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a b s t r a c t

Multicriteria optimization methodology was applied for development of isocratic reversed-phased HPLC
method for simultaneous determination of mycophenolic acid (MPA) and mycophenolic acid glucuronide
(MPAG) in human urine and plasma. In the first stage of method development, pH value of the water phase,
percentage of acetonitrile, temperature of the column and flow rate of the mobile phase were investigated
using fractional factorial design.

Afterwards, the optimal conditions were found employing central composite design and Derringer’s
desirability function. Two goals were considered, the retention factor of the MPAG to be in the range,
between 0.8 and 1.118 which allowed well separation of MPAG from the urine and plasma peaks, and the
shortest possible total analysis run time. Then, the obtained sigmoid functions were used to transform
the optimization criteria into the desirability values.

The satisfactory chromatographic conditions were obtained with mobile phase consisted of
acetonitrile–phosphate buffer (pH 2.4; 0.04 M KH2PO4) (28:72, v/v). The separation was performed on

C18 Chromolith column (100 mm × 4.6 mm) with flow rate of 5 mL/min, the temperature of the column
was 25 ◦C and the chosen wavelength for simultaneous determination of MPA and MPAG was 215 nm. The
MPAG eluted at 0.552 min and the duration of run was 3.092 min.

Afterwards, the method was subjected to validation. Linearity was observed over the concentra-
tion range of 1–50 �g/mL for MPA and 1–500 �g/mL for MPAG in urine and 1–60 �g/mL for MPA and
1–70 �g/mL for MPAG in plasma matrix. The method showed intra-day and inter-day precision with
relative standard deviation lower then 5% and accuracy as recovery (%) between 100 ± 5%.
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. Introduction

Mycophenolate mofetil (MMF, Fig. 1a) is an immunosuppressive
gent which is mostly used in solid organ transplant patients to pre-
ent organ rejection [1]. MMF is pro drug which is rapidly absorbed
nd hydrolyzed to form free mycophenolic acid (MPA) (Fig. 1b), the
ctive metabolite. MPA potently, selectively and reversibly inhibits
nosine monophosphate dehydrogenase (IMPDH) and therefore

nhibits the de novo pathway of purine synthesis in T and B cells
2]. MPA is further metabolized through glucuronidation to form
n inactive metabolite mycophenolic acid glucuronide (MPAG)
Fig. 1c) which exists in plasma in up to 100-fold greater concen-

∗ Corresponding author. Tel.: +381 113951334; fax: +381 113972840.
E-mail addresses: ljzivan@pharmacy.bg.ac.yu, ljzivan@pharmacy.bg.ac.rs

L. Živanović).

n
c
b
[
b
e
e
t
i

731-7085/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2008.09.052
© 2008 Elsevier B.V. All rights reserved.

rations than MPA [3,4]. A second and less abundant metabolite is
he acyl glucuronide (AcMPAG). Unlike MPAG, AcMPAG is pharma-
ologically active [4].

The monitoring of MPA levels is necessary, in particular
uring the induction and adaptation periods when multiple fac-
ors may affect MPA pharmacokinetics: impaired renal function,
rug–drug interactions between MPA and cyclosporine, glucocor-
icoids, antacids, and metronidazol [5]. The literature suggests the
ecessity of measuring AUC, because a single time point does not
orrelate well with AUC, the target level of MPA AUC0–9 should
e approximately 30 ng h/mL to avoid organ failure and toxicity
6,7]. On the other hand, MPAG is inactive metabolite extensively

ound to serum albumin, from which it can displace MPA, and is
xcreted in both urine and bile. Excretion of MPAG into bile allows
nteric organisms with glucuronidase activity to cleave MPAG back
o MPA which can undergo enterohepatic recirculation. Accord-
ngly, two MPA peaks in plasma are usually seen: one following the

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:ljzivan@pharmacy.bg.ac.yu
mailto:ljzivan@pharmacy.bg.ac.rs
dx.doi.org/10.1016/j.jpba.2008.09.052
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Fig. 1. Structures of mycophenolate mofetil (a), mycophenolic ac

rst adsorption and occurs 0.5–1 h after oral administration and
econd and smaller peak representing adsorption from the distal
owel following enterohepatic recirculation 4–6 h after oral intake
f the parent drug Cellcept [7]. Because of these facts, measuring
he concentration of MPAG in urine and plasma samples can be
seful. Such research requires fast analytical methods due to the
igh number of samples that should be processed. Therefore the
im of our study was to develop simple, sensitive, precise, accurate
nd above all rapid method for analysis of MPA and MPAG in both
uman urine and plasma.

