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General introduction

General introduction

Recent years hav@engrowth in research and applications of drug delivery systantise
medcal and pharmaceutical fieldd]. Controlled drug deliverysystems aredesignedto
improve drugbioavailability by preventing prematurkegradatiorand enhancing uptake, to
maintaindrug concentration within the therapeutic window by contrgllihe drug release
rate, to reducelosing frequency, and in some cases to redia® effects by targetinthe
disease site and ce[B], [3].

For most applications, in order to achieve an effective therapy, the drug should be dispersed
in amatrix at a molecular lesf [4]. Indeed, gystallization ofthe drugcould result ina non
controlled dissolutiorof drug molecules througlhe matrix. For low water solubilitydrugs,
one ofthe objective®f drug delivery systems preparatisno enhance drug dissolution rates
via dispersion of the drug withienwatersoluble matrix Contary, for watersoluble and short
half-life drugs,prolongedrelease systenontainingan insoluble hydrophobic matrshould

be preparefb], [6].

One route to elaborate such systei®m impregnation.Conventionalsoaking into liquid
impregnationprocessrequires the use of organic solvents to dissolve and carry the drug
componentsnto the impregnation suppoth most cases, conventional methstiswseveral
drawbacks, like theesidual solvents present in the final materidisig/solvents dissolution
and compatibility issues, undesired drug reactions, drug photochemical amdalther
degradation, low incorporation yields and heterogeneous drug incorporation/dispgrsion
To overcome the aboveentioned limitationssupercriticalCOz impregnation has proveto

be agreenalternativeprocess for pharmaceutif®. Sncethe use of organic solvents can be
avoidedor the quantity used can be redu¢®f] [10], and tle activity ofdrug moleculess
notably preserved because supercritical carbon dioxide (sg@&cessingis operatedat
moderate temperatur@kl]. An additional advantage of scG@ the possibility of adjusting
the impregnation efficacy by ‘tuningts properties[12]. When applied to polymers, scCO
plasticizesand swells the polymeric matrix, increasing the free volume of-&¥@llen

polymers thus enhancing the diffusion of drug molecules in such syf@ems

Drug delivery systemghrough supercritical impregnatioprocessmay be designedfor
several applications, usingdifferent active ingredients(various chemical natures and
pharmacological actiongndadequatempregnation supports (polymerar porousthat can

be either organic or inorganichhe presentvork focuseson theelaborationof two different
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forms ofsustained releagirug delivery systems. On the one hamédical device$or ocular
applicatiors were prepared by the impregnation of anfliammatory and antibiotic drugs
within polymeric intraocular lense®n the other hand, dosage forms (drug and excipient) for
the development of suitable formulation for oral administration of pawatgrsoluble drugs
were prepared using highly porous and hydropkiligports (mesoporous silica)

In afirst partof this study supercritichimpregnationof commercially availablentraocular
lenseg(IOLSs), usedfor cataract surgerwith anantiinflammatory drug (Dexamethasone-21
phosphate disodiumnamely DXPB and an antibiotic (Ciprofloxacindesigned CIf is
studied.Two polymeric 10Ls wereparticularly tested: rigid IOLs made frorderivative of
Poly (Methyl Methacrylate) (PMMA) and foldble IOLs (hydrated in their original form)
made from derivative of Poly2{Hydroxyethyl MethacrylateYP-HEMA). A number of
parameters such as pressure, temperature, pressurization/depressurizations@tento
requirement an@mpregnation duration we investigated to achiewaptimized drug loading,
homogeneous distribution of drugs in I0&sd a controlled drug releas&ccording to the
literature,few studies on supercritical impregnation of therapecditact |enses with various
classe of drugs were performed andpeolonged drug delivery wasuccessfullyobtained
[13-18]. To the best of our knowledge no therapeutic contact lenses have yet been approved
or commercialized[13]. As far as we know, this study is the first work dealing with
supercritical impregnation ofntraocular lenses and more practically on commercially
available PMMA and FHEMA 10Ls, which makes its originality.

A second partf this workis performedwithin the framework o& collaboration with Formac
pharmaceuticals (Belgiumanddeals with the use of mesoporous silica for the improvement
of the dissolution kinetics and/or the solubility of poorly wateluble drugs. Fenofibrate was
chosen as an example oflipophilic drug. According to the literaturefew studieson the
superctiical impregnation of silica with Fenofibrate were reported [14], MbEre silica
supports, with differenproperties(porous anchon porous), were use®ne of these works
[15] was published the same yearoas study [16].

The objective of this work is to achieaehigh loading ofenofibratewith a low degre®f a
crystallinity, and to compare two loading processes, incipient wetness and iSepéercr
impregnationin terms of impregnation yield, impregnation duration as well as in terms of
drug solid state formdegree of crystahity of the impregnated drug).

The presentPhD thesis beginswith a presentatior{chapter I)of drug delivery systems

Distinction between thee systemshas beemepoted according @ their composition/physical
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state,their routes ofadministrationor their releasenechanims A particular focus has been
made on polymeric intraocular lenses and mesoporous siincagthey arethe impregnation
supports used in this PhD work.

The different impregnation processeswell ashe correspndinginvolved mechanismand
influencingparameters are detailedchapter II.

Chapter Il isdedicatedo the supercritical impregnatisrof IOLs (PMMA and PHEMA)

with two kinds of drugs (DXP and CIFPreliminary impregnation experiments and response
surface methodology based on experimental designs have been carritxd sbudly the
influence of operating conditionen the resulting impregnated amount and the release
profile/duration, in ordeto determinethe optimal conditions of impregnation.

Then, apterlV presentsmpregnation studiesf silica with Fenofibrate using two methods:
incipient wetness and supercritical impregnatidoth impregnation processes e
compared according to the oespondingmpregnation yields anduratiors as well asn term

of physical characterization of the dr(adggree of crystallinity)

Finally, some overall conclusions are givenunderline the advances achieved by this PhD
work as well as to bring someelevant element$o improve the understanding and the

optimization of the supercritical impregnation for the elaboration of drug delivelgnsys
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[. 1. Introduction

The introduction of drugs ithe human bodycan be accomplished by several anatomic
routes. In order to achieve the therapeutic purpose, the choice of the most suitable
administration route needs of unquestionable importance. Therefore, several factors
must be taken into consideration when admintistgaa drug namely its own properties,

the disease to be treated and the desired therapeuticOnngs can be administrated
directly to the target tissue or orgam can be delivered by systemic roJtds

Active pharmaceutical ingredients (APIs) axgvaysadministered in dosage forms that
generally include other substances called excipients. The latter are addeduiatfons in

order to improve the bioavailability and the acceptance of the ldrymatientsand/or to
protect the drug from degradatioBxcipients can be ofnumerous forms such akug
supports, emulsifiers and chemical stabilizef®]. These substances were initially
consideredasinert because they do not exert therapeutic acéeen ifthey can modify

the biological action of a drug. However, excipients influence the speed andahdeund
absorption, and therefofermulationof these substances affects drug bioavailalifity
Pharmaceutical treatmenigere started decades, or even centuries, agber with solid

and liquidoral administratio4], or with injectable active chemical dru@§. When either

of these methods is applied, drug dose maintenance in the body is achieved by repeated
administrationsHowever, this form of indiscriminate distribution leads to the occurrence
of side effects and to the need for high doses ef dhug to elicit a satisfactory
pharmacological respon$2]. During the past two decadessearchis being carried out

into new formulations that improve the bioavailability of drugs amdure a greater
pharmacological respons€hatin turn would lead to lower doses well afrequency of

drug takenand therefore the minimization of side effedtbis was the beginning of the
so-called drug delivery systeni§].

Drug delivery is a field of vital importance to medicine and healthcare. Contirilep
delivery improves bioavailability by preventing premature degradation and enhancing
uptake, maintains drug concentration within the therapeutic window by controlling the
drug release rate, aimlsome case®duces side effects by targeting diseass aitd cells.

The first generation of controlled release formulation was introduced byhSftihe &
French in 1952 for 1hoursdelivery of dextroamphetamine (Dexedrirfé). From that

point until the end of 1970s, basic understanding of controlled drug delivery was

established, such #ise different dug release mechanisms includigigsolution, diffusion,




Chapter |: Drug delivery systems

osmosis and ion exchangeased mechanisms. The technologies developed during'the 1
generation were used to develop numerous taiday andonce-aday oral delivery
systemsandtransdermal patches.

For the 29 generation of controlled dgurelease, the research efforts were focused on
developing zerarder delivery systems. It was thought that delivery systeith zerc

order release kinetics would be superior becfusgmaintain a steady drugpncentration

in the bbod Nevertheless,dr some drugs, such as nitroglycesimd hormonesr insulin,

a constant blood level may not even be desired. It took a decade to understand this simple
and intuitive fact, but it allowed increased flexibility in the design of futurg delivery
systemg8].

During the 29 generationthe “smart” polymerg[9] and hydrogels [10jvere developed to

make delivery systems that are triggered by changes in environmental factors, such as pH
temperature, or glucosevigs. Biodegradable microparis, sold implants[11], andin-

situ geklforming implants were used to deliver peptides and proteins over #umgh
periods. The last decade of the"®2generation was dedicated to the developmant
nanotechnology-based drug delivery systgh2$-[15].

The 3¢ generation of drug delivery is yet to be established, and thus, the technologies
listed inFigure |. lare predictionsThe 3¢ generation of drug delivery should address and

overcome the hurdles associated with the current drug delivery systems liigdrim|. 1

[8].

Year

1950 1980 2010 2040
1st Generation 2nd Generation 3rd Generation
Basic of controlled release Smart delivery systems Modulated delivery
systems
Oral delivery Zero-order release
Twice-a-day or once-a day Zero vs first-order release
Transdermal delivery Smart polymer & hydrogel
Once-a day, once Environment-sensitive

Drug release mechanisms
Dissolution, diffusion,
osmosis, and ion-exchange

Gene delivery

Figure I. 1 Evolution of controlled drug delivery systeiiidg.
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Thefundamental objectivef drug delivery research is to develop formulations that can be
used in clinical applications to #e different diseases.As shown in Figure 1. 2,
development of drug delivery systemequires simultaneous consideration of multiple
factors, and their interdependence has to be taken into acdeamexample, after the drug
selection, a appropriate delivery system has lie selected while taking into account

simultaneously théelivery routeas well aghe drugrelease mechanisand kinetic.

|_ Peptides and Proteins I
Sl | e i

I Small Hydrophobic Chemicals s siRNA, DNA |
i

Clinical Study
Clinical Applications

Pharmacokinetics

In vitro—in Vive correlation

| Small Animal Experiments V

{ Biodistribution f‘{ Targeted Delivery l

Figure 1. 2 Overview of drug delivery development from bassearch to clinical
applicationd8].
The main components of drug delivery systems and processes are shown Headalt

solid box, and subsection of each component are shown in a dashed box in Figure I. 2.

I. 2. Drug delivery systems

Since the firstrood and Drug AdministratiorFDA) approvalin 1990 of drug delivery
system (DDS),liposomal amphotericin Band several DDS are now commercially
availableto treat diverse diseases ranging froamncer to fungal infection angduscular
degeneration [16]They have also changed the economics of diagelopment [17].
Packaging an existing drug into controlled release formulatizasnot only improve its

performance but also extend its patentdigea new product [18].

10
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Controlled release drug delivery systems are thdosage formulations designed to release
an active ingredient at rates,hwh differ significantly from their corresponding
convertional dosage forms. The controlled release drug delivery systéowg to control
the rate of drug deliverysustainthe durgéion of therapeutic activityandbr targetthe
delivery of the drug to a tissuBrug release from these systems stidndl at a desired rate,
predictable and reproducibleThe ideal drug delivery system should be inert,
biocompatible, mechanically strong and comfortdbighe patient.

The drug concentration at the appropriate sheuld be above the minimal effective
concentration (MEC) and below the minimal toxic concentration (M[IS), otherwise
known as'the therapeutic window'The concept is illustrated iRigure I.3 showing the
drug plasma levels after oral administration of a drug from an immewiazse dosage
form [20].

Minimum of effective concentration for
| adverse response

Intensity of

Duration effect
of action

" Minimum of effective concentration for
desired response

Concentration

Onset
of effect

I T L 1

Time

Figure |. 3 Drug plasma levels after oral administration of a drug faonnmmediate

release dosage forfR0].

DDS presents several advantages including the improvement of théidaygilability
and thepatient compliance. Nevertheless, DDS disadvantages are also well known. DDS

main advantages and disativages are summarizedTiable I. 1.

11
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Table I. 1 DDS advantages and disadvanta@ds.

DDS advantages:
- Maintenance of optimum therapeutic drug concentration in the blood with minimpum
fluctuations (of the drug levels within a desired range),

- Predictable and reproducible release rates for exteddedion,

- Enhancement of therapeutic activity duration for drugs having short bidlbgita
life,

- Elimination of side effects, frequent dosing and wastage of drugs,

- Betterpatient compliance,

- To mask the unpleasant taste and odor of drugs,

- Prevention of drug degradation (due to light, oxidatioy ...

- Alteration of site of absorption,

- Elimination of incompatibilities among the drugs.

DDS disadvantages
- Possibility of toxicity of the materials
- Harmful degradation products,

- Necessityof surgical intervention focertainsystemseither on application or
removal (suchsasome implants or scaffolds)
- Ratients discomfort witlsome DDS device,

- High cost of final product.

In recent years, controlled drug delivery formulations used have become much more
sophisticated, with the ability to do more than simply extend the effective regledsd

for a particular drug. For example, current controlleléase systems can respoid
changes in the biological environment (for example, a pH chaageé)deliver or cease to
deliver drugs based on these changes. In additmmmaterials have been developsmad
should lead to targeted delivery systems, in which a particular formulzdio be directed

to the specific cell, tissue or site where the drug it contains is to be delivered. Whiie m

of this work is still in its early stages, emerging technologies offer potiswilihat

scientists have only begun to explore.

12
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I. 3. Distinction betweendelivery systems
Drug delivery can be classified in three wagsording tats physical statethe route of

administration or thenechanism of drug release.

I. 3. 1. Distinction betweendelivery systems according to their physical state
Pharmaceutical dosagi@are available irdifferent forms solid (e.g,. powders, granules,
tablets and capsuledjquid (e.g,. syrup and gaseous€g,. anesthetics). There are also
semi soliddosage formse(g,. creams, ointments, gels and pastéé)merous dosage
forms contain several phasthat can beof the same statdor example emulsionsthat
contain two liquid phases (oil and water)of different statesuch asuspensiosiof solid

phass in liquids

I. 3. 2. Distinction betweendelivery systens according to their route of administration
The administration route®fer to the methaof getting drugs into the body. Theyainly
include oral and parenteralroutes. Furthenore, alternativeroutessuch astransdermal
pulmonary nasal or ocular administration@re assuming greater importantce drug

delivery[3].

[. 3. 2. 1. Oral drug delivery

The oral administration is the most used and preferred route, being convenient and
controlled by the patient without requiring skilled medical interventios. estimatd that

90 % of all medicines usage is in oral f@jh9]. Nevertheless, sonenitations should be

considered when looking for administrating drugs thratgghroute such as:

- First pass effect where the concentration of a drug is considerably reduced or
inactivated in the gut wall or the liver beforegaches the systemic ciratibn,

- Drug absorption rates are variable and may be unpredictable because the pH
conditions in the gastrointestinal tract vary considerably from a low pH in the
stomach (1.2 in the fasted state to around 5 in the fed state) to a higher pH in
the smalland large intestine (which can reach 7.5)

- Many macromolecules and polar compounds cannot effectivesthe cells
of the epithelial membrane in the small initess to reach the blood stream,

- Many drugs become insoluble at the low pH levelantzed in the digestive

tract,
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- Some drugs irritate the gastrointestinal tract which can be partially counteracted

by coating.

Despite disadvantages, the oral route remains the preferred route of drug deévergl S
improvements have taken place in the formulation of drugs for oral delivery for imgrovi

their action[6].

I. 3. 2. 2.Parenteral drug delivery

The parenteral routean referto any administration route allowing the avoidance of the
gastrointestinal tract and therefore the fpass effect of drugfNeverthelesscommon
usage more closely associates the term paremiei@@ing synonymous with “injectable.”

The main clinical role of parenteral therapy is to administer drugs that cangtelneby

the oral route, either because of their poor absorption properties or propensity to degrade i
the gastrointestinal tractthe major routes of parenteral administration iateavenous
intramuscularand subcutaneoudhese three routes satisfy to a large extent the four
principal reasonsof administeringparenteraltheragy (definitive or palliative), prevention,
diagnosis, ad temporarily altering tissue function(s) to facilitate other forms of therapy
[22]. It is estimated that 40% of all drugs administered in hospitals are in the form of a
intravenous injection, since this route allows a rapid drug effect.

Additional parenteral routes can also be utilized under special circumstanchsas

intrathecal, subconjunctival, intraoculariotra-articularroutes.

I. 3. 2. 3.Transdermal drug delivery

Transdermal delivery represents an attractive approach used to deliveradrogs the

skin for systemic distribution. It involves drug transport to viable epideantor dermal
tissue @ the skin through local application. A major fraction of drug is then transported
into the systemic blood circulation.

Transdermal application is a nawasive method convenient for a variety of clinical
indications [23] It presents many advantages over the conventional oral route such as the
avoidance of the first pass metabolism and a better patient comkhcblevertheless,

the protective barrier nature of the skin limits the absorption of most drugstyafie
strategies can be adegpt for the enhancement of drug absorptions such as the use of
penetration enhancers or drug carrieg.( nanoparticules) which penetrates through the

skin more easily23].

14



Chapter |: Drug delivery systems

I. 3. 2. 4. Pulmonary drug delivery

Pulmonary route of drug deliverg gaining much importance in the present day research
field as it enables to target the drug delivery directly to lung for local gstdrsic
treatment[25]. For local applications,tiallows a direct accesdor the treatment of
respiratory diseasewith a rapid onset of drug action, and consequently, reduced side
effects can be achievg®6][27]. Furthermore, iprovidesan enormous surface area and a
controlled environment for systemic absorption of medications.

However, pulmonary administration gents also some drawbacks. Indeed, dinedungs
area major port of entryo the body several barriers are present to avoid the invasion of
unwanted airborne particles and to control their sterility. As a consequence, thémils
the therapeutieffectiveness of inhaled medicatioi$he drug efficacy mayhereforebe
affected by thedelivered dose but also ktyhe location whereit is deposited in the
respiratory tract Furthermore, because of thelatively short duration of drug action

multiple daily inhalation maneuvers, ranging up to 9 times a day, can be refflired

I. 3. 2. 5. Nasal drug delivery

The nasal routes generally usedor local disease treatmentsuch as nad allergy,
congestion oiinfections[23]. Recent years have shown that the nasal routealsanbe
exploited for the systemic delivery of drugs. In general, among the primary targets for
intranasal administration are pharmiagpcally active compounds with poor stability in
gastrointestinal fluids, poor intestinal absorption and/or extensive hefigass
elimination such as polar drugs, peptides or proteins [28].

The main advantage of the nasal route arises frorparteular anatomical, physiological

and histological characteristics of the nasal cavity, which provides potentrapid drug
absorption and quick onset of action. In addition, intranasal absorption avoids the
gastrointestinal and hepatic presystemmetabolism, enhancing drug bioavailability in
comparison with that obtained after gastrointestinal absorfzijn

Nasaladministration neverthelesgpresent some disadvantages that must be considered
during therapy. In addition to physicochemical properties of drugs, a variety of
physiological and pathological conditions related to nasal mucosa maynfismee the
extent of nasal drug absorption and therapy effi¢@86y. Furthermore, the low volume of

nasal cavity restricts the amount of drug formulation administrated to about500aL
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[31]. If nasal delivery of high doses of poorhatersoluble drugs is necessaparticular

problems may appeauch as irritation of mucosa.

I. 3. 2. 6.0cular drug delivery

Ocular drugdeliveryhas remained as one of the most challenging task for pharmaceuticals
scientists. The unique structure of the eye restrictadmaissionof drug molecule$32]

and hinders reachingptimal drug concentration at the required site of action [33].
Conventionally, the drug can be deliveredhe ocular tissues by different maedaich as

topical application, systemic application, intravitreal injections and pdaomjections.

Topical application obculardrug has remained the most preferred method due to the ease
of administration andts low cost Upon topical utilization, drugs are absorbed either by
corneal route (the drug passes through the cornea to reach the aqueous humorthed later
intraocular tissues) or nesorneal route (the drug crosses the conjunctiva to achieve the
sclem and subsequently reach the choroid/retinal pigment epithelium (RPED).
preferred route depends mainly on the corneal permeability of drug molecules [34].
Generally, topical applicatiois useful in the treatment of disorders affecting the anterior
segment of the ey§32]. Indeed anatomical and physiological barriers hinder drugs
reachingthe posterior segment of eye mainly at choroid and rdfigure 1. 4. Even for
anterior segment treatmentsajor fraction of drug following topical administration is lost

by lacrimation, tear dilution, nasolacrimal drainage and tear turnover. Suabrr@aic
losses result in very low ocular bioavailability. Typically, léean 5 % of the total
administered dose reaches the aqueous hyBfJr Therefore m order to maintain
minimum corcentrationsfrequent dosage are requinegsulting in poor patient compliance.
Classically, opical ocular drug administration is accomplished by eye drops but they have
only a short contact time on the eye surface. The contact, and thereby duratrog of
action, can be prolonged by formulation desigeg,( gels, gelifying formulations,

ointments, and inserts).
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Figure I. 4 Schematic illustration of the main structure of the eye and the oari@ens to

drugdelivery[36].

The primary physiologic blockagagainst mstilled drugs is the tear film. Cornea is the
main route for drug transport to the anterior chamber (). The retinal pigmentliejith

and the retinal capillary endothelium are the main barriers for systemically isigmad
drugs (Il). Intravitreal injection i@n invasive strategy to reach the vitreous (lIl). The
administered drugs can be carried from the anterior chamber away either by beodus
flow after diffusing across the iris surface (1) or by the agueous humor outflol@r(&)s

can be removed from the vitreous away through diffusion into the anterior chamber (3), or
by the blood¥etinal barrier (4) (Figure B).

Unlike topical administration,ystemic dosing helps in the treatment of diseases affecting
posterior segment of the eye. A major drawback associated with systemic adtniggra
only 1-2 % of administered drug reaches to vitreous cavity [32].

Lack of adequate bioavailability and failure to deliver therapeutic amoundisigé to the
reting choroid and intraocular tissudghrough topical and systemic routpsompted
ophthalmologist$o search for alternative routes of administration

Over the past decadentravitreal injections have drawn significant attentiyom
researcherdntroducing drugs into the eye by direct injection through the pars plana is the

most efficient mode of drug delivery to the posterior segment.hibweveralso the most

17




Chapter |: Drug delivery systems

invasive route that leads tgerious complication$37][38] such as retinal detachment,
endophthalmitis and intravitreal hemorrhages [39].

Periocular administration has also been considered as an efficient route foeldreiy do
the posterior segmeniThe periocular administratiomcludes peribulbar retrobulbar,
subtenon, and subconjunctival routé@®is method idess invasive than thmtravitreal
even if anterior segment complications have been observed in some patients [40].
Given the different challenges regarding ocular die@ivery routes,several innovative

DDS will be developed in section 1. 4. 2.

1. 3. 3.Distinction betweendrug delivery systems according to their mechanism of
drug release

Anotherclassificationthat can be used ttistinguishthedifferentdrug delivery systems is
according to the way the drug is releaggédnerally they can belistinguishedasfollows:

- Immediate releaserug is released immediately after administration.

- Modified release drug release occura while after administration or for a
prolonged period of timeor to a specific target in the body. Modifiedlease
systems can be further classified as:

a-Delayed release: drug is releageckrtain timeafter the initial
administration.

b- Extended release: prolongs the release to reduce dosing frequency [19].
c- Pulsatile drugelease system, where the drug is released aftesrtwo

more of lagtime.

I. 3. 3. 1.Immediate release

Immediate releasas designed to release the drug as quickly as possible after
administration (Figure 1. 5. This is useful if a fast onset of action is required for
therapeutic reasons. For example, a tablet containing a painkiller shoultegteste
quickly in the gastrointestinal tract to all@ fast uptake into the body [19].

Immediate release dosage forme ¢hose for which more than 85% labded amount
dissolves within 30 minFor immediate releasef solid oral dosage forms, the only
‘barriet to drug release is disintegration or erosion stage, which is generally accomplished
in less than one hoy#1l]. For the intravenous injectiond)et onset of action is very fast

and the pharmacological effect may be seemai matter of seconds after administration
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sincethe drug is already in soluticandis directly administered into the badgono time

is lost due to the drug permeation through ¢astrointestinal tractskin or mucosal
membranes, before the target argaan be reachqdO].

Immediate relases have some advantages such as: enhancement of compliance/added
convenience, stability improvement, high drug absorption, ability to provide advantages of
liquid medication in the form of solid preparation, aodteffectiveness

The duration of action of a drug is known as its i#df-This is the period of time required

for the concentration or amount of drug in the body to be reduced blyatihélowever,

the high drug concentration does not necessarilplwevincreaseddrug halflife. To
reduce the frequency of drug administration it is often not possible simply to increase th
dose of an immediatelease dosage form, as the peak plasma concentration may be too

high and lead to unacceptable side eff¢atsh as irritation).

I. 3. 3. 2.Modified release

Modified release drug delivery systems are developed to modulate the appargsticatbsor
and/or alter the site of release of drugs, in order to achieve specific clineelivds that
cannot be attained wiimmediate releasgosage formsP2ossible theaeutics benefits of a
modified release product include improved efficacy and reduced adverse evendseiticre
convenience and patient compliance, optimized performance, #ergegectivity of
activity, or new indicationg42]. According to the US food and drugdministration,
modified releasalosageforms includedelayed extendedand pulsatilereleaseproducts
[43].

I. 3. 3. 2. 1 Delayed release

Delayedrelease dosage forms can be defined as systems which are formulated to release
the activeingredientat a time other than immediately after administratibigure 1.5). In

this casethetherapeutic actionf the drugs not extended

These formulations are used for some drugs that are unstable in certain environments, su
asin acidic conditions. Therefore, the active ingredismirotectedvith coating, generally
sensitive to pH in order to optimize the drug therapeuatotion Usually these
formulations presenta coating that ptects the active ingrediefiom the acidity of the
stomach They are stable at the highly acigliEl but breaks down rapidly at a less acidic

pH. Therefore, the dosagerins areable to travel from the loywH environment of the
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stomach to the highgH environment of the small intestine where the coating material

dissolves and the drug can be released.

Immediate Delayed
Croax release release

pd <

T
1
1

Plasma concentration

1 1
1

Time JA
tmax,n g

Figure I. 5 Plasma concentration versus time profile oframediate andlelayedrelease

systemg19].

Theseformulationsare interestindgor drugs that show poor bioavailabiligndare rapidly
metabolized and eliminated from the body after administration angptbasntinga short
half-life, or those with a narrow therapeutic windovinese formulations presemowever,
some disadvantages:a lack of reproducibility and unpredictability in-vitro/in-vivo

correlatiors.

I. 3. 3. 2. 2Extendedrelease

Extendedrelease systems allow the drugleaseover prolonged time periods. By
extending the release profile, the frequency of dosing can be reduced. Theynudjorit
modernextended releagechnologies are based on polymeric systandfall into one of

three categoriegnatrix, reservoir (or membrareontrolled), and osmotic systems. Drug
release from these delivery systems generpiysentsone or more of the following
mechanisms: drug diffusion, system swelling or erosion and dissolution, or osmotic
pressurenduced releasd19]. Extendedelease systems can be further classified as

sustainednd controlled release.
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a. Sustained release

These systems maintain the rate of drug release over a susp@ned; he active
substance igraduallyreleasedand he therapeutic effect mustainedver a long period of

time (Figure 1.6). The pharmaceutical formulations corresponding to this type of system
are for example osmotic pumps, these devices are generally a semi permeable polymer
containing a aqueous solution of dru@rigure 1.7). Thosesystemsontrol the outflow of

drug solutions through osmotic potential gradients across semi permeable polymes.barr

The pressurized chambers contain the aqueous solotitime drug and the polymeric
osmotic system. Upon immersion in water, the osmotic system is hydrated and ,swollen
thus causing an increase in pressure, which is relieved by the flow of the soltmirthe

delivery device through an orifice in the upper part [44].

MTC

Plasma concentration

\ MEC

At

Time

Figure I. 6 Plasma concentration versus time profile of a sustaiekzhse oral dosage

form.

Drug delivery through osmotic systems is affected by a number of factors such as
solubility, osmotic pressure, size of the delivery orifice and membrane type and

characteristics
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Figure I. 7 Example of osmotic pumg44].

b. Controlled release

Controlled releasallows drugdelivery at a specificconstantrate (release kinetics of
orderzero)for a definite period of time independent of the local environm@igsire 1.8).

The periods of delivery are usually much longer thath@case of sustained release and
vary from days to year$]. Another difference between sustairett controlleerelease
dosage forms is that the former are basically restricted to oral dosage forms whilst
controlledrelease systems are used in variety of administration routes, including

transdermal, oral and vaginal administratjb8.

Plasma concentration

Time

Figure I. 8 Plasma concentration versus time profile of a controkdéebe dosage form.

Controlling release offers numerous advantages avenediate dosage forms. This
approach increasdbe therapeutic activity and decreases side effects, thus reducing the
number of drug dosages required during treatment. Many different kinds of drugs can
benefit fromdistributionor time-controlled delivery, such as amtiflammatory agentf5],

antibiotics[46], chemotherapeutic dgs [47] immunosuppressanfd8], anesthetic$49]
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and vaccine$s0].

