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Abstract

Molecular imprinting technology has an enormous potential for creating satisfactory drug dosage forms. Although its application in this
field is just at an incipient stage, the use of MIPs in the design of new drug delivery systems (DDS) and devices useful in closely related
fields, such as diagnostic sensors, is receiving increasing attention. Examples of MIP-based DDS can be found for the three main approaches
developed to control the moment at which delivery should begin and/or the drug release rate, i.e. rate-programmed, activation-modulated, or
feedback-regulated drug delivery. The utility of these systems for administering drugs by different routes (e.g. oral, ocular or transdermal) or
trapping undesired substances under in vivo conditions is discussed. This review seeks to highlight the more remarkable advantages of the
imprinting technique in the development of new efficient DDS as well as pointing out some possibilities to adapt the synthesis procedures to
create systems compatible with both the relative instable drug molecules, especially of peptide nature, and the sensitive physiological tissues
with which MIP-based DDS would enter into contact when administered. The prospects for future development are also analysed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Table 1
Variables of polymerisation of imprinted polymers

In the last few years, a number of significant advances imprinting mechanism
have been made in the development of new technologies Covalent

for optimising drug deliveryf1]. To maximise the efficacy
and safety of medicines, drug delivery systems (DDS) must

Non-covalent
Metal co-ordination

be capable of regulating the rate of release (delayed- orCross-linker proportion
extended-release systems) and/or targeting the drug to a spe- High

cific site. Efficient DDS should provide a desired rate of de-

livery of the therapeutic dose, at the most appropriate place Medium

in the body, in order to prolong the duration of pharmaco-

Organic
Aqueous

logical action and reduce the adverse effects, minimise the ;5 sovent

dosing frequency and enhance patient compliance. To con

trol the moment at which delivery should begin and the drug
release rate, the three following approaches have been de
veloped[2]—(a) rate-programmed drug deliverydrug dif-
fusion from the system has to follow a specific rate pro-
file; (b) activationmodulated drug deliverythe release is
activated by some physical, chemical or biochemical pro- e
cesses; and (dgedbackregulated drug delivenythe rate of

drug release is regulated by the concentration of a trigger-
ing agent, such as a biochemical substance, concentration of
which is itself dependent on the drug concentration in the
body. When the triggering agent is above a certain level, the
release is activated. This induces a decrease in the level of
the triggering agent and, finally, the drug release is stopped.
The sensor embedded in the DDS tries to imitate the recog-
nition role of enzymes, membrane receptors and antibodies
in living organisms for regulation of chemical reactions and
for maintenance of the homeostatic equilibrium.

Molecular imprinting technology can provide efficient
polymer systems with the ability to recognise specific bio-
active molecules and a sorption capacity dependent on
the properties and template concentration of the surround-
ing medium; therefore, although imprinted DDS have not
reached clinical application yet, this technology has an
enormous potential for creating satisfactory dosage forms.
A good proof of this is the progressive increase in the
number of papers devoted to the application of MIPs in the
design of new DDS and also in devices useful in closely
related fields, such as diagnostic sensors or chemical traps
to remove undesirable substances from the bfgh6].
Enormous interest has also been shown in imprinted mate-
rials as they mime biological receptors for the screening of
new substances with potential pharmacological activity or
to specifically detect drugs in biological fluids in screening
assays for drugs of abug@]. Such specificity is compa-
rable with monoclonal antibodies used in immunoassay
techniqueg8]. °

Molecular imprinting is a well-developed tool in the ana-
Iytical field, mainly for separating and quantifying very dif-
ferent substances, including drugs and bio-active molecules
contained in relatively complex matric§8—12]. The in-
formation generated about polymer synthesis procedures
(Table 3 and the properties outlined for optimum perfor-
mance in separation-based technolo@l&3 may be a good

Starting point to create imprinted DDS, although with some
subtle differences. The following aspects should be taken
into account.

Compromise between rigidity and flexibility. The struc-
ture of the imprinted cavities should be stable enough to
maintain the conformation in the absence of the template,
but somehow flexible enough to facilitate the attainment
of a fast equilibrium between the release and re-uptake
of the template in the cavity. This will be particularly
important if the device is used as a diagnostic sensor or
as a trap of toxic substances in the gastrointestinal tract.
In this sense, non-covalent imprinting usually provides
faster equilibrium kinetics than the covalent imprinting
approach3]. The mechanical properties of the polymer
and the conformation of the imprinted cavities depend
to a great extent on the proportion of the cross-linker.
Mostly imprinted systems for analytical applications re-
quire around 25-90% of cross-linker agg¢h8]. These
cross-linking levels increase the hydrophobicity of the net-
work and prevent the polymer network from changing the
conformation obtained during synthesis. In consequence,
the affinity for the template is not dependent on external
variables and it is not foreseen that the device will have
regulatory or switching capabilities. The lack of response
through a change in polymer conformation to the alter-
ations of the physico-chemical properties of the medium
or to the presence of a specific substance limits their po-
tential uses aactivation or feedbackmodulateddDS. A

high cross-linker proportion also considerably increases
the stiffness of the network making it difficult to adapt
the shape of the administration site and causing mechani-
cal friction with the surrounding tissues (especially when
administered topically, ocularly or as implants).

High chemical stability. MIPs for drug delivery should be
stable enough to resist enzymatic and chemical attack and
mechanical stress. The device will enter into contact with
biological fluids of complex composition and different pH,
in which the enzymatic activity is intense. Ethylene gly-
col dimethacrylate (EGDMA) and related cross-linkers,
which are the most usual ones, have been proved to pro-
vide stable networks in a wide range of pHs and temper-
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atures under in vitro conditiorj$4]. However, additional 2. MIPs as basis of drug delivery systems

research should be carried out to obtain information about

its behaviour in vivo environments, where esterases and2.1. Rate-programmed drug delivery

extreme pHs seem to be able to catalyse its hydrolysis

[15]. 2.1.1. Classical imprinted particles as DDS excipients

MIPs prepared in organic solvents with a high cross-linker

Additionally, it has to be taken into account that the adapt- proportion, as commonly designed for analytical purposes,
ability of molecular imprinting technology for drug delivery  have been proposed as base excipients for controlled release
also requires the consideration sdifetyand toxicological devices of drugs with a narrow therapeutic index. These
concerns. The device is going to enter into contact with sen- drugs present a small difference between the minimum con-
sitive tissues; therefore, it should not be toxic, neither should centration to be active and the concentration at which the
its components, residual monomers, impurities or possible side-effects advise against their use. Therefore, they have
products of degradatiof16,17] Therefore, to ensure bio- to be administered in a device able to control their release
compatibility it might be more appropriate to try to adapt the precisely, as needed, for example for the antiasthmatic drug
imprinting technique to already tested materials instead of theophylling[24]. Norell et al.[25] prepared, in chloroform,
creating a completely new polymeric system. On the other non-covalent theophylline imprinted particles @®) with
hand, most classical MIPs are created in organic solvents toa view to oral administration, using the method proposed
be used in these media, taking advantage of electrostatic andy Vlatakis et al[26]. Theophylline-reloaded particles were
hydrogen bonding interactioi8]. The presence of residual able to sustain drug release in pH 7.0 phosphate buffer for
organic solvents may cause cellular damage and should beseveral hours, especially those loaded with low amounts of
the object of a precise control. In consequence, hydrophilic theophylline (0.1-2.0 mg/gHg. 1). The increase in release
polymer networks that can be synthesised and purified in rate observed at greater loadings was attributed to a partial
water are preferable to those that require organic solvents.drug adsorption to non-specific binding points to which it
A hydrophilic surface also enhances biocompatibility and was weakly attached. This hypothesis also explains that ref-
avoids adsorption of proteins and microorgani$tr@. Ad- erence (non-imprinted) systems showed slightly faster re-
ditionally, many drugs, peptides, oligonucleotides and sug- lease.
ars are also incompatible with organic media. To avoid the decrease in interaction intensity between

