
Journal of Chromatography B, 805 (2004) 101–112

Simple reversed-phase ion-pair liquid chromatography assay for the
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Abstract

A simple and reproducible reversed-phase ion-pair high-performance liquid chromatographic (HPLC) method using isocratic elution with
UV absorbance detection is presented for the simultaneous quantitation of mycophenolic acid (MPA) and MPA-glucuronide (MPAG) in
human plasma and urine. The sample preparation procedures involved simple protein precipitation for plasma and 10-fold dilution for urine.
Each analytical run was completed within 15 min, with MPAG and MPA being eluted at 3.8 and 11.4 min, respectively. The optimized
method showed good performance in terms of specificity, linearity, detection and quantitation limits, precision and accuracy. This assay was
demonstrated to be applicable for clinical pharmacokinetic studies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Mycophenolate mofetil (MMF,Fig. 1) is an immunosup-
pressant that is approved by the US Food and Drug Admin-
istration (FDA) for the prophylaxis of organ rejection in
patients receiving allogeneic renal transplants (May 1995),
allogeneic cardiac transplants (February 1998) and allo-
geneic hepatic transplants (July 2000). MMF is used as the
antimetabolite drug in place of azathioprine, in combination
with a calcineurin inhibitor (cyclosporine or tacrolimus)
or sirolimus (rapamycin) and corticosteroids, for the pre-
vention of rejection in the above-mentioned transplant
populations. It has been demonstrated in three randomised,
double-blind, multicentre clinical trials that MMF, adminis-
tered in combination with cyclosporine and corticosteroids,
reduces the incidence of acute allograft rejection in renal
transplantation[1–3].

MMF, the ester prodrug of mycophenolic acid (MPA,
Fig. 1), is rapidly absorbed after oral administration and
is rapidly hydrolysed to MPA, the active immunosuppres-
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sive entity, by esterases present in the gut wall, liver, and
possibly lung and peripheral tissues[4]. MPA is a potent,
selective, uncompetitive, reversible inhibitor of inosine
monophosphate dehydrogenase (IMPDH) and thus, exerts
potent cytostatic effects on both T and B proliferating lym-
phocytes by inhibiting the de novo pathway of guanosine
nucleotide synthesis[5–7]. MPA is extensively metabolised
by UDP-glucuronosyltransferases in the liver, gastrointesti-
nal tract and possibly kidney[4,8], mainly into the inactive
metabolite MPA-glucuronide (MPAG,Fig. 1) that is pri-
marily excreted by the kidneys, and which also undergoes
enterohepatic circulation to be converted back to MPA[4,6].

In clinical practice, the dose of MMF prescribed currently
is mainly based on data from clinical trials carried out in the
Western population. The recommended dosage of MMF for
prophylaxis of allograft rejection is 2 to 3 g per day, given
in two divided doses[1–3]. In the Chinese renal transplant
population, studies have suggested that MMF given at 1.5 g
per day is comparable in efficacy to that given at 2 g per day
[9,10], and there is reduced occurrence of adverse effects
(leukopenia, gastrointestinal side effects or cytomegalovirus
infection) in patients treated with 1.5 g per day MMF as
compared to those treated with 2 g per day MMF[9]. A
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Fig. 1. Chemical structures of mycophenolate mofetil (MMF), mycophe-
nolic acid (MPA) and mycophenolic acid glucuronide (MPAG).

local trial conducted in Singapore General Hospital has also
suggested the need for dosage reduction in the Asian popu-
lation to minimise the adverse effect of leukopenia, and the
dose of MMF in terms of mg/kg body weight was found to
be higher in patients with leukopenia[11]. Due to the con-
siderable intra- and inter-patient variability in the response
to MMF [8,12], assay techniques for the simultaneous de-
termination of MPA and MPAG are highly desirable as a
means to understand the impact of pharmacokinetics of
MPA and MPAG, in specific patient populations, on clinical
outcome in terms of efficacy and tolerability.

To date, several reversed-phase high-performance liquid
chromatographic (HPLC) methods have been reported for
the quantitative determination of both MPA and MPAG in
plasma[13–26], and only three of these published methods
reported the quantitation of both analytes in urine as well
[18,20,24]. Some of the earlier methods involved the indi-
rect quantitation of MPAG by measuring MPA before and
after hydrolysis of MPAG to MPA using�-glucuronidase

[13–16]. HPLC methods for the direct quantitation of MPAG
without enzymatic hydrolysis were also developed. How-
ever, due to the marked difference in polarity of MPA and
MPAG, some of the published methods involved the use of
two different sets of chromatographic conditions for analyz-
ing MPA and MPAG on separate runs[17–20]or the use of
gradient elution method for simultaneous analysis of both
analytes[21]. Due to the complexity and inefficiency of
these methods, other isocratic elution HPLC methods were
developed for the simultaneous analysis of both MPA and
MPAG, either without[22–24]or with [25,26] the use of an
ion-pairing reagent.

For ionic compounds like MPA and MPAG, HPLC sep-
aration is normally performed by reversed-phase, ion-pair
or ion-exchange chromatography[27]. Normally, reversed-
phase chromatography is the method of choice but if it
proves inadequate, the other two methods would then be
considered[27]. The reversed-phase HPLC methods without
ion-pairing reagent were first tried out but due to substan-
tial endogenous plasma interferences to the MPAG peak,
ion-pair chromatographic method was hence used in this
study. This paper reports on the development and validation
of a simple reversed-phase isocratic ion-pair HPLC method
for the simultaneous analysis of both MPA and MPAG in
both plasma and urine using direct UV absorbance detec-
tion. The applicability of this present simultaneous assay
for clinical pharmacokinetic studies was also demonstrated.
The simple sample preparation procedure and the use of
isocratic elution in the chromatographic analysis contribute
to the efficiency, and hence, the desirability of this assay
for clinical pharmacokinetic studies and drug monitoring.

