fig. 2. (A) Chiral separation ofrac-Mtx. Chromatographic conditions: Chi-
robiotic TTM (250 mm× 4.6 mm i.d.) stationary phase, with a mobile phase
consisting of acetic acid, TEA, methanol (0.1:0.1:100) (v/v), 5�l injec-
tion, flow rate 0.8 ml/min at 20◦C with UV detection at 303 nm. (B) Chi-
ral separation ofrac-Mtx. Chromatographic conditions: Chirobiotic TTM

(250 mm× 4.6 mm i.d.) stationary phase, with a mobile phase consisting
of acetic acid, TEA, methanol (0.2:0.1:100) (v/v), 5�l injection, flow rate
0.8 ml/min at 20◦C with UV detection at 303 nm.

(1/2 acid/base ratio) to 5.0 min at 2/1 acid/base ratio. There-
fore, a satisfactory separation between FA and the Mtx enan-
tiomers was achieved for the simultaneous determination of
both drugs under the above conditions.

By using a reversed phase mode on antibiotic stationary
phases, it was reported that the nature of organic modifiers af-
fects the selectivity of separation and the presence of buffers
increases the efficiency and the resolution[38]. Therefore,
the enantioseparation ofrac-Mtx and FA with mixtures con-
sisting of 20% methanol and 10% acetonitrile and water or
TEA buffer as mobile phases was investigated.

The observed enantioselectivity and enantioseparation
values obtained by using a mixture consisting of methanol
and water (20:80) (v/v) as a mobile phase at room temper-
ature at a flow rate of 0.8 ml/min. (Rt = 14.4 and 19.8 forl-
andd-Mtx, respectively), were found less satisfactory than
the values under the optimized new polar organic phase con-
ditions. Replacing methanol with acetonitrile, the enantiose-
lectivity of Mtx enantiomers was reduced with a concomitant
loss of retention. The influence of TEA buffer (instead of wa-
ter), pH values as well as type and content of organic modifier
ions of both acetic acid and triethylamine on the enan
lectivity (�) and enantioresolution (Rs) of rac-Mtx and for

he separation of FA at room temperature with a constant
ate of 0.8 ml/min. It was found that the best selectivity w
ood resolution and acceptable retention times were ach
ith 0.2% acetic acid and 0.1% triethylamine in MeOH
obile phase.
In Fig. 2A and B the reportedrac-Mtx chromatographi

nantioseparations were pursued by using two diffe
cid/base ratios in the mobile phase. A better resolu
ue to increased efficiency was achieved by using as
ile phase a mixture consisting of 0.2% acetic acid/0
EA in methanol, the two enantiomers being eluted w
etention times of 15.4 and 22.4 min, respectively (Fig. 2B).
n the same conditions, the simultaneous separation of
cid was performed: its retention time decreased from 7.1
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Table 2
The effect of mobile phase composition in a reversed phase mode on the separation ofrac-Mtx and folic acid on a Chirobiotic TTM stationary phase

Composition Methotrexate Folic acid

k1 k2 α Rs k

20% MeOH + 80% water 2.3 3.7 1.6 2.6 1.7
20% MeOH + 80% TEA buffer (pH 4.0) More than 50 min – – – 0.4
10% AcCN + 90% water 0.2 0.3 1.7 1.1 –
10% AcCN + 90%TEAA buffer (pH 4.0) More than 50 min – – – –

(methanol or acetonitrile) onrac-Mtx separation were also
tested. It was found that the separation of enantiomers was
not achieved till 50 min at pH 4.0, using methanol or acetoni-
trile as organic modifier. By increasing pH values to pH 7.0,
the retention times were reduced to 35 min with bad enantios-
electivity and enantioseparation values. The effect of mobile
phase composition on the enantioseparation of Mtx and FA
is reported inTable 2.