The optimization process is one of the most important and
omplex stages during method development. The most popular
pproach is “one variable at a time”. This is a time consuming
ethodology which requires a high number of experiments and

bove all it cannot provide information about possible interac-
ions of the investigated factors. Based on these facts, the classical

ethodology may be inefficient in determining the true optimal
onditions [8]. Because of this, the alternative approach was cho-
en and included fractional factorial design and response surface
ethodology (RSM) (in our case central composite design, CCD).

hus, RSM makes it possible to obtain a map of the response in the
orm of a surface and to predict the considered responses over the
hole domain. Moreover, the obtained models can be used for opti-
ization when multiple responses are considered [9]. In our study,

he multicriteria decision making approach, Derringer’s desirability
unction, was used for the evaluation of two different chromato-
raphic performance goals. The first goal was to obtain the retention
actor of MPAG between 0.8 and 1.12, as it allowed well separation
f MPAG from the urine and plasma peaks, and the second goal was
o provide the shortest possible total analysis run time.

Considering methods for simultaneous determination of MPA
nd MPAG, several methods have been reported. The early reported
ethods rely on indirect measurement of MPAG after enzymatic

ydrolysis to MPA [10]. Another practical inconvenience of reported
ethods was the use of ion pair reagents [11–17] which are

egarded as extremely column damaging, and gradient elution
ethods [2,18–20] as a time consuming procedures. Isocratic meth-

ds without use of ion pair reagents and gradient elution have been

lso established. But, the lower sensitivity [21] and time consum-
ng chromatographic run [4,21–25] were the disadvantages of these

ethods. Some of the mentioned methods [4,23,25] use the protein
recipitation for sample purification which could be useful as time
aving procedure. On the other hand, unlike SPE methods, protein

2

(

mycophenolic acid glycuronide (c) and prophyl parabenum (d).

recipitation approach does not allow the possibility of concentrat-
ng the biological samples. This could be a problem, especially when

orking with large number of samples with high variability, like
iological samples. The LC/MS methods for quantification of inves-
igated substances have also been established [26–29]. Although
hese methods have obvious advantages, still, few clinical labora-
ories are in position to perform LC/MS methods. Therefore new
ensitive, precise, accurate and rapid RP-HPLC UV method for drug
onitoring of MPA and MPAG in pediatric patients is more then
elcome in this area. Among the mentioned LC/MS papers, LC/UV
ethod has also been developed [29]. But this method has serious

rawbacks concerning the gradient elution and total analysis run
ime of 18 min. In the latest published papers the AcMPAG has also
een determined [4,23,25,27,29]. But to our knowledge, not only
hat this is the most rapid method but also there are no reported
apers based on optimization and development of the chromato-
raphic procedure. Applying multicriteria optimization approach
nabled us to investigate and determine complete chromatographic
ehavior of the investigated substances. This could be valuable
or further research and establishment of other chromatographic

ethods.
At the end, the developed method was subjected to validation

ccording to FDA [30] and ICH [31] guidelines and the proposed
ethod met all validation criteria.

. Experimental

.1. Chemicals and reagents

MPA and internal standard prophyl parabenum (I.S.) (Fig. 1d)
ere purchased from Sigma (Taufkirchen, Germany). MPAG was

indly supplied by Roche (Palo Alto, CA). Reagent grade 85%
rthophosphoric acid and potassium dihydrogen phosphate were
btained from Carlo Erba (Milan, Italy) and Merck (Darmstadt, Ger-
any), respectively. Acetonitrile HPLC-grade was obtained from

ab Scan (Dublin, Ireland) and purified water from a Simplicity 185
urification system, Millipore (Billerica, MA, USA) was used in the
reparation of buffer solutions.
.2. Instrumentation and materials

HPLC analysis was performed with an Agilent Technologies
Palo Alto, CA, USA) HP 1100 chromatograph equipped with HP
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100 binary pump, HP 1100 UV-visible detector and Rheodyne
0-�L loop injector. Data was acquired with ChemStation soft-
are from HP. Compounds were separated on Chromolith RP-18e

100 mm × 4.6 mm, macropore size 2 �m, mesopore size 13 nm)
olumn (Merck, Darmstadt, Germany). Before use, the mobile phase
as degassed and vacuum filtered through 0.45 �m nylon mem-
ranes (Alltech Associates, Lokeren, Belgium).

The clean-up procedure of plasma samples consisted of a solid
hase extraction and was performed using BAKER spe-12G vacuum
anifold system from J. T. Baker (Deventer, Holland) coupled to a

acuum pump from KNF Neuberger (Freiburg, Germany).
For extraction procedure, Baker Bond SPE columns were used;

olumn size 1 mL and filled with 100 mg silica-boned C18, pur-
hased from J. T. Baker (Deventer, Holland).

