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Abstract 

 

The use of drug-loaded soft contact lenses (SCLs) systems can improve significantly the efficiency of 

ocular drug delivery when compared to eye drops. However, these devices are not commercially 

available since extended, controlled drug release is difficult to achieve. Incorporation of vitamin E in the 

lenses constitutes a strategy to overcome this problem. SCLs sterilization is mandatory to avoid eye 

infections. Depending on the sterilization method, drugs can be affected, as well as SCLs materials and 

drug release profiles.  

This work intends to study the effects of different types of sterilization: steam and pressure and gamma 

radiation at three doses (5, 15 and 25 kGy). Several drugs (chlorhexidine, levofloxacin, diclofenac and 

ketorolac) were tested concerning their eventual degradation and antimicrobial activity (chlorhexidine 

and levofloxacin). The SCLs used were commercial silicone-based SCLs (Acuvue®Oasys® and 1-Day 

Acuvue®TruEye®), whose properties (swelling, wettability, transmittance, ionic permeability and 

morphology) were studied. Drug release experiments were performed with the best sterilization 

conditions. From the point of view of drugs, the standout sterilization was, in general, steam and 

pressure and, for chlorhexidine and levofloxacin, 5 kGy gamma radiation. The most significant 

alterations of SCLs were: wettability decrease by steam and pressure, swelling increase by all radiation 

doses for Acuvue®Oasys® and surface irregularities with 25 kGy gamma radiation. Thus, steam and 

pressure and 5 kGy gamma radiation were the chosen sterilizations for drug release experiments. 

Different drug-SCL systems led to different results, implying that it isn’t possible to elect a single 

sterilization for all SCLs drug delivery systems. 

 

Key words: ocular drug delivery, contact lenses, drugs, sterilization, steam and pressure, gamma 

radiation. 
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Resumo 

 

O uso de lentes de contato (LCs) carregadas com fármacos pode melhorar significativamente a 

eficiência da entrega ocular de fármacos comparando com colírios. No entanto, estes sistemas não são 

comercializados pois a libertação controlada e de longa duração é dificil de conseguir. Incorporação de 

vitamina E nas LCs constitui uma estratégia para ultrapassar este problema. A esterilização das LCs é 

obrigatoria para não provocar infecções oculares. Dependendo da esterilização, fármacos, LCs e perfiis 

de libertação podem ser afectados.  

Este trabalho pretende estudar os efeitos de diferentes esterilizações: vapor e pressão e três doses de 

radiação gama (5, 15 e 25 kGy). Testaram-se vários fármacos (clorexidina, levofloxacina, diclofenac e 

cetorolac), estudando a sua eventual degradação e atividade antimicrobiana (clorexidina e 

levofloxacina). Usaram-se LCs comerciais (Acuvue®Oasys® e 1-Day Acuvue®TruEye®, 

Johnsons&Johnsons) estudando as suas propriedades (inchaço, molhabilidade, transmitância, 

permeabilidade iónica e morfologia). Realizaram-se experiências de libertação com as melhores 

esterilizações. Os resultados dos fármacos demonstraram que a esterilização mais destacada, em 

geral, foi vapor e pressão, e para a clorexidina e levofloxacina, a radiação gama (5 kGy). As maiores 

alterações nas LCs foram: diminuição da molhabilidade com vapor e pressão, aumento do inchaço com 

todas as doses de radiação para as Acuvue®Oasys® e irregularidades na superfície com radiação (25 

kGy). Assim, vapor e pressão e radiação gama (5 kGy) foram as esterilizações escolhidas para 

experiências de libertação. Todos os sistemas fármacos-LCs apresentaram resultados diferentes, 

concluindo que não é possível eleger um único método de esterilização para todos os sistemas de 

entrega com LCs. 

 

Palavras-chave: entrega ocular de fármacos, lentes de contato, fármacos, esterilização, vapor e 

pressão, radiação gama. 
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Introduction 

The main objective of the present master thesis is to study the effects of selected sterilization methods 

on drug loaded commercial silicone-based SCLs. In fact, although much work has been reported in the 

literature concerning the optimization of drug delivery from commercial silicone-based SCLs, to our 

knowledge, there are no studies reporting the eventual changes that sterilization procedure may induce. 

As sterilization is a procedure that all lenses have to be submitted to before use, this investigation seems 

to be of great importance.  

The thesis is divided in 5 principal chapters: theoretical fundaments, experimental, results and 

discussion, conclusions and future work, and bibliography. 

Chapter 1 begins with an overview on ocular drug delivery, where the necessity of developing new 

ocular drug delivery systems is explained, and, in particular, the reason why SCLs are one of the 

preferred platforms for this effect. The principal disorders of the anterior segment of the eye that can be 

treated with these systems are addressed, such as infections or inflammations, as well the principal 

drugs used in their treatment. The characteristics of the chosen commercial SCLs and drugs are 

described. Furthermore, being the lack of extended and controlled drug release a great concern in ocular 

drug delivery systems, some strategies to overcome these problems are presented, being one of the 

strategies (incorporation of vitamin E) adopted later, in the experimental work. The sterilization methods 

already in use for hydrogels and SCLs, as well for drugs, are stated, including their advantages and 

disadvantages. The sterilization methods chosen in this work are explained in detail in a sub-section of 

this chapter. It is also presented some theory about the studied properties of SCLs and the method used 

for determination of drug degradation. 

Chapter 2 describes the details of all the materials and methods used in this work. First, the conditions 

of the used sterilization methods are explained as well the specific preparation of the materials (SCLs 

and drugs) for each sterilization, since there are some differences regarding the preparation of the drugs 

for both sterilization methods. All the techniques used for the determination of the sterilization effects on 

the drugs and on the commercial SCLs are described in two different sub-chapters: Study of drugs and 

Characterization of soft contact lenses properties. The preparation of the drug loaded commercial SCLs 

and the conditions of the drug release experiments are explained in the next sub-chapter. Finally, it is 

explained how it was ensured the sterility of the commercial SCLs by the chosen sterilization methods.  

Chapter 3 reports all the results obtained, and it is divided in three principal sub-chapters: the sterilization 

effects on drugs, the sterilization effects on the commercial SCLs and the sterilization effects on drug 

loaded commercial SCLs. In the first sub-chapter, the degradation of all drugs was studied using high 

performance liquid chromatography (HPLC), by analyzing the obtained chromatograms and UV spectra. 

Antimicrobial assays performed with chlorhexidine and levofloxacin allowed to evaluate the loss of 

antimicrobial activity of both drugs against the same bacteria. The second sub-chapter describes the 

studies of the most important properties of contact lenses: swelling, wettability, transmittance, ionic 

permeability and morphology, before and after sterilization. The sterilization effects on the drug loaded 
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commercial SCLs were studied by comparing the different drug release profiles before and after 

sterilization, which are presented and discussed in the third sub-chapter. 

Chapter 4 presents the main conclusions of this work, stating if the chosen sterilization methods are 

adequate for the ocular drug delivery systems studied. Suggestions of future work are also advanced. 

The final chapter 5 presents all the references used throughout this master thesis. 
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1. Theoretical fundaments 

 

1.1. Ocular drug delivery 

Ocular drug delivery has been a challenge for the treatment of eye pathologies. This is mainly due to 

the low bioavailability of the drug in the eye, associated to the most common pharmacological 

treatments, and to a non-controlled release of the drug which can be as ineffective as prejudicial for the 

human body. 1,2 Currently, the typical route of drug administration to the eye, for its convenience and 

ease of use, is topical administration which can be divided into: solutions, gels, suspensions and 

ointments. The dosage form that is most commercially available is aqueous solution, such as eye drops 

which are extremely inefficient and lead to a minimal dose absorption of the drug (less than 7% of the 

drug delivered), due to anatomical barriers and physiological processes present in the eye. Barriers that 

limit the passage of molecules of drug to the inner part of the eye or processes like blinking, lacrimation 

and drainage decrease the drug bioavailability. To overcome this problem and to achieve the therapeutic 

effect that is required for the treatment, high concentrations of drugs are being used in a frequent dose 

regime. This can lead to great oscillations of the ocular drug level and to absorption of significant 

amounts of drugs into the blood stream that can be toxic and induce undesirable side effects. 1,3–6  

New ocular drug delivery systems are being developed to overcome the flaws present by the most 

typical delivery systems. These systems should release the drug in an extended and controlled manner 

(regarding release time and rate) that provides and maintain a drug level within the therapeutic window 

(Figure 1).  Furthermore, these new delivery systems need to fulfil certain criteria such as: 

biocompatibility, ease of use, comfort, not affect the vision and non-toxicity. 1,7  One of the ocular drug 

delivery systems that has gained a lot of attention is the contact lenses. 

 

Figure 1. Scheme that compares the different concentrations of the drug in the body depending on its dosage: 

single dose with high concentrations of the drug, several doses with lower concentration and controlled dosage 

release. Adapted from 8 
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Contact lenses are thin and curved shape discs that are designed to cover the cornea. They adhere to 

the tear film that is over the cornea by surface tension and lead to the separation of the tear film into the 

post-lens tear film and pre-lens tear film (Figure 2). 1,4,7  

 

Figure 2. Scheme showing the placement of a lens in the tear film. Adapted from 7 

Contact lenses have been essentially used with the purpose of vision correction like myopia, 

hypermetropia, astimagtism and presbyopia, but they were considered for therapeutic purposes when, 

in 1886, they were used as ocular bandages, containing drugs to prevent further complications after 

cataract surgery. However, drug delivery by contact lenses only raised interest in 1960s with the 

appearance of p(HEMA) hydrogel contact lenses, and from that time on, it became a huge research 

field. Scientists claim that these systems can improve the efficiency of the drug delivery until 35 times 

in comparison with eye drops.9 The first approach to load drugs into the lenses was the soaking in the 

drug solution, which increased the bioavailability of the drug in the eye when compared to more usual 

delivery systems such as eye drops, but still did not lead to a controlled and extended release. 4,7 One 

of the limitations of the soaking method, is the drug uptake in the contact lens matrix, that is determined 

by several features of the system drug/matrix (solubility of the drug in the matrix, molecular weight of 

the drug, composition of the matrix, thickness of the matrix, etc.). Another limitation is the initial burst in 

the drug release that tends to happen in the first few hours, and is followed by the release of the 

remaining drug in a small number of hours. 1,3,10 

Nowadays, the contact lenses can be classified according to the purpose of use in: non-therapeutic 

(vision correction and cosmetic), specialized (a special treatment) and therapeutic contact lenses. The 

therapeutic contact lenses can be used to corneal protection, corneal pain relief, mechanical protection 

of ocular surface, as a bandage for wound healing and post-surgical conditions and to prolong the drug 

bioavailability in association with eye drops application. However pre-loaded drug contact lenses are 

not yet commercially available mainly due to the need of carry on more studies to develop new devices 
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that allow a controlled and extended release of the drugs and are efficient and attractive for industry. To 

overcome this problem many strategies for the controlled release of drugs are being investigated.3,11  

1.1.1. Commercial contact lenses  

Contact lens, which nowadays are being used by approximately 100 million people, only had a great 

increase of popularity with the development of acrylic polymers, first poly(methylmethacrylate) (PMMA) 

in 1936 and then poly(2-hydroxyethyl methacrylate) (p(HEMA)) in 1954. The advantage of these 

polymers derives mainly from the combination of great transparency and good mechanical properties. 

Since then, the design of new polymers to achieve better properties had a huge burst. One of the main 

concerns in designing new polymers had to do with its biocompatibility, since a contact lens is a synthetic 

device placed on a unique natural environment, where is immersed on the tear film but is also exposed 

to the air.3,12 Other concerns to the design of new polymers are the required properties for a contact lens 

such as: water content, oxygen permeability, transmittance, ionic permeability, wettability, mechanical 

strength, resistance to deposition of components of the tear film, user’s comfort and ease of use. In 

1998, silicone hydrogel contact lenses were launched in the market. They allowed an extended wear 

due to their high oxygen permeability and soon became the most used type of lenses. 13–15 

The commercial contact lenses can be divided into groups regarding the composing materials and wear 

time, as illustrated by the scheme in the Figure 3. According to the wear time they are divided into 

disposable and extended contact lenses. The disposable lenses are generally daily, and the extended 

lenses can be used from one to six nights or up to 30 days. 13–15 Regarding the materials, there are 

hard/rigid gas permeable contact lenses and soft contact lenses. 

 

Figure 3. Scheme representing the types of contact lenses. 
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Besides this classification, Food and Drug Administration has the designation of hydrophobic lenses 

(adopting the suffix –focon) to the hard/rigid lenses and hydrophilic lenses (adopting the suffix –filcon) 

for the soft contact lenses.  

The hydrophobic or hard/rigid contact lenses made with PMMA had a great transparency but fell into 

disuse because of its low water content which made them uncomfortable for the user. This problem was 

solved with hydrophilic or soft contact lens with the appearance of p(HEMA), which improved the 

flexibility, the user’s comfort and the oxygen permeability, since p(HEMA) hydrogels are slightly cross-

linked what allows the absorption of great amount of water in which the oxygen can diffuse to the cornea. 

But even with this improvement, some clinical and laboratory studies revealed a poor physiological 

response of the anterior part of the eye, so contact lens made of materials with even higher oxygen 

permeability were needed. Since the contact lens cover the cornea, if it blocks the normal oxygen supply 

to the eye it can lead to corneal hypoxia which may cause several damages to the eye besides a huge 

user’s discomfort. To overcome this limitation, materials with silicone emerge. Silicone is a transparent 

elastomer that has a high permeability to oxygen and carbon dioxide, which has a minimal interference 

with the corneal respiration, avoiding corneal hypoxia. The limitation of silicone material is its 

hydrophobicity that comes from the silicone elastomer, which causes discomfort to the user’s eye.  In 

order to address this problem, the hydrophobic silicone monomers are combined with hydrophilic 

monomers like hydroxyethyl methacrylate (HEMA), methacrylic acid (MAA) or N-vinylpyrrolidone (NVP), 

to achieve the great oxygen permeability from silicone and the water content from the hydrophilic 

monomers.3 However, the miscibility of the hydrophobic silicone with hydrophilic monomers is very 

difficult, so two approaches are being utilized to solve this: insertion of polar groups or the use of 

macromers. 16,17 

Contact lenses made of silicone hydrogels become very popular and evolved into three different 

generations of silicone hydrogel contact lenses described in Table 1. The main differences between 

these lens materials lie in their water content and oxygen permeability, which are shown in Figure 4. 