2. Experimental

2.1. Chemicals and reagents

MPA was obtained from Fluka Chemie (Buchs, Switzer-
land). MPAG was a generous gift from Roche Bioscience
(Palo Alto, CA, USA). The ion-pair reagent, tetrabutylam-
monium hydrogen sulfate (TBA-HS), was purchased from
Fluka Chemie (Buchs, Switzerland). Potassium hydroxide
was from Merck (Darmstadt, Germany) and potassium dihy-
drogen phosphate was from Nacalai Tesque (Kyoto, Japan).
HPLC-grade acetonitrile was purchased from Mallinkrodt
Baker (Paris, KY, USA). Pooled blank human plasma was
obtained from the blood bank of the National University
Hospital, Singapore. Blank human urine was from a single
healthy individual after an overnight fast. Milli-Q (18 M�)
water, used throughout the study, was generated by a Milli-Q
RG Millipore Water Purification System (Millipore, SA,
Molsheim, France).

2.2. Instrumentation

Chromatographic analyses were carried out on a
Shimadzu integrated HPLC system LC-2010A liquid
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chromatograph (Shimadzu Corporation, Kyoto, Japan)
equipped with a UV detector, autosampler and column
oven. Instrument control, data collection and processing
were performed using Shimadzu Class-VP software ver-
sion 6.10. All chromatographic separations in this study
were performed using an XTerraTM RP18 analytical column
(150 mm× 4.6 mm i.d., particle size 5�m) (Waters Corpo-
ration, Milford, MA, USA), connected with an XTerraTM

RP18 guard column (20 mm× 3.9 mm i.d., particle size
5�m) (Waters) and a 0.5�m stainless steel frit pre-column
filter (Upchurch Scientific, Oak Harbor, WA, USA).

2.3. Chromatographic conditions

The running buffer solution used for this reversed-phase
ion-pair HPLC assay composed of 40 mM TBA-HS in
20 mM potassium dihydrogen phosphate that was prepared
and adjusted to pH 5.50 (EcoMet pH meter, Istek, Seoul,
Korea) with 2 M potassium hydroxide. This solution was
then filtered through a 0.2�m nylon filter membrane (Lida
Manufacturing Corporation, Kenosha, WI, USA) and de-
gassed using ultrasonic bath before use. The mobile phase
for this simultaneous assay of MPA and MPAG consisted
of the above running buffer solution—acetonitrile (73:27,
v/v), mixed on-line and delivered isocratically at a flow rate
of 1.0 ml/min. The temperature of the column oven was
maintained at 24◦C. Each sample was injected onto the
column at a constant volume of 20�l for an analysis run
of 15 min. The UV detection wavelength was set at 304 nm
and 215 nm for the chromatographic analyses of plasma
and urine samples, respectively.

2.4. Stock and working standard solutions

Standard stock solutions of MPA (1000 mg/l) and MPAG
(5000 mg/l) were prepared in methanol and stored at−20◦C.
These stock solutions were diluted to prepare working so-
lutions in methanol–water (8:2, v/v) to yield concentrations
from 5 to 500 mg/l for MPA, and from 20 to 4000 mg/l for
MPAG.

2.5. Sample preparation

2.5.1. Calibration standards of plasma samples
Aliquots of 100�l of blank human plasma were spiked

with 10�l each of the MPA (5, 10, 50, 100, 250 and
400 mg/l) and MPAG (100, 250, 500, 2000, 3000 and
4000 mg/l) working solutions to yield spiked plasma con-
centrations corresponding to 0.5, 1, 5, 10, 25 or 40 mg/l
for MPA, and 10, 25, 50, 200, 300 or 400 mg/l for MPAG,
respectively. These calibration standard samples were
vortex-mixed for 1 min and allowed to equilibrate at room
temperature for 10–15 min. Subsequently, protein precipita-
tion was carried out by adding 100�l of acetonitrile to each
of the above samples, followed by vigorous vortex-mixing
for 2 min. The mixtures were then left to stand at room

temperature for 10–15 min, after which they were cen-
trifuged at 8000 rpm for 20 min at 4◦C using an AvantiTM

J-25 Centrifuge (Beckman Instruments, CA, USA). Aliquots
of 20�l of the clear supernatant were then injected onto
the HPLC system for analysis.

2.5.2. Calibration standards of urine samples
Aliquots of 25�l of blank human urine were spiked

with 25�l each of the MPA (5, 10, 25, 50, 100, 250
and 500 mg/l) and MPAG (20, 50, 100, 250, 500, 2000
and 4000 mg/l) working solutions to yield spiked urine
concentrations corresponding to 5, 10, 25, 50, 100, 250
and 500 mg/l for MPA, and 20, 50, 100, 250, 500, 2000
and 4000 mg/l for MPAG, respectively. These calibration
standard samples were vortex-mixed for 1 min and al-
lowed to equilibrate at room temperature for 10–15 min.
The samples were then diluted to 250�l with water
and vortex-mixed for 2 min. Aliquots of 20�l of the di-
luted solutions were injected onto the HPLC system for
analysis.

