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Abstract

A molecularly imprinted solid-phase extraction coupled with high performance liquid chromatography (MISPE-HPLC) method was developed
for rapid screening of mycophenolic acid (MPA) in human plasma. MPA imprinted polymers (MPA-MIP) were synthesized and then tested for their
performance both in organic and in aqueous solution. MPA was selectively trapped and preconcentrated on the MPA-MIP sorbent using different
loading and washing conditions. The good selectivity of MPA-MIP enabled further clean-up of the interfering components in human plasma. For
the proposed MISPE-HPLC method, the linearity between responses (peak area) and concentration was found over the range of 1-100 pg/ml
with a linear regression coefficient (R?) of 0.9989. The limit of detection (LOD) and theoretical limit of quantification (LOQ) for MPA in plasma
were 0.10 and 0.32 pwg/ml, respectively. The precisions were 7.3, 3.5 and 4.7% RSD for intra-day assay and 9.2, 4.1 and 5.5% RSD for inter-day
reproducibility, respectively, at three concentration levels of MPA in spiked plasma (1, 10 and 100 wg/ml). Both recoveries for the extraction (more
than 74%) and for the analytical method (more than 87%) were acceptable for screening MPA in plasma samples. Twelve-hour pharmacokinetic
profile of MPA for a renal transplant recipient receiving chronic oral dosing of 500 mg mycophenolate mofetil (MMF) was investigated. Results

indicated that this method could be applied for therapeutic drug monitoring of mycophenolic acid in patient plasma.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mycophenolate mofetil (MMF) is the current primary
immunosuppressant for the prevention of renal allograft rejec-
tion. Mycophenolic acid (MPA), the active metabolite of the
prodrug MMF, is an immunosuppressive agent which inhibits
lymphocyte proliferation by blocking the de novo synthesis path-
way of guanosine nucleotides. MPA is primarily metabolized by
glucuronidation at the phenolic hydroxyl group to mycophenolic
acid glucuronide (MPAG), which is the major urinary excretion
product of the drug and pharmacologically inactive but may be
hydrolyzed in vivo to form free MPA [1-3]. Various analyti-
cal methods, such as reverse-phase HPLC [4-9], HPLC-mass
spectrometry (HPLC/MS) [10,11], ion-pair liquid chromatogra-
phy [12,13] and capillary electrophoresis (CE) [14] have been
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developed and used in quantitating MPA in patient samples from
clinical studies.

One common problem in developing HPLC methods for
screening MPA in human plasma is that extensive sample clean-
up procedures are often required. Solid-phase extraction (SPE)
has been used to simplify and improve the efficiency of sam-
ple preparation [15-19]. C.E. Jones et al. [16,17] developed a
typically SPE-HPLC method for simultaneous determination of
MPA and MPAG in plasma samples from renal transplant recip-
ients and then compared it with a proposed enzyme-multiplied
immunoassay technique (EMIT). They found that both results of
the two different methods were acceptable but EMIT overesti-
mated the concentration of MPA. In those literatures, most SPE
media for MPA extraction were traditional ODS C18 bonded
silica particles. Another kind of commercial Strata-X polymeric
sorbent was employed by D.G. Watson et al. [18] for simul-
taneous determination of MPA and MPAG in plasma samples.
Those commercial SPE sorbents offered significant advantages
such as ease of operation, a wide spectrum of materials avail-
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able, high load ability, high recovery and high reproducibility.
Despite their attractive features, they also suffered from a major
problem, namely generic selectivity, in conventional analytical
methods. The lack of specific selectivity could be attributed to
the custom SPE sorbents differentiated only by generic proper-
ties such as hydrophobic and Van der Waal forces.

Recently, a novel SPE sorbent based on molecularly
imprinted polymer (MIP) has attracted increasing attention in
chromatography because of its excellent selectivity. MIPs are
stable synthetic polymers possessing selective molecular recog-
nition sites, which are obtained by using certain amounts of
cross-linker and functional monomers in the presence of the tem-
plate molecule [20-24]. Once the template is removed from the
polymer, the resulting MIP can recognize the template molecule
depending on geometrical fit and chemical interactions. As a
result of the chemical and physical robustness of MIPs, they
have proven to be good sorbents for molecularly imprinted solid-
phase extraction (MISPE). B. Sellergren [25] first reported the
use of MIPs as sorbents for SPE, since then a wide range of
analytes of biological, pharmaceutical, food and environmental
samples have been involved [26-30].