16,17  
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Table 1. Commercial contact lenses regarding its generation and material. 

* The lens 1-Day Acuvue TruEye made of Narafilcon B were replaced later by the lens made with Narafilcon A. 

 

Figure 4. Comparison between the different generations silicone hydrogel contact lenses materials regarding 

their water content and oxygen permeability. 16 

* This lens 1-Day Acuvue TruEye is made of Narafilcon B being replaced later by the lens of Narafilcon A. 

 

The first generation, which includes materials such as balafilcon A, lotrafilcon A and lotrafilcon B have 

distinct and separated hydrophilic and silicone phases. They are known by their high oxygen 

transmissibility, low water content and high elasticity modulus. They require surface treatments to keep 

the silicone hiding from the surface to achieve a wettable surface. The second generation that includes 

galyfilcon A, senofilcon A and Narafilcon A and B, uses silicone and hydrophilic monomers combined 

with macromers, and agents such as vinylpyrrolidone as monomer (NVP) or polymer (PVP) are added 
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to improve internal wetting. In comparison with the previous generation, the water content is higher and 

the elasticity modulus is lower. In the first and second generation the main source of silicone is a 

modified TRIS1 monomer. However, in the third generation, that includes Comfilcon A and Enfilcon A, 

the source of silicone comes only from macromers. These lenses maintain high oxygen transmissibility, 

and have higher water content (although do not contain internal wetting agents) but lower elasticity 

modulus than those of the first generation. 16–22 Asmofilcon A is one of the newer materials of the third 

generation contact lenses that is submitted to a plasma surface treatment to provide a better comfort to 

the user and to reduce symptoms of dry eye during the contact lens wear time. 19 

In this work two commercial contact lenses of second generation are used: Acuvue® Oasys® which can 

be used for two weeks (daily wear) or six consecutive nights (extended wear) and 1-Day Acuvue® 

TruEye® which is a daily contact lens. Some of the more relevant properties of these two commercial 

contact lenses are present in the Table 2. 

Table 2. Commercial contact lenses characteristics and properties. 16,23–27 

Lens Acuvue® Oasys® 1-Day Acuvue® TruEye® 

Manufacturer Johnson & Johnson Johnson & Johnson 

Lens type Silicone hydrogel Silicone hydrogel 

Lens Material Senofilcon A Narafilcon A 

Principal monomers* 
mPDMS, pHEMA, DMA, 

TEGDMA, PVP, SiGMA, 

mPDMS, pHEMA, DMA, 

TEGDMA, PVP 

Wetting technology 
Internal wetting agent Polyvinyl 

pyrrolidone (PVP) 

Internal wetting agent Polyvinyl 

pyrrolidone (PVP) 

Water content (%) 38 46 

Oxygen transmissibility (Dk/t) 

(cm/sec) 
147 x 10-9 118 x 10-9 

Oxygen permeability (Dk) 103 100 

Centre thickness (mm) 0.070 0.085 

Diameter (mm) 14.0 14.2 

Base curve 8.4 8.5 

UV Protection Class 1 Class 1 

*mPDMS: monofunctional methacryloxypropyl terminated polydimethylsiloxane; pHEMA: poly(2-hydroxyethyl methacrylate); 

DMA: N,Ndimethylacrylamide; TEGDMA: tetraethyleneglycoldimethacrylate; PVP: poly(vinyl pyrrolidone); SiGMA: 2- propenoic 

acid, 2-methyl, 2-hydroxy-3-(3-(1,3,3,3-tetramethyl-1-(trimethylsilyl)oxy)disiloxanyl)propoxypropyl ester; 16,23–27 

                                                           
1 TRIS or 3-[Tris(trimethylsiloxy)silyl]propyl methacrylate is the silicone monomer that provides high oxygen 
permeability to silicone-based contact lenses. 



 

7 
 

These commercial contact lenses were chosen due to their characteristics:  great water content and 

oxygen transmissibility, small thickness, great wettability, and UV blocking capacity. In fact, the high 

wettability of these lenses obtained with a considerable amount of wetting agent ensures a great comfort 

to the user. Furthermore, the blocking of more than 90% of UVA rays and more than 99% of UVB rays 

is not very common in soft contact lens and have a great importance in protecting ocular tissues from 

damages caused by this radiation. Both lenses are commercially available for vision correction purposes 

such as nearsightedness (myopia) and farsightedness (hypermetropia). Acuvue® Oasys® can be used 

by patients that have other conditions like astigmatism and presbyopia, as well.20,24–28 

1.1.2. Drugs for ocular therapy  

The eye is an organ with a very complex anatomy and physiology. It can be divided into two main 

segments: anterior and posterior. The anterior segment occupies one-third of the eye, while the posterior 

segment occupies the rest of the eye. The anterior segment include tissues such as lens, cornea, iris, 

conjunctiva and ciliary muscle, while the posterior segment include tissues like sclera, choroid, retinal 

pigment, epithelium and optic nerve (Figure 5).4,29–31 Both segments of the eye are affected by different 

vision diseases, and for each segment there are preferable routes of ocular drug administration. The 

possible routes include topical, systemic, intravitreal and periocular (includes the peribulbar, subtenon, 

subconjuctival and retrobulbar route) (Figure 5). The anterior segment of the eye responds well to topical 

drug administration, while the posterior segment usually requires systemic routes of drug administration. 

Periocular routes exploit the permeability of sclera for retinal drug delivery. 29–31  

 

Figure 5. Constitution of the eye and possible routes of ocular drug administration. Adapted from 6 

The focus of this work will be mainly the anterior segment of the eye, where the most prevalent disorders 

include infections, inflammatory reactions, cataracts, dry eye conditions and traumas. 4,29,32  
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Ocular infections and inflammations 

The external surface of the eye (e.g. lids and conjunctiva) has a natural microbial flora, where some 

organisms, such as Staphylococcus, can reside. However, an abnormal growth of the microbial 

population or the colonization by pathogenic microorganisms can temporary lead to a disequilibrium in 

the flora. To fight this, the eye has several defence mechanisms such as mechanical protection from 

the lids, blinking, antimicrobial effect from the tear fluid, etc. But despite all these defensive mechanisms, 

organisms like bacteria, fungi, parasites and viruses can cause eye infections. The anterior segment of 

the eye, being exposed to the exterior is more subjected to infections and inflammation such as keratitis 

(in the cornea) and conjunctivitis (in the conjunctiva). 33,34 

Keratitis is a corneal inflammation, which can be caused by infections involving parasites, bacteria, fungi 

or viruses. 35 One of the most prejudicial keratitis forms is the acanthamoeba keratitis (AK) provoked by 

the acanthamoeba parasite. This species is found in the soil or in fresh water, and is able to from cysts 

that are very resistant, thus facilitating the occurrence of infections. The prevalence of AK varies in 

different countries, but generally there are a great number of AK cases reported among contact lens 

wearers, especially those that use soft contact lenses. Other risk factors for the occurrence of this 

disease are the contact with contaminated water (e.g. swimming pools) or eye trauma (e.g cuts). AK 

causes pain in the cornea and photophobia in early stages. The most common treatment for this disease 

is based on topical administration of antimicrobials solutions that contain disinfectant of the biguanides 

group, such as chlorhexidine, that are effective against cysts. The treatment with these compounds has 

been very successful, leading to rapid pain relief and eliminating the infection in only four weeks. 

Chlorhexidine is also widely used as an antibacterial agent since it acts against Gram-positive bacteria 

such as Staphylococcus aureus, and Gram-negative bacteria (less the Pseudomonas species). It is also 

active against yeasts. The chlorhexidine concentration used in eye drops is 0.02%, corresponding to 

200 µg/mL, which should not be increased due to the risk of being toxic to the eye. 36,37  

Bacterial keratitis is other common ocular infection, being one of the most threatening to the vision. This 

disorder is the second most common cause of blindness after cataracts. Factors that influence the 

appearance of this disease include, among others, the use of contact lenses, eye trauma and post ocular 

surgery. There are several bacteria responsible for this condition: Staphylococcus aureus, 

Staphylococcus epidermis and Streptococcus pneumonia are the most common Gram-positive bacteria; 

Pseudomonas aeruginosa is the most common Gram-negative bacteria. The incidence of these different 

bacteria and the main reasons for bacterial keratitis vary from country to country (especially between 

the western countries and the developing countries) 38,39 Topical treatment with antibiotics is the most 

used. There are bactericidal antibiotics that act to kill bacteria, and bacteriostatic antibiotics that only 

reduce the growth of bacteria. Furthermore, some antibiotics are referred as broad-spectrum, acting in 

a variety of bacteria, both Gram-positive and Gram-negative, while other antibiotics can be more specific 

in its target organisms. 40 Fluoroquinolones are the most used bactericidal and broad-spectrum 

antibiotics to treat bacterial keratitis. Among the most common fluoroquinolones are: ciprofloxacin and 

ofloxacin (second generation fluoroquinolones), levofloxacin (third generation fluoroquinolones) and 

moxifloxacin and gatifloxacin (fourth generation fluoroquinolones). The antibiotics evolved into new 



 

9 
 

generations due to the development of resistant organisms, and to increase the activity against bacteria. 

33,40,41 In this work only levofloxacin is going to be studied. This drug, compared to earlier antibiotics 

(such as ciprofloxacin), has greater activity against Gram-positive bacteria but lesser against Gram-

negative bacteria. 41 Levofloxacin is commercially used in eye drops with a concentration of 0.5% or 

1.5%, corresponding to 5 mg/mL or 15 mg/mL, respectively. The total duration of treatment as well the 

periodicity of each dose administration depends from case to case. 42 

Conjunctivitis is a very common inflammation of the conjunctiva causing red eyes, discharge and 

discomfort. The most reported causes of conjunctivitis are bacterial, viral or allergic. Bacterial 

conjunctivitis is due to infections with bacteria such as Streptococcus pneumonia and Staphylococcus 

aureus, whose treatment matches the treatment of bacterial keratitis. 33,43  

Besides ocular infections, as keratitis and conjunctivitis, ocular inflammations frequently occur, 

especially after surgeries such as cataracts surgery. Cataracts are a disease that can cause blindness 

or partial loss of vision, being the major responsible for vision loss. Nowadays, the vision restoration in 

these cases can be achieved with cataracts surgery, but, ocular inflammation frequently occurs after the 

surgery, producing pain and sensitivity to the light, or even more severe complications. 44,45 The use of 

nonsteroidal anti-inflammatory drugs (NSAIDs) is the most common procedure to treat this condition. 

These drugs act as inhibitors of cyclooxygenases (COX) which are key enzimes responsible for the 

conversion of compounds involved in inflammation. The NSAIDS came to replace the steroidal agents 

which have undesired effects such as decreased immunological response to infection and even 

formation of cataracts, among others. Nowadays, there are four NSAIDS approved by US Food and 

Drug Administration: diclofenac, ketorolac, bromfenac and nepafenac. In this work we will focus on two 

types of NSAID drugs: diclofenac, as diclofenac sodium salt, and ketorolac, as keterolac tromethamine. 

45 Both diclofenac and ketorolac are used in patients that are recovering from cataract surgery to treat 

conditions of pain, redness and swelling of the eye, but besides this, diclofenac can be used too in 

patients that are recovering from corneal refractive surgery, to relieve pain and sensitivity to the light. 

46,47 Diclofenac sodium ophthalmic solution is commercially used at 0.1%, corresponding to 1 mg/mL, 

and keterolac tromethamine ophthalmic solution is commercially used at 0.5%, corresponding to 5 

mg/mL. 48,49 

In the Table 3 it is possible to see the main characteristics of the four drugs which are being studied in 

this work. 
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Table 3. Drugs characteristics. 49–54 

Drugs name 
Chlorhexidine 

Diacetate 
Levofloxacin 

Diclofenac 

Sodium Salt 
Ketorolac Tromethamine 

Classification Antiseptic Quinolone antibiotic 
Nonsteroidal anti-

inflammatory 

Nonsteroidal anti-

inflammatory 

Effects 
Anti-Infective, 

disinfectant  
Antibiotic 

Anti-inflammatory, 

antipyretic and 

analgesic 

Anti-inflammatory, antipyretic 

and analgesic 

Action 

description  

Bactericidal by 

destruction of 

the integrity of 

the microbial cell 

membrane 

Bactericidal by 

inhibition of key 

enzimes involved in 

DNA replication and 

transcription 

Non-selective 

COX inhibitor 
Non-selective COX inhibitor 

Chemical 

name 

(1E)-2-[6-

[[amino-[(E)-

[amino-(4-

chloroanilino)me

thylidene]amino]

methylidene]ami

no]hexyl]-1-

[amino-(4-

chloroanilino)me

thylidene]guanid

ine 

(-)-(S)-9-fluoro- 2,3-

dihydro-3-methyl-

10-(4-methyl-1-

piperazinyl)-7-oxo-

7H-pyrido[1,2,3-de]-

1,4benzoxazine-6-

carboxylic acid 

hemihydrate 

2-[(2,6-

Dichlorophenyl)a

mino]benzeneacet

ic acid sodium salt 

2-amino-2-

(hydroxymethyl)propane-1,3-

diol;5-benzoyl-2,3-dihydro-

1H-pyrrolizine-1-carboxylic 

acid 

Chemical 

structure 

 
  

 

Chemical 

structure 

groups 

Acetic acid 
Quinoline carboxylic 

acids 
Arylalkanoic acid Pyrrolizine carboxylic acid 

Molecular 

formula 
C26H38Cl2N10O4 C18H20FN3O4 C14H10Cl2NNaO2 C15H13NO3 · C4H11NO3 

 

1.1.3. Strategies for controlled drug release in lenses 

Among the various alternatives for ophthalmic drug delivery, soft contact lenses (SCLs) are one of the 

preferred systems, since contact lens wearers are increasing every year. In comparison with other drug 

delivery systems (e.g. eye ointments, insert films, iontophoresis systems) SCLs are more comfortable, 

biocompatible and can be worn for a longer period of time. They improve the drug bioavailability, the 

patient compliance and ensure a lower systemic absorption. 
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Although SCLs can be a platform that corrects a vision problem and, at the same time, treat an ocular 

pathology, they can be used by patients without vision problems, treating only the ocular pathology.  