.3. Chromatographic conditions

The mobile phase consisted of acetonitrile–potassium dihydro-
en phosphate buffer (pH 2.4; 0.040 M) (28:72, v/v). The pH of
he water phase was adjusted to 2.4 with 85% orthophosphoric
cid. The column was thermostated at 25 ± 0.2 ◦C, flow rate was
mL/min and detection was performed at 215 nm.

.4. Urine and plasma samples

Drug free human urine and plasma samples were obtained from
en healthy volunteers. Plasma and urine samples from patients
ere obtained from Children’s University Hospital in Belgrade.
lood samples were collected into tubes containing 4% water solu-
ion of sodium citrate and separated by centrifugation at 3000 × g
or 10 min. All samples were stored at −80 ◦C until analysis.

.5. Preparation of stock and working solutions

Stock solutions of MPA, MPAG and prophyl parabenum (I.S.)
ere prepared in acetonitrile–water (50:50, v/v) from standard

ubstances in the concentration of 10, 35 and 5 mg/mL, respec-
ively. Then, working solutions of 25, 75, 500, 2500, 5000,
0000 12500 �g/mL of MPAG, 25, 75, 125, 250, 500, 1000,
250 �g/mL of MPA and 1250 �g/mL of I.S. were prepared in
cetonitrile–potassium dihydrogen phosphate buffer (pH 4.0;
.04 M) (15:85, v/v). These working solutions were used for spik-

ng blank human urine. The working solutions for spiking blank
uman plasma were prepared in concentrations of 5, 15, 25, 50,
00, 250, 350 �g/mL of MPAG, 5, 15, 50, 100, 200, 250, 300 �g/mL
f MPA and 250 �g/mL of I.S. These solutions were also prepared
n acetonitrile–potassium dihydrogen phosphate buffer (pH 4.0;
.04 M) (15:85, v/v).

All solutions were stored at refrigerator temperature (4–8 ◦C)
or one month. The stability of stock and working solutions was not
nvestigated for a longer period of time.

.6. Calibration standards

The volume of 100 �L aliquots of the above-mentioned working
olutions was transferred into glass vials containing 0.5 mL of blank
uman urine and plasma. After SPE procedure, which is thoroughly
escribed in Section 2.8, samples contained: 1, 3, 20, 100, 200, 400,

00 �g/mL of MPAG and 1, 3, 5, 10, 20, 40, 50 �g/mL of MPA in urine
nd 1, 3, 5, 10, 40, 50, 70 �g/mL of MPAG and 1, 3, 10, 20, 40, 50,
0 �g/mL of MPA in plasma samples. All samples finally contained
0 �g/mL of I.S. The zero urine and plasma samples were prepared

n the same way by adding only I.S. in drug free urine and plasma
o yield the final concentration of 50 �g/mL.
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.7. Quality control samples

For the validation of the assay, three pools of quality control
QC) samples were prepared. QC urine samples were prepared in
oncentrations of 3 �g/mL (low), 200 �g/mL (medium), 400 �g/mL
high) of MPAG and 3 �g/mL (low), 10 �g/mL (medium), 40 �g/mL
high) of MPA. QC plasma samples were prepared to the final con-
entrations of 3 �g/mL (low), 10 �g/mL (medium) and 50 �g/mL
high) of both MPAG and MPA. In all QC samples the concentration
f I.S. was 50 �g/mL.

The preparation of QC samples was also preformed in the previ-
usly described way. QC samples were prepared daily and parts of
he three pools of all QC samples were stored at −20 ◦C to study the
tability after thaw–freeze cycles in long term. The samples, which
ere used for the optimization of chromatographic procedure,
ere prepared in the same concentration as QC (medium) samples.

.8. Extraction procedure of urine and plasma samples

An aliquot of 0.5 mL of KH2PO4 (pH 2.4; 0.040 M) was added to all
repared samples and this was followed by brief vortex mixing. The
PE cartridges were conditioned with 2 mL of methanol, followed
y 2 mL of phosphate buffer (pH 2.4; 0.040 M). The prepared plasma
amples were then applied to the cartridges manually and washed
ith 2 mL of phosphate buffer (pH 2.4; 0.056 M). Afterwards,

he substances were eluted with 0.5 mL of acetonitrile–phosphate
uffer (pH 2.4; 0.040 M) (70:30, v/v) in case of both urine and
lasma samples. After the extraction procedure, 2.0 mL of the phos-
hate buffer (pH 2.4; 0.040 M) was added in urine samples. The
ilution was necessary because of much higher concentrations of

nvestigated substances in urine.