Herein, we report a simple and robust method for screening
MPA in human plasma using a combination of MISPE and HPLC
method. The potential of the developed method for carrying out
pharmacokinetic studies was also demonstrated.

2. Experimental
2.1. Materials

MMF, MPA, MPAG and cyclosporine A (CsA) were kindly
donated by North China Pharmaceutical Co. (Shijiazhuang,
China). Suprofen was purchased from J&K Chemical (Beijing,
China). Ethylene dimethacrylate (EDMA) and 4-vinylpyridine
(4-VP) from Acros (NJ, USA) were refined by distillation. The
initiator 2,2’-azobisisobutyronitrile (AIBN) was purchased from
Shanghai Chemical Plant (Shanghai, China) and recrystallized
prior to use. HPLC grade acetonitrile and methanol was pur-
chased from Fisher (NJ, USA). All chemicals of analytical
grade were purchased from Beijing Chemical Reagent (Beijing,
China). Water was prepared by a Millipore system (resistiv-
ity 18.2 M2 cm) and, unless otherwise specified, all solutions
were filtered through a 0.45 wm membrane filter from Millipore
before use.

2.2. MPA imprinted and nonimprinted polymers
preparation

The template MPA (0.16 g, 0.5 mmol), functional monomer
4-VP (0.24ml, 2mmol) and cross-linker EDMA (2ml,
10 mmol) were dissolved in 10 ml acetonitrile—toluene (7:3, v/v)
in a round-bottom flask. To this solution, 15 mg AIBN was added
in steps as an initiator of the radical polymerization reaction.
The mixture was saturated with nitrogen for 10 min, followed
by degasification under vacuum for 5 min and then sealed. The
polymerization was carried out by heating the mixture ina 55 °C
water bath for 24 h. The obtained bulk polymer was ground

to fine powders and subsequently sieved to obtain 25-40 pm
particles. The MPA-MIP particles were packed into a 4.6 mm
i.d. x 50 mm steel column, washed on-line with methanol-acetic
acid (4:1) and then with methanol until no residue of MPA was
found in the rinses.

A reference, nonimprinted polymer (NIP) for comparison
experiments was prepared similarly to MIP described above
except that the polymerization mixture did not contain the
imprinted molecule MPA.

2.3. Chromatographic evaluation

Chromatographic investigations were performed on Shi-
madzu HPLC system, which consists of a LC-10AT pump, a
SPD-10A variable-wavelength UV detector and a Rheodyne
77251 injector equipped with a 20-pl loop. Data processing was
carried out with a HW2000 chromatography workstation (Nan-
jing Qianpu Software, China). An Apollo C18 column (4.6 mm
i.d. x 150 mm, 5 pwm, Alltech) was employed for determination
of MPA in plasma samples and methanol-20 mM phosphate
buffer (pH 3.3) (55:45) was used as the mobile phase at a flow
rate of 1.0 ml/min. The detection was selected at 254 nm, which
was the maximum absorption wavelength of MPA.

To evaluate the chromatographic characteristics of the
imprinted polymer, the column packed with MPA-MIP (4.6 mm
i.d. x 50mm) was connected into HPLC system. Methanol,
methanol aqueous solutions and acetic acid—methanol solutions
were tested as mobile phase at a typical flow rate of 1.0 ml/min.

2.4. MISPE protocol for plasma samples

Two hundred milligrams of the cleaned-up MPA-MIP (or
NIP) was put into a 10 ml screw-cap centrifuge vial and incu-
bated with 4 ml methanol, standing at ambient temperature with
occasional shaking for 24 h. Then the slurry was transferred
into a 1 ml polypropylene SPE cartridge equipped with a perfo-
rated frit and then stood for 15 min so that the polymer could
settle down to the bottom of the cartridge. After that, another
polyethylene frit was carefully put onto the polymer to stabi-
lize the sorbent bed. MPA-MIPs of the size 2540 pm proved
to be an acceptable compromise between bed homogeneity and
permeability, allowing appropriate flow rates in the range of
0.1-0.2 ml/min with the solvents employed in this paper.