2.5.3. Specificity
Prior to assay validation, plasma from transplant patients

receiving other medications had to be screened to ensure
the absence of interfering peaks in the assay. Hence, blood
samples from stable renal transplant patients, in Singapore
General Hospital, receiving immunosuppressive therapy
with and without MMF were used for screening. The blood
samples were collected in EDTA Vacutainer tubes and cen-
trifuged at 3000 rpm for 10 min at 25◦C using a Universal
32R centrifuge (Hettich AG, Bach, Switzerland) to separate
plasma which was transferred to polypropylene tubes and
stored at−20◦C until analysis. For analysis, the plasma
samples were thawed and an aliquot of 100�l each was
then treated using the procedure described above for the
calibration standards of plasma samples, except that the
spiking of 10�l each of MPA and MPAG working solutions
was replaced by the spiking of 20�l of methanol–water
(8:2, v/v) for standardization.

2.5.4. Clinical samples for pharmacokinetics application
The applicability of the developed assay for pharmacoki-

netics studies was assessed by carrying out pharmacokinetic
investigation of MPA and MPAG in a stable renal transplant
patient (female, Chinese, age: 42 years) who had been re-
ceiving 500 mg MMF (CellCept®) twice daily for more than
3 months. The study was approved by the Ethics Committee
of Singapore General Hospital and written informed con-
sent was also obtained from the patient prior to the study.
Venous blood samples (3 ml each) for pharmacokinetic anal-
ysis were collected into EDTA Vacutainer tubes over a 6 h
period at 0 (pre-dose), 0.5, 1, 1.5, 2 and 6 h after MMF ad-
ministration. The blood samples were then processed and
treated using the same procedure as described above for anal-
ysis. The concentrations of MPA and MPAG in the plasma
samples obtained were calculated by reference to calibration
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curves generated from calibration standards analyzed along
with these samples.

Urine sample was also collected from the patient incre-
mentally over 12 h from the time MMF was administered
to the time the next dose was administered. The total vol-
ume of urine collected over the 12 h period was recorded,
and a 50 ml aliquot was removed and stored at−20◦C
until analysis. For analysis, the urine sample was thawed
and an aliquot of 25�l was then treated using the proce-
dure described above for the calibration standards of urine
samples, except that the spiking of 25�l each of MPA
and MPAG working solutions was replaced by the spiking
of 50�l of methanol–water (8:2, v/v) for standardization.
The concentrations of MPA and MPAG in the urine sample
were calculated by reference to calibration curves generated
from calibration standards that were analyzed along with
the urine sample.

2.5.5. Data analyses
The peak areas of MPA and MPAG were used for quanti-

tative computations. Calibration curves were constructed by
non-weighted least-squares linear regression of peak areas
versus concentrations spiked to drug-free biological sam-
ples. All experiments were performed in triplicate unless
otherwise stated. Routine clinical samples were analyzed
once. The concentrations of MPA and MPAG in the clinical
samples were calculated from the peak areas on the basis
of the equations for the standard calibration curves.

3. Results and discussion

3.1. Chromatographic separation

The marked difference in the polarity of MPA (rela-
tively non-polar, logP = 3.88± 0.38 for uncharged form)
and MPAG (relatively polar, logP = 0.49 ± 0.52 for un-
charged form) posed a problem in determining both drugs
simultaneously in a single analytical run. Hence, previous
published non-ion-pair reversed-phase HPLC assays using
UV detection involved either two sets of chromatographic
conditions for separate runs to analyze each analyte[17–20]
or the use of gradient elution method for simultaneous
analysis[21]. However, the former methods would prove
to be inefficient for the analysis of the two analytes when a
large number of samples were to be involved while the lat-
ter gradient elution method would also be time-consuming
as extra time would be necessary for baseline equilibration
between consecutive runs. Therefore, preliminary attempts
to utilize reversed-phase chromatography (in the absence of
ion-pair reagent) with isocratic elution method to separate
both MPA and MPAG in a single run were carried out in this
study. Although three previous published reversed-phased
HPLC methods (non-ion-pair) reported the feasibility of si-
multaneous determination of MPA and MPAG using mobile
phase at acidic pH of around 2[22–24], preliminary results

by adopting these reported chromatographic conditions
were unsatisfactory due to interferences to the MPAG peak
from peaks of endogenous plasma substances. Attempts to
increase the retention of MPAG on the column by reducing
the acetonitrile composition of the mobile phase in order
to separate it from the plasma interferences did not provide
much improvements but resulted in unsatisfactory longer
run time as the retention of the relatively more non-polar
MPA on the column was much increased. Despite further
attempts to resolve the above problems by variations in pH
of the running buffer (pH 2.4, 4.4, 7.0 and 7.5) together
with variations in the acetonitrile composition of the mobile
phase, results were still unsatisfactory (data not shown).

Hence, isocratic ion-pair chromatography for the simulta-
neous determination of both MPA and MPAG was employed
by the addition of an ion-pairing reagent to the mobile phase
to reduce the difference in polarity between the two analytes,
so as to improve chromatographic separation[25]. This is
achieved by the addition of an ion-pairing reagent, TBA-HS
in this case, to the mobile phase (pH above pKa of the ana-
lytes) to reduce the difference in polarity between the two an-
alytes by the association of positively-charged TBA cations
with negatively-charged MPA and MPAG anions to form
non-polar, uncharged ion-pairs. The use of the ion-pairing
reagent thus served to retain MPAG for improved resolu-
tion from interfering peaks due to endogenous water-soluble
plasma proteins that elute before MPAG. In order to opti-
mize the chromatographic conditions for determining MPA
and MPAG in human plasma in a single analytical run, the
effects of the following factors were investigated: UV detec-
tion wavelength, sample preparation method, pH of running
buffer and mobile phase composition.