. Results and discussion

Differences in hydrophilic properties of MPA (relatively non-
olar, log P = 3.88 ± 0.38 for uncharged form) and MPAG (relatively
olar, log P = 0.49 ± 0.52 for uncharged form) make the simulta-
eous determination of both components in one analytical run a
ifficult task [7]. The retention factor of MPAG should be greater
han 0.8 since this would insure separation of MPAG from urine and
lasma peaks. At the same time, this could influence and prolong
he total analysis run time. As the second aim of the optimiza-
ion was to achieve the shortest possible analysis run time, this
esponse was also necessary to take into consideration. When sev-
ral responses are evaluated through an experimental design, it
s unlikely that the optimum points reached individually for each
actor coincide in all the cases. Faced with this situation, it was
ecessary to look for a compromise zone where all the experimen-
al responses fulfill the specifications imposed by the researcher
o achieve the aims proposed [32]. In order to optimize reten-
ion factor of MPAG and total analysis run time, the combination
f experimental design and Derringer’s desirability function was
ound to be necessary.

.1. Screening design

Preliminary experiments involved the investigation of the vari-
bles that might have influence on the behavior of analyzed
ubstances in the chromatographic system. Generally, the HPLC

eparation depends on the physical and chemical properties of the
ompounds, composition and pH of the mobile phase, column tem-
erature and stationary phase properties. According to this, in the
creening phase all factors that could influence the separation of
PA and MPAG as well as their domains were determined.
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Table 1
Investigated variables and their levels studied in the FFD 24-1 design.

Variables Investigated levels

−1 0 +1

(A) pH value of the phosphate buffer (KH2PO4) 2.4 3.6 4.8
(B) Acetonitrile in the mobile phase (%) 25 30 35
(C) Temperature of the column (◦C) 25 30 35
(D) Flow rate of the mobile phase (mL/min) 1 3 5

Table 2
The plan of the experiments for the FFD 24-1 design for four variables and corre-
sponding retention factors for MPA and MPAG.

Experiment no. Variables Retention factors

A B C D MPA MPAG

1 −1 −1 −1 −1 15.85 1.54
2 +1 −1 −1 +1 11.51 0.33
3 +1 +1 −1 −1 2.66 0.06
4 +1 −1 +1 −1 11.30 0.34
5 −1 −1 +1 +1 12.87 1.24
6 +1 +1 +1 +1 2.75 0.13
7
8
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a
significant influence on the chromatographic behavior of both sub-
stances. Both variables have negative effect on the retention factor
of MPA and MPAG. According to the obtained results, only these
two variables were further investigated in detail using CCD and
multiple response analysis. The temperature of the column and

Table 3
Estimated effects and absolute values of standardized effects for MPA and MPAG.

Variables Estimate effects Standardized effects (absolute values)

MPA MPAG MPA MPAG

A −0.84 −0.325 5.18 23.52
L. Živanović et al. / Journal of Pharmaceuti

During preliminary experiments, nature of the stationary phase
as firstly investigated. The C18 packing columns showed to be

he most suitable according to the nature of the compounds. At
ne side, XTerra C18 column enabled better peak shape of the
ompounds towards conventional C18 columns due to its hybrid
echnology. On the other side, monolithic packing, as one of the
ew developments, can achieve a high-speed separation. As the
aramount of the modern pharmaceutical analysis is to provide
igher column efficiency and shorter analysis time, we decided
o continue our investigations on Chromolith C18 column. This
nabled us to provide satisfactory peak symmetries and to work
ith flow rates up to 5 mL/min. For that reason, the influence of

he flow rates on the chromatographic behavior of the compounds
as also included in the screening design.

Afterwards, the percentage of organic modifier was examined.
etween different organic modifiers, acetonitrile showed the best
haracteristics considering peak shape and retention parameters.
s the retention time of the compounds was unreasonably pro-

onged when amount of acetonitrile was below 25%, this percentage
as chosen as the low level. At the same time, 35% of organic mod-

fier was chosen as the high level since above this percentage, no
eparation could be achieved.

Considering peak broadening and symmetries, the addition of
hosphate buffer was necessary. Satisfactory peak symmetries
ere accomplished with 40 mM KH2PO4. Since lower concentra-

ions of the phosphate buffer did not give satisfactory results and
igher concentrations showed to have no influence on the reten-
ion parameters, buffer concentration was held constant and was
ot taken into the consideration in the further investigation.

The pH values of the water phase were decided to be varied
rom 2.4 to 4.8. The pKa values of the investigated compounds (pKa

MPAG) = 2.8 and pKa (MPA) = 4.5) showed that MPAG is stronger
cid compared to MPA. As MPAG is completely ionized at pH two
nits above its pKa, the investigated pH area should be tighter. On
he other hand, the lower pH prolonged retention time of MPA
nd consequently total analysis run time. The idea was to exam-
ne wider pH range and investigate the statistical significance of
H variable and all possible interactions between pH and all other
ariables (depending on the combination of the variables it might
e possible to work on higher pH values and still obtain satisfac-
ory retention factor of MPAG) which would lead to the choice of a
horough experimental optimum.