Prior to use, the MIP (or NIP) SPE-cartridges were condi-
tioned by washing with 2 ml methanol-acetic acid (8:2, v/v)
and 2 ml methanol, followed by 2ml water at a flow rate of
0.4 ml/min. For the MISPE process, several aliquots of 400 .l
spiked plasma standards and the real plasma samples from a
renal transplant patient were then loaded onto the MISPE car-
tridges at a migration flow rate of 0.2 ml/min. A series of sol-
vents [water (2 ml), methanol-water (25:75, 2 ml) and methanol
(1 ml)] were employed for selected washing, and then the SPE
cartridge was eluted with 4 ml methanol-acetic acid (8:2) at a
flow rate of 0.4 ml/min. The last eluate was immediately dried
under a stream of nitrogen at 40 °C. The residue was reconsti-
tuted in 200 pl mobile phase for HPLC analysis, spiked with
internal standard to a final concentration 10 pg/ml of supro-
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fen. Unlike the traditional SPE protocols, the internal standard
should be added into the samples only after the extraction; oth-
erwise it would be eluted into the rinses. Aliquots of 20 1 of
each solution were analyzed by HPLC.

As a comparison experiment, solid-phase extraction based
on commercial reverse-phase ODS C18 sorbent was also per-
formed for pretreating MPA-containing samples. The SPE car-
tridges were preconditioned with methanol (2 ml), followed by
water (2ml) and then the sample supernatants (400 wl) were
applied onto the respective cartridges. The loaded cartridges
were washed with 2 ml methanol-20 mM phosphate buffer (pH
3.3) (40:60) and then 1 ml water. The analytes were eluted with
2 ml methanol-20 mM phosphate buffer (pH 5.0) (80:20), fol-
lowed by 1 ml methanol. The eluate was dried under a nitrogen
stream at 40 °C then the residue was reconstituted in 200 wl
mobile phase and spiked with internal standard to a final con-
centration 10 pg/ml of suprofen.

2.5. Plasma samples preparation and calibration curves

Aliquots of 1.9ml of blank human plasma were spiked
with 0.1 ml each of MPA (20, 40, 100, 200, 400, 1000 and
2000 pg/ml) working solutions (in acetonitrile) to yield MPA
spiked plasma concentrations corresponding to 1, 2, 5, 10, 20, 50
and 100 pg/ml. These calibration standard samples were vortex-
mixed for 2 min and allowed to equilibrate at room temperature
for 10 min. Subsequently, protein precipitation was carried out
by adding 2ml of acetonitrile to each of the above samples,
followed by vigorous centrifugation at 8000 rpm for 5 min at
4 °C. Human plasma samples were from anonymous renal trans-
plant patients who were receiving MMF and co-medications
(cyclosporine A) for immune suppression. Aliquots of 800 wl
of the samples were diluted with 800 1 of acetonitrile and then
centrifuged at 8000 rpm for 5 min. If not used immediately, these
calibration standards and plasma samples were stored at —20 °C
in a refrigerator.

Aliquots of 400 pl clear supernatant of the calibration stan-
dards and plasma samples were loaded onto the MIP sorbent,
and the calibration curves were obtained by the manipulations
described in Section 2.4.

3. Results and discussion
3.1. Molecular recognition properties of MPA-MIPs

One merit of MISPE is that the imprinted polymer sorbents
have good selectivity for the template molecule. It was expected
that a great imprinting effect would be achieved if MPA was dis-
solved in solvent before being loaded onto the SPE cartridges. To
confirm the selectivity of this kind of SPE materials, the molec-
ular recognition properties of the MPA-MIP were investigated
on HPLC.