3.1.1. Selection of the detection wavelength
UV absorption spectra revealed absorption maxima at

215, 250 and 304 nm for MPA, and 215, 251 and 295 nm
for MPAG. Although higher sensitivity was attained at 215
and 250 nm as compared to 304 nm for both compounds,
more significant interferences from endogenous plasma sub-
stances and other possible co-administered medications ren-
dered the two former detection wavelengths inappropriate in
the analysis of plasma samples. Hence, detection was per-
formed at 304 nm, the third absorption maxima of MPA, for
increased specificity of the simultaneous MPA and MPAG
assay in plasma samples. The third absorption maxima of
MPA was chosen instead of that for MPAG because the
plasma concentrations of MPAG were usually very much
higher than that of MPA[4], so this slight shift in the de-
tection wavelength from the third absorption maxima of
295 nm for MPAG would not compromise the detection sen-
sitivity of MPAG to any great extent. As for the analysis of
MPA and MPAG in urine samples, the absence of interfer-
ences in urine samples at 215 nm made it possible to employ
215 nm as the detection wavelength for increased sensitiv-
ity in order to ensure that MPA, a minor urinary excretion
product of MMF (only around 0.6% of the administered
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dose of MMF is excreted as MPA), could be adequately
quantified.

3.1.2. Sample preparation method
Among the published methods to-date for the determi-

nation of both MPA and MPAG in human plasma, sample
preparation methods for plasma samples include solid-phase
extraction (SPE) for the simultaneous extraction of both an-
alytes[17,22,25]and protein precipitation with[24] or with-
out [21,23,26]evaporation to dryness. The multi-step SPE
method was not only work-intensive and time-consuming,
but also not cost-effective due to the use of additional expen-
sive SPE columns. Comparatively, liquid-liquid extraction
(LLE) method would be relatively more cost-effective and
LLE extractions would be as clean as that of SPE. Hence,
one-step and two-step LLE methods using eight different or-
ganic solvents or mixtures (diethyl ether, ethyl acetate, chlo-
roform, diethyl ether/ethyl acetate 1:1 (v/v), hexane/ethyl
acetate 1:1 (v/v), ethyl acetate/acetonitrile 7:3 (v/v), bu-
tanol/chloroform 2:8 (v/v), dichloromethane/dichloroethane
1:1 (v/v)) were tested for the simultaneous extraction of
both MPA and MPAG from human plasma. However, due
to the marked difference in polarity of the two compounds,
none of the above organic solvents or mixtures were ade-
quate in providing sufficient extraction yields for both MPA
and MPAG simultaneously to allow proper pharmacokinet-
ics application (data not shown).

Hence, protein precipitation using acetonitrile was chosen
as the sample preparation procedure for plasma samples in
this assay. Although protein precipitation does not provide
clean extractions like SPE and LLE, its main advantage over
the latter two techniques is its universal applicability to all
types of samples, regardless of the nature of the drug to be
analyzed. This is especially important in the present assay
that requires a sample preparation technique that enables the
simultaneous analysis of two analytes with markedly differ-
ent polarities. In addition, the use of protein precipitation
for sample preparation of plasma samples is much simpler,
faster and less costly as compared to SPE and LLE, and thus,
is particularly advantageous for clinical pharmacokinetics
studies or routine drug monitoring that involve analyses of
large batches of patient samples.

To date, only three HPLC assay papers reported the deter-
mination of MPA and MPAG in urine samples[18,20,24].
In the assays reported by Wiwattanawongsa et al. and
Teshima et al., urine samples were all diluted 20-fold using
25% methanol in 10 mM trifluoroacetic acid[24] and wa-
ter [20], respectively. Bullingham et al. divided each urine
sample into two aliquots and diluted each sample with
acetonitrile–water (10:90, v/v) by factors of 10 for MPA
analysis and 50 for MPAG analysis separately[18]. This
was not required in the present assay that could determine
both MPA and MPAG simultaneously. It was also assessed
that a 20-fold dilution carried out by Wiwattanawongsa
et al. [24] and Teshima et al.[20] was unnecessary in this
assay as a 10-fold dilution was able to provide detection

over the desired concentration ranges for both MPA and
MPAG with good linearity. Direct injection of undiluted
urine was also assessed and found to be inappropriate as lin-
earity was unattainable at the higher MPAG concentrations
of the same desired concentration range. Hence, a simple
10-fold dilution was employed as the sample preparation
method of urine samples. No endogenous interfering peaks
that eluted at the same time as the MPA and MPAG peaks
were observed during urinary analysis. This sample pre-
treatment method by just a 10-fold dilution of urine using
only water as a diluent, instead of a more complex mixture
with organic solvents, is thus much simpler and efficient
than that employed in the three previous reported methods.