3.1.2. Stereoselective separation of rac-Mtx on the
cellulose-based chiral stationary phase

Chiral separation of Mtx was performed on a cellulose
tris(4-methylbenzoate) phase (Chiralcel OJ) in normal phase
and reversed phase modes. The separation of folic acid was
also studied using the two chromatographic modes. Mtx and
FA were not resolved up to a retention time of 50 min by
using mobile phases consisting of mixtures of isopropanol
andn-hexane in various relative percentages. Under the re-
versed mode conditions, mixtures of acetonitrile in combina-
tion with water were employed, but Mtx enantiomers were
poorly separated with long retention time (above 45 min),
with folic acid being eluted at about 35 min. Therefore, the
enantioselective separation of Mtx was not satisfactorily ob-
tained on Chiracel OJ when compared with Chirobiotic TTM

phase.
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of acetic acid:triethylamine:methanol (0.2:0.1:100) (v/v), at a
flow rate of 0.8 ml/min at 20◦C gave the best enantioselectiv-
ity and enantioseparation values with suitable short retention
times. Therefore, under these optimal conditions the method
was validated and applied to the enantioselective analysis of
d- andl-Mtx in tablets and injections commercially available
samples.

3.2.1. Elution order of Mtx enantiomers
The elution order of Mtx enantiomers was determined by

injecting l- and d-Mtx standard solutions;d-Mtx was re-
tained strongly thanl-Mtx, which indicates that the diastere-
omericd-Mtx-teicoplanin complex is more stable than the
l-Mtx one. Under the optimized conditions the enantioreso-
lution evaluated in a non-racemic mixture containingd-Mtx
at 0.2% (w/w) level was about 1.8.

3.2.2. Linearity
The linearity of response was studied on six different stan-

dard solutions of bothrac-Mtx and FA in the concentration
range of 3–250 and 6–300�g/ml, respectively; these concen-
tration ranges resulted suitable to test the linearity at the levels
normally observed for Mtx and folic acid in pharmaceutical
formulations and biological matrices.

The calibration graphs were constructed by plotting the
n nt
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t t for
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.1.3. Stereoselective separation of rac-Mtx on HSA
hiral stationary phase

The stereoselective separation ofrac-Mtx and FA on HSA
tationary phase was obtained by using mixtures conta
-propanol and phosphate buffer, pH 7.4 at 30◦C. The ca
acity factors values at 1.0%n-propanol were found to b
1 = 2.9,k2 = 3.8 (� = 1.3) and the values at 2.5%n-propano
ere k1 = 2.4, k2 = 2.6 (� = 1.1) for l- and d-Mtx, respec

ively. However, the enantioresolution was found lower t
hat obtained with the Chirobiotic TTM stationary phase. Th
lution order of methotrexate enantiomers was establ
y the injection of each pure enantiomer under the same
itions and it was found thatl-Mtx was less retained tha
-Mtx.

.2. Method validation

From preliminary trials to optimize the conditions forrac-
tx and FA separation upon teicoplanin-based column, it

ound that the polar organic mode using a mixture consis
ormalized peak-heights (Y, AU) versus the corresponde
nalyte concentrations (X, �g/ml); the obtained relationshi
re shown inTable 3. The reported statistical data repres

he average correlation coefficient, slope and intercep
hree separated standard curves obtained in three dif
ays. Good linearity was therefore obtained even in the
ence of internal standard.

.2.2.1. Standard addition ofd-Mtx. As a further confirma
ion of the method linearity, the response ofd-Mtx as a func
ion of its concentration was evaluated in the presence
igh and constant amount of the drugl-Mtx. Due to the pres
nce of the distomerd-Mtx in the pharmaceutical prepar

ions ofl-Mtx (tablets and injections) and standard refere
ompound, these experiments were carried out by mea
he standard addition method.

Precisely, five working solutions with a fixedl-Mtx
mount (2500�g/ml) andd-Mtx concentration ranged fro
to 62.5�g/ml, thus correspondent to 0.2–2.5% (d-/l-Mtx)

w/w), were subjected to enantioselective HPLC analys
escribed in Section2.4.2. The average peak heights (Y, AU)
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Table 3
Linearity data obtained for Mtx and folic acid (n= 6)

Analyte Concentration range (∝g/ml) Slope Slope S.D. Intercept Intercept S.D. S.E. R2

l-Mtx 1.5–125 37.5763 0.1252 −0.0172 0.0152 0.0274 0.9999
d-Mtx 1.5–125 12.5478 0.0641 −0.0004 0.0077 0.0303 0.9999
Folic acid 6–300 11.0034 0.0259 0.0025 0.0112 0.0156 0.9998

obtained as difference from each calibration point and the
unspiked reference sample were plotted against the corre-
spondent percentage concentrations ofd-Mtx (X%) (w/w);
the results of the linear regression analysis (n= 5) indicate
that the standard deviation (S.D.≈ 0.0017) with correla-
tion coefficient (r2 ≈ 0.9986) betweenY andX is attainable
over the studied range (slope = 0.14364± 0.00338;Y inter-
cept =−0.00499± 0.00471)