Fig. 1 shows the chromatogram of MPA on MIP, indicating
that the related compounds have no interferences on the
recognition of MPA. MMF, CsA and MPAG were rapidly
eluted while MPA was strongly bonded on the MIP column
when (A) methanol (B) acetic acid—methanol (2:98) and (C)
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Fig. 1. Chromatograms of MPA and related compounds (CsA, MMF and
MPAG) using methanol (A), 2% (v/v) acetic acid in methanol (B) and 75% water
in methanol (C). Other HPLC conditions: column size, 4.6 mm i.d. x 50 mm;
flow rate, 1.0 ml/min; UV detection, 254 nm, ambient temperature.

water—methanol (75:25) were used as mobile phase. However,
the similar separation was not found on the NIP column. The
strong retention of MPA on the imprinted polymer showed the
high selectivity and affinity of MPA-MIP, which originated
from the imprinted molecules matching in steric structure and
functionalities of the sites. In the rebinding process, only MPA
could be accommodated into the print, whereas MMF, CsA and
MPAG could not interact with those sites strongly for their inco-
ordinations of chemical groups and/or dimensional structures.
Although the selectivity and affinity of MIPs are usually high,
they are generally associated with a poor chromatographic effi-
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ciency and the elution of broad and asymmetric peaks [22].
One of the causes of the poor performance may be the nonspe-
cific binding which comes from incomplete monomer—template
association and nonequivalence of the different binding sites.
Another reason is slow mass transfer. The irregular size and
shape, and the low surface area together with low mesoporosity
lead to low template recognition owing to slow analyte diffusion
to sites located in micropores. A key to improve the perfor-
mance of imprinted polymers would thus be either to achieve
a narrower site distribution or to increase the accessibility of
the binding sites. The former requires chemical modifications
whereas the latter can be affected by changing the polymer mor-
phology. We have prepared monolithic MIP which showed good
properties: ease of preparation, all binding sites beyond destruc-
tion during grinding, fast mass transport and hence rapid sep-
aration, homogeneous and continuous construction and hence
lower pressure drops, and high efficiencies even at high flow
rate [24]. In this study, the size and shape of MIP particles
for MISPE were very important, as well as the inner polymer
morphology. MPA imprinted polymer was prepared by using
10 ml acetonitrile—toluene (7:3) as porogenic solvent, generat-
ing lots of homogeneous mesopores in the body of polymer.
MPA-MIP particles in the size of 25-40 pm proved to be an
acceptable compromise between homogeneity and permeabil-
ity, allowing appropriate flow rates of the washing and eluting
solvents.

As solvents could influence the selectivity and affinity of
MIPs, the effects of mobile phase compositions on retention
of MPA were investigated. When methanol was employed as
mobile phase, the retention time (tgr) of MPA was 18.2 min
whereas it was about 2.0 min for MMF, MPAG and CsA. Addi-
tion of 0.2—-5% (volume proportion) of acetic acid into methanol
would lead to sharp decline of tg and the total MPA loaded on an
MIP column (4.6 mm i.d. x 50 mm) could be eluted within 3 ml
mobile phase when 20% acetic acid in methanol was employed.
Similarly, fr significantly decreased with the addition of water
in methanol from 0.2 to 10%, whereas it rapidly increased in
the ranges of 10-80%. To be emphasized, MPA was not eluted
within 180 min when 90% water in methanol or pure water was
employed as mobile phase. It was suggested that the imprinted
polymer bound through hydrogen bonds was suppressed by
the increased concentration of a substance with higher hydro-
gen bonding capacity. However, another noncovalent interaction
contributing to the molecular recognition, hydrophobic interac-
tion, would play an important role to let the analyte remain on the
MIP when the proportion of water in methanol was more than
10% [31,32]. On the basis of the above observations, we decided
to select water, methanol-water (25:75) and methanol for selec-
tive clean-up of the proteins and the related compounds, and
methanol-acetic acid (4:1) for elution of MPA for the MISPE
protocols.

3.2. MISPE for plasma samples
For a recommendable MISPE protocol, high selectivity,

high recoveries, low-cost and low-toxicity solvent for wash-
ing and operational simplicity should be involved and com-

prehensively considered [27]. Results showed that the devel-
oped method accorded with these requirements mentioned
above.

