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Abstract

A composite membrane for transdermal delivery of S-propranolol enantiomer was
developed based on the controlled pore functionalization of bacterial cellulose membranes
using a molecularly imprinted polymer (MIP) layer synthesis. The reactive pore-filling of an
asymmetric porous cellulose membrane with a MIP thin-layer was effected using a silanised
coupler as an additional anchor for the MIP. MIP thin-layers with specific binding sites for S-
propranclol were synthesized by copolymerisation of methacrylic acid with a cross-linker,
ethylene glycol dimethacrylate in the presence of S-propranolol as the template molecule
and the latter was subsequently extracted. Selective transport of S-propranolol through the
MIP composite membrane was obtained, although this was determined mostly by the parent
cellulose membrane with some ancillary contributory effect from the MIP layer. In addition,
an enantioselectivity in the transport of propranolol prodrug enantiomers was found,
suggesting that the shape and functional groups orientation, which are similar to that of the
print molecule was essential for enantiomeric recognition of the MIP composite membrane.
The enantioselectivity of S-MIP membranes was also shown when the release of propranolol
enantiomers was studied in vifro using rat skin, with racemic propranolol contained in the
donor compartment. Further, two gel formulations, containing either poloxamer or chitosan
were selected as drug reservoirs for the formulation of racemic propranolol within the MIP
thin-layer composite CM. The ability of the fabricated devices to deliver the S-enantiomer of
propranoiol was tested by conducting release studies jin vitro using modified Franz diffusion
cells. The enantiomer release profiles showed that the S-enantiomer delivery is completely
controlled by the composite MIP membrane. The rate of drug release was demonstrated to
be dependent on the type of gel used. The gel type was found to affect the enantioselective
transport of propranolol, with the more rheologically structured poloxamer gel formulation
providing no selective release of S-propranolol. The greater gel structure may have
interfered with the enantioselective controlling process at the pore surface of the composite
MIP membrane. In contrast the chitosan gel was found to allow excellent selectivity for
delivery of the S-propranolol enantiomer. Also, the results observed were reproduced in vivo
using rat.

Keywords: Molecularly imprinted polymer; Cellulose membrane; Propranolol; Transdermal
delivery; Enantioselectivity



Introduction _

The efficiency of delivery of propranclol, a nonselective g-adrenergic receptor
antagonist, via the oral route is affected by the low absorption [1] and extensive first-pass
metabolism of the drug [2] whereas the transdermal delivery of propranolol enables the
hepatic first-pass metabolism to be avoided, potentially improving bicavailability. The
absorption of propranolol hydrochloride, which is the commercially available form of
propranolol, through skin is very poor. A prodrug strategy has been used with some success
where the drug after absorption through the stratum corneum is subsequently metabolized to
the parent compound [3-5]. Propranolol possesses one chiral center and the S-enantiomer is
100-130 times more pharmacologically active than the R-enantiomer [6]. Propranolol is
marketed as racemate and no stereoselective permeation of propranolol and propranolol
ester prodrug was observed in vitro {7-8). Thus, if the S-enantiomer were to be selectively
transported across the skin, a better therapeutic response might be expected relative to that
obtained using a racemic mixture of the drug.

A molecularly imprinted polymer (MIP) is a synthetic polymer possessing selective
molecular recognition properties because of recognition sites within the polymer matrix that
are complementary to the analyte molecule in the shape and positioning of functional
groups. The use of MIPs as new sorbents for affinity membrane extraction is becoming more
widespread, due to their potentially high selectivity [9-10]. MIP membranes utilising such an
approach may comprise either membranes composed of a MIP or alternatively membranes
containing a MIP. A composite MIP membrane is an optimised porous support membrane
which has been functionalised with a suitable thin selective layer to yield a membrane with
appropriate transport properties for the target compound [9]. A number of composite
membranes functionalized with thin MIP layers have been previously developed to attain
adsorption specificity [11-13]. The preparation of MIP composite membranes can allow the
transport of drugs to be controlled by both membrane pore structure and MIP recognition.
The structure oF the base membrane in MIP composite membranes may be used as a
means to adapt pore size, permeability, internal surface area and binding capacity to the
desired application with synthetic membranes often being used.

Cellulose is a naturally occurring linear 8-1,4-linked glucose polymer synthesized by
plants and some species of bacteria. In contrast to some synthetic membranes, cellulose
membrane exhibits a high resistance to corrosive chemicals but is biodegradable and hence
eco-friendly. The unique properties of the bacterially-derived cellulose synthesized by
Acetobacter xylinum have inspired a number of attempts to use it in a number of commercial
products. Proposed applications include its use as a temporary skin substitute, a dressing
material, a material for surgery or microsurgery and as membranes [14-15]. For example
Biofill® is a specially prepared membrane which can be used as a temporary skin substitute



for patients with burns and ulcers. Bacterially-derived cellulose can be easily processed into
a porous membrane possessing good mechanical strength, unlike the cellulose derived from
plant biomass. These unique features make such bacterially-derived membranes potentially
suitable for use as a component of transdermal delivery system although to date no studies
have reported the use of such celluiose membranes in controlled drug delivery systems.

In a previous study, cellulose triphenyicarbamates were shown to have a good potential
for controlling transport of propranolol enantiomers through a silastic membrane [16].
Cellulose and derivatives have proven stereoselectivity to propranclol in adsorption
chromatography both in column chromatography [17] and thin layer chromatography [18],
where they demonstrate a high affinity to the S-enantiomer of propranoclol.

In this study, MIPs and bacterially-derived membranes were combined fo investigate
their potential as a transdermal delivery system of S-propranolol. Through optimisation of
MIP affinity and ensuring a uniform distribution of the polymer within cellulose membrane
pores as well as minimizing non-selective diffusion by pore filling, a selective absorption and
subsequent release of the eutomer of propranolol through skin might be achieved.
Accordingly MIP membranes selective for S-propranoclol were developed and their
enantioselective-controlled release was examined in vitro. Microporous cellulose
membranes were generated by bacterial-cultivation and those were used as a matrix for a
two-step grafting procedure to yield a MIP by in situ copolymerisation within the thin barrier
layer of the base material. Using a silanisation procedure, supramolecular complexes of
template molecules and suitable functional isopropenylates were fixed onto pore-containing
surface of cellulose membranes. MIP synthesis mixtures comprising methacrylic acid as a
functional monomer and ethylene glycol dimethacrylate as a crosslinker, in the presence of
the template enantiomer were successfully polymerized, which allowed the generation of
MIP composite membranes which included a thin MIP layer that might act as a selective
barrier.




2. Experimental
2.1. Chemicals and reagents

Ethylene glycol dimethacrylate (EDMA), methacrylic acid (MAA) and propranolol
hydrochloride, R-propranclol HCI, S-propranclol HCI and 3-
methacryloxypropyltrimethoxysilane (3-MPS) and valeryl chloride were purchased from
Aldrich Chemical Company (Milwaukee, Wi, USA). 2,2’-Azobis-(isobutyronitrile) (AIBN) was
obtained from Janssen (Geel, Belgium). Yeast extract and peptone were obtained from Difco
Laboratories, USA. Succinic anhydride and cyclopropanecarbonyl chloride were supplied by
Fluka Chemie AG (Buchs, Switzerland). EDMA was purified by extraction with 10% (w/v)
CaCQ;, washing with water, drying over anhydrous sodium sulfate and subsequent
distillation under reduced pressure. MAA was purified by distillation under reduced pressure
prior to use. All solvents used were 6f analytical grade and were dried with molecular sieves
before use. Working standard solutions were prepared daily. The stability of R- and S-
propranolol in pH 5.5 éitrate and pH 7.4 phosphate buffer solutions was investigated at both
room temperature (30°C) and 37°C, since the propranolol enantiomers were used under
these conditions. The results showed that more than 99% content of both R- and S-
propranolol was found after 7 days incubation at either temperature, indicating good stability

of the enantiomers under these conditions.

2.2. Preparation of 'bacterial cellulose membranes

Cellulose membrane was obtained by incubating Acetobacter xylinum TISTR 975 in
coconut juice supplemented with 4% sucrose (w/v) at pH 5.0. A stainless steel round shallow
tray of 39 cm diameter was used to grow the cellulose-producing bacteria at 30 °C at the
surface of culture medium under static conditions. The cuiture volume was 500 ml and the
effective area for membrane growth was 20 cm”. Buffered Schamm & Hestrin's medium
(BSH medium) was employed as the pre-culture medium, composed of 2.0% (w/v) glucose,
0.5% (wiv) yeast“extract, 0.5% (w/v) peptone, 0.033% (w/v) Na,HPO,.2H,O and 0.011%
(wiv) citric acid.H,O pH 5.0. Acetobacter xylinum TISTR 975 was grown in 50 ml of BSH
medium for 3 days to use as a pre-culture. The pellicles of bacterial cellulose (0.01 mm
thickness) formed on the surface of this medium surface were harvested aseptically.

Two ‘thin’ cellulose membranes were prepared with two different quantities of bacterial
culture, comprising suspensions 1x10® cfu.ml” and suspensions 3x10° cfuml’ while one
‘thick’ cellulose membrane was prepared by placing 4 pieces of cut pellicle (1x1 cm} in the
tray, approximately 10 cm from the edge of the tray and an equal distance from each other.
For cellulose membrane production, the pre-culture of bacteria was inoculated into 500 mi of
the culture media and the tray was covered with a linen cloth, followed by incubation for 1

day. The cellulose pellicle formed on the surface of the media was removed and discarded.



The remaining culture was further incubated under the same conditions for a further day.
The formed cellulose membrane was harvested and transferred to 1% (w/v) NaOH at 80°C
for 24 h and then thoroughly washed with distilled water to remove any remaining associated
microorganisms and proteins. The pure cellulose sheets were dried at 37° C overnight and

kept in a dust free atmosphere until required for use.

2.3. Preparation of MIF composile membrane

The grafting procedure of ethylene glycol dimethacrylate and methacrylic acid
copolymer onto the pore-containing surface of the bacterially-derived membrane. The
grafting was carried out in the presence of the propranolol enantiomer template. A cellulose
membrane was reacted with 3-MPS (10% w/w in toluene) at 80 °C for 5 h. The resulting
membrane was then thoroughly washed in methano! and dried. The reacted cellulose
membrane was then placed in crystallizing dish, 18 cm in diameter. A solution containing 12
mmol of MAA as a functional mdnomer, 0.05 mol of EDMA as a cross-linking monomer, 2
mmol of R- or S-propranclol as template and 0.7 mmol of AIBN as a radical polymerization
initiator in DMF (2 mi) was poured onto the surface of cellulose membranes. The dish was
then purged with nitrogen for 2-3 min to remove oxygen (which acts as a radical scavenger)
before closure and the temperature maintained at 60 °C for 18 h. After polymerisation,
membranes were fransferred to a Soxhlet extractor and extracted with 10% (wi/v) acetic acid
in methanol for at least 72 h before further extraction with methanol for 72 h to remove any
non-grafted polymer, monomer, residual initiator and template molecule. The prepared
membranes were dried in vacuo overnight. The complete removal of the template molecule
from the polymer was confirmed by its absence from the methanol extract of the polymer, as
verified by assay (see Section 2.9) and the absence of nitrogen content in elemental
analysis results obtained by using a JSM-5800 LV electron microscope (Jeol, MA, USA)
equipped with an Oxford Instruments LINK-ISIS 30 x-ray detector and microanalysis system.
The membrane pre})ared with an imprint of R-propranolol is referred to as R-MIP membrane
and the membrane having the imprint of S-propranolot is referred to as S-MIP membrane.
Blank composite membranes (non-imprinted polymer (NIP) cellulose membranes), for
control experiments were prepared in the same manner as MIP modified cellulose
membrane but with the template molecule omitted (these membranes are referred to as NIP
membranes). The change in weight of the membrane induced by the grafting procedure was
measured using a microbalance (Precisa 300 A, USA: capacity 305 g, readability 0.1 mg).
The degree of modification (DM) was calculated from the difference in weight between the
sample modified with a deposited MIP layer and the initial unmodified sample.



2.4. Characterisation methods

2.4.1. Surface morphology and cross-section study

The membrane morphology of the initial and modified cellulose was studied by scanning
electron microscope observation of the cross-section and inner and outer surfaces at an
accelerating voltage of 15 kV with the samples being sputter-coated with gold before
imaging (Jeol serie JSM 5800LV, CA, USA). The morphology was further examined with an
atomic force microscope (AFM) using a Digital Instruments NanoScope lila scanning probe
microscope (Veeco Instruments GmbH, Germany). AFM observations were carried out at
room temperature without any previous treatment, using rectangular silicon nitride
cantilevers with pyramidal tips.

2.4.2. Pore size measurements

The pore size of membranes was estimated from surface pictures of the membrane
obtained by SEM with the aid of a Carnoy computer imaging program (Lab of Plant
Systemics, Belgium).

2.4.3. IR spectral analysis

IR spectroscopy (FT-IR 1600, Perkin-Elmer, CT, USA) was used to confirm the
attachment of MAA/EDMA copolymer to the cellulose polymer. In addition, ATR-FTIR
spectra of cellulose membranes and MIP-modified cellulose membranes were determined
using an Equinox 55 FT-IR spectrometer (Bruker, Switzerland}. One hundred scans were
obtained at a resolution of + 2 cm™. A ZnSe internal reflection element was used in the ATR

at an incident angle of 45 °, giving an IR penetration depth of 0.5 - 5 pm.

2.4.4. Electrical resistance measurements

The degreeiof membrane fibrillation was assessed from the value obtained for the
resistance of membrane. Also, impedance measurement was used to confirm the deposition
of a MIP layer onto the surface of the cellulose membranes. Electrochemical resistance
measurements of membranes were carried out by short-circuit current technique using a
Revision G Voltage-Current Clamp, Mode! VCC 600 (Harvard Apparatus, CA, USA). Ussing
chambers having effective area of 1 cm? were used. The test membrane was mounted in the
measuring cell and a current established across it using a potentiostat via an amplifier with
high-resistance inputs. The four electrode potentiostat assured a passage of current
between the two calomel electrodes in such a manner as to hold constant amplitude of
voltage between the two identical reversible silver-silver chloride electrodes and the intensity
and phase of current in the circuit. A 60 pA current was applied and the membrane potential



difference, PD (mV) and the short circuit current, /. (A) were recorded simultaneously. The
membrane resistance, R, (€.cm?®) was calculated from PD/ly, based on the Ohm's law.
These were corrected by eliminating the offset voltage between the electrodes and solution
resistance, which was determined prior to each experiment using identical bathing solutions.

All experiments were carried out at 25+1°C.

2.4.5. Mechanical properties measurements

The mechanical strength of the membranes was measured using a Universal testing
machine (Lloyd, UK) with an operating head load of 100 N. The membranes were then
placed between the grips of testing machine. The grip length was 2.5 cm and the speed of
testing was set at the rate of 30 mm/min. Tensile strength was calculated according to the

equation: tensile strength (kN/m?) = max load (kN)/cross sectional area (m?).

2.4.6. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of membranes was carried out using a Perkin-Eimer
DTA7 analyzer (Perkin Elmer, CT, USA). A portion of membrane (0.5 mg) was heated from
50 to 800°C at 10 °C/min in nitrogen gas.

