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Abstract

Herein the preparation of molecularly imprinted polymers (MIPs) using supercritical fluid technology is evaluated. Poly(diethylene glycc
dimethacrylate), polyDEGDMA, was synthesised in supercritical carbon dioxide ¢aGdg a carboxylic acid end-capped perfluoropolyether
oil as stabiliser. Polymerisations were carried out in the presence of different concentrations of two different template drug molecules, salicy
acid and acetylsalicylic acid. Results suggest that molecular imprinted polymers were successfully prepared by supercritical polymerisation
then impregnated with the template in order to prepare controlled release systems.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction Molecular imprinting is a hew method to synthesise mate-
rials with sites of specific molecular arrangements that act as
Controlled drug delivery products, using biocompatible orartificial receptors, on an otherwise uniform matf#. The
biodegradable polymers, have received considerable attentialesign of a precise macromolecular structure that is able to rec-
in the last years. These substances provide in general a moognize specific molecules has indeed a large number of potential
controlled release rate and consequently assumption of the dragplications. There is a tremendous interest in analytical appli-
by the body improving its therapeutic action. In fact, there is acations, such as biosensors, immunoassays, separation media
growing interest of the pharmaceutical industry in the developand affinity supports among othejs]. Molecular imprinting
ment of these systenj$]. has already given proofs of its enormous potential in the field of
In many cases, conventional drug delivery products providgharmaceutical applicatiof]. In fact, in the last few years, the
sharp increases in systemic drug concentration that can easgevelopment of this technology has moved towards the prepa-
ily reach potentially toxic levels, followed by a relatively short ration of new controlled release systems, where it may enhance
period at the therapeutic level after which, drug concentratiorthe drug loading.
drops until new administration occygy. Controlled drug deliv- The generally accepted mechanism for the formation of the
ery occurs when a polymer/drug system is designed to releaseolecularly imprinted polymers (MIPs) is schematically pre-
the drug in a predetermined manner. One of the purposes asknted inFig. 1. One of the advantages of this technique is the
these controlled release systems is to achieve delivery profilesase with which highly specific, tailored polymer host can be
thatyield the therapeutic systemic concentration of the drug oveprepared from simple building blocK3]. According to this
a longer period of time, avoiding the large fluctuations in drugmethod a monomer is chosen to interact strongly with the tem-
concentration and reducing the need for frequent administrationdate molecule. A network with specific conformational and
[3]. structural sites is formed by polymerisation and cross-linking
of the monomer around this complfX9]. Although the mech-
anism is relatively simple the optimisation of the process is
more complicated due to the contribution of several variables
* Corresponding author. Tel.: +351 214469727; fax: +351 214421161. involved in the process, such as the functional monomer(s),
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Fig. 1. Scheme of the imprinting process.