Firstly, the proposed MISPE protocol showed highly effi-
cient and selective clean-up of plasma samples, resulting in
chromatographic traces with few peaks (Fig. 2). Most of the
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Fig. 2. HPLC chromatograms of MPA in human plasma: (A) blank plasma;
(B) blank plasma spiked with MPA (10 pg/ml) and L.S. (suprofen, 10 pg/ml);
(C) plasma sample at 1h from a subject administered a single 500 mg oral
dose of MMF (by ODS C18 SPE, MISPE and NIP SPE, respectively). HPLC
conditions: column, Apollo C18 column (4.6 mmi.d. x 150 mm, 5 pm, Alltech);
mobile phase, methanol-20 mM phosphate buffer (pH 3.3) (55:45, v/v); flow
rate, 1.0 ml/min; UV detection, 254 nm, ambient temperature.



146 J. Yin et al. /J. Chromatogr. B 844 (2006) 142—147

proteins were precipitated and cleaned-up in the pretreating
steps, for instance, precipitating with acetonitrile and washing
loaded cartridges with water. The signals of MPA and internal
standard were well separated from interfering matrix compo-
nent and could be reliably quantified. As a control experiment,
extraction on NIP was investigated in similar conditions. Results
showed that NIP extraction led to a low recovery, generally less
than 40%. This was because most of the analyte was cleaned-
up with the matrices selective washing solutions due to its low
affinity to MPA. On the contrary, reverse-phase ODS C18 extrac-
tion provided a high recovery and strong retention protocol for
pretreating human plasma samples. The extraction recoveries
were more than 90% for C18 SPE, which led to a precious and
acute determination of MPA. However, the chromatogram of
ODS C18 extracted samples showed more complex matrices
peaks due to some trace interfering components that were also
preconcentrated in the samples (Fig. 2C). Although ODS C18
extraction had high recoveries of the analyte, it was generally
associated with a poor specific selectivity for MPA. MISPE pro-
tocols afforded both good selectivities and acceptable extraction
recoveries; therefore, it was predicted to be a promising high-
selective SPE technique in clinical and pharmaceutical analysis
[25].

Furthermore, all washing and elution solvents (water,
methanol, acetic acid and mixture thereof) were inexpensive and
low- or nontoxic. Dichloromethane (1 ml) had been employed
as a washing solvent followed by methanol-water (25:75, 2 ml)
washing step in our original experiments. The obtained sample
extracts showed a better clean-up effect and their chromatograms
were fewer interfering peaks but suffered from the poor recov-
eries (less than 60% at a concentration level of 10 pwg/ml). This
result was unacceptable, hence this step was subsequently omit-
ted.

In addition, the washing and elution steps for MISPE and
HPLC analysis for screening of MPA were rapid and simple.
A single run of the sample could be accomplished within 1.5h
from MISPE to HPLC analysis.

3.3. Validation assay

The developed MISPE method for MPA analysis was val-
idated using plasma standards. The linearity of the standard
calibration curve for MPA was evaluated over the range of
1-100 pg/ml in plasma and produced a linear regression coef-
ficient (R%) of 0.9987. The limit of detection (LOD) and the
theoretical limit of quantification (LOQ) for MPA in plasma at
the concentrations, where the signal to noise ratio was equal to
3 for LOD and 10 for theoretical LOQ, were calculated to be
0.10 and 0.32 pg/ml, respectively. The operational LOQ is the
lower limit of linearity (1.0 pg/ml). The intra-assay precision
was evaluated by five repeated injections of each spiked sam-
ples (1, 10 and 100 pg/ml) and calculated tobe 7.3, 3.5 and 4.7%
RSD. Similar results of 9.2, 4.1 and 5.5% RSD were obtained
for inter-day reproducibility of these samples. The values were
well within the 10% limits required for the assay to be validated.

The recoveries of SPE and the MISPE-HPLC analysis
method were investigated and the results were listed in Table 1.

Table 1
Recoveries and precisions of the proposed method.

