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General introduction  
 
Recent years have seen growth in research and applications of drug delivery systems in the 

medical and pharmaceutical fields [1]. Controlled drug delivery systems are designed to 

improve drug bioavailability by preventing premature degradation and enhancing uptake, to 

maintain drug concentration within the therapeutic window by controlling the drug release 

rate, to reduce dosing frequency, and in some cases to reduce side effects by targeting the 

disease site and cells [2], [3]. 

For most applications, in order to achieve an effective therapy, the drug should be dispersed 

in a matrix at a molecular level [4]. Indeed, crystallization of the drug could result in a non-

controlled dissolution of drug molecules through the matrix. For low water solubility drugs, 

one of the objectives of drug delivery systems preparation is to enhance drug dissolution rates 

via dispersion of the drug within a water-soluble matrix. Contrary, for water-soluble and short 

half-life drugs, prolonged release systems containing an insoluble hydrophobic matrix should 

be prepared [5], [6].  

One route to elaborate such systems is impregnation. Conventional soaking into liquid 

impregnation process requires the use of organic solvents to dissolve and carry the drug 

components into the impregnation support. In most cases, conventional methods show several 

drawbacks, like the residual solvents present in the final materials, drug/solvents dissolution 

and compatibility issues, undesired drug reactions, drug photochemical and thermal 

degradation, low incorporation yields and heterogeneous drug incorporation/dispersion [7]. 

To overcome the above-mentioned limitations, supercritical CO2 impregnation has proven to 

be a green alternative process for pharmaceutics [8]. Since the use of organic solvents can be 

avoided or the quantity used can be reduced [9], [10], and the activity of drug molecules is 

notably preserved because supercritical carbon dioxide (scCO2) processing is operated at 

moderate temperatures [11]. An additional advantage of scCO2 is the possibility of adjusting 

the impregnation efficacy by ‘tuning’ its properties [12]. When applied to polymers, scCO2 

plasticizes and swells the polymeric matrix, increasing the free volume of CO2-swollen 

polymers thus enhancing the diffusion of drug molecules in such systems [9]. 

 

Drug delivery systems through supercritical impregnation process may be designed for 

several applications, using different active ingredients (various chemical natures and 

pharmacological actions) and adequate impregnation supports (polymeric or porous that can 

be either organic or inorganic). The present work focuses on the elaboration of two different 



General introduction 
 

 

  
2 

 
  

forms of sustained release drug delivery systems. On the one hand, medical devices for ocular 

applications were prepared by the impregnation of anti-inflammatory and antibiotic drugs 

within polymeric intraocular lenses. On the other hand, dosage forms (drug and excipient) for 

the development of suitable formulation for oral administration of poorly water-soluble drugs 

were prepared using highly porous and hydrophilic supports (mesoporous silica). 

In a first part of this study, supercritical impregnation of commercially available intraocular 

lenses (IOLs), used for cataract surgery with an anti-inflammatory drug (Dexamethasone 21-

phosphate disodium, namely DXP) and an antibiotic (Ciprofloxacin, designed CIP), is 

studied. Two polymeric IOLs were particularly tested: rigid IOLs made from derivative of 

Poly (Methyl Methacrylate) (PMMA) and foldable IOLs (hydrated in their original form) 

made from derivative of Poly (2-Hydroxyethyl Methacrylate) (P-HEMA). A number of 

parameters such as pressure, temperature, pressurization/depressurization rate, co-solvent 

requirement and impregnation duration were investigated to achieve optimized drug loading, 

homogeneous distribution of drugs in IOLs and a controlled drug release. According to the 

literature, few studies on supercritical impregnation of therapeutic contact lenses with various 

classes of drugs were performed and a prolonged drug delivery was successfully obtained 

[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 of intraocular lenses and more practically on commercially 

available PMMA and P-HEMA IOLs, which makes its originality.  

A second part of this work is performed within the framework of a collaboration with Formac 

pharmaceuticals (Belgium), and deals with the use of mesoporous silica for the improvement 

of the dissolution kinetics and/or the solubility of poorly water-soluble drugs. Fenofibrate was 

chosen as an example of a lipophilic drug. According to the literature, few studies on the 

supercritical impregnation of silica with Fenofibrate were reported [14], [15] where silica 

supports, with different properties (porous and non porous), were used. One of these works 

[15]  was published the same year as our study [16].  

The objective of this work is to achieve a high loading of Fenofibrate with a low degree of a 

crystallinity, and to compare two loading processes, incipient wetness and supercritical 

impregnation in terms of impregnation yield, impregnation duration as well as in terms of 

drug solid state form (degree of crystallinity of the impregnated drug).  

The present PhD thesis, begins with a presentation (chapter I) of drug delivery systems. 

Distinction between these systems has been reported according to their composition/physical 
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state, their routes of administration or their release mechanisms. A particular focus has been 

made on polymeric intraocular lenses and mesoporous silica, since they are the impregnation 

supports used in this PhD work.  

The different impregnation processes as well as the corresponding involved mechanisms and 

influencing parameters are detailed in chapter II.  

Chapter III is dedicated to the supercritical impregnations of IOLs (PMMA and P-HEMA) 

with two kinds of drugs (DXP and CIP). Preliminary impregnation experiments and response 

surface methodology based on experimental designs have been carried out to study the 

influence of operating conditions on the resulting impregnated amount and the release 

profile/duration, in order to determine the optimal conditions of impregnation. 

Then, Chapter IV presents impregnation studies of silica with Fenofibrate using two methods: 

incipient wetness and supercritical impregnation. Both impregnation processes were 

compared according to the corresponding impregnation yields and durations as well as in term 

of physical characterization of the drug (degree of crystallinity). 

Finally, some overall conclusions are given to underline the advances achieved by this PhD 

work as well as to bring some relevant elements to improve the understanding and the 

optimization of the supercritical impregnation for the elaboration of drug delivery systems.  
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I. 1. Introduction 

The introduction of drugs in the human body can be accomplished by several anatomic 

routes. In order to achieve the therapeutic purpose, the choice of the most suitable 

administration route needs is of unquestionable importance. Therefore, several factors 

must be taken into consideration when administrating a drug; namely its own properties, 

the disease to be treated and the desired therapeutic time. Drugs can be administrated 

directly to the target tissue or organ, or can be delivered by systemic routes [1]. 

Active pharmaceutical ingredients (APIs) are always administered in dosage forms that 

generally include other substances called excipients. The latter are added to formulations in 

order to improve the bioavailability and the acceptance of the drug by patients and/or to 

protect the drug from degradation. Excipients can be of numerous forms such as drug 

supports, emulsifiers and chemical stabilizers [2]. These substances were initially 

considered as inert because they do not exert therapeutic action, even if they can modify 

the biological action of a drug. However, excipients influence the speed and extent of drug 

absorption, and therefore formulation of these substances affects drug bioavailability [3]. 

Pharmaceutical treatments were started decades, or even centuries ago, either with solid 

and liquid oral administration [4], or with injectable active chemical drugs [5]. When either 

of these methods is applied, drug dose maintenance in the body is achieved by repeated 

administrations. However, this form of indiscriminate distribution leads to the occurrence 

of side effects and to the need for high doses of the drug to elicit a satisfactory 

pharmacological response [2]. During the past two decades, research is being carried out 

into new formulations that improve the bioavailability of drugs and ensure a greater 

pharmacological response. That in turn would lead to lower doses as well as frequency of 

drug taken, and therefore the minimization of side effects. This was the beginning of the 

so-called drug delivery systems [6]. 

Drug delivery is a field of vital importance to medicine and healthcare. Controlled drug 

delivery improves bioavailability by preventing premature degradation and enhancing 

uptake, maintains drug concentration within the therapeutic window by controlling the 

drug release rate, and in some cases reduces side effects by targeting disease sites and cells. 

The first generation of controlled release formulation was introduced by Smith Kline & 

French in 1952 for 12 hours delivery of dextroamphetamine (Dexedrine) [7]. From that 

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

established, such as the different drug release mechanisms including dissolution, diffusion, 
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osmosis, and ion exchange-based mechanisms. The technologies developed during the 1st 

generation were used to develop numerous twice-a-day and once-a-day oral delivery 

systems and transdermal patches.  

For the 2nd generation of controlled drug release, the research efforts were focused on 

developing zero-order delivery systems. It was thought that delivery systems with zero-

order release kinetics would be superior because they maintain a steady drug concentration 

in the blood.  Nevertheless, for some drugs, such as nitroglycerin and hormones or 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 future drug delivery 

systems [8].  

During the 2nd generation, the “smart” polymers [9] and hydrogels [10] were developed to 

make delivery systems that are triggered by changes in environmental factors, such as pH, 

temperature, or glucose levels. Biodegradable microparticles, solid implants [11], and in-

situ gel-forming implants were used to deliver peptides and proteins over month-long 

periods. The last decade of the 2nd generation was dedicated to the development of 

nanotechnology-based drug delivery systems [12]–[15]. 

The 3rd generation of drug delivery is yet to be established, and thus, the technologies 

listed in Figure I. 1 are predictions. The 3rd generation of drug delivery should address and 

overcome the hurdles associated with the current drug delivery systems listed in Figure I. 1 

[8]. 

 
Figure I. 1 Evolution of controlled drug delivery systems [8]. 
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The fundamental objective of drug delivery research is to develop formulations that can be 

used in clinical applications to treat different diseases. As shown in Figure I. 2, 

development of drug delivery systems requires simultaneous consideration of multiple 

factors, and their interdependence has to be taken into account. For example, after the drug 

selection, an appropriate delivery system has to be selected while taking into account  

simultaneously the delivery route as well as the drug release mechanism and kinetic.  

 

 
Figure I. 2 Overview of drug delivery development from basic research to clinical 

applications [8]. 

The main components of drug delivery systems and processes are shown in a bold-face and 

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

 

I. 2. Drug delivery systems 

Since the first Food and Drug Administration (FDA) approval in 1990 of drug delivery 

system (DDS), liposomal amphotericin B and several DDS are now commercially 

available to treat diverse diseases ranging from cancer to fungal infection and muscular 

degeneration [16]. They have also changed the economics of drug development [17]. 

Packaging an existing drug into controlled release formulations may not only improve its 

performance but also extend its patent life as a new product [18].  
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Controlled release drug delivery systems are those dosage formulations designed to release 

an active ingredient at rates, which differ significantly from their corresponding 

conventional dosage forms. The controlled release drug delivery systems allow to control 

the rate of drug delivery, sustain the duration of therapeutic activity and/or target the 

delivery of the drug to a tissue. Drug release from these systems should be at a desired rate, 

predictable and reproducible. The ideal drug delivery system should be inert, 

biocompatible, mechanically strong and comfortable for the patient. 

The drug concentration at the appropriate site should be above the minimal effective 

concentration (MEC) and below the minimal toxic concentration (MTC) [19], otherwise 

known as ‘the therapeutic window’. The concept is illustrated in Figure I. 3 showing the 

drug plasma levels after oral administration of a drug from an immediate-release dosage 

form [20].   

 

 
Figure I. 3 Drug plasma levels after oral administration of a drug from an immediate 

release dosage form [20]. 

 

DDS presents several advantages including the improvement of the drug bioavailability 

and the patient compliance. Nevertheless, DDS disadvantages are also well known. DDS 

main advantages and disadvantages are summarized in Table I. 1. 
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Table I. 1 DDS advantages and disadvantages [21]. 

DDS advantages: 

- Maintenance of optimum therapeutic drug concentration in the blood with minimum 

fluctuations (of the drug levels within a desired range), 

- Predictable and reproducible release rates for extended duration, 

- Enhancement of therapeutic activity duration for drugs having short biological half-

life, 

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

- Better patient compliance,  

- To mask the unpleasant taste and odor of drugs,  

- Prevention of drug degradation (due to light, oxidation …),  

- Alteration of site of absorption, 

- Elimination of incompatibilities among the drugs.  

DDS disadvantages:  

- Possibility of toxicity of the materials,  

- Harmful degradation products, 

- Necessity of surgical intervention for certain systems either on application or 

removal    (such as some implants or scaffolds), 

       - Patients discomfort with some 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 release period 

for a particular drug. For example, current controlled-release systems can respond to 

changes in the biological environment (for example, a pH change), and deliver or cease to 

deliver drugs based on these changes. In addition, new materials have been developed and 

should lead to targeted delivery systems, in which a particular formulation can be directed 

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

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

scientists have only begun to explore. 
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I. 3. Distinction between delivery systems  

Drug delivery can be classified in three ways according to its physical state, the route of 

administration or the mechanism of drug release.  

 
I. 3. 1. Distinction between delivery systems according to their physical state  

Pharmaceutical dosages are available in different forms; solid (e.g,. powders, granules, 

tablets and capsules), liquid (e.g,. syrup) and gaseous (e.g,. anesthetics). There are also 

semi solid dosage forms (e.g,. creams, ointments, gels and pastes). Numerous dosage 

forms contain several phases that can be of the same state; for example, emulsions that 

contain two liquid phases (oil and water) or of different states such as suspensions of solid 

phases in liquids.  

 

I. 3. 2. Distinction between delivery systems according to their route of administration 

The administration routes refer to the methods of getting drugs into the body. They mainly 

include oral and parenteral routes. Furthermore, alternative routes such as transdermal, 

pulmonary nasal or ocular administrations are assuming greater importance in drug 

delivery [3].  

 
I. 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 intervention. It is estimated that 

90 % of all medicines usage is in oral forms [19]. Nevertheless, some limitations should be 

considered when looking for administrating drugs through this route such as: 

- First pass effect where the concentration of a drug is considerably reduced or 

inactivated in the gut wall or the liver before it reaches the systemic circulation,  

- 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 (1.5-2 in the fasted state to around 5 in the fed state) to a higher pH in 

the small and large intestine (which can reach 7.5),   

-  Many macromolecules and polar compounds cannot effectively cross the cells 

of the epithelial membrane in the small intestines to reach the blood stream, 

- Many drugs become insoluble at the low pH levels encountered 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 delivery. Several 

improvements have taken place in the formulation of drugs for oral delivery for improving 

their action [6].  

I. 3. 2. 2. Parenteral drug delivery 

The parenteral route can refer to any administration route allowing the avoidance of the 

gastrointestinal tract and therefore the first-pass effect of drugs. Nevertheless, common 

usage more closely associates the term parenteral as being synonymous with “injectable.”  

The main clinical role of parenteral therapy is to administer drugs that cannot be given by 

the oral route, either because of their poor absorption properties or propensity to degrade in 

the gastrointestinal tract. The major routes of parenteral administration are intravenous, 

intramuscular and subcutaneous. These three routes satisfy to a large extent the four 

principal reasons for administering parenteral: therapy (definitive or palliative), prevention, 

diagnosis, and 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 an 

intravenous injection, since this route allows a rapid drug effect.  

Additional parenteral routes can also be utilized under special circumstances such as 

intrathecal, subconjunctival, intraocular or intra-articular routes.  

 
I. 3. 2. 3. Transdermal drug delivery  

Transdermal delivery represents an attractive approach used to deliver drugs across the 

skin for systemic distribution. It involves drug transport to viable epidermal and or dermal 

tissue of the skin through local application. A major fraction of drug is then transported 

into the systemic blood circulation.  

Transdermal application is a non-invasive 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 compliance [24]. Nevertheless, 

the protective barrier nature of the skin limits the absorption of most drugs. Variety of 

strategies can be adopted for the enhancement of drug absorptions such as the use of 

penetration enhancers or drug carrier (e.g., nanoparticules) which penetrates through the 

skin more easily [23]. 
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I. 3. 2. 4. Pulmonary drug delivery  

Pulmonary route of drug delivery is gaining much importance in the present day research 

field as it enables to target the drug delivery directly to lung for local and systemic 

treatment [25]. For local applications, it allows a direct access for the treatment of 

respiratory diseases with a rapid onset of drug action, and consequently, reduced side 

effects can be achieved [26][27]. Furthermore, it provides an enormous surface area and a 

controlled environment for systemic absorption of medications.  

However, pulmonary administration presents also some drawbacks. Indeed, since the lungs 

are a major port of entry to the body, several barriers are present to avoid the invasion of 

unwanted airborne particles and to control their sterility. As a consequence, they also limit 

the therapeutic effectiveness of inhaled medications. The drug efficacy may therefore be 

affected by the delivered dose but also by the location where it is deposited in the 

respiratory tract. Furthermore, because of the relatively short duration of drug action, 

multiple daily inhalation maneuvers, ranging up to 9 times a day, can be required [5].  

 

I. 3. 2. 5. Nasal drug delivery  

The nasal route is generally used for local diseases treatment such as nasal allergy, 

congestion or infections [23]. Recent years have shown that the nasal route can also be 

exploited for the systemic delivery of drugs. In general, among the primary targets for 

intranasal administration are pharmacologically active compounds with poor stability in 

gastrointestinal fluids, poor intestinal absorption and/or extensive hepatic first-pass 

elimination such as polar drugs, peptides or proteins [28]. 

The main advantage of the nasal route arises from the particular anatomical, physiological 

and histological characteristics of the nasal cavity, which provides potential for rapid drug 

absorption and quick onset of action. In addition, intranasal absorption avoids the 

gastrointestinal and hepatic presystemic metabolism, enhancing drug bioavailability in 

comparison with that obtained after gastrointestinal absorption [29]. 

Nasal administration, nevertheless, presents 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 may also influence the 

extent of nasal drug absorption and therapy efficacy [30]. Furthermore, the low volume of 

nasal cavity restricts the amount of drug formulation administrated to about 100-150 µL 
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[31]. If nasal delivery of high doses of poorly water-soluble drugs is necessary, particular 

problems may appear such as irritation of mucosa. 

 

I. 3. 2. 6. Ocular drug delivery  

Ocular drug delivery has remained as one of the most challenging task for pharmaceuticals 

scientists. The unique structure of the eye restricts the admission of drug molecules [32] 

and hinders reaching optimal drug concentration at the required site of action [33].  

Conventionally, the drug can be delivered to the ocular tissues by different modes such as 

topical application, systemic application, intravitreal injections and periocular injections. 

 

Topical application of ocular drug has remained the most preferred method due to the ease 

of administration and its low cost. Upon topical utilization, drugs are absorbed either by 

corneal route (the drug passes through the cornea to reach the aqueous humor and later the 

intraocular tissues) or non-corneal route (the drug crosses the conjunctiva to achieve the 

sclera and subsequently reach the choroid/retinal pigment epithelium (RPE)). The 

preferred route depends mainly on the corneal permeability of drug molecules [34]. 

Generally, topical application is useful in the treatment of disorders affecting the anterior 

segment of the eye [32]. Indeed, anatomical and physiological barriers hinder drugs 

reaching the posterior segment of eye mainly at choroid and retina (Figure I. 4). Even for 

anterior segment treatments, major fraction of drug following topical administration is lost 

by lacrimation, tear dilution, nasolacrimal drainage and tear turnover. Such precorneal 

losses result in very low ocular bioavailability. Typically, less than 5 % of the total 

administered dose reaches the aqueous humor [35]. Therefore in order to maintain 

minimum concentrations, frequent dosage are required resulting in poor patient compliance.  

Classically, topical ocular drug administration is accomplished by eye drops but they have 

only a short contact time on the eye surface. The contact, and thereby duration of drug 

action, can be prolonged by formulation design (e.g,. gels, gelifying formulations, 

ointments, and inserts). 
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Figure I. 4 Schematic illustration of the main structure of the eye and the ocular barriers to 

drug delivery [36]. 

 

The primary physiologic blockage against instilled drugs is the tear film. Cornea is the 

main route for drug transport to the anterior chamber (I). The retinal pigment epithelium 

and the retinal capillary endothelium are the main barriers for systemically administered 

drugs (II). Intravitreal injection is an invasive strategy to reach the vitreous (III). The 

administered drugs can be carried from the anterior chamber away either by venous blood 

flow after diffusing across the iris surface (1) or by the aqueous humor outflow (2). Drugs 

can be removed from the vitreous away through diffusion into the anterior chamber (3), or 

by the blood–retinal barrier (4) (Figure I. 4).  

Unlike topical administration, systemic dosing helps in the treatment of diseases affecting 

posterior segment of the eye. A major drawback associated with systemic administration is 

only 1–2 % of administered drug reaches to vitreous cavity [32].  

Lack of adequate bioavailability and failure to deliver therapeutic amounts of drugs to the 

retina, choroid and intraocular tissues through topical and systemic routes prompted 

ophthalmologists to search for alternative routes of administration. 

Over the past decade, intravitreal injections have drawn significant attention from 

researchers. Introducing drugs into the eye by direct injection through the pars plana is the 

most efficient mode of drug delivery to the posterior segment. It is however also the most 
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invasive route that leads to serious complications [37][38] such as retinal detachment, 

endophthalmitis and intravitreal hemorrhages [39].  

Periocular administration has also been considered as an efficient route for drug delivery to 

the posterior segment. The periocular administration includes peribulbar, retrobulbar, 

subtenon, and subconjunctival routes. This method is less invasive than the intravitreal 

even if anterior segment complications have been observed in some patients [40].  

Given the different challenges regarding ocular drug delivery routes, several innovative 

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

 

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

drug release  

Another classification that can be used to distinguish the different drug delivery systems is 

according to the way the drug is released. Generally, they can be distinguished as follows: 

- Immediate release: drug is released immediately after administration. 

- Modified release: drug release occurs a while after administration, or for a 

prolonged period of time, or to a specific target in the body. Modified release 

systems can be further classified as: 

  a- Delayed release: drug is released a certain time after the initial   

  administration.      

  b- Extended release: prolongs the release to reduce dosing frequency [19]. 

  c- Pulsatile drug release system, where the drug is released after two or   

  more of lag-time. 

  

I. 3. 3. 1. Immediate release 

Immediate release is designed to release the drug as quickly as possible after 

administration (Figure I. 5). This is useful if a fast onset of action is required for 

therapeutic reasons. For example, a tablet containing a painkiller should disintegrate 

quickly in the gastrointestinal tract to allow a fast uptake into the body [19].  

Immediate release dosage forms are those for which more than 85% of labeled amount 

dissolves within 30 min. For immediate release of solid oral dosage forms, the only 

'barrier' to drug release is disintegration or erosion stage, which is generally accomplished 

in less than one hour [41]. For the intravenous injections, the onset of action is very fast 

and the pharmacological effect may be seen in a matter of seconds after administration 
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since the drug is already in solution and is directly administered into the body. So no time 

is lost due to the drug permeation through the gastrointestinal tract, skin or mucosal 

membranes, before the target organs can be reached [20]. 

Immediate releases 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, and cost-effectiveness. 

The duration of action of a drug is known as its half-life. This is the period of time required 

for the concentration or amount of drug in the body to be reduced by one-half. However, 

the high drug concentration does not necessarily involve increased drug half-life. To 

reduce the frequency of drug administration it is often not possible simply to increase the 

dose of an immediate-release dosage form, as the peak plasma concentration may be too 

high and lead to unacceptable side effects (such as irritation). 

 

I. 3. 3. 2. Modified release  

Modified release drug delivery systems are developed to modulate the apparent absorption 

and/or alter the site of release of drugs, in order to achieve specific clinical objectives that 

cannot be attained with immediate release dosage forms. Possible therapeutics benefits of a 

modified release product include improved efficacy and reduced adverse events, increased 

convenience and patient compliance, optimized performance, a greater selectivity of 

activity, or new indications [42]. According to the US food and drug administration, 

modified release dosage forms include delayed, extended, and pulsatile release products 

[43]. 

 

I. 3. 3. 2. 1. Delayed release  

Delayed-release dosage forms can be defined as systems which are formulated to release 

the active ingredient at a time other than immediately after administration (Figure I. 5). In 

this case, the therapeutic action of the drug is not extended.  

These formulations are used for some drugs that are unstable in certain environments, such 

as in acidic conditions. Therefore, the active ingredient is protected with coating, generally 

sensitive to pH in order to optimize the drug therapeutic action. Usually, these 

formulations present a coating that protects the active ingredient from the acidity of the 

stomach. They are stable at the highly acidic pH but breaks down rapidly at a less acidic 

pH. Therefore, the dosage forms are able to travel from the low-pH environment of the 
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stomach to the higher-pH environment of the small intestine where the coating material 

dissolves and the drug can be released.  

 

 
Figure I. 5 Plasma concentration versus time profile of an immediate and delayed release 

systems [19]. 

 

These formulations are interesting for drugs that show poor bioavailability and are rapidly 

metabolized and eliminated from the body after administration and thus presenting a short 

half-life, or those with a narrow therapeutic window. These formulations present, however, 

some disadvantages: a lack of reproducibility and unpredictability in-vitro/in-vivo 

correlations.  

 

I. 3. 3. 2. 2. Extended-release  

Extended-release systems allow the drug release over prolonged time periods. By 

extending the release profile, the frequency of dosing can be reduced. The majority of 

modern extended release technologies are based on polymeric systems and fall into one of 

three categories: matrix, reservoir (or membrane controlled), and osmotic systems. Drug 

release from these delivery systems generally presents one or more of the following 

mechanisms: drug diffusion, system swelling or erosion and dissolution, or osmotic 

pressure-induced release [19]. Extended-release systems can be further classified as 

sustained and controlled release. 
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a. Sustained release 

These systems maintain the rate of drug release over a sustained period; the active 

substance is gradually released and the therapeutic effect is sustained over a long period of 

time (Figure I. 6). The pharmaceutical formulations corresponding to this type of system 

are for example osmotic pumps, these devices are generally a semi permeable polymer 

containing an aqueous solution of drug (Figure I. 7). Those systems control the outflow of 

drug solutions through osmotic potential gradients across semi permeable polymer barriers. 

The pressurized chambers contain the aqueous solution of the 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 solution out of the 

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

 
Figure I. 6 Plasma concentration versus time profile of a sustained-release 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 pumps [44]. 

 
b. Controlled release  

Controlled release allows drug delivery at a specific constant rate (release kinetics of 

order-zero) for a definite period of time independent of the local environments (Figure I. 8). 

