SUPERCRITICAL DEVELOPMENT OF SUSTAINED
DRUG DELIVERY INTRAOCULARLENSES

Y. MASMOUDI", S. ABDELLI*, 0. FORZANG, J-M. ANDRE, E. BADENS
! aboratoire de Mécanique, Modélisation & Procédépies (UMR CNRS 6181), Université Paul Cézanne Aix
Marseille, Europdle de I'Arbois, Batiment Laenrieal] C, BP 80, 13545 Aix-en-Provence cedex 4 — &gan
Service d’Ophtalmologie de I'Hopital de la Timone,
264rue Saint Pierre, 13385 Marseitedex 5 - France
*email address : yasmine.masmoudi@univ-cezanreax : (+33) 4 42 90 85 15

ABSTRACT

Controlled drug delivery systems (DDS) are recejven increasing interest since they
enhance the drug efficacy by a target action inbibdy and a sustained release profile. Most
of these DDS are polymer based where the polymebiosompatible and sometimes
biodegradable and acts as a reservoir or a mairithé drug.

Supercritical technologies have been demonstratdzkta clean and effective alternative to
traditional methods of drug and polymer processiRerent developments are focusing on the
elaboration of DDS. For that purpose, classicakstriical processes of particle generation
(RESS, SAS, PGSS, ...) can be applied to form poliangéy capsules or coprecipitates.
Supercritical fluids can also be used as an im@egm vehicle of the drug within the
polymeric matrix.

The present work deals with supercritical impregmaof intraocular lenses (IOLs) to prevent
postoperative endophthalmitis in cataract surg€gmmercially available rigid IOLs made
from derivative of Poly (Methyl MethAcrylate) (PMMAwere impregnated with cefuroxime
sodium, an antibiotic, and dexamethasone, an waff@irnmatory drug, through a
discontinuous process.

The impregnation efficacy was determined in ternmgdregnation yield as well as in term of
in-vitro drug release.

The influence of some experimental operating camust was studied by varying the pressure
(8 and 20 MPa), the temperature (308 and 333 Kpyoadding a cosolvent (ethanol). The
influence of the I0Ls dioptre was also studied (622, +30.0 D).

At rapid depressurization rates, a non desired fiogrphenomenon was observed in most of
the experimental conditions. This phenomenon wasidad by carrying out slow
depressurizations (0.2 MPa/min).



INTRODUCTION

Cataract surgery consists in replacing the opatifiatural crystalline lens with a synthetic
intraocular lens (IOL). It is generally safe bugkriof postoperative endophthalmitis has to be
considered [1]. In order to prevent such infectiaeks, a solution used nowadays consists in
injecting in the eye a concentrated solution of dnhé-infectious drug at the end of surgery
[2]. However, even if the drug is delivered closethe potential infection area, its removal is
rapid. A relevant solution to overcome those draskbacould be the use of controlled drug
delivery systems (DDS) placed inside the eye. Iddaeslow release of the drug close to the
infection area may happen during a certain peribdinoe. Moreover, if the DDS is the
impregnated IOL, this solution does not requireadditional act of the surgeon.

DDS are receiving an increasing interest since @iy a targeted and sustained action in
the body. Most of them are polymer-based whergttgmer is biocompatible biocompatible
and sometimes biodegradable and acts as a reservaimatrix for the drug [3]. In this last
case, the medical molecule can be incorporatedientiie polymeric matrix through an
impregnation route.

One of the main limitations of conventional impragjan process is the presence of residual
solvent, generally organic, in the final substratech can lead to some toxic effects.

The use of organic solvents can be limited or eseoided through the application of
supercritical technologies. Other advantages o$dhi@chnologies result from the specific
properties of supercritical fluids such as a lowcwsity, a low surface tension as well as a
high density and diffusivity higher than liquidgading to faster and more homogeneous
impregnation. Furthermore, when applied to polymeosnpressed fluid can act as a swelling
and/or plasticizing agent promoting therefore thenegnation process [4], [5].

Two main mechanisms are generally involved and woeat in supercritical impregnations
of polymerd6], [7].