2.4.7. Degree of swelling of membranes

The degree of swelling of cellulose and modified cellulose membranes was evaluated in
pH 5.5 and pH 7.4 buffers, since for some applications membranes were used in these
conditions. All polymer membranes were vacuum-dried at room temperature for at least 3
days before testing. The membrane samples were weighed and then soaked in individual
tubes containing phosphate buffer pH 7.4 or citrate buffer pH 5.5 at room temperature
(~30°C). The membranes were incubated in the medium until the weight of wet membranes
remained stable,ﬁ which usually occurred after approximately 7 h incubation. Before
measuring the weight of the wet membrane, surface water was gently removed with a tissue.
The wet films were dried under vacuum at room temperature to a constant weight (over a
minimum of 2 days) and stored in a dessiccator at room temperature before measurements.
The degree of swelling of the membrane (%) was calculated from the equation: (Wi.r
W)Wy, x 100% where Wy, and W, are the weights of dried and wet samples,

respectively. Each test was carried out in sets of three.

2.5. Stability Studies

Samples of R- and S-propranolo! (50 mg) were incubated separately with pH 6.5
citrate or pH 7.4 phosphate buffer solution (1 ml) at both room temperature (30°C} and 37°C



for 7 days. The same quantities of enantiomer (50 mg) were incubated also at 60°C in 1 ml
of DMF {or chloroform) for 24 h. Samples were removed at the end of the incubation times

and assayed for enantiomer content according to the method described in section 2.9.

2.6. Measurement of partition coefficient

The membrane-pH 55 or pH 7.4 buffer partition coefficient was evaluated by
equilibrating racemic propranolol solutions with a membrane. The difference between the
initial and equilibrium concentrations of each enantiomer in the aqueous phase was
determined (Section 2.8) and hence the amount of propranolol enantiomer sorbed to the
membrane was calculated. In a typical binding assay, the membrane (1cm?) was added to 5
ml of an aqueous solution containing 100 pg.ml" of racemic propranolol, and stirred
overnight at room temperature for equilibrium to be established. The partition coefficient (K)
was calculated from the equation: K =C,/C;, where C, is the concentration of the analyte
associated with the membrane, and C; is the concentration of the analyte in the solution.
The selectivity factor representing the effect of the imprinting process was the ratio of K of
the S-isomer fo K of the R-isomer.

2.7. Permeation determination

The enantioselective transport of the cellulose and modified cellulose membranes (NIP,
R-, and S-MIP membranes) was evaluated by a dialysis method using a vertical Franz-type
diffusion cell. A membrane (exposed area 0.78 cm?) was mounted between the two
chambers of the diffusion cells, the volumes of the donor and receptor chambers being 1.0
ml and 2.5 ml, respectively. The required amount of racemic propranolol was dissolved in
either pH 5.5 or 7.4 phosphate buffer solutions (¢ = 0.2) to obtain the donor solutions. Buffer
(pH 7.4) was introduced into the receiver compartments of the diffusion cells. Drug release
was measured b; the removal of samples (250 pl) from the receiving chamber at appropriate
time intervals over 6 h. The volume of the sample withdrawn was replaced by the same
volume of the medium. Each test was carried out in sets of six. MIP membranes were
reusable at least twice after regeneration by incubating with water to release sorbed
propranolol.

The diffusion of each propranolol enantiomer was determined using the chiral-HPLC
analytical method outlined in section 2.9. The cumulatively permeated amounts (ug) were
calculated and plotted as a function of time. The flux J (ug cm?h™) is defined by:

J=Q At



where Q (ug) is the amount of analyte permeated, A (cm?) is the effective membrane area
and t (h) is the time. The selectivity of the membrane was defined as the ratio of the

permeation flux of S-isomer to that of the R-isomer.

2.8. In vitro percutaneous penetration study

Propranolol was used as the hydrochloride salt. Racemic propranolol hydrochloride was
dissolved in phosphate buffer saline (PBS pH 7.4) to produce a range of drug
concentrations; 100, 200, 300, 400 ug.m!™.

The in vitro percutaneous penetration study of S-MIP membrane was performed with a
Franz-type diffusion cell (see section 2.7). Adult male, Wister rats weighing 230-250 g were
sacrificed by snapping the spinal cord at the neck. Rectangular sections of dorsal skin were
shaved and excised from the animal using surgical scissors. Adhering fat and cother visceral
debris were removed from the undersurface with tweezers. The excised skin was
immediately mounted between the half-cells, with and without a coupled test membrane,
such that the dermal surface was in contact with the receptor fluid and the epidermal side in
contact with the test membrane (if present). Drug solution {1 ml) was applied {o the
membrane surface and the cell was maintained at 37°C by an external circulating water-
bath. The receptor phase was stirred constantly at 250 rpm with a magnetic bar. An aliquot
(250 u) of receptor fluid was collected at set time intervals over 2 days and replaced with the
same volume of fresh PBS. The concentration of propranciol in the collected sample was
determined by HPLC (Section 2.9).

To clean-up the receptor phase samples, liquid-liquid extraction method was employed
as follows. 250 pl of receptor phase samples was added to 1 ml of 0.1 M phosphate buffer
pH 4 that was saturated with NaCl. Propranolol enantiomers were extracted into 2 ml
diethyl ether by shaking for 10 min, using mutually pre-saturated phases. Organic phase (2
ml) was evaporaged to dryness under reduced pressure and dissolved in 125 ul of HPLC
mobile phase, in readiness for assay.

The in vitro permeation data were obtained from the equation: Jg; = K,Cs where Jgs is
steady state flux measured as the slope of the profile after regression analysis. K, is the
apparent permeability coefficient through the skin, calculated by dividing Jss by the starting
concentration C,. The x-intercept of the exirapolated linear region of the curve was
employed to obtain a lag time { ).

2.9. Stereospecific HPLC method

The analysis of the propranolol enantiomer content of the samples was performed
directly using a chiral-HPLC method. The HPLC system (Shimadzu Corporation, Kyoto,
Japan) comprised with a Shimadzu LC-10AD pump, FCL-10AL gradient valve, DGU-14A in-
line solvent degasser, SCL-10A system controller, SIL-10AD auto injector (20 pl injection



loop), equipped with a Shimadzu SPD-10A UV-Vis detector set at 290 nm. Data were
collected and analysed on a personal computer using Class VP software (version 4.2,
Shimadzu). The column employed was a 250 mm x 4.6 mm \.D., particle size 10 pm
Chiralcel OD-R column (Daicel, Chemical Industries Ltd, Japan). The mobile phase was
40:60 (v/v) 1 M sodium perchlorate:acetonitrile and a flow rate of 1.0 ml/min was employed.
Typical retention times were 10.0 min for R-propranolel and 14.7 min for S-propranolol.
Correlation coefficients for the calibration curves in the range 2-25 pg.ml’ for R- and S-
propranclol enantiomers were greater than 0.999. The sensitivity of detection was 1.3 ug.ml’
' and the reproducibility of the peak areas of both enantiomers was more than 95%.

Both the cumulative percentages of each enantiomer released and permeated were
plotted as a function of time. Results of controlled membrane and skin permeation
experiments were expressed as a mean * SE (n=6). The paired two sided f-tesf was

performed and a significance limit of 5% level was applied, where appropriate.

2.10. Method validation

It was necessary to confirm that the clean-up procedure used for treatment of the
receptor phase samples removed any interfering residues derived from the excised rat skin.
Rat skin exudate was obtained by incubating a rectangular section (2 x 2 cm?®) of shaved,
excised rat skin (with fat removed) in 10 ml PBS at room temperature for 24 h. Racemic
propranolol was spiked into the rat skin exudate to give a range of enantiomer
concentrations: 5, 10 and 20 pg.ml™. The intra- and inter-assay variability of propranolol
enantiomer assay after liquid-liquid extraction was determined (by assaying three replicates)
on the same day of drug analysis and on 3 sequential days, respectively. The accuracy (%)
was calculated from the nominal concentration (C...) and the mean value of observed
concentration (C.s) as follows: %accuracy = [(Cobs-CromCrem] X 100.  The precision
indicated by th? relative standard deviation (RSD) value for the lowest acceptable
reproducibility concentration was pre-defined as = 30% for R- and S-propranolol
enantiomers.

The intra- and inter-assay precision and accuracy of propranoclol enantiomer were both
well within the pre-defined limits of acceptability. The average recovery of R- and S-
propranolo! enantiomers was found to be 110.3133.1% and 84.87128.7%, respectively. The
lowest acceptable reproducible concentration of R-propranolol and S-propranolol was found
tobe 3.8 and 2.8 ug.mi”’, respectively.

2.11. Molecular modelling



The 3-D chemical structures of S-propranolol and S-prodrugs have been modelled with
molecular mechanics (Chem3D Ultra 8.0, CambridgeSoft, MA, USA) followed by energy
minimisation using Truncated Newton (MM2 force field).

2.12 Physico-chemical properties of the propranolol prodrugs

To study the pysico-chemical properties of propranolol prodrugs, the methods of
Ahmed et.al. were modified. The physico-chemical properties in this study all included
solubility, dissociation constant, partition coefficient and rate constant of hydrolysis.

-Solubility determination

An equilibrium solubility determination was undertaken in 0.01 M acetate buffer (pH
4, 37°C). The prodrug was added to 1 ml of buffer. The sample were shaken mechanically
in a temperature-controlled water bath at 37°C for 24 h. In case of propranolol and SN-P, the
added drugs were needed. The supernatant was then filtered and after dilution, the solubility
of each drug was determined by UV-Vis.

-Dissociation constant (pKa) Determination

The pKa value of propranolol prodrugs were determined by acid-base titration
method. The solution of propanolol prodrugs (5.4 mM,25 ml). The drug solutions were
titrated with 1 M NaCH in 10 ul. The changes in pH were recorded and smaller volumes of
the titrants (10 pl) were added. The data was plotted, the first derivative was calculated and
plotted, and the equivalence point and pKa values were determined graphically.

-Measurement of partition coefficient

The partition coefficient of propranclol and the prodrugs were determined in 1-octanol
- pH 4 phosphate buffer system. The buffer solution and 1-octanol were saturated at 25°C
before use. The concentration of each drug in pH 4 buffer was measured by UV-Vis. The
partition coefficients were determined as the ratio between the concentration measured in 1-
octanol and that of in the buffer.

-Preparatiol of Skin homogenate

All operations were carried out at 0-4°C. After sacrificing the mouse by snapping the
spinal cord at the neck, the skin was removed from back. The fat and the muscular tissues
as well as capillaries adhering to the dermis were removed. The skin was quickly minced,
mixed with five volumes of cold Tris-HCI buffer (pH 7.4) containing 0.15 M KCI, and
subjected to four separate bursts of a tissue homogenizer (Ultrasonic Liquid Processing
Vibra Cell, SONICS, Sonics&Materials, Inc., USA). There was a pause of 1 min between
each burst to permit cooling of tissue. The whole homogenate was filtered with a funnel
through cotton soaked in the buffer and centrifuged at 15000 rpm for 30 min at 0°C with
HERMLE z 323k centrifuge (HERMLE LABORTECHNIK, Germany). The supernatant was
stored at -80°C until used in the hydrolysis experiments.
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-Preparation of Liver Homogenate

The liver was removed from the animal and thoroughly washed with 0.15 M KCI and
then minced, added to three volumes of cold 0.15 M KCI, and subjected to four separate
bursts of a tissue homogenizer. There was a pause of 1 min between each burst to permit
cooling of tissue. The whole homogenate was filtered with a funnel through cotton soaked in
the buffer and centrifuged at 15000 rpm for 30 min at 0°C. The supernatant was stored at -
80°C until used in the hydrolysis experiments.

-Plasma

The blood was collected in heparinized tube and centrifuged at 3000 rpm, and the
plasma was collected. Plasma was diluted to 5% with Tris-HCI buffer (pH7.4) containing 0.15
M KC! and used immediately.

-Hydrolysis of prodrugs in skin preparation.

All kinetic measurements were carried out at 37°C in a shaking thermostatic
waterbath. The reaction was initiated by addition of 4 yl of stock solution of prodrug in
dimethyisulfoxide (DMSO; 0.05 M) to 4 mi of the skin preparation, which has been
preincubated for 10 min. At appropriate intervals, 100 yxl aliquots were withdrawn and then
extracted with 1 ml of diethyl ether. The organic phase was dried and after that dissolved in
125 pl of mobile phase. The residual prodrug was analysed by Chiral-HPLC. First order rate
constants for the hydrolysis were determined from the slopes of linear plots of the logarithm
of residual prodrug against time.

The liver hydrolysis study was performed as described for skin preparation using
stock solutions that were diluted to 0.5% with Tris-HCI buffer (pH 7.4) containing 0.15 M KCI.
Hydrolysis of prodrugs in plasma, the reaction was initiated as just described using 5.0%
(v/v) plasma in Tris-HCI buffer (pH 7.4) containing 0.15 M KCI. Hydrolysis of prodrug in
buffer. The study on the hydrolysis of the prodrugs was also performed in Tris-HC} buffer (pH
7.4) containing 0.15 M KCI according to the procedure just described for plasma.

2.13 Preparation of the gel formulations

Chitosan gel was prepared by the reported method of Thacharodi and Rao. Briefly,
chitosan (2.5g) was dissolved in 250 ml of 10% (w/w) aqueous acetic acid to form a viscous
solution. Ten percent (w/w) aqueous NaOH was added to this solution until a white cloudy
precipitate appeared. It was incubated at 37°C overnight. The gel thus formed was washed
three times with distilled water. For preparation of poloxamer gel, the dry powder of
poloxamer 407 (4.5 g) was added to iced distilled water (24.5 g) in a capped test tube and
the mixture was kept in the refrigerator (temp ~ 4°C) overnight.
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2.14 Evaluation in stereoselective release of the gel formulations

Propranolol HCl and valeryl propranolol HCl were dispersed in chitosan gel and
poloxamer gel to make gel formulation, 300 ug/mi for propranolol HCi and 400 pg/mi for
valeryl propranolol HCI.

The gelling effect and release study of cellulose membrane, NiP membrane and S-
MIP membrane were determined by using a vertical Franz-type diffusion cell that have the
receptor volume of 25 mi and the diffusional area of 3.803 cm®. The release experiment was
carried out six for each experiment and the average release was calculated for each release
point. A membrane was mounted between the two chambers of the diffusion cells. The
receptor chamber was filled with phosphate buffer solution pH 7.4 (PBS) and the solution
was stirred at 500 rpm with magnetic bar. The drug formulation (0.5 ml) was placed in the
donor compartment. The aliquots (250 ul) of sample were withdrawn from the receiver
periodically up to 72 h. The equal volume of fresh PBS was replaced to maintained the sink
condition of the receiver. The samples were analyzed for propranociol enantiomer and valeryi
propranolol enantiomer by means of chiral-HPLC analytical method. The diffusion
parameters were determined.

2.15 Evaluation in stereoselective release of the gel formulations across rat skins

Adult male Wistar rat were sacrificed by snapping the spinal cord at the neck. The
hair of the back area of the rat was gently removed by shaving and the full thickness skin
was carefully excised by using surgical scissors. Adhering subcutanecus tissues and bilood
vessels were removed. The prepared skin was then washed with saline and used within 1
week.

In vitro percutaneous penetration of S-MIP membrane was studied with a Franz-type
diffusion cell. Each study was carried out four and the average release was calculated for
each release point. The skin samples were mounted between the half-cells, with and without
a coupled test n;embrane (celtuiose membrane, NIP membrane and S-MIP membrane).
Propranoiol gel or valeryl propranolol gel (300 and 460 pug/ml, respectively, 0.5 ml) was
applied to the membrane surface and the receptor solution was maintained at 37+0.5 °C by
surrounding water jacket and stirred constantly at 500 rpm with a magnetic bar. The aliquots
(250 ul) of receptor fluid were collected at appropriate intervals over 48 h and replaced with
the same volume of fresh PBS.

