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Abstract

Transdermal drug-delivery systems based on thepoigmer complexation (IPC) between
poly(ethylene glycol) (PEG) and poly(vinylpyrrolide) (PVP) has so far only been prepared in
aqueous or solvent medium. Supercritical,@® alternative process medium is attractive sisce
“soft” process environment could allow a greatember of drugs to be incorporated in such IPC’s for
transdermal delivery. The aim of this study wa8r&i determine if supercritical G&an facilitate
the formation of stoichiometric PEG-PVP interpolyraemplexes. Then, comparisons between
ibuprofen-loaded PEG-PVP complexes prepared viaamgional solvent casting method and in
supercritical CQwere made. Finally, the effects of supercritic@l,rocess conditions on the
characteristics of ibuprofen-loaded PEG-PVP congdexere studied. Analytical techniques used
were: differential scanning calorimetry (DSC), atiated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy and X-ray diffraction (XRE)verall it was shown that ibuprofen-loaded
PEG-PVP complexes can be prepared from superti@ioaprocessing showing similar
characteristics to such complexes prepared froresbkasting.
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1. INTRODUCTION

Most studies on the preparation of drug deliverstams in supercritical GQare aimed at

oral delivery systems in which bioavailability afugis are determined by dissolution rates in
agqueous media. Transdermal drug delivery is annalteee approach that aims to deliver a
drug through the skin into the systemic circulatiBeldsteiret. al. [8] developed a matrix-
type transdermal delivery system, which combin@taable characteristics such as skin
adhesion, controlled delivery and enhanced drugtpation. Their delivery system is a
hydrogel formed by the interpolymer complexatiotween short chain polyethylene glycol
(PEG) molecules, also a skin penetration enhaaoerhigh molecular weighM,,) PVP,

often used as a carrier to enhance the bioavatiabfidrugs.

In this study, stoichiometric complexes of PEG-BMEh ibuprofen (a non-steroidal anti-
inflammatory drug, often used in transdermal deinfer treatment of rheumatoid arthritis



and osteoarthritis) have been prepared Comparm@ensade between mixtures prepared in
supercritical CQand mixtures cast from aqueous solution. Allse effects of supercritical GO
process conditions on the characteristics of ibigorétoaded PEG-PVP complexes were studied

2. MATERIALS AND METHODS

2.1 Materials

PEG (M. 400) was purchased from Unilab, Germany. PVP KoHi@5PF (+3.1 x 1M,,)

and Kollidon 90 F (+1.25 x £oMy) were purchased from BASF, South Africa. PVP sample
were dried in an oven set to 100°C until no furtiverght loss was recorded. Carbon dioxide
(99.995% purity) was purchased from Air Productt8 Africa. Ibuprofen was purchased
from Sigma-Aldrich, South Africa.

In all cases, gravimetric moisture content in thegles was measured using a Sartorius
analytical balance with an accuracy of 0.01 mg.

2.2 Preparation of PEG/PVP complexes

Mixtures cast from solutiort.28g of dried PVP and 0.72g of PEG-400 were adyef
weighed off to yield a mixture with 36 wt% PEG-4@0 stoichiometric ratio for PEG-PVP
complexes. Afterwards water was added to yield &80 aqueous solution. The solutions
were then stirred with a spatula until homogendb& aqueous solutions were poured into a
petri-dish and dried in an oven at 70°C for 6 horesulting in samples with approximately 5
wt% moisture content. The samples were then egqaibl in open atmosphere for 24 hours to
equilibrium moisture content of approximately 124wt

Mixtures prepared in supercritical GQ.28g of PVP and 0.72g of PEG-400 were carefully
weighed off and stirred with a spatula until visy&lomogenous. The mixtures were then
placed in a supercritical G@eactor as described in a previous paper[15],gated to 40°C
and then pressurised to 120 bar. These conditiens maintained for 3 hours, after which
CO, was vented at a rate of approximately 50 bar/meiamtd the sample removed. The
mixture was then allowed to equilibrate in open@dphere for 24 hours to equilibrium
moisture content of approximately 12 wt%.