The most common method to load the drug into the lenses is by soaking it in the drug solution.  However, 

with this method usually, the drug release profile is not controlled: an initial burst of drug release occurs 

and the remaining drug is released in the following hours. This happens due to the lack of specific 

interactions between the SCL hydrogel and the drug. 55,56 The drug release from a SCL is controlled by 

the diffusion of the molecules within the material of the lens, which release duration depends on the 

molecular diffusivity (that is the Dion or ionic permeability in mm2/min) and on the path length that the 

molecule needs to pass through, which for typical contact lenses is the thickness. The time release can 

be controlled by these two principal parameters, where it could be extended if the molecular diffusivity 

decreases or the path length increases. 57 

To overcome the pointed limitations there are several approaches being studied now, some of them are 

here explained: 55,56 

 Incorporation of chemical substances/groups in the SCLs hydrogels that can act as ligand to 

specific groups present in the drug. 56,58 

 Incorporation of cyclodextrins (CDs), into the SCLs hydrogels structure to interact reversibly and 

non-covalently with drugs, creating a complex drug-CD where the stronger the interaction, the 

slower the dissociation of the drug. This is possible due to the capability of cyclodextrins, as a 

cyclic oligosaccharide, to include the drug in its hydrophobic cavity, forming a complex. This 

also increases the solubility of low water soluble drugs.  59,60 

 Supercritical solvent impregnation, which uses the supercritical fluid technologies to impregnate 

and disperse drugs in the SCL hydrogel creating high-affinity cavities for them. The drugs are 

dissolved and compressed into high volatile fluids using temperatures and pressures above its 

critical temperature and pressure. In these conditions the drugs are impregnated in the hydrogel 

matrix. 61,62 

 Molecular imprinting, a technology that incorporates functional monomers with specific chemical 

groups that interacts with a given drug, optimizing its distribution to achieve the maximum 

efficiency between the hydrogel-drug interactions. This optimization is achieved when drug 

molecules are added to the monomers solution during polymerization, acting as templates, 

where monomers form a non-covalent complex with the drugs and are crosslinked into the 

hydrogel matrix. When the polymerization is over, the drugs are removed leaving imprinted 

pockets in the hydrogel with the best arrangement (size and chemical groups) for the specific 

drug. 59,63,64 

 Colloidal nanocarriers, which are aggregates in nanometric size that modulate the incorporation, 

concentration (partition coefficient) and the release kinetic of a drug from SCLs. These 

nanocarriers are incorporated into the hydrogel before or after polymerization, and the drug 

loading can take place before or after this incorporation. There are nanocarriers as emulsions, 

micelles, liposomes and nanoparticles. The liposomes can be incorporated in the hydrogel to 

load hydrophilic drugs inside their aqueous core or hydrophobic drugs in its lipid bilayer, or can 
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be immobilized on the SCLs surface requiring a few chemical reactions for its attachment. 4,9,63 

Nanospheres can be functionalized to encapsulate hydrophilic or hydrophobic drugs, protecting 

them from external agents. Core-shell nanoparticles fabricated with hydrophobic polymers and 

hydrophilic polysaccharides are being studied to encapsulate hydrophobic drugs that can be 

slowly released. 65 

 Molecules used as diffusion barriers to the drugs. The goal here is to extend the drug release 

by making the drug go through a tortuous path until its diffusion. The barrier can be solid or an 

impermeable liquid to the drugs and has to be biocompatible. Due to the highly percentage of 

hydrophilic ophthalmic drugs being charged at physiological pH the hydrophobic molecules are 

more likely to form barriers. 66,67 

 

 

Figure 6. Schematic representation of some approaches used for extended drug delivery in contact lenses. 

1,4,59,68 

In this work, vitamin E molecules will be used to act as barriers in the path of the drug molecules to 

retard its release, according to the scheme presented in Figure 7. Vitamin E is an extremely hydrophobic 

molecule with very low water solubility which implies that hydrophilic drugs will diffuse through the lens 

by a tortuous path around the hydrophobic barriers increasing the drug release duration. 66,67 Studies 

were also performed with hydrophobic drugs to explore its transportation through the lens, and the 

results showed that vitamin E can act as a barrier for hydrophobic drugs too.  Therefore, SCLs loaded 

with vitamin E can be a platform to deliver both hydrophilic and hydrophobic drugs. 69 Some advantages 

of using vitamin E are its biocompatibility and relatively low effect on oxygen transport to the eye. 70 

Besides, vitamin E is a potent antioxidant which is being studied to protect retinal injuries and for 

cataracts prevention, although some studies affirm that its effect has no clinical significance for the latter 

application. 71–74  The loading of vitamin E in the lens can be done by soaking into a vitamin E-ethanol 

solution, which makes the lens swell very quickly allowing the entrance of vitamin E. The quantity of 

vitamin E needed for an extended and controlled release of the drugs without changing the critical lens 
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properties such as oxygen and ion permeability and transparency was determined to be about 20% in 

weight for the lenses used in this study. 66,67,70 

 

 

Figure 7. Representation of the drug molecule diffusion path through the contact lens with vitamin E barriers. 57,75 

 

1.2. Sterilization 

 

Sterilization refers to any process, chemical or physical, where all the living microorganisms are 

eliminated (removed) or killed, thus it is a fundamental process in many healthcare industries, including 

the ophthalmic industry, where the drugs and devices have to be sterile to cause no harm to the patients. 

However, it is important to distinguish sterilization from two different concepts that can be confused, 

disinfection and antisepsis. A disinfection agent leads to the elimination of most pathogenic 

microorganisms, usually through a chemical action, but sometimes using physical processes such as x-

rays or ultraviolet light. An antiseptic prevents the action or growth of microorganism by inhibition of their 

activity or by its destruction. 76 It is important to guarantee the sterility of several pharmaceutical 

preparations or devices, such as: injections, non-injectable fluids, ophthalmic preparations, dressings, 

implants, absorbable haemostats, surgical ligatures or sutures and some instruments and equipment 

which contact directly with body fluids and mucous membranes. 77 

There are two main ways to obtain sterility, by an aseptic process or by a terminal sterilization, being 

the last one the most preferred. An aseptic process is considered a passive treatment that relies on the 

pre-sterilization of the product and the final container before going to a cleanroom where they are 

aseptically assembled. For this process there are risks of high level. Terminal sterilization, is an active 

method that exposes the final product in its final container or packaging to an environment that destroys 

the microorganisms, through thermal, chemical or irradiation treatments. The terminal sterilization 

ensures the elimination of the existent bioburden (microbial load). 76,78,79  

Furthermore, there is a probability referred as the sterility assurance level (SAL) that is defined as the 

probability of a single viable microorganism occurring in the sterilized product. The SAL is usually 

expresses as 10-n, and by Pharmacopeias in general, after sterilization the SAL of an item should be 10-

6, which means that the probability of a microorganism survive to the sterilization process is one in one 

million.80,81  The efficacy of the chosen sterilization method is evaluated through microbial tests.  
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Some of the most used sterilization methods are presented in Figure 8. 

 

Figure 8. Common sterilization methods. 82,83 

1.2.1. Hydrogels sterilization 

It is important to take into account the impact of the sterilization technique on the properties of the 

material that is being sterilized. Conventional methods can have negative impact on the material such 

as production of toxic residues, and changes of chemical, physical or mechanical properties. So, it is 

important to choose the adequate sterilization method for a specific biomaterial. 84–86 Some sterilization 

methods can have a huge impact on polymeric structures. 87 The challenge in sterilizing hydrogels is 

the maintenance of their physiochemical, biological and mechanical properties, while the sterilization 

level that is required by regulatory entities is achieved. 86 Some of the most used sterilization methods 

of hydrogels are steam at high temperature and pressure (autoclave), gamma radiation, ethylene oxide 

and ethanol. However each method has its own advantages and disadvantages. Some of the main 

concerns with these sterilization methods regarding hydrogels are addressed here: 

 Steam sterilization, due to the high temperature, pressure and humidity can lead to hydrolysis, 

degradation or softening of some polymers. So, to apply this method it is important to 

understand the heat sensitivity of the hydrogel used. 78,85,88 Steam can also be used to, 

simultaneously, produce and sterilize the hydrogel. In this way, the final product will be ready to 

be used without requiring an extra sterilization step. 89 

 Gamma radiation is probably the most popular sterilization procedure for heat-sensitive 

materials being instantaneous, non-toxic and highly penetrating. However, it can be associated 

to some changes in the molecular structure of polymers, since it can generate radicals and/or 

ions that lead to cleavage or cross-linking. Gamma radiation is not only used to sterilize but also 

to crosslink several hydrogels. 78,87  
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 Ethylene oxide sterilization, being a low temperature process, does not cause significant 

changes in the hydrogels and can be applied to a wide range of materials. It is an alternative 

method to gamma sterilization for heat-sensitive materials. However, this method may leave in 

the sterilized polymeric material, ethylene oxide residues that are toxic and potentially 

carcinogenic. 83,88  

 Ethanol treatment is one of the least aggressive sterilization methods which has minimum 

effects on mechanical properties of some hydrogels, being capable to eliminate bacteria. 

However, there is the risk that proper final sterilization could not be achieved which means that 

ethanol may be used preferentially as an antiseptic. It is mainly used with biodegradable tissue 

engineering scaffolds. 90,91  

New methods with relevance are now emerging without so many drawbacks for polymers, being one of 

them the application of dense phase and supercritical CO2. This method shows many advantages over 

other methods being a low temperature process, non-toxic, non-reactive, highly penetrating and with 

easily removable residues, not compromising the biomaterials properties. 92  

1.2.1.1. Soft contact lenses sterilization 

The commercial SCLs, after manufacturing, are sealed into plastic containers called blister packs, which 

are often made of non-polar resins that frequently contain polymeric materials among others. These 

blister packs contain a packaging solution: a buffered saline solution that often contains agents, such 

as surfactants, to increase the initial comfort and improve the wearing time of SCLs. These final 

packages are submitted to a terminal sterilization. The common sterilization method is steam sterilization 

by autoclaving. The disadvantage of this method is the limited number of blister pack materials that can 

withstand the elevated range of temperature and pressure used in this sterilization process. In this way, 

it is important to have a sterilization method that is effective in sterilizing the content of the blister packs 

without affecting substantially their properties, including the SCLs properties. An alternative method that 

is being studied to sterilize commercial SCLs and their blister packs is gamma radiation. 93   

1.2.2. Drugs sterilization 

For pharmaceutical products there are five main sterilization methods that are usually recommended by 

Pharmacopeias in general: dry heat, steam, filtration, ionizing radiation and ethylene oxide. The most 

common methods are: steam, filtration and ionizing radiation 77 which are briefly described below:  

 Steam sterilization is the standard and most used procedure for pharmaceutical sterilization 

mostly for its versatility and reliability. However, the high temperatures used may cause 

significant degradation of some drugs that are thermally labile. 77 

 Filtration is mainly used when drug solutions have heat sensitivity. It ensures a lower sterility 

level in comparison to other terminal sterilizations, so it is mainly used as an aseptic process. 

 Ionizing radiation can be divided mainly in electron beam radiation and gamma radiation.  Both 

have the advantage of being fast methods without using high temperatures. Electron beam 

sterilization is more limited than gamma radiation in the ability of penetrating some dense 

products. In this way, gamma radiation is probably the most attractive alternative for 
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pharmaceutical compounds sterilization, having significant advantages over the other 

processes, such as isothermic properties, non-toxicity, high penetration, and its use is 

increasing every year. However, it can degrade some chemically labile drugs, mainly when the 

drugs are in aqueous solution, due to the reaction between the species that are generated by 

water radiolysis (mainly hydroxyl radicals, hydrogen radicals and aqueous electrons) and the 

drug solute, which gives rise to radiolytic products. Nevertheless, the sterilization of drugs in 

aqueous solutions is more interesting than in solid state, because in the latter case the drug has 

still to be dissolved and a terminal sterilization, which is preferable, is not possible. Drugs 

degradation may be minimized by optimizing the dose irradiation and the sterilization conditions. 

Different strategies have been attempted to limit the diffusion of reactive species in aqueous 

solution, 94–96 such as :  

o Addition of a radio-protecting excipient to the solution, which could scavenge some of 

the reactive species formed by the water hydrolysis. Some of the excipients reported in 

the literature are: mannitol, nicotinamice (vitamin B3) and pyridoxine (vitamin B6), which 

react with the hydroxyl radical, and, in the last two cases, also react with the aqueous 

electron. 95,97 

o Irradiation of the solution at subfreezing temperatures, limiting the diffusion of reactive 

species (cryo-irradiation). In this process, samples may be frozen and irradiated in dry 

ice (-75⁰C or 198 K). 94–96 

 

1.2.3.  Sterilization methods  

In this work, two sterilization processes are used to sterilize the commercial SCLs, the drugs and the 

drug-loaded SCLs. The sterilization methods chosen are steam and pressure and gamma radiation 

sterilization because they seem to be the most adequate for sterilising drugs and lenses together and 

are easily accessible.  