Liquid-liquid extraction was used to clean up the sample. To 250 il sample, 50 ml of
L-phenylephrine was added as internal standard and then extracted with 1 mi diethyl ether
by shaking for 10 min. Organic phased was evaporated to dryness under reduced pressure
and dissolved in 125 ul of mobile phase. The samples were analyzed for propranolol

enantiomer and valeryl propranolol enantiomer by means of chiral-HPLC analytical method.
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2.16 Preparation of the selective patch

The simple transdermal patches were prepared for evaluating the efficacy of the S
MIP membrane in vivo study. All of special membranes were the gifts from 3M Company
(USA and Thailand). Foam tape (3M™ Foam Tapes 9773) was cut to make an effective area
for 16 cm? and the S-MIP membrane was placed between the foam tape and the release
liner (1022 Scotchpak™ Liner). The racemic propranolol in chitosan gel (1.5 mg/ml, 0.5 ml)
was uniformly spread over the effective area. The backing membrane (3M™ Scotchpak™
9723) was stuck with adhesive onto the foam tape. The devices were kept in dry and cool
ptace,

2.17 In vivo study

The hair on the dorsal side of the male Wistar rats (230-250g) was removed by
gentle shaving. The animals were anaesthetized with urethane 30% (0.9g/kg, i.p.).In this
study, the effective of the transdermal patch (S MIP membrane) were evaluated compared
with the control (racemic propranolol gel and S-propranolol gel. The patches or the gel were
then applied on hair free dorsal skin. Blood samples (250 pl) were collected at 0, 3,6,9,12,18
and 24 h from femoral vein. The plasma was separated immediately and frozen at -20°C
until analysis.

To clean up the sample 50 mi of L-phenylephrine , as internal standard was added to
200 pl ptasma and then extracted with 1 mi diethyl ether by shaking for 10 min. Organic
phased was evaporated to dryness under reduced pressure and dissolved in 125 ul of
mobile phase. Propranolol enantiomers were estimated using chiral-HPLC equipped with
fluorescence detector with 290 and 340 nm as excitation and emission wavelength,
respectively. The lower detection limit was 5 ng/ml. Correfation coefficient of R- and S-
propranoclol were greater than 0.995.

2.18 Skin irritation istudy

Skin irritation studies were carried out to investigate the potential of the transdermal
patches to cause irritation in the rat skin compared with that of the control (racemic
propranolol gel and S-propranolol gel). After 24 h, patch or the gel residual was removed
and skin erythema and skin edema were observed.

13



3. Results and discussion
3.1 Preparation of composite MIP membranes

Composite MIP membranes were prepared by reactive filling of the pores of the
bacterial cellulose membranes with MIPs having recognition sites for the S-propranolol
enantiomer. In order to achieve an additional anchor for the MIP, asymmetric porous
cellulose membrane was treated with 3-MPS. Thin-layer MIPs were synthesised by a free
radical copolymerization of MAA functional monomer with EDMA as a cross-linker in the
presence of propranolol enantiomer (as a template molecule) in DMF, and this was followed
by subsequent template molecule extraction. MAA was chosen as the functional monomer,
because of the facility of the carboxylic group to interact with the hydroxyl group on the chiral
carbon of the enantiomer template. The cross-linker, EDMA was selected due to the
anticipated rigidity and compactness it might confer to the imprinted polymer. The absence
of nitrogen content in the elemental analysis resuits confirmed that the template molecules
had been removed from the MIP membrane by the washing procedure employed.

The porous composite cellulose membranes, evenly functionalised with thin MIP layers
would be expected to act as high performance enantioselective-membrane adsorbers.
Porous asymmetric cellulose membranes were obtained as a product of Acetobacter xylinum
fermentation. The properties of prepared cellulose membrane such as thickness, degree of
fibrillation, porosity and pore size can be adjusted by controlling the loading concentration of
bacteria during culture as well as the time of cultivation. Three bacterial celluiose
membranes having different thickness and electrical membrane resistance were used in this
work for screening experiments to optimise the MIP affinity and distribution of the MiP within
the membrane. The three lots of cellulose membrane displayed variation in membrane
thickness and resistance respectively as follows: (1) 5 um/1 0.cm? (2) 10 pm/ 2 kem?; (3) 15
pm/4 fi.cm?. Cellulose membranes were imprinted with S-propranolol enantiomer during
pore-filling and their stereoselective sorption and transport properties determined. The same
polymer mixture;_ were used in the porefilling process of all three lots of cellulose
membranes.
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Figure 1: FT-IR spectra of (a) 5 pum cellulose membrane (b) 5 um S-MIP membrane and (c)
10 pm S-MIP membrane. The peak at 1716 cm™ correspond to the interaction of
C=0 groups in the grafted polymers.

An FT-IR spectroscopic method was employed to confirm that the deposition of new
MIP layer had taken place on the smaller thickness celiulose membranes (5 pm and 10 pm
membranes). IR spectra of both the parent cellulose and the MAA-EDMA copolymerized
cellulose membranes are shown in Figure 1. In comparing these spectra, an absorption
peak at 1716 cm™, was apparent in the MAA/JEDMA grafted polymers which was assigned to
the stretching of the introduced C=0 of acid groups. FT-IR with ATR option mode was
employed to determine the IR spectra of the thickest membrane (15 ym membrane) and the
resultant spectra of the MAA-EDMA co-polymerized cellulose membranes, indicated the
presence of carbonyl groups. The peak at 1720 cm” was not found in the IR spectrum of the
parent cellulose membrane (see Figure 2).

The membrane thickness and pore diameter of cellulose membrane appeared to have
no significant eff;ct on degree of modification (DM). The DMs of the three modified
membranes were the similar with an average DM of 0.80 mg/cm?. The variation in the DM of
the individual membranes was found to be less than 10%. The increase of membrane
resistance (R,,) after the modification was found to be 0.7 {).cm? for the 5 um membrane, 1.3
.cm? for the 10 um membrane and 2.2 Q.cm? for the 15 um membrane. The tensile
strengths of the cellulose membranes were found to increase when each was modified with

MIP to form composite membranes.
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Figure 2: ATR-FTIR spectra of (a) 15 ;zm cellulose membrane and (b} 15 ym S-MIP
membrane. The peak at 1720 cm’ ' correspond to the interaction of C=0 groups in
the grafted polymers.

An increase from 3.16 kN/m? to 7.20 kN/m? occurred for the 5 um membranes, from 6.60
kN/m? to 8.78 kN/m? for the 10 um membranes and from 8.83 kN/m? to 21.45 kN/m? for the
15 um membrane. SEM cross-sectional images of initial and modified cellulose membranes
show the different membrane thickness (Figure 3). The cross-sectional view shows an array
of closely packed MIP domains in the cellulose membranes. The thickness of the deposited
MIP layer tends to increase as the thickness of cellulose membrane increases. However the
relatively small thickness of the MIP layer would be expected to allow high fluxes through
MIP composite cellulose membrane. The cellulose membranes varied in the degree of
porosity and fibrillation (Figure 4). Fibers were still apparent after modification of the thinnest
membrane (5 pm) with MIP but when the same amount of MIP was applied fo the 15 um
membrane, it did not penetrate as effectively into the tighter meshed polymer chains,
presenting a smodther, but thicker layer with a fibrous surface. The SEM micrographs would
suggest that a greater amount of MIP is coupled to the outer surface of the 15 um

membrane compared to the 5 um membrane.
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Figure 3: SEM-cross-section images of the initial cellulose membranes (top) and the MIP modified membranes (bottom), showing the different
membrane thicknesses with differed membrane resistances. (a) 5 pm/1 Q.cm? membrane (b) 10 pm/2 Q.cm? membrane and (c) 15

um/4 Q.cm? membrane. Picture designation: s = stub, m = membrane.
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Figure 4: Surface morphology of the initial cellulose membranes (top) and the MIP modified membranes (bottom). (a) 5 pm/1 Q.cm? membrane
(b) 10 pm/2 Q.cm? membrane and (c) 15 ym/4 .cm? membrane.
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The AFM images of the membrane (Figure 5) show the vertical profile of the sample
with the light regions representing the highest points and the darkest regions showing the
pores. The pore size obtained from the AFM images of the MIP membrane indicated that this
was smaller than that of the parent membrane. Also, the AFM images of the MIP membrane
indicate that derivatisation induces an increase in the surface roughness and hence the total
contact surface area of the membrane. The increase in the surface roughness and contact
surface area can contribute to the rise of propranolol sorption.

(a)

(b)

Figure 5: Three-dimensional AFM image of (a) 5 pum cellulose membrane and (b) 5 pm S-
MIP membrane.
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Table 1
Partition (K) and diffusion coefficients (D, cm.h™") of propranolol intofthrough MIP modified

cellulose membranes of different thicknesses and membrane resistances at room
temperature (mean + SE, n=3).

Solute* 5 pm/1 Q.em® 10 xmi2 Q.cm’ 15 umid Q.cm?
Membrane Membrane Membrane
K x 10° D (x10° Kx 10° D (x10° Kx10° D (x 10°
Sem.n) Sem.h) Sem.h)
R 1.01+0.22  0.70+0.26 1.59+0.18  3.46+0.41 0.37+0.20 6.11+1.23
S 1.79+0.22  30.84+2.51 1.56+0.38  8.10+1.82 0.29+0.16  6.62+0.73
SIR 1.77+0.58  44.06+2.96 0.98+0.25  2.34+0.42 0.78+0.12  1.08+0.09

*Refer to R- or S-isomer of propranclol.

Table 1 shows that the partitioning of the propranolol enantiomers between S-MIP
membranes and pH 7.4 buffer decreased with increase in the membrane thickness. The
differences in the partition coefficients of S-enantiomer and R-enantiomer were greatest
when the thickness of the composite membrane was smallest. Differential transport of the
template enantiomer significantly increased with a decrease in the thickness of the
membrane. The increase in the thickness of membrane resulted in a reduction in the
specificity of S-MIP membrane. This phenomenon may be attributed to the effects of a
gradient in DMF concentration being established in the monomer mixture near the surface of
the membrane during the imprinting process. Such a gradient would be expected to lead to
an alteration in the density of the created polymer network dependent upon depth of the
grafted MIP layer. Supporting evidence for this can be seen from the SEM images (Figure 3)
with much of the MIP not fully penetrating into the membrane pores of the thickest (15 pm)
membrane but accumulating at the surface. Since the 5 um MIP membrane enabled the
highest diffusion rates of the enantiomers to be obtained with the greatest imprinting effect,
this membrane was selected for further study as a basic membrane for the development of a
composite MIP membrane, which might be applied to transdermal delivery.

it was necessary to confirm that the basic membrane prepared with the method
described in Section 2.2 each time provided similar appearances and release properties.
Therefore the thinnest cellulose membranes were prepared on a number of occasions and
their morphology examined and the mechanical strength determined. The percentage
coefficient of variation (CV) for the thickness of the non-modified cellulose membranes was
found to be 5% (n = 6). Membrane porosity was found to vary from 1.4% to 2.4%, with the
average pore size 170 nm. The %CV of the partition coefficients and enantioselectivity of
the modified cellulose membranes obtained for three different batches of the initial

membrane were found to be 5.0% and 10.0%, respectively. The mechanical stability of the
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cellulose membranes was not damaged during grafting process. The stability of cellulose
membrane after modification was good, since the membrane could be reused after washing
and similar release characteristics and selectivity were obtained.

3.2. Characterisation of composite MIP membranes

The general properties of 5 pm S-MIP membranes were compared with those of NIP
membrane and R-MIP membranes, which were all produced from the same basic cellulose
membrane (Table 2). The values obtained for the electrical resistance of membranes
provided an indication of the leakage of membrane and it was found that the electrical
resistance of the cellulose membrane increased upon modification. This was presumably as
a consequence of the potential occlusion of the pores due to modification with the
copolymer. An increase in the tensile strength of the membranes after modification was also
found, possibly as a consequence of the introduction of a rigid copolymer of MAA/EDMA
within the pores of cellulose membrane. The average pore diameters obtained by SEM,
however, proved to be very similar, within the range 150-200 nm. The results presented in
Table 2 indicated that cellulose membranes swelled greatly in aqueous solvent confirming
the hydrophilic and highly porous nature, which promotes water absorption capacity.
Swelling of the non-modified cellulose membranes in citrate buffer (pH 5.5) is clearly
inherently greater than when they are placed in phosphate buffer (pH 7.4). When EDMA-
MAA based polymers are bound at the pore surface, this causes a decrease in the degree of
swelling. It might also have been expected that the introduction of jonizable carboxylic acid
groups would have resulted in an increased swelling of the composite membrane at the
higher pH. However the (modified) cellulose membrane still shows a greater swelling at pH
5.5 than at pH 7.4. This suggesting that the pH-dependency in the swelling of the MiP
composite cellulose membranes is governed predominantly by the cellulose membrane.
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Table 2

Characteristics of cellulose and modified cellulose membranes (5 pm thickness).

Membrane Membrane Tensile Pore size Degree of swelling
resistance strength (nm)* (%)**
(©.cm?) (kN/m®)
pH5.5 pH 7.4

Cellulose 1.11 3.16 177.9+35.4 101.25+9.21 55574572
NIP 1.71 8.23 146.3+36.5 74.30+9.94 34.01+3.30
R-MIP 1.71 7.20 176.9+47.8 77.61+8.62 33.41+3.82
S-MIP 1.71 7.20 198.3+4.2 72.36+3.81 44.44+9.84

* Refer to mean pore size estimated from surface pictures of membrane obtained by SEM (+ SE, n=10).
** mean + SE, n=3.

3.3. The stability issues of propranolol enantiomers

The stability of R- and S-propranoclol in pH 5.5 citrate and pH 7.4 phosphate buffer
solutions was investigated at room temperature (30°C), 37°C and in DMF solvent at 60°C
since the propranolol enantiomers were used under these conditions. The results showed
that more than 99% content of both R- and S-propranolol was found after 7 days incubation
in buffer solution at room temperature and 37°C, indicating good stability of the enantiomers
under these conditions. At 80°C, where the polymerization procedure of the imprinting was
effected, it was found that 14.7 + 3.0% (n = 3) racemised when the pure R-enantiomer was
incubated alone in DMF for 24 h. In contrast, under the same conditions only 1.5+ 0.3% (n =
3) of the pure S-isomer was found to racemise. However when the individual R- and S-
propranolol enantiomer was incubated in chloroform at temperature 60°C, both remained
stable with no racemisation of enantiomer after 24 h.

This indicates that the type of solvent in which the enantiomers are dissolved affects
the stability of the propranoiol enantiomers. Therefore it is possible that if racemisation
occurs during impri;ting then the selectivity of the final MIP might be decreased. However
the total recovery of enantiomer from the template was found to be 98% and less than 1%
racemisation had been found to occur of either individual enantiomer. The stability of the
enantiomer in DMF could be improved by the presence of the polymer mixture since the
template molecule might be expected to preferentially interact with the MAA functional
monomer rather than the solvent. As a consequence it could position the pendent optically
active centre inside the forming polymer network, thereby limiting any racemisation which

might otherwise have occurred during the polymerization.
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3.4. Enantiomer uptake and imprinting effect

The partition coefficient of propranolol enantiomers from aqueous solutions into S-MIP
membranes was compared with that for cellulose membrane, NIP membrane and R-MIP
membrane in order to determine the effects of the imprinting procedure (Table 3). In pH 5.5
buffer, the partition coefficients of both R- and S-isomers decreased with the modification of
celiulose membrane, while in pH 7.4 buffer the partition coefficients of propranolol
enantiomers were generally increased by the modification of the cellulose membrane. The
apparent preferential sorption of S-propranolol to the non-modified cellulose membrane
(Table 3) confirms the potential role of the parent cellulose membrane in the selective
sorption of the propranolol enantiomers, even after the original membranes are transformed
to MIP composite cellulose membranes. Thus the R-MIP membrane still demonstrated
selectivity for the S-isomer, rather than the R-isomer, due to the properties of the cellulose
membrane itself.