Concentration (pg/ml) Recovery (%) Precision (RSD, %)

SPE Method Intra-day Inter-day
1 73.8 87.4 7.3 9.2
10 86.7 94.2 35 4.1
100 82.2 91.3 4.7 5.5

The recoveries of MPA for MISPE were calculated from the
formula shown below:

APlasma

Recovery (SPE) = x 100%

Acetonitrile

where Aplasma 1S the peak area of MPA in plasma obtained
by HPLC analysis with MISPE pretreating, Aacetonitrile 1S the
peak area of MPA standard in acetonitrile (1, 10, or 100 pg/ml)
obtained by HPLC analysis without SPE pretreating. The recov-
eries of MISPE-HPLC method were investigated using three
injections of each plasma sample pretreated by MISPE and the
values could be calculated from the formula:

CFound
Spiked

Recovery (method) = x 100%

where Croung is the concentration of MPA obtained by HPLC
analysis with MISPE, which can be calculated from the calibra-
tion curve, Cspiked is the concentration of initial MPA of spiked
plasma standard. As shown in Table 1, the recoveries of MPA
for SPE are more than 74% and the recoveries for method are
no less than 87% at the top, middle and bottom concentration
levels. The acceptable recoveries were sufficient for quantitative
determination of MPA in human plasma.

MMF was usually given as part of a combination therapy
with CsA or sirolimus (rapamycin) and corticosteroids for the
prevention of rejection in the above-mentioned transplant pop-
ulations. So, drug monitoring of MPA was required regarding
the potential interferences caused by others immunosuppressant
drugs. CsA, rapamycin, ibuprofen, amlodipine, nicardipine and
flunarizine have been investigated and results showed they had
no interferences in the determination of MPA.

One of the major advantages of MIP for SPE is their high
chemical robustness, providing the opportunity to clean and
reactivate them under relatively harsh conditions for multiple
uses in SPE applications [27]. Those ODS C18 bonded silica
sorbents and immunoaffinity sorbents are generally not encour-
aged to multi-use because the exposure to protein-denaturating
environments may lead to irreversible changes in the binding
domains. However, MIPs sorbent can avoid these problems. For
the assessment of the reusability of the MPA-MIPs, five con-
secutive clean-up cycles for a plasma sample (10 wg/ml) were
performed with a single MISPE cartridge. After each cycle,
the MISPE cartridge was reactivated by washing with 2 ml
methanol-acetic acid (8:2, v/v) and 2 ml methanol-water (6:4,
v/v), followed by 2 ml methanol at a flow rate of 0.2 ml/min. The
results showed an average recovery of 91.7% and precision of
5.2% RSD (n=35). In agreement with the requirement of recov-
ery >90% and precision <10% RSD, this MISPE sorbent could
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Fig. 3. Pharmacokinetic profiles of MPA of a renal transplant recipient receiving
chronic oral dosing of MMF (500 mg) co-administered with CsA.

be reused seven to nine times at the same concentration level
of samples. To be mentioned, this MISPE protocol combined
with a protein precipitation procedure (adding acetonitrile to
plasma samples), which prolonged the reuse times of MIP sor-
bent. Without protein precipitation, it could be used three times
according to the recovery and precision requirement.

3.4. Clinical application

The proposed method was subsequently employed to the
pharmacokinetic study of MPA in patient plasma. Blood samples
were colleted from a subject administered a single 500 mg oral
dose of MMF. Fig. 3 shows the curve of concentration of MPA
in plasma versus time. Following oral administration of 500 mg
MMEF, the highest concentration of MPA was observed at to be
5.76 £0.22 pg/ml at 2 h. The area under the curve (AUCq_121)
was calculated to be 30.64 £2.12h pg/ml.

4. Conclusion

This study highlighted the potential of MPA-MIP as solid-
phase extraction sorbent for pretreating MPA plasma samples.
The imprinted polymers showed good selectivity for MPA,
avoiding the interferences of the related compounds such as
MMEF, MPAG and CsA. The developed method was validated
with linearity, precision, LOD, LOQ and recoveries. Further-
more, this MISPE protocol was more direct and selective
than conventional C18 SPE, avoiding time-consuming dilution,
pH adjustment and sometimes tedious liquid-liquid extraction
steps. Simultaneously, the high physical and chemical robust-
ness, high selectivity and perfect clean-up effects of MISPE
sorbents enabled their good reusability. Those good properties
enabled the applications of MPA-MISPE for selective extraction
and rapid screening MPA in human plasma of renal transplant
patients.

The limitation of this method is that simultaneous screening
of MPA and MPAG cannot be accomplished using a single MPA-

MIP sorbent. Work is in progress on preparation of MPAG-MIP
for simultaneous determination of MPA and MPAG.
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