Ideally, the release rate from the dosage form should be thelesgemining step for the
absorption of the drug and for the drug concentration in the plasma and target site.
However, controlled release systems are not necessarily-sggfic, which means that
they do not exclusively deliver the drug to the target organ. This may be achieved by so
called targeted delivery systems which aim to exploit the characteristits dfug carrier

and the drug target to control the biodistribution of the drug.

Drug targeting aims to control the distribution of the drug within the body such that the
majority of the dose selectively interacts with the target tissue at a cellulabcwilalar

level. By doing so, it is possible to enhance the activity and specificityeadriug and to
reduce its toxicity and side effects. Drug targeting can be achieved by desigstems

that passively target sites by exploiting the naturel comditmf the target organ or tissue

to direct the drug to the target sifactive targeting). Alternatively drugs and certain
delivery systems can be actively targeted using targeting groups such as anttbbutids t

to specific receptors on cell$9]. The challenge has been on three fromtsntifying the
proper target for a particular disease stitaling a drug that effectively treats this disease
and finding a means of carrying the drug in a stable form to specific sites whilengvoidi
the immunogenic and nonspecific interactions that efficiently clear foraggerial from

the body [51].

I. 3. 3. 2. 3Pulsatile-release

Pulsatile deliverysystemsusually refer to immediate release of the entire dose in two or
more portions separated by predetermined lag tiagesllustrated inFigure . 9. In
particular, oral pulsatile drug release pertains to the burst delivery of dilmsifig a
programmed pattern from the time of oral administration. For example, Ritalin, is a
pulsatile elivery product that provides immediate release of 50% of the total dose upon

oral ingestion followed by a burst release of the remaining drug after four hours [52].
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Plasma concentration

Tune

Figure I. 9 Plasma concentration versus time profile of a pulsatile release.

In the field of modified release, these typesnoh-monotonic and muklcargo release
profiles have been proven to offer clinical benefits in optimizing chronotherapy,
mimicking natural patterns of endogenous secretion or multiple dosing regimen, and
providing optimal therapy for tolerance inducing dsughere constant levels lead to
receptor dowsregulation There are numerous advantages of pulsatile drug delivery
systems such ashort gastric residence timbioavailability improvement stability and
patient comfortadverse effecteeductionand toleability improvement|ocalirritation risk
reduction, and avoidance of dose dumping.

These pulsatile drug releassystemspresent also somdrawbackssuch as: dw drug
loading capacity and possibility ofincomplete release of drutarge number of process
variables, multiple formulations steps, need of advanced technology, lack ntannfac
reproducibilityand efficacy and higher cost of production [53].

From immediate and delayed releaseeitendedand controlled release, the resulting
plasma concentration versus time curves have becoone and mordlatter; prolonging

the timeof drugreleasdn the therapeutic range after a single administration of the dosage
form. This has led to the popular slogan: ‘The flatter the better. Howevegofoe
diseases pulsatile release systemay be more advantageous to have varying release of the

drug depending on the needs of the patient or circadian rhythms in the body.

I. 4. Novel drug delivery systems

The slow progress in the efficacy of the treatment of certain diseaskeparticularly
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severe diseasgbasled to agrowing need for a multidisciplinary approach to the delivery
of therapeutics in tissues. New ideas for controlling the pharmacokinetics,
pharmacodynamics, nespeific toxicity, immunogenicity, and efficacy of drugs were
generatedased orcomposition/physical state, mechanism, amgte of administration of
drug delivery systes These new strategies, often called novel drug deliveryragstare
based on interdisciplinary approaches that combine polymer science, pharmaceutics,
bioconjugate cherstry, molecular biology and chemical engineering.

Novel drug delivery systestan include thosapproachedased on physical mechansm
and othersbased on biochemical mechanisnhysical mechanisms include osmosis,
diffusion, erosion andlissolutiontransport. Biochemical mechanisms include monoclonal
antibodies, gene therapy, and vector systiédtagpolymer drugconjugates or liposomes
even iractivated virusesTherapeutic benefits of new drug delivery systems include
optimization ofdrug actiondurationwhile decreasing dosage frequency, controlling the
site of release and maintaining constant drug le{®4. Some novel drug delivery

systems are presented in the following section.

[. 4. 1. Nanomaterials

Recent developments in nanotechnology have shownniduadmaterialshave a great
potential as drug carriers. According to the definition from NNI (National Na&hoblogy
Initiative), nanoparticles are structures of sizes ranging frdm 100 nm in at least one
dimensionDue to their small sizes, the nanostructureskekbnique physicochemical and
biological propertiesgg., ahighreactive area as well as an ability to cross cell and tissue
barriers) that make them a favorable material for biomedical application.

Porousstructures with pore size of less than 100 nm can be subdivided in three categories
according to IUPA((International Union of Pure and Applied Chemistry): microporous
(0.22 nm), mesoporous {20 nm) and macroporous materials-BI0 nm) Advances in
nanofabrication have made it possible to precisely control the pore size, gobeitths,
porosity, and chemical properties of pores in materials.

Porous materials are useful especially for the delivery of macromolecnar
biopharmaceuta drugs (peptides, proteins, antibodigts.). These drugs could lose their
biological activity prior to arrival at the target organs and cells due to the very low
absorption rate and the degradation by enzymes inside the body. Once nanoporous

materials are employed in a target position, the diffusb@sed release through
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nanochannels provides a safe route to deliver the drugs. In addition, a nanosized pathway
enables the lonrterm release of the drugs by preventing initial burst rejeasgthus, the
release rate of the drugs can be tuned by controlling the porosity of the nanomaterials
Nanotechnology has been adopted in several fields such as drug/gene delivery [55], [56]
imaging[57] and diagnostic§8]. As an example of nanocarriers that have been used as
drug delivery systms, we can citiposomes, polymeric nanopatrticles, dendrimers, carbon

materials andilica (Figure 1.10).
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Figure I. 10 Nanoparticle drug delivery systemvith relation to other scalg¢S9].

I. 4. 1. 1. Polymeric nanoparticles

The polymeric nanoparticles (PNPs) are prepanesdt ofthetime from biocompatible and
biodegradable polymers in sgdetween 10100 nm where the drug is Sfiergd,
entrapped, encapsulated or attached to a nanoparticle rf@&dfixThus, polymer drug
delivery systems can broadly be classified into three types of systems: pdiymer
conjugate systems, reservbased systems and monolithic matrix systems.

In polymerdrug conjugate systemsigure I. 11), drugs are delivered in the form of
covalent conjugates with watsoluble and biodegradable polymers. This has the potential
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to enhance the solubility of poorly soluble drugs and the bioavailability of rapidly

degraded therapeutif&l].

Polymer backbone

Transport system

Labile linkage

Drug

Figure I. 11 Schematization of general structure of polysderg conjugate [21].

In reservoirbased systems-igure 1.12, b), the drug is enclosed within polymer coatings.
The drug releases through the ratatrolling porous polymeric membrane. Monolithilc
matrix systemsKigure 1.12, a) are similar to reservelrased systems, but in this case, the
drug is dispersed within the polymer matrix. In both resefvaged and monolithic matrix

systems, drugs areoncovalently embedded or dispersed within the polymer matrices

[61][62].
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Figure I. 12 Drug diffusion profile for loth (a) monolithic matrix and (b) reservoir
systemg21].

The PNPs are obtained from synthetic polymers such as-efmprolactone,
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polyacrylamide or polyacrylater from natural polymerske chitosan or gelatin. Based
onin-vivo behavior, PNPs may be classified as biodegradable (like(pdgctide) (PLA)
or polyglycolide (PGA)) and nehiodegradable like polyurethang [59]. PNPs are
promising vehicles for the preparatiohdrug delivery to specific target, which improves
the drug safety and their nanometer size promatesffactive drug permeation through

cell membranes and stability in the blood stream.

I. 4. 1. 2 Dendrimer nanocarriers

Dendrimers areartificial macdomolecules which have a tréike structure. They are
globular and nanscaled macromolecules with a particular architecture constituted of
three distinctdomains:a central core which is either a single atom or an atomic group
having at least two idical chemical functions, branches emanating from the core,
constituted of repeat units having at least one branch junction, whose repetition i
organized in a geometrical progression that results in a series of radially cienegets
called generationgndmany terminal functional groups, generally located in the exterior
of the macromolecule, which play a key role on the dendrimer prop¢é®}s For

example, a design of Poly (propylene imine) dendrimer is presented in the Figure I. 13.

" )

Is .

Figure |. 13 Design of Poly (propylene imine) dendrimer.

Attractive features like nanoscopic sizel(@0 nm), narrow polydispersity index, excellent
controlover molecular structure, availability of multiple functional groups at the peyipher
and cavities in the interior distinguish them from the available polymerq64].
Dendrimers have been successfully proasduseful additives in different routes of drug
administration because they can enhance veatieibility, bioavailability, and
biocompatibility of drug formulation. Terminal functionalities provide a platfdion

conjugation of the drug and targeting moieties. In addition, these peripheral functional
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groups can be employed to taHlmake the properties of dendrimers, enhancing their

versatility [65].

I.4.1. 3. Liposomes

Liposomesare nano/micrgarticular or colloidal carriers, usually with -&D0 nm size
range [66]. Theyare most often composed of phospholipids, but my also include other
lipids. Phospholipidsare amphiphilic molecules, where orartpof the molecule is polar
(hydrophilic head and the othenonpolar (hydrophobidail). When phospholipids are
placed in contact with water, the unfavorable interactions of the hydrophobic segments
the molecule with the solvent result in gefassemblyof lipids, forming thera spherical
vesicleshaving ateast one lipid bilayerso called liposomes [67].

Liposomeshave been reported to incredbe drug dissolution kinetic and improve their
pharmacokinetic properties, suchths reduction of harmful side effects and increase of
in-vitro andin-vivo anticancer activityDrug distribution is then controlled primariby
properties of the carrier and no longer by physitemical characteristics of the drug
substance only [68].

Lipids forming liposomes may be natural or synthedied liposome constituents are not
exclusive of lipids, new generation liposomes can also be formed frdymes
(sometimes referred f@olymersomes)Whether composed of natural or synthetic lipids or
polymers, liposomes are biocompatible and biodegradable whichsitinaga suitable for

biomedical research.

I. 4. 1. 4 Nanoparticles based on solid lipids

Solid lipid particles are composed of lipids and stabilizers in most cases surfactants, co
surfactants and coating materialBhe ability to incorporate drugs into solid lipid
nanoparticles offers a new prototype in drug delivery that could be used for secondary and
tertiary levels of drug targeting. Hence, solid lipid nanoparticles hold great promise for
reaching the goal of controlled and site specific drug delivery.

Thoseformulation ingredients are safe and under the generally recognized as safe (GRAS)
status issued by th&DA [69]. Solid lipid particulate systes such as solid lipid
nanoparticles (SLN), lipid microparticles (LM), nanostructured lipid carri@&nkC),
lipospheres andlpid drug conjugate¢LDC) have been sought as alternative carriers for

therapeutic peptides, proteins and antigduns to their properties [69].
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SLNs are produced bseplacing the liquid lipid (oil) of anidwateremulsion by a solid
lipid or a blend of solid lipid§12]. SLNs offer unique properties such as smaller size,
larger surface area, interaction of phases at the inteyfaces thesepropertiesare
attractive for their ahiy to improve performance ofutraceuticals, pharmaceuticals and
other material$70]. SLNs present severallvantages such as good biocompatibility, low
toxicity, physical stabilityanda gooddelivery oflipophilic drugs Important peptides such
as cyclosporine A, insulin, calcitonin and somatostatin have been incorporatewlidto
lipid particles and are currently under investigatidiis is one of the most popular

approaches to improve oral bioavailability of poorly water soluble drugs [71].

I. 4. 1.5. Microemulsions and nanoemulsions

Microemulsions (ME) and nanoemulsions (NE) are lipid based nanocarrier systems
wherein the dispersed phase could be as small as 2[Y2lnME and NE are isotropic
mixtures of oil/water stabilized by surfactants frequently in combination with c
surfactants [3,4,41]. They have shown good dissolution properties and thermadynami
stability. The stabilizers prevent particle agglomeration and/or drug leakargeed®ion of

the drug formulations is enhanced which can be exploited in transdermal delivery [41].
The capacity of ME and NE to dissolve large quantities of low soluble drugs along with
their biocompatibility and ability to protect the drugs from hydrolysis and reatg
degradation makes them ideal drug delivery vedit8s The major advantages of NE as
drug delivery carriers include incrembk drug loading, enhanced drug solubility and
bioavailability, reduced patient variability, controlled drug releas®l protection from
enzymatic degradation [74].

ME and NE have found wide applications in bioavailability enhancement and delivery
through various administration routes, namely di8], parenteral[76], nasal[77],

transdermal78] or also ocular [79].

I. 4. 1. 6. Carbon nanomaterials

Carbon nanocarriers used in DDS are differentiated into nanotubes (CNTs) and nanohorns
(CNHs).

CNTshave a cylindrical structure with a diameter of only several nanometers composed o
sheets of linked hexagonal rings of carbon atoms. CNTs consdtiagingle sheet are

called single walled carbon nanotubes (SWCNTs) and those formed by rolling up more
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than one sheet are called muitalled CNTs (MWCNTSs)(Figure 1. 14). In the medical
field, three main attributes of CNTs have been explditddt their small size, their high

surface to volume ratio and their ability to contain chemicals.

SWCNT MWCNT CNH

Figure I. 14 The schematic illustration of the structure of SWCNT, MWCNT and CNH
[80].

CNHs(Figure 1.14) are spherical aggregates of SWCNTs with a diameter of 80 to 100 nm.
They are particularly suitable as drug carriers to the tumor tissue because ¢heilfifisz

the condition for achieving enhanced permeability and retention effect. They can permeat
through the damaged vessels in tumor tissue and remain there because lpiigHatic
drainage. In addition to an extensive surface area, carbon nanohorns have tubes at the end
of spherical aggregates with diameteb 2m Holes can be generated at the tips of the
tubes and can be exploited to insert different therapeutic agents into their empt@&pace
Functionalized carbon nanohorns have been proposed for controlled drug releatse of a
inflammatory and anticancer agents including dexamethasone, doxorubicin, and cisplatin
[80].

I. 4. 1. 7 Silica materials

Silica is widespread in living nature from single celled organisms to highets plad can

be used for various purposg®]. The active surface property of amorphous silica allows
developing silica particles with various surface properties through surfacehatiztation

with different molecules, which consequently allows targeted delivery of differentaypes
therapeutic agents. Due toeir strong SO bonds, silica particles are stable to external
stimuli such as mechanical stress and degradation eliminating the need for any additional

stabilisation such as covalent linkers used in other delivery systems likerdersj&3]
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[84]. The abundant presence of silanol groups in silica ataa have an affinity to
phospholipids, which can be actively taken up by the (&3

Silica materialsused in controlled drug delivery systems are classifiedaasral silica
materialse.g,. diatoms[86], fumed silica nanoparticle@B7], silicabased xerogels and
aerogels[88]{91], and ordered mesoporous silica based mater{@2] They exhibit
several advantages as carrier systems including biocompatibility, an ease snoterm
functionalization andhbility to present highly porous framewoff3]. Among inorganic
nanoparticles, silica materials are the carriers which are most often chosendgichlol
purposes [94].

Biosilica with complex 3dimensional porous structurg®6] are found in the nature; they
are formed following biologically based salésembly synthetic routd86]. The most
outstanding example is diatom, single cell photosynthetic algae with distinat cll

walls called frustulesand consisting of highly ordered pore structures, species
characteristic patterns and hierarchical pore organization with unique methanica
molecular transport, optical and photonic properti®@S]. The structures of diatom
frustules with hollow and large inner space, microscale and nanoscale poragity, hi
surface area, excellent biocompatibility, amorphous sibtate modifiable surface
chemistry, high permeability, low density, ntwxicity and low cost make diatom silica a
promising biomaterial for drug delivery applications [96].

Fumed silica is an extremely small non porous particle igh surface area and purity.
Fumed silica is formed by injecting chlorosilanes, such as silicon tetrachlartdea i
flame of hydrogen and aiFumed silica nanoparticles have been used as a solid carrier for
the preparation of dry emulsions. Dry emulsions have the ability to increase the dissolution
rates and bioavailability of poorly wateoluble drug compounds, protect the drug against
light or oxidation and eliminate the shortcomings of conventional liquid emulsions in
particular physical instabilit{87].

Silica xerogels and aerogels possess an amorphous structure wigotagity (up to 99%

of the whole volume) and enormous surface area which make them interesting éarrie
drugs. The porous structure (shape and pore dimensions) depends on the synthesis
parameters and the drying procd83]. The synthesis of these systems is carried out
through the segel technique leading in a first step to the formation of a gel presented as a
solid interconnected porous structure in an equilibrium with a liquidetaéthin the pores.

According to the drying process, a xerogel is obtained through an evaporative drying
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process and an aerogel through a supercritical drying process. DDS based on aerogels and
xerogels base can be obtained either by introducing theeacgvedient during the sglel

process or through an ulterior impregnation step [98].

Since a part of our experimental research work was carried out on the formulation of drug
delivery systems based on mesoporous ordered silica, the materials wilditeddetthe
following section and the methods of the elaboration of drug mesopsitmassystems

will be presented in chapter II.

Ordered mesoporous silica for drug delivery systems

Since the discovery of ordered mesoporous silica materials in 1990s, synthesis and
applications of mesoporous solids have received impressive consideration dug to the
highly ordered structures, large pore size and high surface area. In theepade,d
mesoporous materials have found a lot of applications in separation, catalysms serd
devicegq99], [100].

Ordered mesoporous silica, which were prepared using surfactants as stlirettineg
agents, were produced with hexagonal and cubic symmetries and pore sizes rangihg fr

to 10 nm. Basically, silica synthesis requires the addition of one silica s@towe an
inorganic source as sodium silicate solution or from an organic source as tetraethyl
orthosilicate (TEOS)) with the surfactant template. In the scheme bemwgeethe

procedure to synthesize mesoporous matefiadgi(e 1. 15).

T Silica Source

template )

*Sodium silicate solution

TREATMENT

*Aging Silica Mesoporous
*Filtration Material
*Calcination

Figure I. 15 Synthesis of silica mesoporous materials
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Since thework carried outby ValletRegi et al. in 2001using MCM41 as a new drug
delivery system[101], a lot of investigations have been done in this area developing
different types of mesoporous materials with varying porous structures and fuliti®na
for sustained drug release astisinuli-responsive release.

Table 1. 2 presers the different porous structisef some ordered mesoporous silica,

which have been employed for drug delivery.

Table I. 2Porous structures of ordered mesoporous silica [102].

Mesoporous Pore diameter Structure

solid nm

MCM-41 2-5 Hexagonal 1D chanel

MCM-48 2-5 Bicontinuous 3D

SBA-15 5-10 Hexagonal 1 D chanel

SBA-16 Min 1-6; max 4-9 | Body center arrangement of cag
SBA-1 2-4 Cubic 3D

SBA-3 2-4 2D hexagonal

MSU 2-5 2D hexagonal

HMS 2-5 Hexagonal

Due to stable structure and wdkfined surface properties, ordered mesoporous materials
seem ideal for encapsulation of pharmaceutical drug, proteins and other biogenic
molecules. It has been shown that both small and large moleseéadrugs can be
entrapped within the mesopores by an impregnation process and liberated via ardiffusi
controlled mechanisniThe reasons fothe high impact of these materials in the field of
biotechnological researabbased on their properties ¢figure 1.16):

— An ordered pore network, which is very homogeneous in size angsafioe

control of the drugelease kinetigs

— A high pore voluméo host the required amount of pharmaceuticals,

— A high surface area, which implies high potential for drug adsorption,

— A silanolcontaining surface that can be functionalized to allow better control over

drug loading and release.
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Pire FUNCTIONALISATION GROUP
, -Si-CH,
diameter Si-CH,-CH,-CH,
-Si-CH,-CH,-CH,-CH,

-8i-CH,-CH,-CH,-CH,-CH,-CH,-CH,-CH,
-Si-CH,-CH,-CH,-NH,
-Si-CH,-CH,-CH,-SH
-Si-CH,-CH,-CH,-CN
-8i-CH,-CH.-CH,-COOH
-§i-CH,-CH,-CH,-CI
-Si-Ph
-Si-Bz
-Si-CH,-CH,-CH,-N*-(CH,),
-Si-CH,-CH,-CH,-N*{CH,),(CH,),,CH,
External -i-CH,-CH,-PO-{O-CH,CH,),
surface -Si-CH,-CH,-CH,-OCOC(CH,)=CH,

| -Si-CH,-CH,-CH,-NH-CH,-CH,-NH,
Pore volume [-Si-CH,-CH,-CH,-NH-CO-NH-PPI(NH,),

PPI= Poly(propylene imine) dendrimers,

Functionalisation xe3,7and 15

Figure I. 16 The properties that have fuelled the use of ordered mesoporous silica as drug
delivery systems [103].

[. 4. 2. Ocular medical devices

Anatomy and physiology of the eye makes it a highly protected organ, vesicicts the
admission of drug molecules and hinders reaching optimal drugectation at the
required site of actiof32], [104]. As mentioned above (section I. 3. 2. 6), centional
delivery systems such as: eye drops, suspensions, ointments and local injectiarisean n
considered optimal. Indeed, these formulations do not offer adequate bioavailability due t
the washing off of the drugs from the eye or structural and physiological bavheis

limit the penetration of administered actives into the ocular tissues

Some of the newer methods for administrating ocular dmgsoneedles, Hsitu gelling
systems, implants and intr@adar lenses, are bravely discussed heredfiece a part of

our experimental research work was carried out on the preparation of drug delivery
systems based on intraocular lenses, thipkstvill be detailed separately in the section I.

4. 3.

[. 4. 2. 1. Microneedles
Microneedle based technique is an emerging and minimally invasive mode of drug
delivery to posterior ocular tissugg05]. This technique can provide more localized and

targeted delivery of ophthalmic drugs than traditional drug delivery methods, with rhinima
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drug loss and tissue damag®licroneedles are §d or hollow needles of micrometric
dimension andwere designed to create micrsize pores in the tissu€his would enable
delivery of free drug or drugneapsulagd within nanoparticles or microparticles for
controlled release over time within the scl¢t@6]. Drug could then diffuse from the
sclera to neighboring choroidal and retinal tissues to treaasks of the posterior
segment of the ey@07]. Microneedles are custom designed to penetrate only hundreds of
microns into scleréhus avoiding damage of deeper ocular tissues [105].

This new microneedle based administration strategy may reduce the risks and
conplications associated with intravitreal injections such as retinal detathmen
hemorrhage, cataract, and endophthalmitis. Moreover, this strategy may helpriwveirtu

blood retinal barrier and deliver therapeutic drug levels to retina/choroid.

I. 4. 2. 2.In-situ gelling systems

In-situ forming hydrogels refer to polymer solution which can be administered as liquid
upon instillation and undergo phase transition in the oculade-sac to form viscoelastic

gel. In-situ hydrogel formation provides a response to environmental changes since
gelation can be triggered by variationstemperature or pH105], [108] It is widely
accepted that increasing the viscosity of a drug formulation in the precorgeal vell

lead to increased bioavailability due to slower drainage rate from the cornea. Mptieeve
efficacy of ophthalmichydrogels is mostly based on an increase in ocular residence time
via enhanced viscosity and mucoadhesive properties [108].

Different polymersare used for this irsitu gelling system according to their sensitivity.
We can cite among other polymerspoloxamers, multiblock copolymers made of
polycaprolactone, polyethylene glycol, poly (lactide), poly (glycolide), poly
(Nisopropylacrylamide) and chitosan [109].

I. 4. 2. 3. Implants

Drug loaded ocular implants aoee dosesystems of drug and polymeric materials, which
can release the drug at controlled rate without interfering withighenv Implants can be
localized within the anterior or posterior segments, through a simple surgical iatiplant
Compared to traditional methods of drug administration to the eye, ocular implaats ha
many advantages, including enhancing drug bioavailability and sustaining the drug

delivery in controlled therapeutic levels directly to the site of actimh laypassing the

36



Chapter |: Drug delivery systems

blood-brain barrief105], [110] as well as improving patient compliance.

In general, subconjunctival implantation is used for anteggment diseases, whas
intravitreal and suprachoroidal methods are typically used to treat postegioent
diseases. Intrasceral implants can be used for either. A significant amourdsufvar can
occur, and a drug may be delivered to both segments regardless of placement [111].
The structures of polymeric devices for controlled and sustained release afedlass
non-biodegradable and biodegradable. Nwodegradable implants have the advantage of
steady, controlled release of a drug during potentially long periods of time (yearieand t
disadvantage oflifficulty of removal and/or replacement when the drug is depleted.
Biodegradable implants have the advantage of being able to be fashioned into many shapes,
they do not require removal and they increase the half-life of the drug Sehigral

implants are undergoing clinical trials while a few are already commerciglizaf

I. 4. 3. Intraocular lenses

Contact lenses were initially successfully used as drug delivery sygté&BijsCurrently,

several approaches are under study to endow intraocular lenses (IOLs)evatfility to

host drugs and torplong its release in order to treat various ocular diseases.

Among other diseases, cataract is the most common cause of blindness and severe visual
impairment worldwide. The number of patients with cataract is continuously in@easin
[114]. Currently, about 2 million people have their cataractous lens removed anedeplac
with an intraocular lens (IOL) each ydad5].

The surgery involves implantation of an artificial intraocular lens tdacepopacified
(damaged) natural crystalline lef&l4]. It is generally considered as safeowever,
postoperative endophthalmifis16], [117], a rare but potentially devastating infection, and
posterior capsular opacification, a less serious but much more common posteperati
complication[118]-[121], may occur.

To prevent short and longterm complications, a concentrated solution of -anti
inflammatory or antibiotic drugs isjected (subconjunctival, topical, intracameral or
intravitreal) in the eye after cataract surggrd6]. The efficacy of this treatment is limited
either die to poor drug bioavailability across the blammlilar barrier§122] orserious side
effects[115].

Significant advances have been made in developing new treatments for the prevention of

ocular risks following cataract surgery. The advent of new technologies opens the door
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new controlled drug delivery systems to prevent postoperative complications. The drug
IOL combination may be the result of loading commergradivailable IOLs with specific
drugs or of design of IOLs with particular composition in order to improve drug loading
and to achieve efficient control of reled%23].

Different types of IOLs are used for the treatment of cataract. From the timelley'Ri

first lens implantation (IOL without drug) (1949/195Q)24], the evolution of IOLsn

form, composition and uss divided into six generations as referred in Table I. 3.

Table |. 3Evolution of intraocular lensg$25].

Generation Dates and types (ppoximate)

I 1949-1954
Original Rideley posterior chamber.
PMMA IOL manufactured by Rayner, LTD., U.K.

Il 1952-1962

Early anterior chamber lens.

M 1953-1973
Iris-supported, including iridocapsular IOL implanted after

extracapsular cataract extraction (ECCE).

A\ 1963-1992

Transition towards modern anterior chamber IOLs.
\% 1977-1992

Transition to and maturation of posterior chamber lenses.
Vi 1992-2000

Modern posterior chamber IOLs.

Several types of IOLs are currently available. IOLs can be differentiatedenedif ways.

The most important of these classifications are showabte I. 4.
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Table I. 4Classification of IOL4126].

Implantation site/type Capsular bag, ciliary sulcus, scleral fixation, iris
fixation, angle supported

Overall design 1 piece /3 piecés

Optic materials Rigid (PMMA), foldable (hydrophobic acrylic,
hydrophilic acrylic), flexible (silicone);ollamer

Refraction index 1.42-1.55

Optics shape Biconvex, plancconvex, meniscus

Overall length 1013 mm

Optics diameter 5-7 mm

Optics design Spherical, aspheric, toric multifocal, multifocal toric

Optics color Transparent, tinted

Haptics properties 1 piece/3 pieces (PMMA, PVDF, polyamide, 2, 3, 4, {
haptics)

Type of implantation Injectable, not injectable

Type of packaging Preloaded, not prdoaded

* |OL consist of small optics with side structures, called haptidgch can be prepared

from the same material (1 piece) or different materialsi€¢8es).

Generally, IOL materials fall into three groups, acrylate/methacrylate podyrsilicone

elastomer andatlamer[127] as illustrated ifFigure 1. 17
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Figure I. 1710Ls a) PMMA, b) foldable hydrophobic) foldable hydrophilic acrylic, d)
silicone, and d) @llamer[126].