The periods of delivery are usually much longer than in the case of sustained release and 

vary from days to years [6]. Another difference between sustained-and controlled-release 

dosage forms is that the former are basically restricted to oral dosage forms whilst 

controlled-release systems are used in variety of administration routes, including 

transdermal, oral and vaginal administration [19]. 

 

 
Figure I. 8 Plasma concentration versus time profile of a controlled-release dosage form. 

 

Controlling release offers numerous advantages over immediate dosage forms. This 

approach increases the therapeutic activity and decreases side effects, thus reducing the 

number of drug dosages required during treatment. Many different kinds of drugs can 

benefit from distribution or time-controlled delivery, such as anti-inflammatory agents [45], 

antibiotics [46], chemotherapeutic drugs [47], immunosuppressants [48], anesthetics [49] 
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and vaccines [50].  

Ideally, the release rate from the dosage form should be the rate-determining 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 target-specific, 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 characteristics of the drug 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 cellular or subcellular 

level. By doing so, it is possible to enhance the activity and specificity of the drug and to 

reduce its toxicity and side effects. Drug targeting can be achieved by designing systems 

that passively target sites by exploiting the naturel conditions of the target organ or tissue 

to direct the drug to the target site (active targeting). Alternatively drugs and certain 

delivery systems can be actively targeted using targeting groups such as antibodies to bind 

to specific receptors on cells [19].  The challenge has been on three fronts: identifying the 

proper target for a particular disease state, finding a drug that effectively treats this disease, 

and finding a means of carrying the drug in a stable form to specific sites while avoiding 

the immunogenic and nonspecific interactions that efficiently clear foreign material from 

the body [51]. 

 

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

Pulsatile delivery systems usually refer to immediate release of the entire dose in two or 

more portions separated by predetermined lag times as illustrated in Figure I. 9. In 

particular, oral pulsatile drug release pertains to the burst delivery of drugs following a 

programmed pattern from the time of oral administration. For example, Ritalin, is a 

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

 
In the field of modified release, these types of non-monotonic and multi-cargo 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 drugs where constant levels lead to 

receptor down-regulation. There are numerous advantages of pulsatile drug delivery 

systems such as short gastric residence time, bioavailability improvement, stability and 

patient comfort, adverse effects reduction and tolerability improvement, local irritation risk 

reduction, and avoidance of dose dumping. 

These pulsatile drug release systems present also some drawbacks such as: low drug 

loading capacity and a possibility of incomplete release of drug, large number of process 

variables, multiple formulations steps, need of advanced technology, lack manufacturing 

reproducibility and efficacy, and higher cost of production [53]. 

From immediate and delayed release to extended and controlled release, the resulting 

plasma concentration versus time curves have become more and more flatter; prolonging 

the time of drug release in the therapeutic range after a single administration of the dosage 

form. This has led to the popular slogan: ‘The flatter the better’.  However, for some 

diseases pulsatile release systems may 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 diseases and particularly 
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severe diseases, has led to a growing need for a multidisciplinary approach to the delivery 

of therapeutics in tissues. New ideas for controlling the pharmacokinetics, 

pharmacodynamics, non-specific toxicity, immunogenicity, and efficacy of drugs were 

generated based on composition/physical state, mechanism, and route of administration of 

drug delivery systems. These new strategies, often called novel drug delivery systems, are 

based on interdisciplinary approaches that combine polymer science, pharmaceutics, 

bioconjugate chemistry, molecular biology and chemical engineering. 

Novel drug delivery systems can include those approaches based on physical mechanisms 

and others based on biochemical mechanisms. Physical mechanisms include osmosis, 

diffusion, erosion and dissolution transport. Biochemical mechanisms include monoclonal 

antibodies, gene therapy, and vector systems like polymer drug conjugates or liposomes or 

even inactivated viruses. Therapeutic benefits of new drug delivery systems include 

optimization of drug action duration while decreasing dosage frequency, controlling the 

site of release and maintaining constant drug levels [54]. Some novel drug delivery 

systems are presented in the following section.   

 

I. 4. 1. Nanomaterials  

Recent developments in nanotechnology have shown that nanomaterials have a great 

potential as drug carriers. According to the definition from NNI (National Nanotechnology 

Initiative), nanoparticles are structures of sizes ranging from 1 to 100 nm in at least one 

dimension. Due to their small sizes, the nanostructures exhibit unique physicochemical and 

biological properties (e.g., a high reactive area as well as an ability to cross cell and tissue 

barriers) that make them a favorable material for biomedical application. 

Porous structures with pore size of less than 100 nm can be subdivided in three categories 

according to IUPAC (International Union of Pure and Applied Chemistry): microporous 

(0.2-2 nm), mesoporous (2-50 nm) and macroporous materials (50-1000 nm). Advances in 

nanofabrication have made it possible to precisely control the pore size, pore distribution, 

porosity, and chemical properties of pores in materials. 

Porous materials are useful especially for the delivery of macromolecular and 

biopharmaceutical drugs (peptides, proteins, antibodies, etc.). 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 diffusion-based release through 
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nanochannels provides a safe route to deliver the drugs. In addition, a nanosized pathway 

enables the long-term release of the drugs by preventing initial burst release; and thus, 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 diagnostics [58]. As an example of nanocarriers that have been used as 

drug delivery systems, we can cite liposomes, polymeric nanoparticles, dendrimers, carbon 

materials and silica (Figure I. 10). 

 
Figure I. 10 Nanoparticle drug delivery systems with relation to other scales [59]. 

 
I. 4. 1. 1. Polymeric nanoparticles 

The polymeric nanoparticles (PNPs) are prepared most of the time from biocompatible and 

biodegradable polymers in sizes between 10-100 nm where the drug is dispersed, 

entrapped, encapsulated or attached to a nanoparticle matrix [60]. Thus, polymer drug 

delivery systems can broadly be classified into three types of systems: polymer-drug 

conjugate systems, reservoir-based systems and monolithic matrix systems.  

In polymer-drug conjugate systems (Figure I. 11), drugs are delivered in the form of 

covalent conjugates with water-soluble 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 therapeutics [61].  

 
Figure I. 11 Schematization of general structure of polymer-drug conjugate [21]. 

 

In reservoir-based systems (Figure I. 12, b), the drug is enclosed within polymer coatings. 

The drug releases through the rate-controlling porous polymeric membrane. Monolithilc 

matrix systems (Figure I. 12, a) are similar to reservoir-based systems, but in this case, the 

drug is dispersed within the polymer matrix. In both reservoir-based and monolithic matrix 

systems, drugs are noncovalently embedded or dispersed within the polymer matrices 

[61][62]. 

 
Figure I. 12 Drug diffusion profile for both (a) monolithic matrix and (b) reservoir 

systems [21]. 

The PNPs are obtained from synthetic polymers such as poly-ε-caprolactone, 
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polyacrylamide or polyacrylate; or from natural polymers like chitosan or gelatin. Based 

on in-vivo behavior, PNPs may be classified as biodegradable (like poly (L-lactide) (PLA) 

or polyglycolide (PGA)) and non-biodegradable (like polyurethane) [59]. PNPs are 

promising vehicles for the preparation of drug delivery to specific target, which improves 

the drug safety and their nanometer size promotes an effective drug permeation through 

cell membranes and stability in the blood stream. 

 

I. 4. 1. 2. Dendrimer nanocarriers  

Dendrimers are artificial macromolecules which have a tree-like structure. They are 

globular and nano-scaled macromolecules with a particular architecture constituted of 

three distinct domains: a central core which is either a single atom or an atomic group 

having at least two identical chemical functions, branches emanating from the core, 

constituted of repeat units having at least one branch junction, whose repetition is 

organized in a geometrical progression that results in a series of radially concentric layers 

called generations, and many terminal functional groups, generally located in the exterior 

of the macromolecule, which play a key role on the dendrimer properties [63]. For 

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

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

Attractive features like nanoscopic size (1-100 nm), narrow polydispersity index, excellent 

control over molecular structure, availability of multiple functional groups at the periphery 

and cavities in the interior distinguishes them from the available polymers [64]. 

Dendrimers have been successfully proved as useful additives in different routes of drug 

administration because they can enhance water-solubility, bioavailability, and 

biocompatibility of drug formulation. Terminal functionalities provide a platform for 

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

versatility [65].  

 

I. 4. 1. 3. Liposomes 

Liposomes are nano/micro-particular or colloidal carriers, usually with 80–300 nm size 

range [66]. They are most often composed of phospholipids, but my also include other 

lipids.  Phospholipids are amphiphilic molecules, where one part of the molecule is polar 

(hydrophilic head) and the other non-polar (hydrophobic tail). When phospholipids are 

placed in contact with water, the unfavorable interactions of the hydrophobic segments of 

the molecule with the solvent result in the self-assembly of lipids, forming then a spherical 

vesicles having at least one lipid bilayer, so called liposomes [67]. 

Liposomes have been reported to increase the drug dissolution kinetic and improve their 

pharmacokinetic properties, such as the reduction of harmful side effects and increase of 

in-vitro and in-vivo anticancer activity. Drug distribution is then controlled primarily by 

properties of the carrier and no longer by physico-chemical characteristics of the drug 

substance only [68]. 

Lipids forming liposomes may be natural or synthetic; and liposome constituents are not 

exclusive of lipids, new generation liposomes can also be formed from polymers 

(sometimes referred to polymersomes). Whether composed of natural or synthetic lipids or 

polymers, liposomes are biocompatible and biodegradable which makes them 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 materials. The 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. 

Those formulation ingredients are safe and under the generally recognized as safe (GRAS) 

status issued by the FDA [69]. Solid lipid particulate systems such as solid lipid 

nanoparticles (SLN), lipid microparticles (LM), nanostructured lipid carriers (NLC), 

lipospheres and lipid drug conjugates (LDC) have been sought as alternative carriers for 

therapeutic peptides, proteins and antigens due to their properties [69].  
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SLNs are produced by replacing the liquid lipid (oil) of an oil/water emulsion by a solid 

lipid or a blend of solid lipids [12]. SLNs offer unique properties such as smaller size, 

larger surface area, interaction of phases at the interfaces; and these properties are 

attractive for their ability to improve performance of nutraceuticals, pharmaceuticals and 

other materials [70]. SLNs present several advantages such as good biocompatibility, low 

toxicity, physical stability and a good delivery of lipophilic drugs. Important peptides such 

as cyclosporine A, insulin, calcitonin and somatostatin have been incorporated into solid 

lipid particles and are currently under investigation. This 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 20 nm [72]. ME and NE are isotropic 

mixtures of oil/water stabilized by surfactants frequently in combination with co-

surfactants [3,4,41]. They have shown good dissolution properties and thermodynamic 

stability. The stabilizers prevent particle agglomeration and/or drug leakage. Permeation 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 enzymatic 

degradation makes them ideal drug delivery vectors [73]. The major advantages of NE as 

drug delivery carriers include increased drug loading, enhanced drug solubility and 

bioavailability, reduced patient variability, controlled drug release, and protection from 

enzymatic degradation [74]. 

ME and NE have found wide applications in bioavailability enhancement and delivery 

through various administration routes, namely oral [75], parenteral [76], nasal [77], 

transdermal [78] or also ocular [79]. 

 

I. 4. 1. 6. Carbon nanomaterials 

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

(CNHs).  

CNTs have a cylindrical structure with a diameter of only several nanometers composed of 

sheets of linked hexagonal rings of carbon atoms. CNTs consisting of a single sheet are 

called single walled carbon nanotubes (SWCNTs) and those formed by rolling up more 
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than one sheet are called multi-walled CNTs (MWCNTs) (Figure I. 14). In the medical 

field, three main attributes of CNTs have been exploited [14]: their small size, their high 

surface to volume ratio and their ability to contain chemicals. 

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

[80]. 

 

CNHs (Figure I. 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 their size fulfills 

the condition for achieving enhanced permeability and retention effect. They can permeate 

through the damaged vessels in tumor tissue and remain there because of little lymphatic 

drainage. In addition to an extensive surface area, carbon nanohorns have tubes at the end 

of spherical aggregates with diameter 2-5 nm. Holes can be generated at the tips of the 

tubes and can be exploited to insert different therapeutic agents into their empty space [81]. 

Functionalized carbon nanohorns have been proposed for controlled drug release of anti-

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 higher plants and can 

be used for various purposes [82]. The active surface property of amorphous silica allows 

developing silica particles with various surface properties through surface functionalization 

with different molecules, which consequently allows targeted delivery of different types of 

therapeutic agents. Due to their strong Si–O 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 like dendrimers [83] 
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[84]. The abundant presence of silanol groups in silica can also have an affinity to 

phospholipids, which can be actively taken up by the cells [85]. 

Silica materials used in controlled drug delivery systems are classified as natural silica 

materials e.g,. diatoms [86], fumed silica nanoparticles [87], silica-based xerogels and 

aerogels [88]–[91], and ordered mesoporous silica based materials [92]. They exhibit 

several advantages as carrier systems including biocompatibility, an ease in terms of 

functionalization and ability to present highly porous framework [93]. Among inorganic 

nanoparticles, silica materials are the carriers which are most often chosen for biological 

purposes [94].   

Biosilica with complex 3-dimensional porous structures [86] are found in the nature; they 

are formed following biologically based self-assembly synthetic routes [86]. The most 

outstanding example is diatom, single cell photosynthetic algae with distinct silica cell 

walls called frustules and consisting of highly ordered pore structures, species 

characteristic patterns and hierarchical pore organization with unique mechanical, 

molecular transport, optical and photonic properties [95]. The structures of diatom 

frustules with hollow and large inner space, microscale and nanoscale porosity, high 

surface area, excellent biocompatibility, amorphous silica state, modifiable surface 

chemistry, high permeability, low density, non-toxicity and low cost make diatom silica a 

promising biomaterial for drug delivery applications [96]. 

Fumed silica is an extremely small non porous particle with high surface area and purity. 

Fumed silica is formed by injecting chlorosilanes, such as silicon tetrachloride, into a 

flame of hydrogen and air. Fumed 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 water-soluble drug compounds, protect the drug against 

light or oxidation, and eliminate the shortcomings of conventional liquid emulsions in 

particular physical instability [87]. 

Silica xerogels and aerogels possess an amorphous structure with high porosity (up to 99% 

of the whole volume) and enormous surface area which make them interesting carriers for 

drugs. The porous structure (shape and pore dimensions) depends on the synthesis 

parameters and the drying process [97]. The synthesis of these systems is carried out 

through the sol-gel technique leading in a first step to the formation of a gel presented as a 

solid interconnected porous structure in an equilibrium with a liquid phase within 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 the active ingredient during the sol-gel 

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 will be detailed in the 

following section and the methods of the elaboration of drug mesoporous-silica systems 

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 due to their 

highly ordered structures, large pore size and high surface area. In the past decade, 

mesoporous materials have found a lot of applications in separation, catalysis, sensors and 

devices [99], [100]. 

Ordered mesoporous silica, which were prepared using surfactants as structure-directing 

agents, were produced with hexagonal and cubic symmetries and pore sizes ranging from 2 

to 10 nm. Basically, silica synthesis requires the addition of one silica source (from an 

inorganic source as sodium silicate solution or from an organic source as tetraethyl 

orthosilicate (TEOS)) with the surfactant template. In the scheme below we see the 

procedure to synthesize mesoporous materials (Figure I. 15).  

 

 
Figure I. 15 Synthesis of silica mesoporous materials. 
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Since the work carried out by Vallet-Regi et al. in 2001 using MCM-41 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 functionalities 

for sustained drug release and stimuli-responsive release.  

Table I. 2 presents the different porous structures of some ordered mesoporous silica, 

which have been employed for drug delivery. 

 

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

Mesoporous 

solid 

Pore diameter 

nm 

Structure 

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 cages 

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 well-defined 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 molecular size drugs can be 

entrapped within the mesopores by an impregnation process and liberated via a diffusion-

controlled mechanism. The reasons for the high impact of these materials in the field of 

biotechnological research is based on their properties of (Figure I. 16):  

− An ordered pore network, which is very homogeneous in size and allows fine 

control of the drug release kinetics,  

− A high pore volume to host the required amount of pharmaceuticals, 

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

− A silanol-containing surface that can be functionalized to allow better control over 

drug loading and release.  
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Figure I. 16 The properties that have fuelled the use of ordered mesoporous silica as drug 

delivery systems [103]. 

 

I. 4. 2. Ocular medical devices  

 Anatomy and physiology of the eye makes it a highly protected organ, which restricts the 

          admission of drug molecules and hinders reaching optimal drug concentration at the 

required site of action [32], [104]. As mentioned above (section I. 3. 2. 6), conventional 

delivery systems such as: eye drops, suspensions, ointments and local injections can not be 

considered optimal. Indeed, these formulations do not offer adequate bioavailability due to 

the washing off of the drugs from the eye or structural and physiological barriers which 

limit the penetration of administered actives into the ocular tissues. 

Some of the newer methods for administrating ocular drugs, microneedles, in-situ gelling 

systems, implants and intraocular lenses, are bravely discussed hereafter. Since a part of 

our experimental research work was carried out on the preparation of drug delivery 

systems based on intraocular lenses, this last part will be detailed separately in the section I. 

4. 3. 

 

I. 4. 2. 1. Microneedles 

Microneedle based technique is an emerging and minimally invasive mode of drug 

delivery to posterior ocular tissues [105]. This technique can provide more localized and 

targeted delivery of ophthalmic drugs than traditional drug delivery methods, with minimal 
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drug loss and tissue damage.  Microneedles are solid or hollow needles of micrometric 

dimension and were designed to create micron-size pores in the tissue. This would enable 

delivery of free drug or drug encapsulated within nanoparticles or microparticles for 

controlled release over time within the sclera [106]. Drug could then diffuse from the 

sclera to neighboring choroidal and retinal tissues to treate diseases of the posterior 

segment of the eye [107]. Microneedles are custom designed to penetrate only hundreds of 

microns into sclera thus avoiding damage of deeper ocular tissues [105].  

This new microneedle based administration strategy may reduce the risks and 

complications associated with intravitreal injections such as retinal detachment, 

hemorrhage, cataract, and endophthalmitis. Moreover, this strategy may help to circumvent 

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 ocular cul-de-sac to form viscoelastic 

gel. In-situ hydrogel formation provides a response to environmental changes since 

gelation can be triggered by variations in temperature or pH [105], [108]. It is widely 

accepted that increasing the viscosity of a drug formulation in the precorneal region will 

lead to increased bioavailability due to slower drainage rate from the cornea. Moreover, the 

efficacy of ophthalmic hydrogels is mostly based on an increase in ocular residence time 

via enhanced viscosity and mucoadhesive properties [108]. 

Different polymers are used for this in-situ gelling system according to their sensitivity. 

We can cite, among other polymers; poloxamers, 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 are one dose systems of drug and polymeric materials, which 

can release the drug at controlled rate without interfering with the vision. Implants can be 

localized within the anterior or posterior segments, through a simple surgical implantation. 

Compared to traditional methods of drug administration to the eye, ocular implants have 

many advantages, including enhancing drug bioavailability and sustaining the drug 

delivery in controlled therapeutic levels directly to the site of action and bypassing the 
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blood-brain barrier [105], [110] as well as improving patient compliance.  

In general, subconjunctival implantation is used for anterior-segment diseases, whereas 

intravitreal and suprachoroidal methods are typically used to treat posterior-segment 

diseases. Intrasceral implants can be used for either. A significant amount of crossover 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 are classified as 

non-biodegradable and biodegradable. Non-biodegradable implants have the advantage of 

steady, controlled release of a drug during potentially long periods of time (years) and the 

disadvantage of difficulty 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 [111]. Several 

implants are undergoing clinical trials while a few are already commercialized [112]. 

 

I. 4. 3.  Intraocular lenses 

Contact lenses were initially successfully used as drug delivery systems [113]. Currently, 

several approaches are under study to endow intraocular lenses (IOLs) with the ability to 

host drugs and to prolong 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 increasing 

[114]. Currently, about 2 million people have their cataractous lens removed and replaced 

with an intraocular lens (IOL) each year [115]. 

The surgery involves implantation of an artificial intraocular lens to replace opacified 

(damaged) natural crystalline lens [114]. It is generally considered as safe, however, 

postoperative endophthalmitis [116], [117], a rare but potentially devastating infection, and 

posterior capsular opacification, a less serious but much more common postoperative 

complication [118]–[121], may occur.  

To prevent short- and long-term complications, a concentrated solution of anti-

inflammatory or antibiotic drugs is injected (subconjunctival, topical, intracameral or 

intravitreal) in the eye after cataract surgery [116]. The efficacy of this treatment is limited 

either due to poor drug bioavailability across the blood-ocular barriers [122] or serious 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 to 
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new controlled drug delivery systems to prevent postoperative complications. The drug-

IOL combination may be the result of loading commercially available IOLs with specific 

drugs or of design of IOLs with particular composition in order to improve drug loading 

and to achieve efficient control of release [123]. 

Different types of IOLs are used for the treatment of cataract. From the time of Ridley's 

first lens implantation (IOL without drug) (1949/1950) [124], the evolution of IOLs in 

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

 

Table I. 3 Evolution of intraocular lenses [125]. 

Generation Dates and types (approximate) 

I 1949-1954 

Original Rideley posterior chamber.  

PMMA IOL manufactured by Rayner, LTD., U.K.  

II 1952-1962 

Early anterior chamber lens. 

III 1953-1973 

Iris-supported, including iridocapsular IOL implanted after 

extracapsular cataract extraction (ECCE).  

IV 1963-1992 

Transition towards modern anterior chamber IOLs. 

V 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 differentiated in different ways. 

The most important of these classifications are shown in Table I. 4. 
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Table I. 4 Classification of IOLs [126]. 

Implantation site/type 
 

Capsular bag, ciliary sulcus, scleral fixation, iris 
fixation, angle supported 
 

Overall design 
 

1 piece /3 pieces*  
 

Optic materials 
 

Rigid (PMMA), foldable (hydrophobic acrylic, 
hydrophilic acrylic), flexible (silicone), collamer 

Refraction index 
 

1.42–1.55 
 

Optics shape 
 

Biconvex, plano-convex, meniscus 
 

Overall length 
 

10–13 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, 6 
haptics) 
 

Type of implantation Injectable, not injectable 
 

Type of packaging 
 

Pre-loaded, not pre-loaded 

* IOL consist of small optics with side structures, called haptics, which can be prepared 

from the same material (1 piece) or different materials (3 pieces). 

 

Generally, IOL materials fall into three groups, acrylate/methacrylate polymers, silicone 

elastomer  and collamer [127] as illustrated in Figure I. 17 

 . 
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Figure I. 17 IOLs a) PMMA, b) foldable hydrophobic, c) foldable hydrophilic acrylic, d) 

silicone, and d) collamer [126]. 

 

I. 4. 3. 1. Hydrophobic acrylic lenses 

 
− Poly (methyl methacrylate) lenses  

The first hard or rigid polymeric lenses were those manufactured by Kevin Tuohey in 1948 

from PMMA. PMMA lenses (Figure I. 17, a) are prepared from rods or buttons of PMMA 

obtained by bulk free-radical polymerization of methyl methacrylate. It is a rigid and non 

foldable hydrophobic material (water content <1%). The refractive index is 1.49, and the 

usual optic diameter is 5-7 mm. PMMA is rather hydrophobic but becomes slightly more 

hydrophilic after contact with water as indicated by a decrease in contact angle [128]. 

PMMA IOLs present good optical properties, are light in weight, and have acceptable 

surface wettability and exceptional durability. However, the low oxygen permeability of 

this material limits the long-term wear of these lenses. 

As already mentioned, acrylic PMMA polymer was used in 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 compared [129]. PMMA lenses are 

usually thin as the rigidity of the material balances the low refraction index. However, 

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 acrylic lenses 

Hydrophobic foldable acrylic materials are a series of copolymers of acrylate and 

methacrylate derived from rigid PMMA. The typical wetting contact angle with water is 

73° [131]. Hydrophobic foldable acrylic lenses can be folded, pushed and pulled; always 

regaining their original shape in a matter of seconds [132]. Hydrophobic acrylic IOLs are 

available in 3 piece or 1 piece designs (the last design is presented in the Figure I. 17, b), 

optic diameter between 5.5 and 7.0 mm, and overall length between 12 and 13 mm [126]. 

These acrylic polymers are synthesized from esters of acrylic or methacrylic acid and they 

are foldable under 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. 

Furthermore, their hardness is temperature dependent and the lens is rigid like PMMA at 

temperatures lower than room temperature [133].  

 

I. 4. 3. 2. Hydrophilic acrylic lenses 

Hydrophilic acrylic materials (Figure I. 17, c) are composed of a mixture of 

hydroxyethylmethacrylate (poly-HEMA) and hydrophilic acrylic monomer [134]. These 

lenses are cut in the dehydrated state and then hydrated and stored in solution. The water 

content between IOLs varies widely and can be as high as 38% [133]. Hydrophilic acrylic 

lenses are soft, somewhat compressible, and have excellent biocompatibility because of 

their hydrophilic surface. The wetting contact angle with water is lower than 50°. Most 

IOLs are single piece and designed for capsular bag implantation with few exceptions. 

Hydrophilic acrylic material is the easiest to handle and can be implanted through a very 

small incision (2 mm). 

 

I. 4. 3. 3. Silicone lenses 

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

a dialkyl or diaryl siloxane functional groups, and the simplest is polydimethylsiloxane 

[116]. Silicone (Figure I. 17 d) is hydrophobic with a contact angle with water of 99°, 

higher than that of hydrophobic acrylic materials. The refractive index is usually between 

1.41 and 1.46, and the optic diameter is ranges from 5.5–6.5 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 3.2 mm to 

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

 

 

I. 4. 3. 4. Collamer lenses 

Collamer is the name of the material used exclusively by STAAR® surgical company. The 

name comes from the combination of ‘collagen’ and ‘polymer’. These IOLs (Figure I. 17, 

e) are composed of a hydrophilic porcine collagen (<0.1%)/hydroxyethyl methacrylate 

copolymer with an ultraviolet-absorbing chromophore [23]. IOLs made from collamer are 

highly biocompatible, and easy to implant because of the softness of the material [135]. 

Indeed, water content is very high, at about 40%, which makes this material very soft [136].  