1.2.3.1. Steam and Pressure 

Steam and pressure sterilization is a terminal sterilization method that involves the use of saturated 

steam under pressure at a particular temperature and for a defined time, using an autoclave. This 

sterilization method is widely used since it is non-toxic, inexpensive, fast and easy to manage. To 

understand this sterilization method it is  important to know its basic principles, its critical factors and its 

processing cycle.98 

By this method, the sterilization of a contaminated item occurs when the steam has direct contact with 

the item and transfers to it its stored energy. The steam has high amounts of energy, much higher than 

dry air or water, and it is this energy (enthalpy of vaporization) that is used in the sterilization process. 

For the energy transfer from the steam to the item, the steam must condense on the surface of the item, 

becoming moist, giving up in this phase alteration (vapour to liquid), its latent heat to the contaminated 

item, allowing its proper sterilization (Figure 9). In this process, moist destroys microorganisms by the 

irreversible denaturation and coagulation of structural proteins and enzymes of the microorganisms. The 
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air removal of the autoclave is essential for the sterilization and must occur before the steam direct 

contact with the contaminated item. This is done during a phase called pre-conditioning phase of 

sterilization. If the air removal fails the steam could have excess of non-condensable gases which will 

cause an unsuccessful sterilization. 98 

 

Figure 9. Sterilization process by the condensation of steam in the surface of the item. 

Critical factors for the assurance of a successful sterilization include the time, the temperature and the 

pressure. The time of sterilization is a critical factor since there is a required minimal amount of time to 

kill all the microorganisms. This time depends on the organisms present in the items to be sterilized, 

since they do not dye all at the same time. One of the key processing parameters is the D-value, which 

corresponds to the time needed to reduce the microbial population by 90% for each organism at a proper 

temperature. A typical cycle of sterilization includes an exposure for at least 20 minutes at 121⁰C that 

for the worst cases of contamination (where the bioburden is very high) ensures a SAL of 10-4, which 

means that there is 1 in 10 000 chances of a single viable microorganism surviving in the process. By 

increasing the exposure time, the SAL decreases and the efficacy of the sterilization process increases. 

Thus, to ensures a SAL of 10-6 (the recommended SAL by Pharmacopeias) extra time is used while 

autoclaving. Along with the time, the temperature is another critical factor since the amount of time 

needed depends on the temperature of the chamber. In Figure 10 it is possible to see that with a 

dramatic increase of temperature, the required time for sterilization is minimal. The required pressure 

for sterilization has a direct relation with the temperature, and for the typical cycle of 121⁰C, the pressure 

needed is approximately 1 bar. 98 
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Figure 10. Relation between the time and temperature in steam and pressure sterilization: times needed to get at 

different temperatures the same effect as 12 min at 121ºC. Adapted from 98 

A steam and pressure sterilization cycle typically consists in three phases:  

 Heating or pre-conditioning phase: all the air is evacuated and replaced with steam. This 

process usually happens by gravity or by using a vacuum system (or pre-vacuum). In the gravity 

displacement, the steam enters the chamber and, due to its density being higher than that of 

air, it compresses the air to the bottom of the chamber where it is forced to flow out through a 

drain. A vacuum system is used to remove the air and only then the steam is introduced in the 

chamber. 98–100 

 Sterilization or exposure phase: the sterilization of the contaminated item occurs by 

condensation of the steam on its surface, at a time and temperature set by the user. 98,99 

 Drying or post conditioning phase: the steam is evacuated, the items are cooled and the 

chamber pressure is brought to the atmospheric pressure.98,99 This can happen using three 

main methods: fast exhaust (gravity), slow exhaust (liquid) and vacuum drying (or post-vacuum). 

By fast exhaust the steam exits through a valve that is open, without mechanical assistance 

and, when the pressure is near zero, the door of the autoclave can be opened and the items 

removed. It is a simple but not the fastest method. By the slow exhaust method, which is more 

indicated for liquids, the cooling down is gradual, which allows the liquids that will be super-

heated to cool down. By the vacuum drying method, a vacuum systems pulls and condensates 

the steam though a drain. The longer this phase is, the cooler and dryer will be the items, 

however it should not be used in liquids due to the fast pressure reduction to avoid the liquids 

from boiling over.100,101 

 

1.2.3.2. Gamma Radiation  

Gamma radiation sterilization is a physical and terminal method of sterilization that uses gamma rays, 

which are a form of electromagnetic radiation of very high energy. Gamma radiation is an ionizing 

radiation, which has short wavelength and does not lead to a significant increase in temperature. This 

makes this procedure specially indicated for products that do not resist to methods with high 
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temperatures such as autoclaving. Nowadays, gamma radiation is widely used to sterilize medical 

devices, pharmaceuticals, biological products, etc.84,102,103 

Gamma sterilization consists in the application of determined radiation dose for a certain time period, 

depending on the used rate and the product to be sterilized. Thus, the important parameters for the 

irradiation are: radiation dose, time, rate and nature and dimensions of the product. This last ones are 

important since the thickness and volume of the product will influence the time required for the 

sterilization. 84,102  

Gamma rays may be obtained from the self-disintegration of Cesium-137 (137Cs) or Cobalt-60 (60Co), 

being the last one the principal source of gamma rays in most facilities. 102 

The sterilization occurs due to the action that ionizing radiation has on living organisms, where bacteria 

are killed by destruction of its DNA, inhibiting bacterial division. The high energy photons which have a 

high penetration power, impinge the contaminated product and cause electron displacement (ionization) 

(Figure 11). This process creates several ionization products that will transfer their energy for the 

surroundings, until equilibrium is achieved. As a result, the action of radiation in sterilization can be 

divided into direct and indirect effects. Direct effects appear from the direct collision between radiation 

and microorganisms, which can damage their DNA or vital functions leading to death. Indirect effects 

are due to the generation of free radicals in the water molecules, such as the hydroxyl radical (OH•), 

the aqueous electron (e-aq•) and the hydrogen radical (H•). These free radicals, as highly reactive 

species, react with vital components of living organisms, leading to their death. Indirect effects can 

damage until 90% of the DNA in living organisms, thus, they have a great significance for an efficient 

sterilization.84,103 Gamma radiation is highly effective in the destruction of microorganisms, and does not 

leave residuals in the sterilized products. The energy of the used gamma rays should be limited (5 MeV) 

to avoid induced radioactivity. 84  

 

Figure 11. Ionization process, where is possible to see the interaction of the gamma rays with an orbital electron 

of an atom of the product being sterilized. 

It is important to notice that the ionization process may lead to activity loss for some pharmaceuticals, 

creation of radiolytic products, changes on polymers physical or chemical properties and, in 

consequence, changes in the drug release profiles from drug loaded systems.  
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Relative to the radiation dose used, both the European Pharmacopeia and the United States 

Pharmacopeia indicate that the SAL of the sterilized product must be 10-6. The European pharmacopeia 

relies on a reference radiation dose of 25 kGy to assure this SAL, while the United States pharmacopeia 

indicates that the radiation dose must be effective and selected according to the product tolerance to 

the radiation dose, and it could be lower or higher than 25 kGy.104 Regarding drug delivery systems, 

there are numerous studies that are being conducted to optimize the irradiation parameters to achieve 

an efficient sterilization for each drug delivery system, while it does not affect the drug, the platform and 

the drug release. 105 

1.2.4. Sterility testing 

In order to confirm the success of the sterilization, the European Pharmacopeia and the United States 

Pharmacopeia describe two sterility tests: direct inoculation of the culture medium and the membrane 

filtration. The direct inoculation method is the chosen method to verify the sterility of materials, 

meanwhile the membrane filtration is the chosen method to verify the sterility of pharmaceutical 

products. 81,106 

In this work it was only performed a sterility test for the commercial contact lenses, so the used method 

was the direct inoculation of the culture medium, which is recommended too by the Portuguese 

Pharmacopeia 9 .This sterility test is applied to items that are free of bacterial contamination and is done 

by the incubation of an item or part of an item in a specific medium that contains all the needed nutrients, 

for a time and temperature adequate, for the grow of microorganisms. If the item is contaminated with 

microorganisms, they will grow during the incubation and its presence will be noticed by the appearing 

of turbidity in a medium that initially was clear. 81,106 

 

1.3. Characterization 

1.3.1. Soft Contact Lenses 

1.3.1.1. Swelling 

Contact lenses are generally made of hydrophilic hydrogels, i.e. cross-linked materials with a capability 

of absorbing great amount of water without dissolving. This ability is due to the hydrophilic groups in the 

polymer structure such as the hydroxylic functional group (-OH), carboxylic functional group (-COOH), 

NVP (C6H9NO), among others. When a hydrogel is in contact with an aqueous solution, its network 

starts to swell (Figure 12) due to the affinity between the water and the hydrogel chains. The force 

induced by the cross-links present in the network counterbalance the swelling force, until the two forces 

became equal and the swelling equilibrium is reached. 107,108 
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Figure 12. Representation of the swelling with absorption of a solvent in hydrogels. 109 

1.3.1.2. Wettability 

The properties of the hydrogel surface influence directly the comfort and the performance of soft contact 

lenses. In particular, the interactions of contact lenses with the tear film are important for ocular 

biocompatibility, since the lens surface needs to support a stable ocular tear film layer. 110 This property 

is especially important for silicone-based soft contact lenses due to the presence of siloxane groups 

which are responsible for the decrease of surface wettability and increase in lipid deposition. To 

overcome this problems, several strategies are used in the manufacturing of silicone-based soft contact 

lenses including the incorporation of hydrophilic monomers such as NVP or surface treatments. 111,112 

The wettability of a material by a liquid is assessed by measuring the contact angle which is the angle 

formed by the tangent to the liquid/vapour interface with the solid/liquid interface at the three-phase 

boundary. The Young’s equation (Equation 1) relates the contact angle (𝜃), with the interfacial tension 

between solid and vapour (𝛾𝑠𝑣), the interfacial tension between the solid and liquid (𝛾𝑠𝑙), and the 

interfacial tension between the liquid and vapour (𝛾𝑙𝑣). 110 

𝑐𝑜𝑠 𝜃 =
𝛾𝑠𝑣−𝛾𝑠𝑙

𝛾𝑙𝑣
  Equation 1 

The contact angle of water is used to evaluate the hydrophobicity that a hydrogel presents (Figure 13). 

High contact angle means low wettability of the hydrogel, which is said to be hydrophobic. Otherwise, if 

the value of the contact angle is low, the surface is hydrophilic. The higher the wettability of a lens 

surface, the greater the stability of the tear film over the surface lens. A hydrophilic surface contains 

polar groups that have great affinity to the water, while in a hydrophobic surface predominate apolar 

groups.  113 

 

Figure 13. Representation of the water contact angle (θ) on a hydrophilic surface and a hydrophobic surface. 



 

22 
 

The wettability can be measured by several techniques, being the most used for soft contact lens, the 

sessile drop and the captive bubble (Figure 14). In the sessile drop technique a drop of the liquid is 

placed on the top of the surface that is being analysed, while in the captive bubble method an air bubble 

is inserted below the surface, which is immersed in the liquid. In both methods the contact angle is 

measured with a goniometer. 112  

 

Figure 14. Contact angle for both methods. Left image: sessile drop; Right image: captive bubble. 

1.3.1.3. Transmittance 

The sunlight is a portion of electromagnetic radiation which includes infrared (IR), visible (VIS) and 

ultraviolet (UV) light. The visible spectrum, which is the only portion that we can see, spans wavelengths 

in the range 400-700 nm. The ultraviolet light, which is harmful to the eye, its divided in three bands, the 

UVC (100-280nm), the UVB (280-315nm) and the UVA (315-400nm), being the UVC radiation non 

dangerous for the human health since it its absorbed by the oxygen and ozone in atmosphere. In this 

way, the spectral transmittance is an especially important property for a good performance of soft 

contact lenses. On the one side the lens must have a high transmittance in the visible spectrum and 

thus a low absorbance in this range, and on the other side the lens must block the UV-radiation, 

absorbing the maximum radiation in this range to avoid damages in the eye. 114 

To obtain the transmittance it is used a UV-Vis spectrometer. The UV-Vis spectrometer is capable of 

measuring the absorbance of the lens from the incident light (I0) of a determined wavelength and the 

transmitted light (It) (Figure 15).  

 

Figure 15. Schematic of the incident light (I0) and transmitted light (It) passing through a lens in a cuvette. 
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Then using the Equations 2 and 3 that correlate the absorbance, A, read by the UV-Vis spectrometer 

with transmittance, T, it is possible to determine the transmittance of the lens (Equations 2 and 3): 

𝐴 = − log(
𝐼𝑡

𝐼0
 )  Equation 2 

𝑇 = 10−𝐴  →  %𝑇 = 10−𝐴 × 100  Equation 3 

where, 𝐼𝑡 is the transmitted light and 𝐼0 is the incident light. 

1.3.1.4. Ionic permeability 

The ionic permeability of SCLs measures the capacity of ions, in particular Na+ and Cl- , to pass through 

the contact lens matrix. In the eye, the tear layer covers both sides of the contact lens and behaves as 

a dilute salt solution. The ionic permeability is a critical property for contact lens motion on the eye and 

its user’s comfort. 115 The ionic permeability, which is also called ionoflux diffusion coefficient, 𝐷𝑖𝑜𝑛, is 

defined under pseudo-steady state conditions, by the equation: 

𝐹∗𝑉

𝐴
= 𝐷𝑖𝑜𝑛 ∗

𝑑𝐶

𝑑𝑥
   Equation 4 

where 𝐹 is the rate of ion transport, 𝑉 is the volume of the receiving chamber solution, 𝐴 is the area of 

the lens and  
𝑑𝐶

𝑑𝑥
 is the initial NaCl concentration gradient across the hydrogel of thickness 𝑑𝑥. 