I. 4. 3. 1. Hydrophobic acryliclenses

— Poly (methyl methacrylate)lenses
Thefirst hard or rigid polymeric lenses were those manufactured by Kevin Tuohey in 1948
from PMMA. PMMA lenseskigure 1.17, a) arepreparedrom rods orbuttons of PMMA
obtained by bulk freeadical polymerization of methyl methacrylate. It is a rigid and non
foldable hydrophobic material (water content <1%). The refractive ind&xd% and the
usual optic diameter is-5 mm. PMMA is rather hydrophobic but becastightly more
hydrophilic after contact with water as indicated by a decrease in contac{ig]le
PMMA IOLs present goodptical properties, are light in weighand have acceptable
surface wettability and exceptional durability. However, the low oxygen permeadfilit
this material limits the longerm wear of these lenses.
As already mentioned, acrylic PMMA polymer wa®disn the first implantation of IOL
performed by Harold Ridley in 1949. It is still a popular material for IOL optic and
remains the standard against which other materials are conjha®dPMMA lenses are
usually thin as the rigidity of the material balances the low refraction indewever,
because of the required large incision, PMMA IOLs are seldom preferred today. They are
still currently used in developing countries because of the low cost, and in children

treatment given the proven long life in implanted eyes [130].
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— Foldable hydrophobic acryliclenses
Hydrophobic foldable acrylic materials are a series of copolymers of acrylate and
metharylate derived from rigid PMMAThe typicalwetting contactangle with water is
73° [131] Hydrophobic foldable acrylic lenses can be folded, pushed and ;pailemlys
regaining their original shape in a matter of secda82]. Hydrophobic acrylic IOLs are
availablein 3 piece or 1 piece desigifthe last design is presented in tRgyure 1.17, b),
optic diameter between 5.5 and 7.0 nandoverall length between 12 and 13 mit26].
These acrylic polymers are synthesized from esters of acrylic or methacrylic acid and they
are foldableunder room temperature. This facilitates folding and insertion through a
smaller incision.The materials have very low water content and higher refractive index
(1.55) than PMMA or silicone, making them among the thinnest of available lenses.
Furthermoretheir hardness is temperature depender he lens isigid like PMMA at

temperaturelower than room temperatuf&33].

I. 4. 3. 2. Hydrophilic acrylic lenses

Hydrophilic acrylic materials (Figure 1. 17, c) are composed of mixture of
hydroxyethylmethacrylate (polMEMA) and hydrophilic acrylic monomed34]. These
lenses are cut in the dehydrated state and then hydrated and stored in solutisatethe
content between IOLs varies widely and can be as high a3} Hydrophilic acrylic

lenses are soft, somewhat compressible, and have excellent biocompatibility bécause o
their hydrophilic surface. Thevetting contact agle with water is lower than 50°. Most
IOLs are single piece and designed for capsular bag implantation with few ereepti
Hydrophilic acrylic material is the easiest to handle and can be implantedhhaovery

small incision (2nm).

I. 4. 3. 3. Silionelenses

Silicone was the first material available for foldable IOLs. It is composed of posywith

a dialkyl or diaryl siloxandunctional groups, and the simplest is polydimethylsiloxane
[116]. Silicone (Figure 1.17 d) is hydrophobic with a contact angle with water of 99°,
higher than that of hydphobic acrylic materials. The refractive index is usually between
1.41 and 1.46andthe optic diameter ianges fron5.5-6.5 mm[133]. Current models are

3 pieces with PMMA, polyvinyl difluoride (PVDF) or polyamide haptics. Because of the
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low refractive index, the optics is rather thick, requiring incisions larger than r8.2om

implant higher power lenses. These IOLs are no longer used nowadays [126].

I. 4. 3. 4. Collamerlenses

Collame is the name of the material used exclusively by STRARrgical company. The
name comes from the combination of ‘collagen’ and ‘polymer’. These (Bigsire 1.17,

e) are composed of a hydrophilic porcine collagen (<0.1%)/hydroxyethyl methacrylate
copolymer with an ultravioledbsorbing chromophore [23]. IOLs made froatllamer are
highly biocompatible, and easy to implant becausthefsoftness of the materigd!35].

Indeed, water content is very high, at about 40%, which makes this material v¢i\3B6pft

Several methods of preparations of drug delivery systems, according to the type of I0OLs
presented above, were used in the literature. The preparation of drug deliveryissys
based on PMMA and-PEMA IOLs was the core of our work. Thosénés of drug
delivery systems have not been yet commercialized; the different past or oregsagch

works dealing with the loading of IOLs will be detailed in chapter II.

I. 4. 4. Other systems

Some other novel drug delivery systems such i@sospongescyclodextrins, virussand
iImmunoconjugateare briefly presented in the following section.

Microsponge delivery system is highly crdssed porous polymeric microspheres that
can entrap wide range of active ingredients and then release them cskimtbeer a time

and in response to trigg¢t37]. Microsponges are biologically safe and offer unique
advantages of programmable release. This technology is believed to contiatdst
reduced side effects, improved stabibtyd enhanced formulation flexibilifyt 38]-[140]

This technology is being used for topical formulations and also for oral administration
[141].

Cyclodextrins (CDs), with lipophilic inner cavities and hydrophilic outer susfaeee
capable of interacting with a large variety of guest molecules to form noeobval
inclusion complexes[142]. They are widely used as "molecular cages" in different
industries such as agrochemicals, foods, pharmaceuticals and cosmetics. In pharmaceutica

industry they are used as complexing agents to increase the agueous solupdibylyf
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soluble drugs and to increase their bioavailability and stabjlig3]. In addition,
cyclodextrins can be used to reduce gastrointestinal drug irritation, convert digigs
into microcrystalline or amorphous powgdand prevent druglrug and drugexcipient
interactions.

Virus particles typically consist of several hundreds to thousands of proteinuteslec
which selfassemble to form a hollow scaffold packaginguinal nucleic acidViruses are
potential vehicles for drug and gene therapies due to their natural ability ¢b Spéific
cells and transport genomic materials to the nucléss an emerging and important
nanocarrier platform, virubke particles dfer the great advantages of morphological
uniformity, biocompatibility, and easy functionalization.

Immunoconjugates consist of three separate componamtsn@clonalantibody that binds
to a cancer cell antigen with high specificity, an effector molecule that has a hagtitgap
to kill the cancer cell (drug), and a linker that will ensure the effector doesepatate
from the antibody during transit and will reliably release the effectdrgacancer cell or
tumour stromg144]. The idea behindhis technology is to target potent drugs to the
specific site by using the specificity of monoclonal antibodies thus avoidingangeted
organs toxicity[145]. These immunoconjugates can be used across a wide spectrum of

diseases by selecting the appropriate molecular dorfizi6§

[. 5. Conclusion

The sustainedrelease drug delivery systems should be at a desirediciai@e and
reproducible rate.The ideal drug delivery system should be inert, biocompatible,
mechanically strong and comfortable for the patient.

Several drug delivery systems were presented in this chaptdeefficacy of drugs were
generated based on composition/physical state, mechanism, and route of adimmddtra
a drug delivery system. Aibliographic review of the state of the art in drug delivery
systemawas also presented in order to give the technical basisdoesh ofthediscussion

in the other chapters.

In this PhD work, w are interesteih the elaboratiorof two differentdrug delivery
systems througbkupercriticalimpregnation process. Polymeric suppavese usedor the
elaboration ofocular medical deviceapplied tocataract surgery and mesoporous silica
was used as support for the elaborationlagage form$or oral administration of poorly

watersoluble drugs. Thereafter, the impregnation processes for the formulation of both
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systens aswell as the characterization and the parameters influencing impraegmatio
be detailed in the chapter Il. The impregnation results of both systems will lemtpces

and discussed in the chapter Il and IV respectively.
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[I. 1. Introduction
Advanced drug delivergystems present indubitable benefits for drug administrabaoung
delivery systems are designed to release the active ingredients in a contrafiedr,m
optimizing thus their bioavailability and decreasing potential side sfiecivell as to target a
specific site in the body. For most applications, in order to achieve an effectivpythéra
drug should be dispersed in a matrix at a molecular level. One route toagdadich systems
is impregnation which can be conducted in liquid or in superaritedia.
Impregnation by soaking into liquid consists in putting in contact over a given duration a
solution containing the solute to be impregnated, with an impregnation supefatring to
the literaturetwo types of impregnation supports were usethost casefor the elaboration
of drug delivery systems: organic compounds such as polymers or inorganic compounds such
as mesoporoussilica. Different solutes are used in literature according to the relative
application such usctive ingredients fopharmaceutics and cosmetics, dyes for textile,
fungicides for wood industry, aroma and food coloring for food industy,
The standard way for such preparations involves the following steps:

— Dissolution of the solute to be impregnated in an appropriate solvent;

— Partition of the solute between the solvaok phaseandthe impregnation support,

— Elimination of thesolvent.
This relatively simple method is only adequate for drugs that possess affititythei
impregnation support and that, consequermiy, be ugaken and retained within. In addition
to the match of the chemical groups of the drug and the impregnation support, several othe
factors €.g., drug concentration in thenpregnation medium, impregnatialuration, pH of

the solution, temperateyetc.) are involved in theletermination of the drug loading yield.

Residual solvents in pharmaceuticals are definedbkdile organic chemicals (VOC). Since
they can be toxic, all residual solvents should be removed to the highest pessHoie
possible to meet product specifications, good manufacturing practices, or othigrlopsed
requirements. Solvents are classified by the European Medicines Agdi¢y 2k
— Class I: solvents to be avoided (known human carcinogens, strongly suspected human
carcinogens and environmental hazard),
— Class IlI: solvents to be limited (n@enotoxic animal carcinogens or possible
causative agents of other irreversible toxicity sucheasatoxicity or teratogenicity),

— Class IlI: solvents with low toxic potential (solvents with low toxic potential to man;
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no health-based exposure limit is needed).

Despite the step of removing solvent@mventionaimpregnation, the impregnated support
is not totally free of solvent and traces may induce a certain toxicity of the drug dtionul
The presence of significant amounts of resiagughnic solventgto matrices impregnated in
liquid media remains onef the main drawbacks of the soaking into liquid method.
Alternatively, a solutanay be loaded inta supportusing supercriticalfluid impregnation
This techniquehassuccessfully proved its applicability to the preparation of drug delivery
systemsThe interesbf supercritical impregnatiorelies mainly orthe opportunity to utilize
the specificsupercritical fluid properties (higtiensity, low viscositydiffusivity higher than

the ones of liquidslow interfacial tensionetc.). Thanks to those properties, the solute to be
impregnated may be easily and rapidly tramsf inside the solid support of impregnation.
Moreover, if carbon dioxide is used, the process of impregnation can be perforradteat
moderatetemperaturein comparison with soaking into liquid methdéurthermore, C®is
released spontaneously from the final product upon depressurization at the engroteiss,
reducing thus the number of unitary operations often used inentioal processes for
products purificationLastly, t may bethen possible to improve efficiency adrug loading
and releaseompared tahose achievable by conventional preparation technique, while using

a more environment friendly technology.

In this PhD study, we are interested in tiaboration oftwo different forms ofsustained
releaseddrug delivery systemghrough sipercritical impregnation gbharmaceutical active
ingredients inwo types ofsupports, polymeric intraocular lensesed n cataract surgerfpr
the elaboration of ocular medical devices and mesoporous silica for the elaboratidatdé
dosage forms for oral administration of poorly water soluble drugs.

In this dhapter,generalities about supercritical fluids and their properties arepfiesented.
Then, supercriticalimpregnationprocess principle and modase presentedA bibliographic
review of the state of the art sfipercritical impregnatioonf polymers focusingon ocular
lensesas well asof mesoporoussilica are then detailed in two separate subsections
Characterizations ofeach system involved mechanisms angbarameters influencing

supercritical impregnation are presented.
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[I. 2. Supercritical impregnation

II. 2. 1. What is asupercritical fluid?

Supercritical fluidgSCFs)have received a great interest within the research community over
the last decades because of their unique properties which are midway betweet liqogs

and gases.A supercritical fluid is defined as a substance for which both pressure and
temperature are above the critical valuEgre 1l. 1). Above this critical point, a sgle
phaseis presentwith unique properéis such as liquitlke density,gaslike viscosity, low
interfacial tension and higher diffusivity than liquids. As an examplable Il. 1gives the
physicoechemical properties of carbon dioxide, the most used fluid for supercritical
applicatiors. In particular, arbon dioxide (COz) has many properties that make it an
attractive solvent, includingot flammable and not toxic, and environmentally benign nature
when compared to organic solven®O, present mild critical conditions especially in term of
temperature (P=7.38MPaand Tc = 304.06 K).

10, 000
1000 - e
Py Supercritical
— Fluid
£
—
£ 100 1
-
@ Critical Point
5]
put
= 10 + Gas
\Triple Point
1 T T T ] 1 1 1
-50 0 50 100
Temperature (C)

Figure Il. 1Schematic PI phase diagram of Carbon dioxiiB3.

CO2 has been proposed as a “green” alternative to traditiioped organic solvent because it
is neither regulated as MOC nor restricted in food or pharmaceutical applicatiphls
exhibiting tunablesolvent power in most applications. The main interest of supeattitiids

is related to their adjustabpgoperties, that can be changed easily by monitoring pressure and
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tenperature within theupecritical region[5]. The experimental conditions can be therefore

adjusted according to the targeted specifications.

Table II. 1 Physico-chemical properties of carbon dioxide.

Temperaturg Pressure| Fluid nature Density[6] | Diffusivity [7] | Viscosity[8]

K MPa kg.nm3 m2.st Pas

313 0.1 Gas 1.7 5.1x10° 1.6x10°

313 10 Supercritical 631.7 1.4x108 4.8x10°
fluid

300 50 Liquid 1028.9 8.7 10° 1.33x10*

SCFsare involved in numerous industrial proeesand have potentially wide fieddof

applications Current applications include extractiamd fractionationcleaning of electronic
and optical deviceschemical reaction(such as:polymerizationand oxidation) waste
treatment andecycling, soil remediatignaerogelselaboration crystallization and particle

generationnanomaterials preparatioooating and impregnation.

II. 2. 2. Impregnation processes

SCF technologys an attractive alternative fdhe formulation of pharmaceuticals systems
Supercritical fluids are thérst choice vectordecausehey possessa rathergood solvent
powerand their specific propertiess detailed aboveallow thediffusion of the supercritical

fluid phase deeplinto the impregnation solid support.

Supercritical processesnableto obtaina more homogeneousnpregnated matrixwith
shorter processing duration compared to conventional soaking into liquid technolgbes

the impregnation igperformedwith scCQ and without the addition of a wlvent, the
impregnated support is then totally free of traces of residual solvent.

In general, the principle of supercritical impregnation consists in solubilizingdlwe of
interest in the supercritical phase which carries it within the impregnatpport through
diffusion phenomena. During the contact duration, the solute mleka@re partitioned
between the fluid phase and the impregnation support. At the end of the process, during the
depressurization step GQOs released and the solute is entrapped within the impregnation

support.
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The supercritical impregnation process dsn carried out either in a batch or in a semi
continuous mode; using one or two autoclaves. In the latter case, a first highepoetur
called extractor or saturator, generally equipped with a stirring system is usdubibze the
compound of interest in the supercritical phase. The impregnating support is placed in a
second high pressure cell, called impregnation cell. When operating in a dynaagc m
(semicontinuous process), a continuous flow of the supercritical fluid sweeps abeoss t

extractor and the cell of impregnation for a given t{fmigure Il. 2).

— |

Co, |1

g=1 | |
-7
2 3 4 IL—L
ﬁ%gzﬁ—@mj

Figure Il. 2 Supercritical impregnation sep using two autoclavegl) CQ; cylinder, (2)
Cooling bath, (3) High pressure liquid pump, (4) Heating bath,g&)r&tor cell, (6and (9)
Agitators, (7) and (10 Thermostat ba#) (8) impregnation cell, (11) and (12

Depressurization valves.

In a bathh mode a process basexh a single high pressure cell is generally ugédure 11.3).

In that casethe solute and the impregnaticsupport are initiallyplacedtogether in the
autoclave.The high pressure cell is heated to reach the desired temperature &natl tise
introduced into the cell until the workingpnditionof pressuras reached. The system is then
left for a given time corresponding to the fixed impregnation duration.

Once the impregnation phase is finishethe system is then depressurized at a
depressurization rate which must be controlled to avoid an eventual desorptibe of t

impregnated solutf®].
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—
| e (o]

Figure Il. 3Supercritical impregnation sep using one autoclavél) CC: cylinder, (2)

Cooling bath, (3) High pressure liquid pump, (4) Heating bath, (5) High pressure cell, (6)
Agitator, (7) Thermostat bath, \®epressurization valve.

When impregnation is carriedut using a ceolvent, a supplementarwashing step is
performedto avoid the condensatioifor precipitation of the co-solventin the autoclave
during depressurization. This step consists in washing the high pressure cgureittow

rate ofCOz or with an inert gas, so as temove the caolventwhile avoidingextracting the

impregnated solute.

The performance of the impregnation process depends on the solubility of the solute of
interest in the fluid phase but also on its ‘affinity’ with the impregnation mathg. Balance
between these two phenomena can be characterized thhmugartition coefficienK, which
corresponds to the ratio of the equilibrium concentrations of solute in the impoagmatrix

(C solutesuppat) t0 that in the scC®phase (Goluteco2).

K = Csolute—support Eq 1

Csolute—-Co,
To apply successfully the supercritical impregnation, the drug to be impreghatdd be
soluble in the fluid phasand the partition coefficierdf the drug should be favorable enough
towards the impregnation support to enable sufficient impregnation amounts.
Several applications of supercritical impregnati@ve been reported literatureduring the
lasttwenty years. Objectives may be different from one application to another.rgjaedan

be to elaborate sustained release systems, like in thils ot it also can be to protect a
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support or change some properties of a matrix (like for example dying). Diffeceks are
reported in literature describing the impregnatiobiotides into wood and wood composites
[10], the polymer composite preparation by monomer impregnatigoolymerfollowed by
in-situ polymerization[11], carbon-carboor ceramic precursoffer improving the oxidation
resistance of carbdi2], paper impregnation for a deacidification and reindonent process
for damaged bookEL3], and thempregnation for drug deliverjl4]. Anotherprocess for
online impregnation after extraction, especially attractive for natuoalupts, processing as

one sole operation leads directly to the usable product [15].

In this work we are interested in the preparation of sustained release drgyydsjistems,
sincetheycanprovidelower and sustainedosageshrough a drugelease in the affected site
by diffusion or surface erosipmcreasg thusits therapeutic effect and impriog the patient
compliance.Those system$iave also proven to be more effective and safe compared to
conventional immediate release dosaGéapter ). Different carriers can be used for the
elaboration of drug delivery systems and the impregnation phenomena are dependent on the
considered systemAs previously mentionedthis study focuses on thelaboration of
sustainedeleasalelivery systemghroughsupercritical impregnation of differeAiPIs in two
different impregnation supports: polymeric suppautsed as ocular medical devicaesd
mesoporous support usedeaxipientfor the elaboration oral dosage form.

Supercritical impregnation mechanisms are different according to thedujpport. Indeed,
unlike in silica, dissolution of supercritical GQvithin polymers (CQ absorption) oaars
during the impregnation process, resulting in polymers swellingplasticization.

For this purpose,he characterization oktach impregnation systeifpased onpolymeic
supportand mesoporous silicand the corresponding involved mechanisms @ar@dmeters

influencing impregnation are presented in two different subsections.

Il. 3. Polymeric drug delivery systems

Polymers used for controlled drug release are often called therapeutic polymeeeHow
these systems do not have specific therapeutic activity and are considepedpients in
pharmaceutical formulations?olymers occupy an outstanding position thuéhe versatility
of the synthesis routegheir possiblebiocompability(and sometimes biodegradabilitghd
the possibility of tuning their features and performances to fulfill the need®f particular

application.Controlled drug dlivery occurs wen a polymer, whether natural or synthetic, is
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judiciously combined with a drug or other active agent such a way that the active
ingredientis released from the material in a predesigned mahh@meover, polymersan
finely regulate the site and thrate at which the drug is released from the formulation,
improve drug solubility, contribute to the stability in the physiological environmeskthe
unpleasant taste of a dragd help the drug to overcome the cellular barriers.

Severalchemical naturesf polymers have been tested as potential drug delivery systems,
including: Poly (2hydroxy ethyl methacrylatePoly (2hydroxy methyl methacrylatePoly (N-

vinyl pyrrolidone) Poly (methyl methacrylatg)Poly (vinyl alcohol) Poly (acryic acid),
Polyacrylamide Poly (ethyleneco-vinyl acetate) Poly (ethylene glycoland Poly (methacrylic
acid) However, in recent yegrsadditional polymers designed primarily for medical
applications have entered the area of controlled release. Many of these materials aszldesign
to degrade within the body, few of them among these inclirtidylactides (PLA)
Polyglycolides (PGA), Poly (lactidee-glycolides) (PLGA) Polyanhydrides, Polyorthoesters.

An extensive part othis work focuses on the impregnation of two kinds of polymeric
intraocular lenses (PMMA andiPEMA) used for cataract surge(@€hapter I, section 1. 4. 3).
The development of drug incorporated in IOLs allowsdbm@bination of the cataract surgery
and postoperative treatment in a single procefll6k It can provide a prolonged intraocular
release of aniinflammatory and antibiotic agents after surgery leading to improvezheyt
reduced toxicity, and better patient compliance [17].

The classicalsolvent method(soaking into liquid) used initially and widely for the
impregnation of contact lensgk8]—-[22], consists irdispersing the drug in a polymer matrix.
First, the drug is dissolved &n organic solvent anthe polymeris putin contact with the
solvent containing the drug, then the drug can diffusgde the polymer Diffusion
phenomena can be enhanced if the polymeric network is swollen in the presence of the
considered impregnation solveAt the endof impregnation, the organic solvent is removed.
The same method was used for the impregnation of IOLs with ophthalmicHEygman et

al. in 1989[23] have studiedn-vitro andin-vivo uptake and release ofhfdramphenich
Dexamethasone, Epinephrine, Pilocarpine, and bovine serum albumihlBWA 10Ls with
that of the intact crystalline lens of humans and rabBkperimentshows that the IEMA
absorbdrugs in a similar mannéhan the natural crystalline ey@$e authors conclude that
the IOLs studied cannbiehaveas sgnificant reserves of drugs in the eye.

The study of Chapman at. [24] have completed the previous stytiyermanet al.) on drug
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interactions withP-HEMA 10Ls, considering other polyme(®MMA, Acrysof, and two
types of silicone lensegnd other drug (éntamicin) The impregnated amounts obtained
were low (few ng/mg lens) and thB-HEMA lenses presents the higher uptakel release
compared to the others lensBespite the greater uptake and relealsB-HEMA IOLs, the
maximum drug uptake would only provide etemth of the greatest aqueous humor
concentration that occurs after topical drug administrafibrs researoérsconcludes that the
IOL can not provide sufficient quantities of drugs in the eye.

El Meskiet al. [25] proposedh method for incorporating a drug solutigvater/ethanol at 57
wiw % of ethanolsaturated indrug) in a polymer involving a drying step at the end of
impregnationto evacuate theolventvehicle.Aiacheet al. [26] havecompletedthe research
of El Meskiet al and they havg@atenteda method foimpregnation by soaking into liquid of
IOLs from different natures (PMMA, HPIEMA and Silicone) with different drugs
(Diclofenac, Indomethacine and Dexamethajoriéhe impregnation was performed on
commercialized I0Ls and in blanks shaped dsgsallets of polymers (which will be cahd
machined in the shape of IOLs at the @hdmpregnation) in drug solutiofwater/ethanol at
57 wiw % of ethanol saturated imug). Impregnations were followed by a drying step at the
end ofprocessin order to evacuate the solvanixtures The inventors have demonstréte
thatif drugs are sufficiently soluble in a solvent to diffuse into the polymer, impriegnags
significart (e.g,. can reach 33@g/ml in the release solution for the impregnation -t:iEMA
with Diclofenac)

The inventorshave implantedmpregnated I0Ls (PMMA and-AEMA) in the anterior
chamber of theone eye of rabb#. Samples of aqueous humor and plasma were taken at
random intervals and analyzed by higlsformance liquid chromatography. Clinical
examination showed that the inflammatory reactions had disappeared by théaterfitbm
implantation It can therefore be concluded that the clinical resuttssatisfactory and that
this impregnated 10Ls emphasizes the benefit of localizing the distributiorugftd the
immediate vicinity of the action sites, in order to limit the doses of drug deliveretheneye

and to avoid the drug having any unwanted action in other parts of the body.

One of the main drawbacks of this classical impregnation technique is the dgmg s
Actually, it is practically impossible to remove completely the solvent and the resavent
may induce a certain toxicity effect for patients. Several other manufacturing peedesse

been developed to produce drug delivery based on contact lenses such as molecular

65



Chapter I1: Supercritical impregnation

imprinting [27], [28], miscellaneou$29], ion ligands bindind30], [31] or particularladen
contact énses [32], [33]. Nevertheless, these conventional techniques have some
disadvantages such alsigh processing temperatures thain cdeteriorate thermosensitive
active pharmaceuticahgredients, or the use of organic solvents that must be removed
through numerous pification steps to medfMA's requirementg[34].

To overcome the abovmentioned limitations, the supercritical impregnation process has
been proved todan alternative green process orarmaceutical§35]. The activity of the

drug molecules is preserved notably because supercatidabn dioxide (scC¢) processing

can be operateat moderate temperaturs].

The preparation ofcontrolled polymeric drug delivery poducts with supercritical
impregnationfor ophthalmic application hagceived attention in the last yeafhe use of
supercritical fluids especially supercritical carbon dioxide (sg@@n take advantage of their
high diffusivity in polymers, in combinatiorwith solubility and plasticizing action.
Consequentlycompressed Cfcan be used aswectorto carry the drug into biocompatible

polymers.

[I. 3. 1. Characterization of the system polymedrug-CO:

The supercritical C® impregnation proess involves three component€O: as an
impregnation vector, the APl as a product to be impredreate the polymer matrix as an
impregnationsupport.Different interactions are involved in sc€@npregnation process as

presented in Figure Il. 4.

Supereritical carbon dioxide

: Solubilization Swelling
H I
1 o ) na . . . . . "
i Partition Plasticization :

Drug > Polymer

Interactions |

Figure Il. 4Interactions governing supercritical impregnation
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II. 3. 1. 1. PolymerscCQO,

The supercritical impregnation can take advantega theabsorption ofscCQ in polymers
leading to their swelling and plasticizatif@v]. It is possible to tune the degree of polymer
swelling by modifying the sorption degree whilarying scCQ density. The process of
diffusion of the drug within C@&swollen wlymer can therefore be controlled to obtain
desired amount of drug into the polymer support [38].

The absorption of scC®@ into polymers results in their swelling and changes the mechanical
and physical properties of the polymers. The most important effect is the reductioa of t
glass transition temperature (Tg) of glassy polymer subjected tozsa@ién simply called
plasticization.

The plasticization of polymeesultsfrom the ability of CQ to interact with the basic sites in
polymer molecule$39]. As for example,we can dee the interaction between GGand the
carbonyl group in PMMA, which has been suggested to be dfeWwes acidbase typd40].
Such interactions resulin enhanced segmental and chain mobility and an increase in
interchain distance [41]. Thus, increased mobility of the ester groups in PMMA was
observed aB13 Kwhen a PMMA film was subjected to sce@t a pressure df0 MPa In

the absence of COmobility of the ester group is only observed when the PMMA is heated
above its glass transiticemperature378 K). This example demonstrates how the effect of
scCQ mimics the effect of heating the polyniée].

One weltknown effectof COz is then to reduce the Tg for many glassy polyn{éxsm 5 to

28 K/MPa) according to the considered syst¢#3]. When the interactionsbetween scC®

and polymerare stronger, the Tigeductionis more importan{such as in the case of PMMA,
Figure II. 5. Handaet al. [44] have dempstrated that the Tdecreasef PMMA (12 K/MPa)

was higher than that of3?(9 K/MP3) in the same conditions. An explanation couldhatin

the case of PMMA, the presenceoafygen atom@romotes the interactions with sc&O

67



Chapter I1: Supercritical impregnation

1.0
09 Py # Handa et al. 1996
0.8 B Wissinger et al. 1998
*
0.7 * A Alessi et al. 2003
*
0.6
«
= 0.5
_‘g‘[ 0.4 [ ] A
© 03 [ A
0.2
0.1
0.0
0 2 4 6 8 10 12
P (MPa)

Figure Il. 5PMMA Tg depression as a function of pressure [45].

Guo et al have studied46] the glass transition temperatureqTof PMMA-CO:2 as a
function of equilibrium maspercentage oabsorbed CQ in the polymer. As shown in the
Figure Il. § Tg reduces from 37& 260.5 K when 39.%36 COz is alsorbedinto PMMA.
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Figure Il. 6 Tg of PMMA—CO2 mixture as a function of equilibrium massrcentagef COz
[46].

The swellingof PMMA in CO2 has been widely investigated with different methods of
measuremenid7]-[57]. While polymers with low polarity are C&phylic, PMMA is CQ-

philic because of the carbonyl oxygen. Ueeial [52] have demonstrated that the volume
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expansions of swollePMMA were between 9 and 2%. Volume increases with pressure
(Figure 11. 7) but decreases as temperature incre@Segire 1. 8). Thus, there is a linear

corrdation of volume increase with density; higher densities causing higher volume

expansions.
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Figure Il. 7 Pressure dependence of volumd-igure Il. 8 Temperature dependence of

expansions of PMMA rods [52] volume expansions of PMMA rods [52]

These same workers have observed the appearanabfiofséon frontpropagating inside the
PMMA rods with dimensions of 3/&m x 3.5mm x 20mm. At 12 MPa and 318 K this
diffusion front became apparent after the first few minutes and propagated slowly in a
directions. The diffusion frons visible from thdfirst, secondo the third hour of contact with

scCQ, then disappears in the fourth hour (Figure II. 9).
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Figure II. 9 Photosof a swollen PMMA sampland diffusion front at 1 hour intervals at 12
MPaand 318 K52].

Nikitin et al. [47] detected also the same boundary and stated that the diffusion front was an
interface between glassy and plasticized regadrthe polymer. This interface moved to the
center until it reached the interface propagating from the opposite side.