 

Several methods of preparations of drug delivery systems, according to the type of IOLs 

presented above, were used in the literature. The preparation of drug delivery systems 

based on PMMA and P-HEMA IOLs was the core of our work. Those kinds of drug 

delivery systems have not been yet commercialized; the different past or ongoing research 

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 as microsponges, cyclodextrins, viruses and 

immunoconjugates are briefly presented in the following section. 

Microsponge delivery system is highly cross-linked porous polymeric microspheres that 

can entrap wide range of active ingredients and then release them onto the skin over a time 

and in response to trigger [137]. Microsponges are biologically safe and offer unique 

advantages of programmable release. This technology is believed to contribute towards 

reduced side effects, improved stability and enhanced formulation flexibility [138]–[140]. 

This technology is being used for topical formulations and also for oral administration 

[141].  

Cyclodextrins (CDs), with lipophilic inner cavities and hydrophilic outer surfaces, are 

capable of interacting with a large variety of guest molecules to form noncovalent 

inclusion complexes [142]. They are widely used as "molecular cages" in different 

industries such as agrochemicals, foods, pharmaceuticals and cosmetics. In pharmaceutical 

industry they are used as complexing agents to increase the aqueous solubility of poorly 
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soluble drugs and to increase their bioavailability and stability [143]. In addition, 

cyclodextrins can be used to reduce gastrointestinal drug irritation, convert liquid drugs 

into microcrystalline or amorphous powder, and prevent drug–drug and drug–excipient 

interactions. 

Virus particles typically consist of several hundreds to thousands of protein molecules, 

which self-assemble to form a hollow scaffold packaging the viral nucleic acid. Viruses are 

potential vehicles for drug and gene therapies due to their natural ability to infect specific 

cells and transport genomic materials to the nucleus. As an emerging and important 

nanocarrier platform, virus-like particles offer the great advantages of morphological 

uniformity, biocompatibility, and easy functionalization.  

Immunoconjugates consist of three separate components: a monoclonal antibody that binds 

to a cancer cell antigen with high specificity, an effector molecule that has a high capacity 

to kill the cancer cell (drug), and a linker that will ensure the effector does not separate 

from the antibody during transit and will reliably release the effector to the cancer cell or 

tumour stroma [144]. The idea behind this technology is to target potent drugs to the 

specific site by using the specificity of monoclonal antibodies thus avoiding non-targeted 

organs toxicity [145]. These immunoconjugates can be used across a wide spectrum of 

diseases by selecting the appropriate molecular domains [146]. 

 

I. 5. Conclusion 

The sustained release drug delivery systems should be at a desired, predictable 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 chapter and efficacy of drugs were 

generated based on composition/physical state, mechanism, and route of administration of 

a drug delivery system. A bibliographic review of the state of the art in drug delivery 

systems was also presented in order to give the technical basis for the rest of the discussion 

in the other chapters.  

In this PhD work, we are interested in the elaboration of two different drug delivery 

systems through supercritical impregnation process. Polymeric supports were used for the 

elaboration of ocular medical devices applied to cataract surgery and mesoporous silica 

was used as support for the elaboration of dosage forms for oral administration of poorly 

water-soluble drugs. Thereafter, the impregnation processes for the formulation of both 
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systems as well as the characterization and the parameters influencing impregnation will 

be detailed in the chapter II. The impregnation results of both systems will be presented 

and discussed in the chapter III and IV respectively.   
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II. 1. Introduction 

Advanced drug delivery systems present indubitable benefits for drug administration. Drug 

delivery systems are designed to release the active ingredients in a controlled manner, 

optimizing thus their bioavailability and decreasing potential side effects, as well as to target a 

specific site in the body. For most applications, in order to achieve an effective therapy, the 

drug should be dispersed in a matrix at a molecular level. One route to elaborate such systems 

is impregnation which can be conducted in liquid or in supercritical media. 

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 support. Referring to 

the literature, two types of impregnation supports were used in most cases for the elaboration 

of drug delivery systems: organic compounds such as polymers or inorganic compounds such 

as mesoporous silica. Different solutes are used in literature according to the relative 

application such us active ingredients for pharmaceutics and cosmetics, dyes for textile, 

fungicides for wood industry, aroma and food coloring for food industry, etc. 

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 solvent-rich phase and the impregnation support, 

− Elimination of the solvent. 

This relatively simple method is only adequate for drugs that possess affinity with the 

impregnation support and that, consequently, can be up-taken and retained within. In addition 

to the match of the chemical groups of the drug and the impregnation support, several other 

factors (e.g., drug concentration in the impregnation medium, impregnation duration, pH of 

the solution, temperature, etc.) are involved in the determination of the drug loading yield.  

 

Residual solvents in pharmaceuticals are defined as volatile organic chemicals (VOC). Since 

they can be toxic, all residual solvents should be removed to the highest possible extent 

possible to meet product specifications, good manufacturing practices, or other quality-based 

requirements. Solvents are classified by the European Medicines Agency as [1], [2]: 

− Class I: solvents to be avoided (known human carcinogens, strongly suspected human 

carcinogens and environmental hazard), 

− Class II: solvents to be limited (non-genotoxic animal carcinogens or possible 

causative agents of other irreversible toxicity such as neurotoxicity or teratogenicity), 

− Class III: 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 on conventional impregnation, the impregnated support 

is not totally free of solvent and traces may induce a certain toxicity of the drug formulation. 

The presence of significant amounts of residual organic solvents into matrices impregnated in 

liquid media remains one of the main drawbacks of the soaking into liquid method. 

Alternatively, a solute may be loaded into a support using supercritical fluid impregnation. 

This technique has successfully proved its applicability to the preparation of drug delivery 

systems. The interest of supercritical impregnation relies mainly on the opportunity to utilize 

the specific supercritical fluid properties (high density, low viscosity, diffusivity higher than 

the ones of liquids, low interfacial tension, etc.). Thanks to those properties, the solute to be 

impregnated may be easily and rapidly transferred inside the solid support of impregnation. 

Moreover, if carbon dioxide is used, the process of impregnation can be performed at rather 

moderate temperatures in comparison with soaking into liquid method. Furthermore, CO2 is 

released spontaneously from the final product upon depressurization at the end of the process, 

reducing thus the number of unitary operations often used in conventional processes for 

products purification. Lastly, it may be then possible to improve efficiency of drug loading 

and release compared to those achievable by conventional preparation technique, while using 

a more environment friendly technology.  

 

In this PhD study, we are interested in the elaboration of two different forms of sustained 

released drug delivery systems through supercritical impregnation of pharmaceutical active 

ingredients in two types of supports, polymeric intraocular lenses used in cataract surgery for 

the elaboration of ocular medical devices and mesoporous silica for the elaboration of suitable 

dosage forms for oral administration of poorly water soluble drugs.   

In this chapter, generalities about supercritical fluids and their properties are first presented. 

Then, supercritical impregnation process principle and modes are presented. A bibliographic 

review of the state of the art of supercritical impregnation of polymers focusing on ocular 

lenses as well as of mesoporous silica are then detailed in two separate subsections. 

Characterizations of each system, involved mechanisms and parameters influencing 

supercritical impregnation are presented.  
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II. 2. Supercritical impregnation  

 

II. 2. 1. What is a supercritical fluid? 

Supercritical fluids (SCFs) have received a great interest within the research community over 

the last decades because of their unique properties which are midway between those of liquids 

and gases. A supercritical fluid is defined as a substance for which both pressure and 

temperature are above the critical values (Figure II. 1). Above this critical point, a single 

phase is present with unique properties such as liquid-like density, gas-like viscosity, low 

interfacial tension and higher diffusivity than liquids. As an example, Table II. 1 gives the 

physico-chemical properties of carbon dioxide, the most used fluid for supercritical 

applications. In particular, carbon dioxide (CO2) has many properties that make it an 

attractive solvent, including not flammable and not toxic, and environmentally benign nature 

when compared to organic solvents. CO2 present mild critical conditions especially in term of 

temperature (Pc = 7.38 MPa and Tc = 304.06 K).  

 

 
Figure II. 1 Schematic P-T phase diagram of Carbon dioxide [3]. 

 
CO2 has been proposed as a “green” alternative to traditional liquid organic solvent because it 

is neither regulated as a VOC nor restricted in food or pharmaceutical applications [4], 

exhibiting tunable solvent power in most applications. The main interest of supercritical fluids 

is related to their adjustable properties, that can be changed easily by monitoring pressure and 
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temperature within the supercritical region [5]. The experimental conditions can be therefore 

adjusted according to the targeted specifications. 

 

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

Temperature 

K 

Pressure 

MPa 

Fluid nature Density [6] 

kg.m-3 

Diffusivity [7] 

m2.s-1 

Viscosity [8] 

Pa.s 

313 0.1 Gas 1.7 5.1×10-6 1.6×10-5 

313 10 Supercritical 

fluid 

631.7 1.4×10-8 4.8×10-5 

300 50 Liquid 1028.9 8.7 10-9 1.33×10-4 

 

SCFs are involved in numerous industrial processes and have potentially wide fields of 

applications. Current applications include extraction and fractionation, cleaning of electronic 

and optical devices, chemical reaction (such as: polymerization and oxidation), waste 

treatment and recycling, soil remediation, aerogels elaboration, crystallization and particle 

generation, nanomaterials preparation, coating and impregnation.  

 

II. 2. 2. Impregnation processes  

SCF technology is an attractive alternative for the formulation of pharmaceuticals systems. 

Supercritical fluids are the first choice vectors because they possess a rather good solvent 

power and their specific properties as detailed above, allow the diffusion of the supercritical 

fluid phase deeply into the impregnation solid support.  

Supercritical processes enable to obtain a more homogeneous impregnated matrix with 

shorter processing duration compared to conventional soaking into liquid technologies. When 

the impregnation is performed with scCO2 and without the addition of a co-solvent, the 

impregnated support is then totally free of traces of residual solvent.  

In general, the principle of supercritical impregnation consists in solubilizing the solute of 

interest in the supercritical phase which carries it within the impregnation support through 

diffusion phenomena. During the contact duration, the solute molecules are partitioned 

between the fluid phase and the impregnation support. At the end of the process, during the 

depressurization step CO2 is released and the solute is entrapped within the impregnation 

support. 
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The supercritical impregnation process can be carried out either in a batch or in a semi-

continuous mode; using one or two autoclaves. In the latter case, a first high pressure cell, 

called extractor or saturator, generally equipped with a stirring system is used to solubilize 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 dynamic mode 

(semi-continuous process), a continuous flow of the supercritical fluid sweeps across the 

extractor and the cell of impregnation for a given time (Figure II. 2). 

 

 

Figure II. 2 Supercritical impregnation set-up using two autoclaves: (1) CO2 cylinder, (2) 

Cooling bath, (3) High pressure liquid pump, (4) Heating bath, (5) Saturator cell, (6) and (9) 

Agitators, (7) and (10) Thermostat baths, (8) impregnation cell,  (11) and (12) 

Depressurization valves. 

 

In a batch mode, a process based on a single high pressure cell is generally used (Figure II. 3). 

In that case, the solute and the impregnation support are initially placed together in the 

autoclave. The high pressure cell is heated to reach the desired temperature and the fluid is 

introduced into the cell until the working condition of pressure is reached. The system is then 

left for a given time corresponding to the fixed impregnation duration.  

Once the impregnation phase is finished, The system is then depressurized at a 

depressurization rate which must be controlled to avoid an eventual desorption of the 

impregnated solute [9].  
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Figure II. 3 Supercritical impregnation set-up using one autoclave: (1) CO2 cylinder, (2) 

Cooling bath, (3) High pressure liquid pump, (4) Heating bath, (5) High pressure cell, (6) 

Agitator, (7) Thermostat bath, (8) Depressurization valve. 

 

When impregnation is carried out using a co-solvent, a supplementary washing step is 

performed to avoid the condensation (or precipitation) of the co-solvent in the autoclave 

during depressurization. This step consists in washing the high pressure cell with pure flow 

rate of CO2 or with an inert gas, so as to remove the co-solvent while avoiding extracting 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 matrix. The balance 

between these two phenomena can be characterized through the partition coefficient K, which 

corresponds to the ratio of the equilibrium concentrations of solute in the impregnation matrix 

(C solute-support) to that in the scCO2 phase (C solute-CO2). 

 

𝐾𝐾 =  𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐶𝐶𝐶𝐶2

                                                                                                                              𝐸𝐸𝐸𝐸. 1    

To apply successfully the supercritical impregnation, the drug to be impregnated should be 

soluble in the fluid phase and the partition coefficient of the drug should be favorable enough 

towards the impregnation support to enable sufficient impregnation amounts.  

Several applications of supercritical impregnation have been reported in literature during the 

last twenty years. Objectives may be different from one application to another. The target can 

be to elaborate sustained release systems, like in this work, but it also can be to protect a 
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support or change some properties of a matrix (like for example dying). Different works are 

reported in literature describing the impregnation of biocides into wood and wood composites 

[10], the polymer composite preparation by monomer impregnation in polymer followed by 

in-situ polymerization [11], carbon-carbon or ceramic precursors for improving the oxidation 

resistance of carbon [12], paper impregnation for a deacidification and reinforcement process 

for damaged books [13],  and the impregnation for drug delivery [14]. Another process for 

online impregnation after extraction, especially attractive for natural products, processing as 

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

 

In this work we are interested in the preparation of sustained release drug delivery systems, 

since they can provide lower and sustained dosages through a drug release in the affected site 

by diffusion or surface erosion, increasing thus its therapeutic effect and improving the patient 

compliance. Those systems have also proven to be more effective and safe compared to 

conventional immediate release dosage (Chapter I).  Different carriers can be used for the 

elaboration of drug delivery systems and the impregnation phenomena are dependent on the 

considered system. As previously mentioned, this study focuses on the elaboration of 

sustained release delivery systems through supercritical impregnation of different APIs in two 

different impregnation supports: polymeric supports used as ocular medical devices and 

mesoporous support used as excipient for the elaboration oral dosage form. 

Supercritical impregnation mechanisms are different according to the studied support. Indeed, 

unlike in silica, dissolution of supercritical CO2 within polymers (CO2 absorption) occurs 

during the impregnation process, resulting in polymers swelling and plasticization. 

For this purpose, the characterization of each impregnation system (based on polymeric 

support and mesoporous silica) and the corresponding involved mechanisms and parameters 

influencing impregnation are presented in two different subsections. 

 

II. 3. Polymeric drug delivery systems  

Polymers used for controlled drug release are often called therapeutic polymers. However, 

these systems do not have specific therapeutic activity and are considered as excipients in 

pharmaceutical formulations.  Polymers occupy an outstanding position due to the versatility 

of the synthesis routes, their possible biocompability (and sometimes biodegradability) and 

the possibility of tuning their features and performances to fulfill the needs of every particular 

application. Controlled drug delivery occurs when a polymer, whether natural or synthetic, is 



Chapter II: Supercritical impregnation 
 

 

  64  
  

judiciously combined with a drug or other active agents in such a way that the active 

ingredient is released from the material in a predesigned manner. Moreover, polymers can 

finely regulate the site and the rate at which the drug is released from the formulation, 

improve drug solubility, contribute to the stability in the physiological environment, mask the 

unpleasant taste of a drug and help the drug to overcome the cellular barriers.  

Several chemical natures of polymers have been tested as potential drug delivery systems, 

including: Poly (2-hydroxy ethyl methacrylate), Poly (2-hydroxy methyl methacrylate), Poly (N-

vinyl pyrrolidone), Poly (methyl methacrylate), Poly (vinyl alcohol), Poly (acrylic acid), 

Polyacrylamide, Poly (ethylene-co-vinyl acetate), Poly (ethylene glycol) and Poly (methacrylic 

acid). However, in recent years, additional polymers designed primarily for medical 

applications have entered the area of controlled release. Many of these materials are designed 

to degrade within the body, few of them among these include: Polylactides (PLA), 

Polyglycolides (PGA), Poly (lactide-co-glycolides) (PLGA), Polyanhydrides, Polyorthoesters. 

 

An extensive part of this work focuses on the impregnation of two kinds of polymeric 

intraocular lenses (PMMA and P-HEMA) used for cataract surgery (Chapter I, section I. 4. 3). 

The development of drug incorporated in IOLs allows the combination of the cataract surgery 

and postoperative treatment in a single procedure [16]. It can provide a prolonged intraocular 

release of anti-inflammatory and antibiotic agents after surgery leading to improved efficacy, 

reduced toxicity, and better patient compliance [17].  

The classical solvent method (soaking into liquid) used initially and widely for the 

impregnation of contact lenses [18]–[22], consists in dispersing the drug in a polymer matrix. 

First, the drug is dissolved in an organic solvent and the polymer is put in contact with the 

solvent containing the drug, then the drug can diffuse inside the polymer. Diffusion 

phenomena can be enhanced if the polymeric network is swollen in the presence of the 

considered impregnation solvent. At the end of impregnation, the organic solvent is removed. 

The same method was used for the impregnation of IOLs with ophthalmic drug. Heyrrman et 

al.  in 1989 [23] have studied in-vitro and in-vivo uptake and release of Chloramphenicol, 

Dexamethasone, Epinephrine, Pilocarpine, and bovine serum albumin by P-HEMA IOLs with 

that of the intact crystalline lens of humans and rabbits. Experiments shows that the P-HEMA 

absorbs drugs in a similar manner than the natural crystalline eyes. The authors conclude that 

the IOLs studied cannot behave as significant reserves of drugs in the eye. 

The study of Chapman et al. [24] have completed the previous study (Hyerman et al.) on drug 
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interactions with P-HEMA IOLs, considering other polymers (PMMA, Acrysof, and two 

types of silicone lenses) and other drug (Gentamicin).  The impregnated amounts obtained 

were low (few ng/mg lens) and the P-HEMA lenses presents the higher uptake and release 

compared to the others lenses. Despite the greater uptake and release of P-HEMA IOLs, the 

maximum drug uptake would only provide one-tenth of the greatest aqueous humor 

concentration that occurs after topical drug administration. This researchers concludes that the 

IOL can not provide sufficient quantities of drugs in the eye. 

El Meski et al. [25] proposed a method for incorporating a drug solution (water/ethanol at 57 

w/w % of ethanol saturated in drug) in a polymer involving a drying step at the end of 

impregnation to evacuate the solvent vehicle. Aiache et al. [26] have completed the research 

of El Meski et al and they have patented a method for impregnation by soaking into liquid of 

IOLs from different natures (PMMA, P-HEMA and Silicone) with different drugs 

(Diclofenac, Indomethacine and Dexamethasone). The impregnation was performed on 

commercialized IOLs and in blanks shaped discs or pallets of polymers (which will be cut and 

machined in the shape of IOLs at the end of impregnation) in drug solution (water/ethanol at 

57 w/w % of ethanol saturated in drug). Impregnations were followed by a drying step at the 

end of process in order to evacuate the solvent mixtures. The inventors have demonstrated 

that if drugs are sufficiently soluble in a solvent to diffuse into the polymer, impregnation was 

significant (e.g,. can reach 333 µg/ml in the release solution for the impregnation of P-HEMA 

with Diclofenac). 

The inventors have implanted impregnated IOLs (PMMA and P-HEMA) in the anterior 

chamber of the one eye of rabbits. Samples of aqueous humor and plasma were taken at 

random intervals and analyzed by high-performance liquid chromatography. Clinical 

examination showed that the inflammatory reactions had disappeared by the tenth day from 

implantation. It can therefore be concluded that the clinical results are satisfactory and that 

this impregnated IOLs emphasizes the benefit of localizing the distribution of drug to the 

immediate vicinity of the action sites, in order to limit the doses of drug delivered into the eye 

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 drying step.  

Actually, it is practically impossible to remove completely the solvent and the residual solvent 

may induce a certain toxicity effect for patients. Several other manufacturing processes have 

been developed to produce drug delivery based on contact lenses such as molecular 
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imprinting [27], [28], miscellaneous [29], ion ligands binding [30], [31] or particular-laden 

contact lenses [32], [33]. Nevertheless, these conventional techniques have some 

disadvantages such as: high processing temperatures that can deteriorate thermosensitive 

active pharmaceutical ingredients, or the use of organic solvents that must be removed 

through numerous purification steps to meet EMA's requirements  [34].  

To overcome the above-mentioned limitations, the supercritical impregnation process has 

been proved to be an alternative green process for pharmaceuticals [35]. The activity of the 

drug molecules is preserved notably because supercritical carbon dioxide (scCO2) processing 

can be operated at moderate temperatures [36].  

The preparation of controlled polymeric drug delivery products with supercritical 

impregnation for ophthalmic application has received attention in the last years. The use of 

supercritical fluids especially supercritical carbon dioxide (scCO2) can take advantage of their 

high diffusivity in polymers, in combination with solubility and plasticizing action. 

Consequently, compressed CO2 can be used as a vector to carry the drug into biocompatible 

polymers.  

 

II. 3. 1. Characterization of the system polymer-drug-CO2  

The supercritical CO2 impregnation process involves three components: CO2 as an 

impregnation vector, the API as a product to be impregnated and the polymer matrix as an 

impregnation support. Different interactions are involved in scCO2 impregnation process as 

presented in Figure II. 4. 

 
Figure II. 4 Interactions governing supercritical impregnation. 
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II. 3. 1. 1. Polymer-scCO2 

The supercritical impregnation can take advantage from the absorption of scCO2 in polymers 

leading to their swelling and plasticization [37]. It is possible to tune the degree of polymer 

swelling by modifying the sorption degree while varying scCO2 density. The process of 

diffusion of the drug within CO2-swollen polymer can therefore be controlled to obtain 

desired amount of drug into the polymer support [38]. 

The absorption of scCO2 into polymers results in their swelling and changes the mechanical 

and physical properties of the polymers. The most important effect is the reduction of the 

glass transition temperature (Tg) of glassy polymer subjected to scCO2, often simply called 

plasticization.  

The plasticization of polymer results from the ability of CO2 to interact with the basic sites in 

polymer molecules [39]. As for example, we can cite the interaction between CO2 and the 

carbonyl group in PMMA, which has been suggested to be of the Lewis acid-base type [40]. 

Such interactions result in enhanced segmental and chain mobility and an increase in 

interchain distances [41]. Thus, increased mobility of the ester groups in PMMA was 

observed at 313 K when a PMMA film was subjected to scCO2 at a pressure of 10 MPa. In 

the absence of CO2, mobility of the ester group is only observed when the PMMA is heated 

above its glass transition temperature (378 K). This example demonstrates how the effect of 

scCO2 mimics the effect of heating the polymer [42]. 

One well-known effect of CO2 is then to reduce the Tg for many glassy polymers (from 5 to 

28 K/MPa) according to the considered system [43]. When the interactions between scCO2 

and polymer are stronger, the Tg reduction is more important (such as in the case of PMMA, 

Figure II. 5). Handa et al. [44] have demonstrated that the Tg decrease of PMMA (12 K/MPa) 

was higher than that of PS (9 K/MPa) in the same conditions. An explanation could be that in 

the case of PMMA, the presence of oxygen atoms promotes the interactions with scCO2.  
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Figure II. 5 PMMA Tg depression as a function of pressure [45]. 

 

Guo et al have studied [46]  the glass transition temperature (Tg) of PMMA-CO2 as a 

function of equilibrium mass percentage of absorbed CO2 in the polymer. As shown in the 

Figure II. 6, Tg reduces from 376 to 260.5 K when 39.3 % CO2 is absorbed into PMMA. 

 

 
Figure II. 6 Tg of PMMA–CO2 mixture as a function of equilibrium mass percentage of CO2 

[46]. 

 
The swelling of PMMA in CO2 has been widely investigated with different methods of 

measurement [47]–[57]. While polymers with low polarity are CO2-phylic, PMMA is CO2-

philic because of the carbonyl oxygen. Üzer et al [52] have demonstrated that the volume 
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expansions of swollen PMMA were between 9 and 25 %. Volume increases with pressure 

(Figure II. 7) but decreases as temperature increases (Figure II. 8). Thus, there is a linear 

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

expansions. 

  
 

Figure II. 7 Pressure dependence of volume 

expansions of PMMA rods [52]. 

 

Figure II. 8 Temperature dependence of 

volume expansions of PMMA rods [52]. 

 

These same workers have observed the appearance of a diffusion front propagating inside the 

PMMA rods with dimensions of 3.5 mm × 3.5 mm × 20 mm. At 12 MPa and 318 K, this 

diffusion front became apparent after the first few minutes and propagated slowly in all 

directions. The diffusion front is visible from the first, second to the third hour of contact with 

scCO2, then disappears in the fourth hour (Figure II. 9). 
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Figure II. 9 Photos of a swollen PMMA sample and diffusion front at 1 hour intervals at 12 

MPa and 318 K [52]. 

 

Nikitin et al. [47] detected also the same boundary and stated that the diffusion front was an 

interface between glassy and plasticized regions of the polymer. This interface moved to the 

center until it reached the interface propagating from the opposite side. 

Kazarian and workers [42] [58] showed that the CO2 acts as a kind of  ‘molecular lubricant’, 

making it easier for polymeric chains to slip over one another, thus accelerating the solute 

diffusion.  

 

II. 3. 1. 2. Drug-scCO2 

The solubility controls the amount of drug component that can be carried by the fluid phase 

within the polymeric matrix. Solutes with high solubility in scCO2 can be easily delivered to 

the impregnation support. Meanwhile, studies show that the impregnation of low CO2-philic 

API could also be achieved if it has a strong affinity for the polymer leading to favorable 

partitioning toward the polymer matrix [59]. Furthermore, higher drug inclusion can be 

achieved by the addition of small quantities of polar co-solvent to the scCO2 phase to increase 

the solubility of solid compound in media. 

The solubility of different components in scCO2 has been widely reviewed in the literature. 

Chim et al [60] have measured the solubility of Dexamethasone in scCO2 using a static 
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method at 308.2, 318.2, and 328.2 K in the pressure range of 15.1 to 35.7 MPa. The solubility 

in scCO2 was found to be of 1.25 10-6 at 308.2 K and 15.1 MPa and of 2.81 10-6 at 328.2 K 

and 34.8 MPa in terms of mole fraction. The obtained results describe the temperature 

dependence and the solubility increase for higher pressure.  