A wide range of cross-linked hydrogels have been proved the MIPs and the ligands in water and to enhance their
to be useful as drug delivery platfornmi9,20]. Molecular performance as sustaining release excipients of transder-
imprinting in water is still under development and difficulties mal DDS, Allender et al[27,28] proposed preventing wa-
arise due to the considerable weakness of electrostatic ander from associating with the imprinted binding site by em-
hydrogen-bonding interactions in this polar medium, which bedding the MIP and the drug within a secondary polymer
decrease the affinity and selectivity of MIP for the ligand matrix made of a commercially available non-polar trans-
[21]. Nevertheless, hydrophobic and metal co-ordination in- dermal adhesive. The adhesive material—freely diffusible
teractions are proving to be very promising to enhance tem-for drug molecules but relatively hydrophobic—was able to
plate and functional monomer association in w§g,23] create an environment within which selective binding could
It is clear that the polymer composition and solvent are key occur. The transdermal devices were prepared dispersing
parameters in the achievement of a good imprinting and that, propranolol (19.1 mg) and imprinted or non-imprinted poly-
in consequence, a compromise between functionality and
biocompatibility is needed.

Depending on the specific application of the device, an
adequate balance between the performance as imprinted
systems—that determines the efficiency as drug delivery or
biological sensor—and the safety when administered should
be reached. Only for applications in which the physiologi-
cal aspects play a less important role, it may be possible to

1.0
0.8 -

0.6 -

0.4 - /

. . . /
prepare the networks considering mostly their performance .o ol
as imprinted devices. This review covers the different ap- 0.2 v 2.0mglg
o 0.1mg/g

Theophylline released (dose fraction)

proaches proposed to prepare MIPs useful, under in vivo o0 ‘ L o
CpndlthﬂS, for delivery of drugs_ and other biologically ac- 0 100 200 300 400 500 600

tive sqbstances, and also as diagnostic sensors or traps of Time (min)

undesirable substances. These approaches range from “clas- _ -

sical imprinting", which will refer to imprinted systems pre- Fig. 1. Theophylline release profiles in phosphate buffer pH 7 from

ared in organic solvents with a high cross-linked prooor- imprinted polymers (theophylline:MAA:EGDMA 5.22 mmol:20.9 mmol:
p 9 9 prop 94.3mmol in chloroform) loaded with different amounts of drug (repro-

_ti0n1_t0 impr_inte_d Wea_k_ly cross-linked hydrogels and even gyced from Norell et al[25] with permission from John Wiley & Sons
imprinted stimuli-sensitive gels. Ltd.).
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limited. Suedee et aJ35] have carried out a detailed analy-

m  Control
o 1oomg NP sis of the potential of MIPs in the enantioselective-controlled
mg . . .
80 A 300mgNIP delivery, in aqueous media, of @-blocker and two
A 300mg MIP .- . . .
o l? 500mg NIP non-steroidic antiinflammatory drugs (NSAIDs), included in
v 500mg MIP

granules and tablets intended for oral administration. Gran-
ulation is a pharmaceutical process intended for agglom-
erating small powder particles to obtain greater particles
with improved morphological, mechanical and drug release
properties. Granules are usually intermediate products in the
10 s 20 2 manufacturing of DDS, as hard gelatine capsules and tablets.
Time (hours) Suedee et al[35] used the enantiomerR-propranolol,
Sibuprofen, ands-ketoprofen as templates. Spherical poly-

nolol release from 1-cm diameter discs constituted by imprinted (MIP) or mer particles W-ere prepared t-)y a mUItISt-ep swelling of
non-imprinted (NIP) polymers (MAA:EGDMA 6 mmol:30 mmol in chlo- pquStyrene_partldes (apr‘?x*ﬂm in diameter) in monomers .
roform) embedded in a non-polar transdermal adhesive (reproduced from Microemulsion. The functional monomers were methacrylic
Allender et al.[28] with permission from Elsevier Science). acid (MAA) for propranolol, and 4-vinylpyridine (VPy) in
the case of the NSAIDs. EGDMA was used as cross-linker.
After polymerisation for 24 h at 50C under nitrogen at-
mer (100, 300, and 500 mg) in chloroform, and then mixing mosphere, the particles were washed and dried under vac-
with the self-curing acrylic co-polymer adhesive. The vis- uum. Granules, based on either imprinted or non-imprinted
cous dispersions were left to cure overnight and then cut polymers, were prepared by mixing of racemic drug and
in 1 cm diameter discs containing 0.5 mg propranolol. Drug polymer particles with ethanol solution of polyvinylpyrroli-
diffusion studies carried out in water:ethanol (50:50) mix- done (PVP, 20%), passing the granules through a 1.18 mm
ture showed that the devices containing MIPs were able sieve, and open air drying overnight. Drug release profiles
to substantially decrease the release rate, compared to thevere obtained, at 37C, in aqueous media of different pHs.
non-imprinted onesHig. 2). The lower diffusion rate of pro-  The release of the enantiomer used as template was in all
pranolol from devices prepared with MIPs indicates that the cases slower than the release of the non-print one. The
specific binding characteristic of these systems can providegranules prepared with non-imprinted polymer showed, for
a useful means of sustaining the delivery profile. the three drugs, similar release rates for both enantiomers.
MIPs are also promising as enantioselective release excip-This indicates that the MIP embedded into the granule is
ients. A growing awareness of the often profoundly different responsible for the enantioselectivijig. 3 shows the ef-
pharmacokinetic—oral bioavailability, clearance, protein fect of drug/polymer ratio on the release rateSabuprofen
binding, elimination half-life—and also pharmacodynamic and R-ibuprofen from granules prepared wighibuprofen
and toxicological profiles of the enantiomers of chiral sub- MIPs. As the polymer proportion increased, drug release
stances has motivated recent regulatory requirements gov+ate decreased and the enantioselectivity increased. This
erning their use as pharmaceuticfl8]. Large differences = means that as more imprinted cavities are available, the im-
in activity and toxicity justify the necessity of administer- print molecule finds it more difficult to escape from them
ing pure single enantiomers. However, the production of and, therefore, the ability of the device to selectively release
single enantiomers is still difficult and time-consuming, and the non-imprint molecule increases.
enantiopure drugs may suffer racemization during pharma-
ceutical processing, storage, and in vivo dissoluf&dj. In 120

40

20

Propranolol diffused (pg/cmz)