2.3 Differential Scanning Calorimetry (DSC)

A DSC1/700 (Mettler Toledo Instruments), calibratgth indium and zinc, was used to
perform the DSC analysis on the samples. Samples ma in triplicate, with the reported

Tgs the average of which varied by less than 5%. &ihg rate of 20°C/min was used in a
nitrogen atmosphere, with flow rate 50 mL/min. Tamperature range was -75 to 220 °C.
Aluminium sample pans were used. The sample masbes) were accurately determined on
an analytical balance, ranged between 5 - 7 mg.

2.4 Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy

ATR-FTIR spectra of the samples were obtained uaiRgrkin Elmer Spectrum 100 FTIR
spectrometer, with wavenumbers ranging from 4000 wr650 cnit, using 10 scans with a
resolution of 4 cil. Of each sample four spectra was obtained. Dtieetgel-like nature of
the product, it was possible to retrieve replicgmples from various depths inside the
product. For in-situ ATR-FTIR tests a heated “Gold&ate” (diamond crystal with an



incident angle of 45°, ZnSe focusing lenses) wasl ua specially designed “covering-cap”
high-pressure cell, which was compatible with timgle-reflection ATR accessories (Specac
Ltd, UK), was used.

2.5 X-Ray Diffraction (XRD)

Samples were analysed in a wide-angle X-ray diftraeter (X’Pert PRO from PANalytical)
using Cu K radiation § = 0.1542nm) over 1-60°, with a step size of 0.0263

3. RESULTS

3.1 DSC analysis of PEG-PVP complexes without ibuprofen

The first aim was to determine whether superctit@@, can facilitate the formation of
stoichiometric PEG-PVP complexes. Complex formabetween polymers are usually
indicated by a large, usually positive, deviatiooni the normal rules of mixing such as the
Fox and Gordon-Taylor equations [9,11]. In the cafSBEG-PVP complexes, large negative
deviations occur, due to the enhanced free vol@selting from the considerable length of
PEG physical cross-links between PVP chains [ufd 1 shows DSC heating thermograms
of complexes of PEG with PVP (Kollidon 25PF & 90rR¢asured after supercritical €O
processing.
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Figure 1: DSC thermograms of complexes of PEG with PVP25PF;— 90F) processed in
scCQat 120 bar and 40°C.

The presence of absorbed moisture in all sampéestaracterised by a melting peak of free
water at ca. 1°C and a broad thermodesorption badutin the temperature range ca. 40°C to
170°C. While a previous study has shown that 12 ig#lsation in PEG-PVP complexes does
not lead to a separate water phase (and thus rimghehdotherm) [4], the presence of free
water in these blends could indicate towards @@cessing affecting the phase state of
hydrated PEG-PVP complexes. Of interest in thidystare thelgs of the respective
complexes. Both complexes showgof -45°C. According to the Fox equation (usiig



values shown in Table 1), tAg of 36 wt% of PEG-400 in Kollidon 25PF with 12 wt%
hydration should theoretically be -1.3°C. Replaciit Kollidon 90 F the Fox equation
predicts a theoreticdly of 2.2°C.

Table 1: The glass transition temperatures of PEG, PVP and water

Component

PEG-400 -66
PVP Kollidon 25PF 162
PVP Kollidon 90F 178
Water -133[1]

A significant negative deviation from the simpléesiof mixing is seen in all complexes,
irrespective of preparation method. Thligyalues show that processing stoichiometric
ratio’s of PEG and PVP in supercritical €@edium also result in the formation of high-free
volume H-bonded PEG-PVP complexes.

An interesting observation was the possibility @£&nhanced plasticization of high
molecular weight PVP (Kollidon 90 P, 1.25 x 16) in the presence of PEG-400. In the
neat state, PVP of such high molecular weight em¢plasticize in supercritical G@t 120
bar and 40°C. The difficulty in plasticizing sudlgtihmolecular weight PVP can be attributed
to poor accessibility of COmolecules to the PVP carbonyl groups due to loarrcimobility,

as reflected by a high&yvalue — which is also an indication of greater polapossibly due
to stronger PVP-PVP dipole interactions. It is assd that with the addition of PEG, the
inter-chain distances between the PVP moleculemareased allowing greater access for
CO, molecules to interact with the PVP carbonyl gr¢upk