1.3.1.5. Morphology 

The morphology of the lenses was analysed using a Scanning Electron Microscope (SEM). SEM uses 

an electron beam with a wavelength shorter than the wavelength of light, allowing the observation of 

structures down to several nm. When a spot is illuminated with the electron beam, various signals are 

emitted depending of the shape, density and elements of the material which is being analysed. These 

signals include secondary electrons, backscattered electrons, X-rays, etc. The most used signals to 

form an image by SEM are the secondary electrons, which are the result of the collision between the 

electrons from the incident beam and the electrons from the most external parts of the sample. 

Depending on the incidence of the electrons, the intensity of the generated secondary electrons will 

differ, so the most subtle variations in the roughness of the surface will be detected accordingly to the 

signal intensity. 116  

The samples preparation is an important step to achieve good images from SEM. They must be in an 

appropriate size to fit in the chamber that contains the specimens. For the surface imaging the 

specimens being analysed must be electrically conductive in the surface, therefore non-conductive 

samples must be coated with an ultrathin coating materials which has to be electrically conducting (e.g.  

gold or chromium). 
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1.3.2. Drugs 

1.3.2.1. Degradation 

To evaluate any eventual degradation of the drugs after sterilization, high performance liquid 

chromatography (HPLC) was used before and after the sterilization of the drugs.  

HPLC is the major analytical tool in drug discovery and development, being used worldwide. It is a 

chromatographic process that separates components based on a forced transport of a mobile phase 

that carries the mixture of analytes to be analysed, through a porous media which is the stationary 

phase. The different interactions between the different analytes and the stationary phase result in 

different migration times for the components of the mixture. 117 Liquid chromatography can be classified 

according to the types of interactions between the analytes and the stationary phase and according to 

the relative polarity of both phases, mobile and stationary. There are four different HPLC techniques, 

being the principal distinctive characteristic among them, the dominant types of molecular interactions 

established: polar forces for normal-phase HPLC, dispersive forces for reversed-phase HPLC, ionic 

forces for ion-exchange HPLC and the absence of forces and specific interactions for size-exclusion 

HPLC. In all cases there is a competitive process where the molecules of analytes compete with the 

molecules of the mobile phase for the adsorption sites on the stationary phase surface. The stronger 

the interactions between the molecules of the mobile phase and the molecules of the stationary phase, 

the lower is the analyte retention. 117 

In this work, reversed-phase HPLC (RP HPLC) was used, being the most popular among the different 

HPLC techniques. Nearly 90% of the analyses of samples with low molecular weights are performed 

with RP HPLC. This technique is based on dispersive forces which are hydrophobic or van der Waals 

interactions. Relatively to the phase’s polarity, the surface of the stationary phase is hydrophobic and 

the mobile phase is polar being generally water based solutions. It is called reverse phase due to the 

phases being reversed relatively to the normal-phase HPLC where the mobile phase is mainly non-polar 

and the stationary is polar. 117 

A scheme of the HPLC components is presented in Fiigure 16. The operating method is the following: 

the mobile phase or the solvent is delivered by a high-pressure pump that generates a specific flow rate 

for the mobile phase; an injector introduces the sample containing the analytes into the flowing mobile 

phase that will carry it to the HPLC column; the column contains the material for the separation (the 

stationary phase); the mobile phase leaves through the detector and it is send to waste or collected; the 

detector is connected to a computer where is recorded the electrical signal to generate a chromatogram. 

118 
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Figure 16. Schematic representation of High Performance Liquid Chromatography. 118 

The detector of the HPLC is a UV-Vis detector, which detects and identifies the analytes in the sample. 

For this, the detector reads the attenuation of light at different wavelengths, based on the Beer’s law. 119 

This law states that a concentration of a substance (c) is directly proportional to the absorbance (A) of 

the solution: 

𝐴 = 𝜀 × 𝑙 × 𝑐   Equation 5 

where 𝜀 is the molar absorptivity and 𝑙 is the path length. 
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2. Experimental 

2.1. Materials 

2.1.1. Contact lenses 

The contact lenses used were commercial silicone based SCLs from the ACUVUE® Brand of Johnsons 

& Johnsons, LDA: 

 1-Day ACUVUE® TruEye®, with HYDRACLEAR® PLUS (Johnson&Johnson), dioptre -2.50, 

Narafilcon A, 46% H20 

 ACUVUE® OASYS®, with HYDRACLEAR® PLUS (Johnson&Johnson), dioptre -00.50, 

Senofilcon A, 46% H20 

 

2.1.2. Drugs 

In this work were studied 4 drugs, which are listed below: 

 Chlorhexidine diacetate hydrate 98%, from Acros Organics, Fisher Scientific 

 Levofloxacin ≥98% (HPLC), from Sigma-Aldrich® 

 Diclofenac Sodium Salt, from Sigma-Aldrich® 

 Ketorolac Tromethamine, from Fluka Analytical 

 

2.1.3. Others 

Other products were used in this work: 

 Sodium Chloride PA, from Panreac 

  (+/-)-A-TOCOPHEROL, from Sigma-Aldrich® 

 D-Mannitol ≥ 98.0%, from Sigma-Aldrich®. 

 Mueller-Hinton Agar CM0337, from Thermo Scientific Oxoid 

 Disks Blank Antimicrobial Susceptibility, from Thermo Scientific Oxoid 

 Triethylamine ≥99%, from Sigma-Aldrich® 

 Methanol RPE, from Carlo Erba Reagents 

 Acetonitrile RS, from Carlo Erba Reagents 

 Orto-Phosphoric Acid 85% for analysis, ACS, ISO, from Panreac 

 Potassium phosphate monobasic, from Sigma-Aldrich® 
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2.2. Methods 

2.2.1.  Sterilization 

2.2.1.1. Steam and Pressure 

In this work the autoclave used was a vertical steam sterilizer UNICLAVE 88 of 380V (Figure 17) from 

the Laboratório de Engenharia Biomolecular e de Bioprocessos (LEBB) at IST. The drying of this 

autoclave can be processed by vacuum using a thermal shock or by slow exhaust. The used method 

was slow exhaust. 

.  

Figure 17. Vertical Steam sterilizer Uniclave 88. 

The sterilization parameters used for all drugs, commercial SCLs and the drug loaded commercials 

SCLs were: 121⁰C, 1 bar and 1 hour. It was used 1 hour instead of the typical 20 minutes because it is 

the time used to sterilize the commercial SCLs. The drugs were sterilized in solution which concentration 

and preparation (water or NaCl) is different depending on the drug. For the chlorhexidine diacetate 

solution the concentration used was 5 mg/mL and it was prepared in distilled and deionized (DD) water 

due to its limited solubility in saline solution. For levofloxacin solution the concentration was 5 mg/mL in 

NaCl (130mM) aqueous solution. For both non-steroidal anti-inflammatory drug solutions, diclofenac 

sodium salt and ketorolac tromethamine, the concentration used was 2 mg/mL in NaCl (130mM) 

aqueous solution. The preparation of the drugs solutions is always the same throughout the work. The 

commercial SCLs were sterilized in two solutions: DD water to replicate the preparation of chlorhexidine 

and NaCl aqueous solution (130mM) to replicate the others drugs preparations. The drug loaded 

commercial SCLs were sterilized in the respective drug solution. 

2.2.1.2. Gamma Radiation 

The gamma irradiation was performed in Centro de Ciências e Tecnologias Nucleares (C2TN) of IST. In 

this work three different radiation doses were used: 5 kGy, 15 kGy and 25 kGy. As the dosing rate was 

approximately 5 kGy per hour, the time used for each dose was respectively: 1 hour, 3 hours and 5 

hours. The source of gamma rays was 60Co. The drugs were sterilized in three different conditions for 

each radiation dose: in solution, in solution with 5% of mannitol and in powder. The preparation of the 

drug solutions was the same already described for sterilization with steam and pressure. The 

commercial SCLs were sterilized in DD water and NaCl aqueous solution (130 mM) as it was done for 
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steam and pressure sterilization. The loaded commercial SCLs were sterilized in the respective drug 

solution. 

2.2.2. Study of drugs 

2.2.2.1. Determination of drug degradation 

To the drug degradation determination, all drug solutions (non-sterilized and sterilized) were diluted until 

a concentration of 0.1 mg/mL. The drug powders (sterilized by gamma radiation) were diluted in the 

appropriate solution (chlorhexidine in DD water and the remain drugs in NaCl aqueous solution of 130 

mM) until achieve this concentration too. Calibration curves were made differently for each drug 

depending on its linearity range. From the chromatograms obtained, all the drugs final concentration 

was taken out using the respective calibration curve.  The concentration of the sterilized drugs in all 

studied conditions was compared to the concentration of the non-sterilized respective drug and the 

results are presented in % relatively to the non-sterilized drug. 

The flow rate used for the mobile phase was 1 mL/min. For each drug a different mobile phase was 

used. For chlorhexidine it consisted on acetonitrile and potassium phosphate monobasic solution (0.02 

mol/L at pH 2.5) in the ratio of 40:60 respectively120. For levofloxacin was used water, acetonitrile, orto-

phosphoric acid and triethylamine in the ratio of 86:14:0.6:0.3 respectively121. For diclofenac was used 

orto-phosphoric acid  (0.05 M), acetonitrile and methanol in the ratio of 40:48:12 respectively122. For 

ketorolac was used phosphate buffer (2.72 g of potassium phosphate monobasic, 1 L of DD water and 

1 mL of triethylamine, at pH 3.0) and methanol in the ratio of 45:55 v/v respectively.123 All the tests were 

done at least in triplicate. 

The HPLC system was the Waters® e2695 family of Separation Modules and the column used was a 

Waters Reversed-Phase Column C18. The detector was a Photodiode Array Detector Waters 2996. 

The computer software was the EmpowerTM PDA Software from Waters. 

2.2.2.2. Determination of minimal inhibitory concentration of antibacterial drugs  

The antimicrobial activity of the drugs was performed in Instituto Superior de Ciências da Saúde Egas 

Moniz and it was assessed by the determination of the minimal inhibitory concentration (MIC), that is 

the lowest concentration of the drug that is capable of inhibiting the visible growth of an organism in 

plates, after overnight incubation (Figure 18).124 This assay is performed against specific bacteria. In 

this work two bacteria were used accordingly to the drug studied. For both, antiseptic chlorhexidine and 

antibiotic levofloxacin, a gram-positive bacteria was used, the Staphylococcus aureus, and one 

additional gram-negative bacteria was used for levofloxacin, the Pseudomonas aeruginosa. The used 

method was the agar diffusion method with Mueller Hinton (MH) growth medium. The procedure consists 

in impregnating with the drugs (mostly antibiotics), paper disks placed in an agar plate with bacteria, 

which are then incubated. If the drug kills the bacteria or stops its grow, after the incubation there will 

be an area around the disk, called inhibition halo, where it will be visible that the bacteria did not grow. 

The size of the halo depends on the effectiveness of the drug against that specific bacteria. The bigger 

is the inhibition halo, the more effective is the drug.  
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Figure 18. Representation of the inhibition halos in the MIC determination. 

First the MH agar was prepared accordingly to the instructions of the manufacturer (38g MH agar / 1L 

DD water) and sterilized by autoclaving at 121⁰C for 20 minutes. After the sterilization, the medium is 

placed in a water bath at 50⁰C to lower and stabilize its temperature. While the medium stabilizes its 

temperature the bacterial suspensions that are going to be added to the agar medium are prepared. 

This preparation depends on the bacteria used. For the gram-positive bacteria, the bacterial 

concentration used is 1 McFarland, while for gram-negative bacteria it is 0.5 McFarland. The bacterial 

suspension is prepared by taking out bacterial colonies from the respective bacterial isolated, and 

resuspending them in a saline solution until the final bacterial concentration is achieved. The MH agar 

medium and the bacterial suspension are then mixed in a falcon by adding 50 mL of MH agar to 350 µL 

of the bacterial suspension. The solution must be gently mixed and homogenized. Then the solution 

was carefully spread in a square petri dish to avoid the formation of air bubbles, and is left to solidify at 

room temperature. After the solidification of the medium, which is very fast, the blank discs, which will 

be impregnated with the drugs solutions, are placed in the medium with sufficient space between them 

to not interfere with the inhibition halo of each other’s. Over each blank disk was pipetted 15 µL of 

different concentration drug solutions, which were prepared previously with different dilutions: 240; 120; 

60; 30; 15; 7.5; 3.75 µg/mL. For each petri dish, a disk which was impregnated with the sterilized solvent 

used for the drug solution, was used as negative control. For chlorhexidine, the negative control was 

sterilized DD water while for levofloxacin it was sterilized NaCl solution (130mM). After approximately 

30 minutes, the petri dish was turned upside down and incubated at 36⁰C for 24h. After the incubation, 

the diameters of the formed inhibition halos were measured. The inhibition halo with smaller diameter 

corresponds to the MIC. All tests were done in triplicate. 

2.2.2.3. Determination of drugs antimicrobial activity 

Antimicrobial assays were performed in Instituto Superior de Ciências da Saúde Egas Moniz to 

determine if the drugs were still active after sterilization. The agar diffusion method was used and so the 

followed procedure was the same as the one used for MIC determination. The concentration of the 

solutions used were 60 µg/mL for chlorhexidine, and 75 µg/mL for levofloxacin. All tests were done in 

1 2 

3 

4 

6 7 
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quadruplicate in two different weeks. It is possible to see in the figure 19 the disks arrangement, the 

respective sterilization conditions and some photographs as example. 

 

Figure 19. Disks distribution on the petri dishes and the respective photographs. 1: Without sterilization; 2: 

Autoclave solution; 3: 5 kGy solution with mannitol; 4: 15 kGy solution with mannitol; 5: 25 kGy solution with 

mannitol; 6: Negative control (drug solvent); 7: Negative control (drug solvent including mannitol); 8: 5 kGy 

solution; 9: 15 kGy solution; 10: 25 kGy solution; 11: 5 kGy powder; 12: 15 kGy powder; 13: 25 kGy powder; 14: 

Negative control (drug solvent) 

For the concentration determination, a calibration curve that correlates the drug concentration and its 

correspondent diameter halo was used. The concentration of the sterilized drugs in all studied conditions 

was compared to the concentration of the non-sterilized respective drug and the results are presented 

in % relatively to the non-sterilized drug. 