Kazarian and workeng2] [58] showed that the Cfacts as &ind of ‘molecular lubricant’,
making it easier for polymeric chains to slip over one another, thus accelelegisgltte

diffusion.

II. 3. 1. 2. Drug-£CO>

The solubility controls the amount of drug component that can be carried by the flae pha
within the polymeric matrixSolutes with high solubility in scCQOcan be easily delivereid

the impregnation support. Meanwhile, studies show that the impregnation of leyehdli®

API could also be achieved if it has a strong affinity for the polymer leading to fd&ora
partitioning toward the polymer matripp9]. Furthermore, higher drug inclusion can be
achieved by the addition of small quantities of polasclvent to the scCfphase toncrease

the solubility of solid compound in media.

The solubility of different components in sc&@as been widely reviewed in the literature.

Chim et al [60] havemeasured theolubility of Dexamethasone in scGQusing a static
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methodat 308.2, 318, and328.2 Kin the pressure range d5.1to 357 MPa The solubility
in scCQ was found to be of.2510%at 3082 K and 151 MPaand of2.81 1€ at 328.2 K
and 34.8MPa in terms of mole fractionThe obtained results describe the temperature

dependence and tiselubility increase for higher pressure.

lI. 3. 1. 3. Polymerdrug

A strongaffinity between the polymer and the drug favors the impregnatiothenaolecular
dispersiorof the drug into the polymeric matrjg1]. The high partition coefficients are leab

on thestrongaffinity of APl moleculedor the polymer matrix

Kazarianet al. [61], [62] and Kikic et al. [63] propog two main mechanisms of drug
impregnation intgolymers in supercritical media

The mechanism based upon the partition coefficient of the solute between thédlsedgmd

the polymerelies on the affinity of the solute toward the polymer due to specific ititarac

(e.g. van der Waals interactions). This approach can explain the impregnation of compounds
with low solubility in scCQ [59]. In this mechanism, the solute is believed to be molecularly
dispersedvithin the polymer and the process is expectdaetoomplete when an equilibrium
concentration is achieved in the matj®2]. This mechanism is usually named impregnation
with molecular dispersion.

The second mechanism involves deposition of a solute into the polymeric matrix when the
CO2 leavesthe swollen polymer during depressurization. This deposition approach was
initially introduced by Berenst al. [64]. During the impregnation process, the seCO
solubilizes he drug and swells the polymer; the fluid phase containing the drug is allowed to
diffuse inside the matrix for a predetermined period followed by the depressuriztep.
When the higfpressure vessel is depressurized, the solubility of the solat&€Q suddenly
decreases and simultaneous2@Rpulsion from the polymer results in the solute entrapment
inside the matrix. This approach is especially effective for solutes whedhiginly soluble in
scCQ [62], [63].

One of the major advantages of supercritical impregnation is the possibilitjustiag the
impregnation efficacy by ‘tuning’ the properties of seCOifferent operatingparameters of

the process can be varied such as the pressure, temperature, impregnation, dhea
process mode (batch or seoaintinuous), C®@ flow rate in a semcontinuous mode, solute
concentration in the supercritical phase, the use/ratio and nature -sbévent as well as the

depressurization rat@.hus, several parameters are available to modti@empregnation
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amountwhereas with the traditional processes of impregnation in liquid solutions, lenly t
concentration of the solutehe natureof the solvent phasand the temperature hawe
significanteffect.

The effect of the variation of the operating pressure is a bit more complex diiecendi
mechanisms involved in the impregnation process can be influenceleagifieict of pressure
on impregnation differs from one study to another [65], [66].

Opposite effects of temperature on drug loading were reported. The impregnatmmneffi
was found either to increa$@6]{70], decreasg¢71], [72], be constanf9], or first decrease
and then increasg’ 3] with temperature under isobaric conditions depending on the studied
system.

The supercritical process mode influences impregnation performance. Compasenhit
continuous modeyatch processould lead to higher impregnation yields in shorter durations
since it allows digher contact time between polymer and the fluid phase contaihadyug
[74]. Drugdiffusion into the polymeric matriare therefore promoted, leadiayo to a more

homogeneous impregnation.

The impregnation duration has been demonstrated to influence significantly thesproces
efficiency; longer contact time between the supercritical fluid and polyeasisito higher
impregnation yields [65], [75].

The chemical nature of the polymeric matrix and drug influensgnificantly the
impregnationefficiency. The use of an appropriate-smvent may favor significantly the
supercriti@al impregnation by increasing the polarity of the fluid phasel therefore
enhancing the solubility of a polairug in this mobile phase as well as by increasing the

swelling/plasticizing of the polymer.

Il. 3. 2. Literature review

The supercritical impregnation for ocular applications in order to enhance druggl@eui to
achieve more controlled delivery has been reported in the scientificurerd@tble II. 2
reviews tle conditions and the results of the few publications that have investigated scCO
impregnation applied for the development of polyrnased therapeutic ophthalmic articles.

A global research project has bgmrformed in Portugal to develop the secO@pregnation
process of contact lense$his research led to the deposition of the patent EP 1 611877 All

[76] that deals with the possibility of using such a processghthalmic articles.
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Braga et al. [77] studied the supercritical impregnation of chitosane derivatives (N
carboxymethyl chitosan (CMC),-Barboxybutyl chitosandBC and Nsuccinyl (SCC)) with
Flurbiprofen (an antinflammatory drug) and@imolol maleate (an antilaucoma drug) in the
presence of cgolvent (ethanol) in order to develop hydrogel type ophthalmic drug delivery
systems.The impregnations were performed at pressures from 9 tdVIR4 and at
temperatures rging from 303 to 323 K The CMC impregnation rates showed that the
predominant effect in the impregnation process was the solubility of drug ira@DCQ +
EtOH as well as the swelling and plasticizing effect of2G@d ethanobn the polymer.
Finally, the supercritical impregnation was shown to be more efficient antleutiean the
conventional method.

Duarteet al. [74] have proposed P(MMAHA-EGDMA) as a promising matrix to be used
for intraocular delivery of aninflammatory drug used in eye surgery. They studied the effect
of the solubility of flurbiprofen in scCg&) as well aghe sorption degreef the polymeric
matrix on the supercritical impregtion of P(MMAEHA-EGDMA) with Rurbiprofen. For

this purpose, different experimental conditions of pressure (10, 15 avédPd3temperature
(308 and 313 K impregnation duration (3 and ®ur9 and the impregnatiomode (semt
continuous or batch) were investigated. The impregnation yield of the semi continuous
process for 5 hours was lower than that obtained in a batch process with a shorter
impregnation period of 3 hours. Moreover, more homogeneously dispersed druy tigthi
polymer for the batch mode was obtaing@tie results obtained for semmmntinuous mode
suggest that the best impregnation conditions are low temperd@8«) and pressure (L
MPa), which at the same time correspond to a lower solubility of the drug inzsa@®a
weakerswelling of the polymer.

Natuet al. [78] have performed the impregnation of Palycaprolactone) blends with timolol
maleate. Theeffects of oper#onal conditions; pressure (11 an@ ®IPa), chemical natures
and compositions of blends of Poly-¢8prolactone), as well as the nature of thsawents
(water and ethanol in a molar ratio of 10n&) on the supercritical impregnation were
studied. The results show that the best impregnation conditions were obtdierdavce
solvent was usednd whenspecific drugpolymer interactions occurred. Higher pressures
were either a favorable factor when rin@s enough drug affinity for the polymers, or an
unfavorable factor when weaker bending is involvedvitro drug release kinetics studies
results show that a sustained drug release can be obtained by changimgergng

conditions of impregnation and by modulating the compositions of blends. Moreover, the
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profile of release i(-vitro) showed that a burst release occurs and then the drug is
progressively released during one month.

The effect of operational conditions on the impregnation of sevenameocial soft contact
lenses, Nelifecon A, Hilafilcon B, Methafilcon A and Omafilcon A, with two ophth@lm
drugs, Hurbiprofen (a nonsteroidal arAtflammatory drug (NSAID), hydrophobic) and
Timolol maleate (an antilaucoma drug, hydrophilic), was studied by Casta. [65]. They
studied the effecof operational pressure from 9 up to W#a and impregnation duration
from 30 up to 180 min on the impregnation3d8 K For the employed drugs, and for all
performed experiments, the amounts of released drugs were inside their correspondi
therapeutic windows. The impregnated I0Ls were transparent and did not contaial harmf
solvent residues. Supercritical impregnation shows much higher released dougtam
compared to conventional soaking in concentrated physiological solutidrisirbfprofen.
Moreover, the supercritical impregnations were carried out in much shortapdsithian the
conventional impregnation (justrf@ hours compared to 48 housad 1 week).

Costaet al. [75] have also studied the supercritical impregnation of Balaficon A contact
lenses with two arfjlaucoma drugs (hydrophobic Acetazolamide (ACZ) and hydrophilic
Timolol maleate,)Pressure (1MP3a and temperature3{3 K) as well as the impregnation
duration(90 min) and the depressurization rat®§MPamin™) were kept constant while the
influence of nature of esolvents (ethanol and water) and their concentrations (5, 10 and 15
%mol) were studied. The authors demonstrated that modifying tselgent néure and/or its
concentrationeads to different impregnation yields, which could be helpful for tuning the
amount of hydrophobic / hydrophilic drug loaded in the contact lenses. Additionally, the
supercritical impregnation did not modify the @ermeabiliy and Ty of contact lenses.

Bragaet al. [9] have pursued the research of Codtal. [65] on the preparation of
therapeutic soft contact lenses (Balaficon A). The supercritical gnption of ACZ in
commercially available silicone based contact lenses (Balaficon A) was carried out in the
presence of a esolvent & %mol, ethanol). The influence of the variation sbme
experimental conditins such as the pressure-@®MPa), the temperature3(3and323 K),

the impregnation duration (1, 2 and 3 hours) and the depressurization rate (F6oap @o

0.15 MPamin?) was investigated. It was shown that it is possible to control ACZ loaded
amounts by changing the different operational conditions investigated, which will t@llow
adjust the final ACZ release levels into the desired therapeutic limit, and witloolifyimg

some of their most thermasechanical and optical properties.
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As preliminary studiesfor this Ph.D. work, Msmoudiet al. [70] have impregnated rigid
intraocular lenses (PMMA) witlCefuroxime sodium in order to obtain ophthalmic drug
release systems dedicated to the prevention of postoperative complicationgéptiatarat
surgey. The influence of pressure -g® MPa), the temperature308 and 333 K
iImpregnation duration ¢b hours), tle addition of a cesolvent (5 %omobf ethanol) as well as

the depressurization rate (slow and rapid) has been studied. At rapid depaéiss rates

(few minutes), the impregnation yields obtained varied betw@e2 and 6.3wt%).
Nevertheless, a nemesired foaming phenomenon was observed for the most féeorab
conditions. Foaming waavoided by carrying out slow depressurizati@n (MPamin').
However the impregnation process was less efficient (the impregnation yields were too much
low to be quantified gravimetrically).

Yafnez et al. [79] developed a supercritical fluid assisted molecular imprinting method
consisting in the application of several consecutive processing cycles of
impregnation/extraction, producing a specific naaoge structural changes in contact lenses
with the goal to create specific and high affinity ‘cavities’ for a template drug.rticydarly,

the authors focused on improving tRkirbiprofen load / release capacity on Halafilcon B
commercial contact lenses. The impragons were conducted at MPa and313 K, while
scCQ extraction were carried out at 2dPa and 313 K Processing with scCQOdid not
change some of the critical functional properties of contact lenses such as: gkitiertran
temperature, transmittance, oxygen permeability ancacoangle. Moreover, this imprinting
method offers the advantage of controlling the loaded/released amounts of drug in much
shorter process duration than those using conventional agbhased molecular imprinting
methods.

GonzalezChomonet al. [19] have carried out a complete study dedicated to the comparison
between two impregnation processes: aqueous soaking and supercritical impreghation.
were interestedin the impregnation of acrylic hydrogel, combininghydroxyethyl
methacrylate (HEMA) and -Butoxyethyl methacrylate (BEM) at various ratios, with
Norfloxacin, anantibiotic. The supercritical impregnation was carmed at pressures of 15
and 30MPa, a temperature &13 K, and an impregnation duration of 14 hours. The amount
of loadedNorfloxacin was significantly higher through supercritical impregnation cordpare
to that achieved by soaking in aqueous solution. The blend prepared with HEMA/BEM 20:80
vol/ivol and impregnated with scGO combines adequate mechanical ogerties,

biocompatibility and Norfloxacin loading.
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Yokozaki et al. [80] used scC® for the impregnation of Hilaficon B contact lenses with
Salicylic acid; inexpensive model compound compared with -iafltimmatory and
ophthalmic drugs. The impregnatiovas conductedat pressures ranging between 9 to 15
MPa, temperatures of 3) 313 andB18K. The loaded amount &licylic acid increases with
the decrease in temperature amigen pressurancreaseswhich can be explained from the
strong correlation between its solubility in the seChhe lowestdepressuzation rate leads

to the highest impregnation yieldeleaseaateg of the Qilicylic acid from contact lenses.
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Table 1l. 2 Bibliographical conditions and results of sc&O@®pregnation applied for ocular applications

Author Polymer API P T Cosolvent |timp | Deprate Mode™ Drug loading
(MPa) | (K) (hour) | (MPamin?) (Wt%o)
Braga | Chitosane Flurbiprofen 9-13 303, 313 | 5 %mol 1 0.6 B 1.7-14.7
2008 derivatives and 323 | EtOH
[77] (CMC, BC and | Timolol maleate | 9-14 | 303, 313 1 1.2 B 8.6-85
SCC) and 323
Duarte, | P(MMA-EHA- | Flurbiprofen 10-18 | 308-313 / 3-5 Slowly S-Cand B| 0.18-0.82
2008 [74] | EGDMA)
Natu, 2008 PCL and PCL | Timolol maleate | 11-20 | 313 With/witho 2 0.5 B 0-3.3
[78] /POE and ut water
PCL/PEVA and ethanol
blends
Costa, | Acrylic-based | Timolol maleate | 9-16 313 Without or 1 0.01-0.02 B 0.3-1.3
2010 [65] | hydrogel with EtOH
(Nelifecon A, (2-5 %mol)
Hilafilcon B,
Methafilcon A
and Omafilcon Without or
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A) Flurobiprofen 9-16 313 with EtOH 1 0.01-0.02 B 1-6
(2-5 %mol)
Costa, Silicon based | Timolol maleate| 17 313 EtOH and 15 0.06 B 1.04-1.81
2010 [75] hydrogel water at 5;
(Balaficon A) | Acetazolamide 17 313 10 and 15 15 0.06 B 0.15
%mol
Masmoudi, PMMA Cefuroxim 8-20 | 308-333 | Without or 2 0.2 B 0.2-6.3
2011 [70] sodium with EtOH
(5%mol)
Yafez, Acrylic based Flurbiprofen 12 313 Water 14 Slow B 1-55
2011 [79] hydrogel swollen 5 S-C
P(HEMA/BEM) hydrogel
Braga, Silicon based | Acetazolamide | 15-20 | 313-323 | EtOH 5 1 0.06-0.15 B 0.52-1.97
2011[9] hydrogel %mol
(Balaficon) Soft
commercial
ized contact
lens
Gnozalez | Acrylic based Norfloxacin 15-30 313 Water 14 0.1 B 0.01-0.16
Chomon, hydrogel swollen gel
2012 [19] | P(HEMA/BEM)
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Yokozaki, | Acrylic-based Salicylic acid 9-15 | 303, 313 Water 2 0.006 B 29.6-54.5
2015 [80] hydrogel and 318
(Hilaficon B)

*Dep rate . depressurization rat&Pamin?).

** B: Batch; SC: Semicontinuous.
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II. 4. Ordered mesoporous silicdor drug delivery systems

Drug lubility as well as dissolution kinetics are determinant for its oral bioavéyaf81].

Good bioavailability oimany new compounds in drug development prasemhallenge for

the development of a suitable formulation for oral administration. Common solid|é&drom
approaches to overcome these difficulties and improveldigsn rate of these drughave

been used, includinglecreasing crystallinityand/or increasing specific surface area by
decreasing particle size, adsorption onto porous supp®2is co-precipitation with an
excipient [83], [84].

It has long been established that increasing the specific surface area ofyavadersoluble

drug is one of the most efficient methods for improving drug dissolution kif{86¢sThis

can be achieved by loading drugs onto a porous sugpoite ecently, a silica mesoporous
supporthas been proposed for the development of formulations for oral thi@&Jpy order

to improve dissolution rate and oral bioavailability of poorly watduble molecule$g5].
Indeed,mesoporous silica has several attractive featiorethese formulatiomisuch as: stable
uniform mesoporous structures, high specific surface areas, tunable pore sizes with narrow
distributions, and weltlefined surface properti¢87], which allow molecules access to large
internal surfaces and cavitigaurthermore,he surface of silica presents free hydroxyl groups
which are easily accessible for spacihteractions with moleculelékely to make hydrogen
bonds [88].It has been shown that both small and large molecular drugs can be entrapped
within the mesoporeghrough an impregnation process and liberated via a diffusion
controlled mechanisi87].

Several methods have been studied to load drugs into mesoporous silica swgpiers
wetnesgnethod, solvenmethod and melt methoBor the incipient wetnesthe host material
(silica) should be placed into a concentrated solution of the drug to be adsorbed, and stirring
should be applied to favor the diffusion of the drug molecules into the mesopmya (1.

10). The employed solvent should be removed by evapora@omcerning the solvent
method, physical mixture of drug and silica were prepared and subsequently added to the
solvent under stirring. At the end of impregnation duratioa,used solvent was evaporated
According to the study of Mellaeres al. [86] the incipient wetnestvorsthe positioning of

drug molecules in the micropores, while the solvent method favors their positioming o
mesopore walls For this, incipient wetness was one of the methods used in our experimental

work for the preparation of silica-drug formulations.
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DRUG LOADING
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Figure Il. 10Schematic representation of the drug loading proceduirgckpient wetness
[89].

Silica loading can also be carried e melt method, physical mixture of drug and silica

should be prepared and heated above the drug's melting temperature for a ceriaim durat
[85], [86], [90], [91].

Table Il. 3presents some siliedrug systems reported in the literature as well as the drug
loading for these systems. The impregnadgdgtems presents different properties (Surface
area and pore diameter) and are prepared with several methods. The drug Ilsading i
confirmed and quantified through different characterization techniques.
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Table Il. 30rderedmesoporous silica matriceachdrugs employed as drug delivery [92].

Mesoporous | Surface Pore Drug Loading | Reference
solid area diameter (wWt%)
(m.g") (nm)

MCM-41 1157 3.6 Ibuprofen 34 [93]
AlISi-MCM41 1124 4.3 Diflunisal 8.7 [94]
AISi-MCM41 1124 4.3 Naproxen 7.3 [94]
AlISi-MCM41 1124 4.3 Ibuprofen 6.4 [94]
AlISi-MCM41 1124 4.3 Ibuprofen Na 6.9 [94]

salt
Si-MCM41 1210 2.8 Captopril 32.5 [95]
Si-MCM41-A 1157 2.5 Ibuprofen 2.9 [96]
Si-MCM41-A 1024 3.6 Aspirin 3.88 [97]
Si-SBA-15 787 6.1 Gentamicin 20.0 [98]
Si-SBA-15 787 8.8 Erythromycin 34 [99]
SI-SBA-15- 559 8.2 Erythromycin 13 [99]
Cc8T
Si-SBA-15- 71 5.4 Erythromycin 15 [99]
C18ACE
Si-SBA-15 602 8.6 Ibuprofen 14.6 [100]
Si-SBA-15- 571 8.6 Ibuprofen 16.9 [100]
APTMS-O
Si-SBA-15- 473 7.8 Ibuprofen 20.6 [100]
APTMS-P
Si-SBA-15 602 8.6 Bovine serum 9.9 [100]
albumin
SI-SBA-15- 571 8.6 Bovine serum| 28.5 [100]
APTMS-O albumin
Si-SBA-15- 473 7.8 Bovine serum 1.1 [100]
APTMS-P albumin
Si-SBA-15 602 4.9 Amoxicillin 24 [101]
HMS 1152 - Ibuprofen 35.9 [102]
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MCM-41 1210 2.7 Ibuprofen 74.4 [102]
HMS 1244 2.7 Ibuprofen 96.9 [103]
HMS-N-TES 1083 2.5 Ibuprofen 76.8 [103]
HMS-NN- 1036 2.4 Ibuprofen 74.2 [103]
TES
HMS-NNN- 990 2.5 Ibuprofen 70.9 [103]
TES
Si-MSU 1200 4.2 Pentapeptide - [104]
MCM-41 1200 3.3 Ibuprofen 41 [105]
SBA-3 1000 2.6 Ibuprofen 33 [105]
SBA-1 1000 1.8 Ibuprofen 25 [105]
SBA-16 490 8.5 ZnNIA 14.3 [106]
SB-16 490 8.5 AnPCB 18.3 [106]
MCM-48 1166 3.6 Ibuprofen 28.7 [107]
LP-la3d 857 5.7 Ibuprofen 20.1 [107]
MCM-48 1166 3.6 Erythromycin 28.0 [107]
LP-la3d 857 5.7 Erythromycin 28.0 [107]
MCM-41 835 2.4 a-tocopheryl 0.95 [108]
acetate
Hypersil 228 9.0 a-tocopheryl 0.49 [108]
acetate
SBA-15 461 8.4 Itravonazole 0.29 [86]
SBA-15 461 8.4 Ibuprofen 0.30 [86]

Those conventional impregnation methods present limitations for drugs formiatanse

of the presence of residual solvent traces, often toxic, and/arsthe@f high temperatures.
Thesedrawbacks can bevercomethrough the use ofupercritical fuids as impregnation
vectors.The principle of supercritical impgnation was presented in the section Il. ZH&
supercritical impregnation was also used in our experimental work for the gtrepaof
silica-drug formulations.

The drug loading can be confirmed and quantified through different characterization
techniques Generally; the first step should be to check that the characteristics of

mesostructuresre maintained after the loading proces$his is normally confirmed by
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carrying out small angle XRD patterns before and after loading the Ewrthermore
nitrogen adsorption analyst®uld beemployedto compare the pore size distribution and the
pore volume of the materials before and after the loading processpétiéicsurface areas

well as the available pore volume commonly decrease after tbadoprocessindicating

that drug molecules argartially filling the mesoporesThe amount of drug confined in the
pores can be quantified using different thermal techniques, such as thermogravimdetry a
elemental analysisr through dissolution tests.

Up until now, severabibliographicalstudies airad to enhancehe dissolution kinetics of
severaldrugsby their adsorptiorusing scCQ on silica material; such as fumed silica, silica
aeragels and ordered mesoporous silica usifg&c[82], [85], [108}H110]. The operating

conditions and drug loadings obtained by the different authors are given in Table II. 4.

Smirnovaet al. [109] studied the supercritical impregnatiof six model drugs, Ketoprofen,
Miconazole, Terenadine, Dithranol, Niclosamid and Griseofulvin, in diftemgdrophilic and
hydrophobic silica aerogels. Tlpercriticalimpregnation was carried out through a batch
mode, under a pressure of WPaand a temperature 313 Kfor contactdurations varying
from 24 to 72 burs The maximum drug loading wa®tained for Miconazole600 mg/g

aerogel)In-vitro drug release was studied for both drugs; Ketoprofen and Griseofulvin.

The supercritical imprewtion of Fenofibrate imon porousfumed silica was studied by
Sanganwaet al. [82] through a batch mod® a pressure of 105 MPaanda temperature of
313 or 323 Kfor an impregnation duration of 2.®lrs. Loadings up t@879 mg/g of drug
onto slica were obtainedin-vitro drug release stugs have shown a significant increase in
drug dissolution rate (about 80 % of the drug is released in 2@tegncompared to
micronized Fenofibratéabout 20 % of the drug is released in 20 utes),which can be
attributedon the one hantb the increase in the specific surface areacmthe other hand to

the decrease idrugcrystallinity after adsorption ontilica [82].

BelhadjAhmedet al. [108] used a dynamic processstudy thesupercritical impregnation of
a-tocopheryl acetate (vitamine E acetate) with two kinds of silica; a commeraca sil
(Hypersil) and MCM41-4type mesoporous silica. The experimental domain investigated
was:pressure from 8 to MPa, at 313 Kand carbon dioxide flow rates varying frd@0 to

120g ht. The results showed that the drug loading is more than asiceuchfor the MCM-
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41 (1140 mg/g of adsorbent) than for a Hypersil (475 mg/g of adsorB&ge results are
not surprising since the specific surface area of the MIANE significantly higher thathat

the Hypersil. The drug loading obtained using supercritical impregnation (for an impoagnat
duration of 1hour) was similarthoseobtained using liquid impregnation (for an impregnation

duration of 4 hour) using hexane as solvent.

Wang et al. [110] studied the supercritical impregnation of Ibuprofen in a M&Mype
mesoporous silica through a batch mode, at a pressure from 20@a3@t 313 K and with

a treatment duration of 2ours The loading of Ibuprofenould reach 386 mg/g of siliand

is higher than that obtained by the solution immersion method. The authors studied the
delivery profile of Ibuprofen and found that the sustaietfdct ofIbuprofen impregnated by

the supercriticalmethod was 50 % in 1fminutesand 90 % in 60 mures It was longer than

that impregnated by the solution immersion method due to a deeper impregnation in

supercriticaimpregnated supports.

Finally, Ahernet al. [85] carried out a complete study dedicated to comparing several loading
proceses A drug model,Fenofibrate, was loaded intmesoporous silica SBA5 using
physical mixing, melt impregnation, solvent impregnation,-cuiical (27.58 MPa, 298 K)

and supercritical impregnatior{27.58 MPa, 313 K). Physical mixing produced a
heterogeneous drug loading unlike any other impregnation methods used. Liquid and
supercritical impregnation gave the best impregnation yield for a treatmetibdwaonly

30 minutes 184 mg/g silica.
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Table II. 4 Example from literature of the supercritical impregnation of different madelsdn various kind of silica.

Authors Surface areg Drug Silica Pressure/temperature Solute or drug loading
(m?.g?)
Smirnovaet al. 587 Miconazole | Silica aerogels 18 MPa 600 mg/g aerogel
[109] Ketoprofen 313K 310 mg/g aerogel
Terenadine 240 mg/g aerogel
Dithranol 60 mg/g aerogel
Niclosamid 40 mg/g aerogel
Griseofulvin 10mg/g aerogel
Sanganwar et 200 Fenofibrate | Fumed silica 17.05MPa 379 mg/g silica
al. [82] 313-323 K
BelhadjAhmed 835 a-tocopheryl | -commercial silica (Hypersil) 8-15MPa 1140 mg/g silica
et al. [108] 228 acetate -MCM-41 mesoporous silica| 313 K
475 mg/g silica
Wang et al. 346-265 | Ibuprofen MCM-41 mesoporous silica | 20-30MPa 314-386 mg/gsilica
[110] 313K
Ahern et al. - Fenofibrate | Silica SBA15 27.58MPa 184 mg/g silica
[85] 313K
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II. 5. Conclusion

Supercritical impregnation has drawn an increasimigrest as a green alternative
conventional processes and has been successfully applied these last twenty years to the
elaboration of drug delivery systemisi these applications, supercritical fluid, generally
carbon dioxide is used as an impregnatiehicle of the drug within the matrix that can be
either polymeric (biocompatible and sometimes biodegradable) or a high poupgityts

For different studied bibliographical systems, more homogenequggnated matrices with
shorter processing duratidhave been obtained compared to conventional soaking into liquid
technologies. This stems from the specific properties of supercritical flugts dansity, low
viscosity, diffusivity higher than the ones of liquids, low interfacial tensem). When
carbon dioxide is used as supercritical fluid, the impregnation process ialyeperformed

at moderate temperatures while limiting or avoiding the use of organic sol#emthermore,
spontaneous separation of €®om the final product upon depressurization leads to a more
compact process comparing to conventional methiddseover, the supercritical process is
inherently sterile and is therefore suitable for pharmaceutical application.

This PhD study focuses on the preparation of two different sustained release drug delivery
systems forms: ocular medical devices based on polymeric support (intraoculat)suggmb

for cataract surgery and dosage forms based on mesoporous support (mesoponousesilica

for the development of suitable formulation émal administration

We have studied the elaboration of these two systems based either on polymeric supports or
mesoporous silica using supercritical carbon dioxide impregnation. Unlike silica,
physicochemical properties of polymers can be modified bystigercritical treatment.
Indeed, the absorption of supercritical £@ polymers results in theiswelling and
plasticization.

Concerning the application of supercritical impregnation on polymeric matrixes for
ophthalmic delivery lenses, a few studies have been reported in the bibliographgrand w
mostly carried out by the same research team (Portugal) in the framewaglobH#aesearch
project focusing on contact lenseBifferent chemical natures of polymeric lenses with
various classes of drugs were studied. Results were promising concerning thalpotent
supercritical technologies for the development of such sysemided to the deposition of a
patent EP1611877AI176] that deals with the possibility of using such a process for
ophthalmic articlesTo the best of our knowledge no therapeutic contact lenses have been yet

approved or commercializdd11]. Regarding the elaboration of loaded intraocular lenses, as
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far as we know, only few results are reported in literature and are only basedventicoral
techniques. A patent dealing with soaking into liquid process of IOLs has beerteltpami
recently published by Aiachet al. (2008). Despite the low impregnation amounts
obtained,the inventors have implanted the loaded IOLs in the eye of rabbits and clinical
examinations showed that the inflammatory reactions had disappeared after teof days
implantation However, one of the limitations of this patented route is the use of organic
solvents (Ethanol, Dichlorometharetg.) in the loading solutions.