The first concerns the deposition of the soluteo ithe polymeric matrix during the
depressurisation phase. The solubility of the solatthe supercritical phase plays a key role
in this mechanism. In fact, the supercritical flgsmlute mixture diffuses inside the existing
pores of the polymeric matrix. During depressurtgt CQ, quits the polymeric matrix. A
part of the solute is re-precipitated/re-crystaltizand therefore trapped within the polymer
matrix.

The second mechanism, usually named impregnatitn molecular dispersion, is related to
the dissolution of the CO2/solute mixture into tpelymeric matrix promoting the
swelling/plasticization phenomena. During the dspueisation phase, the solute precipitates
within the existing pores (deposition phenomenanwell as within the previously swollen
polymer (molecular dispersion phenomenon). Thatmartof the solute between the polymer
and the fluid phase plays a key role in this ldsrmomenon. It is based on physico-chemical
interactions that can take place between the comgmiunvolved in the process. Affinity
between the solute and the polymer controls thebddly of the solute in the polymer and
favours the partition towards the polymeric mawixereas affinity between the solute and the
supercritical fluid controls the solute solubility the high pressure phase and favours the
partition towards this mobile phase. The densalflpblymer interactions influence also the
impregnation mechanism, since they control thelsliy of the fluid in the polymer, and
therefore its swelling/plasticizing effect.



The presence of cosolvents or any additive/substanplies physico-chemical interactions
with the polymeric phase as well as with the higkspure fluid and can influence the
impregnation phase.

Supercritical impregnation of polymers has beercassfully applied for the elaboration of
several DDS [8], [9] and recently for ophthalmicpapations[7], [10-[17]. In the present
work, we are studying the supercritical impregnatad commercially available polymeric
IOLs with drugs frequently used to prevent catapaustoperative infectious complications;
cefuroxime sodium, an antibiotic and dexamethasare,anti-inflammatory drug. The
objective is to combine cataract surgery and p@stifve treatment in a single procedure, by
inserting an already impregnated IOL during eya@swy. The great challenge of this study is
to load the IOL with the drug without modifying ttansparency and its optical power.

MATERIALSAND METHODS

1- CHEMICALS
1.1- Impregnation support

The studied impregnation supports are commercalbilable rigid 10Ls currently used for
cataract treatments. They are supplied by “the Heltbws Intraoculars Lens” (Nepal) and
are made from derivative of Poly (Methyl MethAciga (PMMA). Two dioptres were used
within this study; +21.0 D and +31.0 D.

1.2- Drug

Two salts were used as active pharmaceutical imgmed (APi); Cefuroxime sodium
(Ci6H1sN4sNaGsS), an  antibiotic and Dexamethasone 21-phosphatesodidim
(Ca2H26FN&OgP) an anti-inflammatory drug. They are both sumplley Sigma Aldrich
(France). Their skeletal formulae are presente&igure 1. They are solid under ambient
conditions with a molar mass respectively of 44fmol* and 516.4 g.mdl.

In the rest of the study, cefuroxime sodium will liesigned by cefuroxime and
Dexamethasone 21-phosphate disodium by dexame#hason

Figure 1: Skeletal formula of @) cefuroxime sodium and b) dexamethasone 21-phosphate disodium

1.3- Solvents

The supercritical fluid used within this study erlson dioxide (purity > 99.7%). It is supplied
by Air Liquide (France).

Ethanol (purity > 99.8%) was used as a cosolvedtveas supplied by Carlo Erba (ltaly).



2- Experimental set-up
2.1 — Supercritical impregnation

The supercritical impregnation set-up is represeimieFigure 2. It is mainly composed of a
125 cni high pressure cell (Top Industrie S. A., Franok)detailed description of the
discontinuous impregnation process is describezhdisre [16], [17].

co2

Figure2: Supercritical impregnation set-up: (1) CO, bottle, (2) Cooling bath, (3) Liquid pump, (4)
Heating bath, (5) High pressure cell, (6) Support, (7) Magnetic bar, (8) Magnetic stirrer, (9) Thermostated
bath, (10) Depressurisation valve, (11) Solvent trap.