 

II. 3. 1. 3. Polymer-drug 

A strong affinity between the polymer and the drug favors the impregnation and the molecular 

dispersion of the drug into the polymeric matrix [61]. The high partition coefficients are based 

on the strong affinity of API molecules for the polymer matrix. 

Kazarian et al. [61], [62] and Kikic et al. [63] propose two main mechanisms of drug 

impregnation into polymers in supercritical media.  

The mechanism based upon the partition coefficient of the solute between the fluid phase and 

the polymer relies on the affinity of the solute toward the polymer due to specific interactions 

(e.g. van der Waals interactions). This approach can explain the impregnation of compounds 

with low solubility in scCO2 [59]. In this mechanism, the solute is believed to be molecularly 

dispersed within the polymer and the process is expected to be complete when an equilibrium 

concentration is achieved in the matrix [62]. This mechanism is usually named impregnation 

with molecular dispersion.  

The second mechanism involves deposition of a solute into the polymeric matrix when the 

CO2 leaves the swollen polymer during depressurization. This deposition approach was 

initially introduced by Berens et al. [64]. During the impregnation process, the scCO2 

solubilizes the 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 depressurization step. 

When the high-pressure vessel is depressurized, the solubility of the solute in scCO2 suddenly 

decreases and simultaneous CO2 expulsion from the polymer results in the solute entrapment 

inside the matrix. This approach is especially effective for solutes which are highly soluble in 

scCO2 [62], [63]. 

One of the major advantages of supercritical impregnation is the possibility of adjusting the 

impregnation efficacy by ‘tuning’ the properties of scCO2. Different operating parameters of 

the process can be varied such as the pressure, temperature, impregnation duration, the 

process mode (batch or semi-continuous), CO2 flow rate in a semi-continuous mode, solute 

concentration in the supercritical phase, the use/ratio and nature of a co-solvent as well as the 

depressurization rate. Thus, several parameters are available to modulate the impregnation 
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amount whereas with the traditional processes of impregnation in liquid solutions, only the 

concentration of the solute, the nature of the solvent phase and the temperature have a 

significant effect.  

The effect of the variation of the operating pressure is a bit more complex since different 

mechanisms involved in the impregnation process can be influenced and the effect of pressure 

on impregnation differs from one study to another [65], [66]. 

Opposite effects of temperature on drug loading were reported. The impregnation efficiency 

was found either to increase [66]–[70], decrease [71], [72], be constant [9], or first decrease 

and then increase [73] with temperature under isobaric conditions depending on the studied 

system.  

The supercritical process mode influences impregnation performance. Compared to semi-

continuous mode, batch process could lead to higher impregnation yields in shorter durations 

since it allows a higher contact time between polymer and the fluid phase containing the drug 

[74]. Drug diffusion into the polymeric matrix are therefore promoted, leading also to a more 

homogeneous impregnation. 

. 

The impregnation duration has been demonstrated to influence significantly the process 

efficiency; longer contact time between the supercritical fluid and polymer leads to higher 

impregnation yields [65], [75]. 

The chemical nature of the polymeric matrix and drug influence significantly the 

impregnation efficiency. The use of an appropriate co-solvent may favor significantly the 

supercritical impregnation by increasing the polarity of the fluid phase and therefore 

enhancing the solubility of a polar drug in this mobile phase as well as by increasing the 

swelling/plasticizing of the polymer. 

 

II. 3. 2. Literature review  

The supercritical impregnation for ocular applications in order to enhance drug loading and to 

achieve more controlled delivery has been reported in the scientific literature. Table II. 2 

reviews the conditions and the results of the few publications that have investigated scCO2 

impregnation applied for the development of polymer-based therapeutic ophthalmic articles. 

A global research project has been performed in Portugal to develop the scCO2 impregnation 

process of contact lenses.  This research led to the deposition of the patent EP 1 611877 Al1 

[76] that deals with the possibility of using such a process for ophthalmic articles. 
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Braga et al. [77] studied the supercritical impregnation of chitosane derivatives (N-

carboxymethyl chitosan (CMC), N-carboxybutyl chitosan (CBC and N-succinyl (SCC)) with 

Flurbiprofen (an anti-inflammatory drug) and Timolol maleate (an anti-glaucoma drug) in the 

presence of co-solvent (ethanol) in order to develop hydrogel type ophthalmic drug delivery 

systems. The impregnations were performed at pressures from 9 to 14 MPa and at 

temperatures ranging from 303 to 323 K. The CMC impregnation rates showed that the 

predominant effect in the impregnation process was the solubility of drug in CO2 and CO2 + 

EtOH as well as the swelling and plasticizing effect of CO2 and ethanol on the polymer. 

Finally, the supercritical impregnation was shown to be more efficient and tunable than the 

conventional method. 

Duarte et al. [74] have proposed P(MMA-EHA-EGDMA) as a promising matrix to be used 

for intraocular delivery of anti-inflammatory drug used in eye surgery. They studied the effect 

of the solubility of flurbiprofen in scCO2, as well as the sorption degree of the polymeric 

matrix on the supercritical impregnation of P(MMA-EHA-EGDMA) with Flurbiprofen.  For 

this purpose, different experimental conditions of pressure (10, 15 and 18 MPa), temperature 

(308 and 313 K), impregnation duration (3 and 5 hours) and the impregnation mode (semi-

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 drug within the 

polymer for the batch mode was obtained. The results obtained for semi-continuous mode 

suggest that the best impregnation conditions are low temperature (308 K) and pressure (10 

MPa), which at the same time correspond to a lower solubility of the drug in scCO2 and a 

weaker swelling of the polymer. 

Natu et al. [78] have performed the impregnation of Poly (ε-caprolactone) blends with timolol 

maleate. The effects of operational conditions; pressure (11 and 20 MPa), chemical natures 

and compositions of blends of Poly (3-caprolactone), as well as the nature of the co-solvents 

(water and ethanol in a molar ratio of 10 %mol) on the supercritical impregnation were 

studied. The results show that the best impregnation conditions were obtained when a co-

solvent was used and when specific drug-polymer interactions occurred. Higher pressures 

were either a favorable factor when there is enough drug affinity for the polymers, or an 

unfavorable factor when weaker bending is involved. In-vitro drug release kinetics studies 

results show that a sustained drug release can be obtained by changing the operating 

conditions of impregnation and by modulating the compositions of blends. Moreover, the 
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profile of release (in-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 several commercial soft contact 

lenses, Nelifecon A, Hilafilcon B, Methafilcon A and Omafilcon A, with two ophthalmic 

drugs, Flurbiprofen (a nonsteroidal anti-inflammatory drug (NSAID), hydrophobic) and 

Timolol maleate (an anti-glaucoma drug, hydrophilic), was studied by Costa et al. [65]. They 

studied the effect of operational pressure from 9 up to 16 MPa and impregnation duration 

from 30 up to 180 min on the impregnation at 313 K. For the employed drugs, and for all 

performed experiments, the amounts of released drugs were inside their corresponding 

therapeutic windows. The impregnated IOLs were transparent and did not contain harmful 

solvent residues. Supercritical impregnation shows much higher released drug amount 

compared to conventional soaking in concentrated physiological solutions of Flurbiprofen. 

Moreover, the supercritical impregnations were carried out in much shorter durations than the 

conventional impregnation (just for 2 hours compared to 48 hours and 1 week).  

Costa et al. [75] have also studied the supercritical impregnation of Balaficon A contact 

lenses with two anti-glaucoma drugs (hydrophobic Acetazolamide (ACZ) and hydrophilic 

Timolol maleate,). Pressure (17 MPa) and temperature (313 K) as well as the impregnation 

duration (90 min) and the depressurization rate (0.06 MPa.min-1) were kept constant while the 

influence of nature of co-solvents (ethanol and water) and their concentrations (5, 10 and 15 

%mol) were studied. The authors demonstrated that modifying the co-solvent nature and/or its 

concentration leads 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 O2 permeability and Tg of contact lenses.  

Braga et al. [9] have pursued  the research of  Costa et al. [65] on the preparation of 

therapeutic soft contact lenses (Balaficon A). The supercritical impregnation of ACZ in 

commercially available silicone based contact lenses (Balaficon A) was carried out in the 

presence of a co-solvent (5 %mol, ethanol). The influence of the variation of some 

experimental conditions such as the pressure (15-20 MPa), the temperature (313 and 323 K), 

the impregnation duration (1, 2 and 3 hours) and the depressurization rate (from 0.06 up to 

0.15 MPa.min-1) was investigated. It was shown that it is possible to control ACZ loaded 

amounts by changing the different operational conditions investigated, which will allow to 

adjust the final ACZ release levels into the desired therapeutic limit, and without modifying 

some of their most thermos-mechanical and optical properties. 
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As preliminary studies for this Ph.D. work, Masmoudi et al. [70] have impregnated rigid 

intraocular lenses (PMMA) with Cefuroxime sodium in order to obtain ophthalmic drug 

release systems dedicated to the prevention of postoperative complications following cataract 

surgery. The influence of pressure (8-20 MPa), the temperature (308 and 333 K), 

impregnation duration (1-5 hours), the addition of a co-solvent (5 %mol of ethanol) as well as 

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

(few minutes), the impregnation yields obtained varied between (0.2 and 6.3 wt%). 

Nevertheless, a non-desired foaming phenomenon was observed for the most favorable 

conditions. Foaming was avoided by carrying out slow depressurization (0.2 MPa.min-1). 

However, the impregnation process was less efficient (the impregnation yields were too much 

low to be quantified gravimetrically). 

Yañez 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 nano-range structural changes in contact lenses 

with the goal to create specific and high affinity ‘cavities’ for a template drug. In particularly, 

the authors focused on improving the Flurbiprofen load / release capacity on Halafilcon B 

commercial contact lenses. The impregnations were conducted at 12 MPa and 313 K, while 

scCO2 extraction were carried out at 20 MPa and 313 K. Processing with scCO2 did not 

change some of the critical functional properties of contact lenses such as: glass transition 

temperature, transmittance, oxygen permeability and contact angle. Moreover, this imprinting 

method offers the advantage of controlling the loaded/released amounts of drug in much 

shorter process duration than those using conventional aqueous-based molecular imprinting 

methods. 

González-Chomón et al. [19] have carried out a complete study dedicated to the comparison 

between two impregnation processes: aqueous soaking and supercritical impregnation. They 

were interested in the impregnation of acrylic hydrogel, combining 2-hydroxyethyl 

methacrylate (HEMA) and 2-butoxyethyl methacrylate (BEM) at various ratios, with 

Norfloxacin, an antibiotic. The supercritical impregnation was carried out at pressures of 15 

and 30 MPa, a temperature of 313 K, and an impregnation duration of 14 hours. The amount 

of loaded Norfloxacin was significantly higher through supercritical impregnation compared 

to that achieved by soaking in aqueous solution. The blend prepared with HEMA/BEM 20:80 

vol/vol and impregnated with scCO2 combines adequate mechanical properties, 

biocompatibility and Norfloxacin loading.  
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Yokozaki et al. [80] used scCO2 for the impregnation of Hilaficon B contact lenses with 

Salicylic acid; inexpensive model compound compared with anti-inflammatory and 

ophthalmic drugs. The impregnation was conducted at pressures ranging between 9 to 15 

MPa, temperatures of 303, 313 and 318 K. The loaded amount of Salicylic acid increases with 

the decrease in temperature and when pressure increases, which can be explained from the 

strong correlation between its solubility in the scCO2. The lowest depressurization rate leads 

to the highest impregnation yields (release rates) of the Salicylic acid from contact lenses.  
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Table II. 2 Bibliographical conditions and results of scCO2 impregnation applied for ocular applications. 

Author Polymer API P 

(MPa) 

T 

(K) 

Co-solvent t imp    

(hour) 

Dep rate* 

(MPa.min-1) 

Mode** Drug loading 

(wt%) 

Braga 

2008  

[77] 

Chitosane 

derivatives 

(CMC, BC and 

SCC) 

Flurbiprofen  9-13 303, 313 

and 323 

5 %mol 

EtOH 

1 0.6 B 1.7-14.7 

Timolol maleate 9-14 303, 313 

and 323 

 1 1.2 B 8.6-85 

Duarte, 

2008 [74] 

 

P(MMA-EHA-

EGDMA) 

Flurbiprofen 10-18 308-313 / 3-5 Slowly S-C and B 0.18-0.82 

Natu, 2008 

[78] 

PCL and PCL 

/POE and 

PCL/PEVA 

blends 

Timolol maleate 11-20 313 With/witho

ut water 

and ethanol 

2 0.5 B 0-3.3 

Costa, 

2010 [65] 

Acrylic-based 

hydrogel 

(Nelifecon A, 

Hilafilcon B, 

Methafilcon A 

and Omafilcon 

Timolol maleate 

 

 

 

 

 

9-16 

 

 

 

 

 

313 

 

 

 

 

 

Without or 

with EtOH 

(2-5 %mol) 

 

 

Without or 

1 

 

 

 

 

 

0.01-0.02 

 

 

 

 

 

B 

 

 

 

 

 

0.3-1.3 
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A) Flurobiprofen 9-16 313 with EtOH 

(2-5 %mol) 

1 0.01-0.02 B 1-6 

Costa, 

2010 [75] 

 

Silicon based 

hydrogel 

(Balaficon A) 

Timolol maleate 17 313 EtOH and 

water at 5; 

10 and 15 

%mol 

1.5 0.06 B 1.04-1.81 

 

Acetazolamide 17 313 1.5 0.06 B 0.15 

Masmoudi, 

2011 [70] 

PMMA Cefuroxim 

sodium 

8-20 308-333 Without or 

with EtOH 

(5 %mol ) 

2 0.2 B 0.2-6.3 

Yañez, 

2011 [79] 

Acrylic based 

hydrogel 

P(HEMA/BEM) 

Flurbiprofen 12 313 Water-

swollen 

hydrogel 

14 

5 

Slow B 

S-C 

1-55 

Braga, 

2011 [9] 

Silicon based 

hydrogel 

(Balaficon) 

Acetazolamide 15-20 313-323 EtOH 5 

%mol  

Soft 

commercial

ized contact 

lens 

1 0.06-0.15 B 0.52-1.97 

Gnozález-

Chomón, 

2012 [19] 

Acrylic  based 

hydrogel 

P(HEMA/BEM) 

Norfloxacin 15-30 313 Water-

swollen gel 

14 0.1 B 0.01-0.16 
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*Dep rate : depressurization rate (MPa.min-1). 

** B: Batch; S-C: Semi-continuous. 

 

 

 

 

 

 

 

  

Yokozaki, 

2015 [80] 

Acrylic-based 

hydrogel 

(Hilaficon B) 

Salicylic acid 9-15 303, 313 

and 318 

Water 2 0.006 B 29.6-54.5 
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II. 4. Ordered mesoporous silica for drug delivery systems  
 

Drug solubility as well as dissolution kinetics are determinant for its oral bioavailability [81]. 

Good bioavailability of many new compounds in drug development presents a challenge for 

the development of a suitable formulation for oral administration. Common solid formulation 

approaches to overcome these difficulties and improve dissolution rates of these drugs have 

been used, including decreasing crystallinity and/or increasing specific surface area by 

decreasing particle size, adsorption onto porous supports [82], co-precipitation with an 

excipient [83], [84].  

It has long been established that increasing the specific surface area of a poorly water-soluble 

drug is one of the most efficient methods for improving drug dissolution kinetics [85]. This 

can be achieved by loading drugs onto a porous support. Quite recently, a silica mesoporous 

support has been proposed for the development of formulations for oral therapy [86] in order 

to improve dissolution rate and oral bioavailability of poorly water-soluble molecules [85]. 

Indeed, mesoporous silica has several attractive features for these formulations such as: stable 

uniform mesoporous structures, high specific surface areas, tunable pore sizes with narrow 

distributions, and well defined surface properties [87], which allow molecules access to large 

internal surfaces and cavities. Furthermore, the surface of silica presents free hydroxyl groups 

which are easily accessible for specific interactions with molecules likely to make hydrogen 

bonds [88]. It has been shown that both small and large molecular drugs can be entrapped 

within the mesopores through an impregnation process and liberated via a diffusion-

controlled mechanism [87]. 

Several methods have been studied to load drugs into mesoporous silica such as incipient 

wetness method, solvent method and melt method. For the incipient wetness the 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 mesopores (Figure II. 

10). The employed solvent should be removed by evaporation. Concerning the solvent 

method, physical mixture of drug and silica were prepared and subsequently added to the 

solvent under stirring. At the end of impregnation duration, the used solvent was evaporated.    

According to the study of Mellaerts et al. [86] the incipient wetness favors the positioning of 

drug molecules in the micropores, while the solvent method favors their positioning on 

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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Figure II. 10 Schematic representation of the drug loading procedure by incipient wetness 
[89]. 

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

should be prepared and heated above the drug's melting temperature for a certain duration 

[85], [86], [90], [91]. 

 

Table II. 3 presents some silica–drug systems reported in the literature as well as the drug 

loading for these systems. The impregnated systems presents different properties (Surface 

area and pore diameter) and are prepared with several methods. The drug loading is 

confirmed and quantified through different characterization techniques. 

 

  



Chapter II: Supercritical impregnation 
 

 

  82  
  

Table II. 3 Ordered mesoporous silica matrices and drugs employed as drug delivery [92]. 

Mesoporous 

solid 

Surface 

area 

(m2.g-1) 

Pore 

diameter 

(nm) 

Drug Loading 

(wt%) 

Reference 

MCM-41 1157 3.6 Ibuprofen 34 [93] 

AlSi-MCM41 1124 4.3 Diflunisal 8.7 [94] 

AlSi-MCM41 1124 4.3 Naproxen 7.3 [94] 

AlSi-MCM41 1124 4.3 Ibuprofen 6.4 [94] 

AlSi-MCM41 1124 4.3 Ibuprofen Na 

salt 

6.9 [94] 

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-

C8T 

559 8.2 Erythromycin 13 [99] 

Si-SBA-15-

C18ACE 

71 5.4 Erythromycin 15 [99] 

Si-SBA-15 602 8.6 Ibuprofen 14.6 [100] 

Si-SBA-15-

APTMS-O 

571 8.6 Ibuprofen 16.9 [100] 

Si-SBA-15-

APTMS-P 

473 7.8 Ibuprofen 20.6 [100] 

Si-SBA-15 602 8.6 Bovine serum 

albumin 

9.9 [100] 

Si-SBA-15-

APTMS-O 

571 8.6 Bovine serum 

albumin 

28.5 [100] 

Si-SBA-15-

APTMS-P 

473 7.8 Bovine serum 

albumin 

1.1 [100] 

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-

TES 

1036 2.4 Ibuprofen 74.2 [103] 

HMS-NNN-

TES 

990 2.5 Ibuprofen 70.9 [103] 

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 α-tocopheryl 

acetate 

0.95 [108] 

Hypersil 228 9.0 α-tocopheryl 

acetate 

0.49 [108] 

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 formulation because 

of the presence of residual solvent traces, often toxic, and/or the use of high temperatures. 

These drawbacks can be overcome through the use of supercritical fluids as impregnation 

vectors. The principle of supercritical impregnation was presented in the section II. 2. 2. The 

supercritical impregnation was also used in our experimental work for the preparation of 

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 

mesostructures are maintained after the loading process. This is normally confirmed by 
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carrying out small angle XRD patterns before and after loading the drug. Furthermore, 

nitrogen adsorption analysis could be employed to compare the pore size distribution and the 

pore volume of the materials before and after the loading process. The specific surface area as 

well as the available pore volume commonly decrease after the loading process, indicating 

that drug molecules are partially filling the mesopores. The amount of drug confined in the 

pores can be quantified using different thermal techniques, such as thermogravimetry and 

elemental analysis or through dissolution tests.  

Up until now, several bibliographical studies aimed to enhance the dissolution kinetics of 

several drugs by their adsorption using scCO2 on silica material; such as fumed silica, silica 

aerogels and ordered mesoporous silica using scCO2 [82], [85], [108]–[110]. The operating 

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

 

Smirnova et al. [109] studied the supercritical impregnation of six model drugs, Ketoprofen, 

Miconazole, Terenadine, Dithranol, Niclosamid and Griseofulvin, in different hydrophilic and 

hydrophobic silica aerogels. The supercritical impregnation was carried out through a batch 

mode, under a pressure of 18 MPa and a temperature of 313 K for contact durations varying 

from 24 to 72 hours. The maximum drug loading was obtained for Miconazole (600 mg/g 

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

 

The supercritical impregnation of Fenofibrate in non porous fumed silica was studied by 

Sanganwar et al. [82] through a batch mode at  a pressure of 17.05 MPa and a temperature of 

313 or 323 K for an impregnation duration of 2.5 hours . Loadings up to 379 mg/g of drug 

onto silica were obtained. in-vitro drug release studies have shown a significant increase in 

drug dissolution rate (about 80 % of the drug is released in 20 minutes) compared to 

micronized Fenofibrate (about 20 % of the drug is released in 20 minutes), which can be 

attributed on the one hand to the increase in the specific surface area and on the other hand to 

the decrease in drug crystallinity after adsorption onto silica [82]. 

 

Belhadj-Ahmed et al. [108] used a dynamic process to study the supercritical impregnation of 

α-tocopheryl acetate (vitamine E acetate) with two kinds of silica; a commercial silica 

(Hypersil) and MCM-41-type mesoporous silica. The experimental domain investigated 

was:pressure from 8 to 15 MPa, at 313 K and carbon dioxide flow rates varying from 60 to 

120 g h-1. The results showed that the drug loading is more than twice as much for the MCM-
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41 (1140 mg/g of adsorbent) than for a Hypersil (475 mg/g of adsorbent). Those results are 

not surprising since the specific surface area of the MCM-41 is significantly higher than that 

the Hypersil. The drug loading obtained using supercritical impregnation (for an impregnation 

duration of 1 hour) was similar those obtained 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 MCM-41-type 

mesoporous silica through a batch mode, at a pressure from 20 to 30 MPa, at 313 K  and with 

a treatment duration of 2 hours. The loading of Ibuprofen could reach 386 mg/g of silica and 

is higher than that obtained by the solution immersion method. The authors studied the 

delivery profile of Ibuprofen and found that the sustained-effect of Ibuprofen impregnated by 

the supercritical method was 50 % in 15 minutes and 90 % in 60 minutes. It was longer than 

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

supercritical impregnated supports. 

 

Finally, Ahern et al. [85] carried out a complete study dedicated to comparing several loading 

processes. A drug model, Fenofibrate, was loaded into mesoporous silica SBA-15 using 

physical mixing, melt impregnation, solvent impregnation, sub-critical (27.58 MPa, 298 K) 

and supercritical impregnation (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 treatment duration of only 

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

Authors Surface area 

(m2.g-1) 

Drug 

 

Silica Pressure/temperature Solute or drug loading 

Smirnova et al. 

[109] 

587 Miconazole 

Ketoprofen  

Terenadine 

Dithranol 

Niclosamid 

Griseofulvin 

Silica aerogels 18 MPa  

313 K 

600 mg/g aerogel 

310 mg/g aerogel 

240 mg/g aerogel 

60 mg/g aerogel 

40 mg/g aerogel 

10mg/g aerogel 

Sanganwar et 

al. [82] 

200 Fenofibrate Fumed silica 17.05 MPa 

313-323 K 

379 mg/g silica 

Belhadj-Ahmed 

et al. [108] 

835 

228 

 

 

α-tocopheryl 

acetate 

-commercial silica (Hypersil) 

-MCM-41 mesoporous silica 

 

8-15 MPa 

313 K 

1140 mg/g silica 

 

475 mg/g silica 

Wang et al. 

[110] 

 346-265 Ibuprofen MCM-41 mesoporous silica 20-30 MPa 

313 K 

314-386 mg/g silica 

Ahern et al. 

[85] 

- Fenofibrate Silica SBA-15 27.58 MPa  

313 K 

184 mg/g silica 
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II. 5. Conclusion  

Supercritical impregnation has drawn an increasing interest as a green alternative to 

conventional processes and has been successfully applied these last twenty years to the 

elaboration of drug delivery systems. In these applications, supercritical fluid, generally 

carbon dioxide is used as an impregnation vehicle of the drug within the matrix that can be 

either polymeric (biocompatible and sometimes biodegradable) or a high porosity support. 

For different studied bibliographical systems, more homogeneous impregnated matrices with 

shorter processing duration have been obtained compared to conventional soaking into liquid 

technologies. This stems from the specific properties of supercritical fluids (high density, low 

viscosity, diffusivity higher than the ones of liquids, low interfacial tension, etc.). When 

carbon dioxide is used as supercritical fluid, the impregnation process is generally performed 

at moderate temperatures while limiting or avoiding the use of organic solvents. Furthermore, 

spontaneous separation of CO2 from the final product upon depressurization leads to a more 

compact process comparing to conventional methods. Moreover, 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 (intraocular support) used 

for cataract surgery and dosage forms based on mesoporous support (mesoporous silica) used 

for the development of suitable formulation for oral 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 by the supercritical treatment. 

Indeed, the absorption of supercritical CO2 in polymers results in their swelling and 

plasticization.  

Concerning the application of supercritical impregnation on polymeric matrixes for 

ophthalmic delivery lenses, a few studies have been reported in the bibliography and were 

mostly carried out by the same research team (Portugal) in the framework of a global research 

project focusing on contact lenses.  Different chemical natures of polymeric lenses with 

various classes of drugs were studied. Results were promising concerning the potential of 

supercritical technologies for the development of such systems  and led to the deposition of a 

patent EP1611877Al1 [76] that deals with the possibility of using such a process for 

ophthalmic articles. To the best of our knowledge no therapeutic contact lenses have been yet 

approved or commercialized [111]. 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 based on conventional 

techniques. A patent dealing with soaking into liquid process of IOLs has been deposited and 

recently published by Aiache et 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 ten days of 

implantation. However, one of the limitations of this patented route is the use of organic 

solvents (Ethanol, Dichloromethane, etc.) in the loading solutions.  