The temperature was examined in the range from 25 to 35 ◦C.
ince the peak symmetries of both compounds were considerably
orse on higher temperatures, wider range of temperature was not

nvestigated.
After preliminary experiments, 24−1 fractional factorial design

FFD) was performed. FFD was employed prior to central composite
esign to reduce the number of variables. In that way only statis-
ically significant variables would be studied in detail employing
ptimization designs [33].

Applying FFD the number of experiments can be kept low based
n the assumption that interaction effects among three or more
arameters are small compared to main effects and two-variable

nteraction effects [34]. The number of experiments in FFD is given
y 2k−p + C, where k is the number of variables, C number of repli-
ates and p a whole number that indicates how fractionated the
xperimental design will be. When p is zero, the experimental
esign is full [35]. The repetition of four experiments at central
oint provided a precise estimate of an experimental error and the

ignificance of each variable. All other experiments were performed
andomly and without repetition.

The investigated variables and their domains are presented in
able 1. Only two levels were used so that the variables were con-
idered as discrete values and no continuous second order response

B
C
D

A
(

−1 +1 −1 +1 3.16 0.30
−1 +1 +1 −1 3.04 0.30

– pH value of the phosphate buffer (KH2PO4); B – acetonitrile in the mobile phase
%); C – temperature of the column (◦C); D – flow rate of the mobile phase (mL/min).

odel could be estimated. High and low levels of each variable are
ased on the preliminary investigations and are denoted as +1 and
1. Experimental plan for FFD is reported in Table 2. The observed

esponse was retention factor for both substances and according
o obtained values, estimated and then standardized effects were
alculated. The obtained values of estimated and absolute values of
tandardized effects for MPA and MPAG are presented in Table 3.
he effect of each variable was then tested using a Student’s t-test
ith a corresponding p-value. The factors in which p-values were

bove 0.05 were considered as “statistically significant”. A graphical
isplay of the standardized effect (the absolute value of the esti-
ated effect divided by its standard error estimate) of each variable
as given in a Pareto chart. The length of the bars is proportional

o the absolute value of the standardized effects, and is presented
n Fig. 2. A line in the Pareto chart indicated the threshold for a test
t level p = 0.05 (for tcrit = 3.184) [36,37].

Not only the absolute, but also the standardized effects are pre-
ented in the Fig. 2 in order to see weather the influence of the
ariable on the response is positive or negative. If a standardized
ffect is a negative value, it indicates that increase of a variable
eads to decrease of a retention parameter and if it is positive, the
ncrease of variable leads also to increase of the response.

From the obtained results it could be concluded that percent-
ge of acetonitrile and pH of the water phase showed statistically
−4.99 −0.33 30.82 24.71
−0.40 −0.03 2.49 2.12
−0.32 −0.03 1.99 2.33

– pH value of the phosphate buffer (KH2PO4); B – acetonitrile in the mobile phase
%); C – temperature of the column (◦C); D – flow rate of the mobile phase (mL/min).
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D = [d1 × d2 × d3 × . . . × dn ] ,

where pi is the weight of the response, n the number of responses
and di is the individual desirability function of each response
obtained from the transformation of the individual response of each

Table 4
The plan of the experiments for the CCD design for two variables with the four-fold
repetition of the center point and corresponding retention factors for MPA and MPAG
further used in the multiple response procedure.

Experiment no. Variables Investigated responses

A B MPA MPAG
Retention time Retention factor

1 +1 +1 1.084 0.08
2 −1 +1 1.266 0.299
3 +1 −1 3.854 0.33
4 −1 −1 4.972 1.11
5 +1 0 1.778 0.11
6 −1 0 2.37 0.6
7 0 +1 1.359 0.233
8 0 −1 5.123 0.89
9 0 0 2.8 0.5
ig. 2. Representative Pareto charts of standardized effects (absolute value) obtaine
A) and MPAG (B).

ow rate showed to have no statistically significant influence on
he chromatographic behavior of the investigated compounds and
as further held constant. It was chosen to hold temperature at

he 25 ◦C concerning the best peak symmetries. For flow rate was
ecided to be 5 mL/min because no significant back pressure was
oticed and the speed of the analysis was approved.

.2. Response surface methodology

Now a detailed optimization procedure was applied in order to
nd out the exact values of the variables which would fulfill all
roposed goals.