2.2 — Impregnation yield

The impregnation yield (¥,) is defined as the mass ratio of the impregnated ¢h the
IOLs and the non impregnated I0OLs. The amounthefitnpregnated drug were determined
gravimetrically by double weighing the 10Ls befamaed after supercritical impregnations
(Mettler Toledo AK 160 balance, with a precision1df* g). To limit the precision error, the
mass of the 5 IOLs was taken into account for éagegnation batch.

The impregnation yield is therefore calculateda®ws:

Yoy (MG / M) = mass of impregnated 10Ls — mass of nonimpregnated 10Ls

mass of nonimpregnated I0Ls

(1)

For the different experiments and because of the d&Sorption from the polymeric matrix at
the end of the supercritical impregnation, the ntddbe impregnated IOLs showed a regular
decrease before levelling off. Thus, the stabilisess was considered for determining the
amounts of impregnated drug as well as the imptegngields.

RESULTS
The influence of some experimental conditions oa #mount of impregnated APi was

studied for the two considered drugs. For expertsararried out with cefuroxime, the
influence of the pressure (8 and 20 MPa) and tlkeeofis cosolvent (molar fraction of 5 % of



ethanol) as well as that of the depressurisatita weere studied for the dioptre +21.0 D. A
more detailed study on this drug is already pubklisfi7].

On the base of the obtained results on cefuroxand,in order to avoid the damaging of the
optical properties of the IOLs by the appearanceadfoaming phenomenon, slow rate
depressurisations were followed on experimentsethout with dexamethasone.

The influence of the variation of the pressure ifl 20 MPa) as well as that of the use of a
cosolvent (5 mol.% of ethanol) were studied for thiferent dioptres +21.0 D and +30.0 D.
For all the experiments, the impregnation durati@s set to 2 hours.

Cefuroximeimpregnation
Rapid depressurisations
Studies on cefuroxime were carried out on I0Ls wathdipotre of +21.0 D. First, the

depressurisation phases were carried out rapidly féw minutes). The experimental
conditions are sumed up in Table 1.

Table 1: Gravimetric impregnation yields of cefur oxime and aspects of IOL S from_rapid depressurised
batches

, Yimpx 0.002
Label P (MPa) T (K) Foaming (gd‘:u J00)
Rapid depressurisation — Without cosolvent
Cef 1 8 308 No 0.001
Cef 2 No 0.001
Cef 3 No 0.004
Cef 4 8 333 No 0.003
Cef 5 No 0.003
Cef 6 20 333 Yes 0.029
Rapid depressurisation - With cosolvent
Cef 7 8 308 Yes 0.059
Cef 8 8 308 Yes 0.057
Cef 9 20 333 Yes 0.063

The reproducibility of the results was verified fone of the more favorable impregnation
conditions (8 MPa and 308 K in the presence of lvesb: Cef 7 and Cef_8) and the result
variation was in the range of the error precision.

In rapid depressurisation conditions, it can besole=d that at 8 MPa, very low impregnation
yields were obtained<(0.004 g.40ioL). Increasing the pressure leads to an increasieein
impregnation yields (0.029 at 20 MPa and 333 K)vétheless, in these conditions a
foaming phenomenon was observed (Figure 3). Wheimgd cosolvent, the impregnation
yields vary between 0.057 and 0.063. Once agaméoalOLs were obtained.



The apparition of the foaming phenomenon resutisifthe swelling/plasticising effect of the
CO2 on the polymeric matrix coupled with the rapielpressurisations [18]-[20]. Indeed,
under supercritical conditions, the sorption of 0@ polymers is enhanced leading to their
swelling and to the reduction of their glass traosi temperature (Tg). A rapid
depressurisation to atmospheric pressure resut<Ci@ supersaturation within the polymeric
matrix, causing the nucleation and growth of gasbibes in the polymers.