As far as we know, this Ph.D. work is the first study dealing with the supercritical 

impregnation of polymeric commercially available intraocular lenses with ocular drugs, 

which makes its originality. The objective of this work is to achieve optimized drug loading, 

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 mesoporous silica 

with Fenofibrate (poorly water-soluble drug), to enhance its dissolution kinetics. In literature, 

silica supports with different properties (surface areas and pore sizes) were loaded with 

various classes of drugs and several impregnation methods were studied such as incipient 

wetness impregnation and melt method requiring the use of organic solvents, often toxic, 

and/or high temperatures. Supercritical impregnation for the preparation of loaded silica have 

been as alternative to the conventional techniques. Few studies in the literature reports the 

loading of drug molecules on silica material using scCO2. Several drugs have been loaded on 

silica based supports: fumed silica, silica aerogels and ordered mesoporous silica. According 

to the literature, two works on the supercritical impregnation of silica supports with 

Fenofibrate were reported [82], [85] and one of these works [85] was published the same year 

than our study [112].  

The impregnation results of polymeric intraocular lenses and ordered mesoporous silica for 

the elaboration of drug delivery systems are presented and discussed in the chapter III and IV 

respectively. 
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III. 1. Introduction 

The aim of this chapter is to study the supercritical impregnation of commercially available 

intraocular lenses with anti-inflammatory and antibiotic drugs in order to combine cataract 

surgery and post-operative treatment in a single step. Globally, the use rate of intraocular 

lenses for cataract surgery in the world is equally shared at 50 % between rigid and foldable 

lenses, even if only foldable lenses will be used in long-term because they require a small 

incision during surgery  (only 2-3 mm incision in comparison to 10-12 mm for nonfoldable 

lenses) [1]. Consequently, in this work, we were interested in polymeric IOLs from both 

kinds: rigid IOLs made from derivative of Poly (Methyl Methacrylate) and foldable IOLs 

made from derivative of Poly (2-Hydroxyethyl Methacrylate). 

The impregnation of IOLs was performed with drugs currently used in post-operative 

treatment of cataract, an anti-inflammatory drug (Dexamethasone 21-phosphate 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 Hospital « La Timône » (Marseille, 

France). 

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. In order to 

determine the parameters worth studying and to delimit the experimental domain, preliminary 

experiments were carried out as a first step for each type of IOL. A response surface 

methodology based on experimental designs was used thereafter to determine the influence of 

the operating conditions on supercritical impregnation.  

 

III. 2. Materials 
All the materials used for the supercritical impregnation of intraocular lenses are presented in 

the following sections. 

 

III. 2. 1. Intraocular lenses  

Supercritical impregnation was performed on two types of commercially available IOLs 

supplied by “the Fred Hollows Intraocular Lens” (Nepal): 
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− Rigid IOLs made from derivative of Poly (methyl methacrylate) (PMMA): 

hydrophobic and rigid IOLs at ambient temperature. IOLs with a diopter of +21.0 D 

were used,  

− Foldable IOLs made from derivative of Poly (2-hydroxyethyl methacrylate) (P-

HEMA): IOLs are initially conditioned in a soaking physiological solution. IOLs with 

three different diopters were used (+5.0D, +21.0D and 32.0D).  

 

The properties of both IOLs as reported by the supplier are summarized in Table III. 1 and 

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

Figure III. 1. 

Table III. 1 Properties of foldable IOLs. 
 

  

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 

  



Chapter III: Supercritical impregnation of intraocular lenses 
 

 

  101  
  

 

a) 

                  

c) 

           
 

 

b) 

               
 

d) 

                    
                   

Figure III. 1 Aspect of non treated IOLs made from a) PMMA, b) P-HEMA and their 

relative skeletal formula c) PMMA, d) P-HEMA. 

 
III. 2. 2. Active pharmaceutical ingredients  

Ciprofloxacin (CIP) and Dexamethasone 21-phospahte disodium (DXP) are amongst the most 

commonly used ophthalmic drugs in postoperative cataract treatment. Both drugs were 

supplied by Sigma-Aldrich (France). 

Dexamethasone 21-phospahte disodium salt (C22H28FNa2O8P), a synthetic adrenal 

corticosteroid with potent anti-inflammatory properties, is used in eye, ear and systemic 

formulations. It is a white crystalline powder hygroscopic with a molar mass of 0.516 kg.mol-

1 and a melting temperature of 513 K. 

Ciprofloxacin (C17H18FN3O3) is a synthetic antibiotic of second-generation fluoroquinolone, 

largely used to treat eye infections caused by bacteria and ulcers in the cornea of the eye [2].  

It is solid under ambient conditions with a molar mass of 0.331 kg.mol-1 and a melting 

temperature of 545 K. The chemical structure of CIP and DXP is presented in Figure III. 1. 
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a) 

 

b) 

 
 

Figure III. 2 Structural formula of a) Ciprfloxacin, b) Dexamethasone 21-phosphate 

disodium. 

 
III. 2. 3. Solvents 

The solvents employed in this work were carbon dioxide (99.7 % purity) from Air Liquide, 

France and ethanol (≥99.8 % purity) supplied by Groupe MERIDIS, France.  

 

III. 2. 4. Solution simulating the aqueous humor  

In-vitro drug release studies were carried out in simulated aqueous humor (pH of 7.2). It was 

prepared by mixing 9.08 g.L-1 of a monobasic potassium phosphate (KH2PO4) solution and 

9.47 g.L-1 of a disodium hydrogenophosphate (Na2HPO4) solutions in a volume ratio of 

0.285/0.715 respectively [3]. 

Both KH2PO4 (molar mass of 136.09 g.mol-1) and the Na2HPO4 (molar mass of 136.09 

g.mol-1) were supplied by Sigma-Aldrich (purity >99.0%). 

 

III. 3. Methods 

 

III. 3. 1. Pretreatment of IOLs 

P-HEMA IOLs are supplied pre-soaked in a physiological solution. They therefore absorb a 

certain quantity of this solution, which makes them flexible under ambient conditions. 

The P-HEMA IOLs were dried to have a reproducible initial state (removal of water) for 

impregnation in contrast with the already dried PMMA which does not require drying step.  

These wet P-HEMA IOLs were dried using two different methods: in an oven and using 

supercritical CO2. The drying in the oven was performed at two temperatures (313 and 363 

K) for long durations (10 days or more).  
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The drying of IOLs with scCO2 was carried out in a batch mode under 8 and 20 MPa and for 

different durations. A temperature of 308 K, a carbon dioxide flow rate of 0.25 kg.h-1 for the 

pressurization and a depressurization rate of 0.2 MPa.min-1 were kept constants for these 

experiments.  

 

III. 3. 2. Influence of pressurization conditions on the properties (aspect) of IOLs 

Preliminary studies were conducted in order to determine the influence of the supercritical 

treatment on both types of IOLs (PMMA and P-HEMA) under various pressurization and 

depressurization conditions. These studies were carried out at 20 MPa (the highest pressure 

used for impregnation) and 308 K using three different carbon dioxide flow rates during the 

pressurization phase: slow (0.25 kg.h-1), intermediate (0.65 kg.h-1) and rapid pressurization (> 

0.90 kg.h-1). Contact duration between the high-pressure fluid phase and the IOLs of 2 hours 

was maintained before depressurization. Based on previous studies on rigid PMMA IOLs, the 

depressurization phase was carried out under a controlled rate of 0.2 MPa.min-1 [3].  

 

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

Response surface methodology (RSM) consists of a group of mathematical and statistical 

techniques that can be used to define the relationships between the response and independent 

input variables. In RSM, an empirical mathematical model is postulated and a suitable 

experimental design is performed to estimate required coefficients. This model, once 

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 out in order to 

delimit the experimental operating domain by varying different parameters. Based on the 

obtained results, two different experimental designs have been elaborated for each type of 

IOLs, considering two factors in a central composite design with 9 individual design points in 

a spherical domain. The two input variables were the amount of co-solvent (in %mol, x1PMMA) 

and the impregnation duration (in min, x2PMMA) for PMMA IOLs. For P-HEMA IOLs, the 

input variables were the pressure (in MPa, x1P-HEMA) and the impregnation duration (in min, 

x2P-HEMA) (Table III. 2). Other variables of the process: temperature (308 K) and 

depressurization rate (0.2 MPa.min-1) were kept constant. Response or dependent output 

variable studied was the impregnated amount quantified through release studies (Y1).  
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Table III. 2  Variables (factors) studied using a central composite design. 

Input variables Symbols levels 

-1 0 +1 

PMMA 

% mol co-solvent x1PMMA 1 5.5 10 

t imp (min) x2PMMA 30 135 240 

P-HEMA 

P (MPa) X1P-HEMA 8 14 20 

t imp (min) X2P-HEMA 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:    

𝑦𝑦 = 𝑏𝑏0 + �𝑏𝑏𝑖𝑖𝑥𝑥𝑖𝑖 + �𝑏𝑏𝑖𝑖𝑖𝑖

𝑘𝑘

𝑗𝑗=1

𝑥𝑥𝑖𝑖2
𝑘𝑘

𝑖𝑖=1

+ ��𝑏𝑏𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖𝑥𝑥𝑗𝑗
𝑖𝑖<𝑗𝑗

                                                                        𝐸𝐸𝐸𝐸. 1 

 

Where 𝑥𝑥𝑗𝑗  (j=1, 2,… 𝑘𝑘) is the variables and 𝑏𝑏0 , 𝑏𝑏𝑖𝑖 , 𝑏𝑏𝑖𝑖𝑖𝑖  and 𝑏𝑏𝑖𝑖𝑖𝑖  are regression coefficient for 

intercept, linear, quadratic and synergic respectively. The coefficients were estimated using 

multilinear regression from the results of studied responses. The calculations were performed 

with the Nemrod-W software (LPRAI, Marseille, France) developed for building and 

processing experimental design.  

 

For validation of the model suitability, several techniques were used i.e. residual analysis, 

ANOVA (ANalysis Of VAriance) and prediction error sum of squares residuals (especially 

the coefficient of determination, R2). After validation, this model was used to calculate the 

response all over the domain. The visualization of the predicted response was obtained by the 

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

 
III. 3. 4. Supercritical impregnation set-up   

A schematic diagram of the experimental high-pressure set-up is shown in Figure III. 3. It is 

mainly composed of a 125 mL high-pressure cell (Top Industrie S. A., France) withstanding 

pressures up to 35 MPa and temperature up to 523 K as well as a high-pressure liquid CO2  

pump (Milton Roy, France). The autoclave is positioned on a magnetic stirrer to enhance the 
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kinetics of the API solubilization and immersed in a thermostat bath to regulate its 

temperature.  

 

 
 

Figure III. 3 Supercritical impregnation set-up: (1) CO2 cylinder, (2) Cooling bath, (3) High 

pressure liquid pump, (4) Heating bath, (5) High pressure cell, (6) Support, (7) Magnetic bar, 

(8) Magnetic stirrer, (9) Thermostat bath, (10) Depressurization valve, (11) Solvent trap. 

 

Supercritical impregnations were carried out in a batch mode where IOLs (2 per batch) were 

placed on an aluminum support inside the high-pressure cell to separate them from the stirrer 

bar. A known quantity of the API was introduced in the autoclave and was protected by a frit 

filter to prevent any contamination of the IOLs surface. For the impregnation with a co-

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 heated to 308 K and then filled with CO2. For this purpose, 

CO2 was first liquefied through a cooling unit and then pressurized and supplied to the system 

after heating until desired pressure was reached. The fluid phase containing API was allowed 

to diffuse within the IOLs for a pre-determined impregnation duration. The system was then 

slowly depressurized (0.2 MPa.min-1) in order not to damage the IOLs and to avoid foaming 

[3]. 
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For impregnations carried out using a co-solvent, a supplementary CO2 washing step (1 hour) 

was carried out before depressurization to remove ethanol and avoid its condensation inside 

the autoclave.  

 

III. 3. 5. Characterizations  

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

Thermal analyses of various pretreated and impregnated IOLs were performed in a TA Q2000 

DSC. Samples were accurately weighed (18-21 mg) into aluminum pans and thermograms 

were obtained over a temperature range of 323 to 573 K. Each sample was exposed to heat-

cool-heat cycle with a heating or cooling rate of 10 K.min-1. DSC analysis was performed on 

samples before and after pretreatment and drug impregnation to identify possible changes in 

the thermal properties of IOLs.  

 

III. 3. 5. 2. Nuclear magnetic resonance (NMR) analysis  

Solid-state NMR spectroscopy was used for quantifying residual solvent content in the 

impregnated IOLs. 13C NMR spectra were obtained using a Bruker Avance 400 MHz 

spectrometer consisting Bruker double-channel probe operating at a resonance 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 Magic Angle 

Spinning rate of 10 kHz. The cross polarization (CP) technique [5] was applied with a 

ramped 1H-pulse starting at 100 % and decreasing until 50 % during the contact time of 2 ms 

to circumvent Hartmann-Hahn mismatches [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 signal-to-noise ratio in the 13C CPMAS experiment, 8K scans were accumulated at room 

temperature using a delay of 3 s. The 13C chemical shifts were referenced to tetramethylsilane 

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

 

III. 3. 5. 3. Drug release kinetics studies  

In-vitro drug release kinetics studies were carried out in simulated aqueous humor [3]. Prior 

to release studies, IOLs were washed in 5 ml of simulated aqueous humor for 3 min under 

stirring to remove any drug deposited at the surface. The rinsing solution was analyzed 

spectrophotometrically for determining the CIP and DXP content at 248 and 277 nm 
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respectively using an apparatus Jenway 6715 UV/Vis (appendix A). Drug concentrations in 

washing solution were found to be too low for UV-Vis analysis. 

Release studies were then conducted by immersing impregnated IOLs in 5 ml of simulated 

aqueous humor (pH of 7.2) under stirring in a closed vessel at 310 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 returned to the release vessel to 

maintain the initial volume. The drug release from both IOLs impregnated in the same batch 

was studied separately in order to verify the impregnation homogeneity among the different 

treated IOLs. 

At the end of the release studies, IOLs were placed again in temperature-controlled stirred 

glass vials containing 5 mL of fresh simulated aqueous humor for few days in order to check 

if there was any further presence of residual API in IOLs.  

 

III. 3. 5. 4. Modeling of drug release kinetics 

There are a large number of articles on drug release kinetics modeling from matrix systems 

starting from the pioneering work of Higuchi [9] to recent detailed models of Galdi [10]. 

Peppas et al. [11] suggested a simple empirical equation which can be used to analyze drug 

release (below 60 % of the whole accumulated released mass) from non-swellable polymeric 

delivery systems: 

 
𝑀𝑀𝑡𝑡

𝑀𝑀∞
=  𝑘𝑘  𝑡𝑡𝑛𝑛                                                                                                                                         𝐸𝐸𝐸𝐸. 2 

 

Where 𝑀𝑀𝑡𝑡 and 𝑀𝑀∞ R represent the cumulative drug released at times 𝑡𝑡 and infinity respectively. 

𝑘𝑘  is a kinetic constant that incorporates structural /geometric characteristics of a delivery 

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

mechanism.  

The Eq. 2 can also be used for the analysis of controlled release systems based on moderately 

swelling polymers (e.g., systems based on hydroxypropyl methyl cellulose, poly (vinyl 

alcohol), poly (2-hydroxyethyl methacrylate), etc.) [11]. Therefore, this equation was used to 

model drug release from IOLs as overall swelling of these systems was less than 25 %. In this 

work, the release constant 𝑘𝑘 and release exponent parameter n were fitted using the Eq. 2 to 

the first 60 % release of the impregnated drugs from IOLs. 
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To describe drug release mechanism, Ritger et al. [12] have distinguished a Fickian diffusion 

configuration (case I) from a solute release behavior and swelling-controlled release systems 

(Case-II). An anomalous (non Fickian) release molecular mechanism can be used to describe 

the coupling of diffusion and swelling phenomena. Table III. 3 summarizes the diffusional 

exponents and corresponding drug release mechanisms from a thin film [12]. 
  

Table III. 3 Release exponent and corresponding mechanisms of release from a thin film. 

Diffusional exponent, n Drug release mechanism 

0.5 Fickian diffusion 

0.5 < n <1.0 Anomalous (non-Fickian) transport 

1.0 Swelling-controlled  diffusion (case-II 

transport) 

 

III. 3. 5. 5. Impregnation yields 

The impregnated amounts were determined through release studies and defined as cumulative 

mass of the released drug after reaching a constant value. The impregnation yield was 

calculated according to the following equation (Eq. 3):  

 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 =  
𝑚𝑚 𝑖𝑖𝑖𝑖𝑖𝑖

𝑚𝑚0 𝐼𝐼𝐼𝐼𝐼𝐼
                                                                                                                                     𝐸𝐸𝐸𝐸. 3 

 

Where, 𝑚𝑚𝑖𝑖𝑖𝑖𝑖𝑖  is the mass of impregnated API (corresponding to m∞ during release) and 

𝑚𝑚0𝐼𝐼𝐼𝐼𝐼𝐼 is the initial mass of dry IOL. 

 

III. 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 the mass fractions of the drug in impregnation matrix to 

that in scCO2 phase. 

𝐾𝐾 =  
𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝑦𝑦𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑−𝐶𝐶𝐶𝐶2
                                                                                                                      𝐸𝐸𝐸𝐸. 4 

 
Where y drug-polymer and y drug-CO2 are the mass fractions of the drug in the impregnation matrix 

and in the fluid phase respectively. 

 



Chapter III: Supercritical impregnation of intraocular lenses 
 

 

  109  
  

III. 4. Results and discussions 

In this work, we are interested in the impregnation of drugs into PMMA and P-HEMA IOLs. 

For each kind of IOL, the results were discussed first for DXP and then for CIP. The factors 

governing supercritical impregnation are complex because they involve different parameters 

which influence the impregnation process, such as solubility of drug in scCO2, 

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

 

The phase behavior of the mixture of drug and scCO2 is very important for the choice of 

experimental conditions of impregnation as well as for the understanding of impregnation 

results. A semi-flow type apparatus [13] was used to measure the solubilities of both drugs 

(DXP and CIP) in CO2 without the use of a co-solvent. The solubilities of drugs were 

measured by varying the pressure from 8 to 20 MPa at 308 K [14]. The corresponding 

experimental conditions (pressure and CO2 densities) and drugs solubilities are summarized 

in the Table III. 4. 

 

Table III. 4 Solubilities of DXP and CIP (molar fraction) in scCO2 at 308 K [14]. 

P (MPa) CO2 density (kg.m-3) y drug 

DXP CIP 

8 419.09 1.22 10-7 1.83 10-7 

14 801.41 - 3.11 10-7 

20 865.72 2.15 10-7 4.51 10-7 

 

The solubilities of both DXP and CIP in scCO2 were low, with higher values obtained for 

CIP. An increase in the pressure (from 8 to 20 MPa) leads to an enhancement in drug 

solubility in scCO2 (1.22 10-7 to 2.15 10-7 for DXP and 1.83 10-7 to 4.51 10-7 for CIP in molar 

fraction). 

This behavior is due to enhanced drug-CO2 specific interactions that occur when the CO2 

density increases and that reduce the intermolecular mean distance of the involved molecules.  

A previous work in literature presented the solubility of Dexamethasone in the same 

conditions and the values were higher (from 1.25 10-6 to 1.27 10-6) [15] than the obtained 

values for DXP (Dexamethasone 21-phosphate disodium) in this work. Since CO2 is non 

polar and since DXP is an ionic compound, it is not surprising that the solubility of the salt is 
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lower than the one of Dexamethasone. To our knowledge experimental data of DXP and CIP 

in scCO2 is presented for the first time in this work.  

 

III. 4. 1. PMMA IOLs 

The influence of pressurization conditions as well as the operating conditions on supercritical 

impregnation of PMMA IOLs with both drugs (DXP and CIP) are presented in the following 

sections.  

 

III. 4. 1. 1. Influence of pressurization conditions on the visual aspect of IOLs 

Foaming resulting from the sorption of scCO2 by a polymeric matrix is very common [16]. 

Hence, it was important to carry out experiments in pressurization and depressurization 

conditions that do not alter the optical properties of PMMA IOLs. For that purpose, 

supercritical treatment was carried out in a batch mode at 20 MPa (the highest pressure used 

for impregnation), 308 K and during 2 hours in the absence of API. Based on previous studies 

on rigid PMMA IOLs, the depressurization was carried out under a controlled rate of 0.2 

MPa.min-1 [3]. Three pressurization rates were carried out with three different carbon dioxide 

flow rates corresponding to slow (0.25 kg.h-1), intermediate (0.65 kg.h-1) and fast 

pressurization (> 0.90 kg.h-1). 

Transparent IOLs (without foaming) were obtained for the IOLs treated at the different 

pressurization rates (Figure III. 4) and present therefore comparable visual aspects to non-

treated ones. 

Similar transparent IOLs were obtained for samples treated at lower pressure (8 MPa) and 

slower depressurization rates (0.07 MPa.min-1) with or without co-solvent, which is suitable 

for the intended application. 
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a) 

. 

b) 

 

c) 

 

Figure III. 4 Influence of the pressurization flow rate on the visual aspect of some IOLs 

treated with scCO2 at 20 MPa: a) with a pressurization flow rate of 0.25 kg.h-1, b) with a 

pressurization flow rate of 0.65 kg.h-1, c) with a rapid pressurization flow rate of 0.90 kg.h-1. 

All the following supercritical impregnation experiments in this work were performed at a 

CO2 flow rate of 0.25 kg.h-1 for pressurization. 

 

III. 4. 1. 2. Supercritical impregnation of PMMA IOLs 

At first and before the supercritical impregnation, some PMMA IOLs were treated with 

scCO2 in the absence of the API at pressure of 20 MPa, temperature of 308 K, duration of 

supercritical treatment of 2 hours and a depressurization flow rate of 0.2 MPa.min-1 in order 

to verify if the scCO2 extract some impurities from IOLs and if it induces a mass variation of 

the IOL after treatment.  

 

The mass of samples during the supercritical treatment experiments, i.e. while in the high 

pressure cell in presence of scCO2, were not measured. However, a representation of the 

expected mass increase due to CO2 sorption within the polymer is depicted in Figure III. 5. 

After the experiment, CO2 desorption (in open-air) results in a mass reduction. The evolution 

of the IOLs mass (measured by weighing) for the swollen samples (after experiments) is 

illustrated in Figure III. 6. These measurements correspond to the 30 days observation zone 

depicted in Figure III. 5. 

PMMA IOLs treated with scCO2 in the absence of API regain their initial mass after 15 days 

of CO2 desorption. Actually, the final mass can even be lower than the initial one since some 

residual compounds (solvent, water, monomers or oligomers, etc.) may have been extracted 

by scCO2. 
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Figure III. 5 Schematic representation of mass evolution profiles of IOLs due to 

sorption/desorption of CO2. 

 

 
Figure III. 6 Evolution of PMMA IOLs mass due to CO2 desorption after supercritical 

treatment (at 20 MPa and 308 K). 

 

III. 4. 1. 2. 1. Dexamethasone 21-phosphate disodium salt impregnation  

 

a. Preliminary impregnation  

In the first part of this study, supercritical impregnations were performed with or without 

using a co-solvent at 8 and 20 MPa on IOLs with a diopter of +21.0 D. The influence of 

temperature, impregnation duration and the quantity of co-solvent used was also studied, 

while respecting a pressurization flow rate of 0.25 kg.h-1. 
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The impregnation results were discussed in terms of impregnated amounts or impregnation 

yields and drug release (release duration and profile). The results of all the preliminary 

impregnation experiments are summarized in Table III. 11. 

Initially, supercritical impregnations were performed without using a co-solvent or using 

ethanol (5 %mol) at 8 and 20 MPa on IOLs with a diopter of +21. 0 D. The temperature was 

kept constant at 308 K, the impregnation duration at 2 hours and the depressurization flow 

rate to 0.2 MPa.min-1. 

The impregnation results presented in Table III. 5 are expressed in term of the impregnated 

mass of DXP in IOLs (m DXP imp), the impregnation yields (Y imp) and the release duration (t 

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

 

Table III. 5 Influence of the pressure and the use or not of co-solvent (ethanol 5 %mol) on 

supercritical impregnation. 

N° m 0IOL (*) Pressure m DXP imp Y imp t release 

 
mg±0.2 MPa µg µg drug/mg IOL days 

Without co-solvent 
DXP_1 18.9 8 159 ± 24 8.4 ± 1.3 ≈ 40 
DXP_2 19.0 20 165 ± 24 8.7 ± 1.3 ≈ 40 

With co-solvent (5 %mol) 
DXP_3 20.0 8  240 ± 36 12.0 ± 1.8 ≈ 44 
DXP_4 20.1 20 99 ± 15 4.9 ± 0.7 ≈ 40 

 

* Initial mass of the dry IOL before impregnation 

 

In the absence of co-solvent, the increase in pressure from 8 to 20 MPa had no significant 

effect on the amount of DXP impregnated in IOLs. Similar impregnation yields were obtained 

(DXP_1 and DXP_2). 

The addition of ethanol at low pressure (8 MPa) resulted in an increase in the drug 

impregnated amount. It is well known that a co-solvent such as ethanol promotes the 

solubility of polar drugs in CO2 by enhancing the overall polarity of the fluid phase. 

Furthermore, the CO2 sorption and swelling/plasticizing effect can also increase with the 

addition of a co-solvent if interactions between the polymer and the fluid phase (CO2/co-

solvent) are favored [3], [17]. However, a low impregnation yield was obtained at a higher 
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pressure of 20 MPa which can be explained by a drug partition becoming more favorable 

towards the supercritical phase. 

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.   

NMR analyses were carried out on DXP impregnated PMMA IOLs at 8 MPa in the presence 

of co-solvent (DXP_3) without and with carrying out a CO2 washing step phase (1 hour) 

before depressurization. As it can be observed in Figure III. 7, ethanol peaks disappear when 

the washing phase is carried out indicating an efficient removal of ethanol (residual ethanol 

lower than 0.01 wt %) which is suitable for the intended application. 