3.1.3. Effect of pH of running buffer
The use of isocratic ion-pair chromatography was

first reported by Huang et al. but the method involved
time-consuming and tedious SPE for sample preparation
with the addition of two internal standards, as well as a long
run time of 20 min[25]. More recently, a faster isocratic
ion-pair chromatographic method was reported by Hosot-
subo et al. that could be completed in 8.5 min and involved
only protein precipitation as a simple sample preparation
method[26]. However, the aqueous component of the mo-
bile phase reported in this method did not involve a buffer
system but simply a 40 mM tetrabutylammonium bromide
solution without pH control (no report on the pH of the
mobile phase used)[26] and this resulted in irreproducible
retention times, particularly for MPA, when preliminary
studies were carried out to adopt this reported method. Re-
tention times were observed to shift from 11.1 to 8.2 min for
MPA (R.S.D. = 9.84%) and from 5.0 to 4.7 min for MPAG
(R.S.D. = 1.82%) after 11 consecutive runs (n = 11) over
a total period of 165 min. During these preliminary studies,
the pH of the 40 mM tetrabutylammonium bromide solution
was measured to be 4.7 (EcoMet pH meter, Istek, Seoul,
Korea) and this is very close to the pKa of the aliphatic car-
boxylic acid groups (pKa 4.5) present in MPA and MPAG.
Hence, any slight shift in the pH of this mobile phase dur-
ing sample injections would drastically affect the ionization
of the analytes and hence their retention on the column.
Therefore, the observed irreproducibility in retention times,
especially for MPA, could most likely be attributed to the
lack of a buffer in the mobile phase. Thus, improvement
to the ion-pair chromatographic method reported by Hosot-
subo et al. was made in this study by employing the use of
a buffer system to control pH for enhanced reproducibility.

In the present assay, 40 mM TBA-HS was used as the
ion-pairing reagent in a 20 mM phosphate buffer solution for
the aqueous component of the mobile phase. For the analysis
of compounds like MPA and MPAG that possess ionizable
carboxylic acid groups (pKa of the aliphatic carboxylic acid
group: 4.5), pH is an important factor affecting chromato-
graphic separation. In reversed-phase ion-pair chromatogra-
phy, pH should be selected to achieve maximal ionization of
analyte molecules and ion-pairing reagent molecules for the
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Fig. 2. The influence of pH of running buffer on the qualitative retention
of MPA, MPAG and endogenous plasma interferences. Chromatographic
conditions: 27% (v/v) of acetonitrile; running buffer solution of 40 mM
TBA-HS in 20 mM potassium dihydrogen phosphate at various pH; flow
rate of 1.0 ml/min; UV detection wavelength of 304 nm.

formation of ion-pairs[27]. The pH of the running buffer was
initially selected at 7.5 at which both MPA and MPAG would
be 99.9% ionized. However, significant endogenous interfer-
ing peaks that overlapped with MPA and MPAG peaks were
observed at this pH for plasma samples. Investigations were
thus carried out within the buffer pH range of 4.5–7.5 to op-
timize the pH in order to attain chromatographic separation
with no interferences to MPA and MPAG peaks in plasma
samples. As shown inFig. 2, the influence of pH on the re-
tention times of the plasma interfering peaks was minimal
as compared to that of the MPAG peak and in particular,
the MPA peak. Hence, pH is an important determinant for
the optimization of chromatographic separation in this case.
At pH 6.5, similar interferences were observed to the MPA
and MPAG peaks as at pH 7.5 (Fig. 2). When pH of the
running buffer was lowered to 5.5 and 4.5, the interfering
peaks were not observed to elute near the MPA and MPAG
peaks (Fig. 2). To facilitate the formation of ion-pairs, ana-
lyte molecules should be maximally ionized and therefore,
pH 5.5 was more desirable than pH 4.5 since the two com-
pounds of interest were 90.9% ionized at pH 5.5 instead of

being only 50% ionized at pH 4.5. Moreover, each analytical
run could be completed within a shorter run time at pH 5.5
as compared to that at pH 4.5. Hence, pH 5.5 was selected
as the optimal buffer pH at which good chromatographic
separation with no plasma interference to MPA and MPAG
peaks could be attained within a reasonable analysis time.

In this set of experiments, it was also found that the po-
tential problem of irreproducible retention times, which was
observed when Hosotsubo’s method was initially adopted,
was solved by ensuring the control of pH. The present assay
thus benefits from the use of a buffer in the mobile phase
system for pH control to ensure reproducibility.

3.1.4. Effect of acetonitrile composition of mobile phase
Attempt was made to further separate the MPA and

MPAG peaks from the significant endogenous plasma peaks
described in the previous section by studying the effect of
acetonitrile composition of the mobile phase at pH 5.5. The
influence of acetonitrile composition on qualitative retention
of MPA, MPAG and endogenous plasma peaks was pre-
sented inFig. 3. Although the resolution between the MPAG
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Chromatographic conditions: running buffer solution of 40 mM TBA-HS in
20 mM potassium dihydrogen phosphate at pH 5.5; flow rate of 1.0 ml/min;
UV detection wavelength of 304 nm.
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peak and the first endogenous peak, as well as that between
the MPA peak and the third endogenous peak, were increased
with a decrease in acetonitrile composition, the total ana-
lytical run time was also increased. Hence, acetonitrile at a
composition of 27% was determined as optimal for adequate
chromatographic separation within a reasonable run time.