3.2 ATR FT-IR spectroscopic analysis of ibuprofen-loaded PEG-PVP compl exes

The next aim was to prepare ibuprofen-loaded (3@WREG-PVP(Kollidon 90 F) complexes
using supercritical C®as processing medium (120 bar & 40°C). It is etqubthat, since

both PEG and ibuprofen interact with the carbomglugs of PVP, competitive interaction
could occur and that the species showing stromgeraction with PVP would limit or prevent
interaction of the other species with PVP [12,1nferaction strength is strongly correlated
with the position of spectral bands [10] and a pes study has shown that ibuprofen-PVP
interaction leads to a PVP carbonyl wavenumbet,shifC=0), in the order of 46 cii*?,
while for PEG(400)-PVP interactiony(C=0) is in the order of 24 chj14]. This would
suggest that ibuprofen-PVP interaction is prefemed could occur at the expense of PEG-
PVP H-bond interactions. However, it is importamtonsider the number of PVP carbonyl
groups available for interaction. Feldsteinal. [4,6] showed that in stoichiometric
complexation between PEG and PVP (36 wt% PEG), abbut 20% of PVP repeat units are
occupied by H-bonding with PEG terminal hydroxybgps. Thus, 80% of PVP repeat units
remain free, if steric effects are excluded). Thaee with a 30 wt% drug loading, a sufficient
number of PVP carbonyl groups could be availabte@mplex formation with PEG.

Figure 2 compares the ibuprofefC=0) peak position with thgC=0) peak positions of the
PEG-PVP(Kollidon 90 F) complex and ibuprofen-PEGHKollidon 90 F) complex, both of
which were prepared in supercritical £®irst to be noticed is the shift of ibuprofen »@Q)
from 1705 to 1725 cthupon mixing in the PEG-PVP complex. This shift bagn reported
previously and is attributed to the breakup of itodgn dimers that occur in the solid state



[3,12,13]. The “free” ibuprofen molecules then naiet with the polymer via H-bonding as
evidenced by the changes in il{f€=0) band of PVP in the ibuprofen-PEG-PVP complex.
The band at ca. 1632 €nwas previously attributed to H-bonding betweendhdonyl group
of PVP and the hydroxyl group of ibuprofen [12].
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Figure 2: FT-IR spectra in the(C=0) region for ibuprofen-), PEG-PVP (Kollidon 90F)
complex prepared in supercritical €©-) and ibuprofen-loaded (30 wt%) PEG-PVP
(Kollidon 90F) complex prepared in supercritical JO-) (All prepared at 120 bar pressure
and 40°C)

No significant differences in spectra of sample=ppred by casting from ethanol solution and
those prepared in the supercritical @edium were evident, after equilibrating to ca. 12
wt% moisture content. This indicates similar druymer interaction behaviour for both
preparation methods.

3.3 X-ray Diffraction Analysis of ibuprofen-loaded PEG-PVP complexes

The X-ray diffractogram shows an absence of thentfien diffraction pattern in all samples,
irrespective of preparation method, which is furtédence of molecular dispersion of
ibuprofen within PEG-PVP complex (Figure 3). In didah, the X-ray diffractograms give
evidence in both complexes that the presence abritied ibuprofen does not disrupt the high
free-volume network structure of the PEG-PVP compléis is inferred from the halo’s
shown in Figure 3. All the complexes show a haloaa 20 °, which corresponds closely with
the halo in neat PEG-400 and represents the orderadgement of PEG chains bonded by
its terminal hydroxyl groups to the oxyethylenetamf neighbouring PEG chains [16]. The
presence of the halo’s indicate a similar orderegngement and would thus support the
model of mutual chain orientation in PEG-PVP comete proposed by Feldstesn al. [5].
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Figure 3: XRD diffractograms of solution cast ibuprofen(3@4y-PEG-PVP complex with
PVP-PF25-{-) and PVP-90F-() and supercritical COprepared (120 bar; 40°C)
ibuprofen(30 wt%)-PEG-PVP complex with PVP-PF25)(@nd PVP-90F-), and of pure
ibuprofen ().