 
Figure III. 7 NMR analyses (13C) of an impregnated PMMA IOL with DXP at 8 MPa, 308 K, 

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

 
In-vitro kinetics studies of drug release from impregnated IOLs were conducted for 60 days 

on all impregnated IOLs. The release kinetics from DXP loaded IOLs is illustrated in Figure 

III. 8. The release durations (t release) were determined when accumulated drug released mass 

became constant in time and are presented in Table III. 5. 
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Drug release from all the studied conditions exhibited a sustained release profile without an 

initial burst release which suggests deep impregnation of the drug in IOLs and an absence of 

drug deposition onto the IOL surface. 

 
Figure III. 8 Accumulated drug release mass from PMMA IOLs impregnated at 308 K with 

an impregnation duration of 2 hours and a depressurization flow rate of 0.2 MPa.min-1. 

 

For the experiments (DXP_1, 2, 3 and 4), the release duration was almost the same (about 40 

days) for different impregnation conditions presenting different impregnation yields, which 

suggests a deep and homogenous impregnation.   

The influence of the temperature on the supercritical impregnation was studied at 8 MPa in 

the presence of co-solvent (5 %mol of ethanol), during 2 hours and with depressurization rate 

of 0.2 MPa.min-1. The obtained results are shown in Table III. 6. 

 

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

N° m 0IOL  Temperature m DXP imp Y imp t release 

 
mg±0.2 K µg µg drug/mg IOL 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 in Table III. 6, increasing the temperature was unfavorable for 

impregnation. This could be attributed to a decrease in CO2 density resulting in a reduction of 

DXP solubility in the fluid phase (well-known retrograde behavior).  Furthermore, decreasing 

CO2 density leads to a lesser PMMA swelling. Üzer et al [18] showed that volume 

expansions of CO2 swollen PMMA between 9 and 25 % increased  with pressure but 

decreased with temperature augmentation.  

The highest impregnation yield (12.0 µg drug/mg IOL) was obtained at the lowest studied 

temperature (308 K). Therefore, all the impregnation experiments later in this work were 

carried out at 308 K.   

 

 
Figure III. 9 Influence of the temperature on accumulated mass released of IOLs 

impregnated at 8 MPa. 

Once again, in-vitro drug release from impregnated IOLs were performed for 60 days on all 

IOLs. The release kinetics from DXP loaded IOLs is represented in Figure III. 9. The release 

duration (t release) was determined when accumulated drug became constant in time and are 

presented in Table III. 6. Drug release from IOLs exhibited a sustained release profile during 

about 40 days for the experiments (DXP_3, 5 and 6), which suggests once again deep 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 studied at 8 MPa and 

308 K with an impregnation duration of 2 hours and a depressurization rate of 0.2 MPa.min-1. 

Impregnation conditions as well as the obtained results are shown in the Table III. 7. 
 

Table III. 7 Influence of the quantity of co-solvent on supercritical impregnation at 8 MPa.  

N° m 0IOL  Co-solvent  m DXP imp Y imp t release 

 
mg±0.2 %mol µg µg drug/mg IOL 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 increase in the impregnation yields (6.3 to 12.0 µg drug/mg IOL) was observed 

when increasing the amount of the used co-solvent from 2 to 5 %mol which can be explained 

by an increase in the fluid phase polarity enhancing thus DXP solubility in this phase. 

Increasing the polarity of the fluid phase may also enhance impregnation by promoting 

PMMA swelling. 

However, supplementary increase in the amount of ethanol to 10 %mol does not further 

improve impregnation, similar impregnation yields were obtained for 5 and 10 %mol (12.0 

and 10.7 µg drug/mg IOL respectively) indicating similar partition coefficients even if such an 

increase in the co-solvent ratio should further enhance DXP solubility in the fluid phase. 

 
Figure III. 10 Influence of the quantity of co-solvent used on accumulated mass released 

from IOLs impregnated at 8 MPa and 308 K. 
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Once again, drug release from IOLs exhibited a sustained profile (Figure III. 10) during about 

40 days for the experiments (DXP_7, 3 and 8), which suggests once more deep and 

homogenous impregnation of the drug in IOLs. 

 

The influence of the impregnation duration was then studied at 8 MPa and 308 K, in presence 

of 5 %mol of ethanol (the higher impregnation yield was obtained with 5 %mol of ethanol), 

and with a depressurization rate of 0.2 MPa.min-1. The obtained results are presented in Table 

III. 8. 

 

Table III. 8 Influence of the impregnation duration on supercritical impregnation                

(0.2 MPa.min-1). 

N° m 0IOL  Impregnation 
duration  m DXP imp 

Y imp t release 

 
mg±0.2 h µg µg drug/mg IOL days 

DXP_3 20.0 2 240 ± 36 12.0 ± 1.8 ≈ 44 
DXP_9 18.9 4.5 156 ± 12 8.2 ± 0.7 ≈ 40 
DXP_10 19.0 10.5 89 ± 7 4.7 ± 0.4 ≈ 30 

 

As we can observe in Table III. 8, the impregnation yields decrease significantly (from 12 to 

4.7 µg drug/mg IOL) by increasing the impregnation duration (from 2 to 10.5 hours). These 

unexpected results suggest that short impregnation durations are favorable to increase the 

quantity of DXP in the IOLs. When the impregnation duration is increased, it is expected to 

enhance the quantity of drug solubilized in the CO2 rich phase (if the equilibrium is not 

reached) as well as to improve the swelling/relaxation of polymer, assisting thus the fluid 

phase penetration within the polymeric matrix during impregnation.  

Referring to literature and as discussed in chapter II, the sorption of CO2 requires a certain 

duration which depends on the operating conditions, the chemical nature and the geometric 

characteristics of the polymeric sample (shape, dimensions, ect.). Indeed, some works 

reported figures about the kinetics of diffusion front inside polymeric matrices. This suggests 

that for a duration of 2 hours, the swelling of IOLs is probably less important than for longer 

durations.  

Since we have obtained lowest impregnation yields for longer durations, the results may be 

explained by a facilitated drug release from more swollen polymeric matrices during the 

depressurization after longer durations. 
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The tendency was confirmed at a different pressure of 14 MPa and a temperature of 320.5 K. 

The impregnation experiments were carried out with 5 %mol of ethanol and with a 

depressurization rate of 0.2 MPa.min-1. The results are shown in the Table III. 9. 

 
Table III. 9 Influence of the impregnation duration on the supercritical impregnation (14 

MPa and 320.5 K). 

N° m 0IOL Impregnation 
duration m DXP imp 

Y imp t release 

 
mg±0.2 h µg µg drug/mg IOL days 

DXP_15 18.6 1 172 ± 7 9.2 ± 0.4 ≈ 40 
DXP_16 19.0 14 89 ± 13 4.7 ± 0.8 ≈ 35 

 

Similar evolution of the impregnation yields at 8 MPa were observed while varying the 

impregnation duration at a lower depressurization yield of 0.07 MPa.min-1 (Table III. 10) 

supporting the hypothesis of the API being dragged out during the depressurization phase. 

Furthermore, similar impregnation yields to those obtained at 0.2 MPa.min-1 indicate that 

decreasing the depressurization rate does not influence impregnation.  

 

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

MPa.min-1). 

N° m 0IOL  Impregnation 
duration  m DXP imp 

Y imp t release 

 
mg±0.2 h µg µg drug/mg IOL Days 

DXP_11 18.5 2 233 ± 24 12.6 ± 1.3 ≈ 35 
DXP_12 18.6 6 129 ± 50 6.9 ± 2.7 ≈ 40 
DXP_13 19.0 12 76 ± 8 4.0 ± 0.4 ≈ 18 
DXP_14 20.0 16 89 ± 9 4.4 ± 0.5 ≈ 21 

 

Drug release profiles from IOLs are sustained for about 40 days for experiments DXP_3 and 

9 while, a shorter release of only 30 days was obtained for a longer impregnation duration of 

10.5 hours (DXP_10), (Figure III. 11 and Table III. 8). Drug release profiles exhibit a more 

sustained release for shorter impregnation durations (40 days for the experiments DXP_11 

and 12 compared to 18 and 21 days for experiments DXP_13 and 14, Figure III. 12).  

According to these results, at 8 MPa and in the presence of ethanol, moderate impregnation 

durations (lower than 6 hours) allow deeper impregnation of DXP drug in PMMA IOLs.  



Chapter III: Supercritical impregnation of intraocular lenses 
 

 

  120  
  

At 14 MPa and 320.5 K, while increasing the impregnation duration to 14 hours, the release 

was only slightly decreased to almost 35 days compared to 40 days of release for 1 hour of 

impregnation (Figure III. 13). Nevertheless, higher yields obtained for 1 hour of impregnation 

favoring shorter impregnation durations. 

 
Figure III. 11 Influence of the impregnation duration on accumulated mass released from 

IOLs impregnated at 8 MPa and 308 K. 

 
Figure III. 12 Influence of the impregnation duration on the impregnation of IOLs at 8 MPa, 

308 K, with 5 %mol of ethanol and a depressurization rate of 0.07 MPa.min-1. 
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Figure III. 13 Influence of the impregnation duration on the impregnation of IOLs at 14 MPa 

and 320.5 K. 

 

Release profiles for all the preliminary experiments discussed above were fitted with equation 

Eq. (2) and the fitting parameters obtained are summarized in Table III. 11. For all the 

preliminary experiments of PMMA IOLs with DXP (DXP_1 to 16), a regression coefficient 

higher than 91.9 % was obtained indicating that the model used fits well with the 

experimental data. Release exponent values for all the impregnated IOLs, in the different 

tested conditions are lower or equal to 0.5 suggesting that for impregnated IOLs, drug release 

occurred by Fickian diffusion mechanism [12][11].  

Following these results, we can conclude that the impregnation duration does not favor the 

impregnation of DXP in PMMA IOLs in the studied conditions. The increase in the 

impregnation duration improves the swelling and the relaxation of chain of PMMA polymer 

which not only facilitates the diffusion of the fluid phase containing the drug but also assists 

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

impregnation experiments later in this work did not exceed impregnation duration of 4 hours.  
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Table III. 11 Impregnation conditions, results and kinetics parameters of all the preliminary impregnation experiments. 

Samples 
Pressure 

(MPa) 

Temperature 

(K) 

Co-

solvent 

(%mol) 

Impregnation 

duration (h) 

Depressurization 

rate (MPa.min-1) 

m DXP imp 

(µg) 

Y imp 

µg drug/mg 

IOL 

t release  

(days) 

Kinetics parameters 

(fitting) 

n k R2 

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 ± 24 8.7 ± 1.3 ≈ 40 0.383 0.175 0.919 

DXP _3 8 308 5 2 0.2 240 ± 36 12.0 ± 1.8 ≈ 44 0.492 0.119 0.944 

DXP _4 20 308 5 2 0.2 99 ± 15 4.9 ± 0.7 ≈ 40 0.557 0.114 0.999 

DXP _5 8 320.5 5 2 0.2 157 ± 16 7.8 ± 0.8 ≈ 35 0.171 0.404 0.976 

DXP _6 8 333 5 2 0.2 123 ±12 6.1 ± 0.6 ≈ 40 0.184 0.511 0.999 

DXP _7 8 308 2 2 0.2 127 ± 13 6.3 ± 0.7 ≈ 40 0.165 0.489 0.992 

DXP _8 8 308 10 2 0.2 224 ± 23 10.7 ± 1.2 ≈ 40 0.138 0.347 0.985 

DXP _9 8 308 5 4.5 0.2 156 ± 12 8.2 ± 0.7 ≈ 40 0.201 0.332 0.965 

DXP _10 8 308 5 10.5 0.2 89 ± 7 4.7 ± 0.4 ≈ 30 0.235 0.393 0.983 

DXP _11 8 308 5 2 0.07 233 ± 24 12.6 ± 1.3 ≈ 35 0.269 0.304 0.944 

DXP _12 8 308 5 6 0.07 129 ± 50 6.9 ± 2.7 ≈ 40 0.161 0.427 0.942 

DXP _13 8 308 5 12 0.07 76 ± 8 4.0 ± 0.4 ≈ 18 0.179 0.484 0.999 

DXP _14 8 308 5 16 0.07 89 ± 9 4.4 ± 0.5 ≈ 21 0.374 0.377 0.999 

DXP _15 14 320.5 5 2 0.2 172 ± 7 9.2 ± 0.4 ≈ 40 0.219 0.343 0.979 

DXP _16 14 320.5 5 2 0.2 89 ± 13 4.7 ± 0.8 ≈ 35 0.239 0.405 0.917 
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b. Experimental design  

Following the results of the first series of experiments, drug loadings were shown to be 

significantly influenced by the presence and the amount of the co-solvent. In the presence of 

ethanol, increasing the pressure from 8 to 20 MPa at 308 K was unfavorable to impregnation. 

At 8 MPa and in the presence of ethanol, increasing the temperature led to lower 

impregnation yields. Furthermore, long impregnation durations were also shown to be 

unfavorable to impregnation. 

Therefore, according to these first results, a response surface methodology based on 

experimental designs was used to study the influence of the amount of the co-solvent as well 

as the impregnation duration on impregnation of IOLs with diopter +21. 0 D. 5 levels for each 

of these two entry parameters were considered: amount of co-solvent (1 to 10 %mol) and 

impregnation duration (30 to 240 min). The pressure was kept at 8 MPa, the temperature at 

308 K, the CO2 flow rate at 0.25 kg. h-1 during the pressurization and the depressurization 

rate at 0.2 MPa.min-1. 

The impregnation results were also discussed in terms of impregnated amounts or 

impregnation yields along with drug release (duration and release profile). 

The operational conditions and the impregnated amounts by drug release studies are 

summarized in Table III. 12. Experiment in the middle of domain was repeated three times 

(Appendix B). 
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Table III. 12 Experimental design conditions for supercritical impregnation (8 MPa, 308 K) 

of IOLs (+21.0 D). 

N° m 0IOL Amount of 

co-solvent 

t imp    
(x1) 

 

m DXP imp Y imp t release 

 mg±0.2 %mol min µg µg drug/mg IOL days 

DXP_ED*_1 20.2 2.3 60 259 ± 26 12.8 ± 1.3 ≈ 40 

DXP_ED_2 18.9 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 5.5 240 122 ± 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 14.7 ± 1.6 ≈ 40 

DXP_ED_9 19.0 5.5 135 184 ± 19 9.4 ± 1.0 ≈ 41 

DXP_ED_9** 20.1 5.5 135 215 ± 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 impregnated drug varies between 

118 and 398 µg which suggests that the studied factors influence the surface response. 

 
The experimental results (impregnated amounts) were used to calculate an impregnation 

model by multilinear regression via Nemrod-W software (LPRAI, Marseille, France). The 

model coefficients are presented in Eq. 4 with a value of R2 of 0.496 (Appendix C). This low 

value of the regression coefficient, essentially resulting from the experiments DXP_ED_5 and 

8 which present a relatively high value of impregnated drug quantity compared to other 

experiments of the plan design, as illustrated by the high amount of residue in these two 

points (Appendix C). The model can hardly explain these high values.  

Despite the rather weak value of R2, the regression model is still significant because it 

provides a good estimation of the values of a majority of the experimental points. So, the 
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regression models can be considered as reliable for the prediction of the changes of the 

impregnated amounts in the range of operating conditions tested. 

 

𝑦𝑦 = 0.204 − 0.051 𝑥𝑥1 + 0.011 𝑥𝑥2 + 0.011𝑥𝑥112 − 0.016 𝑥𝑥222 + 0.040𝑥𝑥12                  𝐸𝐸𝐸𝐸. 3  

 

Figure III. 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 surface is the theoretical three-dimensional plot showing the relationship 

between the response and the independent variables. The two-dimensional display of the 

surface plot is called contour plot where lines of constant response are drawn in the plane of 

the independent variables [4].  

 

 
Figure III. 14 A two-dimensional contour plot and a three-dimensional response surface of 

impregnated mass illustrating optimal conditions for the supercritical impregnation of PMMA 

IOLs with DXP. 

 

According to the response surface presented in Figure III. 14, the predominant effect is the 

impregnation duration. Indeed, the response variations are significant, particularly for low 

quantities of co-solvents (lower than 5.5 %mol). The most advantageous conditions of 

impregnation are short duration with low amount of co-solvent (5.5 %mol). 

m imp

t imp

x2

x1: Amount of co-solvent
x2: Impregnation duration
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Increasing the impregnation duration can lead to higher amounts of dissolved DXP in the 

fluid phase and/or an enhancement in the polymer swelling if the thermodynamic equilibrium 

conditions are not reached. Even if the diffusion of the fluid phase is richer in DXP in the 

more swelled polymeric matrix, longer impregnation durations are shown to be unfavorable 

for impregnation suggesting that enhancing the swelling and the relaxation of polymer during 

the contact phase with the fluid phase enables an easier drag out of the drug from the polymer 

during the depressurization phase. This result is in good agreement with the tendency 

observed for a higher variation of impregnation duration (from 1 to 16 hours) in the 

preliminary experiments DXP_3 and DXP_9 to 14. 

The variation in the amount of co-solvent, has a small but complex influence on 

impregnation. Indeed, increasing the amount of co-solvent has little effect for short 

impregnation durations and becomes even unfavorable when short impregnation durations 

and amounts of co-solvent greater than 5.5 %mol are applied. Increasing the amount of the 

co-solvent for impregnation durations higher than 135 min, becomes slightly favorable to 

impregnation. It is important to point out that the experiment DXP 8 (using 10 %mol of co-

solvent for an impregnation duration of 135 min), gives a higher 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 ethanol for the same 

duration (9.4 and 14.7 µg drug/mg IOL respectively). Several parameters are involved in 

impregnation and vary with the quantity of the co-solvent such as the drug solubility in the 

fluid phase, the swelling of the polymer as well as the diffusivity of the fluid phase within 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 CO2 sorption. All these concurrent phenomena 

interfere and can explain the result obtained for the highest amount of 10 %mol of ethanol. 

Supplementary experiments are required in order to further investigate the influence of 

varying the impregnation duration at amount of co-solvent higher than 10 %mol. 

Nevertheless, considering the given application, the quantity of the co-solvent used should be 

reduced.  

According to the result obtained, the response surface shows short impregnation duration as 

the key factor for efficient drug impregnation in IOLs. The highest impregnation yields in our 

experimental domain are reached for short impregnations (30 min) with amount of co-solvent 

ranging between 1 and 5.5 %mol.  
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DSC analysis were carried out on the impregnate PMMA IOLs DXP_ED_9 (8 MPa, 5.5 

%mol of ethanol and 135 min). The thermograph shows a Tg of 390 K (Table III. 13), which 

is the same as that obtained for non-treated PMMA IOL (before impregnation). 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 molecular dispersion 

of DXP within the IOLs. 

 

Table III. 13 Tg of PMMA IOLs before and after impregnation. 

IOLs Tg (K) 

Non-treated IOL 391 

IOL DXP_ED_9 (impregnated at 8 MPa with 5.5 %mol of 

ethanol for 135 min) 

390 

 

Drug release studies were conducted on all impregnated IOLs prepared at different conditions 

for 60 days. The evolution of the accumulated drug release mass is illustrated in Figure III. 

15. 

Drug release curves exhibited quite similar profiles with sustained drug release. For all the 

samples DXP_ED_1- 9, a sustained release of almost 40 days was obtained. 

 

 
Figure III. 15  Accumulated drug release from IOLs (+21.0 D) impregnated, using 

experimental design, at 8 MPa, 308 K and with depressurization rate of 0.2 MPa.min-1. 
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Figure III. 16 presents the effect of the impregnation duration (from 60 to 210 min, from 30 to 

240 min and from 60 to 210 min respectively) on drug release from samples prepared with a 

different amount of co-solvent (2.3, 5.5 and 8.7 %mol respectively) according to conditions 

fixed in the experimental design  (Table III.12).  

It is interesting to note that release curves exhibit almost the same slope and the same release 

duration (about 40 days) for samples processed at different impregnation durations.  

As we can observe in the Figure III. 16 a and b, the amount of co-solvent of 2.3 or 5.5 %mol 

decrease the impregnated amounts with the increase of the impregnation duration while for a 

higher amount of 8.7 %mol the impregnation duration does not influence the impregnated 

drug (Figure III. 16c).  
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a) 

 
b) 

 
c) 

 
Figure III. 16 Accumulated drug release from IOLs (+21.0 D) impregnated with a) 2.3 

%mol of co-solvent (DXP_ED_1 and 2), b) 5.5 %mol of co-solvent (DXP_ED-5, 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 with 5.5 %mol of ethanol and during 30 min 

(which presents the highest experimental impregnation yield, DXP_ED_5) showed a 

sustained and without an initial burst (inset Figure III. 17) release which suggests in-depth 

and homogeneous impregnation of the drug in IOLs. 

 

 
Figure III. 17 Accumulated drug release from impregnated IOLs (DXP_ED_5). 

 

Release profiles were fitted to equation Eq. (2) and the fitting parameters obtained for IOL 

samples are summarized in Table III. 14. The release exponents for impregnated IOLs were 

similar to those obtained for the preliminary experiments. The release exponents were lower 

than 0.5 for all the experiments confirming drug release to occur through a Fickian diffusion 

configuration (case I). For all the impregnation experiments of PMMA IOLs with DXP, a 
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regression coefficient higher than 92.7 % was obtained indicating that the model used fits 

well with the experimental data. 

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

 Kinetics parameters 

 +21.0 D 

Samples n k R2 

DXP_ED_1 
 

0.454 0.191 0.970 

DXP_ED_2 
 

0.204 0.055 0.985 

DXP_ED_3 
 

0.262 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 

 
III. 4. 1. 2. 2. Ciprofloxacin impregnation  

 
Supercritical impregnation of CIP in PMMA IOLs was carried out at various conditions, the 

influence of pressure (8 and 20 MPa) and use of a co-solvent (5 %mol ethanol) on drug 

impregnation was studied for diopter +21.0 D. Other parameters i.e. temperature (308 K), 

impregnation duration (2 hours), pressurization flow rate (0.25 kg.h-1) and depressurization 

rates (0.2 MPa.min-1) were kept constant for all experiments. 

The experimental conditions and impregnation yields for CIP loading are summarized in 

Table III. 15. The CIP impregnation studies were performed at 8 and 20 MPa without the use 

of a co-solvent or with ethanol as co-solvent.  
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Table III. 15 Impregnation rates of PMMA IOLs (at 308 K and 2 hours) determined by drug 

release studies. 

N° m 0IOL  Pressure m CIP imp Y imp t release 

 
mg MPa µg µg drug/mg IOL 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 co-solvent, the increase in pressure from 8 to 20 MPa improved significantly 

the impregnated yields (from 0.8 to 2.4 µg drug/mg IOL). This could be attributed to the 

concurrent increase in the solubility of the drug (from 1.83 10-7 to 4.51 10-7 respectively), 

CO2 sorption in the matrix and the polymer swelling. Addition of ethanol as co-solvent in the 

procedure resulted in a further increase in drug impregnation yield (from 0.8 to 2.8 µg drug/mg 

IOL at 8 MPa). It is well known that co-solvent such as ethanol promotes the solubilization of 

polar drugs in CO2 by enhancing the overall polarity of the fluid phase. Furthermore, the CO2 

sorption and swelling/plasticizing can also be enhanced with the addition of a co-solvent if 

polymer /fluid phase (CO2/co-solvent) interactions are favored [17] [3]. 

However, in the presence of ethanol, the increase in pressure (from 8 to 20 MPa) 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 pressures.  

Impregnation yields were quite similar on comparison with those obtained in the presence of a 

co-solvent (CIP_3 and CIP_4) and those obtained at 20 MPa without using a co-solvent 

(experiment CIP_2). These results led us to dispense with the use of co-solvent for drug 

impregnation which is also preferable for the intended application. 

In-vitro drug release from impregnated IOLs were performed for 60 days on all impregnated 

IOLs. The release kinetics from CIP loaded IOLs is illustrated in Figure III. 18. The release 

durations (t release) were determined when accumulated drug release became constant in time 

and are presented in Table III. 15. 
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Figure III. 18 Accumulated drug release from PMMA IOLs impregnated with CIP (at 308 K 

and 2 hours). 

 
Drug release from IOLs exhibited a sustained release profile with the same slope for all the 

experiments. For the IOLs impregnated at 8 MPa without co-solvent (CIP_1), a sustained 

release for 12 days was obtained while for the other three samples (CIP_2, 3 and 4) the 

release duration was significantly more important (40 days) indicating a more in-depth and 

homogeneous impregnation.   

Release profiles discussed above were fitted with equation Eq. (2) with a regression 

coefficient higher than 93% was obtained indicating that the model used fits well with the 

experimental release profiles. The obtained fitting parameters are summarized in Table III. 

16. Exponent values were lower than 0.5 for all tested conditions of supercritical 

impregnation, confirming drug release to occur by a Fickian diffusion configuration (case I) 

[11], [12]. 
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Table III. 16 CIP release kinetic parameters obtained by fitting with Eq (2). 

 Kinetics parameters 

 +21.0 D 

Samples n k R2 

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 

 
III. 4. 2. P-HEMA IOLs 

The influence of pressurization conditions and the conditions/results of the supercritical 

impregnation of P-HEMA IOLs with both drugs (DXP and CIP) were discussed in the 

following sections.  

 
III. 4. 2. 1. IOLs foaming  

In our experimental conditions, the pressurization flow rate was observed to be a significantly 

important factor in controlling the visual aspect (transparence) of P-HEMA IOLs. In order to 

elucidate this phenomenon, the influence of the pressurization with CO2 at three different 

flow rates: slow (0.25 kg.h-1), intermediate (0.65 kg.h-1) and fast conditions (> 0.90 kg.h-1), 

was studied in a batch mode at fixed pressure (20 MPa), temperature (308 K) and duration (2 

hours). Based on previous studies on rigid PMMA IOLs, the depressurization was carried out 

under controlled rate of 0.2 MPa.min-1 [3].  

The scCO2 treatment of IOLs with pressurization flow rates of 0.65 and 0.90 kg.h-1 resulted in 

foaming and therefore loss in the optical properties of the IOLs as illustrated in Figure III. 19.  