cross-linker and the ratio between monomer and templatthe polymer product, leading to highly pure materials; further-
[10]. more, as CQis gaseous at ambient conditions the final product
Different polymerisation processes are described in literais a dry powdef18].
ture to prepare MIP. Bulk polymerisation was the first method Polymeric microspheres of polyDEGDMA are already used
employed to synthesise these polymers and it still is the mogb immobilize biomolecules such as antibodies, antigens,
commonly used due to its simplicity. The polymerisation occursenzymes and hormond&9]. DEGDMA is a biocompatible
in an organic solvent medium after basically, mixing all thecross-linking agent that belongs to the group of the most com-
components together. The polymeric matrix obtained has to bmonly used. It has also been proven that it provides stable
crushed and ground afterwards in order to obtain small particlesetworks in a wide range of pHs and temperatures under in vitro
This method presents two major drawbacks, which are the largeonditions which is fundamental for the preparation of molecu-
lost of product due to the grinding process and the heterogeneitsirly imprinted polymerg6].
of the matrix. In the case of suspension polymerisation a perflu- Salicylic acid and acetylsalicylic acid are commonly used
orocarbon solvent is employed and the particles are synthesised antipyretics. Salicylic acid is a drug with keratolytic proper-
with the aid of UV radiation. Another process is the two-stepties being usually applied topically in concentrations between
swelling polymerisation which requires several swelling step and 20% (w/w) for the treatment of hyperkeratotic and scal-
of initial particles with the template molecule before polymeri- ing skin conditions such as dandruff and seborrhoeic dermatitis,
sation proceed. Emulsion core—shell polymerisation enables thgsoriasis and acne. It is often found with pads as applicators.
production of particles with a specific property in the core with-The solubility of salicylic acid in supercritical carbon dioxide
out interfering with the imprinted shell. A different method is was measured by Ke et 4R0]. Acetylsalicylic acid, aspirin,
the so-called precipitation polymerisation which is based on thés a nonsteroidal anti-inflammatory drug (NSAID) effective in
precipitation of the polymer chains as they grow more and moréreating fever, pain, and inflammation in the body. Acetylsali-
and become insoluble in the solvent medirt]. More recently  cylic acid breaks down into salicylic acid 20 min after entering
solid-state polymerisation has also been employed to prepathe bloodstream. Itis the salicylic acid that is responsible for the
MIPs[12]. beneficial effects of aspirin. Salicylic acid itself, it too caus-
Because of environmental regulations and the safety hazardie to be taken orally. The solubility of acetylsalicylic acid
associated with the use of organic solvents, the pharmaceutica supercritical carbon dioxide was measured by Huang et al.
industry has been moving away from the use of these solventf21].
Actual regulations force to remove all residual solvents to the In this work, the preparation of molecularly imprinted poly-
extent possible in order to meet product specifications, goothers using supercritical fluid technology is described. MIPs
manufacturing practices, or other quality-based requirementsere successfully prepared by supercritical polymerisation and
[13]. then impregnated with the template (salicylic and acetylsalicylic
Supercritical fluids, especially scG{have beenidentified as acids) and the resulting material was evaluated as controlled
prime candidates to develop alternative clean processes for thelease systems.
preparation of drug-loaded polymeric matrixdgl]. ScCQ-
based processes offer a lot of advantages over the tradition2l Experimental
methods of preparing controlled release systems.i€@adily
available, environmentally acceptable and non-flammable;itha& 1. Materials
low critical constantsic = 31°C andpc = 74 bar)15] and leaves
no toxic residues. Diethylene glycol dimethacrylate (DEGDMA) (99.96%
Recently there has been great interest in processing polymepsirity, seeFig. 2) was purchased from Polysciences. Kry-
using supercritical carbon dioxidé6,17] As a polymerisa- tox 157 FSL was supplied from DuPont. AIBN (2,2
tion medium, scC@ offers advantages over conventional sol- azobis(isobutyronitrile), 98% purity), salicylic acid (99+%
vents: the strong density dependence enables fine adjustmemptgrity) and acetylsalicylic acid (99+% purity) were pur-
in polymerisation reactions, so that polymer chains will precip-chased from Aldrich. Ethanol (99.9% purity), was purchased
itate from solution after reaching a certain threshold moleculafrom Panreac. Carbon dioxide (99.998% purity) was sup-
weight. Supercritical carbon dioxide can also be used to extragilied by Air Liquid. All chemicals were used without further
unreacted monomer, initiator, catalyst and some stabilizers frorpurification.
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2.2. Polymerisation in scCO,;
O O F; Liquid
The polymerisation reactions were carried out as described | |co puup [ ] P
previously[22], in a 33 mL stainless steel high-pressure cell )
equipped with two aligned sapphire windows. The cell is @
immersed in a thermostatted water bath wif.01°C of sta- co,

bility. Temperature control was made with a RTD probe con-
tacting the cell, connected toHuart Scientific PID controller.
The cell is equipped with Zflon coated magnetic stir bar. An
immersible stirrer magnet was placed under the cell. In a typical
experiment the cell is loaded with the monomer (23% w/w of
DEGDMA with respect to CQ), stabiliser (10% w/w of Kry- Fig. 3. Schematic representation of the impregnation apparatus.

tox with respect to monomer), initiator (2% w/w of AIBN with

respectto monomer) and a certain amount of drug template (sali-

cylic acid or acetylsalicylic acid). The cellis sealed and nitroger2.3. Removal of the template

is added to purge the cell and test leaks. The nitrogen is slowly

released and liquid carbon dioxide is loaded into the cell usinga The template was removed from the imprinted polymers,
high-pressure compressa¥i{fA GmbH). The cell isimmersed before the impregnation process, to create the binding sites by
in the water bath stabilised at 66 and temperature and pres- repeated washes with ethanol and water.

sure are allowed to rise to the required experimental conditions.