As far as we know, this Ph.D. work is the first study dealing with the supercritica
impregnaion of polymeric commercially available intraocular lenses with ocular drugs,
which makes its originality. The objective of this work is to achieve optimized dading,

homogeneous distribution of drugs in IOLs and a sustained drug release.

In a second part of this Ph.D. study, we are interested in loading ordered messpmaus
with Fenofibrate (poorly watesoluble drug)fo enhance its dissolution kinetics. In literature,
silica supports with different properties (surface areas and gpes) were loaded with
various classes of drugs ane\weral impregnation methods were studied such as incipient
wetness impregnation and melt method requiring the use of organic sobi®aistoxic,
andbr high temperaturesSupercritical impregnatiofor the preparation of loaded silica have
been as alternative to the conventional techniques. Few studies in the literatui® thepo
loading of drug molecules on silica material using seC&veral drugs have been loaded on
silica based supports: fumeadica, silica aerogels and ordered mesoporous silica. According
to the literature, two works on the supercritical impregnation of silica suppotits
Fenofibrate were reportg82], [85] and one of these work85] was published the same year
than our study [112].

The impregnation results of polymeric intraocular lenses and ordered mesopbcaufois

the elaboration of drug delivery systems are presented and discussed in theldreaptdl/

respectively.
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[ll. 1. Introduction

The aim of this chapter is to study the supercritical impregnation omeoomlly available
intraocular lensesvith antrinflammatory and antibiotic drugs order to combine cataract
surgery and postperative treatment in a single sté€plobally, the use rate of intraocular
lenses for cataract surgery in the world is equally shared at 50 %dretigid and foldable
lenses, even ibnly foldable lenses will be used in letgrm because they require a small
incision during surgeryonly 2-3 mm incision in comparison to 1@-mm for nonfoldable
lenses)[1]. Consequently, in this workiye were interested in polymeric IOLs from both
kinds: rigid IOLs made from derivative of Poly (Methyl Methacrylate) and foldable 10Ls
made from derivative of Poly {Blydroxyethyl Methacrylate).

The impregnation of I0Ls wagerformed with drugs currently used in pesperative
treatment of cataracgn antiinflammatory drug (Dexamethasone-@iosphate disodium,
namely DXP) and an antibiotic (Ciprofloxacin, designed CIP).

This part of PhD work and the choice of the corresponding systems was carried out in
collaboration with the Service of Ophthalmology at pited « La Tinbne » (Marseille,
France.

For both types of 10Ls, supercritical impregnations were carried out in a batchamddiee
impregnation yields were determined through drug release kinetics studiesdein tor
determine the parameters worth studying and to delimit the experimentahdpneéiminary
experiments were carried out as a first step for each type of AOtesponse surface
methodology based on experimental designs was used thereafter to determine theeioflue

the operating conditionen supercritical impregnation

[ll. 2. Materials
All the materials used for the supercritical impregnation of intraocular lensggesented in

the following sections.

[ll. 2. 1. Intraocular lenses
Supercritical impregnation wagerformed on two types aofommercially availabldOLs

supplied by‘the Fred Hollows Intraocular Lens” (Nepal):
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— Rigid IOLs made fromderivative of Poly (methyl etharylate) (PMMA)
hydrophobicand rigidIOLs at ambient temperaturéOLs with adiopter of+21.0 D
were useqd

— Foldable 10Ls made fronderivative of Poly 2-hydroxyethyl methacrylate) -
HEMA): I0Ls are initially conditioned in a soaking physiological soluti@i.s with
three differentdiopterswereused (+5.0D, +21.0D and 32.0D).

The properties oboth IOLs as reported by the suppliare summarized iifable Ill. 1 and

phobgraphs of the IOLs as well as the chemical formula of the polymers are represented in

Figure III. 1.
Table Ill. 1 Properties of foldable I0OLs.
PMMA P-HEMA
Model FH106 FLEX
Dioptric power (D) +21.0 +5.0D +21.0D +32.0D
Optical diameter (mm) 6 6 5.9 5.8
Overall diameter (mm) 13 13.5 13 12.5
Convexity Biconvex Biconvex | Biconvex | Biconvex
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a) c)
CH,
—[—CHz—Ci—];
Cc=0
/
e}
A
CH,
b) d)
_ o|-|_

Figure Ill. 1 Aspectof nontreated IOIs made frona) PMMA, b)P-HEMA and thé&
relativeskeletal formulac) PMMA, d) P-HEMA.

[ll. 2. 2. Active pharmaceuticalingredients

Ciprofloxacin (CIP) and Dexamethasone#iospahte disodium (DXP) are amongst the most
commonly used ophthalmic drugs in postoperative cataract treatBetit. drugs were
supplied by Sigmdaldrich (France).

Dexamethasone 2ihospahte disodium salt f{fH2sFNa2OsP), a synthetic adrenal
corticosteroid with potenantiinflammatory properties, is used in eye, ear and systemic
formulations. Itis a white crystalline powder hygroscopic with a matassof 0.516 kg.mol

1 and a melting temperature of 513 K.

Ciprofloxacin (G7H18FN3O3) is a synthetic antibiotic of secomgneration fluoroquinolone,
largely used to treat eye infections caused by bacteria and ulcers in the cornea of2he eye
It is solid under ambient conidins with a molar mass d¥.331 kg.mol and a melting

temperature 0545 K. The chemical structure of CIP and DXP is presentédgare IlI. 1.
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Figure Ill. 2 Structural formula of a) Ciprfloxacin, b) Dexamethasone 21-phosphate

disodium.

lll. 2. 3.Solvents
The solvents employed in this work were carbon dioxide (98 Furity) fromAir Liquide,
France and ethanat$9.8 % purity) supplied by Group¢ERIDIS, France.

[ll. 2. 4. Solution simulating the aqueous humor

In-vitro drug release studies were carried out in simulated aqueous humor (pH of 7.3). It wa
prepared by mixing 9.08.lg* of a monobasic potassium phosphate §RB:) solution and

9.47 gL? of a disodium hydrogenophosphate §NRQs) solutions in a volume ratiof
0.285/0.715 respective[d].

Both KH2POs (molar mass of 136.09 g.myland theNa:HPQs (molar mass of 136.09
g.molt) were supplied by Sigma-Aldrich (purity >99.0%).

1. 3. Methods

lll . 3. 1. Pretreatment of IOLs

P-HEMA IOLs are supplied prsoaked in a physiological solutiofiheythereforeabsorba
certain quantity of this solution, which makes them flexible under ambient conditions
The RHEMA I0OLs were dried to have a reproducible initsthte (remwal of water) for
impregnation in contrastith the already dried PMMA which @snot require drying step.
These wetP-HEMA I0Ls were died using two different method# an oven and using
supercritical CQ. The drying in the oven was performed at two temperat@E3 énd 363

K) for long durations (10 days or more).
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The drying of OLs with scCQ was caned out in a batch mode undeaBd D MPaand for
different durationsA temperature 0808 K, a carbon dioxidfow rate of0.25 kg.h' for the
pressurizatiorand a depressurization rate @2 MPamin? were kept constants for these

experiments.

lll. 3. 2. Influence of pressurization conditions on the properties (aspect) of 104
Preliminary studies were conducted in order to determine the influence of theriicpé
treatment orboth types oflOLs (PMMA and RHEMA) under various pressurization and
depressurization conditions. These studies were carried @0tMPa (the highest pressure
used for impregnation) and 308 usingthree differentcarbon dioxideflow ratesduring the
pressurization phaselow (0.25 kg.hh), intermediate.65 kg.ht) andrapid pressurizatio(
0.90 kg.ht). Contact duration between the highessure flid phase and the I0Ls of Dtrs
was maintained before depressurization. Based on previous studies on rigid PNIKAREO

depressurization phase was carried out undgentrolled rate 00.2 MPamin™ [3].

lll. 3. 3.Experimental design and response surface methodology

Response surface methodology (RSM) consists of a group of mathematical andastatisti
techniques that can be used to define the relationships betwesbase and independent
input variables. In RSM, an empirical mathematical model is postulated and a suitable
experimental design is performed to estimate required coefficients. This , oz
validated can be used to predict the response in the whole experimental domain with good

precision[4].

In a first step, a series of preliminary supercritical impregnation was carried ordento

delimit the experimental operating domain by varying different paramé@ased on the
obtaned results, two different experimental designs have been elaborated for each type of
IOLs, consideringwo factorsin acentral composite design with 9 individual design points in

a spherical domin. The two input variables wetlege amount of caolvent (in nol, Xipmma)

and the impregnation duration (in mirgema) for PMMA 10Ls. For RHEMA I0Ls, the

input variables weréhe pressure (iMPa, xirHeEma) and the impregnation duration (in min,
xzrHema) (Table Il 2). Other variables of the processemperature 308 K) and
depressurization rated.2 MPamin') were kept constant. Response or dependent output

variablestudied was the impregnated amourdrgified through release studigs.).
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Table Ill. 2 Variables (factors) studied ing a central composite design

Input variables Symbols levels
-1 0 +1
PMMA
% mol co-solvent X1PMMA 1 55 10
t imp (Min) X2PMMA 30 135 240
PHEMA
P (MP3 X1PHEMA 8 14 20
t imp (Min) X2PHEMA 30 135 240

A second order polynomial model as presented in Eq. 1 was postulated to capture the possible

nonlinear effects and curvatures in the studied domain:

k k
y=b0 +Zbixi+2biixi2+22bijxixj ECI].
i=1 j=1

i<j

Wherex; (j=1, 2,... k) is the variables and,, b;, b;; andb;; are regression coefficient for
intercept, linear, quadratic and synergic respectivEihe coefficients were estimated using
multilinear regression from the results of studied responses. The calculatienpesfermed
with the NemroeW software (LPRAI, Mirseille, France) developed for building and

processing experimental design.

For validation of the model suitability, several techniques were userksidual analysis,
ANOVA (ANalysis Of VAriance) and prediction error sum of squares residesiseCidy

the coefficient of determinatiorR?). After validation, this model was used to calculate the
response all over the domain. The visualization of the predicted response wasiditahme

response surface plot (3D response) and contour plot (2D response).

[ll. 3. 4. Supercritical impregnation setup

A schematic diagram of the experimental hpggbssure saip is shown irFigure 1ll. 3. It is
mainly composed of a 125Lrhigh-pressure cell (Top Industrie S. A., Franeabhstandng
pressures up to 35 MPa and temperature up to 528 Well asa highpressure liquid C®

pump (Milton Roy, Francg The autoclave ipositioned on a magnetic stirrerenhance the
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kinetics of the APIsolubilization andimmersed in a thermostat bath to regulate its

temperature.

o,

o, 1

Figure 1ll. 3 Supercritical impregnation sep: (1) CQ cylinder, (2) Cooling bath, (3) High
pressure liquid pump, (4) Heating bath, (5) High pressure cell, (6) Support, (7) Mdgmet
(8) Magnetic stirrer, (9) Thermostat bath, (10) Depressurization valve, (MBnSalap.

Supercritical impregnations were carried out in a batch mode where I0Ls (2 pernvbarteh)
placedon an aluminum support inside the higtessure cell to separate them from the stirrer
bar. Aknown quantityof the API was introduced in the autoclave and was protected by a frit
filter to prevent any contamination of the IOLs surface. For the impregnationawait
solvent,a predefined quantity of ethanol was first placed in the bottom of the autoclave and
IOLs support was positioned carefully to prevent any contact with the lenses. The high
pressure vessel was closed and heat&D8K and then filled with C®@. For this purpose,

CO2 was first liquefied through a cooling unit and then pressurized and sufiptieel system

after heating until desired pressure was reached. The fluid phase containing ARbwes al

to diffusewithin the IOLs for apre-determined impregnation duratiofhe system was then

slowly depressurized(2 MPamin?) in order not to dange the 10Ls and to avoid foaming

[3].
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For impregnations carried out ngiaco-solvent,a supplementary CQOwvashing step (1dur)
was carried out before depressurization to remove ethanol and avoid its candansate

the autoclave.

l1l. 3. 5. Characterizations

lll. 3. 5. 1. Differential Scanning Calorimeter (DSC)

Thermalanalyses of various pretreated and impregnated IOLs were performed in a TA Q2000
DSC. Samples were accurately weigh&8-21 mg) into aluminum pans and thermograms
were obtained over a temperature rang82# to 573 K Each sample was exposed to heat
cool-heat cycle with a heating or cooling rate ofKLénint. DSC analysis was performed on
samples before and after pretreatment and drug impregnation to identify posaitgesin

the thermal properties of IOLs.

[ll. 3. 5. 2 Nudear magnetic resonanc€NMR) analysis

Solid-state NMR spectroscopy was used for quantifying residual solvent contdre
impregnated 10Ls*C NMR spectra were obtained using a Bruker Avance 400 MHz
spectrometer consisting Brukdoubleehannel probe operating atesonance frequency of
106 MHz. 20 mg of each sample was placed into zirconium dioxide rotors with 4 mm outer
diameter. The rotors were equipped with two PTFE spacers and spun at a Magtgc A
Spinning rate of 10 kHzThe cross polarizationNCP) technique[5] was applied with a
rampedlH-pulse starting at 10% and decreasing until 3@ during the contact time of 2 ms

to circumvent Hartmanflahn msmatche$6], [7]. A dipolar decoupling GT8 pulse sequence

[8] was applied during the acquisition time to improve the resolution. In order to obtain a
good signato-noise ratio in thé3C CPMAS experiment, 8K scans were accumulated at room
temperature using@elay of 3 s. Thé3C chemical shifts were referenced to tetramethylsilane

and calibrated with the glycine carbonyl signal set at 176.5 ppm.

[ll. 3. 5. 3 Drug releasekinetics studies

In-vitro drug releasdineticsstudies were carried out in simulatequeous humdai3]. Prior

to release studies, IOLs were washed ml of simulated aqueous humor for 3 noinder
stirring to remove any drug deposited at the surface. The rinsing solution wagednaly

spectrophotometricallyfor determining theCIP and DXP content at 248 and 277 nm
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respectively usin@n apparatusenway 6715 UV/Vigappendix A). Drug concérations in
washing solution were found to be too low for W& analysis.

Release studies wetkenconducted by immersing impregnated IOLs in 5 ml of simulated
aqueous humor (pH of 7.2) under stirring in a closed Ve@$340 K. An aliquot of 0.4 mL
was collected every day for 60 days and CIP or DXP release was quantified at 248 nm or 277
nm respectively (Jenway 6715 UV/Vis). Aliquots were then returnedetoetlease vessel to
maintain the initial volume. The drug release frbath IOLs impregnated in the same batch
was studied separately in order to verify timpregnation homogeneity among the different
treated IOLs

At the end of the release studies, I0OLs were placed again in tempaattnaled stirred
glass vialscontaining 5 m of fresh simulated aqueous humor for few days in order to check

if there wasanyfurtherpresence of residual APl in IOLs.

lll. 3. 5. 4.Modeling of drug releasekinetics

There are a large number of articles on drug relkamgics modeling from matrix systems
starting from the pioneering work of Higucfd] to recent detailed models of GaldiO].
Peppast al. [11] suggested aimpleempirical equation which can be used to gyraldrug
release (below 6@6 of the whole accumulated released mdissm nonswellable polymeric

delivery systems:

M, n
M—=kt qu

[ee)

WhereM, andM,, represent the cumulative drug released at timaa®l infinity respectively.

k is a kinetic constant that incorporates structural /geometric characteobtec delivery

system (polymer + drug) and n is designated as an exponent representing the release
mechanism.

The Eqg. 2 can also be used for the analysis of controlled release systems based oelynoderat
swelling polymers €g., systems based on hydroxypropyl methyl cellulose, poly (vinyl
alcohol), poly (2hydroxyethyl methacrylategtc.) [11]. Therefore, this equation was used to
model drug release from IOLs as overall swelling of these systems was less #ham2bis

work, the release constanaind release exponent parameter n were fitted using the Eq. 2 to
the first 60% release of the impregnated dréigsn IOLs.
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To describe drug release mechanism, Rigyef. [12] have distinguished a Fickian diffusion
configuration (case I) from a solute release behaaiswelling-controlled release systems
(Casell). An anomalougnon Fickian release molecular mechanism can be used to describe
the coupling of diffusion and swelling phenoraetable Ill. 3 summarize the diffusional

exponents and correspondidigig release mechanisms from a thin fjlig].

Table 1ll. 3Releaseexponent and correspondingechanisraof release from a thin film

Diffusional exponent, n Drug release mechanism
0.5 Fickian diffusion
0.5<n<1.0 Anomalous (norfickian) transport
1.0 Swelling-controlled diffusion (asell
transpor}

[ll. 3. 5. 5 Impregnation yields
The impregnated amounts were determined through release studies and defined aveumula
massof the releasd drug after reaching a constant value. The impregnation yield was

calculated acaaling to the following equation (Eg. 3):

mim
Yimp = 4 Eq.3
My oL

Where,m;,,, is the mass of impregnated ARtorresponding to m during releasejpnd

my;oy IS theinitial mass of dry IOL.

lll. 3. 5. 6. Partition coefficients
The affinity between the drug and the polymer can be determined through partitioning
coefficient (K),which is the ratio of thenass fractionsf the drug in impregnation matrix to
that in scCQ phase.
K = Jdrug-polymer Eq.4
ydrug—COZ
Wherey drugpolymer and Yarugcoz are themassfractionsof the drug in thempregnation matrix

and in the fluid phase respectively.
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lll. 4. Results and discussions

In this work, we are interested in the impregnation of drugs into PMMA &rdBNRA 10Ls.

For each kind of 10L, the results were discussed first for DXP and then foif GéHactors
governing supercritical impregnation are complex because they involve differentepensam
which influence the impregnation process, such as solubility of drug in 25cCO

swelling/plasticizing of polymer and affinity between the drug and the polymer.

The phase behavior of the mixture of drug and sc@Qvery important for the choice of
experimental conditions of impregnation as well as for the understandimypoggnation
results.A semiflow type apparatugl3] was used to measure the solubilities of both drugs
(DXP and CIP)in COz without the use of a esolvent. The solubilitiesof drugs were
measured by varying the pressure from 8 toMiBa at 308 K [14] The corresponding
experimental conditions (pressure and2Gf@nsities) andlrugssolubilities are summarized

in theTable 1lI. 4.

Table Ill. 4 Solubilitiesof DXP and CIP (molar fraction) in scG@t308 K[14].

P(MP3 | CO: density (kg.rm) Y drug
DXP CIP
8 419.09 1.22 107 1.83 107
14 801.41 - 3.11 10
20 865.72 2.15 100 45110

The solubilitiesof both DXP and CIPin scCQ werelow, with higher values obtained for
CIP. An increase in the pressu(@om 8 to 20MPa) leacs to an enhanceent in drug
solubility in scCQ (1.22 10’to 2.15 10 for DXP and1.83 10’to 4.51107for CIPin molar
fraction).

This behavior isdue toenhanced dru@ Oz specific interactions that occur when the £0
density increases and that redube intermolecular mean distance of the involved molecules.
A previous work in literaturepresented the solubility of Dexamethasone in the same
conditions and the values were higher (from 1.28 10 1.27 1) [15] than the obtained
values for DXP (Dexamethasone-ghiosphate disodium) in this workince CQ is non

polar and sinc®XP is an ionic compoundt is not surprising that the solubility of the salt is
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lower than the one of Dexamethasoie our knowledge experimental data of DARI CIP

in scCQ is presented for the first time in this work.

ll. 4. 1.PMMA IOLs
The influence of pressurizatiomditionsas well aghe operating conditions osupercritical
impregnation of PMMA 10Ls with both drugs (DXP and CIP) presented in the following

sections.

lll. 4. 1. 1.Influence of pressurization conditions on the visuabspectof IOLs
Foamingresulting from the sorption of scGMy a polymeric matrix is very commdgai6].
Hence, it was important tearry out experiments in pressurization and depressurization
conditions that do nat alter the optical properties of PMMA IOLd~or that purpose,
supercritical treatment was carried outibatch mode at 2MPa (the highest pressure used
for impregration),308 Kand during 2 bursin the absence of API. Based on previous sidi
on rigid PMMA 10Ls, the depressurization was carried out urdeontrolled rate 0.2
MPamin™ [3]. Three pressurization rategre carried out with three differecarbon dioxide
flow rates corresponding toslow (0.25 kg.h), intermediate .65 kg.ht) and fast
pressurization (©.90 kg.h%).

Transparent 10Ls (without foaming) were obtained floe IOLs treated atthe different
pressurization rage(Figure Ill. 4 and present therefore comparable visual asgect®on-
treated ones.

Similar transparent IOLs were obtained for samples treated at jmessure (8MPa and
slower depressurizationates (007 MPamin) with or without cesolvent, which is suitable

for the intended application.
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Figure Ill. 4 Influence of the pressurizatidiow rate on the visual aspect of some IC
treated with scC®at 20MPa a) with a pressurizatioflow rate of0.25 kg.ht, b) with a
pressurizatiorflow rate 0f0.65 kg.ht, ¢) with a rapid pressurizatidtow rate 0f0.90 kg.h'.
All the following supercritical impregnation experiments in this work were perforateal
CO: flow rate 0f0.25 kg.h' for pressurization

lll. 4. 1. 2. Supercritical impregnationof PMMA 10Ls

At first and before the supercritical impregnati@@me PMMA 10Ls were treated with
scCQ in the absence of the API at pressure @VPa temperature 0808 K, duration of
supercritical treatmerdf 2 hoursand a depressurizatidlow rate of0.2 MPamin? in order
to verify if thescCQ extractsomeimpurities from IOLs and it induces a mass variation of

thelOL after treatment.

The massof samples during theupercriticaltreatment experiments.e. while in the high
pressure celln presence of scCQ were not measuredHowever,a representation of the
expected mass increadae to CQ sorption within the polymeis depicted inFigure Ill. 5

After the experimentCO; desorption(in openrair) results in a mass reduction. The evolution
of the IOLs masg{measured by weighingpr the swollen samples (after experimérnits
illustratedin Figure Ill. 6 These masurements correspond to the 30 days observation zone
depicted inFigure lll. 5

PMMA IOLs treated with scC®in the absence of ARegaintheir initial massafter 15 days

of COz desorptionActually, the final mass can even be lower than the initial one since some
residual compounds (solvent, water, monomers or oligore&ry,may have been extracted

by scCQ.
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Figure Ill. 5 Schematicepresentation ahassevolutionprofiles ofIOLs due to

sorption/desorption of C£
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Figure Ill. 6 Evolution of PMMA IOLs mass due t€0: desorptiorafter supercritical
treatmeniat 20MPaand 308 K).

lll. 4. 1. 2. 1. Dexamethasone 2phosphate disodium salt impregnation

a. Preliminary impregnation

In the first part of this studysupercritical impregnatiawere performed with or without

using aco-solvent a8 and ® MPa on I0Ls with a diopter of +21.0 D. The influence of
temperature, impregnation duration ate quantity of cesolvent used was also studied,

while respecting pressurizatiorilow rate of0.25 kg.h'.
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The impregnation results were discussed in sesmmpregnated amounts or impregnation
yields and drug releaseel(easeduration and profile) The results of &lthe preliminary
impregnation experimentgesummarizedn Table IlI. 11.

Initially, supercritical impregnations were performadthout using aco-solvent or using
ethanol(5 %mol) at 8and 20MPaon I0Ls witha diopterof +21. 0 D.The temperature was
kept constanat 308 K, the impregnation duration at Bunsand the depressurizatidlow
rate t00.2 MPamin,

The impregnation results presentedlable Ill. 5 are expressed in term of the impregnated
mass of DXP in IOLs (nbxe imp), the impregnation yieldéY imp) and the release duration (t

releasd. Reproducibility of results was verified (Appendix B).

Table Ill. 5Influence of the pressure and tiieeor not of co-solvent (ethanol 5 %mol) on

supercritical impregnation

N° m oo (*) Pressure M DXP imp Y imp t release
mg+0.2 MPa ug ug drug/mg 1oL days
Without co-solvent
DXP_1| 189 | 8 150+24 | 84+13 | =40
DXP_2 19.0 20 165+
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pressureof 20 MPa which can be explained by a drug partitibecomingmore favorable
towards the supercritical phase

Interestingly, impregnation yields were improved at low pressure in the prestroe
solvent. Hence, all DXP loadings later in this work were performed MP8&8 and in the
presence of cgolvent.

NMR analyses were carried out on DXP impregnated PMMA I0LsNP8&in the presence
of co-solvent (DXP_3) witbut and withcarrying outa CO2 washing stegphase(1 hour)
before depressurizatioAs it can be observed Figure 1ll. 7, ethanobeaks disappearhen
the washing phase tarried outindicatingan efficient removal of ethangtesidual ethanol

lower than 0.01 w&b) whichis suitable for the intended application.

No Ethanol

j }U : ’

T 1
10 ppm

I | A

'|J
|
\

e
h—— . [rrreererpreeererery . o st
200 190 180 170 160 150 140 130 120 110 100 90 BO

Figure Ill. 7 NMR analysesfC) of an impregnated PMMA IOL with DXP 8tMPa, 308 K,

with 5 %mol of ethanol and) without washing step (red) with washing step (black)

In-vitro kinetics studies oflrug release from impregnated IOLs were conducted for 60 days
on allimpregnatedOLs. The release kinetics from DXP loaded IOLs is illustrateBligure
lll. 8. The release duratier(t releas§ Weredetermined when accumulated dmedeased mass

became constant in time and are presentdclinte Ill. 5.
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Drug release fronall the studied conditionsexhibited a sustained release profile without an
initial burst release which suggests deep impregnation of the drug inal@@l.an absence of

drug deposition onto the 10L surface.
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Figure Ill. 8 Accumulated drug release mdssm PMMA IOLs impregnated at 308 With

an impregnation duration of 2 hours andepressurizatiofiow rate 0of0.2 MPamin™.

For the experiments (DXP_1, 2,and 4), the release duration vedisiost the same (about 40
days) fordifferentimpregnationconditions preseirtg different impregnation yields, which
suggests a deep and homogenous impregnation.

The influence othe temperature on the supercritical impratgon was studied at [@Pain
the presence of esolvent (5%mol of ethanol)during 2 loursand with depressurizatiaate

of 0.2MPamin™. The obtained results asaown inTable IIl. 6.

Table Ill. 6 Influence of the temperature on the supercritical impregnation.

N° M oioL Temperature M DXP imp Y imp t release
mg+0.2 K ug ug drug/mg 1oL days
DXP_3 20.0 308 240+ 36 12.0+1.8 ~ 44
DXP 5 20.1 320.5 157 + 16 7.8+0.8 ~ 35
DXP_6 20.2 333 123 +12 6.1+0.6 ~ 40
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As we can observe imable Ill. 6, increasing thetemperature wasurfavorable for
impregnation. This could be attributed tdecreasén CO; density resulting in a reductiai

DXP solubility in the fluid phasgwell-known retrograde behaviorfurthermore, decreasing
CO: density leads to alesser PMMA swelling. Uzer et al [18] showed that volume
expansions of C® swollen PMMA between 9 and 25 % increased with pressure but
decreased with temperature augmentation.

The highst impregnation yield 2.0 ug drug/mg o) was obtained at the lowestudied
temperature 308 K). Therefore, all the impregnation experimeiater in this workwere
carried out aB08 K.
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Figure 1ll. 9 Influence of the temperature ancumulated mass releasgdOLs

impregnated at 81Pa

Once againin-vitro drug release from impregnated 10Ls were performed for 60 days on all
IOLs. The release kinetics from DXP loaded IOLsepreseted inFigure 111.9. The release
duration (treleas9 Was determined when accumulated drug became constant in time and are
presented imable Ill. 6. Drug release from 10s exhibiteda sustained release profdering

about 40 days for the experiments (DXP_3, 5 and 6), which ssgyest agairdeep and

homogenous impregnation of the drug in IOLs.
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The influence of the quantity of co-solvent on the impregnation was also saiddtPaand
308 Kwith animpregnation duration of 2durs andca depressurization rate 62 MPamin'™.

Impregnation conditions as well as the obtained results are shownTiakleelll. 7.

Table Ill. 7 Influence of the quantity of ceelvent on supercritical impregnatiah8 MPa

N° M oioL Co-solvent M DXP imp Y imp t release
mg+0.2 %mol ug ug drug/mg oL Days
DXP_7 20.0 2 127 + 13 6.3+0.7 ~ 40
DXP_3 20.0 5 240+ 36 12.0+1.8 ~ 44
DXP_8 21.0 10 224 + 23 10.7+1.2 ~ 40

A significant increasen the impregnation yields (618 12.0ug drug/mg 1oL) was observed
when increasing the amounttbie usedo-solvent from 2 to ®mol which can be explained

by an increase in the fluid phase polarity enhancing thus DXP solubility inptiase.
Increasing the polarity of the fluid phase may also enhance impregnation by promoting
PMMA swelling.

However, supplementarincrease inthe amount ofethanolto 10 %mol does noturther
improve impregnationsimilar impregnation yields were obtained for 5 and 10 %((@l0

and 107 ug drug/mg 1oL respectrely) indicating similar partition coefficients even if such an

increase in the esolvent ratio should further enhance DXP solubility in the fluid phase.
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Figure Ill. 10Influence of the quantity of co-solvent usedamcumulated mass released
from IOLs impregnated at BIPaand308 K.
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Once againgdrug release from I0Ls exhibitedsustained profil@igure 1ll. 10) during about
40 days for the experiments (DXP_7, 3 and 8), which sugigeste moredeep and

homogenous impregnation of the drug in IOLs.