2.2.3.  Contact lenses characterization 

2.2.3.1. Swelling 

In this work swelling kinetics assays were performed to understand if the capability of absorbing water 

by the hydrogel changed with the sterilization, indicating if the matrix of the hydrogel was altered. The 

assays were made for both commercial SCLs before and after all sterilizations at two temperatures, 4⁰C 

and 36⁰C. These temperatures were used since the drug uptake is made at 4⁰C and drug release at 

36⁰C. Before the swelling kinetics assays, the weight of the dried contact lens is measured. Then, the 

lens is immersed in DD water and is incubated at the respective temperature. At pre-determined time 

intervals, the lens was taken out of the water solution, gently dried with absorbent paper and then 

weighted and immersed again in water at the same temperature. This is done until the swelling 

stagnates. The lenses were weighted at 1, 2, 6, 9 and 24 hours. 
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The swelling capacity (𝑆𝐶) is defined by the following formula: 

𝑆𝐶 =
𝑊𝑡−𝑊0

𝑊0
× 100   Equation 6 

where 𝑊𝑡 is the weight measured at a certain time and 𝑊0 is the dried lens weight. 

2.2.3.2. Wettability 

In this work the captive bubble method was used to analyse the wettability of the hydrated lens. Before 

the experiment, the lens was hydrated in DD water for 24 hours. Then the lens was attached under a 

solid surface with double sided tape, which was immersed in DD water. An air bubble was placed below 

the lens surface using a micrometer syringe with a needle inverted in the edge. Several images were 

taken over a determined period of time to study the evolution of the contact angle over time. The contact 

angles were measured at room temperature. At least nine air bubbles were done for each lens, being 

recorded 14 images for each one over 1 minute. The images acquisition was performed by a video 

camera JAI CV-A50 connected to a microscope WildM3Z and to a frame grabber Data translation 

DT3155. A picture of the apparatus indicating the main components is shown in the figure 20. 

 

Figure 20. Photograph of the used goniometer. 

For the contact angle measurements, the image analysis was performed by the ADSA-P software 

(Axisymmetric Drop Shape Analysis Profile) that fits the Laplace equation of capillarity (Equation 7) to 

the profile of the presented bubbles:  

∆𝑃 = 𝛾(
1

𝑅1
+

1

𝑅2
)   Equation 7 
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where ∆𝑃 represents the difference of pressure in the interface air/liquid, 𝛾 is the surface tension of the 

liquid, 𝑅1 and 𝑅2 represent the main radii of curvature of the bubble. 125 

2.2.3.3. Transmittance 

The absorbance measurements were made in a quartz cuvette. Before the experiments it was 

necessary to set the zero of the spectrometer with air in the cuvette. For the measurement of the contact 

lens, it was previously hydrated in water DD and cut properly to be placed in the lateral surface of the 

quartz cuvette. The absorbance was measured in the range of 200-700 nm, at least in triplicate, in 

different zones of the lens. The UV-Vis spectrometer used was the Multiskan™ GO Microplate 

Spectrophotometer from Thermo Scientific. 

2.2.3.4. Ionic permeability  

The ionic permeability was measured using a homemade poly(methyl methacrylate) (PMMA) horizontal 

diffusion cell, which is constituted by two compartments: one donor chamber and one receiving 

chamber. The donor chamber was filled with 24 mL of aqueous solution NaCl (130 mM) while the 

receiving chamber was filled with 32 mL of DD water. The contact lens, previously hydrated in DD water, 

is placed in an aperture between both chambers with a 9,98 mm of diameter. A conductivity measuring 

sensor was placed in a slot in the receiving chamber to measure the conductivity (µS/cm) over time 

(Figure 21). 

 

Figure 21. Schematic of the ionic permeability experiment. 

The conductivity measurements were converted into NaCl concentrations (mg/mL) using a calibration 

curve previously obtained. From the recorded conductivity as a function of time, the value of the rate of 

ion transport, F, was obtained and the ionic permeability was calculated using equation 4 already 

presented. 

All the experiences were made at least in duplicate, for a minimum of 10 hours, recording the 

conductivity automatically for each hour, at 36⁰C. The conductivity measuring instrument used was the 

Handheld meter Cond 340i from WTW. 
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2.2.3.5. Morphology 

In the present work, SEM images were taken to analyse the lens surface and the matrix. Prior to the 

SEM imaging, the lenses must be prepared. For both analyses the lenses were hydrated and blotted 

with an absorbent paper. For the surface imaging, the lenses were cut in small pieces, placed in a -80⁰C 

freezer for 1 day and then lyophilized overnight. For the matrix imaging, the entire hydrated lenses were 

frozen in liquid nitrogen for a few seconds, broken into small pieces (with the aim of not damaging the 

lens matrix in the normal cutting of the lens) and lyophilized overnight. After lyophilisation, for both 

imaging analyses the samples were coated with chromium and then analysed by SEM with different 

magnifications: 1 000x, 3 000x, 10 000x and 20 000x. The SEM used was a Field Emission Gun (FEG) 

SEM JEOL JSM-7001F. The chromium deposition was done in a Q150T ES from Quarum Technologies 

equipment. The SEM imaging and the chromium deposition were done in the MicroLab, Electron 

Microscopy Laboratory of IST. 

2.2.4. Drug loading/release experiments 

2.2.4.1. Preparation of the drug loaded materials 

2.2.4.1.1. Vitamin E incorporation 

Vitamin E as a studied strategy to extended release of drugs, was used in this work with two drugs: 

chlorhexidine and levofloxacin, being loaded into the SCLs before the drug loading. First, the lenses 

were washed from the packaging solution with DD water and then air-dried overnight and weighted to 

get their dry weight. Then the lenses were soaked in 3 mL of a solution of vitamin E in ethanol at room 

temperature for only 3 hours, since in ethanol solution they swell a lot in a short period of time. After this 

period, the lenses were removed from the solution very carefully, since they became very swollen and 

fragile, and were air-dried overnight in order to get their dry weight after vitamin E incorporation. The 

initial dry weight of the lens subtracted from this final dry weight, expresses the amount of vitamin E 

incorporated into the lens. Finally, the lenses were ready for the drug incorporation. For the preparation 

of the solution of vitamin E in ethanol, different concentrations of vitamin E were selected for both contact 

lenses, to achieve 20% (w/w) of vitamin E loading. This value was reported in previous studies to yield 

the best release profiles. For ACUVUE® Oasys® the solution concentration must be 40 mg of vitamin 

E per 1 mL of ethanol, and for 1-Day ACUVUE® TruEye® the concentration must be approximately 

41.685 mg of vitamin E per 1 mL of ethanol. The measurement of dry weight of the lenses, before and 

after the vitamin E loading step, confirmed that the vitamin E loading of 20% was achieved. 

2.2.4.1.2. Drug incorporation 

For the drug incorporation into the SCLs, the soaking method was used, where the lenses were 

immersed into a drug solution with a known concentration, for 7 days at a temperature of 4ºC. A soaking 

time of 7 days was used to ensure the equilibrium between the amount of drug incorporated in the lens 

and in the solution. For the SCLs already incorporated with vitamin E the soaking time of the SCL in the 

drug solution is increased to three weeks, to ensure the uptake of the drug. The temperature of loading 

was chosen after preliminary swelling experiments carried out at three different temperatures, with both 

commercial SCLs: 4ºC, room temperature and 36ºC. These experiments demonstrated that the swelling 
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of the lens is higher at 4ºC and lower at 36⁰C; for this reason the drug incorporation should be greater 

at 4⁰C, as well. 

Before the soaking, the lenses were washed from the packaging solution with DD water and gently 

blotted with dry absorbent paper. Then, the lenses were air-dried overnight and its dry weight was 

measured for further calculations of the drug release. After, the dry lenses were immersed in 3 mL of 

drug solution previously prepared. The drug solutions were prepared in the same way already explained 

for both sterilization methods used: the chlorhexidine solution was prepared in DD water with a 

concentration of 5 mg/mL, the levofloxacin solution was prepared in aqueous solution of NaCl (130 mM) 

with a concentration of 5 mg/mL and the non-steroidal anti-inflammatory drug solutions (diclofenac and 

ketorolac) were prepared in NaCl aqueous solution (130 mM) with a concentration of 2 mg/mL. 

2.2.4.2. Drug release testing 

Drug release experiments were carried out in 5 mL of NaCl solution (130 mM), at 36⁰C and 180 rpm in 

a shaker (Incubating Mini Shaker from VWR). Before the experiment, the lenses were taken out of the 

drug loading solution, soaked in DD water and blotted with dry absorbent paper. Then they were 

immersed in the NaCl (130 mM) solution. The drug concentration was determined by collecting a sample 

of 0.5 mL from the supernatant, which was replaced by 0.5 mL of fresh NaCl solution (130 mM). Aliquots 

were taken out each hour for the first 8 hours and, after that, each 24 hours until the stagnation of the 

drug release. The concentration of the drug release was determined by UV-Vis spectroscopy 

(Multiskan™ GO Microplate Spectrophotometer of Thermo™ Scientific) in a characteristic wavelength 

for each drug, based on the principles of Beer’s law.  

The wavelengths used were: 255 nm for chlorhexidine, 290 nm for levofloxacin, 276 nm for diclofenac 

and 315 nm for ketorolac. Calibration curves with concentrations inside the linearization range of the 

spectrophotometer were determined for each drug.  

2.2.5. Sterilization test of the contact lenses  

It were performed sterility tests for both commercial SCLs sterilized by steam and pressure and by 5 

kGy gamma radiation, by the direct inoculation of the culture medium test. The sterility tests were done 

by the Laboratório de Microbiologia Aplicada Egas Moniz (LMAEM). For the sterility test two mediums 

were used: a lactose broth and a soya-bean casein digest medium (Figure 22). The lactose broth was 

incubated with the lens at 30 ºC for 1 week, to see if there is growing of pathogenic and non-pathogenic 

bacteria. The soya-bean casein digest medium was incubated with the lens at 25⁰ºC for one week to 

see the presence of fungi or yeast. The lenses were immersed in 50 mL of the mediums in aseptic 

conditions and then incubated at the respective temperature and time.  

In the end of the experiment, by visual observation, it was stated if there was turbidity, which indicates 

the presence of microorganisms (contamination). 
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Figure 22. Photograph of the mediums used in the sterility test. 
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3. Results and discussion 

3.1. Minimal inhibitory concentration (MIC) of antibacterial drugs  

 

For the MIC determination it was used the agar diffusion method with MH agar. A photograph of an 

assay is showed in the figure 23 as an example.  

 

Figure 23. Example of a MIC determination assay. 

The MICs of chlorhexidine against Staphylococcus aureus and of levofloxacin against Staphylococcus 

aureus and Pseudomonas aeruginosa were determined.  In the Table 4 the values obtained for all MICs 

are compared with values found in literature. 

Table 4. MIC values determined experimentally and found in literature. 

Drug Bacteria 
Experimental 

MIC (µg/mL) 

Literature MIC 

(µg/mL) 

Chlorhexidine Staphylococcus aureus 7.5 ≥ 4 126 

Levofloxacin 

Staphylococcus aureus 7.5 0,07-9.38 127 

Pseudomonas aeruginosa 15 0.015-7.25 128 

 

It is possible to see from the values obtained experimentally that the minimal concentration for an 

efficient treatment against Staphylococcus aureus is around 7.5 µg/mL for both drugs. For levofloxacin 

against Pseudomonas aeruginosa it is around 15 µg/mL. The differences between the experimentally 

obtained results and the literature MICs and even among the different literature values can be due to 

the use of different strains of each bacteria, to different techniques of MIC determination and to different 

laboratorial conditions. 
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3.2. Effect of sterilization on drugs 

To comprehend the effect of sterilization on the different drugs, it was studied the drug degradation and 

the antimicrobial activity loss against specific bacteria. The drugs degradation was evaluated by HPLC. 

The antimicrobial activity of the antiseptic (chlorhexidine) and antibiotic (levofloxacin) used in this work 

was determined through MH assays. 

3.2.1. Drugs degradation  

All 4 drugs used in this work (chlorhexidine, levofloxacin, diclofenac and ketorolac) were studied to 

understand if the chosen sterilization methods have undesirable effects, such as degradation. To 

achieve this, HPLC chromatograms and UV spectra of the drugs before and after each sterilization 

method were compared. In the chromatograms it is possible to see the representative peaks of each 

drug at its characteristic wavelength and by processing this data it is possible to determine the drug 

concentration using calibration curves previously obtained, being this data presented as relative 

concentration (%) of the drug. From the UV spectra it is possible to see the degradation by the diminution 

of the absorbance and some shift of the spectra. The chromatograms and UV spectra of the non-

sterilized drugs are compared with those of the drugs sterilized by the different methods and conditions: 

sterilization by steam and pressure, sterilization at the three gamma radiation doses (5, 15 and 25 kGy) 

of the drugs in solution, with and without mannitol, and in powder form. 
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Chlorhexidine 

In the Figure 24 is possible to see different chromatograms comparing the peak of non-sterilized 

chlorhexidine with chlorhexidine sterilized by the different sterilizations methods and conditions and in 

the Figure 25, the relative chlorhexidine concentrations (%) that were determined from the 

corresponding peaks of the chromatogram.  

 

Figure 24. Chromatograms obtained by HPLC correspondent to the different sterilization methods used and the 

several chlorhexidine preparations. 

 

Figure 25. Relative concentration of chlorhexidine (%) determined by HPLC for the different sterilization methods 

used and the several chlorhexidine preparations. 
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From the results described in both figures (Figure 24 and 25), it is possible to see the sterilization 

produces different effects on chlorhexidine depending on the method and drug preparation form.  