=

=
wn

Fig. 2. Influence of polymer content and imprinting effect on propra-

consequence, racemates are still being widely used. To ob- S S S ® [ o reconor
tain a selective release of the most active enantiomer, it has & b | e s-Control
been proposed the inclusion of the racemate in DDS that 3 80 _ o sun
also contains chiral excipients, which may preferentially S ok g —_— e —RAY
interact with the less active enantiomer. Semi-synthetic or = e Sl . 2(&?5)
natural chiral macromolecules, such as cellulose ethers, al- "g 40 | o g(é;g))
ginates or starch, can delay the diffusion of one enantiomer 2,/ l&f 2 i S (1:25)
with respect to the othdi831,32] However, the ability of | W e s Y

these polymers to provide stereoselective release is quite 00 S 1> 15 24 30 36 42 48

limited and only observed when their chiral groups and
those of the drug are complementary to each other. _ _ _
The ability of MIPs to recognise, in an organic medium, Fig. 3. Influgnce of dryg/polymer ratios on the reIea;g profile othe
btle structural differences as occur in enantiomersands enantiomers of ibuprofen from granules containing racemic drug
,SO su . ) . and S-ibuprofen imprinted polystyrene particles. The dissolution profiles
is well-known and valuable for use in the analytical field of each pure enantiomer are also shown (reproduced from Suedee et al.
[33,34], although its efficiency in water seems to be more [35] with permission from Taylor & Francis).

Time (hours)
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The enantioselectivity values, estimated as enantiomeric 1.6
excess release percentage using the equation:

S — R
%ee= |: Isomer |somer:| x 100 .

Risomer+ Sisomer

R/S ratio

in which Sspomer and Risomer represent the amounts of each
isomer released at a given time, indicate that the granula-
tion of a mix of Sibuprofen MIP andS-ketoprofen MIP 0.8
particles (combined MIP granules) provide a higher release Reimprinted
rate of R-ibuprofen andR-ketoprofen from the granules, 0.6 —————t——
0 24 48 72 96 120 144 168 192
and a lower release rate 8fibuprofen ands-ketoprofen. In Time (hours)
consequence, the combined MIP granules showed greater
enantioselectivity (%ee for ibuprofe& 63.6%: %ee for Fig. 4. Time—course_ of the relative percentage Rpropranolol and _
ketoprofen= 135) than that shown by each single MIP Spropranolol enantiomers releasepl frqm 'tablets made of a racemic
’ propranolol core and a low-swelling imprinted polymer shell (tem-

granule (%ee for ibuprofer- 43.5; %ee for ketoprofer= plate:MAA:EGDMA 3 mmol:12 mmol:310 mmol in chloroform) (repro-
10.0). duced from Suedee et dB7] with permission from Marcel Dekker).

In a previous paper, Suedee et[86] found that tablets
prepared with imprinted polymers obtained by common bulk
polymerisation, provided a faster release of the enantiomerfore, the tablets initially released the non-print enantiomer,
(R- or Spropranolol) used as template. The differences in for which the polymer had a lesser affinity, faster. After
the procedure followed to obtain the MIPs may explain some days in a phosphate buffer (pH 7.4), the differences
this apparent contradiction. In this last case, the synthesisbetween each enantiomer release rate decreased and even
was carried out by dissolving- or S-propranolol (3 mmol) reversed [tig. 4). This last observation is a consequence of
in chloroform (40ml), and then adding MAA (12mmol), that the final swelling to some extent of the tablets causes a
EGDMA (310 mmol) and initiator (AIBN, 0.36 mmol). Af-  distortion of the cavities specific for the template molecule,
ter polymerisation, the bulk polymer was ground to a fine which increases the release of the imprint enantiomer. The
powder, and washed. Tablets were prepared after wet granuslightly greater degree of enantioselectivity obtained with
lation of a mixture of racemic propranolol and the polymer the Senantiomer-imprinted matrix may be due to low ex-
particles with an ethanol solution of PVP and hydrogenated perimental reproducibility.
vegetable oil. Those tablets obtained with imprinted parti-  Although much more work should be done to achieve an
cles always released the drug used as the imprint faster tharoptimum enantioselectivity, the data already obtained are
the non-imprint enantiomer; the difference in release rate quite encouraging and suggest that the transition of the orig-
being dependent on the pH of the medium. The low reten- inal polymer from the dry to the swollen state and the pos-
tion of the enantiomers may be attributed to two causes: asible loss of conformation at the active sites, are key factors
high rate of water uptake by the matrix and an inadequate influencing the rate of drug release and selectivity of this
restoring of the imprinted cavities. When the tablet enters type of MIP matrices.
into contact with the dissolution medium, water dissolves
the drug at the same time as the polymer is hydrated. If drug2.1.2. Imprinted polymers in water as DDS
dissolution is faster than the time needed for the polymer to
be ready to recognise the drug molecules, no delay in the2.1.2.1. Imprinting of peptides and proteinsRelatively
release is observed. On the other hand, these MIP granulesow molecular weight compounds are generally used as
swelled considerably in water, which alters the conforma- templates in molecular imprinting. The synthesis of MIPs
tion of the imprinted cavities, decreasing their affinity for selective to macromolecules such as proteins is mainly
the imprint molecule. hindered by steric and thermodynamic reasons. Bulky pro-

To compare the behaviour of this high swelling MIP ma- tein cannot easily move in and out through the mesh of
trix with that of low swelling MIP matrices, tablets were pre- a polymer network38], although this may be overcome
pared applying a different procedy&¥]. Instead of mixing by synthesising macroporous MIR39] or creating sur-
all components, the tablets had a core of racemic propra-face imprinting using metal(Ctr)-ligand monomer$40].
nolol and an outer layer of granules of MIP/PVP covered On the other hand, the use of large non-rigid templates,
by a film of hydrogenated vegetable oil. When the shell be- such as polypeptides and proteins, yields less well-defined
comes completely hydrated, the medium penetrates into therecognition siteg41]. These considerations led Rachkov
core and starts to dissolve the drug. The release of the drugand Minoura[42] to create protein-imprinted polymers
starts only after this lag time when the drug can diffuse out- using a short peptide (epitope) that represents only a part
ward. The drug has to pass through the hydrated polymerof the large protein as a template. The MIPs are intended
before leaving the matrix, and this process may enhance anyto recognise such a portion of amino acids in any protein,
possible interaction of the enantiomer with the MIP. There- as the antibodies recognise specific sequences in macro-
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Functional monomers the drug and the dimensions of the cavity, and on the inten-
Polymerization e +  Cross-linking agent sity of the interactions between the chemical groups of both.
mixture e@ Porogen, initiator The strategy developed by this research group consists of

assembling several host cyclodextrins in a polymer network,
with a spatial distribution that allows each of them to fit a
designated portion of the target molecule and, at the same
time, the assembly as a whole to recognise the guest—sized
S in a range from angstroms to nanometers—very exclusively
(Fig. 6). Applying this procedure, receptors for various
peptides having two or more hydrophobic residues have
TR been successfully obtained. High affinity polymers for van-

° comycin and cefazolin were also creatglh]. The large
Removal of size and the complex structure of these antibiotics made
remplate it possible the simultaneous interaction with several cy-

clodextrins and, in consequence, the imprinted polymers
N N showed a considerably greater binding constant than the
sFl::e recognition non-imprinted ones (630 M versus 240M?! for van-
comycin; 320 M1 versus 140 M1 for cefazolin). When a
smaller antibiotic was used as template, the polymers were
not able to bind the large antibiotics, which emphasizes
its high specificity. The release rate of the drug from the
cyclodextrin—MIPs is expected to be mainly regulated by the
dissociation constant of the host-guest comj4]. The
stronger the association, the slower the release rate. These
results make it foreseeable that imprinted systems with cy-
clodextrins are particularly useful for the development of
DDS of peptides and hydrophobic drugs. The combination
of cyclodextrins and ionic monomers has been proposed by
Piletsky et al.[22] to enhance the affinity to amphiphilic
molecules containing hydrophobic and ionic groups.

