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Theophylline molecularly imprinted polymer
dissociation kinetics: a novel sustained release
drug dosage mechanism
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The template release kinetics of theophylline molecularly imprinted polymers has been examined with a
view to determining their potential as a controlled release drug dosage form. The basis for the ligand
selectivity of these polymers has been shown through the demonstration of pre-polymerization template—
monomer complexation and HPLC studies of the product polymer ligand selectivities. The release kinetics
shows a dependence upon template loading and pH. Small differences in release characteristics between
imprinted and non-imprinted (reference) polymers have been observed? 1998 John Wiley & Sons, Ltd.
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Introduction arrhythmia, which can be fatal (Rangt al, 1995).
Theophylline is routinely administered in the form of oral
Methyl xanthines have been employed in the treatment of sustained release preparations in order to maintain effective
asthma for more than a century, initially in the form of plasma concentrations for periods as long as 12 h. More
strong coffee (Rall, 1993). Today the xanthine usually efficient systems, however, are clinically desirable.
employed in clinical medicine is theophylline (Rall, 1993; Ligand-selective recognition by non-covalent molecu-
Rang et al, 1995) (Fig. 1). Theophylline promotes larly imprinted polymers (MIPs) has found use in a diverse
diaphragmatic contractility and mucociliary clearance, aids array of applications ranging from the preparation of arti-
cardiac functions and lowers pulmonary artery pressure. ficial antibody combining site mimics and chiral chromato-
However, theophylline has the potential for significant graphic stationary phases (Steirtel.,, 1995; Wulff, 1995;
adverse effects. Appropriate dosing is essential, as theophyl-Mosbach and Ramstno, 1996; Andersson and Nicholls,
line has a narrow therapeutic index which lies in the range 1997a; Vulfsonet al, 1997); to mediators of organic
30-100umol |71, with toxic effects likely at concentrations  syntheses and enzyme mimics (Shea, 1994; Nicledl.,
greater than 110mol |7, (Berkow, 1987). Plasma con- 1995; Daviset al., 1996). The selectivity of these materials
centrations in excess of 2Q@nol I~ result in serious  for a predetermined ligand makes them versatile systems for
cardiovascular and CNS effects, the most serious beingthe study of molecular recognition phenomena (Nicholls,
1995). In addition, MIPs constitute an interesting comple-
ment to other rationally designed small-molecule recogni-
0 0 CH tion systems.
H,C, N H,C. N ’ The principles underlying the preparation of non-covalent
N | /> N | /> molecularly imprinted polymers entail the judicious selec-
O)\N N O)\N N tion of a monomer or monomer mixture to ensure chemical
(llH éH functionality complementary to that of a template (imprint)

3 3 molecule. The complementarily interacting functionalities
form predictable solution structures (Sellergegral., 1988;
Theophylline Caffeine Andersson and Nicholls, 1997b), which after polymeriza-
tion in the presence of a suitable crosslinking agent followed
Figure 1. Structures of theophylline and caffeine by extraction of the template species lead to the defining of

recognition sites of complementarily steric and functional

topography to the template molecule. Subsequent incuba-
*Correspondence to: I. A. Nicholls, Bioorganic Chemistry Laboratory, tion of a mixture of the template and related chemical
Institute of Natural Sciences, University of Kalmar, PO Box 905, S-39129 species results in the selective rebinding of the imprinted

Kalmar, Sweden. _ structure. This selectivity has been utilized in molecularly
E-mail: ian.nicholls@ng.hik se imprinted polymer-based chiral stationary phases (CSPs)
Contract/grant sponsorniversity of Kalmar Research Fund. . . X > !
Contract/grant sponsorSwedish Animal Research Council (CFN). which are dIStIHQUIShed from other CSPs by their pre-
Contract/grant sponsorCrafoord Stiftelsen. dictable order of elution, such that application of a racemate
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Figure 2. Plot showing the titration of theophylline with methacrylic acid (determined
at 285nm). The observed change in absorbance (AAbs) reaches a maximum
corresponding to saturation of interaction between functional monomer and template

structure.

of animprint speciesalwaysresultin longe retentiontimes
for theimprinted enantianer. This effectis refleded by the
different binding affinities of enaniomersat MIP recogni-
tion sites(KempeandMosbah, 1991).

While manystudeshaveutilized the selecive adsoption
chamcteristic of molecudarly imprinted polymess, herewe
descrile an investigaion of the dissocation kinetics of
temphte structuresfrom moleculaly imprinted polymers
(Norell etal., 1997).

Materials and Methods

All chemicals and solvents were of analyticd or HPLC
grade UV spectrawere recordedon a Hitachi U-2001
doubke-beaminstrument. HPLC was performed using a
Perkin Elmer series 200 LC pump and an Applied
Biosydems785A progranmableabsobancedetecor.