3.2. Optimal conditions and assay validation

Under the fully optimized chromatographic conditions
for the simultaneous MPA and MPAG assay, representa-
tive chromatograms obtained from (A) blank pooled hu-
man plasma; (B) blank pooled human plasma spiked with
10 mg/l MPA and 200 mg/l MPAG; (C) plasma sample from
a renal transplant patient under immunosuppressive ther-
apy with MMF obtained 1 h after MMF administration; and
(D) plasma sample from a renal transplant patient under
immunosuppressive therapy without MMF are shown in
Fig. 4. Representative chromatograms of (A) blank human
urine; (B) blank human urine spiked with 25 mg/l MPA and
250 mg/l MPAG; and (C) a 12 h urine sample from a renal
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Fig. 4. Representative chromatograms showing the simultaneous analysis of MPA and MPAG in human plasma: (A) blank pooled human plasma; (B)
blank pooled human plasma spiked with MPA (10 mg/l) and MPAG (200 mg/l); (C) plasma sample from a stable renal transplant patient under chronic
immunosuppressive therapy with MMF obtained 1 h after MMF administration (MPA: 8.97 mg/l, MPAG: 111 mg/l); (D) plasma sample from a renal
transplant patient under immunosuppressive therapy without MMF. Retention times: MPAG∼3.8 min, MPA∼11.4 min.

transplant patient under immunosuppressive therapy with
MMF are presented inFig. 5. For both analyses of plasma
and urine samples, MPAG and MPA peaks were well re-
solved, with retention times of around 3.8 and 11.4 min, re-
spectively. Each chromatographic run was completed within
15 min. As the sample preparation procedure only involved
a simple protein precipitation step for plasma samples and
a dilution step for urine samples, the use of an internal stan-
dard was therefore not required and quantitation of MPA
and MPAG was based on absolute peak area measurements.

3.2.1. Specificity and selectivity
The specificity and selectivity of the assay were examined

in order to validate that the assay can reliably quantitate both
MPA and MPAG in the presence of other constituents in clin-
ical samples, especially plasma samples. This investigation
is of particular importance as polypharmacy is common in
transplant patients. Potential chromatographic interferences
by commonly administered concomitant drugs, as well as
endogenous plasma interferences, were evaluated by the
analysis of several patient plasma specimens received for
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Fig. 5. Representative chromatograms showing the simultaneous analysis of MPA and MPAG in human urine: (A) blank human urine; (B) blank human
urine spiked with MPA (25 mg/l) and MPAG (250 mg/l); (C) 12 h urine sample (collected at the time the evening dose of MMF was administered to
the time the next morning dose was administered) from a stable renal transplant patient under chronic immunosuppressive therapy with MMF (MPA:
17.0 mg/l, MPAG: 565 mg/l). Retention times: MPAG∼3.8 min, MPA∼11.4 min.

routine drug monitoring. These clinical samples were from
renal transplant patients who were on routine follow-up at
Singapore General Hospital and under immunosuppressive
therapy with and without MMF. Screening of these plasma
samples did not show any interfering peaks from common
co-administered drugs (Table 1) where the MPAG and MPA
peaks eluted (Fig. 4).

3.2.2. Linearity
Assay linearity was evaluated based on the analysis of

calibration standards prepared as described above. Each cal-
ibration concentration was assayed in triplicates and quan-
titation was based on absolute peak area measurements. For
plasma samples, six-point calibration curves were linear
over the range of 0.5–40 mg/l MPA (y = 7311.1x− 497.35,
r2 = 0.9987) and over the range of 10–400 mg/l MPAG (y =
2312.7x − 478.37, r2 = 0.9994). A high degree of correla-
tion was also demonstrated in urine samples, with linearity

data of y = 12981x − 50301(r2 = 0.9988) for MPA in
the range of 5–500 mg/l; andy = 8805.8x − 48158(r2 =
0.9987) and y = 13460x − 1085057(r2 = 0.9996)
for MPAG in the ranges of 20–250 and 250–4000 mg/l,
respectively.

3.2.3. Limits of detection and quantitation
Limit of detection (LOD) was defined as the analyte con-

centration with a signal-to-noise ratio of three. The limit of
quantitation (LOQ) was determined as the lowest point on
the calibration curve that could be analyzed within 20% of
the nominal value (absolute percentage error within 20%).

For plasma samples, the LOD values were found to be
0.1 mg/l for MPA and 3 mg/l for MPAG, and LOQ values
were evaluated as 0.5 mg/l for MPA and 10 mg/l for MPAG.
The sensitivity of the present assay was compared with that
of previous published studies for simultaneous determina-
tion of MPA and MPAG in plasma samples that similarly
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Table 1
Drugs that did not show interferences to MPAG and MPA peaks under
the optimized chromatographic conditions

Immunosuppressives Antibiotics
Azathioprine Sulfamethoxazole-trimethoprim
Cyclosporine Cardiac drugs
Methylprednisolone Amlodipine
Prednisolone Atenolol
Rapamycin (Sirolimus) Captopril
Tacrolimus Diltiazem

Gastro-intestinal drugs Enalapril
Esomeprazole Nifedipine
Famotidine Simvastatin
Omeprazole Others

Anti-diabetic drugs Alpha-calcidol
Tolbutamide Calcium carbonate

Hypnotic Erythropoietin
Zopiclone Ferrous fumarate

Anti-viral Folic acid
Ganciclovir Renalvite

Vitamin B complex

employed protein precipitation without evaporation to dry-
ness[21,23,26]. The LOD values of MPA and MPAG were
poorer than those reported by Shipkova et al. (LOQ val-
ues not reported)[21] while the LOQ values were not as
good as those by Svensson et al. (LOD values not reported)
[23] because lower detection wavelengths (215 and 254 nm)
were used in these previous studies for increased sensitivity.
However, as discussed earlier, due to the interferences that
were found at lower wavelengths in the present assay, sen-
sitivity had to be slightly compromised for increased selec-
tivity in this case. When compared to the method presented
by Hosotsubo et al.[26] that employed the same 304 nm
detection wavelength, the LOD and LOQ values of MPA
were comparable but that of MPAG were not as good. Nev-
ertheless, sensitivity in this present assay was sufficient for
the determination of the MPAG concentrations in clinical
plasma samples as the plasma concentrations of MPAG were
usually relatively high.