Polymerization

Formation of a
recognition site around
a short peptide

Recognition of a
larger peptide

AR

Fig. 5. Schematic draw of the imprinting process of a peptide using
the epitope approach (reproduced from Rachov and Minfd@$ with
permission from Elsevier Science). 2.1.3. Weakly cross-linked MIPs prepared without solvents

as drug delivery soft contact lenses

molecular antigens. For example, a sequence of four amino Some drugs may be directly dissolved in the monomers
acids (Tyr-Pro-Leu-Gly) can be chosen as the template of mixture, without using additional solvents. Sreenivasan
oxytocin (Cys-Tyr-lle-GIn-Asn-Cys-Pro-Leu-Gly-NHl us- [46] demonstrated the feasibility of using imprinted poly-
ing methacrylic acid as the functional monomer, EGDMA hydroxyethylmethacrylate (HEMA, 3 ml) cross-linked with
as the cross-linker (monomer to cross-linker ratios ranged EGDMA (3.5ml) as hydrocortisone (250 mg) sustained-
from 1:30 to 1:7.5), and water—acetonitrile mixture as the release materials. The quantity of hydrocortisone reloaded
polymerisation mediumKig. 5. The imprinted macro- by the MIP (9.20 mg/g) was almost 40 times greater than the
porous polymer efficiently recognised both the template amount loaded by the non-imprinted polymer (0.23 mg/g).
and the whole protein, even in pH 6.5 agueous medium. Additionally, this last system released, in methanol/water
The high selectivity and affinity of these MIPs for peptides solutions, all the loaded drug in less than 1 day, while the
and proteins make them potentially useful for the devel- release from the MIP was considerably slower. The affinity
opment of DDS with a high loading capacity and able to for the drug was too high to be easily broken and after one
control the release of these macromolecules in an adequatenonth there was still nearly 96% of hydrocortisone inside

physiological environment. the MIP. This over-enhanced affinity might cause the re-
lease of an insufficient fraction of dose of the drug included
2.1.2.2. Imprinting with cyclodextrins.Asanuma et al.  in the system, limiting its therapeutic utility. Nevertheless,

[43] have developed a new molecular imprinting technique imprinted HEMA networks without using solvents open
based on the ability of cyclodextrins to form inclusion interesting possibilities for the development of DDS since
complexes in water with relatively hydrophobic drugs. Cy- HEMA is a widely used substance for preparing biocom-
clodextrins are non-toxic cyclic oligomers of 6-9 glucopy- patible hydrogels, such as those intended for implants and
ranose units, which present a hydrophilic outer surface and acontact lenseft7].

non-polar cavity, of 5-8 A i.d. and 7 A depf#4]. Complex Recently, our group has developed an imprinted tech-
formation depends on the size of the hydrophobic region of nique to create soft contact lenses able to load and re-
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M A,

6-mer: a-cyclodextrin
7-mer: p-cyclodextrin disocyanate

8-mer: y-cyclodextrin

i

o] o

HMDI = OCN\/\/\/\NCD

(a)

v

e L,
vinyl monomer of CyD
(b)

Fig. 6. Molecular imprinting of cyclodextrins as receptors of nanometer-scaled templates. (a) The cyclodextrin is cross-linked by diisatyanate, i
dimethylsulfoxide, in the presence of the template. (b) The vinyl monomer of cyclodextrin is copolymerised with methylenebisacrylamide, im water,
the presence of the template (reproduced from Asanuma gt3lwith permission from Wiley—VCH Verlag).

methylenebisacrylamide

T

lease drugs in a controlled way for the treatment of ocu- olol than the corresponding non-imprinted systefig (7).
lar pathologieg48,49] Conventional ophthalmic formula- The lenses prepared with the lowest MAA proportion and the
tions generally show low ocular bioavailability because of highest cross-linking degree evaluated were able to load ther-
protective mechanisms, such as tear drainage and blinking.apeutically useful amounts of timolol, to sustain drug release
Although the efficacy of drops and ointments can be im- in lachrymal fluid for more than 12 H~{g. 8), and to reload
proved by viscosity enhanceiis, situ gelling systems and  timolol overnight, being ready to use the next i&,49,54]
mucoadhesive polymers, the time of permanence of drug on Due to the requirements of optical clarity, flexibility and
the eye is still quite limited50]. Medicated contact lenses oxygen permeability, the main composition of soft contact
may be particularly useful for increasing drug bioavailabil- lenses is restricted to some approved monomers that dif-
ity while, at the same time, if the patient requires it, they fer in water affinity and hydrogen-bonding capacity].
can correct impaired visiofp1,52] The feasibility of using
drug-loaded soft contact lenses depends on whether drug
and contact lens material can be matched so that the lens
uptakes a sufficient quantity of drug and releases it in a con-
trolled fashion. In general, drug loading capacity of con-
ventional soft contact lenses is insufficient and, therefore,
they have rarely been employed for ophthalmic drug deliv-
ery [52,53] To overcome this drawback, the application of
the molecular imprinting technology in the design of soft
contact lenses has been shown to be particularly useful. Tim-
olol maleate, a drug used in glaucoma therapy, is a suitable
molecule to provide imprinted systems since it offers mul-
tiple sites for interaction with the functional monomer. To 0o . . . .
prepare timolol-imprinted soft-contact lenses, a small pro- 400 20000 200 400

: ; . MMA MAA
portion of methacrylic acid (MAA) was added as a func-
tional monomer able to interact through ionic and hydrogen Fig. 7. Timolol uptake from water by imprinted (solid symbols) and
bonds with timolol maleate. Imprinted HEMA-based and ggn'irﬁpfi”@dd (Svﬂind?fggﬁlsi nigousr?t's'i”('i‘sdmfa;jfg?iz t?y?i‘ztﬁ;c'ﬁ;’t'g

: : : polymerise

\II\IV,I'[Nh dé:?g?gi?gﬁ?é?ﬁoﬁgiﬁﬁ :Aasadzge_nss (]a_SZ, r:glg/tor;easrzsded (MMA) and methacrylic acid (MAA) as functional monomers (reproduced

. . from Alvarez-Lorenzo et al[48] with permission from John Wiley &
cross-linker EGDMA (0.32—-8.34 mol%), took up more tim-  sons Ltd.).