Additional CQ» may be added to reach the exact desired pres2.4. Supercritical impregnation process

sure (19 MPa). The reaction was allowed to proceed for 180 min

under stirring. It could be seen through the sapphire windows that The impregnation is performed in a semi-continuous appara-
all polymerisations started as a completely homogeneous phades described schematicallyfiig. 3. A tubular batch extractor is
with all reactants completely dissolved in sc£@t the end of initially loaded with the pharmaceutical compound and packed
the reaction, the resulting polymer was slowly washed with freslbetween a sequence of a filter paper, cotton and net metal-
high-pressure C®in order to clean the remaining residues of lic discs that work as filters of small particles. The polymer
stabiliser and unreacted monomer. Upon venting a fluffy, dryjs loaded, in the same manner, in the impregnation cell. The
white, free-flowing powder remained in the reaction vessel. SEMells are then immersed in a thermostatted water bath heated by
images (not shown) were obtained oHaachi, S-4100 instru- means of a controller that maintains temperature witkinl °C

ment and particle diameters and their size distributions wer€TC) (Ero Electronic LMS-491-13). Carbon dioxide is pumped
determined in a dry powder dispersion systetarfsizer LD into the cells using a high-pressure piston pump (Haskel model
API). Non-imprinted and imprinted polyDEGDMA are formed MCPV-71), until the operational pressure is attained. In the
by disaggregated and discrete spherical polymer particles witimtervening time the cells are not connected to each other, how-
1.7pm diameter (1.1 of particle size distribution). The presencesver they are at the exact same pressure. The pressure inside
of the drug templates does not affect the polymer morphologythe cells is measured with a pressure transducer (P) (LEO2
From the SEM images obtained for the non-imprinted and th€®.300 bar). The solubilization of the drug in the supercritical
imprinted polymers it was not possible to see any differencefluid and the swelling of the polymer due to the presence of car-
in their morphology. The diameters of the particles and theitbon dioxide take place during 1 h, a typical equilibrium time.
size distributions were not affected by the presence of the smalitreliminary experiments with other contact times were per-
amounts of the template drugdsig. 2). formed and, similarly to other reticulated polymers and common
model drugs, one hour was found to be the adequate contact
time for both the swelling of the polymeric matrix and solubil-
isation of the drug in scCO2. Opening valve V1 the cells are
placed in contact and the continuous process of impregnation
starts. A saturated stream of the pharmaceutical compound in
carbon dioxide passes through the polymeric matrix, for a pre-
determined period of time and at a very slow rate so that the
impregnation can occur. The impregnation took place within
2h:30min. The outflow is regulated by a micrometric valve
(Hoke 1315G4Y), in order to maintain a constant pressure in
the system and a slow carbon dioxide flow, which is measured
with a flowmeter (FM) (Alexander Wright DM3C). The solid
that might be solubilized in the gas is collected in a small
glass trap 7). At the end of this period the system is quickly
depressurized. All experiments were performed at 20.0 MPa and
Fig. 2. SEM image of polyDEGDMA. 40°C.
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2.5. In Vitro drug release studies 0.016
0.014 .
Drug impregnated microspheres (20 mg) were suspended in Z 00124 e
40 ml of phosphate buffer solution (pH=7.4) and stirred at E‘J oold e ® oot
150rpm at 37C. A 0.5ml aliquots were withdrawn at time 5 oogd x
. . = W ) XX X
intervals and the same volume of fresh medium was added to the B o0ed 0
suspension. The samples were filtered (Qudf milipore filters) 5§ |x
and analysed by HPLC (ThermoFinnigan Surveyor consisting s e X 0%
of a quaternary pump, autosampler and diode array detector). 0.002 ¢ + imprinted 0.33%
A Cig column (Merck Lichrospher 250-4,6m) kept at 30C, 0 5 ' 5 . N
0 10 1 20 25

was used in isocratic conditions with a mobile phase consisting
of water:acetonitrile:acetic acid (500:490:10). The flow rate was time (h)
1.2 ml/min and the volume of injection was g0 Quantification
was performed at 280 nm by external standard calibration.