Similar loss in optical properties was observed for samples treated at a lower pressure (8 

MPa) and slower depressurization rate (0.07 MPa.min-1) with or without a co-solvent for 

pressurization flow rates of 0.65 and 0.90 kg.h-1.  

 

 

    

 
 
 
 

a) c) b) 
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Figure III. 19 Influence of the pressurization flow rate on the visual aspect of some IOLs: a) 

non treated IOL, b) IOL treated with scCO2 at 20 MPa with a pressurization flow rate of 0.65 

kg.h-1, c) IOL treated at 20 MPa with a pressurization flow rate of 0.900 kg.h-1. 

 
Due to the application of IOLs, foaming even with few bubbles had to be imperatively 

avoided. This was achieved by a controlled pressurization CO2 flow rate of 0.25 kg.h-1 

coupled with a depressurization rate of 0.2 MPa.min-1. Samples treated at abovementioned 

conditions resulted in transparent IOLs at both 8 and 20 MPa and in the presence or absence 

of a co-solvent (Figure III. 20). 

 

 
 

Figure III. 20 Influence of the pressurization flow rate (0.25 kg.h-1) on the visual aspect of 

IOLs treated with scCO2  at 20 MPa: a) in the presence of ethanol (5 %mol), b) in the absence 

of co-solvent. 

 

a) b) 
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In the literature, foaming in polymers is generally reported to occur following certain 

conditions of depressurization. This is due to the quick desorption of a gaseous phase from a 

matrix during rapid depressurization. The rapid decrease in pressure leads to a decrease in the 

CO2 sorption capacity of the polymer, inducing then a high supersaturation of CO2 in the 

polymer. When the depressurization rate is high, the CO2 cannot be completely released from 

the polymeric matrix. Nucleation and growth of bubbles of CO2 occur until the pressure 

reaches to a point where foamed structure freezes [19]. The number and size of the created 

bubbles depend on the pressure, temperature and impregnation duration in addition to the 

depressurization rate [16], [20], [21].  

 In our work, even in slow depressurization conditions, foaming was observed for rapid 

pressurization phases suggesting that a brisk CO2 sorption in P-HEMA lenses promotes 

sudden swelling and subsequent deformation. All scCO2 treatments of P-HEMA IOLs (pre-

treatments as well as impregnations) were performed at a CO2 flow rate of 0.25 kg.h-1 from 

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

 

III. 4. 2. 2. IOLs pretreatment  

Since the hydrophilic P-HEMA IOLs were supplied pre-conditioned in a physiological 

solution, a preliminary drying step was necessary to extract absorbed water and to obtain 

reproducible initial conditions for impregnation. At first, the influence of the drying mode 

(oven and scCO2) was studied to understand the suitability of these methods and to determine 

required conditions for efficient drying. 

The IOLs were dried in an oven at two temperatures (313 and 363 K) and DSC analyses were 

performed to determine the Tg of IOLs after this procedure. DSC analyses of the IOLs dried 

in an oven at 313 and 363 K showed a Tg of 386 and 394 K respectively (Table III. 17). This 

can be attributed to the efficient removal of water from IOLs at 363 K. Absorbed water in a 

polymeric matrix acts as a plasticizer which leads to a decrease in Tg as for samples dried at 

313 K. The temperature of 363 K was efficient for the complete removal of water from P-

HEMA IOLs.  

DSC analyses of the IOLs dried with scCO2 at (8 MPa, 30 min) and (14 MPa, 135 min) show 

a Tg of respectively 386 and 394 K (Table III. 17). Once again, the increase of Tg with 

increase in pressure and drying time can be explained by the efficient removal of water from 

P-HEMA IOLs. 
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Table III. 17 Tg of P-HEMA IOLs drying in an oven and with scCO2. 

Drying mode Drying conditions Tg (K) 

Oven 313 K 386 

Oven 363 K 394 

ScCO2 8 MPa and 308 K, 30 min 392 

ScCO2 14 MPa and 308 K, 135 min 394 

 

A Tg of 394 K for IOLs dried by both oven (363 K) and scCO2 (14 MPa, 308 K for 135 min) 

methods along with the same weight loss (0.21 gwater / gdried IOL) indicated efficient removal 

the water at these conditions.  

 

III. 4. 2. 3. Supercritical impregnation of P-HEMA IOLs  

The supercritical impregnations of P-HEMA IOLs were carried out with both drugs: DXP and 

CIP in different operating conditions. The obtained results were presented in the following 

sections. 

 
III. 4. 2. 3. 1. Dexamethasone 21-phosphate disodium salt impregnation  

It is well known that the efficiency of the supercritical impregnation is not only dependent on 

the employed operating conditions but also on the physicochemical interactions between all 

involved substances in the process. The supercritical impregnation of DXP on P-HEMA IOLs 

was carried out at various conditions. The influence of pressure (8 and 20 MPa) and use of a 

co-solvent (5 %mol ethanol) on drug impregnation was studied for diopters +21.0 and +32.0 

D. Other parameters i.e. temperature (308 K), impregnation duration (2 hours), pressurization 

(0.25 kg.h-1) and depressurization rates (0.2 MPa.min-1) were kept constant for all 

experiments. 

The experimental conditions and impregnation yields for DXP loading are summarized in 

Table III. 18.  
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Table III. 18 Impregnation rates of IOLs of +21.0 D and +32.0 D diopters (at 308 K and 2 

hours), determined by drug release studies (40 days of release). 

 +21.0 D +32.0 D 

N° P m0IOL m DXPimp Y imp m0IOL m DXPimp Y imp 

 MPa mg µg µgdrug/mgIOL mg µg µgdrug/mgIOL 

Without co-solvent 

DXP_I 8 19.4 165 ± 25 8.5 ± 1.3 20.1 171 ± 25 8.5 ± 1.3 

DXP_II 20 20.0 182 ± 27 9.1 ± 1.4 20.5 191 ± 28 9.3 ± 1.4 

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 14.5 ± 2.2 

 

Impregnation yields obtained at the different experimental conditions were comparable and 

reproducible for both diopters.  The increase in pressure from 8 to 20 MPa had no significant 

effect on the amount of DXP impregnated in IOLs. However, higher impregnation yields 

were obtained upon the addition of ethanol in the processing media. The increase in pressure 

for samples processed with co-solvent did not show significant improvement in the drug 

loading. These results suggest that the use of co-solvent is favorable towards DXP 

impregnation. However, residual solvent can be a concern for ocular implants.  Hence, NMR 

analyses were carried out on DXP impregnated IOLs to determine the presence of ethanol. 

Figure III. 21 compares NMR spectra of IOLs impregnated in the presence of a co-solvent 

with and without the washing step before depressurization. As it can be observed, ethanol 

peaks disappear when a supplementary CO2 washing 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 III. 21 NMR analyses (13C) of an impregnated P-HEMA IOL with DXP at 20 MPa, 

308 K, with 5 %mol of Ethanol and with a) a washing step (black) b) without a washing step 

(red).  

 

The DXP release from impregnated IOLs is presented in Figure III. 22 and Figure III. 23 for 

both +21.0 and +32.0 D diopters. Samples prepared at both pressures, with or without co-

solvent exhibited same release profile without any burst release. This indicates in-depth and 

homogenous impregnation of DXP within P-HEMA IOLs. 

 

No Ethanol 
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Figure III. 22 Accumulated drug release from IOLs (+21.0 D) impregnated at 308 K, 

pressurization flow rate of 0.25 kg.h-1, impregnation duration of 2 hours and depressurization 

rate of 0.2 MPa.min-1. 

 

 
 

Figure III. 23 Accumulated drug release from IOLs (+32.0 D) impregnated at 308 K, 

pressurization flow rate of 0.25 kg.h-1, impregnation duration of 2 hours and depressurization 

rate of 0.2 MPa.min-1. 
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Release profiles of DXP were fitted with equation Eq. (2) and the release parameters are 
presented in Table III. 19.  
 

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

Experiments Kinetics parameters 

 +21.0 D +32.0 D 

 n k R2 n k R2 

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 impregnated IOLs 

suggest DXP release to also occur by an anomalous transport type (i.e. the superimposition of 

Fickian controlled and swelling controlled release) [12][11]. This result is expected since the 

P-HEMA IOLs are hydrophilic and they plasticize in the presence of water. 

 

III. 4. 2. 3. 2. Ciprofloxacin impregnation 

a. Preliminary impregnations 

IOLs were dried at 363 K in an oven before preliminary impregnation experiments.  The drug 

impregnations were performed with and without co-solvent at 8 and 20 MPa on IOLs with 

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

The impregnation results presented in Table III. 20 are expressed in term of the impregnated 

mass of ciprofloxacin in one IOL (m cip imp) and the impregnation yield (Y imp).  
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Table III. 20 Influence of the diopter on the drug loading at different conditions. 

 

* Initial mass of the dry IOL before impregnation 

 

In the absence of co-solvent, a pressure increase from 8 to 20 MPa led to improve CIP 

impregnation. The drug impregnation for diopter +5.0 D increased from 0.9 to 3.4 

µgdrug/mgIOL. Similarly, an increase from 0.9 to 2.9 µgdrug/mgIOL for diopter +21.0 D. This 

improvement in CIP loading can be attributed to the concurrent increase in the solubility of 

the drug (from 1.83 10-7 to 4.51 10-7 respectively) and polymer swelling due to CO2 sorption 

[22]–[25]. With the addition of ethanol as co-solvent, the drug loadings were similar at 8 and 

20 MPa. It is well known that co-solvent such as ethanol promotes the solubility of polar 

drugs in CO2 by enhancing the overall polarity of the fluid phase. Furthermore, the CO2 

sorption and swelling/plasticizing can also increase with the addition of a co-solvent if 

polymer /CO2/co-solvent interactions are favored [3], [17]. An absence of any further drug 

impregnation at higher pressure in the presence of ethanol could be either due to the 

saturation of IOLs or lack of improvement in polymer/drug interactions.  

Interestingly, impregnation yields were comparable for samples processed with ethanol 

(CIP_III and CIP_IV) and only scCO2 at 20 MPa (experiment CIP_II). Hence, CIP loading 

was performed without the use of co-solvent from hereon which is also preferable for the 

intended application. 

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 illustrated in Figure III. 24 

and Figure III. 25. A continuous drug release of 20 days was obtained from IOLs impregnated 

at 8 MPa (CIP_I) without co-solvent in comparison to 40 days for samples prepared at 20 

  +5.0 D +21.0 D 

N° P 
 

m0IOL 
(*) 

m CIP imp
 

 
Y imp t release m0IOL 

(*) 
m CIP imp Y imp t release 

 
MPa mg µg µgdrug/mgIOL days mg µg µgdrug/mgIOL days 

Without co-solvent 

CIP_I 
 

8 
 

11.9 11 ± 0.2 
 

0.9 ± 0.1 20 20.1 20 ±0.2 
 

0.9 ± 0.1 
 

≈ 20 

CIP_II 
 

20 
 

11.3 39 ± 0.5 
 

3.4 ± 0.5 40 20.6 59 ± 0.5 
 

2.9 ± 0.3 ≈ 40 

With co-solvent 

CIP_III 
 

8 
 

11.5 44 ± 0.6 
 

3.8 ± 0.6 40 20.5 61±0.5 
 

3.0 ± 0.3 ≈ 40 

CIP_IV 
 

20 
 

11.4 47 ± 0.6 
 

4.1 ± 0.6 40 20.3 65 ± 0.5 
 

3.2 ± 0.3 ≈ 40 
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MPa (CIP_II) and with ethanol (CIP_III and IV). Drug release from lenses was sustained and 

without an initial burst (inset Figure III. 25.) which suggests in-depth (absence drug deposit 

on the surface) and homogeneous impregnation of the drug in IOLs.  

 
Figure III. 24 Accumulated drug release from IOLs (+5.0 D) impregnated at 308 K with the 

pressurization flow rate of 0.25 kg.h-1, impregnation duration of 2 hours and depressurization 

rate of 0.2 MPa.min-1. 
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Figure III. 25 Accumulated drug release from IOLs (+21.0 D) impregnated at 308 K with the 

pressurization flow rate of 0.25 kg.h-1, impregnation duration of 2 hours and depressurization 

rate of 0.2 MPa.min-1. 

Release profiles discussed above were fitted with equation Eq. (2) and the fitting parameters 

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

Experiments Kinetics parameters 

 +5.0 D +21.0 D 

 n K R2 n k R2 

CIP_I 0.835 0.072 0.995 0.748 0.076 0.972 

CIP_II 0.907 0.043 0.962 0.810 0.058 0.975 

CIP_III 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 which suggests 

that the drug release occurred by an anomalous transport type (i.e. the superimposition of 

Fickian controlled and swelling controlled release) [12][11].  

The release rate constant (k) decreased as the impregnation pressure increased or when a co-

solvent was used. This indicates that the affinity between P-HEMA IOLs and CIP increases 

with the increase in pressure or the addition of a co-solvent [26]. A regression coefficient of 

higher than 96% indicates that the model currently used fits well with drug release profiles. 

Release exponents were similar for IOLs impregnated in different conditions for both 

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 absence of a co-

solvent. Moreover, increase in pressure in the presence of co-solvent had no significant 

influence on the impregnation yield. Therefore, a 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. Two entry values with 5 levels each were considered: 

pressure (8 to 20 MPa) and impregnation duration (30 to 240 min). 

The operational conditions and results from these experiments are summarized in the Table 

III. 22. All impregnations were carried out at 308 K with a CO2 flow rate (for pressurization) 

of 0.25 kg.h-1 and a depressurization rate of 0.2 MPa.min-1 without the use of co-solvent. The 

repeatability of the experiment in the middle of domain (CIP_ED_IX) was verified (Appendix 

B). 
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Table III. 22 Experimental design conditions for supercritical impregnation of IOLs 

(+21.0D). 

N° P t imp    
(x1) 
 

m0IOL m CIP imp Y imp t release 

 MPa min mg±0.2 µg µgdrug/mgIOL Days 

CIP_ED*_I 10 60 19.0  26 ± 0.2 1.4 ± 0.1 ≈ 18 

CIP_ED_II 10 210 18.6 30 ± 0.3 1.6 ± 0.1 ≈ 40 

CIP_ED_III 18 60 18.9 39 ± 0.3 2.1 ± 0.2 ≈ 30 

CIP_ED_IV 18 210 19.5 53 ± 0.4 2.7 ± 0.2 ≈ 40 

CIP_ED_V 14 30 19.2 22 ± 0.1 1.1 ± 0.1 ≈ 18 

CIP_ED_VI 14 240 20.0 41 ± 0.3 2.0 ±0.1 ≈ 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_ED_IX 14 135 18.8 35 ± 0.1 1.7 ±0.0 ≈ 20 

CIP_ED_IX** 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 of release to 

quantify the drug release.  

 

For the different experimental conditions, impregnated amounts ranged between 21 - 67 µg 

which suggests that the studied factors have noteworthy an influence on the response surface.        

Figure III. 26 presents release kinetics of CIP impregnated samples prepared at different 

pressures and durations. 
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Figure III. 26 Accumulated drug release from IOLs (+21.0 D) impregnated, using 

experimental design, at 308 K, pressurization flow rate of 0.25 kg.h-1, without co-solvent and 

depressurization rate of 0.2 MPa.min-1. 

The drug release duration was dependent on the mass of CIP impregnated in IOLs at various 

conditions. For example, a sustained release ranging from 10 - 30 days was obtained for 

CIP_ED_I, III, V, VII and IX. Whereas, samples with higher impregnation yields 

(CIP_ED_II, IV, VI and VIII) showed drug release for significantly longer durations (40-45 

days).  

Figure III. 27 presents examples of samples prepared at 14 and 18 MPa to explain the effect 

of impregnation duration on release kinetics. It is interesting to note that the drug release is 

always higher and extended for samples prepared with longer impregnation durations at a 

given pressure even when slopes do not appear significantly dissimilar. Therefore, it can be 

concluded that increasing the impregnation time allows a more in-depth diffusion of the drug 

facilitated by the improved swelling of the polymer.   
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      a) 

 
     b) 

 
Figure III. 27 Accumulated drug release from IOLs (+21.0 D) impregnated, using 

experimental design, at a) 14 MPa (experiment CIP_ED_V, IX and VI), b) 18 MPa 

(experiments CIP_ED_III and IV). 
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Release profiles were fitted to equation Eq. (2) to obtain release exponents for impregnated 

IOLs similar to the preliminary experiments. The fitting parameters obtained for IOL samples 

are summarized in Table III. 23. 

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

 Kinetics parameters 

 +21.0 D 

Samples n k R2 

CIP_I 0.555 0.133 0.977 

CIP_II 0.837 0.039 0.987 

CIP_III 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_VIII 0.839 0.053 0.989 

CIP_IX 0.894 0.123 0.972 

 

Similar to preliminary experiments, release exponents ranging between 0.5 and 1 confirm 

drug release occurring following an anomalous transport type (i.e. the superimposition of 

Fickian controlled and swelling controlled release). The impregnated amounts obtained from 

release profiles were used to calculate an impregnation model by multilinear regression. The 

model coefficients are presented in the Eq. 4 and a regression coefficient (R2) of 0.945 

suggests that this model can be considered as reliable tool to predict changes in impregnated 

amounts within the studied operating conditions. 

 

𝑦𝑦 = 0.032 + 0.012 𝑥𝑥1 + 0.005 𝑥𝑥2 + 0.006𝑥𝑥112 − 0.001𝑥𝑥222 + 0.002𝑥𝑥12                            𝐸𝐸𝐸𝐸. 4 

 

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

pressure and impregnation duration.  
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Figure III. 28 A two-dimensional contour plot and a three-dimensional response surface of 

impregnated mass (mg) illustrating optimal conditions for the supercritical impregnation of P-

HEMA IOLs with CIP. 

 
A high variation of response in terms of drug loading in IOLs with the pressure increase is 

evident in Figure III. 28. This is expected due to improved drug solubility and 

swelling/plasticization of polymers in scCO2 at higher pressures [22]–[25], [27], [28]. The 

effect of impregnation duration is minimal at low pressures but significant at pressures above 

14 MPa. A direct impact of increase in processing time on drug impregnation at higher 

pressures is apparent in Figure III. 28. This could also be attributed to higher CO2 sorption 

resulting in polymer swelling and improved dissolution of CIP. In other words, it could be 

suggested that thermodynamic equilibrium was not reached at low impregnation durations. 

The lowest drug loading of 21 µg was obtained on samples processed at 8 MPa for 135 

minutes whilst highest drug loading (67 µg) was achieved at 20 MPa for the same duration. 8 

and 20 MPa were the lowest and highest pressures studied in this work and response surface 

clearly shows high pressure as the key factor for efficient drug impregnation in IOLs. 

 

III. 4. 3. Comparison between PMMA and P-HEMA IOLs impregnation  

This work aimed to study the impregnation of two types of IOLs: rigid IOLs (PMMA) and 

foldable IOLs (P-HEMA) with two ophthalmic drugs: DXP and CIP. The influence of the 
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pressure and the presence of co-solvent for both kinds of IOLs and with both drugs was 

studied and discussed above.  

As illustrated in Table III. 24, in absence of co-solvent and for both systems PMMA and P-

HEMA/DXP, increasing pressure had no influence on the impregnation and interestingly, 

impregnation yields were comparable. Addition of co-solvent improves the impregnation for 

both systems at low pressure (8 MPa). However, the increase in pressure from 8 to 20 MPa in 

presence of co-solvent was unfavorable for impregnation of PMMA/DXP system and had no 

significant effect (but maintained the same impregnation yield) for the system P-HEMA DXP. 

One explanation could be a weaker affinity between PMMA/DXP compared to P-HEMA 

/DXP system which favors the partition coefficient towards the fluid phase at high pressure in 

the presence of co-solvent. 

In the absence of co-solvent, the partition coefficient (K) decreases with an increase of 

pressure (from 8 to 20 MPa) for both types of IOLs, we explain this phenomenon by two 

factors, first an increase in CO2 density results in increased solvent power of CO2, and thus 

solubility of DXP in the fluid phase increases (1.22 10-7 to 2.15 10-7 in molar fraction). At the 

same time, increasing the CO2 density results in an increase of swelling of PMMA matrix. 

The partition coefficients for both IOLs loaded with DXP were quite similar in the absence of 

co-solvent (5. 88 103 and 5. 94 103 at 8 MPa and 3.44 103 and 3.61 103 at 20 MPa) and this 

could be explained by a quite similar affinity between DXP and both IOLs (PMMA and P-

HEMA) in these conditions.  

 

Table III. 24 Impregnation of PMMA and P-HEMA IOLs with DXP. 

 PMMA  P-HEMA  
Pressure m DXP imp Y imp K m DXP imp Y imp K 

MPa µg µg drug/mg IOL - µg µg drug/mg IOL - 
Without co-solvent 

8 159 ±24 8.4 ±1.3 5.88 103 165 ± 2.4 8.5 ± 1.3 5.94 103 
20 165 ± 24 8.7 ± 1.3 3.44 103 182 ± 2.7 9.1 ± 1.4 3.61 103 

With co-solvent 
8 240 ± 36 12.0 ± 1.8 - 247 ± 3.7 13.1 ± 2.0 - 
20 99 ± 15 4.9 ± 0.7 - 270 ± 4.0 13.8 ± 2.1 - 

 

Regarding the impregnation of CIP and as we can observe in the Table III. 25, in absence of 

co-solvent and for both loaded systems PMMA and P-HEMA/CIP, pressure increasing 

enhances impregnation. The addition of ethanol as a co-solvent in the procedure resulted in 
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significant increase in drug impregnation at lower pressure (8 MPa). Nevertheless, the 

increase in pressure from 8 to 20 MPa in presence of co-solvent had no significant effect (but 

maintains the same impregnation yields) for both IOLs.  

In the absence of co-solvent, the partition coefficient (K) increases in the same way with an 

increase in pressure (from 8 to 20 MPa) for both types of IOLs. These results could be 

explained by two factors, first an increase in the CIP solubility in the fluid phase (1.83 10-7 to 

4.51 10-7) and a weak affinity between CIP and both kinds of IOLs.  

In the absence of co-solvent, the partition coefficients for both IOLs loaded with CIP were 

quite comparable and this could be explained by a quite similar affinity between CIP and both 

IOLs (PMMA and P-HEMA).  

 

Table III. 25 Impregnation of PMMA and P-HEMA IOLs with CIP. 

 PMMA  P-HEMA  
Pressure m CIP imp Y imp K m CIP imp Y imp K 

MPa µg µg drug/mg IOL - µg µg drug/mg IOL - 
Without co-solvent 

8 16 ± 1 0.8 ± 0.1 6.11 102 20 ± 0.2 0.95 ± 0.1 7.22 102 
20 48 ± 4 2.4 ± 0.2 7.21 102 59 ±0.5 2.86 ± 0.3 8.44 102 

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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III. 4. Conclusions  

IOLs have proven significance in the field of therapeutics and their development is an 

upcoming route for ocular drug delivery [29]. This work aimed to prepare drug impregnated 

rigid and foldable intraocular lenses (PMMA and P-HEMA) in order to combine cataract 

surgery and postoperative treatment in a single procedure. Two commonly used drugs, 

ciprofloxacin and dexamethasone 21-phosphate disodium to prevent cataract postoperative 

complications were studied in this work. The supercritical impregnation was carried out in a 

batch mode and the impregnated yields were determined by drug release studies for both 

types of IOLs.  

Regarding the first part of this work, PMMA IOLs were loaded with DXP and CIP in various 

impregnation conditions. The pressurization flow rate has no influence on the visual aspect of 

IOLs. For PMMA/DXP system, supercritical impregnations were initially performed at 

different conditions of pressure, temperature, impregnation duration and presence/quantity of 

co-solvent. Drug loading improvement in presence of co-solvent was obtained at 8 MPa. 

While, an increase in pressure in presence of co-solvent leads to a 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 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). DXP impregnation yields ranging between 5.64 and 

18.35 µg/mg were obtained. The response surface indicated the impregnation duration to be 

the governing factor in impregnation where decrease in impregnation duration promoted drug 

loading. The variation in the amount of co-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 co-solvent (5.5 %mol). 

The influence of pressure and presence of co-solvent was studied on the second system 

PMMA/CIP. Unlike DXP, in absence of co-solvent, increasing pressure enhances 

impregnation. However, in the presence of ethanol, the increase in pressure (from 8 to 20 

MPa) did not affect the drug loading.  

The highest impregnation yields for DXP and CIP in PMMA lenses were 18.3 and 2.9 

µg/mgIOL respectively indicating higher affinity of DXP for PMMA IOLs than CIP and this 

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

and CIP. The importance of coupling slow pressurization and depressurization phases during 

supercritical treatment of IOLs was demonstrated in order to avoid the appearance of 

undesirable foaming. Coupling slow pressurization (flow rate of 0.25 kg.h-1) and 

depressurization (at 0.2 MPa.min-1) was necessary to maintain the clearness of P-HEMA 

IOLs.  

A pretreatment step to remove the sorbed aqueous solution on P-HEMA lenses was carried 

out using two different methods: oven and scCO2. DSC analyses of IOLs dried in an oven at 

363 K and with scCO2 at 313 K and 14 MPa for 135 min showed same Tg (394 K) 

confirming efficient removal of water.  

The influence of different parameters on the impregnation with DXP and CIP was studied. 

For the system PMMA/DXP, the influence of pressure (8 and 20 MPa) and the use of a co-

solvent was studied. The use of ethanol (5 %mol) as a co-solvent improves DXP 

impregnation in IOLs 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 from P-HEMA IOLs.  

For P-HEMA/CIP system, supercritical impregnations were initially carried out at pressures 8 

and 20 MPa in the presence or absence of ethanol as a co-solvent for two diopters (+5.0 D and 

+21.0 D). Unlike DXP, drug loading enhancement with the pressure was observed in the 

absence of co-solvent for both diopters. Whereas, addition of co-solvent had no further 

improvement in the impregnation yield of CIP. Once again and following the results of the 

first series of experiments, a response surface methodology based on experimental designs 

was applied to study the influence of operating conditions on impregnation in the absence of a 

co-solvent. Two input variables were considered: pressure (8 to 20 MPa) and impregnation 

duration (30 to 240 min). The CIP impregnation ranging between 1.1 to 3.4 µg/mg 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 loading. The effect 

of impregnation duration on CIP loading was only obvious at relatively high pressures (>14 

MPa).  