3.4 DSC analysis of ibuprofen-loaded PEG-PVP complexes

Further evidence that the high free-volume netvabriscture is maintained is found in the
DSC thermograms. Figure 4 compares thermogramsaifibuprofen with an ibuprofen-
loaded (30 wt%) PEG-PVP(Kollidon 90 F) complex dasin ethanol solution and the same
complex prepared in supercritical €& 120 bar and 40°C. In both cases, the complexes
show aTy significantly lower than expected from simple sutg mixing, indicating high free
volume as expected from a PEG-PVP complex. Negtrdfen shows a sharp endothermic
peak at 84.7°C, corresponding to its crystallinétingepoint. However, in all the complexes
this peak disappears completely, which is furthdence that the ibuprofen is in an
amorphous state [2]. Interestingly, comparisonthefarea under the water thermodesorption
endotherm (J/g) indicate that PEG-PVP complexes 806twt% ibuprofen (supercritical GO
processed: 98.6 J/g; cast from solvent: 60.9 Hg)ahlower water content than the same PEG-
PVP complexes without ibuprofen (supercritical Gfocessed: 140.9 J/g; cast from solvent:
140.6 J/g). The reason for reduced water contanbeaexplained by competition between
ibuprofen and water molecules for interaction viRMiP carbonyl groups. Since ibuprofen
molecules already occupy some of the PVP carbaioylps via strong H-bonds, they are not
available for interaction with water molecules [1Bpwever, some strongly bound water is
always expected to be present in PVP, even aftensie drying. This is not expected to
affect PEG interaction with PVP, since a previowslg has shown that PEG molecules can
interact with PVP carbonyl groups “through” wateoletules already bonded to the PVP
carbonyl groups [14]. In fact, such PEGEHPVP interactions have interaction strengths
measuring 50.1 kJ/mol compared to 20.3 kJ/mol d3HVP interactions.
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Figure 4: DSC thermograms of ibuprofen(30 wt%)-PEG-PVP(Kiadh 90F) complexes cast
from ethanol solution-(-), prepared from supercritical GQL20 bar & 40°C)-() and pure
ibuprofen ()

The above results show that ibuprofen prefersaaten with PVP, and that the high free-
volume PEG-PVP network is mainly intact.

Thus, it is possible to produce ibuprofen-loadeicsiometric PEG-PVP complexes using
supercritical CQas process medium, eliminating the need for larngnergy intensive drying
methods to remove excess solvent.

3.5In-situ ATRFTIR analysis

In-situ monitoring of spectral shifts of the PVRlahuprofen v(C=0) bands before and after
CO, processing and under varying conditions of pressemperature and time were
conducted (Figure 5):
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Figure 5: Spectral s“ﬁifts o¥(C=0) bands of (from bottom to top): O 6ar/40°COI£ar/40°C
- immediate; 100 bar/40°C — 3 hrs; after G@nting. Image on the right shows spectral
bands of the OH- absorption region before and &ft@rprocessing.



Absorption of CQ into the drug-loaded PEG-PVP complex leads tanarease in intensity of
the v(C=0) band that is associated with relative®akly bound carbonyl groups versus the
the v(C=0) band of more strongly bound carbonylig This is expected as increased: CO
concentration competes with PEG for interactiorhwite PVP carbonyl groups. The carbonyl
group of ibuprofen is relatively unchanged. Intéi@acof PVP with ibuprofen is much
stronger, thus it is unlikely that the @@®olecules can displace interacting ibuprofen
molecules. Upon COventing, little change in the spectrum is notidedrt of the reason can
be seen in the image on the right showing the Ostigdtion region before and after
processing with C@ Here it can be seen that the OH-band intensgydeareased slightly
and shifted to lower wavenumbers. The decreasgemsity could indicate towards
extraction of loosely bound water molecules upon @&nting.

4. CONCLUSIONS

Supercritical CQis able to facilitate the preparation of stoich&int PEG-PVP network
complexes as confirmed by a large negative deviaifd,y from the simple rules of mixing.
Processing of PEG-PVP blends even with very MgtPVP (+1.25 x 16) is possible due to
PEG molecules increasing the inter-chain distabetseen the long PVP molecules,
allowing greater access for G@olecules to interact with PVP carbonyl groups.

Supercritical CQ processing of PEG-PVP blends loaded with ibuproésults in complete
molecular dispersion of ibuprofen molecules, H-bmhdhainly to the carbonyl groups of
PVP. Increasing COpressure from 40 bar to 60 bar does not affegirifen-PVP
interaction, but some of the low,, PEG fractions are extracted upon G@nting.

CO, sorption into the PEG-PVP complex leads to disampdf PEG-PVP interaction, while
ibuprofen-PVP interaction remains intact. Sometfoas of loosely bound water molecules are
extracted upon CQrenting.
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