An increase in pressure or the addition of a casdlvavours the COsolubilisation in the
polymer. Thus, the amount of G@ the polymeric matrix is higher leading to aergase in
the supersaturation during the depressurisatioegopha

Figure 3: Aspect of some |OLsa) Non impregnated; b) Impregnated at 8 M Pa and 308 K (Cef_2); c)
Impregnated at 20 M Pa and 333 K (Cef_6) and d) impregnated in presence of ethanol (5%) a) at 8 M Pa
and 308 K (Cef_7)

A drug release study was performed on some imptedn®LS in a solution simulating the
aqueous humor. The release profiles are illustratetigure 4 and the accumulated released
mass are reported in Table 2.

Table 2 : Accumulated released mass (rapid depressurised batches)

Release = Accumulated
Impregnated mass forduration released mass from 5
Label P (MPa) T (K) Cosolvent 5I0Ls +£0.1 (mg)* (day) IOLs + 0.02 (mg)

Cef 1 8 308 No 0.1 36 0.19
Cef 2 8 308 No 0.1 21 0.16
Cef 3 8 333 No 0.4 21 0.3
Cef_7 8 308 Yes 5.7 36 0.38




For all the studied conditions, drug releases eklile same profile ; an initial rapid release
period due the dissolution of drug located at/aarrtbe surface of the lenses, followed by a
second release period corresponding to the diffusfdhe drug retained inside the polymeric
matrix. A plateau was reached in almost 15 dayelefse for the different samples.

For IOLs impregnated without foaming phenomena (8aMwithout cosolvent), results
confirm the low impregnation yields determined gmaetrically. However, for IOLs
impregnated in presence of cosolvent (Cef_7), 6Btyof the impregnated drug was released.
This low release rate can be explained by a daposdf the drug in the porosity formed
during the foaming process. The foamed cells arestijnoclosed [20], therefore, the

impregnated drug can not be released when immensin@ solution simulating the aqueous
humor.
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Figure 4: Accumulated released drug from impregnated 10Ls for 2 hours without cosolvent at (A) 8
M Pa and 308 K (Cef_1); (m) 8 MPa and 308 K (Cef_2); (0) 8 MPa and 333 K (Cef_3) and with cosolvent
(x) at 8 MPaand 308 K (Cef_7)

Slow depressurisations

In order to avoid the foaming phenomena, the depresation steps were carried out slowly
while maintaining a fixed rate of 0£20.05 MPa/min. The experimental conditions are sme
up in Table 3. All the resulting impregnated 10lgth or without cosolvent) were free of
bubbles. However, the impregnation yields for b# experiments were too much low to be
guantified gravimetrically. This result was confethby drug release tests. Indeed, even after
15 days of release, spectrophotometric analyses skoy low absorbance (in the order of
magnitude of the measure precision).

Table 3: Gravimetric impregnation yields of cefur oxime sodium and aspects of IOL S from sow
depressurised batches

Label P (MPa) T (K) Cosolventroaming

Cef 10 14 333 No No
Cef 11 20 333 No No
Cef 12 8 308 Yes No




The partition of the cefuroxime between the supigcaf fluid (CO, or CQJ/ethanol mixture)
and the polymeric matrix seems to be favourableatdw the high pressure phase. Indeed,
when depressurised slowly, a high quantity of djuis the polymer solubilised in the dense
fluid. At higher depressurisation rates, the dgnsftthe high pressure fluid and therefore its
solvating power decrease rapidly, leading to amaimtaneous supersaturation and therefore
deposition of the active ingredient inside the pady. This result also supports the hypothesis
of the deposition of the drug inside the porosityried during the foaming process.

On the base of these results, the mechanism gogethe impregnation in our experimental
conditions seems to be the APi deposition rathemn tthe molecular dispersion. This
phenomenon is enhanced in the conditions of rapjatebsurisation, because of a porosity
creation within the polymer matrix.

Dexamethazone impregnation

In order to avoid the damaging of the optical prépe of the impregnated IOLs, experiments
with dexamethasone were carried out while maingira fixed depressurisation rate of &.2
0.05 MPa/min. The influence of the variation of fhressure as well as that of the use of a
ethanol as a cosolvent were studied for two digptt€1.0 D and +30.0 D. The experimental
conditions are sumed up in Table 4. The reprodlityitof the results was verified for the
dipotre +21.0 D in the most favorable impregnatmmditions (8 MPa in the presence of a
cosolvent, Dexa_3, Dexa_4 and Dexa 5). The expetim@as reproducible with a mean
deviation of 0.003 which is close to the precistoror of 0.002.