The influence of the impregnation duration wasnstudied at 83Paand308 K, in presence

of 5 %mol of ethanol(the higher impregnation yield was obtained with 5 %mol of ethanol),
and with a depressurization rateCo? MPamin. The obtained resularepresented iTable

. 8.

Table Ill. 8 Influence of the impregnation duration supercritical impregnation

(0.2 MPamin?).
NP m oioL Impregr_lation Y imp t release
duration M DXP imp
mg+0.2 h ug ug drug/mg oL days
DXP_3 20.0 2 240 + 36 120+1.8 ~ 44
DXP_9 18.9 4.5 156 + 12 8.2+0.7 =~ 40
DXP_10 19.0 10.5 89 +7 47+04 ~ 30

As we can observe ifiable Il. 8, the impregnation yields decreasignificantly (from 12 to
4.7 ug drug/mg 1oL) by increasing the impregnation duration (from 2 to 100brg. These
unexpected results suggest tlshbrt impregnation duratios arefavorable to increase the
guantity of DXP in the IOLs. When the impregnation duration is increased,xpé&cted to
enhance theuantity ofdrug solubilizedin the CQ rich phase(if the equilibrium is not
reached)as well as to improve thswelling/relaxation of polymerassisting thus the fluid
phase penetration within the polymeric matrix during impregnation.

Referring to literature and as discussed in chapter Il, the sorption ofégires a certain
duration which depends on the operating conditions, the chemical nature and the geometric
characteristics of the polymeric sample (shape, dimensiecty, Indeed, some works
reported figures about the kinetics of diffusion front insidgmperic matrices. Thisugyests
that for a duration of 2durs the swelling of IOLs is probably less important than for longer
durations.

Since we have obtained lowest impregnation yields for longer durations, this reayl be
explained by a facilitated drug release from mom®len polymeric matrices during the

depressurization aftéonger durations.
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The tendency was confirmed at a different pressure dRdand a temperature 820.5 K
The impregnation experiments were carried out with 5 %pofolethanol and with a

depressurization rate 6f2MPamin™. The results are shown in thable III. 9

Table Ill. 9 Influence of the impregnation duration on tpercritical impregnation (14
MPaand 320.5 K).

NP m oloL Impregnation Y imp t release
duration M DXP imp
mg+0.2 h ug ug drug/mg oL days
DXP_15 18.6 1 172 +7 92+04 ~ 40
DXP_16 19.0 14 89 + 13 47+0.8 ~ 35

Similar evolution of the impregnation yields atMPa were observed while varying the
impregnation duration at a lower depressurization yield.07 MPamin? (Table IIl. 10)
supporting the hypothesis of the API being dragged out during the depressurizatian phase
Furthermore, similar impregnation yields to those obtained.2aMPamin? indicate that

decreasinghe depressurization rate does$ imfluence impregnation.

Table Ill. 10Influence of the impregnation duration on supercritical impregnation (0.07

MPamin?).
NE M oloL Impregnation Y imp t release
duration M DXP imp

mg+0.2 h ug ug drug/mg 1oL Days
DXP_11 18.5 2 233+ 24 126 +1.3 ~ 35
DXP_12 18.6 6 129 £ 50 6.9+27 ~ 40
DXP_13 19.0 12 76 + 8 4.0+0.4 ~ 18
DXP_14 20.0 16 89 +9 44 +0.5 ~21

Drug release profiles from I0OLs are sustained for about 40 days for experimentS X

9 while, a shorter releasd only 30 days was obtained for a longer impregnation duration of
10.5 hours(DXP_10), Figure 1ll. 11 andTable 111. 8). Drug release profiles exhibit a more
sustained release for @tter impregnation durations (40 days for the experiments DXP_11
and 12 compared to 18 and 21 days for experiments DXP_13 aRdydrk 1l1l. 12).

According to these results, atMiPa and in the presencd ethanol, moderate impregnation

durations (lower than 6 hours) allow deeper impregnation of DXP drug in PMMA IOLs.
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At 14 MPaand 320.5 Kwhile increasing the impregnation duration tohibrs the release
wasonly slightly decreased to almost 35 days compared to 40 days of releaskdordf
impregnation(Figure 1. 13). Nevertheless,igher yields obtained for lor of impregnation

favoringshorter impregnation durations.
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Figure 1ll. 11 Influence of the impregnation duration on accumulated massesldrom
IOLs impregnated at BIPaand 308 K.
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Figure Ill. 12Influence of the impregnation duration on the impregnation of IOLIR&
308 K, with 5 %mol of ethanol and a depressurization rate of\dRE¥min.
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Figure Ill. 13Influence of the impregnation duration on the impregnation of IOLs &Rz
and 320.5 K.

Release profilefor all the preliminary experimentiiscussed abowsere fitted with equation

Eq. (2) and the fitting parameters obtained are summarizédalte IIl. 11. For all the
preliminary experiments of PMMA 10Ls with DXP (DXP_1 to 16), a regression icoeit
higher than 9B % was obtained inditiag that the model used fits well with the
experimental dataRelease exponent values for all the impregnated IOLs, in the different
tested conditions atewer or equal t00.5suggesting that for impregnated I10Ls, drug release
occurred by Fickiamliffusion mechanism [1£11].

Following these results, we can conclude that the impregnation duration does not favor the
impregnation of DXP in PMMA IOLs in the studied conditioriBhe increas in the
impregnation duration improves the swelling and the relaxation of chain of PMMA polyme
which not only facilitates the diffusion of the fluid phase containing the drug buasdssts

the drug in leaving the polymer during the depressurizatfaase. For this reason, all the

impregnation experiments later in this work did not exceed impregnation duration o4 hour
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Table Ill. 11 Impregnation conditions, results and kinetics parameters of all the preljmimanegnation experiments.

Co _ o Y imp Kinetics parameters
Pressure Temperature Impregnation| Depressurization M pxp imp t release -
Samples solvent _ _ ng drug/mg (fitting)
(MPQ) (K) duration (h) | rate MPamin?) (ng) (days)
(Yomol) loL n k R?
DXP_1 8 308 / 2 0.2 159+ 24 8.4+ 1.3 =40 | 0.535| 0.116 | 0.999
DXP 2 20 308 / 2 0.2 165+
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b. Experimental design

Following the results of the first series of experimgdisig loadings were shown to be
significantly influenced by the presenard the amoundf the co-solvent In the presence of
ethanol,increasing the pressure from 8 @ MPaat 308 Kwas unfavorable to impregnation.
At 8 MPa and in the presence dfthanol, increasing the temperature led to lower
impregnation vyields. Furthermordpng impregnation durations eke alsoshown to be
unfavorble toimpregnation.

Therefore, according to these first results, asponse surface methodology based on
experimental designs was used to study the influence of the amount ofgblveat as well

as the impregnation duration on impregnation of IOLs with diopter +21. 0 D. 5 fexelsch

of these two entry parameters were consideaeabunt of cesolvent (1 to 10 %mol) and
impregnation duration (30 to 240 mifhe pressure was kept atV@Pa thetemperature at
308 K, the COz2 flow rate at0.25 lg. h* during the pressurizatioand the depressurization
rate at0.2 MPamin'™,

The impregnation results were also discussed in steofn impregnated amounts or
impregnation yields along witthrug releaséduration andelease profilg

The operational conditions and the impregnated amounts by drug release studies are
summarized inTable 1ll. 12. Experiment in the middle of domain weepeated three tinse
(Appendix B).
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Table Ill. 12 Experimental design conditionsrfsupercritical impregnation (8 MPa08 K)
of IOLs (+21.0D).

N° moioL | Amount of | timp M DXP imp Y imp t release
co-solvent

mg+0.2 %mol min ug g drug/mg 1oL days

DXP_ED* 1 | 20.2 2.3 60 259+ 26 12.8+ 1.3 = 40
DXP ED 2 | 189 2.3 210 | 171+26 9.0+ 1.4 = 40
DXP ED 3 20.5 8.7 60 144+ 56 7.0£2.8 = 40
DXP ED 4 | 21.1 8.7 210 | 151+19 7.2£0.9 ~42
DXP ED 5 | 21.2 5.5 30 398+ 16 18.3+ 0.8 ~44
DXP_ED 6 21.0 55 240 122+ 21 5.8+1.0 =~ 40
DXP ED 7 | 20.9 1 240 | 118+30 5.6+ 1.5 = 40
DXP_ED_8 19.0 10 135 279+ 29 147+ 1.6 =~ 40
DXP_ED_9 19.0 55 135 184+ 19 9.4+1.0 =41
DXP_ED 9* | 20.1 55 135 215+ 22 10.7+£1.1 =40

* ED: Experimental design.
** For this drug release experiment, a single sample was collected at the end of release to

quantify the drug release.

For the different experimental conditions, the amount of impregnatedvangs between

118 and 398g which suggés that the studied factors influence the surface response.

The experimental resultémpregnated amountsyere used to calculate an impregnation
model by multilinear regressiovia NemrodW software (LPRAI, Marseille, France). The
model coefficients are presented in Eq. 4 with a valu&? of 0496 (Appendix C) This low
value of the regression coefficiesssentially resulting from the experiments DXP_ED_5 and
8 which presenta relativdy high value of impregnated drug quantity compared to other
experiments of the plan design, as illustrated by the high amount of residue inwbese
points (Appendix C). The model can hardly explain these high values.

Despite the rather weak value of,Rhe regression model is still significant because it

provides a good estimation of the values of a majority of the experimental pantheS
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regression models can be considered as reliable for the prediction of thescbarige

impregnated amounts in the range of operating conditions tested.

y =0.204 — 0.051 x; + 0.011 x, + 0.011x% — 0.016 x2, + 0.040x, Eq.3

Figure 1ll. 14 shows the impregnated amount and impregnation yields evolution respectively
predicted by the RSM model in terms of amount of co-solvent and impregnation duration.
The response surfads the theoretical thredimensional plot showing the relationship
between the response and the independent variables. Th&intensional display of the
surface plot is called contour plot where lines of constant response are dréngrplane of

the incependent variabldg].

Co-solvent %2 -
I 0.32

0.0

021

1.0

30 135 s x1: Amount of co-solvent
timp X»: Impregnation duration

Figure Ill. 14 A two-dimensional contour plot and a thréierensional response surface of
impregnated mass illustrating optimal conditions fordhpercritical impregnation of PMMA
IOLs with DXP.

According to the response surface presentdéigare Ill. 14, the predominant effect is the
impregnation duration. Indeed, the response variations are significant, palgidal low
quantities ofco-solvents (lower than 5.5 %mol). The most advantageous conditions of

impregnation are short duration with low amount of co-solvent (5.5 %mol).
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Increasing the impregnation duratican lead to higher amousitof dissolvedDXP in the

fluid phaseand/oran enhancement e polymerswellingif the thermodynamic equilibrium
conditions are not reached. Even if the diffusion of the fluid pisseher in DXP in the

more swelledpolymeric matrix longer impregnation durations are shown toubévorable

for impregnatiorsuggestinghat enhancingthe swelling andhe relaxation of polymeduring

the contact phase with the fluid phas®blesan easier drag out of the drfrgm thepolymer
during the depressurization phaséhis resilt is in good agreement witthe tendency
observed for a higher variation of impregnation duration (from 1 to dishin the
preliminary experiments DXP_3 and DXP_9 to 14.

The variation in the amount of @wlvent, has asmall but complex influence on
impregnation. Indeed, increasing the amount of-smlvent has little effect for short
impregnation durations and becomes even unfavorable when short impregnation sluration
and amourt of co-solvent greater than 5%mol are appliedincreasingthe amount of the
co-solvent for impregnation durations higher than 135 min, becomes slightly favorable to
impregnation. tl is important to point out that the experiment DXP 8 (usingobdol of co-
solvent for an impregnation duration of 135 min), givesigher impregnated amount
compared to the estimated one by the proposed model resulting in a high residue value. The
corresponding yield is also significantly increased compared to 5.5 %mol ethiatin@ same
duration (9.4 and 14.7.g daug/mg 1oL respectively). Several parameters are involved in
impregnation and vary with the quantity of thesmvent such as the drug solubility in the
fluid phase, the swelling of the polymer as well as the diffusivity of the fluideplvekin the
polymer. Furthermore, the variation of the contact time plays an important role on the
evolution of the diffusion front within the polymer but also on the quantity of the dissolved
drug and the swelling of the polymer by €®orption. All these concurrent phenomena
interfere and can explain the result obtainedthe highest amount of 10 %mai ethanol.
Supplementary experiments are required in order to further investigate thengefloé
varying the impregnation duration at amount of-solvent higher than 10 %mol
Nevertheless, considering the given application ginentityof the cesolvent useghould be
reduced.

According to the result obtained, the response surface shows short impregnation duration as
the key factor for efficient drug impregnation in IOO0%e highest impregnation yields in our
experimental domain are reached for short impregnations (30 min) with amoursaif/ent

ranging between 1 and 3%6mol.
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DSC analysis were carried out on the impregnate PMMA IOLs DXP_ED MR& 5.5

%mol of ethanol and 135 min). The thermograph shows a Tg oK3@@ble Ill. 13), which

is the same as that obtained for nveated PMMA IOL (before impggnation). The DXP
melting peak was not observed in the thermograph. This could be either due to the quantity of
the impregnated DXP being below the sensitivity limit of DSC or due to molecularsi@pe

of DXP within the 10Ls.

Table 1ll. 13Tg of PMMA I0Ls before and after impregnation.

IOLs Tg (K)
Non-treated 10L 391
IOL DXP_ED_9 (mpregnated at 8Pawith 5.5 %mol of 390
ethanolfor 135 min

Drug release studies were conducted on all impregnated IOLs prepared at ddtereitions
for 60 days. The evolution of the accumulated drug release mass is illustr&igdri Ill.
15.

Drug release curves exhibited qu#imilar profiles with sustained drug release. Fal the

samples DXP_ED -19, a sustained releastalmost40 days was obtained.
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Figure Ill. 15 Accumulated drug release from IOLs (+21.0 D) impregnated, using

experimental design, atN8Pa, 308 K and with depressurization rate of BlRamin™.
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Figure Ill. 16 presents the effect of the impregnation duration (from 60 to 210 min, from 30 to
240 min androm 60 t0210 min respectively) on drug release from samples prepared with a
differentamount ofco-solvent (2.3, 5.5 and 8.7 %mol respectivedgiording to conditions
fixed in the experimental desigfTable 111.12).

It is interesting to note that release curves exhibit almost the sameaslbpie same release
duration (abou#0 days) for samples processed at diffemapregnation durations.

As we can observe in titegure 1ll. 16 a and btheamount of cesolvent of 2.3 or 5.5 %mol
decrease the impregnated amouwwith theincrease of the impregnation duration while dor
higher amounbf 8.7 %mol the impregnation duration does mofi uencethe impregnated
drug Figure lll. 16c).
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Figure Ill. 16 Accumulated drug release from IOLs (+21.0 D) impregnati¢l a) 2.3
%mol of co-solvent (DXP_ED_1 and 2), b) 5.5l of co-solvent (DXP_ED5, 9 and 6)

and c) 8.7 %mol of co-solvent (DXP_ED_3 and 4).
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Drug release from PMMA IOLs impregnated k.5 %mol of ethanol and during 30 min
(which preserg the highst experimentalimpregnation yield, DXP_ED_5) showed a
sustained and without an initial burst (inset Figure 1) releasewhich suggests Hdepth
and homogeneous impregnation of the drug in 10Ls.
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Figure Ill. 17 Accumulated drug release from impregnated IOLs (DXP_ED_5).

Releaseprofiles were fitted to equation Eqg. (2hd the fitting parameters obtained for IOL
samples are summarizedTable 1ll. 14. Therelease exponents for impregnated IQere
similar tothose obtained fathe preliminary experiments. The release exponents e
than 0.5 for all the experiments confing drug release to occtinrougha Fickian diffusion

configuration (case I)For all the impregnation experiments of PMMA 10Ls with DXP, a
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regression coefficient higher than 92.7 % was obtained indicatinghthanodel used fits
well with the experimental da.

Table Ill. 14DXP_ED release kinetic parameters obtained by fitting with equation Eq. (2).

Kinetics parameters

+21.0D
Samples n k R?
DXP ED 1 | 0.454 | 0.191 0.970
DXP ED 2 | 0.204 | 0.055 0.985
DXP ED 3 | 0262 | 0.028 0.995

DXP_ED_4 0.376 0.024 0.994

DXP_ED 5 | 0.409 | 0.032 0.996
DXP_ED 6 | 0.400 | 0.231 0.956
DXP_ED 7 | 0.419 | 0.239 0.927
DXP_ED 9 | 0.446 | 0.161 0.941
DXP_ED 9 | 0.411 | 0.172 0.900

ll. 4. 1. 2. 2. Ciprofloxacin impregnation

Supercritical impregnation ofIP in PMMA IOLs was caied out at variougonditions, the
influence of pressure (8 and 20Pa and use of a eeolvent (5 %ol ethanol) on drug
impregnation was studied for diopte21.0 D. Other parameters i.e. temperatd@3(K),
impregnation duration (2durg, pressurizatiorflow rate (0.25 kg.ht) and depressurization
rates 0.2 MPamin™) were kept constant for all experiments.

The experimental conditions and impregnation yields for CIP loading are summarized i
Table I111. 15. TheCIP impregnation studies were performa&d8 and 2 MPawithout the use

of a casolvent or with ethanol as co-solvent.
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Table Ill. 15Impregnation rates &#MMA IOLs (at308 K and 2 hours) determined by drug

release studies

N° m oioL Pressure M ciP imp Y imp t release
mg MPa ug ug drug/mg oL days
Without co-solvent
CIP_1 19.0 8 16+ 1 0.8+0.1 =12
CIP_2 19.6 20 48+4 2.4+0.2 =~ 40
With co-solvent
CIP_3 19.9 8 55+ 5 2.8+0.0 ~ 40
CIP_4 20.5 20 57+5 2.8+0.2 =40

In the absence of esolvent, the increase in pressure from 8 tdiBaimprovedsignificantly

the impregnated yield§from 0.8 to 2.4ug drug/mg 1oL). This could be attributed to the
concurrent increase in the solubility of the difigm 1.83 10 to 4.51107 respectively,

CO:z sorption in the matrix and the polymer swellidgldition of ethanol as esolvent in the
procedure resulted mfurtherincrease in drug impregnatigmeld (from 0.8 to 2.8ug drug/mg

oL at 8 MPa. It is well known that cesolvent such asthanol promotes the solubilizatioh
polar drugs in C@by enhancing the overall polarity of the fluid phase. Furthermore, the CO
saption and swelling/plasticizing can alde enhanceavith the addition of a cgolvent if
polymer /fluid phaseGOz/co-solvent)interactions are favorgd7] [3].

However, in the presence ethano] the increase in pressure (from 8 to M@a did not
affect the drug loading. This could be either due to the saturation of IOLs with drug or no
further improvement in polymer/drug interactions at higher pressure

Impregnation yields were quite similar on comparison with those obtained in fenpeeof a
co-solvent (CIP_3 and CIP_4) and those obtained aMP@ without using a ceolvent
(experiment CIP_2). These results led us to dispense with the usesofvent for drug
impregnation which is also preferable for the intended application.

In-vitro drug release from impregnated I0OLs were performed falgg@on all impregnated
IOLs. The release kinetics from CIP loaded IOLs is illustrateignire 11l. 18. The release
durations(t releasy Were determined wbn accumulated drug release became constant in time

and are presented Trable III. 15.
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Figure Ill. 18 Accumulated drug release from PMMA I0Ls impregnatdith CIP (at 308 K
and 2 hours).

Drug release from IOLs exhibited a sustained relgastle with the same slapfor all the
experiments For the IOLs impregnated at NdPa without coesolvent (CIP_1), a sustained
release for 12lays was obtained while for the other three samples gCIB and 4) the
release duration was significantly mameportant (40 daysindicating a more idepthand
homogeneous impregnation.

Release profiles discussed above were fitted with equation EqwifR)a regression
coefficient higher than 93% was obtained indicating that the model used fitsvitkelihe
experimental release profile¥he obtaineditting parameters are summarizedTiable Il
16. Exponent values were lower than 0.5 for all tested t¢iongi of supercritical
impregnation, confirming drug release to occur by a Fickian diffusion configuratise (ca
[11], [12].
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Table Ill. 16 CIP release kinetic parameters obtained by fitting with Eq (2

Kinetics parameters
+21.0D
Samples n k R?
DXP_1 0.404 0.197 0.979
DXP _2 0.422 0.249 0.932
DXP _3 0.434 0.159 0.977
DXP _4 0.418 0.175 0.935

. 4. 2. PHEMA 10Ls
The influence of pressurization conditions and the conditions/results of the #igaércr
impregnation of FHEMA 10Ls with both drugs (DXP and CIP) were discussed in the

following sections.

lll. 4. 2. 1.10Ls foaming

In our experimental conditiond)e pressurization flowate was observed to be a significantly
important factor in controlling theisual aspectt(ansparengeof P-HEMA I0Ls. In order to
elucidate this phenomenothe influence of the pressurizationith CO: at three different
flow rates slow (0.25 kg.h'), intermediate .65 kg.ht) and fastconditions(> 0.90 kg.h),
was studied in a batch mode at fixed pressubeMPRa), temperature308 K) andduration (2
hours).Based on previous studies on rigid PMMA IOLs, tepressurization was card out
under controlled rate &.2 MPamin? [3].

The £COz treatment of I0Ls with pressurizatifiow rates of0.65and 0.90 kg.f resulted in
foaming andherefordoss in the optical properties of the IOLs as illustratefigure 111. 19.
Similar loss in optical properties was observed for samples treatedoater pressure (8
MPa) and slower depressurization rateOQ0MPamin?) with or without a cesolvent for
pressurizéon flow rates 0f0.65and 0.90 kg.1.
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Figure Ill. 19Influence of the pressurization flow rate o, thsual aspect of some IOLs: a)
non treated 10Lb) IOL treated with scC®at 20MPawith a pressurization flow rate 6{65
kg.h?, c) IOL treatecat 20MPawith a pressurization flow rate 6f900 kg.h'.

Due to the applicatiorof IOLs, foaming even with few bubbles ha&ol be imperatively
avoided. This was achieved laycontrolled pressurizationCO flow rate of 0.25 kg.h'
coupled with a depressurization rateC2 MPamin. Samples treated at abovementioned
conditions resulted in transparent IOLs at both 8 @hi¥iRaand in the presence or absence

of a cesolvent Eigure lll. 20).

Figure 1ll. 20 Influence of the pressurizatidiow rate 0.25 kg.h') on the visual aspect of
IOLs treated with scC®at 20 MPa a)in the presence of ethanol (5%6l), b) in the absence
of co-solvent.
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In the literature, foaming in polymers generally reported tooccur following certain
conditions of depressurization. This is due to the quick desorptiargagous phaséom a
matrix during rapiddepressurizatiorilhe rapid decrease in pressure leads to a decrease in the
CO2 sorption capacity of the polymer, inducing then a high supersaturation oinCihe
polymer. When the depressurization rate is high, the €&hnot be completely released from
the polymeric matrix. Nucleation and growth of bubbles of-@®cur until the pressure
reaches to a point where foamed structure freg&s The number and size of the created
bubbles depend on the pressure, temperature and impregnation duration in addition to the
depressurization rafé6], [20], [21].

In our work, even in slow depressurization conditions, foaming was observed for rapid
pressurization phases suggegtthat a brisk CQ@ sorption in PHEMA lenses promotes
sudden swelling and subsequent deformation. All sc€&atments oP-HEMA 10Ls (pre
treatments as well as impregnations) were performed at-eflG®@ rate 0f0.25 kg.ht from

hereon to avoid foaming and loss of optical properties during processing.

. 4. 2. 2.I0Ls pretreatment

Since the hydrophilic i EMA IOLs were supplied preonditioned in a physiological
solution, a preliminary drying step was necessary to extract absorbed water andnto obta
reproducible initial conditions for impregnation. At first, the influencehaf dying mode
(oven and scC¢) was studied to understand the suitability of these methods and to determine
required condition$or efficient drying.

The IOLs were dried in an oven at two temperatusé8 énd363 K) and DSC analyses were
performed to determineine Tg of IOLs after this procedure. DSC analyses of the IOLs dried
in an oven aB13 and363 Kshowed arg of 386 and394 Krespectively(Table 1ll. 17). This

can be attributed to the efficient removal of water from IOL36& K. Absorbed water in a
polymeric matrix acts as a plasticizer which leada ttecreasen Tg asfor samples driect

313 K. The temperature of 363 Was efficientfor the completeremoval of water from P
HEMA IOLs.

DSC analyses of the 10Ls dried with sc£& (8MPa, 30 min) and (141Pa 135 min) show

a Tg of respectively386 and 394 K Table lll. 17). Once again, the increase of Tg with
increase in pressure and drying time can be explained by the efficient removalrdirovate
P-HEMA IOLs.
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Table Ill. 17 Tg of P-HEMA IOLs drying in an oven and with sc&O

Drying mode Drying conditions Tg (K)
Oven 313K 386
Oven 363 K 394
ScCQ 8 MPaand 308 K, 30 min 392
ScCQ 14 MPa and 308 K, 135 mif 394

A Tg of 394 Kfor IOLs dried by both over863 K) and scCQ (14 MPa, 308 K for 135 min)
methods along with the same weight 168221 Gvater / Qdried 10L) indicatedefficient removal

the water at these conditions.

[ll. 4. 2. 3.Supercritical impregnation of P-HEMA 10Ls
The supercritical impregnations ofHEMA IOLs were carried out with both drugd3XP and
CIP in different operating conditionsThe obtained results were presented in the following

sections

lll. 4. 2.3. 1L Dexamethasone 2phosphate disodium salt impregnation

It is well known that the efficiency of the supercritical impregnation isonbt dependent on

the employedperatingconditions but also on the physicochemical interactions between all
involved substances in the process. The supercritigaiegnation of DXP on-PIEMA 10Ls

was carried out at various conditgrThe influence of pressure (8 and\Ba) and use of a
co-solvent (5 %mokthanol) on drug impregnation was studied for diopters +21.0 and +32.0
D. Other parameters i.e. temperatud@8 K), impregnation duration (2hrg, pressurization
(0.25 kg.hY) and depressurization rate®. MPamin') were kept constant for all

experiments.

The experimental conditions and impregnation yields for DXP loading are summarized in
Table I1I.18.
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Table Ill. 18 Impregnation rates of IOLs of +21.0 D and +3R.@iopters (aB08 K and 2

hours), determined by druglease studiegl(Q daysof release)

+21.0D +32.0D
N° P | moioL | M bxpimp Y imp MoioL M DXPimp Y imp
MPa | mg ug ugdrug/mgioL mg ug ugdrug/mgioL
Without co-solvent
DXP_lI 8 19.4 | 165+ 25 85+1.3 20.1 171+ 25 8.5+1.3
DXP_Il | 20 | 20.0 | 182+ 27 9.1+14 20.5 191+ 28 9.3+14

With co-solvent

DXP_III | 8 19.0 | 247+ 37 13.1+£2.0 20.2| 266+ 39 13.2+ 2.0

DXP_IV| 20 | 19.5 | 270+ 40 13.8£2.10 20.3| 295+43 145+ 2.2

Impregnation yields obtained at the different experimental conditions wenpacable and
reproducible for both dioptersThe increase in pressure from 8 @MPahad no significant
effect on the amount of DXP impregnated in 10Ls. However, higher imategnyields
wereobtained upon the addition of ethanol in the processing media. The increase in pressure
for samples processed with-solventdid not showsignificantimprovement in the drug
loading. These results suggest that the use e$obmnt is faorable towards DXP
impregnation. However, residual solvent can be a concern for ocular implants. NitRe,
analyses were carried out on DXP impregnated I@Ldetermine the presence ethanol.
Figure 1ll. 21 compares NMR spectra of IOLs impregnated in the presence otal\ant
with and without the washing step before depressurization. As it can be obssthaatbl
peaks disappeavhen a supplementary GQvashing step is performed indicating a residual

solvent content to be lower than 0.01 wt% of ethanol in the IOLs.
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Figure Ill. 22NMR analyses (13C) of an impregnate¢tHBMA IOL with DXP at20 MPa,
308 K, with 5 %nol of Ethanol and with a) a washing step (black) b) without a washing step
(red).

The DXP release from impregnated IOLs is presentddguare 11l. 22 andFigure IIl. 23 for
both +21.0 and +32.0 D diopters. Samples prepared at both pressitinesr without ce
solvent exhibited same release profile without any burst rel@aseindicates irdepth and

homogenous impregnation of DXP withinrHEMA |OLSs.
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Figure Ill. 22 Accumulated drug release from IOLs (+21.0 D) impregnat@0&t,
pressurizatiorlow rate 0f0.25 kg.ht, impregnation duration of 2 houasd depressurization
rate of0.2 MPamin™,
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Figure lll. 23Accumulated drug release from IOLs (+32.0 D) impregnated at 308 K,
pressurization flow rate @f.25 kg.h', impregnation duration of 2 houasd depressurization

rate of0.2 MPamin.
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Release profiles of DXP were fitt@dth equation Eq. (2) and the release parameters are
presented iable III.19.

Table Ill. 19 DXP release kinetic parameters obtained by fitting with Eq (2).