Spectrophotometric evaluation of theophylline—
functional monomer pre-polymerization mixtures

UV spectrgphotametric titration studes were perforned

accordngto themethodof Anders®nandNicholls (19978.

Chloroformwasusedasthereferenceandwastitratedin the

same way as the theghylline solution. Analyses were
performedin triplicate at room temperatoe (20-22°C). At

eachwawvelengththe relaive AAbs (Abs/Absy) wasplotted

against MR (mol theophyline/mol methacylic acid),

allowing the estimationof anappaentdissociaion constant
(and AG values) as descrited earlier (Anderssonand
Nicholls, 1997b)via the constrution of a Hill-t ype binding

plot.

Polymer preparation

Theophyline-imprinted polymerswere prepaed according
to the procedureof Vlatakis et al. (1993).A non-imprinted
referance polymer, in the absewe of theghylline, was
analogaisly prepared The polymers were packel into
columns (8 x 370mm?) and washedwith methaml/aceic
acid(9:1,v/v) (flow 0.75 ml min~?, total volume1.01), then

© 1998JohnWiley & Sons,Ltd.

dried under vacuum. Fractiors taken from the washirg
eluent wereanalysedo follow templat extracton.

HPL C evaluation of molecularly imprint ed polymer
recognition characteristics

Pdymer sample were packal in HPLC columns (inner
diameer 4.6 mm, lengh 250mm) with an air-driven fluid
pump(HaskelEngineering, CA, USA) at 340 bar. Sampes
(10png) of theophyliine, caffeine, theophyline/caffeine
mixture and acetone (void marke) were injected in
triplicate. Chromabgraphicanalysesvere performedwith
isoaratic elution with acetonitile/acetc acid (99.5:0.5,v/v)
ataflow rateof 1.0ml min~*. Detectionwascarried out at
272nm. Capacity factors (k') were calculated from the
retenton volumes(Vg) andthe void volume (V,) usingthe
equaion.

k' = VYol (1)

Polymer—theophylline dissociation kinetics

Dried polymer samples(100mg) were incubated with
differentconcentations (2.0, 10 and 50 mg theghylline/g
dried polymer) of theghylline in chloroform for 17h. The
solvent was subsequety evaported to produce a dry
powckr.

The polymers were transkrred to membrane tubes
(Spetra/Por® molecuar porousmembanetubing, MWCO
6-8000, flat width 23mm, diameer 14.6mm, volume/
length 1.7ml cm™1). Thetubeswereclosedandtranserred

Table 1. Apparent Kgissand -AG for the complexformation
betweenmethacrylic acid and theophylline

Wavelength (nm) Kaiss (M) -AG (kJ mol™")
295 4x10°° 25.1
290 5x10°° 245
285 8x 10°° 23.4
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Figure 3. HPLC traces from the co-injection of theophylline and caffeine on (A) a reference polymer column (caffeine, 4.27 min;

theophylline, 5.85 min; void, 3.40 min; « 2.8) and (B) a theophylline-imprinted polymer column (caffeine, 4.79 min; theophylline, 31.50 min;
o 19.0).
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Table 2. HPLC evaluation of theophylline-imprinted and

reference polymers
Polymer Analyte Capacity factor k¥ Separation factor «
Reference Caffeine 0.26
Theophylline 0.72 2.0
Imprinted Caffeine 0.45
Theophylline 8.55 18.0

to cappedl00mI Duran® flaskscontairing 70 ml of buffer
(0.1 M at pH 6.0, 7.0 and 8.0, Na,HPOy/NaH,PQy). The
extent of themhylline dissocation was determired by
spectracopic analysis of the externd buffer (Ax71.6 nm);
aliquots werereplacel after measuement.

3H-theophylline releasestudies

Radio labelled thehylline (°*H-theophylline, 18.6
Cimmol ™!, Amersham)was usedto increag sensiivity
when anaysing polymers incubated at lower concentra-
tions.400mg of polymerwasincubatedin 6 ml of solution
A (12ml acetonitrie, 48l *H-theophyline, 64l stod
soluion (1 mg theophyline in 1ml acetonitile)) in a
cappel beake for 17h. The incubated polymers were
evapoated in the beake without cap for 36h. Sample
prepaation was performedas descibed above. Analyses
wereinitiated as 70ml of buffer (0.1 M phosphée buffer,
pH 7.0) was addedto the Duran® flask. 100pl fractions
were transferredfrom the flask to a scintillation vial
(Beckman Mini Poly-Q Vial, 6 ml) containing scintillator
liquid (BeckmarReadyGel®, 1 ml). Samplesveretakenin
duplicae and were analysedin scintillator (BeckmanlLS
6000 SE, eachsanple countedfor 5 min).