Table 4 : Gravimetric | mpregnation yields of Dexamethasone on IOL s
P T (K) Cosolvent  Yimp+ 0.002

Label Dipotre

(MPa) (5% mol.) (Yarud/GioL)
Dexa_1 8 308 NO 0.004
Dexa_2 20 308 NO 0.009
Dexa 3 +21.0D 8 308 Yes 0.049
Dexa_4 8 308 Yes 0.055
Dexa 5 8 308 Yes 0.051
Dexa 6 20 308 Yes 0.004
Dexa_7 8 308 NO 0.016
Dexa_8 +30.0 D 20 308 NO 0.032
Dexa 9 8 308 Yes 0.052
Dexa_10 20 308 Yes 0.002

In all the experiments, the impregnated IOLs weee fof bubbles, which confirms that the

foaming phenomena is avoided by low depressurisatites. In comparison with the results
obtained with cefuroxime sodium when slow deprasations were carried out, higher

impregnation yields were obtained for the same itimmd of slow depressurisation. Indeed,

yields varying between 0.002 and 0.055 were obth@ed seem to be dependant on the
operating conditions.

First, the variation of the dioptre is illustratéd Figure 5. It can be observed from the
histograms that in the absence of a cosolventeasing the dioptre leads to an increase in the
impregnation yield. When a cosolvent is used, &seilts are almost similar for both dioptres.



Increasing the dioptre of the IOLs modifies amotigeo parameters their mass (0.0194 g/IOL
for the dioptre +21.0 D and 0.0278 g/IOL for themtre +30.0 D), their curve radius and their
thickness.

One possible explanation of the increase of theegmmation yield with the dioptre, is that the

lower the dioptre the higher ratio of the surface the volume. Therefore, during the

depressurisation, higher quantities of drug arggid with CO2 out of the IOL.
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Figure5: Influence of the dipotre on theimpregnation yield (yimp) respectively without cosolvent and with
cosolvent (dioptre’ +21.0 D and [] +30.0 D)

The influence of the pressure as well as that dfired ethanol as a cosolvent on the
impregnation vyield is illustrated in Figure 6 antgufe 7. It can be observed from the
histograms, that the tendancy is similar for the wioptres. Indeed, in the absence of a
cosolvent, increasing the pressure is favorablmpsegnation. However, when a cosolvent is
used the pressure increase is rather an unfavofattier. The influence of the pressure is
more pronounced for the dioptre +30.0D.
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Figure 6 : Influence of the pressure on the impregnation yields (Yiyp) respectively for the dioptre +21.0 D
and +30.0D ( 8 MPaand [l 20 M Pa)

Increasing the pressure can favor the impregnatroness through two routes. First, higher
pressure leads to an increase in the CO2 densiytlaerefore in its solvating power.
Furthermore, the swelling/plasticizing effect ofetltompressed fluid on the polymer is
promoted though pressure raise. As a consequenttesd two phenomena, higher quantity
of drug is carried within the polymeric matrix. Dng the depressurisation phase, the APi can



be deposited within the polymer and/or moleculatigpersed if the partition is favorable
toward the polymer.

When using a cosolvent, the opposite effect optiessure is obtained. Adding ethanol during
the impregnation process has a great influencenenimpregnation at 8 MPa. Indeed, the
impregnation yield increases from 0.004 to alma®60 for the dioptre +21.0 D and from

0.016 to 0.052 for the dioptre +30.0 D. Howeverhigher pressure (20 MPa), the opposite
influence is obtained and the addition of the comoil seems to be unfavorable to the
impregnation especially for the dioptre +30.0 D.eTimpregnation vyield is reduced from

0.009 to 0.004 for the dipotre +21.0 D and fron32.@ 0.002 for the dipotre +30.0 D