—
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Fig. 8. Timolol release profiles, in artificial lachrymal fluid at %7,
from re-loaded imprinted hydrogels made of HEMA copolymerised with
different amounts (in mM) of methacrylic acid (MAA) (reproduced from
Alvarez-Lorenzo et al[48] with permission from John Wiley & Sons
Ltd.).

Fig. 9. Effect of the presence of hydrocortisone in the aqueous medium
(50 mg/l) on testosterone release rate. The initial load of testosterone was
175p.g in 100 mg of hydrocortisone-imprinted polymers (HEMA:EGDMA
1g:4g) (data taken from Sreenivasg®)).

Furthermore, the proportions of functional monomer and  Other competitive binding experiments, in aqueous en-
cross-linking agent have to be relatively low and, in conse- vironment -between bupivacaine and other local anaes-
guence, the physical stability of the binding site is a main thetic drugs[57], and between theophylline and other
concern. Therefore, to try to generalise the applicability methylxantines (caffeine, theobromine) and @-éstradiol

of the molecular imprinting technology to manufacture and very close structurally related sterols @-&stradiol,
therapeutic contact lenses, the influence of the backbonel7--ethynylestradiol) [58]—have shown the ease with
monomers on the achievement of the imprinting effect, which a non-imprint specie bound to imprinted polymer
keeping the proportions of the functional monomer and particles may be replaced by the template molecule.
cross-linker constant, is currently analysed in our laboratory

[55]. 2.2.2. Hydrolytically-induced drug release
A particularly useful approach to modulate drug deliv-
2.2. Activation-modulated drug delivery ery consists of creating erodible systems from which the

drug cannot be released unless the polymer degrades or
In this section, we comment on a series of systems poten-polymer—drug bonds are broken. The external conditions
tially useful to develop DDS in which the release occurs as that can induce these processes are, usually, extreme physio-
a response to a change in the conditions of the environment,jogical pH or the catalytic activity of certain enzymes. For
which affects the binding of the drug directly (competitive example, drugs that are unstable under the gastric condi-
binding or hydrolysis of the bounds) or through a change in tions may be selectively released in the colon by preparing
the swelling state of the polymer (volume phase transition DDS with polymers that serve as substrates of the enzymes

induced by a external stimulus). of this intestinal region or that degrade at slightly alkaline
pH environments. In other cases, the rate of hydrolysis of
2.2.1. Competitive binding the drug linkage to the polymer network controls the release

An activation-modulated delivery may be achieved with rate. Ester bonds usually need alkaline pHs much stronger
an imprinted gel that releases the drug because of the(pH 10-11) than those found in the physiological environ-
competitive binding to the polymer of another substance mentto be broken. Additionally, the presence of electron do-
in the solution. The network includes a non-imprint drug nating groups in the drug moleculp-thetoxy orp-amino)
and, when the imprint molecule appears in the surrounding considerably suppresses the rate of hydroli&s$.
medium, the network binds it and releases the drug. If the To enhance the hydrolysis of polymer—drug ester or
concentration of the imprint substance decreases, the re-amide bonds under mild pH conditions, Karmalkar et al.
lease stops. A system of these characteristics able to releasfg0] proposed incorporating imidazole groups (nucleo-
testosterone at a rate depending on the concentration of hyphilic catalyst) near the drug linkage using a molecular
drocortisone in the medium was described by Sreenivasanimprinting technique. The hydrogels, designed for the re-
[56]. HEMA (1 g) cross-linked with EGDMA (4g) and im-  lease ofp-amino benzoic acid, were prepared dissolving
printed for hydrocortisone (100 mg) in chloroform (6—-8 ml) HEMA, N-vinylimidazole (NVIm) and 2-methacryloylethyl
absorbed, after removing the imprint, a considerable amountp-aminobenzoate (PAP) in methanol, in the proportions in-
of testosterone (17pg/100 mg MIP versus 3/g/100 mg dicated inTable 2 Imprinted hydrogels were only obtained
control polymer). The release of the loaded drug to the when PAP and NVIm were previously mixed together with
aqueous medium was considerably enhanced in the presenc€c?* ions. The metallic ions bring together both monomers
of the template molecule (hydrocortison&jd. 9). forming a co-ordination complex, as shown kig. 10
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Fig. 10. Synthetic route proposed by Karmalkar et[@Q] for creating imprinted cavities in which the imidazole catalytic group is positioned close to

the drug-polymer bound. The procedure consisted on the pre-organisation of the monomeric drug with a metal-complexing monomer and subsequent
polymerisation.

Table 2 substrate molecule, caused by a temperature-induced poly-

Amounts (g) of monomers used to synthesise hydrogels capable of se-mar swelling, as reported by Wang et §83] for related
lective releasg-amino benzoic acid, in slightly alkaline pH medium, by '

a hydrolytically induced mechanism SySt(_:"ms' . .

With a view to their use as bases of DDS, the polymers
Polymer HEMA PAP NVIm CoGl-6H;0 described above have a considerable interest for targeting
PAP-1 4.22 0.5 0.17 0.106 drugs, when orally administered, to specific regions of the
PAP-2 4.30 05 0.17 0 gastrointestinal tract.
PAP-3 4.50 0.5 0 0
To enhance the release rate, imprinted cavities containing imidazole groups2.2.3. Stimuli sensitive imprinted hydrogels
and the monomeric drug were created usingCoo-ordination interac- Polymer gels that modify their structure and, in conse-
tions [60]. uence, their properties in response to changes in the phy-

prop p g pny

sicochemical characteristics of the physiological medium
Polymerisation of such a complex and subsequent removalare very promising candidates to achieve an optimum con-
of the metal ion would lead to polymers having the labile trol of the moment and rate of drug relea,65] In
bond and imidazole located in contiguous positions on the consequence, stimuli-sensitive polymer hydrogels that ex-
same chain. In ethanol-phosphate buffer pH 8 medium, theperiment reversible volume phase transitions have attracted
release ofp-amino benzoic acid from the imprinted system special attention. An enormous volume change can be trig-
(PAP-1) was considerably easier (first order rate constantgered by small changes in temperature, pH, solvent com-
39.8 x 102 per day) than from the other two gels (PAP-2: position, ionic strength, electric field, light or the presence
8.1 x 103 per day; PAP-3: A x 1072 per day) and even  of specific molecules[66]. Poly(N-isopropylacrylamide)
faster than from PAP-3 gels in 0.01N NaOH (pH 11). (NIPA) hydrogel is one of the most widely studied systems
The cross-linking was essential for the catalytic activity of that undergo a temperature-controlled volume phase tran-
the hydrogel; the release rates from linear imprinted and sition. The gel is swollen at temperatures lower thafiG3
non-imprinted polymers being similar. and collapses when the temperature is ra[66¢67]