Table 3

Partition coefficient (K x 10°) of R- and S-propranoclol enantiomers from different donor pH
solutions into cellulose and meodified cellulose membranes (5 pm thickness), at room
temperature (mean + SE, n=3).

Membrane pH 5.5 pH7.4
R-isomer S-isomer Ratio S/IR R-isomer S-isomer Ratio S/IR
Cellulose 1.25+0.36 1.38+0.33 1.10+0.14 1.26+0.62 1.53+0.62 1.21+0.01
NIP 0.78+0.28 0.93+0.25 1.19+0.20 1.83+0.95 2.32+0.95 1.27+0.05
R-MIP 1.14+0.25 1.29+0.21 1.14+0.13 1.35+0.34 1.57+0.34 1.16+0.11
S-MIP 0.70+0.20 0.94+0.22 1.35+0.08 1.01+0.22 1.79+0.22 1.74+0.38

Nevertheless the imprinting effect i.e. the difference between the S/R selectivity of
the S-MIP membrane and that of the celluiose and NIP membrane was marked, suggesting
that the molecular imprinting procedures have produced cavities with a higher affinity for the
S-enantiomer of propranolol. At the higher pH the enantioselectivity of the membranes as
determined by an increased partition coefficient for the S-isomer was not significant in the

case of the non-modified cellulose membrane but it was for the S-MIP membrane.
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Figure 6: The transport of R-and S-propranolol enantiomers (HCI) as a function of time
(mean * SE, n=3) from (A} pH 5.5 citrate buffer and (B) pH 7.4 phosphate buffer
across (a) cellulose membrane, (b) NIP membrane, {c) R-MIP membrane and (d) S-
MIP membrane.



The enhanced enantioselectivity at a higher pH must be due to an increased binding
of the favoured S-propranolol enantiomer at the binding site. This is most likely as a
consequence of the higher degree of ionization of the functional monomer residues (pK, of
MAA < 4) at the higher pH, resulting in an increased electrostatic interaction with the
secondary amine of the propranolol molecule [19].

3.5. Selective transport of composite MIP membranes

Preliminary studies using an initial concentration of 40 pg.ml’ racemic propranolol
established that a steady state flux was achieved during a period of 2-6 h (Figure 6). R- and
S-propranolol enantiomers were fransported faster across the unmodified cellulose
membranes than those that had been modified, indicating the pore-filling effect of modified
cellulose membranes. The faster transport of the S-enantiomer in comparison to the R-
enantiomer confirms the inherent enantioselectivity of the modified cellulose membrane,
indicated by the partition data. The S-MIP membrane was found to limit the permeation of
R-enantiomer, and none was detected in the receptor compartment for at least 6 h,
indicating the effects of the imprinting process on the pore structure. However the transport
of the S-enantiomer through the R-MIP membrane was still faster than that of the R-
enantiomer. This suggests that the inherent enantioselectivity of the original membrane still
dominates the process, despite the modification of some of the pores with polymer
synthesised in the presence of the R-enantiomer. The R-isomer was transported faster
through the R-MIP membrane than through either the NIP or S-MIP membranes, as a
consequence of the R-selectivity conferred on some of the membrane pores. These results
suggest that the enantiomers are transported via a number of routes across the composite
membranes. The cellulose fibers and/or the unmodified pores appear to have inherent
selectivity for S-enantiomer whereas the modified pores will display selectivity for the
template enantiomer. The pore filling effects of the polymer does appear to reduce the
transport of the S-enantiomer across the S-MIP membrane in comparison to the unmodified
membrane. However the advantage of employing the S-MIP as opposed to the unmodified
membrane is that transport of the R-enantiomer over the 6 h of the study was eliminated in
the former.

The S-isomer/R-isomer selectivity of the propranolol enantiomers across the S-MIP
membranes from pH 7.4 buffer was ca. 45, while the S-isomer/R-isomer ratio obtained with
cellulose, NIP or R-MIP membranes were below 5. For a donor solution with pH 5.5, the S-
isomer/R-isomer selectivity of S-MIP membrane was ca. 80 (the amount of transported of R-
isomer was taken assuming the limit of detection was reached after 6 h) whereas the S-

isomer/R-isomer selectivity of cellulose, NIP and R-MIP membranes was less than 20.
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it should also be noted that the faster drug transport rate at the lower pH correlates
with the higher degree of swelling of the membrane (Table 2). Such a swelling at pH 5.5
might alter the net pore size of cellulose membrane and partially account for the increased
transport of the enantiomers. 1t is apparent also that the transport of S-propranolol and the
enantioselectivity was higher for the S-MIP membrane at pH 5.5 as compared fo pH 7.4.
Two potentially opposing mechanisms are likely to affect the fluxes of the enantiomers at the
two different pH values employed in this study. At the acidic pH, the increased swelling of
the basic cellulose matrix would be expected to promote the overall transport of propranoiol.
However when the pH is raised to 7.4 then the improved MIP recognition, and increased
electrostatic binding of the S-enantiomers to the S-MIP membrane might reduce the overall
transport rate, as a consequence of binding and re-binding at sites within the MIP modified
pores. Whilst, at pH 5.5 the release of the S-propranclol enantiomer absorbed on the
cellulose membrane or the MIP/NIP modified cellulose membranes might be expected to
increase with swelling of membrane, which leads to change in the mass transfer rate of the
enantiomer and the improved efficiency in enantioselectivity at the lower pH. It is apparent
that cellulose membranes provided a degree of enantioselective transport for propranolol,
but that this is lower than that achieved using the S-MIP membrane. The preferential
sorption of S-propranoclol to cellulose enhances the transport selectivity of S-MIP composite
membranes and limits the involvement of the R-enantiomers in such a diffusive pathway.
Therefore, although it would appear that the selective transport of S-propranolol obtained
using a composite cellulose membrane is primarily determined by the parent cellulose
membrane, a beneficial contribution is derived from the MIP component.

Thé selective release characteristics of MIP grafted onto the pore surface of the
cellulose membrane concurs with the ‘fixed-carrier mechanism that has been proposed for
the selective transport achieved via ion-exchange carrier membranes. The facilitated
transport conferred by a ‘fixed-carrier’ site membrane involves adsorption and mobility of the
target molecule at the “fixed-carried’ site. Previous work has shown that MIPs formed as a
membrane [20-22] or prepared into a matrix tablet [23-24] can provide a facilitated and
selective transport of the template molecule. The means of controlled release involves
reversible complexation and exchange between the template molecule and sites in the MIP
membrane (or the MIP tablet). The S-isomer of propranolol binds selectively to the MIP
binding sites, with its subsequent reactive diffusion taking place by stepwise dissociation and
selective binding to neighboring MIP sites. From the results obtained, it shows that the
binding of S-propranclol enantiomer to MIP is reversible and fast enough to enable the
transport of S-enantiomer. The S-propranolol complexing to and dissociating from the MIP
plays an important role in the enantioselectivity of S-MIP membrane. Any factor that alters in

rate of complexation/decomplexation of S-propranolol enantiomer with MIP will change the
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flux and stereoselectivity of the S-MIP composite membrane. In addition as indicated
previously, the the basic cellulose membrane in the S-MIP membrane plays a crucial role
towards the transport of propranolol enantiomers. Macroscopic changes such as degree of
hydration and pH of the medium have a marked effect on transport rate through changes in
effective pore size and alteration of enantiomer-membrane partition (Table 3). Indeed any
change in the latter will have a direct effect on transport role, since Fick’s first law indicates

that the rate is dependent upon partition coefficient.

3.6. Selectivity of composite MIP membrane for propranolol prodrugs

The propranolol prodrugs employed in this study were valeryl propranolol (VL-P)
cyclopropanoy! propranolol (CP-P) and succinyl propranolol (SN-P) {(see chemical structures
below), which were synthesized from racemic propranolol hydrochloride and fatty acid
chlorides by substituting different alkyl groups onto the hydroxyl group, according to the
method described previously [25]. Solubitity, logP and pK, of propranoclol and the prodrugs
are shown in Table 4.1. In addition, dissociation rate constant data of propranolol prodrugs
are presented in Table 4.2

THQCHQ_CHg
I Ca
?H ? ALHs (rj/ "o s
OCH,CHCH,NH,CH OCHchCHzNHCr\i
B B
Propranciol HCI {(clogP = 2.7) Valeryi propranolol (VL-P) (clogP = 5.2)
? (EHZCH;_COOH
_Ca, /Cts
= O
C|) O CHy ? £
OCH;CHCH,NHCH OCH;CHCH,NHCH
N N,
Oe B “‘s "
Cyclopropanoyl propranolol {CP-P) (clogP = 3.9) Succinyl propranolol (SN-P) (clogP = 1.1)

The partitioning of racemic prodrugs from saturated solutions was determined at both pH 5.5
and pH 7.4 (Table 4). Generally the S-enantiomers were sorbed to both the non-modified
and modified cellulose membrane in greater quantities than the R-isomer at both pH values.
The S-enantioselectivity of the unmodified cellulose membrane was apparent for all
prodrugs, with the exception of SN-P at the higher pH. As in the case of the parent
propranolol molecule, the S-MIP modification of the membrane improved the S-

enantioselectivity further. Again the enantioselectivity proved to be generally higher at pH
74
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Table 4.1: Solubility, Partition coefficient (PC) and pKa of propranolol and its prodrugs

Compound Solubility Log P pK,
(mg/ml)

Propranolol 115.9 2.4 9.5
SN-P 598.5 0.68 4.8
VL-P . 5.15 89 8.6
CP-P 8.35 14.4 8.7

Table 4.2: Dissociation rate constant of propranoloi prodrugs

compound Rate constant x 10°

Buffer pH 7.4 (min™) Plasma(min"’.mg™ Liver Homogenate(min™.mg™) Skin Homogenate(min.mg™)
sNe (D Glm 10005 T oamoss  lgap 002007 rgig;  0ser0ts
VL-P E‘g gggﬂgg 0.95+0.10 299553 1.4840.69 Iheesed 0.89+0.02 1;8_'?%23:22 0.7740.31
o B BEBE ow WL mew  WE  owew  SEES oo
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Table 5

Partition (K) and diffusion (D) coefficients of propranolol prodrugs into and through non-modified cellulose and modified cellulose membranes at
different pH values at room temperature (mean + SE, n=3).

Compound Membrane . K (x 103) D (x 10 cm.h™)
pH 5.5 pH 74 pH 5.5 pH 7.4
R 5 S/R R S S/R R S S/R R S S/R

Cellulose 1.11+0.51 1.38+0.93 1.20+0.39 1.26+0.14 1.63+0.68 1.43+0.69 62.3+4.52 77.9+3.84 1.26+0.07 64.3+9.74 70.7+13.7 1.08+0.06

VL-P NIP 1.88+0.30 2.10+045 1.09+0.07 1.26+038 1.67+0.73 1.32+0.12 77.8+494 86.8+557 1.12+0.09 69.8+5.03 64.4+7.48 0.94+0.15
S-MIP 0.74+0.21 1.38+0.22 1.71+0.17 0.74+029 1534019 2.11+0.17 57.6+2.57 959+105 168+0.22 32.8+861 66.7+5.81 2331056

Cellulose  1.30+0.38 1.82+0.53 1.42+0.10 1.03+0.25 0.94+0.30 0.91+0.11 38.8+8.00 51.3+8.53 1.32+0.93 28.7+4.77 341+948 1.25+0.38

SN-P NIP 1.61+0.12 1.94+0.38 1.16+0.16 0.26+0.17 0.22+0.18 0.85+0.24 29.3+6.91 429+11.5 1464031 234+261 26.6+3.60 1.13+0.04
S-MIP 0.62+0.17 0.74+0.09 1.36+0.17 044+0.23 0.60+0.33 1.31+0.11 32.8+3.51 50.5+7.01 1.57+024 27.1+435 29.5+599 1.23+0.37

Cellulose 0.68+0.12 082+021 1.20+0.52 0.83+0.02 1.44+011 1.73+0.17 69.8+7.48 73.2+9.64 1.08+015 3824023 445+782 1.17+032

CP-P NIP 1.28+0.23 1.44+0.34 1124013 0.85+0.07 0.82+034 0.98+0.30 52.8+2.64 64.0+104 1.21+017 493+1.53 46.3+12.2 0.93+£0.23
S-MIP 1.02+0.53 1.58+0.23 1.55+059 1.59+0.04 2.62+0.20 1.65+0.09 59 5+3.79 68.2+7.58 1.18+022 494+690 61.5+18.1 1.22+0.30
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There are many factors affect to sorption of propranolol prodrugs on the membranes. Since
the ester modification of hydroxyl group increases the hydrophobicity of the propranolol
molecule, i.e., in case of VL-P and CP-P, interaction between propranolol enantiomers and
cellulose might be expected to be reduced. The introduction of different bulkier side chains
would be expected to reduce the interaction with any recognition site and the diffusion
coefficients of VL-P and CP-P S-isomers through the S-MIP membrane (Table 5) were
markedly higher than that of S-propranoclol HCI (Table 1). However the diffusion of the S-
isomer of the most hydrophilic prodrug, SN-P was comparable to that of the parent
compound. Since enantioselectivity is preserved when the prodrugs are employed as the
diffusing species, this demonstrates that the hydroxyl group, present in propranolol is not
crucial. It is apparent that it is the position of the charged nitrogen group within the
partitioning and diffusing species, relative to the carboxylic acid residues of MAA that is the

dominant mechanism involved in the interaction between the enantiomers and subsirate.

Propranolol
(template)

Figure 7: The energy-minimised Chem3D structures of S-propranolol and S-propranolol
prodrugs as calculated by molecular mechanics using MM2 force field (Chem3D
Ultra 8.0, CambridgeSoft, MA, USA).

A preliminary examination of the energy-minimised structures of S-propranoiol and its
prodrugs (Figure 7) suggests that VL-P might be expected to adopt a conformation most

simitar to the parent compound. The principal interaction, as indicated previously, is likely to
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be between the secondary amine group within the molecule(s) and the carboxylic acid group
of the functional monomer. However the pendant groups within VL-P would appear to be
most similarly positioned to the parent molecule in comparison to the other prodrug species,

such that interaction with active sites in the MIP might occur more readily.

3.7. Transdermal enantioselective-controfled release of composite MIP membranes

The in vitro percutaneous permeation study of propranolol enantiomers was investigated
by applying drug to cellulose, NIP or S-MIP membranes in direct contact with isolated
excised rat skin contained in a Franz cell. The initial concentration of racemic propranolol
(HCH) in the donor phase was varied from 100 - 300 pg.mi”". Control experiments were also
carried out to determine the percutaneous transport of drug across skin alone.