The highest impregnation yields for DXP and CIP in P-HEMA lenses were 14.53 and 4.12 

µg/mgIOL respectively. This indicates higher affinity of DXP for P-HEMA IOLs than CIP and 

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 IOLs (PMMA and P-HEMA).  
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A prolonged drug delivery during 40 days was obtained for most impregnation experiments 

(both kinds of IOLs). 

This study provides important information on the impregnation of two commonly used drugs 

in the complications related to cataract surgery on P-HEMA IOLs 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 co-solvent and did not show presence of residual ethanol. These 

results showed that impregnated IOLs are suitable for ophthalmic application.   
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IV. 1. Introduction 

This part of PhD work is performed within the framework of a collaboration with Formac 

pharmaceuticals (Belgium) and aims to elaborate suitable dosage formulations for oral 

administration of poorly-water soluble drugs. Mesoporous silica was chosen as impregnation 

support because of its high porosity and hydrophilicity, which should improve the dissolution 

kinetics and/or the solubility of hydrophobic drugs. Fenofibrate was chosen as an example of 

a poorly water-soluble drug, representative of Class II drugs as defined by the 

biopharmaceutics classification system [1]. It is highly lipophilic and is used clinically to 

lower lipid levels in the body [2]. 

The objective of this work is to achieve a high loading of Fenofibrate with a low degree of 

crystallinity since the dissolution of an amorphous drug is more rapid than that of a crystalline 

form [1]. Supercritical impregnation was compared to conventional incipient wetness mode in 

terms of impregnation yield, duration as well as in terms of drug solid state form (degree of 

crystallinity of the impregnated drug).  

 

IV. 2. Materials  

The materials used for the impregnation of silica are presented in the following sections. 

 

IV. 2. 1. Silica 

The impregnation support used is an amorphous ordered mesoporous silica (OMS-7) provided 

by Formac Pharmaceuticals NV (Belgium).  

 

IV. 2. 2. Fenofibrate 

Fenofibrate, a model active pharmaceutical ingredient with poor water solubility, was selected 

for this study. Fenofibrate (propan-2-yl 2-{4-[(4-chlorophenyl) carbonyl] phenoxy}-2-

methylpropanoate) was supplied by Formac Pharmaceuticals NV (Belgium). Its skeletal 

formula is presented in Figure IV.  1. It is solid under ambient conditions with a molar mass 

of 0.360 kg.mol-1. 
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Figure IV.  1 Skeletal formula of Fenofibrate 

 

IV. 2. 3. Solvent 

The supercritical fluid used as impregnation solvent is carbon dioxide (CO2, purity > 99.7%), 

which was supplied by Air Liquide (France). 

 

IV. 3. Methods  

 

IV. 3. 1. Impregnation procedures  

Two methods of impregnation were carried out in this work: incipient wetness and 

supercritical impregnation. 

 

IV. 3. 1. 1. Impregnation via incipient wetness  

Samples were loaded into silica using the incipient wetness method. For that purpose, a 

loading solution of 100 mg.mL-1 of Fenofibrate in Dichloromethane was prepared. 8.55 mL of 

this solution was then added to 2 g of silica in 3 fractions of 2.85 mL. Between each fraction, 

the mixture was stirred with a spatula for 5 min. Finally, the solvent is evaporated at 298 K 

for 55 min to remove the main part of the residual solvent and subsequently dried under 

reduced pressure (± 0.005 MPa) at 313 K for 24 hours. 

Before and after impregnation, silica should be stored under a controlled atmosphere in order 

to avoid water adsorption. Indeed, because of the presence of a large number of free silanol 

groups on its surface structure, large amount of water can be adsorbed by forming hydrogen 

bonds [4]. 
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IV. 3. 1. 2. Supercritical impregnation 

The supercritical impregnation set-up used in the study is schematically represented and 

described in chapter III (Figure III.3). Supercritical impregnations were carried out in a batch 

mode, without using a co-solvent. For that purpose, a fixed amount of the ordered 

mesoporous silica (0.5 g of silica per experiment) and a known quantity of the API protected 

by a frit filter, to prevent any contamination of silica, were placed in the high pressure cell. 

The vessel was closed and heated to 308 K, and then filled with CO2 using the high pressure 

pump until the desired operational pressure was reached. The temperature and the pressure 

were maintained for a pre-established impregnation duration under stirring to promote API 

solubilization and the supercritical fluid phase homogenization. The supercritical phase, 

containing the API, diffused within the porosity of silica. At the end of experiment, the cell 

was depressurized by venting out the CO2 in isothermal conditions.  

 

IV. 3. 2. Characterization of silica  

 
IV. 3. 2. 1. Nitrogen adsorption  

Nitrogen adsorption-desorption isotherms were recorded at 177 K using a Micromeritics 

TriStar II apparatus. API-free OMS-7 and API-loaded OMS-7 were pre-treated for 2 hours 

under nitrogen flow at 250 and 303 K respectively. Sample weights were normalized to mass 

of pure silica. The pore size distribution was calculated from the desorption branch of the 

isotherm using the Barrett–Joyner–Halenda (BJH) model. The total surface area was 

calculated via the Brunauer-Emmett-Teller (BET) model. The total pore volume was derived 

directly from the adsorption isotherm at p/p0 = 0.95. 

The influence of treatment with scCO2 on the porous structure of the silica was also 

characterized by nitrogen 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 300-mesh carbon-coated copper grids. Scanning electron microscopy 

(SEM) images were obtained with a SEM Philips XL 30 FEG. Samples are prepared on 

carbon tape and coated with gold. 
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IV. 3. 2. 3. X-ray diffraction (XRD)  

The crystallinity of silica was evaluated by powder XRD. Diffraction patterns were obtained 

using reflection geometry on an X’Pert Pro diffractometer equipped with a real-time 

X’Celerator detector (PanAlytical, Eindhoven, The Netherlands). Samples were flattened onto 

zero-background plate holders and analyzed at ambient temperature and relative humidity. 

Samples were scanned in a continuous mode from 4 ° to 40 ° θ (with a 2 θ step size of 0.0167 

°). CuKα radiation (1.54 Å) was used with a generator voltage and current of 45 kV and 40 

mA, respectively. The sample was rotated with a 4 s revolution time. The incident beam path 

was equipped with a 10 mm programmable anti-scatter slit, a 0.04 radian Soller slit and a 

0.020 mm Nickel filter. 

          

IV. 3. 2. 4. Impregnation yields 

The impregnation yields for both impregnation methods: incipient wetness and supercritical 

impregnation, were determined by extraction of the API in the impregnated silica with 

methanol. 5 mg of impregnated silica was introduced into a flask of 5 mL and the volume was 

completed with methanol. The samples were sonicated for 30 min and left for an additional 90 

min at room temperature and under regular manual agitation. The silica was then separated 

from the methanol by filtration. The API dissolved in methanol was quantified by HPLC-UV 

analysis. 

HPLC experiments were carried out with a 20 μL sample loop. The chromatographic 

separation was performed using an analytical column (Lichrospher 60 RP-8 select B 5µm 

125x4.6 mm) at 303 K. A mixture of 70/30 v/v% Acetonitrile/Ammonium acetate with a pH 

of 3.5 and a flow rate of 1.0 mL.min−1, was applied as the mobile phase. The Fenofibrate was 

detected using a UV-Vis detector at a wavelength of 287 nm. 

 

IV. 3. 2. 5. Differential scanning calorimetry (DSC) 

 Differential scanning calorimetry was carried out between 203 and 373 K at a heating rate of 

10 K/min using a Mettler Toledo DSC. DSC analysis was performed in order to determine the 

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 silica with poorly water-

soluble drug, Fenofibrate, using two impregnation methods: impregnation using incipient 
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witness and supercritical impregnation. The impregnation studies and some characterizations 

before and after the impregnation of silica are presented in the following sections.  

 

IV. 4. 1. Characterization of silica before impregnation 

The structural properties of silica material used in this study were determined by powder X-

ray diffraction, scanning electron microscopy and by nitrogen adsorption. 

The degree of crystallinity of silica was evaluated by powder X-ray diffraction. After silica 

calcination at 823 K, a wide peak was observed at a 2 𝜃𝜃 angle in the range 15–30. The XRD 

pattern presented in Figure IV.  2 reveals that the silica material was amorphous.  

                    

 
Figure IV.  2 XRD pattern of the calcined OMS-L-7. 

 

Scanning electron microscopy provides information on the morphology and the microscopic 

scale structure of silica. The TEM observations of the calcined material reveal a hexagonal 

periodic arrangement of the channels, i.e. a honeycomb pattern. Figure IV.  3 displays TEM 

images of the calcined material. 
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Figure IV.  3 TEM picture of the calcined 

material. 

Figure IV.  4 N2 physisorption of the 

calcined material. 

 

The porosity of silica was determined by nitrogen sorption at 77 K (Figure IV.  4). The pore 

volume of these materials is around 0.9 to 1.1 cm3.g -1. The pore size distribution was 

calculated from the desorption branch of the isotherm indicating narrow mesopore size 

distribution ranging from 6 to 7.5 nm. The BET method was used to calculate a specific 

surface area varying between 450 and 600 m2.g-1 depending on the samples. 

 

IV. 4. 2. Impregnation using incipient wetness 

The impregnation of Fenofibrate in silica was reproducible; with an impregnation yield of 30 

mgdrug/mgsilica. The 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 were required in 

order to determine the influence of supercritical treatment on the structural properties of pure 

silica support under various depressurization conditions.  

For that purpose, supercritical treatment was carried out at 20 MPa (the highest pressure used 

for impregnation) and 308 K in absence of Fenofibrate. A contact duration of 2 hours was 

maintained before depressurization. Three depressurization rates were considered 

corresponding to slow (0.07 MPa.min-1), intermediate (0.5 MPa.min-1) and fast (> 2 MPa.min-

1) depressurization conditions. 
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Figure IV.  5 N2 sorption analysis of treated silica with scCO2 and untreated silica. 

 

N2 sorption analyses were carried out on the treated samples with scCO2 and were compared 

to that of untreated silica. Figure IV.  5 shows the nitrogen adsorption isotherms of the 

untreated silica reference and of samples subjected to the three different depressurization 

rates. All four isotherms almost overlap indicating that the depressurization protocol does not 

modify the structural properties of the silica considered here.  

 

IV. 4. 4 Supercritical impregnation  

The influence of different experimental conditions on supercritical impregnation efficiency 

was studied. The concentration of the drug in the fluid phase was varied. The phase behavior 

of the mixture of drug and scCO2 is very important for the choice of experimental conditions 

of impregnation. The solubility of Fenofibrate in scCO2 was reported in the literature [3] and 

is illustrated in Figure IV.  6, where y Fenofibrate represents the molar fraction of Fenofibrate in 

CO2. 

We have worked in saturated conditions or in under-saturated conditions (by changing the 

pressure and/or the mass of API introduced in the autoclave). Two contact durations between 

the scCO2 and silica were tested (30 and 120 min). Furthermore, the depressurization phase 

was carried out in slow conditions (depressurization rate of 0.07 MPa.min-1) and rapid 

conditions (> 2 MPa.min-1).  
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Figure IV.  6 Experimental solubility for Fenofibrate in scCO2 at 308 K [3]. 

 

In order to study the influence of the drug concentration in the fluid phase on impregnation, 

the pressure was varied from 10 to 20 MPa at 308 K. The corresponding solubilities of 

Fenofibrate in scCO2 and the densities of CO2 in the experimental conditions tested in this 

work are summarized in Table IV.  1. 

 

Table IV.  1 Solubility of Fenofibrate (molar fraction) in scCO2 at 308 K. 

P  

MPa 

CO2 density  

kg.m-3 
y Fenofibrate 

10 714.82 1.83 10-3 

16 828.10 4.30 10-3 

20 866.48 5.28 10-3 

 

The experimental conditions as well as the corresponding results in terms of impregnation 

yields (Yimp) and degree of crystallinity of the impregnated API (X crys) are reported in Table 

IV.  2. 
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Table IV.  2 Supercritical impregnation of Fenofibrate into silica at 308 K. 

P      
MPa 

msaturation 
g 

mfenofibrate 

        g 
Duration 

min 
Depressurization 

MPa.min-1 
Y imp     

mgdrug/gsilica  

 

X crys  
% 

10 1.4 2(*) 30 Rapid 326 ± 9 1.3 
10 1.4 2(*) 30 0.07 324 ± 12 0.2 
16 3.7 4 (*) 120 0.07 - - 
16 3.7 1(**) 120 0.07 485 ± 5 1.1 
20 4.7 5.5(*) 30 Rapid 659 ± 38 20.5 
20 4.7 5.5(*) 120 Rapid 623 ± 22 20.5 
20 4.7 5.5(*) 120 0.07 - - 
20 4.7 2(**) 120 0.07 481 ± 1 0.5 
(*) Saturated conditions; (**) Under-saturated conditions, (-) Nozzle plugging 

 

Increasing the pressure from 10 to 20 MPa in rapid depressurization conditions improves the 

impregnation yields from 326 to 659 mgdrug/gsilica (experiments 1 and 5). Indeed, the solubility 

of Fenofibrate in CO2 increases when the pressure increases and therefore the amount of drug 

transported within the porous silica increases. Varying the impregnation duration (30 or 120 

min) at a pressure of 20 MPa leads to similar impregnation yields as well as degrees of 

crystallinity of the impregnated Fenofibrate (experiments 5 and 6). Therefore, a short contact 

duration of 30 min is sufficient for impregnation.  

 

Although the impregnation yield achieved at 20 MPa is attractive (659 mgdrug/gsilica), a degree 

of crystallinity of impregnated Fenofibrate of 20.5 % (Figure IV.  7) can be considered as 

high and should be lowered in order to enhance drug dissolution kinetics. Indeed, the 

dissolution of an amorphous drug is more rapid than that of a crystalline form [1]. In order to 

limit loaded Fenofibrate crystallinity, and since all the samples that were depressurized in 

slow depressurization conditions exhibited low degree of drug crystallinity, supercritical 

impregnations were then carried out in slow depressurization conditions (0.07 MPa.min-1). 

At 10 MPa and in the case of rapid depressurization conditions, there is a small peak in the 

DSC thermogram around the drug’s melting point (355 K) indicating that 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 depressurization rate was reduced (respectively experiment 1 and 



Chapter IV: Impregnation of silica 
 

 

  169  
  

2). This may be due to higher supersaturations of Fenofibrate in the fluid phase during a rapid 

depressurization. Importantly, in these conditions, the depressurization rate did not appear to 

affect the impregnation yield at low pressure (10 MPa). 

 

 
Figure IV.  7 DSC thermograms of impregnated silica. 

*dep: Depressurization rate. 

  

At higher pressures (16 and 20 MPa, experiments 3 and 7), when the impregnation was 

carried out using slow depressurization conditions, a plugging of the nozzles was observed. 

This was due to the high solubility of Fenofibrate in CO2 at high pressures. During the 

depressurization step, CO2 was supersaturated with Fenofibrate leading to its reprecipitation. 

Nozzle plugging was avoided by carrying out supercritical impregnation for the drug under 

saturation conditions of API.    

In these conditions (experiments 4 and 8), a low degree of crystallinity was obtained (1.1 % at 

16 MPa and 0.5 % and 20 MPa). At 20 MPa, by decreasing the depressurization rate and by 

working with an under-saturated fluid phase, the crystallinity degree was significantly 

reduced from 20.5 to 0.5 % (experiments 6 and 8). In these same conditions and even if the 

corresponding impregnation yield was reduced from 623 to 481 mgdrug/gsilica because of the 

lower concentrations of Fenofibrate in the fluid phase during impregnation, the yield was still 

in the range of expected values.  

Under slow depressurization conditions, the impregnation yield increases as the pressure is 

incremented from 10 to 16 MPa in different drug saturation conditions of the fluid phase 
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(experiments 2 and 4). A further increase in pressure up to 20 MPa (experiment 8), does not 

improve the impregnation yields even if the mass and therefore the concentration of 

Fenofibrate in scCO2 was increased. 

The drug loading of the supercritical impregnation at high pressures (> 485 mgdrug/gsilica at 16 

and 20 MPa) were improved compared to that obtained through the witness impregnation 

route (300 mgdrug/gsilica) while avoiding the use of organic solvent. By carrying out slow 

depressurization conditions, the degree of crystallinity of loaded Fenofibrate using 

supercritical impregnation was comparable (about 1 %) to that observed via the solvent 

method. 

 

IV. 5 Conclusion  

Our study aimed to improve the bioavailability of Fenofibrate by loading it in hydrophilic 

mesoporous silica. Supercritical impregnations were performed through a batch process at 

308 K and pressure varying between 10 and 20 MPa. The impregnation using incipient 

wetness was carried out using dichloromethane as the liquid solvent.  

Supercritical impregnation of silica with Fenofibrate led to high impregnation yields up to 

485 mgdrug/gsilica with an intended low drug crystallinity (as low as 1 %).  Those results are 

enhanced compared to those obtained using the incipient wetness (300 mgdrug/gsilica). 

Additionally, since no co-solvent was 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 technology was 

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 Chapter II, a 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 IOLs, 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 MPa), while 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 of a co-solvent 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 from P-HEMA 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. Therefore, a 

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 and 2.8 

g/mgIOL respectively and the highest impregnation yields for DXP and CIP in P-HEMA 

IOLs were 14.5 and 4.1 g/mgIOL 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 IOLs (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 scCO2 is carried out. These results indicate that impregnated IOLs 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 IOLs). 
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FTIR-ATR analyses were carried out on the non treated and impregnated IOLs (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 IOLs 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 aimed to improve the bioavailability of Fenofibrate by 

loading it in mesoporous silica. Supercritical impregnations were performed through a batch 

process at 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 300 mgdrug/gsilica in 48 h 

of impregnation, the supercritical impregnation method yielded loading up to 485 mgdrug/gsilica 

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 IOLs 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 IOLs 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 scCO2 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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Optical properties measurements are in progress in the framework of a collaboration with a 

Laure Siozade, Aix-Marseille Université. The first results are encouraging since results within 

the tolerance range of international standards were obtained. 

Impregnation experiments using soaking into liquid are of interest in order to compare 

impregnation efficiency with those obtained within this PhD work. Some tests performed in 

our laboratory show that the impregnation yields obtained by supercritical impregnation are 

significantly higher than those obtained by the soaking into liquid process following the 

methods described by (Aiache et al, 2008).  

Following this Ph.D. work, the In-vivo drug release and clinical tests will be key milestones of 

this study and may be expected in the framework of a collaboration with a private partner that 

has already started. 

The use of magnetic suspension balance would be of great interest, in order to follow the 

evolution of impregnation in time and to better understand the impregnation process. 

Finally, this study on IOLs impregnation provides important information on the feasibility of 

supercritical impregnation with two commonly used drugs in complications related to cataract 

surgery and can be extended to other drugs (as for the prevention of posterior capsular 

opacification, for glaucoma or also diabetes treatments). The developed method can also be 

applied to any kind of implants or prosthesis. Simultaneous loading of several drugs in the 

future is possible and is worth studying. 
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Appendix A 

 UV-Visible measurements 

 

UV-Visible (Jenway 6715) was used to determine the absorption wavelength of both drugs 

(DXP and CIP) used in our work. 

 

A. 1. Dexamethsaone 21-phosphat disodium (DXP)  

The absorption wavelength of DXP was determined by spectral analysis (using Jenway 6715 

UV/Vis) of solution simulating the aqueous humor (5 ml) containing 4 mg of DXP. A 

maximum wavelength of 248 nm has been found for DXP. 

 

The calibration curve, describing the absorbance versus the concentration of DXP in the 

solution simulating the aqueous humor, was determined spectrophometrically at 248 nm by 

analyzing a solution at 0.2 mg / ml successively diluted. Figure A. 1 illustrates the evolution 

of absorbance versus the concentration of DXP in the solution simulating the aqueous humor, 

the BEER Lambert relationship is applicable in the linear domain. 

 

 

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 simulating the 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 of CIP in the 

solution simulating the aqueous humor, was determined spectrophometrically at 277 nm by 

analyzing a solution at 0.2 mg/ml successively diluted. Figure A. 2 illustrates 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. 

 

 

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 IOLs (PMMA and P-HEMA) 

with DXP and CIP were carried out. The experiments were repeated three or four time to 

check the reproducibility of our results.  

B. 1. PMMA/ DXP 

As we can observe in the Table B. 1, repeatability 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 0IOL (*) Pressure m DXP imp y imp t release 

 

mg±0.2 bar µg µg drug/mg IOL days 

Without co-solvent  

DXP_1(1) 18.9 80 159±24 8.4±1.3 40 

DXP_1(2) 19.1 80 157±30 8.2±1.4 41 

DXP_2(1) 19.0 200 165±24 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 experiment in the middle 

of the experimental domain (DXP_ED_9) was repeated three times to verify the validity of 

the stated model. The results are reproducible.  
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Table B. 2  Repeatability of results for supercritical impregnation in DXP_ED_9. 

N° m 0IOL Amount of 

co-solvent 

t imp    
(x1) 
 

m DXP imp y imp t release 

 mg±0.2 %mol min µg µg drug/mg IOL days 

DXP_ED_9(1) 19.0 5.5 135 184 ± 19 9.44 ± 1.00 41 

DXP_ED_9(2) 20.1 5.5 135 215±22 10.68±1.14 40 

DXP_ED_9(3) 19.7 5.5 135 191±19 9.68±1.04 43 

B. 2. P-HEMA/ CIP 

 

Regarding the experimental design for the system P-HEMA/CIP, the experiment in the middle 

of domain (CIP_ED_IX) was repeated three time to verify the validity of the stated model. 

The results are reproducible.  

Table B. 3 Repeatability of results for supercritical impregnation in CIP_ED_IX. 

N° P t imp    (x1) 
 

m0IOL m CIP imp y imp t release 

 bar min mg±0.2 µg µgdrug/mgIOL Days 

CIP_ED_IX (1) 140 135 18.8 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 P-HEMMA/CIP). For this, an empirical mathematical model is 

used.  For validation of this model suitability, several techniques were used i.e. residual 

analysis, ANOVA (ANalysis Of VAriance) and prediction error sum of squares residuals 

(especially the coefficient of determination, R2). The model, once validated, was used 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: response m imp 

  Source of 
variation  

Sum of squares Degrees of 
freedom 

    Mean square       ratio     Signif    

 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 
Deviation 

    t.exp.        Signif. %   

  b0         0.2035       0.0167      12.19 < 0.01 *** 

b1          -0.0508       1.06     0.0104      -4.89 0.450 ** 

b2           0.0110       1.04     0.0094       1.17 29.5 

b1-1         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 
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C. 2. Results of the experimental design for the system P-HEMA/CIP 

 

Analyze of variance : response m imp 

  Source of 
variation  

Sum of squares Degrees of 
freedom 

    Mean square       ratio     Signif    

 Regression    2.87434 10-3 5  5.74868 10-4       160.9632 < 0.01 *** 

 Residues       1.66095 10-4 10  1.66095E-
0005 

  

   Validity    1.41095 10-4 3  4.70317 10-5        13.1689 0.289 ** 

   Error      2.50000 10-5 7  3.57143 10-6   

    Total      3.04044 10-3 15    

 

Estimates and statistics of coefficients: m imp 

Standard Error of the response      0.002 

R2        0.945 

R2A       0.918 

Nbre ddl 7 

  

    Nam        Coefficient    F.Inflation   Standard Error     t.exp.        Signif. %   

  b0          0.032        0.001      34.41 < 0.01 *** 

b1            0.012       1.06      0.001      20.94 < 0.01 *** 

b2            0.005       1.06      0.001       8.09 < 0.01 *** 

b1-1          0.006       1.18      0.001       8.63 < 0.01 *** 

b2-2         -0.001       1.18      0.001      -1.06 32.5 

b1-2          0.003       1.01      0.001       3.11 1.71 * 
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Study of residues of the response 

 

 

 

 

 

 

 

 



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 gdrug 

/mgIOL respectively and the highest impregnation yields for DXP and CIP in P-HEMA IOLs were 14.5 and 4.1 gdrug/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 CO2 at different pressures (10 to 20 MPa) and depressurization conditions (rapid and slow). Supercritical 

impregnation method yielded loading up to 485 g 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. 

 

IMPRÉGNATION SUPERCRITIQUE POUR L’ÉLABORATION DE SYSTÈMES DE DÉLIVRANCE DE 

MÉDICAMENTS 

 

Résumé 
Le procédé d’imprégnation en milieu supercritique est une alternative « propre » à l’imprégnation par voie liquide. Entre 

autres applications, les procédés d’imprégnation peuvent être utilisés pour l’élaboration de systèmes de délivrance de 

médicaments appliqués aux domaines pharmaceutique et médical. Cette étude porte sur l’élaboration de systèmes 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 

particulièrement, deux types de lentilles ont été étudiés : des IOLs rigides à base de PMMA et des IOLs souples à 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 l’humeur aqueuse. 

L’influence des conditions opératoires sur l’efficacité de l’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 l’imprégnation du DXP et CIP dans le 

PMMA sont de 18,3 et 2,8 gdrug /mgIOL respectivement et les taux d’imprégnation les plus élevés obtenus pour 

l’imprégnation du DXP et CIP avec le P-HEMA sont de 14,5 et 4,1 gdrug /mgIOL respectivement. Ces résultats indiquent une 

plus grande affinité 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 

homogène 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 l’imprégnation supercritique a 

permis d’obtenir des taux d’imprégnation pouvant atteindre 485 gdrug/mgIOL durant 120 min d’imprégnation, l’imprégnation 

conventionnelle a permis d'obtenir des taux de 300 gdrug/mgsilica après une imprégnation de 48 heures. Un faible degré de 

cristallinité (de l’ordre de 1%) comparable pour les deux techniques d’imprégnation a été obtenu.  

 

Mots-clés: systèmes de délivrance de médicament, imprégnation supercritique, lentilles intraoculaires, silice mésoporeuse. 
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