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This study describes the identification and evaluation of molecularly imprinted polymers (MIPs) for the
selective removal of potentially genotoxic aminopyridine impurities from pharmaceuticals. Screening
experiments were performed using existing MIP resin libraries to identify resins selective towards those
impurities in the presence of model pharmaceutical compounds. A hit resin with a considerable imprint-
ing effect was found in the screening and upon further investigation, the resin was found to show a broad
selectivity towards five different aminopyridines in the presence of the two model active pharmaceutical
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ingredients (APIs) piroxicam and tenoxicam.
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1. Introduction

Molecularly imprinted polymers (MIPs) are a type of selective
cross-linked resins that can display high affinity and selectivity
towards a single molecule or a family of related molecules. MIPs
are usually prepared by polymerizing a functional monomer and
a cross-linker in the presence of a template molecule that forms
a complex with the functional monomer so that a polymer with
cavities complementary to the template is formed. Conceptually,
MIPs are easy to prepare, stable and capable of selective molecular
recognition [1-4]. MIPs are sometimes called artificial antibod-
ies and a commonly found statement in the scientific literature
is that MIPs are highly selective towards their imprinted target
compounds and can distinguish between molecules with only very
small chemical differences. However, MIPs may also display selec-
tivity towards other compounds that have related structures, a
phenomenon known as cross-reactivity. As an extension of this
phenomenon, MIPs sometimes may also recognize whole families
of compounds that share a common feature [5,6], a property we
term sub-site selectivity [7].
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When MIPs are prepared using the target compound as tem-
plate, leakage of trace amount of template molecule (so-called
bleeding) from the MIP may occur at low levels under harsh con-
ditions. This leakage is considered by some to be one of the main
drawbacks of MIPs, especially in the quantification of trace amounts
of compounds. In such applications, it is not desirable to use the tar-
get compound as the template and instead an elegant solution has
been developed that utilizes the cross-reactivity of MIPs through
using a similar compound as a ‘dummy template’ in the imprinting
process instead of the target compound itself. In an early study
following this route, Matsui, Fujiwara and Takeuchi succeeded
in preparing MIPs with a selectivity towards triazine pesticides
by using a related, non-pesticide compound, namely trialkylme-
lamine, as the template [8]. A related example where the bleeding
problem was successfully circumvented by using a related drug
derivative as the template was presented by Andersson, Paprica
and Arvidsson [9].

The utilization of the inherent cross-reactivity of MIPs and their
ability to recognize molecules that share common features with
the template molecule has also been reported by many others. For
example, Haupt, Mayes and Mosbach [10] have described a 2,4-
dichlorophenoxyacetic acid imprinted polymer that displayed an
extended cross-reactivity profile. Experiments showed that other
compounds with the phenoxyacetic acid moiety, such as the fluo-
rescent compound 7-carboxymethoxy-4-methylcoumarine, could
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compete with the binding of the target. Interestingly, there are
also examples reported where a somewhat unexpected cross-
reactivity between a studied analyte and the template molecule
was observed. When Martin, Wilson and Wilson [11] imprinted
the beta antagonist propranolol, they found that this MIP also dis-
played selectivity and an imprinting effect towards tamoxifen, a
compound used in the treatment of breast cancer. Further, Wulff
and Schauhoff observed cross-reactivity in a covalently imprinted
polymer. A chiral, D-galactose imprinted polymer that recognized
D-galactose over L-galactose was found to also show an inverse
chiral selectivity towards L-fructose over D-fructose [ 12]. The cross-
reactivity of MIPs is also successfully utilized in a commercial MIP
for trace analysis of chloramphenicol in food samples [13] where
the template used contains a related chemical moiety but belongs
to a different compound class.