To bring into close proximity imidazol and drugs thatcan- ~ The combination of stimuli-sensitivity and imprinting
not form a complex with the metal ion, another techniqgue may have considerable practical advantages: the imprint-
was developed60,61]. The polymerisation method, based ing provides a high loading capacity of specific molecules,
on that previously proposed by Leonhardt and Mosljé2h while the ability to respond to external stimuli contributes
consisted of using template molecules of similar size and to modulate the affinity of the network for the target
structure to the drug, but that can form complexes with the molecules, providing regulatory or switching capability of
metal ions. After polymerisation and removal of the tem- the loading/release processes. From a theoretical point of
plate, the drug was loaded into the hydrogel and immobilised view, it is also interesting to study the ability of the poly-
by polymerisation. Since the cavity contained an imidazol mer network to memorise a specific conformation after a
group, the release rate was considerably enhanced comparedramatic change in swelling degree. In this sense, Watan-
to control hydrogels. These polymers also had the ability abe et al[68] observed that NIPA (16 mmol)-acrylic acid
to switch on and off the release in response to a change in(4 mmol) cross-linked (1 mmol) polymers synthesised in
pH from 3 to 6.8[61]. This is because the catalytic activ- the presence of norephedrine hydrochloride or adrenaline
ity is lost at pH below 3.5 and, in consequence, the releasehydrochloride showed, after template removal and in the
does not occur while the system is kept in that environment. collapsed state, an increase in swelling ratio with increas-
The switch on and off effect might also be achieved by a ing imprint molecule concentration in water. Curiously,
change in the distance between the imidazole group and thethis template-induced swelling was observed only for the
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polymers prepared in dioxane but not for those prepared in 1000 |- = .
water. R B R

Tanaka and co-workel[§9—72] proposed the creation of 800 |
stimuli sensitive gels able to recognise and capture target
molecules using polymer networks consisting of at least
two species of monomers, each having a different role. One
forms a complex with the template, and the other allows
the polymers to swell and shrink reversibly in response to e Imprinted
environmental changes. The gel is synthesised in the col- ° Nonimprinted
lapsed state and, after polymerisation, washed in a swelling 0 50 100 150 200 250
medium. The imprinted cavities develop affinity for the tem- Cross-linker (mM)
plate molecules when the functional monomers come into ) ) )
proximity, but when they are separated, the affinity dimin- "9 12 Influence of the cross-linker (methylenebis-(acrylamide)) pro-

! L . portion on the overall affinity for calcium ions of the imprinted and
ishes. The proximity is controlled by the reversible phase non-imprinted NIPA (6 M) gels in the shrunken state in water. The amount
transition of the gel that consequently controls the adsorp- of functional monomers (MAA) was fixed at 32mM (reproduced from
tion/release of the templat€ify. 11). Alvarez-Lorenzo et al[70] with permission from American Chemical

In order to obtain a system with the capacity to recog- S°ciew)-
nise calcium ions, imprinted and non-imprinted copolymers
of N-isopropylacrylamide (NIPA) and different methacrylic between lead and two methacrylate molecules during poly-
monomers with carboxyl groups, which form complexes merisation is negligible, and therefore lead is responsible for
with divalent ions in the relation 2:1, were prepared. The fixing the juxtaposition of pairs of methacrylatf,71]
effect of temperature on the adsorption capacity of the im-  These stimuli-sensitive imprinted gels are very weakly
printed copolymers prepared with different templates and cross-linked (>2 mol%) systems and, therefore, the success
in different organic solvents was compared with that of of the imprinting strongly depends on the stability of the
the non-imprinted ones. Successful imprinting was obtained complexes template/functional monomers during polymeri-
with NIPA-lead dimethacrylate monomers in dioxane. After sation and in the aqueous medium. However if the inter-
washing lead out and swelling in water at room tempera- action in water is too strong, it may be difficult to remove
ture, the affinity for divalent ions disappeared. When the gels the template completely after polymerisation to obtain the
were shrunken by an increase in temperature, the affinity pure gel. To circumvent some of these drawbacks, functional
was recovered and the original relative position of the car- monomers directly bonded to each other prior to polymeri-
boxylic groups was recalled. Control gels made using ran- sation, which we call “imprinters”, were usdd3,74] An
domly distributed MAA experienced difficulty in forming  imprinter is a molecule that has three functional parts, two
pairs (“frustration”) and their affinity for divalent ions de- or more polymerisable double bonds, two or more func-
creased exponentially as a function of cross-linker concen-tional groups and a link connecting the functional groups
tration Fig. 12. In contrast, the topological constraints were that is easily cleaved afterwards, such as a disulphide bond
completely absent in the imprinted gels, showing that mem- or a 1,2-glycol structure. The functional groups can be sep-
orisation had been achieved. The success of the imprintingarated after polymerisation to obtain pairs of ionic groups
can be attributed to the fact that the degree of dissociationwith the same charge. Since the members of each pair are
close in the space, they can capture target molecules through
multiple-point ionic interactionsHig. 13. An imprinted hy-
drogel for cationic divalent ions was obtained, without tem-
plate, using a monomer with a disulphide bond that, after
polymerisation, was oxidised and transformed in two sul-
fonic groups in contact each other. Thus, the hydrogel was
suitable for the binding/release of calcium ions more effi-
ciently than the gels prepared with randomly distributed sul-
fonic groupg[73].

Additionally, NIPA gels were prepared with a new
monomer that carries two quaternary ammonium groups
linked by a 1,2-glycol bound, which was broken after
polymerisation[74,75]. Since a well-defined distance sep-
Fig. 11. Diagram of the recognition process of a template by a stimuli grates the members of each pair, they can capture specific
sensitive impr.inted hydrogel as proppsed by Tanaka §@]. The vplume molecules containing two carboxylic groups. The presence
phase transition of the hydrogel -induced by an external stimuli such - . .
as a change in pH, temperature or electrical field—maodify the relative of tWO "’}Cldlc gl’oupS.IS frequent 'n drug substances such as
distance of the functional groups inside the imprinted cavities. This alters antibiotics, glucocorticoids, or colinergic drugs. The adsorp-
their affinity for the template. tion of disodium 5-nitroisophthalate (DPA) and dipotassium

600

Overall affinity (SK)

Template (8]

Swollen state Collapsed state
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H e OH g o This effect is not observed in common stimuli-sensitive
A(N\/\/N Nf\/\Nk/ gels. Temperature responsiveness of NIPA gels has been
(@ o Br on I\ H proposed by several authors to obtain an oscillating release

behaviour, consisting of allowing a substance entrapped
in the polymer network to diffuse out of the gel in the

H\/\/\hf*doH - ji% swollen state, but stopping the release when the temper-
o cf/N\* N ature increases and the network collapgg&65] In our

(b) & gels, thanks to the affinity of the receptor groups for DPA,
a change from the swollen to the shrunken state induces,
o o NO, OH not only the cessation of the release, but also the promotion
Na @\ [ O o of a re-adsorption process. This process occurs quickly and
%\KHWW ooc coo /N\f\/\u)%/ in a way that can be reproduced after several temperature
o . ~ cycles. The non-imprinted gels presented swelling/collapse

() HO Na c behaviour similar to the Imprinter-Q gels, however since

Fo. 13, Struct ¢ Imprinter-Q () and of the binding sit their affinity for DPA is smaller, shrunken non-imprinted
1g. . ructure or imprinter-Q monomer (a) and O e binding sites _ H ~
of the gel made of Imprinted-Q after breakage of the 1,2-glycol bond gels could not re-absorb as much as the Imprinter-Q gels.