The cumulative amounts of propranolol transported across rat skin as a function of time,
when drug was applied to the membrane positioned in place on the skin surface are shown
in Figure 8. The resulting curves indicate that the diffusion of R-propranolol across the S-MIP
membrane-skin layer is delayed whereas a relatively facilitated transport of S-propranolol
across S-MIP membrane through the rat skin occurred over the initial 18 h of transport for
every donor concentration. The percutaneous transfer of the S-enantiomer across cellulose
membrane, was less than if the S-MIP membrane was in situ and was higher than the R-
form across both membrane types. The percutaneous permeation of both R- and S-
enantiomers of propranolol across NiP membranes applied to the skin was initially delayed,
which this is possibly due to the MAA-EDMA steric hindrances which might occur in the
pores of the modified basic cellulose membrane. NIP membranes allowed slightly faster S-
propranclol enantiomer transport than for the R-propranclol enantiomer. There is little
facilitated S-propranolol enantiomer transport across NIP membranes and this does not
increase markedly as the initially applied concentration of drug is increased. In addition, S/R
selectivity in terms of the permeability coefficient through NiP membranes is not significantly

changed with donor concentration (Table 6).
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Figure 8: The permeation of propranolol enantiomers (HCI) from pH 7.4 buffer solution (a) across full-thickness rat skin at 37°C in the absence
of membrane or under the same conditions but with a (b) cellulose membrane, (¢) NIP membrane or (d) S-MIP membrane placed on
the su1rface of the skin (mean *+ SE, n=6). The initially applied donor concentrations of racemic propranolol were 100, 200 and 300
ug.ml.
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Table 6
Steady-state flux (jss), Permeability coefficient (K;;), and Lag time ( » of R- and S-propranociol from pH 7.4 buffer solution containing racemic

propranolol at different concentrations through full-thickness rat skin alone or for transport through cellulose, NIP or S-MIP membrane applied
to the skin surface {(mean + SE, n=6).

Donor Membrane Jos (ug.cm*h) K, x 10° (cm.h™) ~ (h)

concentration R-isomer S-isomer R-isomer S-isomer SIR ratio R-isomer S-isomer SIR ratio
(ng/ml)

Control 0.30+0.04 0.28+0.01 1.01+0.13 2.10+0.15 1.41+0.38 18.67+0.67 16.76+0.38 0.90+0.05
100 Cellulose 0.24+0.04  0.54+0.05 2.43+0.45 5.39+0.62 2.38+0.48 12.07+0.76 1.64+1.40 0.13+0.11
NIP 0.45+0.05 0.73+0.07 4.46+0.49 7.28+0.65 1.69+0.29 14.07+0.67 11.33+1.33 0.81+0.02
S-MiP 0.36+0.07 0.66+0.02 3.59+0.72 6.60+0.04 2.04+0.52 18.85+0.85 5.69+1.69 0.30+0.10
Control 0.91+0.21 0.52+0.03 4.55+1.03 2.59+0.19 0.57+0.90 10.31+0.61 8.87+0.90 0.87+0.10
200 Cellulose 0.24+0.03  0.48+0.01 1.20+0.13 2.39+0.06 2.07+0.04 15.72+3.00 5.90+0.02 0.44+0.11
NIP 0.3240.09  0.50+0.01 1.61+0.43 2.49+0.07 1.87+0.62 8.88+0.85 10.57+0.57 1.46+0.18
S-MIP 0.49+40.05 1.10+0.02 2.46+0.22 5.50+0.10 2.27+0.23 16.23+1.44 4.65+0.60 0.30+0.60
Control 1.01+0.14  0.33+0.16 3.33+0.45 1.09+0.54 $.33+0.18 9.54+1.87 6.00+0.01 0.63+0.13
300 Cellulose 0.55+0.04 0.72+0.16 1.84+0.86 2.38+0.52 1.71+0.35 12.45+0.90 9.48+2.90 0.75+0.20
NIP 0.44+0.12 0.68+0.02 1.48+0.38 2.28+0.07 1.74+0.38 1.33+0.94 1.72+1.30 1.04+0.24
S-MIP 0.52+0.06 1.73+0.36 1.73+0.36 5.76+1.20 3.50+1.01 17.58+4.46 2.45+1.77 0.11+0.08
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At a donor concentration of 100 pg.mi’, the transport of propranolol enantiomers
through skin alone was very low and the flux rates of the two enantiomers were found to be
simitar. Increasing the donor compartment concentrations (to 200 and 300 ug.m!’) resulted
in a greater diffusion rate through the skin layer in the absence of membrane, but no
enantiomeric differences in transport was observed initially. However, after 12 h the diffusion
of R-enantiomer across the skin into receptor phase was found to be significantly higher than
that of the S-enantiomer. The stereoselective penetration of propranolol through excised rat
skin has been reported by Miyazaki et al [26] who showed that the percutaneous permeation
of S-propranolol was 4 times higher than that of R-propranolol. These latter results were,
however, contrary to the results reported by Heard et al. [27] when the transfer of
propranolol from sub-saturated solutions across rat skin was not found to be an
enantioselective process. The enantioselective transfer of propranolol across rat skin
therefore remains unclear. However, the results obtained in this study indicate that although
an enantiomeric difference in the permeation of R- and S-propranolol through rat skin was
shown, particularly after 18 h application, an enantioselective-controlled transport was
obtained when the S-MIP membrane was placed in situ on the skin. The flux of S-isomer
was increased in comparison to the control when the S-MIP membrane was in sifu for all test
concentrations, with enhancement ratios of ca. 2-5 being obtained for the different drug
concentrations employed (Table 5). The flux of R-isomer was reduced with the S-MIP
membrane in situ compared with controls at donor concentrations of 200 and 300 pg.ml’.
Due to higher permeability and greater partitioning of S-propranolot from S-MIP membrane,
the lag time of S-isomer was reduced when the membrane was applied as compared to
control. However the lag times of the R-isomer were found generally to increase in the
presence of the S-MIP membrane compared to those obtained in control experiments.

Furthermore, the permeability coefficients were greater for the S-isomer through the S-
MIP membrane and skin than skin alone, whatever the initial donor drug concentration
{P<0.05). The p“ermeabiiity coefficients of R-enantiomer through S-MIP membrane were
generally lower when the S-MIP membrane was in sifu than through skin alone. The higher
permeability coefficients observed for the S-enantiomer would appear to confirm the
enantioselective delivery properties of S-MIP membrane. When the concentration of racemic
propranolol was increased, the lag time for the permeability of R-isomer through the S-MIP
membrane and skin appeared to be relatively constant. This was in contrast, to the change
in lag times observed when the S-isomer was applied since these were reduced, as the
initial drug concentration was increased (Table 5). This caused the S/R ratio of lag time for
the transport of propranolol through S-MIP membrane to remain constant or even be

reduced as the initial applied concentration was increased. However the results indicated
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that increasing the donor concentration promoted the stereoselective transport of S-MIP
membrane.

The results obtained in this study indicate that the enantioselectivity shown with S-MIP
membrane placed on rat skin is related to the high combined affinity of cellulose and S-MIP
for the S-propranolol along with the lesser affinity for R-enantiomer inherent in the cellulose
and induced in the S-MIP by the imprinting process. The enantioselective-controlled release
of S-MIP membrane was clearly apparent when racemic propranolol placed in the donor
compartment at concentrations up to 300 pg.ml”. Beyond this concentration, i.e., 400 pg.ml’
' the stereoselectivity was reduced (data not shown). The reason for this might involved the
saturation of binding sites within the excised rat skin.

3.8. The effect of the gelling agents on enantioselectivity

In this part, two gel formulations, containing either poloxamer or chitosan were selected
as drug reservoirs for the formulation of racemic propranolol within the MIP thin-layer
composite cellulose membrane. The ability of the fabricated devices to deliver the S-
enantiomer of propranolol was tested by conducting release studies in vitro using modified
Franz diffusion cells. The enantiomer release profiles showed that the S-enantiomer
delivery is completely controlled by the composite MIP membrane. The rate of drug release
was demonstrated to be dependent on the type of gel used. The gel type was found to
affect the enantioselective transport of propranolol, with the more rheologically structured
poloxamer gel formulation providing no selective release of S-propranolol. The greater gel
structure may have interfered with the enantioselective controlling process at the pore
surface of the composite MIP membrane. In contrast the chitosan gel was found to allow

excellent selectivity for delivery of the S-propranolol enantiomer (S/R ratio = 4), as shown in
Figure 8.

enantioselectivity (Flux S/ Flux R)
w

A ]

CELL NIP S MIP CELL NIP S MIP

Figure 8: The effect of gelling agent on Flux S/Flux R of the membranes
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3.9 in vivo evaluation

The chitosan gel formulation was selected for in vivo studies by fabricating in the S-
MIP patch with the addition of 0.75 mg racemic propranolol and compared with control (gel
alone). The plasma drug level profile in rats following transdermal application of control and
the patch is shown in Figure 9a and 9b, respectively. The plasma levels of both R- and S-
propranoclol after application of control were lower than the plasma levels after transdermal
application with the patch. The plasma levels of R-propranclol from the patch and control
were not different. The plasma levels after application of the patch gradually increased and
reached a peak plasma drug level of 800 ng ml” for the S-propranolol and 390 ng mlfor the
R-propranolol. Besides, the plasma levels of both R- and S-propranclol after application of
control were not statistically different (p>0.5). There was enantioselectivity for the plasma
drug level from the transdermal application of the patch. The plasma drug level of S-
propranolol from the patch than control must have been contributed by absorbed drug that
enantioselectively released by the S-MIP membrane. Thus the enantioselective delivery of

the patch comprising with S-MIP membrane is clearly demonstrated in vivo.

The skin irritation following application of either the gel or the S-MIP patch at 24 h
was examined. The edema was absent in the both cases, as shown in Figure 10a,b.

Figure 9a Plasma level profile following transdermal application of gel formulation.
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Figure 9a Plasma level profile following transdermal application of the S-MIP patch.
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Figure 10a: The illustration showing skin before and after application racemic propranolol gel
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Figure 10b: The illustration showing skin before and after application the racemic propranolol
gel

4. Conclusions

The current study demonstrated the potential of MIP molecularly imprinted polymer
composite membranes based on cellulose in controlling the release of S-propranolol into the
skin. The degree of stereoselectivity demonstrated would result in considerably higher
therapeutic advantage when considering the differential pharmacological activities of the two
enantiomers of propranolol. The cellulose membranes containing modified pores and a
surface with imprinted polymer selective for S-propranolol were capable of limiting release of

the distomer. Also the enantioselective delivery by S-MIP membrane is demonstrated in

vivo
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Abstract

A composite membrane for transdermal delivery of S-propranolol enantiomer was developed based on the controlled pore functionalization of
bacterial cellulose membranes using a molecularly imprinted polymer (MIP) layer synthesis. The reactive pore-filting of an asymmetric porous
cellulose membrane with a MIP thin-layer was effected using a silanised coupler as an additional anchor for the MIP. MIP thin-layers with specific
binding sites for S-propranolo! were synthesized by copolymerisation of methacrylic acid with a cross-linker, ethylene glycol dimethacrylate in the
presence of S-propranotol as the template molecule and the latter was subsequently extracted. Selective transport of S-propranolol through the MIP
composite membrane was obtained, although this was determined mostly by the parent cellulese membrane with some ancillary contributory effect
from the MIP layer. In addition, an enantioselectivity in the transport of propranolol prodrug enantiomers was found, suggesting that the shape and
functional groups orientation, which are similar to that of the print molecule were essential for enantiomeric recognition of the MIP composite
membrane. The enantioselectivity of S-MIP membranes was also shown when the relcase of propranolol enantiomers was studied In vitro using rat
skin, with racemic propranolol contained in the donor compartment. The composite membrane of bacterially-derived cellulose and molecularly
imprinted polymer may have great potential for use as a transdermal cnantioselective controlled-release system for racemic propranolol.
© 2006 Elsevier B.V. All rights reserved.

Keywards: Molecularly imprinted polymer; Cellutose membrane; Propranclol; Transdermal delivery; Enantioselectivity

1. Introduction compound [3-5]. Propranolol possesses one chiral center and

the S-enantiomer is 100-130 times more pharmacologically

The efficiency of delivery of propranolol, a non-selective (-
adrenergic receptor antagonist, via the oral route is affected by
the low absorption [ 1] and extensive first-pass metabolism of the
drug [2] whereas the transdermal delivery of propranolol enables
the hepatic first-pass metabolism to be avoided, potentially
improving bioavailability. The absorption of propranolol hydro-
chloride, which is the commercially available form of propran-
olol, through skin is very poor. A prodrug strategy has been used
with some success where the drug after absorption through
the stratum corneum is subsequently metabolized to the parent

* Corresponding author. Tel.: +66 74 428239; fax: +66 74 288862.
E-mail address: roongnapa.s@psu.ac.th (R. Suedee).

0168-3659/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi: 10.1016/j.jeonrel 2606.03.007

active than the R-enantiomer [6). Propranolol is marketed as
racemate and no stercoselective permeation of propranolol and
propranolol ester prodrug was observed through skin in vitro
[7,8]. Thus, if the S-enantiomer were to be selectively trans-
ported across the skin, a better therapeutic response might be
expected relative to that obtained using a racemic mixture of the
drug.

A molecularly imprinted polymer (MIP) is a synthetic poly-
mer possessing selective molecular recognition propertics be-
cause of recognition sites within the polymer matrix that are
complementary to the analyte molecule in the shape and posi-
tioning of functional groups. The use of MIPs as new sorbents
for affinity membrane extraction is becoming mere widespread,
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due to their potentially high selectivity [9,10]. MIP membranes
utilising such an approach may comprise either a simple MIP
membrane or alternatively the MIP could be integrated with
other materials within a composite. A composite MIP mem-
brane is an optimised porous support membrane which has been
functionalized with a suitable thin selective layer to yield a
membrane with appropriate transport properties for the target
compound [9]. A number of composite membranes functiona-
lized with thin MIP layers have been previously developed to
attain adsorption specificity [11-13]. The preparation of MIP
composite membranes can allow the transport of drugs to be
controlled by both membrane pore structure and MIP recogni-
tion. The structure of the base membrane in MIP composite
membranes may be used as a means to adapt pore size, perme-
ability, intemal surface area and binding capacity to the desired
application with synthetic membranes often being used.

Cellulose is a naturally occurring linear 3-1,4-linked glucose
polymer synthesized by plants and some species of bacteria. In
contrast to some synthetic membranes, cellulose membrane
exhibits a high resistance to corrosive chemicals but is bio-
degradable and hence eco-friendly. The unique properties of the
bacterially-derived cellulose synthesized by Acetobacter xyli-
num have inspired a number of attempts to use it in a number of
commercial products. Proposed applications include its use as a
temporary skin substitute, a dressing material, a material for
surgery or microsurgery and as membranes [14,15]. For example
Biofill® is a specially prepared membrane which can beused asa
temporary skin substitute for patients with burns and ulcers.
Bacterially-derived cellulose can be easily processed into a
porous membrane possessing good mechanical strength, unlike
the cellulose derived from plant biomass. These unique features
make such bacterially-derived membranes potentially suitable
for use as a component of transdermal delivery system although
to date no studies have reported the use of such cellulose mem-
branes in controlled drug delivery systems.

In a previous study, cellulose triphenylcarbamates were shown
to have a good potential for controlling transport of propranolol
enantiomers through a silastic membrane [16]. Cellulose and its
derivatives have proven stereoselectivity to propranolol in ad-
sorption chromatography both in column chromatography [17]
and thin layer chromatography [18], where they demonstrate a
high affinity to the S-enantiomer of propranolol.