Pharmaceutical genotoxic impurities (GTIs) are compounds that
may be found as impurities in active pharmaceutical ingredients
(APIs) as a result of the synthetic process used in the production of
the API. GTIs have the potential to cause genetic mutations, chro-
mosomal breaks and chromosomal rearrangements and may be
carcinogenic in humans [14,15]. Thus, any level of human exposure
to such GTIs due to their presence in an API may present a signifi-
cant problem [16,17]. The removal of GTIs from APIs is therefore an
important purification challenge for the pharmaceutical industry.
Where possible, the undesired GTIs may be removed from pharma-
ceuticals using common unit operations such as crystallization,
extraction, chromatography, precipitation or distillation. Some of
these methods may result in loss of API and hence in an increase
of cost of the final product. In addition to the traditional methods,
API purification has been described using adsorbents [18,19], reac-
tive scavengers [20-22], organic solvent nanofiltration [23], MIPs
[24-26] and MIP-membrane composites [27].

Aminopyridines are widely used starting materials in the pro-
duction of pharmaceutical compounds and may potentially be
present as genotoxic impurities at trace levels in APIs [28,29]. For
example, 2-aminopyridine is a precursor in the production of pirox-
icam and may also arise as a degradation impurity in the final
product [30]. The present study involves five different aminopy-
ridines and two model APIs piroxicam and tenoxicam. Piroxicam
and tenoxicam are non-steroidal anti-inflammatory drugs com-
monly used for the treatment of diseases such as rheumatoid
arthritis, osteoarthritis and musculoskeletal disorders [31,32]. The
chemical structures of the aminopyridine GTIs and the model APIs
are shown in Table 1.

At MIP Technologies (a subsidiary of Biotage AB), a large library
of MIP resins is available in-house for screening and in this work
the library was screened to rapidly identify a resin with high selec-
tivity towards aminopyridines. All resin particles in the library are
in the SPE size range with an average particle size of 50-65 wm.
The resins are designed for retention of small and medium sized
molecules, such as drugs, pesticides, short peptides and other sim-
ilar molecules and hence have pore sizes of around 50 A to 150 A. All
the polymers in the library are highly cross-linked (>40%), have low
swelling and are pressure-stable in columns. The polymers have
been treated with numerous washing steps to obtain the required
low levels of leachables.

2. Materials and methods
2.1. Materials

2-Aminopyridine, 3-aminopyridine, 4-aminopyridine, 5-
amino-2-methylpyridine, 5-amino-2-chloropyridine, piroxicam,

tenoxicam, Amberlite CG-50 and also HPLC-grade solvents were
purchased from Sigma-Aldrich (Steinheim, Germany). Distilled

Table 1
Structure of aminopyridine GTIs and the model APIs.
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water was purified using an ultra-pure water system from Elga
(High Wycombe, UK).

2.2. LC-MS/MS analysis

The analysis of the aminopyridines and their corresponding
APIs was carried out using a Shimadzu HPLC instrument consist-
ing of two HPLC pumps (LC-20AD), a vacuum degasser (DGU-20A3)
and an autosampler (SIL-20AC) connected to an Applied Biosys-
tems mass spectrometer (API3200) with an electro spray ionization
interface. The analytical column was a Supelco Discovery HSF5
(5.0 um, 150 x 4.0mm). Gradient elution was performed with
10mM ammonium formate buffer (NH4FA) pH 6.5 (mobile phase
A)and acetonitrile (MeCN) (mobile phase B). The gradient was a lin-
ear gradient from A:B 85:15 (v/v) to 50% B within 1 min, the mobile
phase was then kept at that level for 3 min and then increased to
90% B within 1 min and kept at that level for 1 min. Then, the compo-
sition was decreased to 15% B within 0.1 min and maintained there
for 1.5min to re-equilibrate the column with the initial mobile
phase. The total run time was 8.0 min. The flow rate was 0.5 mL/min
and the injection volume was 10 L.

The turbo ion-spray source was used in positive mode (ESI*)
for all analytes with the following settings: electrospray capillary
voltage, 4500V; ion source temperature, 400 °C; curtain gas (N5),
15 psi; collision gas (N5 ), 8 psi. Data was acquired through multiple
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