The purpose of RSM is to obtain a predictive model for each
esponse which adequately represents changes in the response
ithin the zone of interest, depending on the input variables. More-

ver, the obtained models could be used for optimization in the
roblem of treating multiple responses [9].

In order to carry out a quadratic regression on the model coef-
cients, each design variable has to be studied at least at three
istinct levels, and consequently the central composite design

s often used to provide estimation of a second-order equation.
mong the standard designs used in RSM, the CCD represents
good choice because of its high efficiency with respect to the

umber of required runs [38]. Important variables to be tested dur-
ng the optimization process were pH of the water phase (40 mM
H2PO4) and percentage of the acetonitrile in the mobile phase.
enerally, The CCD was built from the full factorial 2k to which a star
esign was added. The total number N of experiments with k factors

s: N = 2k + 2k + c. The first term is related to the full factorial design,
he second to the star points and the third to the center point. If the
ength of the arms of the star in star design is ˛ = 1, the star points lie
n the faces of the cube and the experimental domain is the same
s previously defined by a fractional factorial design (Table 1). This
ind of design is called face cantered cube CCD. Also, as it is very
mportant to estimate pure experimental uncertainty, central point
as repeated four times [39,40]. All other experiments were per-

ormed randomly and without replication to minimize the effect
f uncontrolled variables that may introduce a bias on the mea-
urements. Thus, for two variables a total of 12 experiments were
equired including four replications in the center point. The plan of
xperiments for CCD and the measured responses are presented in
able 4.

Based on the results of the performed experiments the following
olynomial equations were obtained:

y = 2.75 − 0.32x1 − 1.07x2 + 0.23x1x2 − 0.59x2
1 + 0.58x2

2 for MPA,
where y is optimized response (retention time) and

y=0.51 − 0.25x1 − 0.29x2 + 0.14x1x2 − 0.14x2
1 + 0.07x2

2 for MPAG,

where y is optimized response (retention factor).
A
(

the FFD shows the influence of studied variables on the retention factors of MPA

n both equations, x1 is the pH value of the water phase and x2 is
he percentage of acetonitrile in the mobile phase.

For the calculated response models, one for each considered
esponse, were evaluated by means of analysis of variance (ANOVA).
he regression lack of fit is determined performing an F-test by
omparing SSlof/SSpe (the lack of fit and pure error sum of squares,
Slof and SSpe respectively) with the tabled F value for appropriate
egrees of freedom at the desirable confidence level. In our case
abled F3,3 at 95% confidence level was 9.28. This value was com-
ared with calculated F value which was 0.0104 for MPA and 0.020
or MPAG. As the calculated quotients are lower then the tabled
alue, there is no model lack of fit and the model can be accepted for
oth substances. It could be concluded that models adequately rep-
esent the influence of the investigated variables on the response,
etention time of MPA and retention factor of MPAG.

In order to reach a compromise among the responses which
ould better satisfy the goals, the Derringer’s desirability function
as used, thus converting a multi-response problem into a single-

esponse one [9]. In these situations where compromise between
oals is necessary desirability function becomes an interesting and
owerful tool. The Derringer’s desirability function, D, is defined
s the geometric mean, weighted, or otherwise, of the individual
esirability functions. The expression that defines the Derringer’s
esirability function is:

p1 p2 p3 pn 1/n
10 0 0 2.4 0.54
11 0 0 3 0.525
12 0 0 3 0.53

– pH value of the phosphate buffer (KH2PO4); B – acetonitrile in the mobile phase
%).
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Table 5
Criteria for the optimization of the individual responses.
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esponse Goal Lower limit Upper limit

etention time of MPA Minimize 0.96 5.04
etention factor of MPAG Range 0.8 1.12

xperiment. The scale of the individual desirability function ranges
etween di = 0, for a completely undesired response, to di = 1 for a
ully desired response. Weights can range from 0.1 to 10. Weights
ower than 1 give less emphasis to the goal, whereas weights greater
han 1 give more emphasis to the goal (in both cases, di varies in a
on-linear way while approaching to the desired value). But with
weight of 1, di varies in a linear way. In the present study we have
hosen weights equal to 1 for all the responses.

For goal maximum, the desirability curve is defined by the equa-
ion:

i =
[

Yi − Lowi

Highi − Lowi

]wti

owi < Yi < Highi

here Yi is the predicted response using the fitted model, Highi
nd Lowi are the highest and the lowest values obtained for the
esponse i, respectively, and wti is the weight.

For a goal of minimum, the desirability is defined as equation:

i =
[

Highi − Yi

Highi − Lowi

]wti

On the other hand, for goal as a target, the desirability ramps are
reated like a maximum on the way up, and a minimum on the way
own.