The LOD and LOQ values in urine samples were assessed
to be 1 and 5 mg/l, respectively, for MPA, and 7 and 20 mg/l,
respectively, for MPAG. Three assay papers on the analy-
sis of MPA and MPAG in urine samples were previously
reported[18,20,24], and the LOD and LOQ values in this
study were more or less comparable to those reported. In
this present study, the sensitivity of the assay for the urinary
analysis of MPA and MPAG was demonstrated to be more
than sufficient for quantitating the total cumulative amounts
of both analytes in 12 h urine samples of stable patients on
chronic MMF therapy.

3.2.4. Precision and accuracy
Intra-day precision of the assay was studied by triplicate

analyses (n = 3) of samples at each of three spiked con-
centrations within the same day. Inter-day precision of the
method was determined at the same three concentrations
used in the study of intra-day precision, with samples at each

Table 2
Intra- and inter-day precision (quantitation based on absolute peak areas)
of the simultaneous MPA and MPAG assay in human plasma and urine

Nominal drug
concentration (mg/l)

Imprecision (R.S.D.) (%)

Intra-day
(n = 3)

Inter-day
(n = 3)

Plasma samples
MPA 1 0.42 4.42

25 2.49 8.60
40 2.48 7.45

MPAG 10 2.38 7.89
200 8.14 9.97
400 4.30 7.50

Urine samples
MPA 5 3.04 4.00

50 3.04 3.16
500 1.82 0.36

MPAG 50 3.27 6.01
500 3.34 2.11

4000 1.39 1.41

concentration being analyzed in triplicates over three con-
secutive days (n = 3). The precision of the plasma sample
analysis of MPA and MPAG was studied using pooled blank
human plasma spiked with MPA at concentrations of 1, 25
and 40 mg/l, and MPAG at concentrations of 10, 200 and
400 mg/l. The relative standard deviation (R.S.D.) values for
absolute peak areas of MPA and MPAG in plasma samples
were less than 2.5 and 8.2%, respectively, for intra-day pre-
cision, and not more than 8.6 and 10.0%, respectively, for
inter-day precision (Table 2). For the analysis of MPA and
MPAG in urine samples, precision of the assay was evalu-
ated using blank urine samples spiked with MPA at concen-
trations of 5, 50 and 500 mg/l, and MPAG at concentrations
of 50, 500 and 4000 mg/l. The R.S.D. values for absolute
peak areas of MPA and MPAG in urine samples were less
than 3.1 and 3.4%, respectively, for intra-day precision, and
not more than 4.0 and 6.1%, respectively, for inter-day pre-
cision (Table 2).

The accuracy of the assay was also assessed by evaluat-
ing the analytical recoveries (defined as the analyzed con-
centration expressed as a percentage of the actual spiked
concentration) and mean absolute percentage errors (defined
as the absolute percentage of difference between the anal-
ysed and the spiked concentration over that of the spiked
value) of MPA and MPAG concentrations in both plasma
and urine samples over the linearity ranges, with each con-
centration being assayed in triplicates. As shown inTables 3
and 4, the mean analytical recoveries of MPA and MPAG in
plasma samples were within 86.0–104 and 89.9–115%, re-
spectively, and those in urine samples were within 92.4–116
and 95.0–118%, respectively. The mean absolute percent-
age errors of MPA and MPAG concentrations in plasma and
urine were not more than 18.0% for the concentrations at
the quantitation limits (LOQ) and not more than 10.1% for
the other concentrations examined (Tables 3 and 4).
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Table 3
Accuracy of the simultaneous MPA and MPAG assay in human plasma

Drug concentration (mg/l) R.S.D. (%) Mean absolute percent error
between spiked and analyzed
concentrations

Mean analytical
recovery (%)

Spiked Analyzeda

(mean± S.D.)

MPA 0.5 0.43± 0.02 5.52 14.0 86.0
1 0.95± 0.04 3.94 5.00 95.0
5 5.19± 0.18 3.41 3.80 104

10 9.55± 0.23 2.20 4.50 95.5
25 26.0± 1.81 6.60 4.16 104
40 39.4± 0.98 2.48 1.40 98.6

MPAG 10 11.5± 0.27 2.34 15.2 115
25 22.5± 0.84 3.73 10.1 89.9
50 50.5± 3.82 7.57 0.90 101

200 204± 19.2 9.39 2.19 102
300 293± 2.00 0.68 2.27 97.7
400 403± 17.3 4.30 0.74 101

a Average of three replicates.