The total mass of released drug in each moment of the expe%—

iment was calculated taking into account the aliquots taken anp':g;st gﬁﬁ?negﬁgfﬁ;;gﬁtsggnenfﬁg t\;vehn%r;tgf t:}i‘iﬂ':}:sv;?:
the dilution produced by addition of fresh buffer. '

similar and the initial slopes are the same.
. . MIPs of the same polymer were prepared with another tem-
3. Results and discussion plate, acetylsalicylic acid, to further test this technology. Differ-
) ent percentages of the template were used in the polymerisation

In the work reported two pharmaceutical compounds ‘_N_er;ﬁrocessin orderto check the dependence of the degree of impreg-
used to test this new imprinting technique using supercriticay,arion with the amount of drug present in the polymerisation.
technology. Salicylic acid and acetylsalicylic acid are solu-acetyisalicylic acid was successfully impregnated in all cases,
ble |_n supercr!ncal carbon dioxide, which is fundamenFaI fo,reven when non-imprinted polymer was used. In fact, there is
the impregnation process. PolyDEGDMA was synthesised in, correlation between the quantity of template present in the
scCQ in the presence of different percentages of drug (temy enaration of the MIPs and the percentage of impregnation. A
pIate)._The ar_nount of drug present as the polymerlsatlo_n takefﬁgher concentration of the drug during the polymerisation step
place is relatively low to make sure that the polymer is notjgo s to higher percentages of impregnatibiy( 6). Acetyl-
impregnated during this stepable lpresents the initial percent-  ¢jicylic acid-loaded polyDEGDMA miscrospheres were able
age of drug template with respect to the monomer in polymerisgy, g stain drug release for several hours maintaining the drug
tion reaction, and the relative quantity of drug in an impregnateq o centration within 8 h.
sample, expressed in w/w percentage. , In both cases, the quantity of drug impregnated is higher when
_ The release profile of the imprinted polymers prior t0 they,q template molecule was present in the polymerisation step,
impregnation process was evaluated in order to determine s rasitis more relevant in the case of acetylsalicyfiie ).
some ofthedrugwas.stillimpregnated aftfarthetemplate removal e template molecule to be used in the imprinting poly-
step. The coycentratl_on of the templates in the polymers was le$§e isation and afterwards in the impregnation procedure should
than 1x 107" mg/ml, in all cases. _ be the same or as similar as possible, namely, in terms of

Non-imprinted polyDEGDMA was successfully impreg- qjecylar weight, molecular structure and geometry. The poly-
nated with salicylic acid, however, when the same polymer ig,qisation of molecularly imprinted systems involves the for-
polymerised in the presence of a residual amount of drug thg, a4 of a pre-polymerisation complex in which the template

concentration of impregnated drug is high&igt 4. These 5.4 the functional monomer establish interactions either cova-
experiments were repeated to validate the resultgigns, the

Fig. 4. Release profiles of the systems polyDEGDMA + salicylic acid, pH =7.4.

x

100

Table 1 %0 x X x X
. . . L . XXX X PP .
Initial concentration of the template drugs in the polymerisation reactions 20 < .
X *e
Template Percentage of Percentage of g 701 *
templaté impregnatiof %5 N W
=50 A
Salicylic acid 0 1.7 %” 40 ,);
0.33 2.7 LR
s " X 0%
Acetilsalicylic acid 0 1.2 20 ¥ o
0.05 0.8 10 « imprinted 0.33%
0.2 2.2 0 T T T
0.5 3.8 0 5 10 15 20 25
2 nitial w/w percentage of the template drug with respect to the monomer in time (h)

the polymerisation reaction.
b Relative quantity of drug in an impregnated sample, expressed in w/w perFig. 5. Release profiles of the systems polyDEGDMA + salicylic acid in terms
centage. of % drug released, pH=7.4.
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