The least degradative sterilization methods are: steam and pressure followed by 5 kGy gamma radiation 

when chlorhexidine is in solution without mannitol, and all gamma radiation doses when chlorhexidine 

is in powder form. For all these methods the chlorhexidine concentration decreased less than 10%, and 

there are no extra peaks in the chromatogram, indicating that the degradation of chlorhexidine is not 

significant. The most degradative sterilization methods are the 15 and 25 kGy gamma radiation when 

chlorhexidine is in solution without and with mannitol. However, this degradation is only presented in 

form of decreasing the chlorhexidine concentration and not in formation of additional products, since no 

extra peaks appeared in the chromatogram. Furthermore, with the results presented it is possible to say 

that mannitol at 5% in solution does not have a radio-protective effect on chlorhexidine, since the results 

obtained for the solution with mannitol are very similar to those without mannitol. 

In the Figure 26 it is shown the UV spectra taken out from HPLC in the range of 210-400nm for all 

chlorhexidine sterilization conditions. 

 

Figure 26. UV spectra obtained by HPLC correspondent to the different sterilization methods used and the 

several chlorhexidine preparations. 

In Figure 26 it is possible to see the decrease of absorbance for some conditions that was seen too in 

the chromatograms, but no shift on the spectra is noticed. 

It was found in the literature 129 that chlorhexidine in solution is stable when submitted to autoclaving, 

which is in agreement with the results presented here with steam and pressure sterilization. With respect 
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to gamma radiation, it was found too 129 that when chlorhexidine is gamma irradiated in solution it suffers 

decomposition, while when is gamma irradiated in powder form is stable, however radiation doses are 

not described. These findings agree with the results presented here for the higher radiation doses (15 

and 25 kGy) which lead to significant degradation of chlorhexidine in solution, while chlorhexidine in 

powder resisted to all gamma radiation doses . However, we could not find in the literature any study of 

the effect of the different gamma radiation doses on chlorhexidine and, maybe for this reason, it is not 

reported the stability of chlorhexidine for lower gamma radiation doses, namely the dose of 5 kGy used 

in this work. 

Levofloxacin 

In the Figure 27 it is possible to see different chromatograms comparing the peak of non-sterilized 

levofloxacin with sterilized levofloxacin by the different sterilizations methods and conditions and in 

Figure 28 it are presented the relative levofloxacin concentrations (%) that were determined from the 

corresponding peaks. 

 

Figure 27. Chromatograms obtained by HPLC correspondent to the different sterilization methods used and the 

several levofloxacin preparations. 
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Figure 28. Relative concentration of levofloxacin (%) determined by HPLC for the different sterilization methods 

used and the several levofloxacin preparations. 

The results of levofloxacin presented by both figures above are very similar to those presented for 

chlorhexidine. The sterilization methods that least affect levofloxacin are: steam and pressure, 5 kGy 

gamma radiation when levofloxacin is in solution without and with mannitol (although the condition 

without mannitol show more degradation) and the three gamma radiation doses when levofloxacin is 

presented in powder form. The higher gamma radiation doses (15 and 25 kGy) show degradation for 

levofloxacin in solution without and with mannitol, in which 15 kGy radiation dose shows 20% of 

degradation while 25 kGy of radiation dose shows approximately 40% of degradation. Once again, there 

are no significant differences between the levofloxacin solution without and with mannitol, therefore is 

possible to conclude that mannitol at 5% in a levofloxacin solution does not have the presupposed radio-

protective effect of the drug. In the chromatogram presented in the Figure 27 it is not possible to see 

peaks besides the levofloxacin peak, so sterilization only affected the concentration of the drug not 

producing extra components. However in the chromatograms it is possible to see slightly different 

retention times, which may be due to small changes in the column along the time. 

The Figure 29 represents the UV spectra taken out from HPLC in the range of 210-400nm for all 

levofloxacin sterilization conditions already presented. 
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Figure 29. UV spectra obtained by HPLC correspondent to the different sterilization methods used and the 

several levofloxacin preparations. 

The UV spectra in Figure 29 are all similar, showing only decreases of absorbance for some sterilization 

conditions, as it was already seen by the results obtained from the chromatograms. 

Formulations of levofloxacin solution are commonly sterilized by autoclaving without degradation130, 

which is proved here by the results of steam and pressure sterilization. However, there is almost no 

information reporting the effects of different gamma radiation doses in levofloxacin. It was only found in 

literature one study about degradation of levofloxacin in lactate form with gamma radiation, in which is 

reported that a dose of 3 kGy was sufficient to initiate radiolysis.131 That result is not confirmed by our 

work, maybe due to different preparation forms of the drug or conditions of irradiation, namely the rate 

of radiation. 
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Diclofenac  

In Figure 30 it is possible to see different chromatograms comparing the different sterilizations methods 

and conditions of diclofenac. In Figure 31 it is possible to see the relative diclofenac concentrations (%) 

that were determined from the corresponding peaks. 

 

 

Figure 30. Chromatograms obtained by HPLC correspondent to the different sterilization methods used and the 

several diclofenac preparations. 

 

Figure 31. Relative concentration of diclofenac (%) determined by HPLC for the different sterilization methods 

used and the several diclofenac preparations. 
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From the results obtained for diclofenac it is possible to say that only one method of sterilization can be 

used with diclofenac in solution that is steam and pressure, which is the method used in commercial 

preparations.132 With diclofenac in powder, all gamma radiation doses can be used without affecting it. 

All doses of gamma radiation lead to more than 40% of degradation when diclofenac is in solution 

without and with mannitol. Once more, is possible to see that mannitol does not have the desired effect 

of protecting diclofenac from degradation with gamma radiation, Furthermore, in the chromatograms 

presented in Figure 30 it is possible to see some extra peaks formed when diclofenac is irradiated in 

solution (without and with mannitol), increasing the absorbance of the extra peaks with the increase of 

radiation dose. This means that gamma radiation not only affects the concentration of diclofenac in 

solution, but also produces some unknown radiolytic products. Similar results were found in the 

literature. 133 

In Figure 32 it is possible to see the UV spectra of diclofenac non-sterilized and sterilized by all methods. 

 

Figure 32. UV spectra obtained by HPLC correspondent to the different sterilization methods used and the 

several diclofenac preparations. 

From the UV spectra, it is evident the decrease of absorbance in all irradiated diclofenac solutions. 
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Ketorolac 

In Figure 33 it is possible to see the chromatograms for non-sterilized ketorolac and sterilized ketorolac 

for all sterilization conditions used. In Figure 34 it is possible to see the relative concentrations of 

ketorolac (%) correspondent to the respective chromatograms peaks.  

 

Figure 33. Chromatograms obtained by HPLC correspondent to the different sterilization methods used and the 

several ketorolac preparations. 

 

Figure 34. Relative concentration of ketorolac (%) determined by HPLC for the different sterilization methods 

used and the several ketorolac preparations. 
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From the results of both figures (Figure 33 and 34), it may be concluded that the best sterilization 

methods are in concordance with those obtained for diclofenac: steam and pressure sterilization is the 

best for ketorolac in solution and all doses of gamma radiation can be used when ketorolac is in powder. 

For ketorolac in solution, without and with mannitol, the degradation is about 20% for 5 kGy gamma 

irradiation, and increases with the increase of radiation dose. One more time, the results of the irradiated 

ketorolac solutions without and with mannitol are very similar, meaning that mannitol at 5% does not 

have a protective effect on ketorolac. In both chromatograms of ketorolac in solution (without and with 

mannitol) two extra peaks appear with very low absorbance which is slightly increased with the increase 

of the radiation dose. These extra peaks can be radiolytic compounds that started being formed at the 

lower radiation dose. 

 In Figure 35 it is possible to see the UV spectra of ketorolac for non-sterilized and sterilized conditions 

in which no shifts are seen. 

 

Figure 35. UV-Vis spectra obtained by HPLC correspondent to the different sterilization methods used and the 

several ketorolac preparations. 

For ketorolac, there are already commercial formulations that are sterilized by autoclave.134 Gamma 

radiation is used to sterilize ketorolac encapsulated in microspheres for drug delivery, however 

information about the radiation dose is not accessible.135 The gamma radiation dose used for these 

microspheres is maybe lower than that used in this work and for that degradation is not seen. 
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3.2.2.  Drugs antimicrobial activity 

To study the activity of the chlorhexidine (as an antiseptic) and levofloxacin (as an antibiotic) assays 

were done with MH agar for all conditions (non-sterilized and sterilized) against different bacteria.  

Chlorhexidine 

The activity of chlorhexidine, as an antiseptic, was tested only against Staphylococcus aureus. The first 

step was to obtain a calibration curve that correlates the concentration of chlorhexidine with the inhibition 

halos formed, which is shown in the Figure 36. 

 

Figure 36. Calibration curve obtained for chlorhexidine against Staphylococcus aureus. 

It is possible to see in the calibration curve represented in Figure 36 that the size of the  inhibition halos 

formed lies in a very small range, which demonstrates that chlorhexidine has very low activity against 

the used strain of Staphyloccus aureus. Thus, it is very dificult to perceive the differences between the 

halos sizes, and so the chlorhexidine concentrations. 

In Figure 37 it is demonstrated the antimicrobial activity (%) of chlorhexidine for Staphylococcus aureus 

in the different conditions: non-sterilized, sterilized with gamma radiation at three doses (5, 15 and 25 

kGy) in different forms (solution, solution with mannitol and powder). These results were taken out from 

measuring the inhibition halo formed by different conditions of chlorhexidine and then using the 

calibration curve previously made (Figure 36) to determine the concentration of the solutions.  
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Figure 37. Antimicrobial activity of chlorhexidine (%) against Staphylococcus aureus for the different sterilization 

methods used and the several chlorhexidine preparations. 

The results in Figure 37 show that chlorhexidine suffers loss of activity against the used strain of 

Staphyloccocus aureus in all conditions of sterilization. The loss of activity is smaller for sterilization by 

steam and pressure, by 5 kGy gamma radiation in solution and by all gamma radiation doses when the 

drug is in powder. All the other conditions led to more than 20% of activity loss, being the lower activities 

reported for sterilization at 25 kGy gamma radiation when chlorhexidine is in solution (without and with 

mannitol). Although the presented values represent loss of activity in all conditions, their error bars are 

large due to the small size of inhibition halos formed, as it was seen in the calibration curve, even when 

a big concentration of chlorhexidine is used. Taking this into account it is possible to say, with this assay, 

that the best sterilization methods to prevent loss of activity by chlorhexidine against the used strain of 

Staphylococcus aureus are: steam and pressure, 5 kGy gamma radiation when chlorhexidine is in 

solution without mannitol and all gamma radiation doses when chlorhexidine is in powder. 

Levofloxacin 

Levofloxacin antimicrobial activity was tested against 2 bacteria: Staphylococcus aureus and 

Pseudomonas aeruginosa. 

Staphylococcus aureus 

As described for chlorhexidine, first a calibration curve was obtained to correlate the concentration of 

levofloxacin with the formed inhibition halos in a MH agar with Staphylococcus aureus, which is 

presented in the Figure 38. 
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Figure 38. Calibration curve obtained for levofloxacin against Staphylococcus aureus. 

Then, the different levofloxacin solutions were tested and the formed inhibition halos were measured 

and processed by the calibration curve (Figure 38). In Figure 39 it is possible to see the antimicrobial 

activity of levofloxacin against Staphylococcus aureus. 

 

Figure 39. Antimicrobial activity of levofloxacin (%) against Staphylococcus aureus for the different sterilization 

methods used and the several levofloxacin preparations. 

The results presented in Figure 39 show that levofloxacin did not suffer loss of activity against 

Staphylococcus aureus for the following sterilization methods: steam and pressure, 5 kGy gamma 

radiation when in solution, without and with mannitol, and all doses of gamma radiation when in powder 

form. The most significant loss of activity against the present bacteria was observed when levofloxacin 

was sterilized with 25 kGy gamma radiation when in solution with mannitol.  

Pseudomonas aeruginosa 

Besides Staphylococcus aureus, levofloxacin was tested against a gram-negative bacteria, 

Pseudomonas aeruginosa. The whole process was repeated for this assay, where first a calibration 
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curve was obtained correlating the levofloxacin concentration with the formed inhibition halos size, which 

is presented in the Figure 40. 

 

Figure 40. Calibration curve obtained for levofloxacin against Pseudomonas aeruginosa. 

After the calibration curve was obtained, the inhibition halos were found for the different levofloxacin 

conditions: non-sterilized, sterilized with steam and pressure and sterilized by three gamma radiation 

doses (5, 15 and 25 kGy) in three preparation forms (solution, solution with mannitol and powder).The 

results are presented as antimicrobial activity (%) in Figure 41. 

 

Figure 41. Antimicrobial activity of levofloxacin (%) against Pseudomonas aeruginosa for the different sterilization 

methods used and the several levofloxacin preparations. 
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following sterilization methods: steam and pressure and 5 kGy gamma radiation when in solution without 

and with mannitol. The only sterilization method that caused an activity loss greater than 20% was 25 

kGy gamma radiation for levofloxacin in solution with mannitol. The most significant differences between 

these results and the results obtained earlier (for Staphylococcus aureus), are the activity losses (10%) 
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presented by the gamma radiation when levofloxacin is in powder form, where earlier these conditions 

did not lead to any signs of activity loss. 