In this study, MIPs and bacterially-derived membranes were
integrated to form composite membranes which could have a
potential as a transdermal delivery system of the model drug S-
propranolol. Through optimisation of MIP affinity and ensuring
a uniform distribution of the polymer within cellulose membrane
pores as well as minimizing non-selective diffusion by pore-
filling, a selective absorption and subsequent release of the
eutomer of propranolol through skin might be achieved. Ac-
- cordingly MIP membranes selective for S-propranolol were
developed and their enantioselective-controlled release was
examined in vitro. Microporous cellulose membranes were gen-
erated by bacterial-cultivation and were used as a matrix for a
two-step grafting procedure to yield a MIP by in situ copolymer-
isation within the thin barrier layer of the base material. Using a
silanisation procedure, supramolecular complexes of template

molecules and suitable functional isopropenylates were fixed
onto pore-containing surface of cellulose membranes. MIP syn-
thesis mixtures comprising methacrylic acid as a functional
monomer and ethylene glycol dimethacrylate as a cross-linker,
in the presence of the template enantiomer were successfully
polymerized. This procedure allowed the generation of MIP
composite membranes which included a thin MIP layer that
could act as g selective barrier.

2. Experimental
2.1. Chemicals and reagents

Ethylene glycol dimethacrylate (EDMA), methacrylic acid
(MAA) and propranolol hydrochloride, R-propranolol HCI, S-
propranolol HCl and 3-methacryloxypropyltrimethoxysilane
(3-MPS) and valeryl chloride were purchased from Aldrich
Chemical Company (Milwaukee, WI, USA). 2,2'-Azobis-(iso-
butyronitrile) (AIBN) was obtained from Janssen (Geel, Bel-
gium). Yeast extract and peptone were obtained from Difco
Laboratories (MO, USA). Succinic anhydride and cyclopropa-
necarbony! chloride were supplied by Fluka Chemie AG (Buchs,
Switzerland). EDMA was purified by extraction with 10% (w/v)
CaCQj;, washing with water, drying over anhydrous sodium
sulfate and subsequent distillation under reduced pressure. MAA
was purified by distillation under reduced pressure prior to use.
All solvents used were of analytical grade and were dried with
molecular sieves before use. Working standard solutions were
prepared daily.

2.2. Preparation of bacterial cellulose membranes

Cellulose membrane was obtained by incubating 4. xylinum
TISTR 975, sub-cultured five times, in coconut juice supple-
mented with 4% sucrose (w/v) at pH 5.0. A stainless steel round
shallow tray of 39 cm diameter was used to grow the cellulose-
producing bacteria at 30 °C at the surface of culture medium
under static conditions. The culture volume was 500 ml and the
effective area for membrane growth was 20 cm?®. Buffered
Schamm and Hestrin’s medium (BSH medium) was employed
as the pre-culture medium, composed of 2.0% (w/v) glucose,
0.5% (w/v) yeast extract, 0.5% (w/v) peptone, 0.033% (w/v)
Na,HPO,-2H,0 and 0.011% (w/v) citric acid-H,0. A. xylinum
TISTR 975 was grown in 50 ml of BSH medium for 3 days to use
as a pre-culture. The pellicles of bacterial cellulose (0.01 mm
thickness) formed on the surface of this medium surface were .
harvested aseptically.

Two ‘thin’ cellulose membranes were prepared using two
different bacterial cultures, comprising suspensions containing
either 1x10® or 3x10® cfu ml™'. One ‘thick’ cellulose mem-
brane was prepared by placing 4 pieces of cut pellicle (1 x | cm)
in the tray, approximately 10 cm from the edge of the tray and
an equal distance from each other. For cellulose membrane
production, the pre-culture of bacteria was inoculated into
500 ml of the culture media and the tray was covered with a
linen cloth, followed by incubation for 1 day. The cellulose
pellicle formed on the surface of the media was removed and
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discarded. The remaining culture was further incubated under
the same conditions for one more day. The formed cellulose
membrane was harvested and transferred to 1% (w/v) NaOH at
80 °C for 24 h and then thoroughly washed with distilled water
to remove any remaining associated microorganisms and pro-
teins. The pure cellulose sheets were dried at 37 °C overnight
and kept in a dust free atmosphere until required for use.

2.3. Preparation of MIP composite membrane

The grafting procedure of ethylene glycol dimethacrylate
and methacrylic acid copolymer onto the pore-containing sur-
face of the bacterially-derived membrane is illustrated in Fig. 1.
The grafiing was carried out in the presence of the propranolol
enantiomer template. A cellulose membrane was reacted with 3-
MPS (10% w/w in toluene) at 80 °C for 5 h. The resulting
membrane was then thoroughly washed in methanol and dried.
The reacted cellulose membrane was then placed in crystallizing
dish, 18 cm in diameter. A solution containing 12 mmol of
MAA as a functional monomer, 0.05 mol of EDMA as a cross-
linking monomer, 2 mmol of R- or S-propranolol (HCI) as
template and 0.7 mmol of AIBN as a radical polymerization
initiator in DMF (2 ml) was poured onto the surface of cellulose
membranes. The dish was then purged with nitrogen for 2—
3 min to remove oxygen (which acts as a radical scavenger)
before closure and the temperature maintained at 60 °C for 18 h.
After polymerisation, membranes were transferred to a Soxhlet
extractor and extracted with 10% (w/v) acetic acid in methanol
for at least 72 h before further extraction with methanol for 72 h
to remove any non-grafted polymer, monomer, residual initiator

Cellulose

MIP composite membrane

3-MPS/toluene

—_—
80°C, 5h

Rebinding

—

Extraction

and template molecule. The prepared membranes were dried in
vacuo overnight. The complete removal of the template mole-
cule from the polymer was confirmed by its absence from the
methanol extract of the polymer, as verified by assay (see
Section 2.8) and the absence of nitrogen content in elemental
analysis results obtained by using a JSM-5800 LV electron
microscope (Jeol, MA, USA) equipped with an Oxford In-
struments LINK-ISIS 30 X-ray detector and microanalysis
system. The membrane prepared with an imprint of R-pro-
pranolol was referred to as R-MIP membrane and the membrane
having the imprint of S-propranolol was referred to as S-MIP
membrane. Blank composite membranes (non-imprinted poly-
mer (NIP) cellulose membranes), for control experiments were
prepared in the same manner as MIP modified cellulose mem-
brane but with the template molecule omitted (these membranes
were referred to as NIP membranes). The change in weight of
the membrane induced by the grafting procedure was measured
using a microbalance (Precisa 300 A, USA: capacity 305 g,
readability 0.1 mg). The degree of modification (DM) was
calculated from the difference in weight between the sample
modified with a deposited MIP layer and the initial unmodified
sample.

2.4. Characterisation methods

2.4.1. Surface morphology and cross-section study

The membrane morphology of the initial and modified cellu-
lose was studied by scanning electron microscope observation of
the cross-section and inner and outer surfaces at an accelerating
voltage of 15 kV with the samples being sputter-coated with gold

Derivatised cellulose

MAA + EDMA

AIBN, 60°C Template

MIP grafted cellulose

Fig. 1. Surface pore modification of cellulose membrane with a molecularly imprinted polymer against propranolol enantiomer.
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before imaging (Jeol series JSM 5800LV, CA, USA). The mor-
phology was further examined with an atomic force microscope
(AFM) using a Digital Instruments NanoScope Illa scanning
probe microscope (Veeco Instruments GmbH, Germany). AFM
observations were carricd out at room temperature without any
previous treatment, using rectangular silicon nitride cantilevers
with pyramidal tips.

2.4.2, Pore size measurements
The pore size of membranes was estimated from surface
pictures of the membrane obtained by SEM with the aid of a

Camoy computer imaging program (Lab of Plant Systemics,
Belgium).

2.4.3. Electrical resistance measurements

The degree of membrane fibrillation was assessed from the
value obtained for the resistance of membrane. Also, impedance
measurement was used to confirm the deposition of a MIP layer
onto the surface of the cellulose membranes. Electrochemical
resistance measurements of membranes were carried out by
short-circuit current techmque using a Revision G Voltage-

Current Clamp, Model VCC 600 (Harvard Apparatus, CA,

USA). Chambers having an effective area of 1 cm” were used.
The test membrane was mounted in the measuring cell and a
current established across it using a potentiostat via an amplifier
with high-resistance inputs. The four electrode potentiostat as-
sured a passage of current between the two calomel electrodes
in such a manner as to hold constant amplitude of voltage
between the two identical reversible silver—silver chloride elec-
trodes and the intensity and phase of current in the circuit. A
60 pA current was applied and the membrane potential dif-
ference, PD (mV) and the short circuit current, /;; (A) were
recorded simultaneously. The membrane resistance, R, ({1 cm’)
was calculated from PD/ /., based on the Ohm’s law. These were
corrected by eliminating the offset voltage between the electrodes
and solution resistance, which was determined prior to each
experiment using identical bathing solutions. All experiments
were carried out at 25+ 1 °C.‘

2.4.4. Mechanical properties measurements

The mechanical strength of the membranes was measured
using a Universal testing machine (Lloyd, UK) with an oper-
ating head load of 100 N. The membranes were placed between
the grips (2.5 cm in length) of the testing machine. The grip
length was 2.5 cm and the speed of testing was set at the rate of
30 mm/min. Tensile strength was calculated according to the
equation: tensile strength (kN/m?)=max load (kN)/cross-sec-
tional area (m*).

2.4.5. Degree of swelling of membranes

The degree of swelling of cellulose and modified cellulose
membranes was evatuated in pH 5.5 and pH 7.4 buffers, since
for some applications membranes were used in these conditions.
All polymer membranes were vacuum-dried at room temper-
ature for at least 3 days before testing. The membrane samples
were weighed and then soaked in individual tubes containing
phosphate buffer pH 7.4 (1=0.55) or citrate buffer pH 5.5

{1=0.35) at room temperature {~ 30 °C). The membranes were
incubated in the medium until the weight of wet membranes
remained stable, which usually occurred after approximately 7 h
incubation. Before measuring the weight of the wet membrane,
surface water was gently removed with a tissue. The wet films
were dried under vacuum at room temperature 1o a constant
weight (over a minimurn of 2 days) and stored in a desiccator at
room temperature before measurements. The degree of swell-
ing of the membrane (%) was calculated from the equation:
(Wwer™ Wary)! Wary % 100% where Wy, and W, are the weights
of dried and wet samples, respectively. Each test was carried out
in sets of three.

2.5. Stability studies

Samples of R- and S-propranolol (50 mg} were incubated
separately with pH 5.5 citrate or pH 7.4 phosphate buffer solu-
tion (1 ml) at both room temperature (30 °C) and 37 °C for
7 days. The same quantities of enantiomer (50 mg) were incu-
bated also at 60 °C in 1 ml of DMF (or chloroform) for 24 h.
Samples were removed at the end of the incubation times and
assayed for enantiomer content according to the method de-
scribed in Section 2.9,

2.6. Measurement of partition coefficient

The membrane-pH 5.5 (#=0.35) or pH 7.4 (£=0.55) buffer
partition coefficient was evaluated by equilibrating racemic
propranolol solutions with a membrane. The difference between
the initial and equilibrium concentrations of each enantiomer in
the aqueous phase was determined (Section 2.9) and hence the
amount of propranolol enantiomer sorbed to the membrane was
calculated. In a typical binding assay, the membrane (1 eni®) was
added to 5 ml of an aqueous solution containing 100 pg ml™' of
racemic propranolol, and stirred overnight at room temperature
for equilibrium 1o be established. The partition coefficient (K)
was calculated from the equation: K=C,/C;, where C, is the
concentration of the analyte associated with the membrane, and
C, is the concentration of the analyte in the solution. The se-
lectivity factor representing the effect of the imprinting process
was the ratio of K of the S-isomer to K of the R-isomer.

2.7. Permeation determination

The enantioselective transport of the cellulose and modified
cellulose membranes (NIP, R-, and S-MIP membranes) was
evaluated by a dialysis method using a vertical Franz-type
diffusion cell. A membrane (exposed area 0.78 cm’) was
mounted between the two chambers of the diffusion cells, the
volumes of the donor and receptor chambers being | and 2.5 ml,
respectively. The required amount of racemic propranolol
(40 pg ml™") was dissolved in either pH 5.5 citrate buffer
(1£=0.35) or 7.4 phosphate buffer (z1=0.55) solutions to obtain
the donor solutions (0.5 ml). Buffer (pH 7.4) was introduced
into the receiver compartments of the diffusion cells. The solu-
bility of propranolol enantiomers in the receiver medium was
0.75 mg mi~ !, thus assuring the maintenance of sink conditions
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for the duration of diffusion experiments. Drug release was
measured by the removal of samples (250 pl) from the receiving
chamber at appropriate time intervals over 6 h. The volume of
ihe sample withdrawn was replaced by the same volume of the
medium, Each test was carried out in sets of six. MIP mem-
branes were reusable at least twice after regeneration by incu-
bating with water to release sorbed propranolol.

The diffusion of each propranclol enantiomer was determined
using the chiral-HPLC analytical method outlined in Section 2.9.
The cumulatively permeated amounts (ng) were calculated and

plotted as a function of time. The flux J (ug cm™ 2 h™ 1Y is defined
by:

J =g !

where Q (j1g) is the amount of analyte permeated, 4 (cm?) is the
effective membrane area and ¢ (h) is the time. The selectivity of the
membrane was defined as the ratio of the permeation flux of S-
isomer to that of the R-isomer.

2.8. In vitro percutaneous penetration study

Propranolol was used as the hydrochlonde salt. Racemic
propranolol hydrochloride was dissolved in phosphate buffer
saline (PBS pH 7.4) to produce a range of drug concentrattons;
100, 200, 300, 400 ug ml~ '

The in vitro percutaneous penetration study of S-MIP mem-
branc was performed with a Franz-type diffusion cell (see
Section 2.7). Adult male, Wistar rats weighing 230-250 g were
sacrificed by snapping the spinal cord at the neck. Rectangular
sections of dorsal skin were shaved and excised from the animal
using surgical scissors. Adhering fat and other visceral debris
were removed from the under surface with tweezers. The ex-
cised skin was immediately mounted between the half-cells,
with and without a coupled test membrane, such that the dermal
surface was in contact with the receptor fluid and the epidermal
side in contact with the test membrane (if present). Drug solu-
tion (0.5 ml) was applied to the membrane surface and the cell
was maintained at 37 °€ by an external circulating water-bath.
The receptor phase was stirred constantly at 250 rpm with a
magnetic bar. An aliquot (250 pl) of receptor fluid was collected
at set time intervals over 2 days and replaced with the same
volume of fresh PBS. The concentration of propranolol in the
collected sample was determined by HPLC (Section 2.9).

To ‘clean-up’ the receptor phase samples, a liquid-liquid
extraction method was employed as follows. The receptor phase
samples (250 pl) were added to 1 ml of 0.1 M phosphate buffer
pH 4 that was saturated with NaCl. Propranolo] enantiomers
were extracted into 2 ml diethyl ether by shaking for 10 min,
using mutually pre-saturated phases. Organic phase (2 ml) was
evaporated to dryness under reduced pressure and dissolved in
125 pL of HPLC mobile phase, in readiness for assay.

The in vitro permeation data were obtained from the equation:
Js= K, Cy where Jiq is the steady state flux measured as the slope
of the profile after regression analysis. K, is the apparent
permeability coefficient through the skin, calculated by dividing
J, by the starting concentration C. The x-intercept of the ex-

trapolated linear region of the curve was employed to obtain a
lag time (7).