3.2.3. Sensitivity
The method sensitivity was evaluated by progressive di-

lution of a standard mixture ofrac-Mtx and folic acid and
detecting the signal at the wavelength of 303 nm.Rac-Mtx
and FA solutions (0.9 and 3.8�g/ml, respectively) provided
a signal-to-noise ratio of approximately 3 (limit of detection;
LOD). Due to the importance of evaluating the presence of
d-Mtx as chiral impurity ofl-Mtx, the limit of quantitation of
the distomer (d-Mtx) was evaluated by analysing a mixture of
l-/d-Mtx 2500/5.0�g/ml thus correspondent to 0.2% (w/w)
of the distomer. The R.S.D.% of the peak height obtained by
10 replicated injections resulted to be 3.15%; this value of
d-Mtx concentration can be considered as an adequately low
limit of quantitation.

3.2.4. Retention time and peak height repeatability
ere
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Fig. 3. Enantioselective HPLC chromatogram of a MTX sample solution
obtained from commercial tablets. Peaks: (1)l-Mtx; (2) d-Mtx. SeeFig. 2B
for chromatographic conditions.

with different bulks supplied (tablets and injections). The sum
of the found amounts of bothd- andl-Mtx in each analysed
sample was compared with the content ofrac-Mtx declared
by the manufacturer to estimate the recovery of the method;
values in the ranges 99.5–101.2 and 99.8–101.6% for tablets
and injections respectively were obtained. All the analytical
values fall within labeled amount of 90–110% required by
USPXXV [40].

In Table 4the accuracy and precision data evaluated by
reporting the percentage amount of the single enantiomers on
the declaredrac-Mtx are reported.

A further confirmation of the accuracy of the determi-
nation was obtained by evaluating the level ofd-Mtx in the
analysed pharmaceuticals, by means of interpolation with the
standard addition curve. The found data were in agreement
with those obtained with the single point calibration method
as no significant differences were observed by applying the
F- andt-test at the 95% confidence level.

Table 4
Data for the determination ofl- andd-Mtx in pharmaceutical formulations

l-Mtx Founda

(%)
R.S.D.%
(intraday) (n = 3)

R.S.D.%
(interday) (n = 9)

Tablets 98.55 0.42 0.71
Injections 98.30 0.68 0.69

d

T
I
a

Multiple injections from a single sample solution w
erformed to demonstrate the repeatability of the migra

ime and the peak height under constant conditions of
ent composition, temperature and flow rate. Ten repl
uns of a standard mixturel-/d-Mtx (2500/5.0�g/ml) (LOQ)
ere carried out in three different days. The obtained re

ion times and peak heights R.S.D.s were found to be
nd 1.08% forl-Mtx and 1.85 and 3.15% ford-Mtx, re-
pectively, indicating an adequate instrumental precisio
mpurity level.

.2.5. Accuracy, precision and applications
As the applied HPLC separation can be considered

uately selective, the accuracy of the whole analysis is
tantially related to the extraction procedure efficiency.

This procedure was actually very simple, involving on
ilution step (analysis of injections) or liquid–solid extract
ith sodium hydroxide in ultrasonic bath (analysis of table
typical chromatogram for the analysis of Mtx in tablet

hown inFig. 3.
The accuracy of the method was therefore evaluate

- andd-Mtx taking as references highly pure standard c
ounds and by comparing their responses with those obt
-Mtx Founda

(%)
R.S.D.%
(intraday) (n= 3)

R.S.D.%
(interday) (n= 9)

ablets 1.45 1.25 1.53
njections 1.70 0.44 0.47

Calculated as percentage of the declared content.
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4. Conclusion

A simple, specific, sensitive, stable and relatively rapid
HPLC method has been successfully developed for the stere-
oselective determination ofl- andd-Mtx and for the simulta-
neous determination of folic acid. Both the optimization and
validation of the method were performed and the obtained
results demonstrated that the proposed stereoselective HPLC
method is useful for the application tol-Mtx pharmaceutical
formulations quality control. Further, the preliminary results
obtained for the investigation of Mtx enantiomers and folic
acid interactions with human serum albumin (HSA) will be
followed by more specific studies to elucidate the Mtx enan-
tiomer protein affinity, binding sites and drug interactions.
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