Finally, for a goal within a range, the desirability will be defined
y the following equation:

i = 0, for Yi = Lowi

i = 1, for Lowi < Yi < Highi

A value of D different to zero implies that all responses are in a
esirable range simultaneously and consequently, for a value of D
lose to 1, the combination of the different criteria is globally opti-
al, so as the response values are near target values [38,41]. Table 5
hows the criteria for the optimization of each individual response
n our study. As it could be seen the first goal was to minimize the
etention time of MPA. As MPA is the last substance in the chromato-
raphic run it determines the total analysis run time. The second
oal was for retention factor of MPAG to be in the desired range

p
c
e
i

Fig. 3. Response surface plots of the individual desira
Biomedical Analysis 50 (2009) 640–648 645

0.8–1.18) in order to insure good separation of MPAG from human
lasma and urine peaks and not to prolonged total analysis run
ime. Considering proposed goals the individual desirability func-
ions (di) for each goal and then the over all desirability function
ere obtained.

Before discussing the over all desirability function D, it is worth-
hile analyzing the individual desirability functions (di) in order to

btain the description of the system. The single-response surfaces
re not very useful for finding the optimal conditions but can pro-
ide us with information considering desirable chromatographic
ehavior of our substances. The response surfaces correspond-

ng to dMPA and dMPAG are presented in Fig. 3. Considering MPA
Fig. 3a), the d is approaching to 1 when percentage of acetonitrile
s approaching to 35% and if at the same time pH of the water phase
s approaching to 4.40. The interaction of percentage of acetonitrile
nd pH of the water phase is obviously present. The influence of pH
f the water phase is much greater on the retention time of MPA if
orking with lower percentage of acetonitrile.

Considering MPAG (Fig. 3b), the interaction between examined
ariables also exists and the influence of acetonitrile on the reten-
ion factor of MPAG is much grater when working with lower pH of
he water phase. The values of d approaching to 1 are with 25% of
cetonitrile and pH of 2.4.

As we were expected the experimental conditions when d is
pproaching to 1 are completely different for MPA and MPAG due to
heir differences in polarity. For final choice of optimal conditions,
hich would satisfy all proposed goals, the over all Derringer’s
esirability function is obtained and is graphically presented at
ig. 4. The influence of acetonitrile and pH of the water phase could
e easily noticed. When working with lower percentage of ace-
onitrile the influence of pH is mush greater. Also, if pH is lower the
nfluence of acetonitrile on D function has greater impact. The satis-
actory chromatographic conditions which would fulfill both goals
ould now be selected and are thoroughly presented in Section 2.3.

.3. Method validation

Bioanalytical method validation was performed according to
DA [30] and ICH [31] guidelines. The validation of the proposed
ethod has already been reported [42] and therefore the vali-

ation parameters are here briefly summarized and presented in
ables.
To insure the selectivity of the method the blank urine and
lasma obtained from ten volunteers (different age and sex) were
hromatographically screened for interfering substances. No co-
lution was observed at the retention times of MPA, MPAG and
nternal standard comparing with freshly prepared spiked samples

bility functions (di) for MPA (a) and MPAG (b).
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ig. 4. Response surface plots of over all desirability function D for proposed goals.

t LLOQ level. The corresponding chromatograms of blank plasma
nd urine samples are presented in Fig. 5A and Fig. 6A.
The concentration range was: 1–50 �g/mL for MPA and
–500 �g/mL for MPAG in urine and 1–60 �g/mL for MPA and
–70 �g/mL for MPAG in plasma matrix. The concentration of

nternal standard in all samples was 50 �g/mL. Linearity was
ssessed based on parameters reported in Table 6. Each calibration

w
t
z
a
t

ig. 5. The representative chromatograms of blank plasma (A), plasma samples spiked wi
lasma sample (3.15 �g/mL of MPA and 62.5 �g/mL of MPAG) of stable kidney transplant
Biomedical Analysis 50 (2009) 640–648

oncentration was assayed in triplicate. The corresponding chro-
atograms obtained from plasma and urine samples spiked with

tandard solutions are presented in Fig. 5B and Fig. 6B, respectively.
LOD values were obtained experimentally. For MPA it showed

o be 0.1 �g/mL and for MPAG 0.2 �g/mL in both plasma and
rine matrixes. When this method is applied to urine and plasma
amples, its sensitivity was found to be adequate for pharmacoki-
etic studies. The lowest standard on the calibration curve met all
equired criteria and was accepted as limit of quantification and
rs point on calibration curve. Concentrations 1 �g/mL for MPA and
�g/mL for MPAG, both in plasma and urine showed to be LLOQ.

The results for both precision and accuracy are presented in
able 7 for intra-day and in Table 8 for inter-day precision and accu-
acy. All presented data indicates that method parameters meet all
DA and ICH required criteria.