2.9. Stereospecific HPLC method

The analysis of the propranclol enantiomer content of the
samples was performed directly using a chiral-HPLC method.
The HPLC system (Shimadzu Corporation, Kyoto, Japan) com-
prised a Shimadzu LC-10AD pump, FCL-10AL gradient valve,
DGU-14A in-line solvent degasser, SCL-10A system controller,
STL-10AD auto injector (20 ui injection loop), equipped with a
Shimadzu SPD-10A UV-Vis detector set at 290 nm. Data were
collected and analysed on a personal computer using Class VP
software (version 4.2, Shimadzu). The column employed was a
250x4.6 mm LD., particle size 10 pm Chiralee] OD-R column
{Daicel, Chemical Industries Ltd., Japan}. The mobile phase was
40:60 (v/v) 1 M sodium perchlorate:acetonitrile and a flow rate
of 1.0 mi/min was employed. Typical retention times were
10.0 min for R-propranolol and 14.7 mm for S-propranolol.
Correlation coeflicients for the calibration curves in the range 2—
25 pg mi™! for R- and S-propranolol enantiomers were greater
than 0.999. The sensitivity of detection was 1.3 pyg ml ™! and the
reproducibility of the peak arcas of both enantiomers was morc
than 95%.

Cumulative corrections were made for the previously re-
moved samples in determining the total amount permeated. The
cumulative percentages of each enantiomer which permeated
into the receptor compartment were calculated and plotted as a
function of time.

The results of the controlled membrane and skin permeation
experiments were expressed as a mean+ SE. Paired two sided +-
tests were performed on the data and a significance limit of 5%
level was applied, where appropriate.

2.10. Molecular modelling

The 3-D chemical structures of S-propranolol and S-prodrugs
have been modelled with molecular mechanics (Chem3D Ultra
8.0, CambridgeSoft, MA, USA) followed by energy minimisa-
tion using Truncated Newton (MM2 force field).

3. Results and discussion
3.1. Preparation of composite MIP membranes

Composite MIP membranes were prepared by reactive filling
of the pores of the bacterial cellulose membranes with MIPs
having recognition sites for the S-propranolol enantiomer. In
order to achieve an additional anchor for the MIP, asymmetric
porous cellulose membranes were treated with 3-MPS. Thin-
layer MIPs were synthesised by a free radical copolymerization
of MAA functional monomer with EDMA as a cross-linker in
the presence of propranolol enantiorner (as a template molecule)
in DMF, and this was followed by subsequent template mole-
cule extraction. MAA was chosen as the functional monomer
since the acid group of the monomer had the facility to interact
with the amine groups of the print molecule. The cross-linker,
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EDMA was selected due to the anticipated rigidity and com-
pactness it might confer to the imprinted polymer. Porous
asymmetric cellulose membranes were obtained as a product of
A. xylinum fermentation. The properties of prepared cellulose
membrane such as thickness, degree of fibrillation, porosity and
pore size can be adjusted by controlling the loading concen-
tration of bacteria during culture as well as the time of culti-
vation. Three bacterial cellulose membranes having different
thickness and electrical membrane resistance were used in this
work for screening experiments to optimise the MIP affinity and
distribution of the MIP within the membrane. The three lots of
cellulose membrane displayed variation in membrane thick-
nesses and resistance respectively as follows: (1) 5 pm/1
em?; (2) 10 pm/2 Q cm?; (3) 15 pm /4 Q cm’. Cellulose
membranes were imprinted with S-propranolol enantiomer
during pore-filling and their stereoselective sorption and trans-
port properties determined. The same polymer mixtures were
used in the pore-filling process of all three lots of cellulose
membranes.

The membrane thickness and pore diameter of cellulose
membrane appeared to have no significant effect on degree of
modification (DM). The DMs of the three modified membranes
were similar with an average DM of 0.80 mg/cm”. The variation
in the DM of individual membranes was found to be less than
10%. The increase of membrane resistance (R,) after the
modification was found to be 0.7 © cm?” for the 5 um mem-
brane, 1.3 Q cm? for the 10 pm membrane and 2.2 () em? for
the 15 pm membrane. The tensile strengths of the cellulose
membranes were found to increase when each was modified
with MIP to form composite membranes. An increase from 3.16
to 7.20 kN/m? occurred for the 5 pm membranes, from 6.60 to
8.78 kN/m? for the 10 pm membranes and from 8.83 to

(a) (b)

21.45 kN/m* for the 15 pm membrane. SEM cross-sectional
images of initial and modified cellulose membranes show the
different membrane thicknesses (Fig. 2). The cross-sectional
view shows an array of closely packed MIP domains in the
cellulose membranes. The thickness of the deposited MIP layer
tends to increase as the thickness of cellulose membrane in-
creases. Even so the relatively small thickness of the MIP layer
might be expected to allow relatively high fluxes through the
MIP composite cellulose membranes. The cellulose membranes
varied in the degree of porosity and fibrillation (Fig. 3). Fibers
were still apparent after modification of the thinnest membrane
(5 pm) with MIP but when the same amount of MIP was applied
to the 15 pm membrane, it did not penetrate as effectively into
the tighter meshed polymer chains (see Fig. 3), presenting a
smoother, but thicker layer with a fibrous surface. The SEM
micrographs would suggest that a greater amount of MIP is
coupled to the outer surface of the 15 pm membrane compared
to the 5 um membrane.

The AFM images of the membrane (Fig. 4) show the vertical
profile of the sample with the light regions representing the
highest points and the darkest regions showing the pores. The
pore size obtained from the AFM images of the MIP membrane
indicated that this was smaller than that of the parent non-
modified membrane.

Table | shows that the partitioning of the propranolol enan-
tiomers between S-MIP membranes and pH 7.4 buffer
decreased with increase in the membrane thickness. The dif-
ferences in the partition coefficients of S-enantiomer and R-
enantiomer were greatest when the thickness of the composite
membrane was smallest. Differential transport of the tem-
plate enantiomer significantly increased with a decrease in the
thickness of the membrane. The increase in the thickness of

(c)

10kV

Fig. 2. SEM cross-section images of the initial cellulose membranes (top) and the MIP modified membranes (bottom), showing the different membrane thicknesses
with differed membrane resistances. (a) 5 pm/1 {0 cm’® membrane (b) 10 pm/2 cm? membrane and (c) 15 pm/4 Q cm® membrane. Picture designation: s=stub,

m=membrane.
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10kV

5599

Fig. 3. Surface morphology of the initial cellulose membranes (top) and the MIP modified membranes (bottom). (a) 5 pm/1 Q cm’ membrane (®) 10 pm/2 Q cm?

membrane and (c) 15 pm/4 Q cm® membrane.

membrane resulted in a reduction in the specificity of S-MIP
membrane. This phenomenon may be attributed to the effects of
a gradient in DMF concentration being established in the
monomer mixture near the surface of the membrane during the
imprinting process. Such a gradient would be expected to lead
to an alteration in the density of the created polymer network
dependent upon depth of the grafted MIP layer. Supporting
evidence for this can be seen from the SEM images (Fig. 2) with
much of the MIP not fully penetrating into the membrane pores
of the thickest (15 pm) membrane but accumulating at the
surface. Since the 5 pm MIP membrane enabled the highest
diffusion rates of the enantiomers to be obtained with the
greatest imprinting effect, this membrane was selected for
further study as a basic membrane for the development of a
composite MIP membrane, which might be applied to trans-
dermal delivery.

It was necessary to confirm that the basic membrane pre-
pared with the method described in Section 2.2 each time
provided similar appearances and release properties. Therefore
the thinnest cellulose membranes were prepared on a number of
occasions and their morphology examined and the mechanical
strength determined. The percentage coefficient of variation
(CV) for the thickness of the non-modified cellulose mem-
branes was found to be 5% (n=6). Membrane porosity was
found to vary from 1.4% to 2.4%, with the average pore size
170 nm. The %CV of the partition coefficients and enantios-
electivity of the modified cellulose membranes obtained for
three different batches of the initial membrane were found to be
5.0% and 10.0%, respectively. The mechanical stability of the
cellulose membranes was not damaged during grafting process.
The stability of cellulose membrane after modification was

good, since the membrane could be reused after washing and
similar release characteristics and selectivity were obtained.

3.2. Characterisation of composite MIP membranes

The general properties of 5 pm S-MIP membranes were
compared with those of NIP membrane and R-MIP membranes,
which were all produced from the same basic cellulose mem-
brane (Table 2). The values obtained for the electrical resistance
of membranes provided an indication of the leakage of mem-
brane and it was found that the electrical resistance of the
cellulose membrane increased upon modification. This was
presumably a consequence of the potential occlusion of the
pores due to modification with the copolymer. An increase in
the tensile strength of the membranes after modification was
also found, possibly as a consequence of the introduction of a
rigid copolymer of MAA/EDMA within the pores of cellulose
membrane. The average pore diameters obtained by SEM,
however, proved to be very similar, within the range 150—
200 nm. The results presented in Table 2 indicated that cellulose
membranes swelled greatly in aqueous solvent confirming the
hydrophilic and highly porous nature, which promotes water
absorption capacity. Swelling of the non-modified cellulose
membranes in citrate buffer (pH 5.5) is clearly inherently
greater than when they are placed in phosphate buffer (pH 7.4).
When EDMA-MAA based polymers are bound at the pore
surface, this causes a decrease in the degree of swelling. It might
also have been expected that the introduction of ionizable car-
boxylic acid groups would have resulted in an increased swelling
of the composite membrane at the higher pH. However the
(modified) cellulose membrane still shows a greater swelling at
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Fig. 4. Three-dimensional AFM image of (a) 5 pm cellulose membrane and
(b) 5 pm S-MIP membrane,

pH 5.5 than at pH 7.4. This suggesting that the pH-dependency
in the swelling of the MIP composite cellulose membranes is
govermned predominantly by the cellulose membrane.

&
3.3. The stability issues of propranolol enantiomers

The stability of R- and S-propranolol in pH 5.5 citrate and
pH 7.4 phosphate buffer solutions was investigated at room
temperature (30 °C), 37 °C and in DMF solvent at 60 °C since
the propranolol enantiomers were used under these conditions.
The results showed that more than 99% content of both R- and
S-propranolol was found after 7 days incubation in buffer
solution at room temperature and 37 °C, indicating good

Table 1

Table 2
Characteristics of cellulose and modified cellulose membranes (5 pm thickness)

Membrane Membrane Tensile Pore size Degree of swelling (%)

resistance  strength  (nm}

H 5.5 H 7.

@ cm?)  (N/md) P pH 74
Cellulose  1.11 3.16 177.9+£35.4 101.254921 55.57+5.72
NIP 1.71 823 1463+£36.5 74.30+£9.94 34011330
R-MIP 1.71 7.20 176.9+478 77.61+8.62 33.41+3.82
S-MIP 1.71 7.20 198.3+4.2 72.36+3.81 44441984

* Refer to mean pore size estimated from surface pictures of membrane
obtained by SEM (n=10).
Y Mean+SE, n=3.

stability of the enantiomers under these conditions. At 60 °C,
where the polymerization procedure of the imprinting was
effected, it was found that 14.74+3.0% (n=3) racemised when
the pure R-enantiomer was incubated alone in DMF for 24 h. In
contrast, under the same conditions only 1.5+£0.3% (n=3) of
the pure S-isomer was found to racemise. However when the
individual R- and S-propranolol enantiomer was incubated in
chloroform at temperature 60 °C, both remained stable with no
racemisation of enantiomer after 24 h.

This indicates that the type of solvent in which the enan-
tiomers are dissolved affects the stability of the propranolol
enantiomers. Therefore it is possible that if racemisation occurs
during imprinting then the selectivity of the final MIP might be
decreased. However the total recovery of enantiomer from the
template was found to be 98% and less than 1% racemisation had
been found to occur in either individual enantiomer. The stability
of the enantiomer in DMF could be improved by the presence of
the polymer mixture since the template molecule might be
expected to preferentially interact with the MAA functional
monomer rather than the solvent. As a consequence it could
position the pendent optically active center inside the forming
polymer network, thereby limiting any racemisation which
might otherwise have occurred during the polymerization.

3.4. Enantiomer uptake and imprinting effect

The partition coefficient of propranolol enantiomers from
aqueous solutions into S-MIP membranes was compared with
that for cellulose membrane, NIP membrane and R-MIP mem-
brane in order to determine the effects of the imprinting pro-
cedure (Table 3). In pH 5.5 buffer, the partition coefticients of
both R- and S-isomers decreased with the modification of
cellulose membrane, while in pH 7.4 buffer the partition coef-
ficients of propranolol enantiomers were generally increased by

Partition (K) and diffusion coefficients (12, cm h™ ') of propranolol into/through MIP modified cellulose membranes of different thicknesses and membrane resistances

at room temperature (mean+SE, n=3)

Soluté 5 um/1 © cm® membrane 10 pm/2 © cm? membrane 15 pmv4 Q cm?® membrane
Kx10° D(10%cecmb™) Kx10° D10 cmh™) Kx10° D107 %cmh™h)
R 1.01+0.22 0.70+0.26 1.59+0.18 3.46+0.41 0.3740.20 6.11+1.23
S 1.79+0.22 30.84+2.51 1.56+0.38 8.10+1.82 0.2940.16 6.62+0.73
SIR 1.77+0.58 44.06+2.96 0.98+0.25 2.3440.42 0.78+0.12 1.08+0.09

* Refer to R- or S-isomer of propranolol.
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Table 3

Partition coefficient (K x 10%) of R- and S-propranolol enantiomers from different donor pH solutions into cellulose and modified cellulose membranes (5 pm

thickness), at room temperature (mean+SE, n=3)

Membrane

pH 5.5 pH 74

R-isomer S-isomer Ratio S/R R-isomer S-isomer Ratio §/R
Cellulose 1.25+0.36 1.380.33 1.10£0.14 1.26+0.62 15310.62 1.21£001
NiP 0.78+0.28 (4.9320.25 1.19+0.20 1.83+£0.95 2324095 1.27£0.05
R-MIP §1.1440.25 1.294021 1.14+0.13 1.351034 1.57+0.34 1.16+0.11
S-MIP 0.70£0.20 0.9440.22 1.35+£0.08 101+£0.22 1.79+£0.22 1.74+0.38

the modification of the cellulose membrane. The apparent pre-
ferential sorption of S-propranolol to the non-modified cellulose
membrane (Table 3) confirms the potential role of the parent
cellulose membrane in the selective sorption of the propranolol
enantiomers, even after the original membranes are transformed
to MIP composite celtulose membraries. Thus the R-MIP mem-
brane still demonstrated selectivity for the S-isomer, rather than
the R-isomer, due to the properties of the cellulose membrane
itself. Nevertheless the imprinting effect i.e. the difference be-
tween the S/R selectivity of the S-MIP membrane and that of the
cellulose and NIP membrane was marked, suggesting that the
molecular imprinting procedures have produced cavities with a
higher affinity for the S-enantiomer of propranolol. At the
higher pH the enantioselectivity of the membranes as deter-
mined by an increased partition coefficient for the S-isomer was
not significant in the case of the non-modified cellulose mem-
brane but it was for the S-MIP membrane. The enhanced
cnantioselectivity at a higher pH must be due to an increased
binding of the favoured S-propranolol enantiomer at the binding
site. This is most likely as a consequence of the higher degree
of ionization of the functional monomer residues (pK, of
MAA <4) at the higher pH, resulting in an increased electro-
static mteraction with the secondary amine of the propranolol
molecule [19].