(b), and schematic representation of the capture of a target molecule (c)In physmloglcal conditions, in which temperaf[ure slightly
(reproduced from Moritani and Alvarez-Loren4@4] with permission oscillates around 37C, the release process mainly depends

from American Chemical Society). on the pH and ionic strength of the medium, which alter
the strength of the ionic interactiofig6,77]
2,6-naphthalenedicarboxylate was considerably greater than The stimuli-sensitive imprinted systems have a great po-
that of sodium benzoate, which only carries an anionic tential in drug delivery. The reversibility of drug release and
group. When the dry DPA-loaded gels were immersed in re-uptake as a function of temperature may be useful for the
water at temperature below the phase transition of the geltreatment of some pathological events that are accompanied
(20°C), a fast hydration and swelling took place during by local changes in temperature, or to stop delivery of drug,
which the gels quickly released DPA until equilibrium was by externally applied local hyperthermia, when the dose re-
reached[74]. Since the adsorption behaviour of the gels leased from hydrogels accumulated in an organ is enough.
follows the Langmuir model and the amount of DPA loaded
in each gel depends on the proportion in cationic groups, 2.3. Feedback-regulated DDS
the percentage of DPA released decreases as the proportion
of cationic groups in the hydrogel increases. It is interest-  Frequently, the levels of some physiological substances
ing to notice that when the temperature increased above aare used as direct indicators of the degree of dysfunction
certain value, the gels were able to re-adsorb a significantly of a certain organ. The availability of systems capable of
high amount of the DPA previously releasefig. 14). selective recognition of these substances is an essential step
to create feedback-regulated DDS able to modulate drug
release as a function of the level of these substances in the
100 body[78].

Most work carried out until now has been focused on
glucose-regulated insulin delivery systems, using non-
imprinted systems. However, since recently, the obtaining
of glucose-imprinting has been tackling the issue from quite
different approaches. The prevalence of diabetes in devel-
oped countries is quite considerabr®]. Therefore, from a
practical point of view, simple methods of quantifying blood
glucose concentration are required and, consequently, some
0 i MIPs have been designed as sensors in this field. Arnold
60 W et al. [80] developed a glucose sensing device based on
20 a-methylp-glucoside imprinted polymer, applying metal
co-ordination, that exhibits a change in pH proportional to
the glucose concentration of its environment. This proce-
dure was later improved by Strieglg3,81,82]for enhanc-

Fig. 14. Influence of temperature on the release and re-adsorption Ofing glucose binding at.5 < pH < 7.5. New functional
disodium 5-_nitroi_sophthalate (DPA).in water by i.mprinted NIPA (6 M) gels monomers such as [M(VinylbenZyl)diethylenetriamine)
prepared with different concentrations of Imprinter-Q. Cross-linker con- . ; . :

centration was 40 mM. Degrees of swelling at 20 and®Qvere 6.0-6.5 C?Pper(”)] (j|formate or [(dlethylenemamme) copper(I)]
and 0.9, respectively (reproduced from Moritani and Alvarez-Lorenzo dinitrate, which can form 1:1 complexes with carbohydrates
[74] with permission from American Chemical Society). in this range of pH, were synthesiseid. 15. Although

DPA released (%)

Temp. (°C)

0 6 12 18 24 30 36 42 48
Time (hours)
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Fig. 15. Pre-organisation of [(N¢vinylbenzyl)diethylenetriamine) cop- /B\ BZ-OH O/ \o
HO ©OH

2N
per(ll)] diformate and a carbohydrate template prior to polymerisation at HO  OH

alkaline pH to obtain glucose sensors (reprinted from Strig@&} with
permission from Elsevier).

Fig. 17. Reversible covalent binding of glucose to phenylboronic acid in
alkaline medium (reproduced from Kataoka et [@85] with permission

the ligand—Cét—glucose apparent binding constant is from American Chemical Society).

lower at physiological conditions (pH 7.4) than at the
pH used for polymerisation (12.4), the imprinted systems
were still much more efficient than the control ones and
showed a high selectivity over other Igi&-diols, namely
mannose and galactosEig. 16) [81]. Adequate imprinted
networks even allowed selective discrimination cef and
B-glycosidic linkages of cellobiose and maltofg2]. Fi-
nally, to raise the overall loading amount of carbohydrates,
cross-linkers and monomers that may establish hydrogen-

bonding interactions were also included. As the matrix X ) :
sugar molecule ang@-vinylphenylboronic acid, may even

polarity increased, the polymer preference for the large andd_ tinauish A Fal id dqf bohvdrat
polar disaccharide lactose also rose, in detriment of the less ISnguish racemales of glycosides and iree carbohydrates
[86]. Neighbouring amino functionalities in the boronic

polar monosaccharide glucog3]. Thus, depending on the " i h the f " tb . i
specific carbohydrate to be recognised, it maybe practical toaclds greatly enhance the formation ot boronic acid-sugar
complexes, making it possible to create carbohydrate sen-

use polar or non-polar cross-linking monomers. In this way, L
Mayes et al[83] and Oral and Peppd84] demonstrated sors at neu_tral _pl—_l@?]. Therefore, the application of the
molecular imprinting technology to the development of

the feasibility of hydrogen bonding interactions between this t ¢ ‘ Id ibute ke th
carbohydrates and methacrylic monomers, to produce high IS type of systems could contribute 1o make them more
selective, improving their performance significantly.

affinity binding polymer networks. These sensors may serve
as a basis for the obtaining of glucose-responsive DDS.
On the other hand, Kataoka et &85] observed that
it is possible to regulate insulin release from a glucose-
responsive gel incorporating 3-acrylamidophenylboronic
acid as functional monomer. The apparelt pf phenyl-
boronic acid is lowered from 8.9 to 7.9 when interact wit
hydroxyl groups of glucoseF{g. 17). In consequence, at
pH 9 and 28C, the solubility of the polymer is abruptly

increased when glucose concentration in the medium rises.
This provokes a rapid release of insulin that is effectively
shut off by decreasing glucose concentration below a crit-
ical value. Although this initial polymer system was no
imprinted, several authors have shown that sugar imprint-
ing of boronic groups in polymer networks is achievable.
Imprinted systems prepared using the reversible formation
of boronate esters between pairs of hydroxyl groups of the

3. MIPsastrap systems

There is a very long list of substances included in the
h food that may be related to the apparition/worsening of cer-
tain illness (e.g., sugars, hormones, cholesterol, some amino
acids). Cholesterol is receiving increasing attention as a tem-
plate to create sequestrant devices, owing to the influence
of high blood cholesterol levels on the onset of atheroscle-
rosis and myocardial infarction. The systems able to bind
EE Imprinted . . . . . .
1 Non-imprinted such substances in the gastrointestinal tract, hindering their
absorption by the body, may be used in stead of or as a
complement of the pharmacological therapy, for the efficient
treatment of these illnesses. The information obtained in the
development of these systems might also serve as a base for
the design ofeedbackregulated DDS. This section includes
some examples of applications of MIPs as traps.
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Glucose  Galactose Mannose 3.1. Glucose traps