Resultsand Discussion

Prior to polymer synthesisa spectr@gcopic evaluation of
temphlte—funt¢ional monanerinteraction wasperformedto
ascetain thatmonome—templde self-assmbly doesin fact

take place and to determire the stability of the sel-
assenbledcomplex. Althoughtheoplylline-imprintedpoly-
mers havebeenreportal in severalstudies(Vlatakis et al.,
199B; Kobayashi et al., 1995; Matsui et al., 1995), no
evidencehasyet beenpresentedor functional monamer—
thehylline self-assemblyduring the pre-polymeization
phase Throughmonitoring changs in UV spectraof the
template upon titration with methacylic acid, plots of
monamer concetration as a function of change in
absobanceyield saturaton isothems from which dissocia-
tion consaintsmaybe calculatedusingbindingplot analyses
(Anderssorand Nicholls, 1997b) (Fig. 2). Theseanalyses
were performed at three wavelengths, each yielding
comparablecalculateddissocation constantgTable 1).

TheophyllineMIP andrefererce polymerwere prepared
accoding to the procealure of Vlatakis et al. (1993). To
verify thattheghylline-electivesiteshadbeenintroduced
into the polymers,an HPLC-basedassg was performed
comparingthe retentionchamacteristis of the templat and
caffeine on non-imprinted and theghylline-imprinted
polymers (Fig. 3). A marked sekctivity for the temphte
was obsewed in the case of the theghylline-imprirted
polymer (Table 2).

The releag kinetics of theghylline from the imprinted
and reference polymers was subseguently examired.
Pdymerswereloadedwith differentquantties of temphte
(50-01 mg theghylline/g polymer (dry weight)) and the
dry chaiged polymer sample were then placedin dialysis
tubing. The extent of releag of temphkte in a pH 7.0
phosphate buffer (22°C) was followed by UV spectre
phaometry,andby scintillation countingafterloadingwith
radioactive theghylline in the caseof the 0.1mg g*
loaded polymess (Fig. 4). Superior controled releag
chamcterisics were observedfor the lower-loading sam-
ples 2.0 and 0.1 mg g *. The releag of 50% of loaded
themhyllinevariesby upto afactorof four overtheloading
rangestudied The differencein relea® ratesobseved at
highe loadngs is attributed to the utilization of non-
specfic, weak, binding modes in these polymers, a
phenonenonillustrated in recent work (Anderssonet al.,
199%). The difference in releag ratesas a function of
polymer loading are indicative of the heterogeeity of
theqhylline recepto site popuktions.
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Figure 4. Release characteristics for theophylline-imprinted polymers.
Polymers loaded with: A, 50 mg theophylline/g polymer; B, 10mg g~ ;

¢,20mgg ' x,01mgg "
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Table 3. Releaseates for theophylline-loadedpolymersin
phosphatebuffer

Incubation (mg
theophylline/g

Release rate (mmol g~" min~" at pH

polymer) Polymer 6.0 7.0 8.0
50 Reference 3 x 107* - 8.4 x 1073
Imprinted 5 x 107* - 3.7x1073
10 Reference 1x10™* 1x107* 7.4x10°
Imprinted 1x10™* 6x10° 37x10°°
2 Reference 2 x 107° 2x10% 3.0x10°°
Imprinted 2 x 107° 1%x10° 3.0x10°°

0.1 Reference - 4x10°% -

Imprinted - 3x10°° -

The releag chaicterisics of imprinted and reference
polymeis werecomparedat pH 6.0, 7.0and8.0. Selectivity
wasmostpronowncedat pH 7.0. No discernibk differences
in releag characeristicswereobservedat pH 6.0, however
andatpH 8.0only athighe loadings(Table3). Diff erences
in releag characeristics betweenimprinted and referece
polymess may be attributed to differences in polymer
strucure, as reflected by difference in porosity, surface
area and functionality distribution (Sellergen and Shea,
1993). Nonethdess, the variation in releag rates as a

function of polymerloadng denonstratethe utilization of
differentbinding modesat highe andlower loadngs.

In this study we have demonstatedthat the conceptual
bass for preparaton of theophyline molecuarly imprinted
polymers, namely the presenceof pre-polymeization
adducs betweenthe functional monome methacylic acid
and theophyline, is valid. Furthermoe, such polymeis
showhigh degree®f selectivily for theghylline relativeto
the structurdly related caffeine. The dissociaion of
temphlatefrom theghylline molecdarly imprintedpolymers
is loading-depadentanddifferences exig, albeitnot great,
betwea thereleasekineticsof imprintedandblark polymer
sysems. This study indicatesthat the selective binding
chamcterisics of molecdarly imprinted polymers offer
promisefor the preparatbn of novelcontrolled releasedrug
dosagdorms.Work focusdonimproving thehomayeneity
of recognitbn site populationsshoutl lead to enhaned
performance
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