3.5. Selective transport of composite MIP membranes

Pretiminary studies using an initial concentration of 40 pig ml™ !
racemic propranolol ebtablished that a steady state flux was
achieved during a period of 2-6 h (Fig. 5). R- and S-propranolol
enantiomers were transported faster across the unmeodified cel-
lulose membranes than those that had been modified, indicating
the pore-filling eftect of modified cellufose membranes. The faster
transport of the S-enantiomer in comparison to the R-enantiomer
confirms the inherent enantioselectivity of the modified cellulose
membrane, indicated by the partition data. The S-MIP membrane
was found to limit the permeation of R-enantiomer, and none was
detected in the receptor compartment for at least 6 h, indicating the
effects of the imprinting process on the pore structure. However
the transport of the S-enantiomer through the R-MIP membrane
was still faster than that of the R-enantiomer, This suggests that the
inherent enantioselectivity of the original membrane still domi-
nates the process, despite the modification of some of the pores
with polymer synthesised in the presence of the R-enantiomer. The
R-isomer was transported faster through the R-MIP membrane
than through either the NIP or S-MIP membranes, as a conse-
quence of the R-selectivity conferred on some of the membrane

pores. These results suggest that the enantiomers are transported
via a number of rowtes across the composite membranes. The
cellulose fibers and/or the unmodified pores appear to have inhe-
rent selectivity for S-enantiomer whereas the modified pores will
display selectivity for the template enantiomer. The pore-filling
effects of the polymer do appear to reduce the transport of the S-
enantiomer across the S-MIP membrane in comparison to the
unmodified membrane. However the advantage of employing the
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Fig. 5. The transport of 8- and §-propranolol enantiomers (HCl} as a function of
time (mean+SE, n=3) from {A) pH 5.5 citrate buffer and (B) pH 7.4 phosphate
buffer across (a) cellulose membrane, (b) NIP membrane, (c) R-MIP membrane
and (d) S-MIP membrane,
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subsequent reactive diffusion taking place by stepwise disso-
ciation and selective binding to neighboring MIP sites. From the
results obtained, it shows that the binding of S-propranolol
enantiomer to MIP is reversible and fast enough to enable the
transport of S-enantiomer. The S-propranolol complexing to and
dissociating from the MIP plays an important role in the
enantioselectivity of S-MIP membrane. Any factor that alters in
rate of complexation/decomplexation of S-propranolol enantio-
mer with MIP will change the flux and stereoselectivity of the 8-
MIP composite membrane. In addition as indicated previously,
the basic cellulose membrane in the S-MIP membrane plays a
crucial role towards the transport of propranolol enantiomers.
Macroscopic changes such as degree of hydration and pH of the
medium have a marked effect on transport rate through changes
in effective pore size and alteration of enantiomer-membrane
partition (Table 3). Indeed any change in the latter will have a
direct effect on transport role, since Fick’s first law indicates
that the rate is dependent upon partition coefficient.

3.6. Selectivity of composite MIP membrane for propranolol
prodrugs

The propranolel prodrugs employed in this study were
valeryl propranolol (VL-P) cyclopropanoyl propranolol (CP-P)
and succiny! propranolol (SN-P) (see chemical structures
below), which were synthesized from racemic propranolo! hy-
drochloride and fatty acid chlorides by substituting different
alkyl groups onto the hydroxyl group, according to the method
described previously [25].

CH,CHyCH,

" ?‘ Ay 070 Hs
OCH JCHCH oMY ocH hHeH AMHCH

OO N B

#roprandiol HC | {dogP = 2.7) Valeryl propranoiof (VL) (dog# =5.2)

V E:-qzcnzcoou

_— Ay
g oo g
OCH ;CHCH ;NHCH

,

Cyclopropanoyl propranolol (CP-P) {(ckg P = 3.9)

1
OCH ;CHEH JNHEH
|
Succinyl propranolol (SN-P} {dogP =1.1)

The partitioning of racemic prodrugs from saturated solu-
tions was determined at both pH 5.5 and pH 7.4 (Table 4).
Generally the S-enantiomers were sorbed to both the non-
modified and modified cellulose membrane in greater quantities
than the R-isomer at both pH values. The S-enantioselectivity of
the unmodified cellulose membrane was apparent for all pro-
drugs, with the exception of SN-P at the higher pH. As in the
case of the parent propranolol molecule, the S-MIP modifica-
tion of the membrane improved the S-enantioselectivity further.
Again the enantioselectivity proved to be generally higher at
pH 7.4. There are many factors that affect the somption of pro-
pranolol prodrugs on the membranes. Since the ester modifi-

cation of hydroxyl group increases the hydrophobicity of the
propranclol molecule, i.e., in case of VL-P and CP-P, interaction
between propranolol enantiomers and cellulose might be ex-
pected to be reduced. The introduction of ditferent bulkier side
chains would be expected to reduce the interaction with any
recognition site and the diffusion coefficients of VL-P and CP-P
S-1somers through the S-MIP membrane (Table 4} were marked-
ly higher than that of S-propranclo! HCI (Table 1}. However the
diffusion of the S-isomer of the most hydrophilic prodrug, SN-P
was comparable to that of the parent compound. Since enantio-
selectivity is preserved when the prodrugs are employed as the
diffusing species, this demonstrates that the hydroxyl group,
present in propranolol is not crucial. It is apparent that it is the
position of the charged nitrogen group within the partitioning
and diffusing species, relative to the carboxylic acid residues of
MAA that is the dominant mechanism involved in the inter-
action between the enantiomers and substrate:

A preliminary examination of the energy-minimised struc-
tures of S-propranolol and its prodrugs (Fig. 6) suggests that VL-
P might be expected to adopt a conformation most similar to the
parent compound. The principal interaction, as indicated
previously, is likely to be between the secondary amine group
within the molecule(s) and the carboxylic acid group of the
functional monomer. However the pendant groups within VL-P
would appear to be most similarly positioned to the parent
molecule in comparison to the other prodrug species, such that
interaction with active sites in the MIP might occur more readily.

3.7. Transdermal enantioselective-controlled release of
composite MIP membranes

The in vitro percutaneous permeation study of propranolol
enantiomers was investigated by applying drug to cellulose, NIP
or $-MIP membranes in direct contact with isolated excised

Propranolol
{template)

Fig. 6. The energy-minimised Chem3D structures of S-propranofol and S-
propranclol prodrugs as calculated by molecular mechanics using MM2 force
field {Chem3D Ultra 8.0, CambridgeSoft, MA, USA).
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rat skin contained in a Franz cell. The nitial concentration of
racemic propranolol (HC1) in the donor phase was varied from
10010 300 ugml ' Control experiments were also carried out to
determine the percutaneous transport of drug across skin alone.

The cumulative amounts of propranolo! transported across
rat skin as a function of time, when drug was applied to the
membrane positioned in place on the skin surface are shown in
Fig. 7. The resulting curves indicate that the diffusion of R-
propranolo! across the S-MIP membrane-skin layer is delayed
whereas a relatively facilitated transport of S-propranolol across
S-MIP membrane through the rat skin occurred over the initial
18 h of transport for every donor concentration. The percuta-
neous transfer of the S-enantiomer across cellulose membrane,
was less than if the S-MIP membrane was in situ and was higher
than the R-form across both membrane types. The percutaneous
permeation of both R- and S-enantiomers of propranolol across
NIP membranes applied to the skin was initially delayed, which
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is possibly due to the MAA-EDMA steric hindrances which
might occur in the pores of the modified basic cellulose mem-
brane. NIP membranes allowed slightly faster S-propranolol
enantiomer transport than for the R-propranolol enantiomer.
There is little facilitated S-propranolol enantiomer transport
across NIP membranes and this does not increase markedly as
the initially applied concentration of drug is increased. In ad-
dition, S/R selectivity in terms of the permeability coefficient
through NIP membranes is not significantly changed with donor
concentration (Table 5).

At a donor concentration of 100 pg ml™!, the transport of
propranolol enantiomers through skin alone was very low and
the flux rates of the two enantiomers were found to be similar.
Increasing the donor compartment concentrations (to 200 and
300 pg mi~ ') resulted in a greater diffusion rate through the
skin layer in thc absence of membrane, but no enantiomeric
differences in transport were observed initially. However, after
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10 20 30 40 S0 &0

hed
[
®
@O
E
a
2 20 30 40 50 60 oo
3%
£e (b)Ceilulose membrane
2 T M0 Risomer 140 4 340 1
E 1204 eS-somer 100 pgiml 120 200 pgimt 120 1 300 pgimt
g 100 100 100 -
3 89 80 4 80
60 60 1 60
40 4 40 0 - g
20 - 20 20 _y‘%
e-® Le-® y
04 2o o) P Y Y L Sl
268 10 20 30 40 S0 60 o8 10 20 20 40 50 60 o 0 20 30 40 50 60
Tume {h}
{c) NIP membrane
140 - ‘ 140 - 140-
- ¢ R-isomer
1201 & 5S-isomer 120 4 1201
100 4 100 4
80 4 ao 4
€0 4 60 4
g 40 4 40
g 201 20 .
E [V e, > 0 L 4
S opd 10 20 30 40 50 60 ,,p 1 20 30 40 50 60 0 10 20 30 40 50 60
EE TN
=1 E
25 (d) S-MIP membrane
& 3140- 140 4 140 4
. .
2 4204 ©R isomer 100 pg/mi 120 4 200 pg/mi 126 300 po/mi
e * S-isomer
E 100 1 100 4 100 1
1 80 80
(3 8¢
601 60 60 4
40 4 40 40 4
204 l é_ f% 20 1 20 1
04 - 04 04
20 10 20 30 40 50 B0 50 10 20 30 40 50 60 .3 10 200 30 40 50 60
Time (h)

Fig. 7. The permeation of propranoliol enantiomers (HCI) from pH 7.4 buffer solution (a) across full-thickness rat skin at 37 °C in the absence of membrane or under the
same conditions but with a (b) cellulose membrane, {c) NIP membrane or (d) S-MIP membrane placed on the surface of the skin (mean+SE, n=6). The initially
applied donor concentrations of racemic propranclol were 100, 200 and 300 pg ml™ L
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Table §

Steady state flux (J,;), permeability coefficient (K}, and lag time (1) of R- and S-propranclol from pH 7.4 buffer solution containing racemic propranolot at different
concentrations through full-thickness rat skin alone or for transport through cellulose, NIP or S-MIP membrane applied to the skin surface {(mean+ SE, n=6)

Donor Membrane Jo (g em PR K>10 (emh™h 1 (h)

concentration R-isomer S-isomer R-isomer S-isomer S/R ratio R-isomer S-isomer S/R ratio

(ng/ml}

100 Control 030:0.04  0.2840.01 1014013 2.10£0.15 1.41£0.38 12.6740.67 16762038  0.90+0.05
Ceilulose 0244004 0544005  2.431:045  539:062  2.38:04% 12.07+0.76 1642140 013201
NIP 0454005  073+007  4.46+049 7283065 1694029  14.07+0.67 1133133 0812002
S-MIP 036£007 0661002 3592072 6604004  204+052  IB85+085 560:169 030010

200 Control 0914021 0524003  455£1.03  259:0.19 0574090 10311061 8874090  0.87+0.10
Cellulose 024+003  0.48+0.0] 1.20£0.13 2394006 2074004  15.72+£3.00 5901002  0.44+0.11
NIP 0.324009  05040.01 1614043  2.4910.07 18740.62 8831085 10.5740.57 1.4610.18
S-MIP 0.49+£0.05 L1002 2464022  550:0.10 2274023 1623149 465060  0.30+0.60

300 Control 1014014 0334016  3.33+045 1094054  033£0.18 9.54+187 $.00£0.01 0.63+0.13
Cellulose 0.55+0.04 0724016 1841086 2391052 1.71£0.35 12.45+0.90 9482290  0.75£0.20
NIP 044+0.12  0.68+002  [48£038 2284007  1.74:038 1.3340.94 F724130 1.044024
S-MIP 0524006 1734036 1732036  5.76+1.20  3.50:1.01 17.58£4.46 245:177 0.11:0.06

12 h the diffusion of R-enantiomer across the skin into receptor
phase was found to be significantly higher than that of the S-
enantiomer. The stercoselective penetration of propranolol
through excised rat skin has been reported by Miyazaki et al.
[26] who showed that the percutancous permeation of S-
propranolol was 4 times higher than that of R-propranolol.
These latter results were, however, contrary to the results
reported by Heard et al. [27] when the transfer of propranolol
from sub-saturated solutions across rat skin was not found to be
an enantioselective process. The enantioselective transfer of
propranolol across rat skin therefore remains unclear. However,
the results obtained in this study indicate that although an
enantiomertc difference in the permeation of R- and S-
propranolol through rat skin was shown, particularly after
18 h application, an enantioselective-controlled transport was
obtained when the S-MIP membrane was placed in situ on the
skin. The flux of S-isomer was increased in comparison to the
control when the S-MIP membrane was in situ for all test
concentrations, with enhancement ratios of ca, 2-5 being
obtained for the different drug concentrations employed
(Table 5). The flux of R-isomer was reduced with the S-MIP
membrane in situ compar“ed with controls at donor concentrations
of 200 and 300 pg mi'. Due to higher permeability and greater
partitioning of S-propranolol from S-MIP membrane, the lag time
of S-isomer was reduced when the membrane was applied as
compared to control. However the lag times of the R-isomer were
found generally to increase in the presence of the S-MIP mem-
brane compared to those obtained in control experiments.
Furthenmore, the permeability coefficients were greater for
the S-isomer through the S-MIP membrane and skin than skin
alone, whatever the initial donor drug concentration (P<0.05).
The permeability coefficients of R-enantiomer through S-MIP
membrane were generally lower when the S-MIP membrane was
in situ than through skin alone. The higher permeability coef-
ficients observed for the S-cnantiomer would appear to confirm
the enantioselective delivery properties of S-MIP membrane.
When the concentration of racemic propranolol was increased,
the iag time for the permeability of R-isomer through the S-MIP
membrane and skin appeared to be relatively constant. This was
in contrast, to the change in lag times observed when the §-

isomer was applied since these were reduced, as the initial drug
concentration was increased {Table 5). This caused the S/R ratio
of lag time for the transport of propranolol through S-MIP
membrane to remain constant or even be reduced as the initial
applied concentration was increased. However the results indi-
cated that increasing the donor concentration promoted the
stercoselective transport of S-MIP membrane.

The results obtained in this study indicate that the enantio-
selectivity shown with S-MIP membrane placed on rat skin is
related to the high combined affinity of cellulose and S-MIP for
the S-propranolol along with the lesser affinity for R-enantiomer
inherent in the cellulose and induced in the S-MIP by the
imprinting process. The enantioselective-controlled release of
S-MIP membrane was clearly apparent when racemic propran-
olol was placed in the donor compartment at concentrations up
to 300 pg ml™'. Beyond this concentration, i.e., 400 pg mi ',
the stereoselectivity was reduced (data not shown). The reason
for this might involved the saturation of binding sites within the
excised rat skin.

4. Conclusions

The current study demonstrated the potential of MIP mole-
cularly impninted polymer composite membranes based on cel-
lulose in controlling the release of S-propranotlol into the skin.
The degree of stereoselectivity demonstrated would result in
considerably higher therapeutic advantage when considering the
differential pharmacological activities of the two enantiomers
of propranolol. The cellulose membranes containing modified
pores and a surface with imprinted polymer selective for §-
propranolol were capable of limiting release of the distomer.
However, it remains to be determined if the results observed can
be reproduced in vivo.
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