Fig. 16. Rebinding capability of glucose-imprinted and non-imprinted Starting from poly(allylamine hydrochloride), a commer-

polymers for glucose, galactose and mannose in water. The poly- . :
mers consisted of [(4N-vinylbenzyl)diethylenetriamine) copper(ll)] di- cially available polymer (MW 15,000 Da), and glucose phos-

formate (5 mol%) cross-linked with pentaerythritol tetraacrylate (95 mol%) Phate monosodium salt, Wizeman and Kofif&& prepared
(reprinted from Strieglef81] with permission from Elsevier). a non-covalent imprinted network by ionic association, with
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Table 3

Sugar binding by cross-linked imprinted with glucose phosphate
monosodium salt (1%) and non-imprinted poly(allylamine hydrochloride)
hydrogels[88]

Cross-linker Imprinting  Glucose Fructose
binding (g/g)  binding (g/g)

Epichlorohydrin Yes 0.54 (0.03) 0

No 0.20 (0.01) 0
Ethyleneglycol Yes 0.53 (0.03) 0.21 (0.03)

diglycidylether

No 0.18 (0.01) 0.11 (0.02)
Glycerol diglycidylether  Yes 0.34 (0.06) 0.18 (0.03)

No 0.13 (0.01) 0.05 (0.03)

Mean values (S.D.).

the aim of binding glucose in the stomach and small intes-

243

Also taking advantage of van der Waals interactions,
Sellergren et al.[91] obtained cholesterol-MIPs using
amphiphilic monomers under conditions favouring apolar
association between the monomers and the template. These
amphiphilic monomers were polymerisable derivatives of
cholesterol or bile acids (3 mmol), which were mixed with
EGDMA (30mmol) and MAA (6 mmol) and dissolved
in ethanol. To obtain an imprinting effect, cholesterol
(2.5mmol) was added before polymerisation. In intestine-
mimicking medium, cholesterol-imprinted polymers ex-
hibited a considerably greater adsorption capacity (ca.
45umol/g) than the non-imprinted ones (ca. |33o0l/g).
Zhong et al[92] observed that combining the use of poly-
merisable cholesterol and cyclodextrins, the MIPs take up
cholesterol more efficiently. Non-covalent imprinting using
conventional monomers, such as methacrylic acid or 4-
vinylpyridine, usually results in lower binding affinif@3].

tine and, then, passing unabsorbed through the body. The

networks were prepared with three different cross-linkers

3.3. Other molecular traps

using, for both the synthesis and testing, aqueous solutions

under air. Dried polymers added to a 50 mg/ml aqueous so-

lution of either glucose or fructose, showed very different

Another way to decrease the dietary uptake of choles-
terol consists of using imprinted polymers for bile acid

binding capability depending on the cross-linker used. The gajts. which participate in its emulsification in the gas-

higher degree of specificity for glucose was achieved with
the smallest molecular size cross-linker, epichlorohydrin, af-
ter 4h of immersion in the sugar solution&ble 3. The

MIP system would simply be ingested along with foods
that are high in glucose with the aim of reducing the sharp
rise in blood sugar associated with the ingestion of signif-

trointestinal tract, prior to its absorption. A strong de-
crease in bile acid salts concentration was achieved with
deoxycholic acid-imprinted polymers usiigN'-diethyl(4-
vinylphenyl)amide as functional monomg4] or cholate-
imprinted poly(allylammonium chloride) systerig5].
Although with a lower interest in the therapeutic field,

icant amounts of monosaccharides. This MIP system may \ips useful as caffeine traps have been also developed us-
also have applications in the preparation of a MIP glucose jng cross-linker (divinyloenzene) and functional monomers,

sensor.

3.2. Cholesterol traps

A comprehensive review about MIPs for steroids and, in

particular, for cholesterol has been carried out by Davidson

and Hayes[89]. Polymer networks containing imprinted
cyclodextrins were found particularly useful to enhance
their capability to form inclusion complexes with choles-
terol [90]. Free cyclodextrins are commonly used to pre-
cipitate cholesterol from concentrated solutions. However,
the yield of the reaction is limited by the fact that choles-
terol is too large to be accommodated within the cavity of
a single B-cyclodextrin. To be effectively bound, two or
moreB-cyclodextrins must interact simultaneously with one
cholesterol molecule. Komiyama et #.3] prepared poly-
mer networks that hold groups of two cyclodextrins at the

to which caffeine is adsorbed through hydrophobier in-
teractiong96].

4. A view to the future

Despite the already developed interesting applications of
MIPs, commented in the previous sections of this paper, the
incorporation of the molecular imprinting approach for the
development of DDS is just at its incipient stage. Neverthe-
less, it can be foreseen that in the next few years significant
progress will occur in this field, taking advantage of the im-
provements of this technology in other areas. Among the
evolution lines that should contribute more to enhance the
applicability of imprinting for drug delivery, the application
of predictive tools for a rational design of imprinted systems
and the development of molecular imprinting in water may

adequate distance to complex cholesterol, by cross-linking be highlighted.

vinyl monomers ofB-cyclodextrins with hexamethylene
diisocyanate or toluene-2,4-diisocyanate in dimethylsul-
foxide in the presence of cholesterol (sE@. 6). The

cholesterol-MIP systems showed strong and selective re-

The optimisation, using predictive tools, of the nature and
amount of functional monomers should overcome the time
and material consuming method of “trial and error” and im-
prove the specificity and the affinity of the templd®].

binding of the substrate in the agueous medium; the hy- This may be achieved with the use of rapid experimental

droxyl group at the 3-position and the alkyl chain at the
17-position playing an important role in the recognition.

screening processd98], combinatorial librarieq99] and

with the application of isothermal titration calorimetry anal-
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ysis, which has been proven to be a suitable method to in-
vestigate the thermodynamics of molecular recognition and
to assess the efficiency of the molecular imprinting process
[100]. A biomolecular binding database, to include binding
affinities for proteins, nucleic acids, carbohydrates, drugs,
and synthetic host and guest molecules obtained from lit-
erature, has been developed by Gilson efldl1] and it is

still in a growing process. Additionally, new ways of tack-
ling the challenge of preparing MIPs that work efficiently
in aqueous solutions are required. Although MIPs made in
organic solvents can often recognise the template in water,
much more work should be devoted towards making good
imprints in aqueous media. This may open the possibility of
obtaining imprinted systems for very labile molecules such
as some peptide drugs and oligonucleotides, making it pos-
sible even to use them in gene thergdp®2]. For exam-
ple, MIPs able to recognise specific compounds of cell sur-
face, especially oligosaccharides or lectins, may be suitable
for targeting the DDS to specific tissues or cells, increasing
the residence time at the absorption site and providing an
intimate contact to the absorptive tissue. Lectin-imprinted

polymers have recently been prepared in agueous solutions

using the ability of this glycoprotein to reversibly bind cer-
tain saccharidic functional monomg03]. The affinity of
each lectin for specific mucosal surfaces of the gastrointesti-
nal, respiratory, and urogenital tract may serve as a basis for
the development of lectin-mediated drug delivery systems
of poorly absorbable drugs by opening endocytic pathways
[104]. The advances in the preparation of MIPs as spherical
particles[58] and films[105] should also enhance the possi-
bilities of the application of these polymers in drug delivery.
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