Experiments Kinetics parameters
+21.0D +32.0D
n K R? n K R?
DXP_I 0.842 0.058 0.967 0.919 0.044 0.962
DXP_II 0.781 0.099 0.954 0.790 0.077 0.931
DXP_III 0.763 0.080 0.942 0.791 0.098 0.934
DXP_IV 0.733 0.072 0.946 0.929 0.038 0.944

Regression coefficients of more than 93% were obtained for both diopters prepared at
discussed conditions. Furthermore, similar release exponents for the impregbhted
suggest DXP release to also occur by an anomalous transporitéyfies(superimposition of
Fickian controlled and swelling controlled releage?][11]. This result is expected since the

P-HEMA IOLs are hydrophilic and theytasticizein the presence of water.

lll. 4. 2.3. 2 Ciprofloxacin impregnation

a. Preliminary impregnations

IOLs were dried aB63 Kin an oven before preliminary impregnation experiments. The drug
impregnations were performed widmd without cosolvent at 8and 20MPaon IOLs with

two different diopters (+5.0 D and +21.0 D).

The impregnation results presentediable 11l. 20 are expressed in term of the impregnated

mass of ciprofloxacin in on®L (m cip imp) and the impregnation yield (¥p).
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Table Ill. 20 Influence of the diopter on the drug loading at different conditions.

+5.0D +21.0D
Ne° P m(OI)OL M cipimp Y imp t release mé)I)OL M cipimp Y imp 1 release
MPa| ™Mg ug HGdug/MgioL | days | mg ng HGdrug/MQioL days

Without cosolvent
CIP_Il| 8 11.9 11+0.2 0.9+0.1 20 20.1| 20+40.2 0.9+0.1 ~ 20

CIP_ll| 20 11.3 39+0.5 3.4+ 05 40 | 20.6| 59+0.5 29103 = 40

With co-solvent

CiP_IllI| 8 115 44+ 0.6 3.8+06 40 | 20.5| 61+0.5 3.0+£03 = 40

CIP_IV| 20 11.4 47+ 0.6 4.1+ 0.6 40 | 20.3| 65+0.5 3.2+03 = 40

* Initial mass of the dry IOL before impregnation

In the absence of esolvent, a pressure increasenr 8 to 20 MPa led to improveCIP
impregnation. The drug impregnation for diopter +5.0 D increased from 0.9 to 3.4
ugdrug/mgioL. Similarly, an increase from 0@ 2.9 ugarug/mgio. for diopter +21.0 D. This
improvement in CIP loading can be attributed to the concurrent increase in the tgodtdbili
the drug(from 1.83 10 to 4.51 10 respectively)and polymer swelling due to GQorption
[22]-[25]. With the addition of ethanolsacasolvent, the drug loadings were similar8aand

20 MPa It is well known that ceolvent such as ethanol promotes the solubility of polar
drugs in CQ by enhancing the overall polarity of the fluid phase. Furthermore, the CO
sorption and swelling/plasticizing can also increase with the addition ofsalwent if
polymer /CQ/co-solvent interactions are fared [3], [17]. An absence of any further drug
impregnation at higher pressure in the presence of ethanol could be eithes the t
saturation of IOLs or lack of improvement in polymer/drug interactions.

Interestingly, impregnation yields were comparable for sasgrocessed with ethanol
(CIP_IIl and CIP_IV) and only €20, at 20MPa (experiment CIP_)l Hence, CIP loading
was performed without the use of-solvent from hereon which is also preferable for the
intended applicatian

In-vitro drug release from impregnated IOLs was conducted for 60 days for both diopters
(+5.0 and +21.0 D). The release kinetics from CIP loaded IOLs is illustratadure Ill. 24
andFigure IIl. 25. A continuous drug release of 20 days was obtained @ impregnated

at 8 MPa (CIP_I) without caesolvent in comparison to 40 days for samples preparedat 2
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MPa (CIP_Il) and with ethanol (CIP_III and )V Drug release from lenses was sustained and
without an initial burst (inseffigure 11l. 25) which suggests wdepth (absencdrug deposit

on the surface) and homogeneous impregnation of the drug in IOLs.
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Figure Ill. 24 Accumulated drug release from IOLs (+5.0 D) impregnat&datk with the
pressurizatiorlow rate 0f0.25 kg.ht, impregnation duration of 2 houasd depressurization

rate of0.2 MPamin.
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Figure Ill. 25Accumulated drug release from IOLs (+21.0 D) impregnat@@&t with the
pressurizatiorlow rate 0f0.25 kg.ht, impregnation duration of 2 houasd depressurization
rate of0.2 MPamin™.

Release profiles discussed above were fitted with equation Eq. (2) and tigeplttameters

obtained for both diopters (+5.0 and +21.0 D) are summarizédate 111. 21.
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Table IIl. 21CIP release kinetic parameters obtained by fitting with Eq (2).

Experiments Kinetics parameters
+5.0D +21.0D
n K R? n K R?
CIP_I 0.835 0.072 0.995 0.748 0.076 0.972
CIP_lI 0.907 0.043 0.962 0.810 0.058 0.975
CIP_Il 0.866 0.052 0.987 0.842 0.052 0.997
CIP_IV 0.884 0.050 0.994 0.794 0.065 0.965

For all the experiments, the exponent value (n) is ranging between 0.5 and 1.0 ghettsu
that the drug releaseccurred by an anomalous transport type. (he superimposition of
Fickian controlled and swelling controlled release) [12].

The release rate constant (k) decreased as the impregnation pressuredircredsssn a co
solvent was used. This indicates that the affinity betweblEMA I0Ls and CIP increases
with the increase in pressure or the addition of-aajleent[26]. A regression coefficient of
higher than 96% indicates that the modedrently used fits well with drug release profiles.
Release exponents were similar for IOLs impregnated in different conditionbotar
diopters.

b. Experimental design

Following the results of the first series of experiments, it could be concluded that drug
loadings were significantly influenced by the change in pressure in the alsfeaceo
solvent. Moreover, increase in pressure in the presence-sblwvent had no ignificant
influence on the impregnation yield. Therefoaefesponse surface methodology based on
experimental design was used to study the influence of operating conditions on the
impregnation of CIP on +21. 0 D IOLs. Two entry valuesw@itlevels each were considered:
pressure (8 to 2PIPa) and impregnation duration (30 to 240 min).

The operational conditions and results from these experiments are summarizedabléhe
[ll. 22. All impregnations were carried out208 Kwith a CQ flow rate (for pressurization)

of 0.25 kg.htand a depressurization rate@2 MPamin? without the use of esolvent.The
repeatabity of the experiment in the middle of domain (CIP_ED_1X) was verified (Appendix
B).
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Table Ill. 22Experimental design conditions for supercritical impregnation of IOLs

(+21.0D).

N° P timp MoioL M cIP imp Y imp { release

MPa min mgt0.2 g 1gdrug/mgioL Days
CIP ED* | |10 60 19.0 26+0.2 |1.4+0.1 ~18
CIP_ED I 10 210 18.6 30+0.3 1.6+0.1 ~ 40
CIP_ED1ll |18 60 18.9 39+0.3 2.1+£0.2 ~ 30
CIP_ED1V |18 210 19.5 53+ 0.4 2.7+0.2 ~ 40
CIP_EDV 14 30 19.2 22+ 0.1 1.1+0.1 ~18
CIP_ED VI |14 240 20.0 41+0.3 2.010.1 ~ 45
CIP_ED_VII |8 135 19.1 21+0.2 1.1+0.1 ~ 10
CIP_ED_VIII | 20 135 19.5 67+ 0.4 3.4+ 0.2 ~ 45
CIP_EDIX |14 135 18.8 35+ 0.1 1.740.0 ~ 20
CIP_EDIX™ | 14 135 18.8 31+0.1 1.6+ 0.0 ~ 20

* ED: Experimental design.
** For this drug release experiment, a single sample was collected at the end oftcelease

quantify the drug release.

For the different experimental conditions, impregnated amounts ranged betive&7 21g
which suggests that the studied factors have notewartinfluence on the response surface.
Figure lll. 26 presents release kinetics of CIP impregnated samples prepared at different

pressures and durations.
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Figure Ill. 26 Accumulated drug release from IOLs (+21.0 D) impregnated, using
experimental design, 808 K, pressurizatioflow rate of0.25 kg.h', without co-solvent and

depressurization rate 6f2MPamin™.

The drug releasdurationwas dependent on the mass of CIP impregnated in I0Ls at various
conditions. For example, a sustained release ranging from30D0days was obtained for
CIP_ED, M, V, VII and IX. Whereas, samples with higher impregnation yields
(CIP_ED _II, 1V, VI and VIII) showed drug release for significantly longer durations480
days).

Figure 1ll. 27 presents exaples of samples prepared at 14 and 18 ktPexplain the effect

of impregnation duration on release kinetics. It is interesting to note thatupeedease is
always higherand extended for samples prepared with longer impregnation durations at a
given pressure even when slopes do not appear significantly dissimilar. Therefonebét ca
concluded that increasing the impregnation time allows a meatepth diffusion of thelrug

facilitated by the improved swelling of the polymer.
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Figure Ill. 27 Accumulated drug release from IOLs (+21.0 D) impregnated, using
experimental design, at a) MPa(experiment CIPED V, IX and VI), b) 18MPa
(experiments CIPED_lII and 1V).
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Release profiles were fitted to equation Eq. (2) to obtain release exponentprisgnated
IOLs similar to the preliminary experiments. The fitting parameters obtained fosd@®lples
are summazged inTable Ill. 23.

Table 11l. 23 CIP release kinetic parameters obtained by fitting with Eq (2).

Kinetics parameters
+21.0D

Samples n k R?

CIP_I 0.555 0.133 0.977
CIP_lI 0.837 0.039 0.987
CIP_llI 0.685 0.090 0.981
CIP_IV 0.772 0.058 0.991
CIP_V 0.727 0.061 0.985
CIP_VI 0.982 0.031 0.991
CIP_VII 0.859 0.307 0.992
CIP_VII 0.839 0.053 0.989
CIP_IX 0.894 0.123 0.972

Similar to preliminary experiments, release exponents ranging between 0.5 andrih confi
drug releasenccurring followingan anomalous transport type (i.e. the superimposition of
Fickian controlled and swelling controlled release). The impregnated amountseddiam
release profiles were used to calculate an impregnation model by multilgeassion. The
model coefficients are presented in the Eq. 4 and a regression coeffRipmf (0.945
suggests that this model can be considered as reliable tool to predict changa®gmated

amounts within the studied operating conditions.

y = 0.032 + 0.012 x; + 0.005 x, + 0.006x% — 0.001x2, + 0.002x,, Eq.4

Figure lll. 28 shows the impregnated amount predicted by the RSM model in terms of

pressure and impregnation duration.
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Figure Ill. 28 A two-dimensional contour plot andlareedimensional response surface of
impregnated mass (mg) illustrating optimal conditions for the supercritical gmgtien of P
HEMA I0Ls with CIP.

A high variation of response in terms of drug loading in IOLs with the pressure incsease i
evident in Figure Ill. 28. This is expected due to improved drug solubility and
swelling/plasticization of polymers in scG@t higher pressurg22]{25], [27], [28]. The
effect of impregnation duration is minimal at low pressures lgmifggant at pressures above

14 MPa A direct impact of increase in processing time on drug impregnation at higher
pressures is apparent kiagure Ill. 28. This could also be attributed to higher £€brption
resulting in polymer swelling and improved dissolution of CIP. In other words, it could be
suggested that thermodynamic equilibrium was not reached at low impregnatieongurat

The lowest drug loading of 21 pug was obtained on sasnptocessed at I@Pa for 135
minutes whilst highest drug loading (67 pg) was achieve® BP2a for the same duration. 8
and D MPawere the lowest and highest pressures studied in this work and response surface

clearly shows high pressure as the keydiafur efficient drug impregnation in I0Ls.

lll. 4. 3.Comparison between PMMA and PHEMA IOLs impregnation
This work ained to study the impregnation of two types of 10ksgid I0Ls (PMMA) and
foldable IOLs (P-HEMA) with two ophthalmic drug: DXP and CIP.The influence of the
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pressure and the presence ofsotvent for bothkinds of 10Ls and with both drugs was
studied and discussed above.

As illustratedin Table IlI. 24, in absence of esolvent and for botlsystems PMMA and P
HEMA/DXP, increasingpressurehad no influence on the impregnatiand interestingly,
impregnation yields were comparabfaddition of co-solvent improve the impregnation for
both sysems at low pressure ({8Pa). However the increase in pressure from 8 tbNPain
presence of cgolvent was unfavorable for impregnation of PMMA/DXP system and had no
significant effect (but maintagdthe same impregnation yield) for the systetdEEMA DXP.
One explanation could be a weaker affinity between PMMA/DXP comp&wed-HEMA
/IDXP system which favors the partition coefficient towards the fluid phase at legbupe in
the presence of esolvern.

In the absence of esolvent, the partition coefficient (K) decreases wath increase of
pressure (from 8 to 2MPa) for both types of IOLs, we explain this phenomenon by two
factors, first an increase in G@ensity results in increased solvent power of2C&hd thus
solubility of DXP in the fluid phase increases (1.22 1®2.15 10 in molar fraction). At the
same time, increasing the @@ensity results in an increase of swelling of PMMA matrix.
The partition coefficients for both IOLs loaded with DXP weugte similarin the absence of
co-solvent(5. 8810°and 5. 9410°at 8 MPaand 3.4410° and 3.611C° at 20 MP3a) and this
could be explained by a quite similar affinity between DXP and both IOLs (PMMiARa
HEMA) in these conditions.

Table Ill. 24 Impregnation of PMMA and HEMA IOLs with DXP.

PMMA P-HEMA
Pressurd m pxp imp Y imp K M DXP imp Y imp K

MPa ug ug drug/mg oL - ng ug drug/mg oL -

Without co-solvent

8 159424 8.4+1.3 5.881G | 165+2.4 85+1.3 5.94 16
20 165+ 24| 8.7+1.3 | 3.4416 | 182+2.7 9.1+ 1.4 3.61 16
With co-solvent

8 240+ 36| 12.0+1.8 - 247+ 3.7 13.1+£ 2.0 -

20 99+ 15 49+ 0.7 - 270+ 4.0 13.8+ 2.1 -

Regarding the impregnation @fiP and as we can observe in frable I11. 25, in absence of
co-solvent and for botHoaded systems PMMA and HPIEMA/CIP, pressure increasing

enhancesmpregnation. The addition of ethanol as asotvent in the procedure resulted in
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signficant increase in drug impregnation at lower pressureM@). Neverthelessthe
increase in pressure from 8 t6 MIPain presence of ecgolvent had no significant effect (but
maintairs the same impregnation yields) footh 10Ls.

In the absence of esolvent, the partition coefficient (K) increases in the same way with an
increasein pressure (from 8 to®MP3a) for both types of IOLs. These results could be
explained by two factors, first ancrease in the CIP solubility in the fluid phase (1.83 t®
4.51 10') anda weak affinity between CIP and both kinds of IOLs.

In the absence of esolvent, the partition coefficients for both 10Ls loaded with CIP were
quite comparable and this coldd explained by a quite similar affinity between CIP and both
IOLs (PMMA and PHEMA).

Table Ill. 25 Impregnation of PMMA and PEMA IOLs with CIP.

PMMA PHEMA
Pressur¢  m cipimp Y imp K M ciP imp Y imp K
MPa ug ug drug/mg oL - ng ug drug/mg oL -
Without co-solvent
8 16+ 1 0.8+0.1 |6.1116| 20+0.2 | 0.95+0.1 | 7.2216
20 48+ 4 24+02 |7.2116G 59+0.5 2.86+0.3 | 8.44 16
With co-solvent
8 55+ 5 2.8+0.1 - 61+ 0.5 2.98+ 0.3 -
20 57+5 2.8+0.2 - 65+ 0.5 3.20+ 0.3 -
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[ll. 4. Conclusions

IOLs have proven significance in the field of therapeutics and their developmant is
upcoming route for ocular drug delivej®9]. This work aimed to prepare drug impregnated
rigid and foldable intracular lenses (PMMA and-HEMA) in order to combine cataract
surgery and postoperative treatment in a single procedure. Two commonly used drugs,
ciprofloxacin and dexamethasone-f@iosphate disodium to prevent cataract postoperative
complications were stued in this work. The supercritical impregnation was carried out in a
batch mode and the impregnated yields were determined by drug release siutheth f
types of IOLs.

Regarding the first part of this work, PMMA I0OLs were loaded with DXP and CIP iousr
impregnation conditions. The pressurization flow rate has no influence on the visualodspec
IOLs. For PMMA/DXP system, supercritical impregnations were initiallyfqgeed at
different conditions of pressure, temperature, impregnation duration andqafegemtity of
co-solvent. Drug loading improvement in presence ofsalvent was obtainedt 8 MPa

While, an increase in pressure in presence efabeent leads t@ decrease in impregnation
yields. The increase in temperature and impregnation duration was unfavorable to
impregnation.

Following the results of the preliminary experiments, a response surface methodaedy ba
on experimental designs was applied tadgt the influence of operating conditions on
impregnation. Two input variables were considered: amount-ebk@nt (1 to 10 %mol) and
impregnation duration (30 to 240 mi)XP impregnation yields ranging between 5.64 and
18.35ug/mg were obtained. The response surface indicated the impregnation duration to be
the governing factor in impregnation where decrease in impregnation durationtgxiainag
loading. The variation in the amount of-solvent, has a low but complex influence on
impregnation. However, the higher impregnation amount was obtained at short impregnation
duration (30 min) and low quantity of s@lvent 6.5 %mol).

The influence of pressure and presence oetaleent was studied on the second system
PMMA/CIP. Unlike DXP, in absence of eblvent, increasing pressure enhances
impregnation. However, in the presence of ethamd,ibcrease in pressure (from 8 1@ 2
MP3) did not affect the drug loading.

The highest impregnation yields for DXP and CIP in PMMA lenses were 18.3 and 2.9
ug/mgo. respectively indicatindpigher affinity of DXP for PMMA I10Ls than CIP anithis

result was confirmed by the values of partition coefficient.
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The second part of this work concerns the impregnation of foldaHIENPA IOLs with DXP

and CIP. The importance obupling slow pressurization and depressurization phases during
supercritical treatment of IOLs was demonstrated in order to avoid the appeafance o
undesirable foaming. Coupling slow pressurization (flow rate 0d?5 kg.ht) and
depressurization (ad.2 MPamin') was necessary to maintain the clearness-biEMA

IOLs.

A pretreatment step to remove the sorbed aqueous solutiorH&EMRA lenses was carried

out using two different methods: oven and seClOSC analyses of IOLs dried in an oven at
363 K and with scCQ@ at 313 K and 14MPa for 135 min showed same Tg (394 K
confirming efficient removal of water.

The influence of different parameters on the impregnation with DXP and ClRBtudisd.

For the system PMMA/DXP, the influence of pressure (8 Z0tPa) and the use of a €0
solvent was studied. The use of ethanol (5 %nad a cesolvent improves DXP
impregnation in 10Ls of both diopters (+21.0 and 32.0 D). The DXP loading involved
addition of a washing step to ensure the removal of residual ethanol friEBVIR-10LSs.

For RHEMA/CIP system, supercritical impregnations were initially iearout at pressures 8

and 20MPain the presence or absence of ethanol assol@nt for two diopters (+5.0 D and
+21.0 D). Unlike DXP, drug loading enhancement with the pressure was observed in the
absence of cgolvent for both diopters. Whereas, addition ofsotvent had no further
improvement in the impregnation yield of CIP. Once again and following the resuhis of t
first series of experiments, a respomssgface methodology based on experimental designs
was applied to study the influence of operating conditions on impregnation in the absance of
co-solvent. Two input variables were considerpressure (8 to 2MPa and impregnation
duration (30 to 240 min). The CIP impregnation ranging between 1.1 tagddg was
obtained from these experiments. The response surface indicated the pressure to be the
governing factor in impregnation as an increase in pressure promoted drug loadingedthe ef
of impregnation duration on CIP loading was only obviousekitively high pressures (>14
MP3).

The highest impregnation yields for DXP and CIP tHEMA lenses were 14.53 and 4.12
ug/mgoL respectively. This indicatdsgher affinity of DXP for PHEMA IOLs than CIP and

this result was confirmed by the values of partition coefficiBespite the low solubility of
drugs (DXP and CIP) in the fluid phase, we have successfully obtained a homogeneous and in
depth impregnation of IOLs (PMMA andEMA).
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A prolonged drug delivery during 40 days was obtained fort inggregnation experiments
(both kinds of IOLS).

This study provides important information on the impregnation of two commonly used drugs
in the complications relat to cataract surgery orHEMA 10Ls which could be used to
carry out simultaneous loading of both drugs in the future.

NMR analyses were performed on drug (DXP and CIP) impregnated lenses (PMMA and P
HEMA) in the presence of a gwlvent and did not siopresence of residual ethanol. These
results showed that impregnated IOLs are suitable for ophthalmic application.
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V. 1. Introduction

This part ofPhD work is performedwithin the framework of a collaboration with Formac
pharmaceuticals (Belgium) and aims étaborate suitablelosage formulationgor oral
administration of poorhwater soluble drugdMesoporous silicavas chosemsimpregnation
supportbecause of its highorosity and hydrophilicity, which should improve the dissolution
kinetics and/or the solubility dfydrophobic drugs-enofibrate was chosen as an example of
a poorly watessoluble drug, representative of Class 1l drugs as defined by the
biopharmaceuticglassification systenfil]. It is highly lipophilic and is used clinically to
lower lipid levels in the bodf2].

The objective of this work 80 achieve a high loading of Fenofibrate with a low degree of
crystallinity sincethe dissolution of an amorphous drug is more rapid than that of a crystalline
form [1]. Supercritical impregnation was compared to conventimegbient wethnessnodein
terms of impregnation yield, duration as well as in terms of drug solid state/degree of

crystallinity of the impregnated drug).

IV . 2. Materials

Thematerials used for the impregnation of silica are presented in the followingisectio

V. 2. 1. Silica
The impregnation support used is an amorphous ordered mesoporous silic&Z\PiM@ded

by Formac Pharmaceuticals NV (Belgium).

IV. 2. 2. Fenofibrate

Fenofibrate, a model active pharmaceutical ingredient with poor wateilgp|wias selected
for this study. Fenofibrate (prop&iyl 2-{4-[(4-chlorophenyl) carbonyl] phenoxy2-
methylpropanoate) was supplied by Formac Pharmaceuticals N\gigBel Its skeletal
formula is presented in Figure IV.. It is solid under ambient conditions with a molar mass
of 0.360 kg.mof.
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Figure IV. 1 Skeletal formula of Enofibrate

IV. 2. 3. Solvent
The supercritical fluid used as impregnation solvent is carbon dioxide L@ty > 99.7%),

which was supplied by Air Liquide (France).

IV. 3. Methods

V. 3. 1. Impregnation procedures
Two methods of impregnation were carried out in this work: incipient wetneds a

supercritical impregnation.

V. 3. 1. 1. Impregnation via incipient wetness

Samples were loaded into silica using the incipient wetness mdiosodhat purposea
loading solution of 100 mg.mtof Fenofibratdén Dichloromethane was prepared. 8.55 ofL

this solution was then added to 2 gstica in 3 fractions of 2.85 mLBetween each fraction,
the mixture was stirred with a spatula for 5 min. Finale solvent is evaporated 288 K

for 55 min to remove the main part of the residual solvent and subsequently dried under
reduced pressure :005MPa) at313 K for 24 hours.

Before and after impregnatioslica should be stored under a controlled atmosphere in order
to avoid water adsorption. Indeed, because of the presencargeaumber of freesilanol
groups on itsurface structurdarge amount of water can be adsorbgdorming hydrogen
bonds [4].
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IV. 3. 1. 2. Supercritical impregnation

The supercritical impregnation sgp used in the study is schematically represented and
described in chapter Il (Figure lll.3pupercritical impregnations were carried out in a batch
mode, without using aco-solvent. For that purpose, a fixed amount of the ordered
mesoporous silica (0.5 g of silica per experiment) and a kmantity of the API protected

by a frit filter, to prevent any contamination of silica, were placed in the higisyme cell.
The vessel waclosed and heated 308 K, and then filled with C®using the high pressure
pump until the desired operational pressure was reached. The temperature pressure
were maintained for a pestablished impregnation duration under stirring to prordée
solubilization and the supercritical fluid phase homogenizatidhe supercritical phase,
containing the API, diffused within the porosity of silica. At the end of experimentethe c

was depressurized by venting out the-@®isothermal conditions.

IV. 3. 2. Characterization of silica

V. 3. 2. 1. Nitrogen adsorption

Nitrogen adsorptiomlesorption isotherms were recorded at 177udng a Micromeritics
TriStar Il apparatus. APfree OMS7 and APHloaded OMS7 were pretreated for 2 burs
under nitrogen flow a250 and 303K respectively. Sample weights wearermalizedto mass

of pure silica. The pore size distribution was calculated from the desorptiochboérthe
isotherm using the BarretioynerHalenda (BJH) model. The total surfaegea was
calculated via the Brunau&immettTeller (BET) model. The total pore volume was derived
directly from the adsorption isotherm at @#p0.95.

The influence of treatment with scG®n the porous structure of the silica was also

characterized by tibgen sorption analysis.

IV. 3. 2 2. Transmission electron microscopy (TEM)

TEM was performed on an FEI Tecnai G2 Spirit Twin operating at 120 kV. Samples were
prepared on 50 nm 3@@esh carboitoated copper grids. Scanning electron microscopy
(SEM) images were obtained with SEM Philips XL 30 FEG. Samples are prepared on

carbon tape and coated with gold.
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V. 3. 2. 3. Xray diffraction (XRD)

The crystallinity of silica was evaluated by powder XRIffraction patterns were obtained
using reflection geometry on an X'Pert Pro diffractometer equipped with atimesal
X'Celerator detector (PanAlytical, Eindhoven, The Netherlands). Sampledlatéeaed onto
zerabackground plate holders and arzaly at ambient temperature arelative humidity.
Sampls were scanned mcontinuous mode from 4to 40° 6 (with a 26 step size of 0.0167

°). CuKuo radiation (1.54 A) was used with a generator voltage and current of 45 kV and 40
mMA, respectively. The sample was rotated with a 4 s revolution time. The inb&km path

was equipped with a 10 mm programmable -aoétter slit, a 0.04 radian Sollertslind a
0.020 mm Nickel filter.

IV. 3. 2. 4. Impregnation yields

The impregnation yields for both impregnation methods: incipient wetaressupercritical
impregnation were determined by extraction of the API in the impregnated silica with
methanol. 5 mg of impregnated silica wasoduced into a flask of 5 mand the volume was
completed with methanol. The samples were sonicated for 30 min and left for an atléiition
min at room temperature and under regular manual agitation. The silica emasejparated
from the methanol by filtration. The API dissolved in methanol was quantified by HRLC
analysis.

HPLC experiments were carried out with a 120 sample loop. The chromatographic
separation was performed using an analytical coliochrospher 60 RR select B 5um
125x4.6mm) at 303 K. A mixture of 70/30 v/v%Acetonitrile/Ammonium &etatewith a pH

of 3.5 anda flow rate of 1.0nL.min"!, was applied as the mobithase. Tie Fenofibratevas

detectedising a UVVis detectorata wavelength of 28dm.

V. 3. 2. 5 Differential scanning calorimetry (DSC)
Differential scanning calorimetry was carried out betw2@® and 373 Kat a heating rate of
10 K/min using a Mettler Toledo DSC. DSC analysis was performed in order to detelnmine t

degree of crystallinity of impregnated API in the silica support.

IV. 4. Results and discussions
In this work, we are interested to the impregnation of mesoporous silicpeatly water

soluble drug, Fenofibrate, using two impregnation methods: impregnation using incipient
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witness and supercritical impregnatidrne impregnation studies and some characterizations

before and after the impregnation of silica are presented in the followingreecti

IV. 4. 1. Characterization of silica before impregnation

The structural properties of silica material used in this study were determirgmMoler X
ray diffraction, scanning electron microscopy and by nitrogen adsorption.

The degree otrystallinity of silica was evaluated by powderrdy diffraction. Aftersilica
calcination aB23 K, a wide peak was observed at & @ngle in the range 130. The XRD

patternpresented ifrigure IV. 2reveals that the silica material wasorphous.

Counts
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Figure IV. 2 XRD pattern of the calcined OME-7.

Scanning electron microscopy provides information on the morphology and the microscopic
scale structure of silica. The TEM observations of the calcined material reveal araxag
periodic arrangement of the channels, i.e. a honeycomb pattern. Figuredigpléd/s TEM

images of the calcined material.
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——— 50 nm

Figure IV. 3 TEM pictureof the calcined | Figure IV. 4 N2 physisorption of the

material. calcined material.

The porosity of silica was determined by nitrogen sorptiori7aK (Figure 1V. 4. The pore
volume d these materials is around Ot® 1.1 cri.g *. The pore size distribution was
calculated from the desorption branch of the isoth&mticating narrow mesoporsize
distribution ranging from 6 to 7.5 nmThe BET method was used to calculate a specific

surface aresarying between 450 and 60¢.g* depending on the samples.

IV. 4. 2. Impregnation using incipient wetness
The impregnation of Fenofibrate silica was reproducible; with an impregnation yiefd30

Marug/MGsiica- T e degree of crystallinity obtained was very low (<1%).

IV. 4. 3. Influence of supercritical treatment on silica structural properties

Before performing supercritical impregnations, some preliminary studies neguired in
order to determine the influence of supercritical treatment on the structuraftg®pé pure
silica support under various depressurization conditions.