The addition of a cosolvent enhances the polafitthe compressed fluid and therefore its
solvating power. Furthermore, the swelling/plagiity effect of the high pressure phase is
also promoted. Once again, adding a cosolvent dhnatease the quantity of drug carried by
the high pressure phase within the polymeric mag8ixch an effect seems to be favorable for
impregnation at moderate pressures but unfavoathtegher ones. Taken into account these
observations, it can be considered that by comgitiie effect of the high pressure and the
use of a cosolvent, drug molecules interact moweribly and have a relatively higher
affinity with the compressed fluid than with thelyraer. The partition is then more favorable
towards the high pressure phase and the drug letneegolymeric matrix during the
depressurisation phase. In the absence of a cosa@wd/or at lower pressure (in the presence
of ethanol), the drug seems therefore to have saffmety with the polymeric matrix which
could explain the impregnation yields obtained.
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Figure7 : Influence of the use of a cosolvent on the impregnation Yields (Yimp) respectively for the
pressure of 8 MPa and 20 MPa (. without cosolvent and l with cosolvent)

CONCLUSION

This work aims to impregnate intraocular lensewiitug components in order to combine
cataract surgery and postoperative treatment inghesprocedure. Two drugs usually used to
prevent cataract postoperative infectious compboat were tested, cefuroxime sodium, an
antibiotic and Dexamethasone 21-phosphate disodinmanti-inflammatory drug.
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Supercritical impregnations were carried out thioagoatch process, composed of two main
steps; a high pressure impregnation step, theidaraf which was fixed to 2 hours, followed
by a depressurisation step.

First studies on cefuroxime sodium were carried with rapid depressurisations (few
minutes). At 8 MPa and in the absence of a costlveansparent IOLs presenting low
impregnation yields were obtained §.004 gruddioL)-

Increasing the pressure or adding a cosolvent eehsignificantly the impregnation yield to
lead respectively to yields up to 0.028.gdioL and 0.063 gudgioL). However, the optical
properties of the I0Ls were damaged by the apparitif a foaming phenomenon resulting
from the combined effect of the swelling and plasing effect of the supercritical fluid and
rapid depressurisation rates.

In vitro drug release studies carried on some I@befirms the very low impregnated
quantity at low pressures. In the presence of gesb| the cumulative mass released reaches
a plateau in almost 15 days, and only 6.6% of it@régnated drug was released. Such a few
released rate can be explained by a depositiomeofdtug within the formed pores during
rapid depressurisation (mostly closed).

By carrying out slow depressurisations (0.2 MPajptime foaming phenomena was avoided.
However, the impregnation yields were very low & duantified (either gravimetrically or
through release analysis).

On the base of these results, it was estimated foratefuroxime sodium and in our
experimental conditions, the partition of the diogtween the supercritical fluid (Gr
COy/ethanol mixture) and the polymeric matrix is faxethle towards the high pressure phase.
Therefore, impregnation yields obtained at rapidrdssurisation result essentially from the
deposition phenomena.

For experiments carried out with dexamethasoned#pressurisation rate was fixed to 0.2
MPa/min. Transparent IOLs were obtained. In theeabs of a cosolvent, increasing the
pressure promotes the impregnation yield. When solgent is used, impregnation was
further promoted at 8MPa. However, by coupling hpgbssure and the use of a cosolvent,
very low impregnation yields were obtained. In #iesence of a cosolvent or at low pressure
with the cosolvent, the partition seems to be faable towards the polymeric matrix. At high
pressure and in the presence of cosolvent, theitgftf the drug with the compressed fluid is
promoted and the partition is more favourable tasdhe high pressure phase.

Results obtained with dexamethasone drug are eagimgr when compared to those of
Cefuroxime since transparent IOLs presenting arecéffe impregnation are obtained.
Nevertheless, drug release studies should be dayuton the impregnated IOLs to confirm
the hypothesis of molecular dispersion inside thigrper.

Experiments of impregnation are currently carried with the two drugs on foldable IOLs
since they are the most used nowadays for catsuagery.
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