3.2.5. Stability
The stability of both MPA and MPAG in biological fluids

has been well established in literature. As reported by Tsina
et al.[17], MPA and MPAG were stable in whole blood and
plasma for at least 4 h at 20–23◦C, at least 8 h at 1–4◦C
and at least 11 months at a freezer temperature of−20◦C.
MPA and MPAG were also reported to be stable in plasma
after three freeze–thaw cycles[17]. After sample prepara-
tion of spiked plasma samples by protein precipitation using
acetonitrile, MPA and MPAG were demonstrated to be sta-
ble in the extract for 24 h at room temperature (25◦C) [26].
As for urine samples, Bullingham et al.[18] reported that
MPA and MPAG were stable in urine at room temperature
(21–24◦C) for at least 8 h, refrigerated (1–4◦C) for at least
15 days, frozen (−20◦C) for at least 6 months, and also
after three freeze–thaw cycles.

Table 4
Accuracy of the simultaneous MPA and MPAG assay in human urine

Drug concentration (mg/l) R.S.D. (%) Mean absolute percent error
between spiked and analyzed
concentrations

Mean analytical
recovery (%)

Spiked Analyzeda

(mean± S.D.)

MPA 5 5.81± 0.06 1.01 16.2 116
10 9.70± 0.54 5.53 3.00 97.0
25 23.1± 0.59 2.57 7.64 92.4
50 49.4± 1.38 2.80 1.20 98.8

100 94.0± 2.15 2.29 5.96 94.0
250 263± 1.15 0.44 5.28 105
500 495± 8.95 1.81 1.05 99.0

MPAG 20 23.6± 0.39 1.65 18.0 118
50 49.6± 1.45 2.91 0.74 99.3

100 95.0± 0.55 0.58 5.01 95.0
250 242± 2.06 0.85 3.30 96.7
500 535± 15.2 2.83 7.06 107

2000 1950± 5.74 0.29 2.32 97.7
4000 4020± 54.8 1.37 0.48 101

a Average of three replicates.

3.3. Clinical application

The applicability of the present methodology for pharma-
cokinetic studies is illustrated inFig. 6, which shows the 12 h
pharmacokinetic profiles of MPA and MPAG in plasma from
an individual stable transplant patient. Although plasma lev-
els were analyzed up to 6 h after drug administration, the
levels of MPA and MPAG at 12 h (t = 12) after drug admin-
istration (also considered 0 h of the next dose administration)
could also be plotted on the profiles by safely assuming these
levels to be the same as that analyzed at 0 h. This assumption
could be made confidently as this patient has been on MMF
for more than 3 months, so her plasma levels of both analytes
were at steady-state; and moreover, her morning and evening
doses of MMF were the same, so it could be safely assumed
that the trough levels (at 0 and 12 h after drug administration)
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Fig. 6. Pharmacokinetic profiles of MPA and MPAG of an individual
stable renal transplant patient under chronic immunosuppressive therapy,
receiving 500 mg MMF (CellCept®) twice daily.

of both MPA and MPAG would be constant. For this in-
dividual stable patient receiving 500 mg MMF (CellCept®)
twice daily, the results indicated that the plasma trough lev-
els (Cmin) of MPA and MPAG were 1.96 and 57.9 mg/l, re-
spectively. The maximum plasma concentration (Cmax) of
MPA was 16.2 mg/l at peak time (tmax) of 45 min after drug
administration andCmax of MPAG was 111 mg/l attmax of
70 min after drug administration. The calculated area under
the plasma concentration-time curve at steady-state (AUCss)
was 38.3 mg h/l for MPA and 906.9 mg h/l for MPAG. The
assay was also successfully applied for the determination of
the concentrations of MPA and MPAG of the same patient’s
12 h urine sample (Fig. 5c). The cumulative amounts of
MPA and MPAG excreted into urine by the patient during
the 12 h after drug administration were 13.6 and 452.0 mg,
respectively.

4. Conclusion

The simplicity of the sample preparation procedures, re-
quirement of small plasma and urine volumes and capability
of determining both MPA and MPAG in a simultaneous chro-
matographic run render the reversed-phase ion-pair chro-
matographic assay presented in this study desirable for its
practical application in clinical pharmacokinetic studies. To
date, this is the third analytical method using reversed-phase
ion-pair chromatography for the simultaneous determina-
tion of MPA and MPAG. This present method employs the
use of a buffer system to control the pH of the mobile phase
for enhanced reproducibility in retention times, which is an
improvement over the ion-pair assay by Hosotsubo et al.
in which the chromatographic analyses were carried out in

the absence of a running buffer, without pH control[26].
The present assay thus benefits in this aspect. In addition,
as compared to the other reported ion-pair method estab-
lished by Huang et al.[25], the present assay appeared to
be superior in terms of its much simpler sample preparation
procedure and faster analysis time. Furthermore, the present
method offers a simplified sample pretreatment procedure
of urine samples by only a 10-fold dilution with water alone,
instead of a 20-fold dilution using 25% methanol in 10 mM
trifluoroacetic acid as employed by Wiwattanawongsa et al.
[24] and using water by Teshima et al.[20] or the much
more complex procedure comprising of separate dilutions of
two aliquots of each urine sample using acetonitrile–water
(10:90, v/v) by factors of 10 for MPA analysis and 50 for
MPAG analysis as reported by Bullingham et al.[18]. The
optimized analytical method in this study showed good per-
formance in terms of selectivity, sensitivity, linearity, preci-
sion and accuracy for the simultaneous quantitation of MPA
and MPAG in both human plasma and urine. Furthermore,
clinical applicability of this assay for pharmacokinetic stud-
ies of MPA and MPAG was also demonstrated. Hence, this
present analytical method is currently being applied to an
ongoing clinical pharmacokinetic study.
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