For that purpose, supercritidaéatment was carried out & RIPa (the highest pressure used
for impregnation) and 308 kK absence of Fenofibrate. A contact duration ofoArBwas
maintained before depressurization. Three depressurizataaas were considered
corresponding tslow (0.07 MPamin?), intermediate@.5 MPamin?) and fas{> 2 MPamin

1y depressurization conditions

165



Chapter 1V: Impregnation of silica

800

700 | 0.07 MPa.min! N
500 —— 0.5 MPa.min'! ;t, z :{’;J;r/
500 2 MPa.min! j;’ J

400

Volume (cm® STPR/g)

. .
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
B/PO

Figure IV. 5 N2 sorption analysis of treated silica with sc£&hd untreated silica.

N2 sorption analyses were carried out on the treated samples with soc@@ere compared
to that of untreated silicekigure IV. 5shows the nitrogen adsorption isotherms of the
untreated silica reference and of samples subjected to the three different degatemsuri
rates.All four isotherms almost overlapdicatingthat the depressurization protocokgmot

modify the structural properties of the silica considered here.

IV. 4. 4 Supercritical impregnation

The influence of different experimental conditions on supercritical impregnatiicieety
was studid. The concentration of tharug in the fluid phasevas variedThe phase behavior
of the mixture of drug and scG®& very important for the choice of experimental conditions
of impregnation. The solubility of Fenofibrate in sc£@as reported in the literatuf8] and

Is illustrated inFigure IV. 6, where ¥enofibraterepresents the molar fraction of Fenofibrate in
COo.

We have workedn saturated conditiaor in undersaturated conditions (by changing the
pressure and/or the mass of API introduced in the autoclBwe)contact duratiombetween
the scCQ and silicawere tested30 and 120 min). Furthermore, the depressurization phase
was carried out in slowconditions @epressurization rate .07 MPamin) and rapid

conditions (> MPamin’).
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Figure IV. 6 Experimental solubility for Fenofibrate in scg@t 308 K[3].

In order to study the influence of the drug concentration in the fluid phase on impregnation,
the pressure was variddom 10 to 20 MPa at 308 K The correspondingsolubilities of
Fenofibrate in SCO2 and the densities of COn the experimental conditions tested in this

work are summarized ihable IV. 1.

Table IV. 1 Solubility of Fenofibrate (molar fraction) in scC@t 308 K.

P CO2 density
Y Fenofibrate
MPa kg.nm3
10 714.82 1.8310°
16 828.10 4.30 1¢°
20 866.48 5.28 10°

The experimental conditions as well as the correspondisgits in terms of impregnation

yields (Yimp) and degree of crystallinity of the impregnated API.{¥) are reported iTable

V. 2.
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Table IV. 2 Supercritical impregnation of Fenofibrate into silic@8 K.

P Mesaturation | Mrenofibrate| DUration| Depressurizatior Y imp X erys
MPa g g min MPamin* MQdrug/Gsilica %
10 1.4 20) 30 Rapid 326+ 9 1.3
10 1.4 20) 30 0.07 324+ 12 0.2
16 3.7 40 120 0.07 - -
16 3.7 109 120 0.07 485+ 5 1.1
20 4.7 5.5 30 Rapid 659+ 38 20.5
20 4.7 5.59 120 Rapid 623+ 22 20.5
20 4.7 5.57 120 0.07 - -
20 4.7 20 120 0.07 481+ 1 0.5

) Saturated condition§?) Undersaturated conditions;)(Nozzle plugging

Increasing the pressure from 20 MPain rapid depressurization conditions improves
impregnation yields from 326 to 8mngaug/gsiica (€Xperimentd and 9. Indeed, the solubility
of Fenofibrate in C@increases Wwen thepressure increasesd therefore the amount of drug
transported within the porous silica increasésrying the impregnation duration (30 or 120
min) at a pressure of(MPa leads to similaimpregnation yield as well as degraseof
crystallinity of the impregnateddnofibrate(experiments 5 and 6). Therefpeeshortcontact

durationof 30 minis sufficient for impregnatian

Although the impregnation yield achieved &tMPais attractive (69 mganug/Jsiica), @ degree

of crystallinity of impregnated Fenofibratef 20.5 % (Figure IV. 9 can be considered as
high and should be lowered in order to enhance drug dissolution kindétidsed,the
dissolution of an amorphous drug is more rapid than that of a crystallindlfprin order to

limit loaded Fenofibrate crystallinitgnd since all the samples that were depressurized in
slow depressurization conditions exhibited low degree of drug crystallsuyercritical
impregnations were then carried out in skbd@pressurization conditions (7.MPamin™).

At 10 MPa and n the case of rapid depressurizatmonditions,there isa small peak in the
DSC thermogram around the drug’s melting point (355rdicatingthat some of the drug
was crystalline(Figure IV. 7. This peak is not significant under slow depressurization
conditions.The corresponding degree of crystallinity of loaded Fenofibrate was decreased

from 1.3 % to 0.2 % as the depressurizatiate was reduced (respectively experiment 1 and
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2). This may be du& higher supersaturations of Fenofibrate in the fluid phase during a rapid
depressurizationimportantly, in these conditions, the depressurization rate did not appear to

affect the impregation yield at low pressureMP3Q).

10 MPa, 308 K. 30 min and slow dep*
10 MPa, 308 K, 30 min and rapid dep*

20 MPa, 308 K. 120 min and rapid dep* i!

Heat flow (mW)

120 MPa, 308 K, 30 min and rapid dep* I

Temperature (K)

Figure IV. 7DSC thermograms of impregnated silica

*dep: Depressurization rate.

At higher pressures (1&nd 20 MPaexperiments3 and 7), when the impregnatioves
carried out using slow depressurization conditions, a plugging of the nozzles was observed.
This was due to the high solubility of Fenofibrate in 2C& high pressures. During the
depressurization step, GWvas supersaturated with Fenofibrégading to its reprecipitation.
Nozzle plugging was avoided by carrying out supercritical impregnation for the drug under
saturation conditions of API.

In these condition@experimentgl and §, a lowdegree of crystallinityvas obtained (1.% at

16 MPaand 0.5% and ® MPg). At 20 MPa, by decreasing the depressurization eatd by
working with an undesaturated fluid phasethe crystallinity degree wasigsificantly
reduced from 20.50 0.5 %(experiments® and §. In these same conditions aneka if the
corresponding impregnation yield was reduced fi628 to 48L mgang/Jsiica because of the
lower concentrations ofdnofibrate in the fluid phas#uring impregnationthe yield was still

in the range of expected values.

Under slow depressurization conditions, the impregnation yield increases @&dbare is

incremented from @ to 16 MPa in different drug saturation conditions of the fluid phase
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(experiment and 4. A further increase in pressure up @ KPa (experiment §, does not
improve the impregnation yields even if the mass and therefore theertoation of
Fenofibrate in S€O2 was increased.

The drug loading of the supercritical impregnatairhigh pressurels 485 mgdrug/Jsiica at 16
and D MPa) were improved compared that obtained through the witness impregnation
route (300mgang/gsiica) While avoiding the use of organic solvent. By carrying out slow
depressurization conditions, the degree of crystallinity of loaded Fenofilusitey
supercitical impregnation was comparab{about 1 %)to that observed via the solvent

method.

V. 5 Conclusion

Our study aimed to improve the bioavailability of Fenofibrate by loading ihyalrophilic
mesoporous silica. Supercritical impregnations were performed througltha gratess at
308 K and pressure varying betweerD and D MPa The impregnation using incipient
wetnesswvas carried out usingdichloromethane abhe liquid solvent.

Supercritical impregnation of silica with Fenofibrate led to high impregnatiomls/iep to

485 mgang/gsiica With an intended low drug crystallinitfaslow as1 %). Those resultare
enhancedcompared to thge obtained using the incipient wetnes$300 mgdrug/Jsiica)-
Additionally, since no c@olventwas used, supercritical treatment does not leave any traces

of solvent in the impregnated silica.
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Conclusions and perspectives

A clean and environment friendly impregnation process using supercritical technedsgy

used to elaborate two kinds of drug delivery systems based on medical devices (polymeric
intraocular lenses) and dosages forms (mesoporous silica supports).

In a first part of this study, commercial intraocular lenses were impregnated with drug
molecules in order to combine cataract surgery and postoperative treatment in a single
procedure. For that purpose, supercritical impregnation process was carried out to load rigid
and foldable intraocular lenses made respectively from derivatives of Poly (Methyl
MethAcrylate) (PMMA) and poly Poly (2-HydroxyEthyl MethAcrylate) (P-HEMA) with two
different ocular drugs, an anti-inflammatory drug (Dexamethasone 21 phosphate disodium
designed as DXP) and an antibiotic (Ciprofloxacin, designed as CIP).

According to the state of the art described in Chafpitem few studies on supercritical
impregnation of therapeutic contact lenses with various classes of drugs were performed and
an extended drug delivery was observed. To the best of our knowledge no therapeutic contact
lenses have yet been approved or commercialized. As far as we know, this study is the first
work dealing with supercritical impregnation of intraocular lenses and more practically on
commercially available PMMA and P-HEMA I0Ls, which makes its originality.

For both types of IOLs, supercritical impregnations were carried out in a batch mode and the
impregnation yields were determined through drug release kinetics studies. A response
surface methodology based on experimental designs was used to determine the influence of
the operating conditions on supercritical impregnation. In order to determine the worth
studying parameters and to delimit the experimental domain, preliminary experiments were
carried out in a first step for each type of IOL.

Regarding the system PMMA/DXP, drug loading improvement in presence of co-solvent
(Ethanol in this study) was obtained at low pressures (8)M#ale pressure increase in
presence of co-solvent leads to a decrease in impregnation yields. Interestingly, impregnation
yields were improved at low pressure in the presence of co-solvent. Hence, all DXP loadings
later in this work were performed at 8 MPa and in the presence of co-solvent. The increase in
temperature and impregnation duration led to a decrease in drug loading.

Following the results of the preliminary experiments, a response surface methodology based
on experimental designs was applied to study the influence of operating conditions on
impregnation. Two input variables were considered: amount of co-solvent (1 to 10 %mol) and

impregnation duration (30 to 240 min). The response surface indicated the impregnation
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duration to be the governing factor in impregnation while decrease in impregnation duration
promoted drug loading.

The influence of pressure and the use ebsolvent was studied on the system PMMA/CIP.
Unlike DXP, in absence of co-solvent, increasing pressure enhances drug loading. However,
in the presence of co-solvent, the increase in pressure did not affect the drug loading.
Regarding the second kind of IOLs, P-HEMA, impregnations of DXP and CIP drugs were
also performed. For the system P-HEMA/DXP, the use of ethanol (5 %mol) as a co-solvent
improves DXP impregnation yield in IOLs. The DXP loading in presence of a co-solvent
involved an extra washing step to ensure efficient removal of ethanol fieBMA IOLs.

For P-HEMA/CIP system and following the preliminary results of the first series of
experiments, it could be concluded that drug loadings were significantly influenced by the
change in pressure in the absence of a co-solvent. Moreover, increase in pressure in the
presence of co-solvent had minimal influence on the impregnation yield. Therafore,
response surface methodology based on experimental design was used to study the influence
of operating conditions, on the impregnation of CIP on +21. 0 D IOLs, in the absence of co-
solvent according to the aimed application. Two entry values with 5 levels each were
considered; pressure (8 to 20 MPa) and impregnation duration (30 to 240 min). The response
surface indicated the pressure to be the governing factor in impregnation where increasing the
pressure promoted drug loading.

The highest impregnation yields for DXP and CIP in PMMA IOLs were 18.3 ad 2.
ng/mgoL respectively and the highest impregnation yields for DXP and CIP in P-HEMA
IOLs were 14.5 and 4.kg/mgoL respectively. Which indicates higher affinity of DXP for
PMMA and P-HEMA IOLs than CIP, this result was confirmed by the values of partition
coefficient. Despite the low solubility of drugs (DXP and CIP) in the fluid phase, we have
successfully obtained a homogeneous and in depth impregnation of I0OLs (PMMA and P-
HEMA).

NMR analyzes performed on drug (DXP and CIP) impregnated IOLs (PMMA and P-HEMA)

in the presence of a co-solvent did not show the presence of residual solvent if a washing step
with scCQ is carried out. These results indicate that impregnated I0Ls can be suitable for
ophthalmic application even if ethanol is used as co-solvent.

A prolonged drug delivery during 40 days was obtained for most impregnation experiments
(both kinds of IOLSs).
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FTIR-ATR analyses were carried out on the non treated and impregnated I0Ls (PMMA and
P-HEMA) with both drugs within a collaboration with the University of Greenwich (Dr. John
Tetteh, University of Greenwich). FTIR-ATR spectrum (non shown in this manuscript) of a
non treated IOL as well as that of impregnated IOLs in different conditions with DXP and
CIP do not reveal differences. Supercritical impregnation does not induce any change in the
characteristic 10Ls structural peaks. In addition, by comparison with the spectrum of pure
drugs, that of impregnated IOLs did not indicate the presence of drug peak. This result can be
due to a molecular dispersion of the drugs in the matrix at a molecular level.

The second part of this work thesis aohto improve the bioavailability of Fenofibrate by
loading it in mesoporous silica. Supercritical impregnations were performed through a batch
processat pressures varying between 10 and 20 MPa and without using any co-solvent. The
incipient wetness method was carried out using dichloromethane as an organic solvent. While
the incipient wetness impregnation led to a Fenofibrate loading up to 3RQ/gaga in 48h

of impregnation, the supercritical impregnation method yielded loading up to 485/gsga

in 120 min of impregnation duration, at 16 MPa and 308 K, with a low degree of crystallinity
(about 1%) comparable to that observed via the incipient wetness method. In addition to the
enhancement of impregnation efficiency in significantly shorter impregnation durations, the

supercritical route provides a solvent-free alternative for impregnation.

Concerning I0OLs impregnation, based on the obtained results within this PhD study, future
work might be performed to further investigate the influence of operating conditions on
supercritical impregnation such as the influence of temperature and impregnation duration in
the absence of co-solvent on PMMA I0OLs and the influence of long impregnation duration in
the absence of co-solvent on P-HEMA IOLs.

To facilitate the understanding of the impregnation results, a study on the swelling and the
evolution of the scC@diffusion front within each type of polymer (PMMA and P-HEMA) at
different conditions of pressures and temperatures is required. Furthermore, the measurements
of the solubilities (study in progress in collaboration with Pr. Yan-Ping Chen, National
Taiwan University) of both drugs (DXP and CIP) should be performed in the same conditions
of impregnation in order to determine the partition coefficients of the drug between the fluid

phase and the polymeric support.
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Opticd propertes measurements ara progressn the framework of a collaboraton with a
Laure Siozde, Aix-Marseille Université. The fist resuts are encouragig since resus within
the tolerance range of international standard® wetained.

Impregnatimm experimets using soaking into liquid are of interest in orde to compare
impregnatio efficiency withthose obtaiedwithin this PID work. Some tets performedin
our laboratoryshowthat the impregnaton yields obtaired by supercriti@al impregnaton are
significantly higher than those obtainal by the soakng into liquid processfollowing the
methodsdescibed by (Aiacheet al, 2008).

Following this Ph.D. work, thin-vivo drug release and clinical testill be key milestones of
this study and may be expeadin the frameworkof a collabaation witha privae partnerthat
has already started.

The use of magnetic suspension balangeuld be of great interestin orderto follow the
evolution ofimpregnationin time and to better understand the impregnation process.
Finally, this studyon IOLs impregnation provides important information the feasibility of
supercritical impregnatiowith two commonlyuseddrugsin complications related to cataract
surgery andcan be extendedto other drugs (afor the preventionof posterior capsular
opacification,for glaucomaor also diabetes treatments). The developed methodlso be
appliedto any kind of implantsor prosthesis. Simultaneous loadiofjseveral drugsn the

future is possible and is worth studying.
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Appendix A
UV-Visible measuremens

UV-Visible (Jenway 6715) was used to determine the absorption wavelength of both drugs
(DXP and CIP) used in our work.

A. 1. Dexamethsaone 2phosphat disodium(DXP)
The absorptionwavelengthof DXP was determined by spectral analy@ising Jenway 6715
UV/Vis) of solution simulating the aqueous humér rfil) containing 4 mg oDXP. A

maximum wavelength of 248 nm has been foundiP.

The calibration curvedescribing the absorbance versus the eptration of DXP in the
solution simulating the aqueous humuwmas determinedpectrophometricallyat 248nm by
analyzinga solution at 0.2 mg / nduccessively dilutedzigure A.1 illustratesthe evolution
of absorbanceersusthe concentration dPXP in the solution simulating the aqueous humor

the BEER Lambert relationship is applicable in the linear domain.

0,25 -

0,20 -

0,15 -

0,10 -

0,05 -

0,00 T T T T T T 1
0 0,001 0,002 0,003 0,004 0,005 0,006 0,007

C (mg/ml)

Figure A. 1 calibration curve of DXP in solution simulating the aqueous humor.
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A. 2. Ciprofloxacin (CIP)

The absorption wavelength of CIP was determined by spectral analysis (using Jenway 6715
UV/Vis) of solution simulatingthe aqueous humor (5 ml) containing 4 mg of CIP. A
maximum wavelength of 277 nm has been found for CIP.

The calibration curve, describing the absorbance versus the concentration af QI i
solution simulating the aqueous humor, was determined spectrophometrically at D§7 nm
analyzing a solution at 0.2 nmgl successively dilutedzigure A. 2illustrates the evolution of
absorbance versus the concentration of CIP in the solution simulating the aqueous humor, the

BEER Lambert relationship is applicable in the linear domain.

1,20 ~

y =95.87x
2 _

1,00 R*=0.999

0,80 -
< 0,60 -
0,40 -

0,20 -

0,00 T T T T T 1
0 0,002 0,004 0,006 0,008 0,01 0,012

C (mg/ml)

Figure A. 2 calibration curve of CIP in solution simulating the aqueous humor.
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Appendix B

Reproducibility of impregnation results

In this work, the supercritical impregnations of two kinds of I0Ls (PMMA artdEMA)
with DXP and CIP were carried out. The experiments were repeated three or feup tim

check the reproducibility of our results.

B. 1. PMMA/ DXP
As we can observe in thEable B. 1, epeatability of results obtained by the preliminary

impregnation experiments for the system PMMA/DXP was verified.

Table B. 1 Repeatability of results obtained by the preliminary impregnation experiments for
the system PMMA/DXP.

N° m oioc (*) Pressure M DXP imp Y imp t release
mg+0.2 bar ug 1g drug/Mg 1oL days
Without cosolvent
DXP_1(1) 18.9 80 159+24 8.4+1.3 40
DXP_1(2) 19.1 80 15730 8.2+1.4 41
DXP_2(1) 19.0 200 165t24 8.9+1.3 40
DXP_2(2) 19.1 200 170+36 8.9+1.5 42

Regarding the experimental design for the system PMMA/DXP, the experiméet nmddle
of the experimentatlomain (DXP_ED_9Wwas repeated three tisméo verify the validity of

the stated model. The results egproducible.
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Table B. 2 Repeatability of results for supercritical impregnation in DXP_ED_9.

N° moior | Amount of | timp M DXP imp Y imp { release
co-solvent
mgt0.2 | Y%omol min ug g drug/mg 1oL days
DXP_ED_9(1)| 19.0 5.5 135 184+ 19 9.44+1.00 41
DXP_ED_9(2)| 20.1 5.5 135 215t22 10.68t1.14 40
DXP_ED_9(3)| 19.7 5.5 135 191+19 9.68t1.04 43

B. 2. RHEMA/ CIP

Regarding the experimental design for the systadERIA/CIP, the experiment in the middle
of domain (CIP_ED_IX) was repeated three time to verify the validity of thedstabdel.
The results are reproducible.

Table B. 3 Repeatability of results for supercritical impregnation in CIP_ED_IX

N° P timp MoioL Mm ciIp imp Y imp 1 release
bar min mg+0.2 | ug 1gdrug/mgioL Days
CIP_ED_IX (1) | 140 |[135 188 [35+0.1 |1.86+0.05 20
CIP_ED_IX (2) | 140 135 19.0 33+0.2 1.75+0.12 20
CIP_ED_IX (3) | 140 135 18.8 32+0.2 1.70£0.11 22
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Appendix C
Experimental design

A response surface methodology based on experimental designs was used in our work to
determine the influence of the operating conditions on supercritical impregnation for both
systems (PMMA/DXP and -PIEMMA/CIP). For this, an empirical mathematical model is
used. For validation of this model suitability, several techniques were ise@sidual
analysis, ANOVA (ANalysis Of VAriance) and prediction error sum of squareduasi
(especially the coefficient of determinatioR?). The model, once validated, svaised to

predict the response in the whole experimental domain with good precision.

C. 1.Results of the experimental design for the system PMMA/DXP

Analyze of variance responsem imp

Source of Sum of square Degrees of Mean square ratio Signif
variation freedom
Regression 0.0431 5 0.0086 7.8753 0.303 **
Residues 0.0438 10 0.0044
Validity 0.0383 5 0.0077 7.0025 2.61*
Error 0.0055 5 0.0011
Total 0.0869 15

Estimates and statistics of coefficients: m imp

Standard Error of the response 0.0331
R2 0.496
R2A 0.244
Nbre ddl 5
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Nam Coefficient F.Inflation Standard t.exp. Signif. %
Deviation

b0 0.2035 0.0167 12.19 < 0.01 ***

bl -0.0508 1.06 0.0104 -4.89 0.450 **

b2 0.0110 1.04 0.0094 1.17 29.5
bil-1 0.0108 1.22 0.0119 0.91 40.6
b2-2 -0.0159 1.20 0.0113 -1.41 21.9
b1-2 0.0399 1.05 0.0150 2.67 4.46 *

Study of residues of the response

Residues probability
FA * Fal
* -
0.07101 * B
0.0355] ¢ =
* :’

- =

0.0000 ; % —
00.121)0.16:0.600 1 0.242 0.282 = *
& ; *
mimp o

-0.0358 %

* >

-0.0710-0.03550.0000 0.0355 0.0710 0.1064

-0.0714 * Residues
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C. 2.Results of the experimental design for the systemREMA/CIP

Analyze of variance : response m imp

Source of Sum of square Degrees of Mean squar¢ ratio Signif
variation freedom
Regression  2.8743410° 5 5.7486810* 160.9632 < 0.01 *+*
Residues 1.6609510* 10 1.66095E
0005
Validity 1.4109510* 3 4.7031710° 13.1689 0.289 **
Error 2.5000010° 7 3.5714310°
Total 3.0404410° 15
Estimates and statistics of coefficients: m imp
Standard Error of theesponse 0.002
R2 0.945
R2A 0.918
Nbre ddl 7
Nam Coefficient F.Inflation  Standard Erroi t.exp. Signif. %
b0 0.032 0.001 34.41 < 0.01 ***
bl 0.012 1.06 0.001 20.94 < 0.01 ***
b2 0.005 1.06 0.001 8.09 < 0.01 ***
bl-1 0.006 1.18 0.001 8.63 < 0.01 ***
b2-2 -0.001 1.18 0.001 -1.06 325
b1-2 0.003 1.01 0.001 3.11 1.71*
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Study of residues of the response
Residues =
5 . probability
0.0046| » >
*
0.0023t* ¢ ¢ N
. i
* s
O-WW " rt i rt " n> 2 -
0%0230.03150.0383€0.0000.054 0.061 o
* m imp -
-0.002% o . IS
-0.00 © >
-0.0046-0.00232.0000 0.0023 0.0046
* 3
Residues

183



SUPERCRITICAL FLUID IMPREGNATION FOR THE ELABORATION OF CONTROLLED DRUG DELIVERY
SYSTEMS

Abstract

Supercritical impregnation is an attractive “clean” alternative to conventional impregnation processes using generally liquid
organic solvents. Among other applications, the impregnation process can be used for the development of controlled drug
delivery systems applied to the pharmaceutical and medical fields. This work focuses on the preparation of controlled drug
delivery systems using supercritical impregnation of drugs in two kinds of impregnation supports: polymeric matrices
(intraocular lenses) and porous supports (mesoporous silica). Firstly, the supercritical impregnation of polymeric intraocular
lenses (IOLs), used in cataract surgery, by an anti-inflammatory drug (Dexamethasone 21-phosphate disodium: DXP) and an
antibiotic (Ciprofloxacin: CIP), is studied. More particularly, two polymeric IOLs were tested: rigid intraocular lenses made
from derivative of PMMA and foldable intraocular lenses made from derivative of P-HEMA. Supercritical impregnations
were carried out in a batch mode and the impregnation yields were determined through drug release kinetics studies in a
solution simulating the aqueous humor. The influence of operating conditions on impregnation was studied by performing
preliminary impregnation experiments followed by experimental designs. Transparent IOLs presenting an effective
impregnation were obtained. The highest impregnation yields for DXP and CIP in PMMA IOLs were 18.3 and 2.8 pgdrg
/mgoL respectively and the highest impregnation yields for DXP and CIP in P-HEMA IOLs were 14.5 and 4.1 pgang/mgioL
respectively. Those results indicate higher affinity of DXP for PMMA and P-HEMA IOLs than CIP, which was confirmed by
the values of partition coefficients. Despite the low solubility of each drug in the fluid phase, homogeneous and in-depth
impregnations were successfully obtained. A prolonged drug delivery during 40 days was obtained for most impregnation
experiments (for both kinds of IOLs). The second part of this work deals with the loading of a poorly water-soluble drug
(Fenofibrate) in a mesoporous silica for improving drug dissolution kinetics. Supercritical impregnations were carried out
with pure CO> at different pressures (10 to 20 MPa) and depressurization conditions (rapid and slow). Supercritical
impregnation method yielded loading up to 485 pg drug/mgsilica in 120 min of impregnation duration, while incipient wetness
method led to a Fenofibrate loading up to 300 g drug /mgsilica in 48 hours of impregnation. A low degree of crystallinity (about
1%) comparable for both impregnations methods was obtained.

Keywords: controlled drug delivery systems, supercritical impregnation, intraocular lenses, mesoporous silica.

IMPREGNATION SUPERCRITIQUE POUR L’ELABORATION DE SYSTEMES DE DELIVRANCE DE
MEDICAMENTS

Résumé

Le procédé d’imprégnation en milieu supercritique est une alternative « propre » a I’imprégnation par voie liquide. Entre
autres applications, les procédés d’imprégnation peuvent étre utilisés pour 1’¢laboration de systemes de délivrance de
médicaments appliqués aux domaines pharmaceutique et médical. Cette étude porte sur 1’élaboration de systémes de
délivrance de médicaments en utilisant l'imprégnation supercritique des principes actifs sur deux types de supports : des
matrices polymériques (lentilles intraoculaires) et des matrices poreuses (silice mésoporeuse). Dans le premier cas, des
lentilles polymériques intraoculaires (IOLs), utilisées pour la chirurgie de la cataracte, ont été imprégnées par un anti-
inflammatoire (Dexaméthasone 21-phosphate disodium: DXP) et un antibiotique (Ciprofloxacine: CIP). Plus
particulierement, deux types de lentilles ont été étudiés : des IOLs rigides a base de PMMA et des IOLs souples a base de P-
HEMA. Les expériences d'imprégnation supercritique ont été effectuées en mode batch et les taux d'imprégnation ont été
déterminés par des études de cinétique de relargage des principes actifs dans une solution simulant I’humeur aqueuse.
L’influence des conditions opératoires sur 1’efficacité de I’imprégnation a été étudiée en réalisant des expériences
d’imprégnation préliminaires suivies par des plans d’expériences. Des lentilles transparentes présentant une imprégnation
effective ont été obtenues. Les taux d’imprégnation les plus élevés obtenus pour I’imprégnation du DXP et CIP dans le
PMMA sont de 18,3 et 2,8 pgang /mgioL respectivement et les taux d’imprégnation les plus élevés obtenus pour
I’imprégnation du DXP et CIP avec le P-HEMA sont de 14,5 et 4,1 pngang /mgioL respectivement. Ces résultats indiquent une
plus grande affinit¢é du DXP pour les PMMA et P-HEMA IOLs que pour la CIP, ce qui a été confirmé par les valeurs du
coefficient de partage obtenus. En dépit de la faible solubilité¢ de chaque principe actif dans la phase fluide, une imprégnation
homogeéne et en profondeur dans les IOLs (PMMA et P-HEMA). Un relargage prolongé dans le temps durant 40 jours a été
obtenu pour la plupart des expériences d'imprégnation (pour les deux types d'IOLs). Dans le second cas, une silice
mésoporeuse a été utilisée comme support d’imprégnation pour un médicament faiblement hydrosoluble (Fénofibrate), afin
d’augmenter sa cinétique de dissolution. L’ imprégnation supercritique a été effectuée avec le CO2 pur en faisant varier la
pression entre 10 et 20 MPa et les conditions de dépressurisation (rapide et lente). Tandis que I’imprégnation supercritique a
permis d’obtenir des taux d’imprégnation pouvant atteindre 485 pngdarg/mgior durant 120 min d’imprégnation, I’imprégnation
conventionnelle a permis d'obtenir des taux de 300 pgaug/mgsilica aprés une imprégnation de 48 heures. Un faible degré de
cristallinité (de I’ordre de 1%) comparable pour les deux techniques d’imprégnation a été obtenu.

Mots-clés: systémes de délivrance de médicament, imprégnation supercritique, lentilles intraoculaires, silice mésoporeuse.
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