The proposed method was subsequently applied to plasma
nd urine samples obtained from stabile patients under immuno-
uppressive treatment with mycophenolate mofetil after kidney
ransplantation. Corresponding chromatograms obtained from
atient’s plasma and urine samples are presented in Fig. 5C and
ig. 6C, respectively. Along with mycophenolate mofetil, patients

ere co-administered methylprednisolone, nifedipine, carvedilol,

ramadol, sulfamethoxazole and trimethoprim, ranitidine, micona-
ole, and furosemide. In all cases, no co-elution was observed
t the analytes or internal standard retention times. In order
o ensure the selectivity of the method, as we worked with

th 10 �g/mL of MPA, 20 �g/mL of MPAG and 50 �g/mL of internal standard (B), and
patient at 0.5 h after receiving an oral dose of 500 mg of MMF (C).
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Fig. 6. The representative chromatograms of blank urine (A), urine samples spiked with 5 �g/mL of MPA, 50 �g/mL of MPAG and 50 �g/mL of internal standard (B), and urine
sample (1.8 �g/mL of MPA and 54.85 �g/mL of MPAG) of stable kidney transplant patient at 4.0 h after receiving an oral dose of 500 mg of MMF (C).

Table 6
Calibration curve parameters for MPA and MPAG in plasma and urine samples.

Compound Matrix y = ax + b r Sa Sb t�

MPA Plasma 0.0508x + 0.0939 0.9991 0.0157 0.4349 0.2159
Urine 0.1577x − 0.0302 0.9998 0.0013 0.0331 0.9131

MPAG Plasma 0.0361x + 0.0012 0.9999 0.0001 0.0048 0.2543
Urine 0.0643x + 0.2577 0.9997 0.0012 0.3719 0.6929

Sa, Sb – standard deviations of the slope and intercept; t� – calculated deviation value for intercept; t0.05 – 2.447 tabular value obtained from Student’s t-test.

Table 7
Intra-day precision and accuracy at LLOQ, low, medium and high concentrations in spiked urine and plasma samples for MPA and MPAG (n = 5).

Nominal concentration (�g/mL)

Plasma Urine

1 3 10 50 1 3 10 40

MPA
Precision (RSD, %) 3.46 0.55 2.78 0.66 1.28 1.60 1.05 0.08
Accuracy (R, %) 91.46 101.41 107.36 109.44 115.34 95.80 101.37 95.87
Found concentration ((g/mL) 0.91 3.04 10.74 54.72 1.15 2.87 10.14 38.35

Nominal concentration (�g/mL)

Plasma Urine

1 3 10 50 1 3 200 400

MPAG
Precision (RSD, %) 6.78 5.04 4.00 1.31 3.07 3.49 0.31 4.39
Accuracy (R, %) 96.71 101.55 100.33 103.24 90.22 87.87 111.52 101.35
Found concentration (�g/mL) 0.97 3.05 10.03 51.62 0.90 2.64 223.04 405.4

n – Number of replicates in the same concentration.
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Table 8
Inter-day precision and accuracy at low, medium and high concentrations in spiked urine and plasma samples for MPA and MPAG (n = 5).

Nominal concentration (�g/mL)

Plasma Urine

3 10 50 3 10 40

MPA
Precision (RSD, %) 7.20 3.16 2.42 1.80 2.05 2.03
Accuracy (R, %) 98.17 106.46 106.06 97.52 103.55 98.17
Found concentration (�g/mL) 2.94 10.65 53.03 2.92 10.35 39.27

Nominal concentration (�g/mL)

Plasma Urine

3 10 50 3 200 400

MPAG

n
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Precision (RSD, %) 6.79 4.23
Accuracy (R, %) 98.28 100.50
Found concentration (�g/mL) 2.95 1.01

– Number of replicates in the same concentration.

o-selective UV detector, we investigated plasma and urine sam-
les of the volunteers who were administered above-mentioned
rugs except mycophenolate mofetil and no interferences were
bserved.

. Conclusion

With assistance of experimental design and Derringer’s desir-
bility function new chromatographic method has been developed.
eing sensitive, precise, accurate and rapid this method is suit-
ble for rapid screening of MPA and MPAG concentrations in
rine and plasma of pediatric patients after kidney transplanta-
ion. As pediatric population is well known as population with
igh variability, especially children with organ transplantation and
ossible organ failure, the method for rapid screening of MPA
nd MPAG concentrations is more than welcome in this area. The
etailed optimization enabled us to investigate and determine
omplete chromatographic behavior of the investigated substances.
ecause of this, the presented paper could be valuable for further

nvestigation and establishment of other chromatographic meth-
ds.
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