3.2.3.  General discussion about the effect of sterilization on drugs 

The results obtained from HPLC show that the different sterilization methods and conditions used have 

different effects depending on the drug studied. Steam and pressure and gamma radiation at every 

studied doses (5, 15 and 25 kGy) when the drugs are in powder seem to be good sterilization methods 

for all drugs used. Additionally, 5 kGy gamma radiation dose seems to be a good sterilization method 

too for chlorhexidine and levofloxacin, when in solution. The higher gamma radiation doses (15 and 25 

kGy) have degradative effects on all drugs. Furthermore, between the drug solution without mannitol 

and with mannitol there were no significant differences for all drugs, so mannitol at 5% does not show 

radio-protective effects for the studied drugs in this work. The results obtained from the antimicrobial 

activity assays confirm that the best sterilization methods for chlorhexidine and levofloxacin which 

present less activity loss are: steam and pressure, 5 kGy gamma radiation in solution and all gamma 

radiation doses when the drug is in powder.  

Due to these conclusions, for further drug release experiments, the two higher radiation doses (15 and 

25 kGy) were abandoned for all drugs, as well as the addition of mannitol to all drug solutions. The use 

of sterilized powders were excluded in the following work, because their use would involve an aseptic 

sterilization process, which must be only used when no alternative of a terminal sterilization process 

exists. Thus, for the lenses loaded with chlorhexidine, levofloxacin and ketorolac the sterilization 

methods that will be used in this work will be steam and pressure sterilization and 5 kGy gamma radiation 

sterilization in solution.  In the case of ketorolac, the 5 kGy gamma radiation was chosen because the 

percentage of degradation is not very high. For lenses loaded with diclofenac only steam and pressure 

sterilization was chosen due to the great amount of degradation noticed when the drug was sterilized in 

solution by all gamma radiation doses. 

 

3.3. Effect of sterilization on contact lenses properties 

To understand the effects of the sterilization methods on the commercial silicone-based SCLs (Acuvue® 

Oasys® and 1-Day Acuvue® TruEye®) several properties that are critical for SCLs were studied, such 

as: swelling, wettability, transmittance, ionic permeability and morphology. For swelling, wettability and 

transmittance, non-sterilized lenses were compared to the lenses sterilized in two different liquids (water 

and NaCl solution) and by different sterilization methods (steam and pressure and the three gamma 

radiation doses). For the ionic permeability, only the effect on the lenses sterilized in both liquids (water 

and NaCl solution) by steam and pressure and 5 kGy gamma radiation was studied. The morphological 

characterization was done for the lenses sterilized in NaCl solution (since most of the drugs were 

dissolved in the presence of this salt), using three different sterilization methods (steam and pressure, 

5 and 25 kGy gamma radiation dose). 
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3.3.1. Swelling 

To characterize the absorption capacity of both commercial SCLs after the different sterilization 

methods, swelling experiments were performed before and after each sterilization in DD water at two 

temperatures (4ºC and 36 ºC) for the period of 24h. Both commercial SCLs were sterilized in water and 

NaCl aqueous solution (130 mM) to use the solvents of the different drugs used in this work. 

 Acuvue® Oasys® 

In the Figures 42 and 43 it is possible to see the swelling kinetics profiles at 4ºC of Acuvue® Oasys® 

non-sterilized and sterilized by the different methods in water and NaCl, respectively. In general, there 

are no significant differences among the profiles corresponding to the various sterilization conditions. 

The exceptions are the greater swelling capacity of the SCLs that were gamma irradiated with 5 kGy in 

water and the lower swelling capacity when the SCLs are autoclaved or gamma irradiated with 25 kGy 

in NaCl solution. It is relevant to notice that the final swelling capacity of this type of SCL at 4ºC after 

being sterilized among the different conditions presented is in the range of 50-65% of their dry weight.  

 

Figure 42. Swelling profile of Acuvue® Oasys® at 4ºC after sterilization in water. 

 

Figure 43. Swelling profile of Acuvue® Oasys® at 4ºC after sterilization in NaCl. 
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In the next two figures (Figure 44 and 45) is presented the swelling profile at 36ºC of Acuvue® Oasys® 

when sterilized in water and NaCl, respectively. There are practically no differences between the 

swelling kinetics profile between the sterilization in water and NaCl. However it is noticed a difference 

between the sterilization methods. In both graphs the profile of the SCL when sterilized by steam and 

pressure is very similar to the non-sterilized SCL, while all gamma irradiated SCL showed a significant 

increase in the final swelling capacity up to approximately 10-15%. The final swelling capacity of the 

non-sterilized and steam and pressure sterilized is in the range of 40-45% while for the gamma irradiated 

SCLs is in the range of 50-55%. 

 

Figure 44. Swelling profile of Acuvue® Oasys® at 36ºC after sterilization in water. 

 

Figure 45. Swelling profile of Acuvue® Oasys® at 36ºC after sterilization in NaCl. 

The presented results show that,  the swelling capacity of the Acuvue® Oasys® lenses is higher at 4ºC 

than at 36ºC. At the higher temperature, differences among the sterilization methods are more notorious 

and all doses of gamma radiation lead to a higher level of swelling. This means that some structural 

changes happened in the matrix of Acuvue® Oasys® that cause high levels of water absorption, for 

instance, the decrease in the cross-links density. Although there are some notorious differences 
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between the swelling kinetics of the different sterilization conditions, all of them result in a swelling 

capacity that is adequate for SCLs. 

 1-Day Acuvue® TruEye® 

In the  two figures presented next (Figure 46 and 47) it is demonstrated that there are no significant 

differences between the swelling kinetic profiles at 4ºC, when 1-Day Acuvue® TruEye® is sterilized in 

water or NaCl. Besides, the differences among the different conditions of sterilization are minimal too. 

The final swelling capacity differs among the different conditions until 5% and its final value is in the 

range of 70-75%. 

 

Figure 46. Swelling profile of 1-Day Acuvue® TruEye® at 4ºC after sterilization in water. 

 

Figure 47. Swelling profile of 1-Day Acuvue® TruEye® at 4ºC after sterilization in NaCl. 

In the Figures 48 and 49 is represented the swelling kinetic profiles of 1-Day Acuvue® TruEye® obtained 

at 36ºC after sterilization in water and NaCl, respectively, using different sterilization conditions. Once 

again there are no significant differences between the sterilization in water or in NaCl and among the 

different sterilization conditions. However the effect of the temperature in the swelling experiment is 

again perceived: the final swelling capacity is in the range of approximately 58-65% for 36ºC against the 

70-75% obtained at 4ºC. 
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Figure 48. Swelling profile of 1-Day Acuvue® TruEye® at 36ºC after sterilization in water. 

 

Figure 49. Swelling profile of 1-Day Acuvue® TruEye® at 36ºC after sterilization in NaCl. 
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3.3.2. Wettability 

Wettability, as an important parameter for ocular biocompatibility, was studied for both commercial SCLs 

by measuring the contact angle with the captive bubble technique.  

 Acuvue® Oasys® 

Figures 50 and 51 show the experimental contact angles for non-sterilized and sterilized Acuvue® 

Oasys® (in water and NaCl respectively, for all sterilization methods). The contact angle measured for 

non-sterilized Acuvue® Oasys® was 34±3º which is very similar to a value reported in the literature 

(33±6º), despite the fact that the methodology used is not the same  as the one used in this work.136 It 

is important to notice that, generally the contact angle values are only comparable if the same 

methodology is used in the measurements. When Acuvue® Oasys® is sterilized in water, steam and 

pressure is the sterilization method that causes the greater difference in the wettability:  the contact 

angle increases until 40±2º. In the case of sterilization in NaCl, steam and pressure is the method that 

causes less changes in the contact angle relatively to the non-sterilized SCL (35±4º). For both 

sterilizations in water and NaCl, the lower gamma radiation doses (5 kGy and 15 kGy) caused a slight 

increase in the contact angle, and so a decrease in the wettability, while for the higher dose (25 kGy) 

the contact angle remain approximately constant. 

 

Figure 50. Water contact angle of Acuvue® Oasys® non-sterilized and after sterilization in water. 

 

Figure 51. Water contact angle of Acuvue® Oasys® non-sterilized and after sterilization in NaCl. 
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 1-Day Acuvue® TruEye® 

Figures 52 and 53 present the experimental water contact angles obtained for 1-Day Acuvue® TruEye® 

when non-sterilized and sterilized in water and NaCl by the different sterilization methods. The measured 

contact angle for the non-sterilized SCL was 34±4º which is a normal value for commercial silicone 

based SCLs.136 Steam and pressure sterilization has a very similar effect when the sterilization is in 

water or in NaCL, leading to an increase of the contact angle up to 7º (39±3º) in water and 41±3º in 

NaCl, thus decreasing the wettability. In the sterilization in water all gamma radiation doses had very 

little effect in the contact angle, while in the sterilization in NaCl the 5kGy radiation dose increased the 

contact angle until 40±4º. For higher gamma radiation doses, the contact angle increased less or even 

decreased (25 kGy) below the one determined for the non-sterilized SCL. 

 

Figure 52. Water contact angle of 1-Day Acuvue® TruEye® non-sterilized and after sterilization in water. 

 

Figure 53. Water contact angle of 1-Day Acuvue® TruEye® non-sterilized and after sterilization in NaCl. 

Although is possible to see differences in the measured contact angles of both SCLs induced by the 

different sterilization methods, all of them still lie in the range of the values typical of the commercial 

silicone based SCLs.136 
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3.3.3. Transmittance 

The transmittance of both SCLs was measured in the range of 400-700 nm (visible spectra) in all 

conditions and is presented in the Table 5. The results obtained did not present significant differences 

so it is possible to conclude that none of the sterilization methods affect a clear vision through the SCL. 

Table 5. Transmittance (%) measured for Acuvue® Oasys® and 1-Day Acuvue® TruEye® non sterilized and 

sterilized in the different conditions (average values for the range 400-700 nm). 

Lens Conditions Acuvue® Oasys® 1-Day Acuvue® TruEye® 

No sterilization 98.2±0.3  97.5±0.1  

Sterilization 

in water 

Steam and Pressure  97.4±0.8  95.4±1.6 

5 kGy 98.2±0.3 98.0±0.4 

15 kGy 97.7±1,1 97.1±0.4 

25 kGy 97.4±0.8 96.2±0.8 

Sterilization 

in NaCl 

Steam and Pressure 96.6±0.9 97.9±0.5 

5 kGy 97.3±0.6 96.1±0.7 

15 kGy 97.6±0.5 97.0±0.8 

25 kGy 97.1±1.1 97.2±0.4 

 

Furthermore, since the commercial SCLs used in this work have a UV-absorbing monomer 

(benzotriazole) that is used to block the UV radiation, the spectra in the range of 280-700 nm was 

analysed too, to include the UVB (280-315) nm and UVA (316-380 nm) portion of the spectra, so that 

the effect of sterilization in the UV-blocking could be assessed. 

All spectra presented in the Figures 54, 55, 56 and 57, obtained with both commercial SCLs sterilized 

in water and NaCl in the different sterilization conditions, show no significant changes, neither in the 

very low transmittance of the UV range nor in the high transmittance of the visible range (as it was 

already seen by the Table 5). 

 

Figure 54. Transmittance spectra of Acuvue® Oasys® non-sterilized and after sterilization in water. 
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Figure 55. Transmittance spectra of Acuvue® Oasys® non-sterilized and after sterilization in NaCl. 

 

 

Figure 56. Transmittance spectra of 1-Day Acuvue® TruEye® non-sterilized and after sterilization in water. 

 

Figure 57. Transmittance spectra of 1-Day Acuvue® TruEye® non-sterilized and after sterilization in NaCl. 
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3.3.4. Ionic permeability 

The ionic permeability is responsible by the on-the-eye movement of the lens.137 So it is an essential 

characteristic for the lens not get stuck or glued to the eye, since the ionic permeability can be correlated 

with the water flow through the lens. 137 

The ionic permeability was measured by conductivity and the ionoflux diffusion coefficient (D ion), which 

is usually presented in mm2/min, was calculated. The Dion values calculated for both commercial SCLs 

non-sterilized, sterilized by steam and pressure and sterilized by 5 kGy of gamma radiation (both 

sterilization methods in water and NaCl), are presented in Table 6. 

Table 6. Experimental values of the ionoflux diffusion coefficient (mm2/min) of both commercial SCLs non-

sterilized and sterilized by steam and pressure and 5 kGy gamma radiation dose. 

Lens Conditions Acuvue® Oasys® 1-Day Acuvue® TruEye® 

No sterilization 4.9×10-4 4.8×10-5 

Steam and 

Pressure 

After sterilization in water 4.3×10-4 6.1×10-5 

After sterilization in NaCl 4.3×10-4 6.3×10-5 

5 kGy 
After sterilization in water 4.8×10-4 5.4×10-5 

After sterilization in NaCl 4.7×10-4 6.7×10-5 

 

Regarding the ionic permeability of both commercial SCLs, it is possible to see that the Dion of Acuvue® 

Oasys® is higher than 1-Day Acuvue® TruEye® for all conditions presented in the Table 6 by 1 order 

of magnitude. For non-sterilized Acuvue® Oasys® the measured value of Dion is of the same order of 

magnitude of the one reported in the literature.57 Among the several sterilization conditions there are 

no significant differences in the ionic permeability of Acuvue® Oasys®, implying that the sterilization 

methods do not affect the ion transport through the lens. For 1-Day Acuvue® TruEye® there are some 

differences, but all the Dion calculated are of the same order of magnitude. The non-sterilized 1-Day 

Acuvue® TruEye® presents the lower Dion which is increased for all sterilization conditions. 

It is important to notice that all the experimental values reported here are above the minimal value 

required for the on-eye-movement of a lens, which is 1.5×10-5mm2/min.137 
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3.3.5. Morphology 

Scanning electron microscopy (SEM) was used to obtain images of the surface of both commercial 

SCLs non-sterilized, sterilized by steam and pressure and sterilized by the lower and higher gamma 

radiation dose (5 and 25 kGy). The matrix of commercial SCLs non-sterilized and sterilized by 5 kGy 

gamma radiation was also analysed through cross section observations, to detect if there were relevant 

differences in the matrix structure.  

 Acuvue® Oasys® 

The SEM analysis to the non-sterilized Acuvue® Oasys® revealed a non-porous and homogeneous 

surface (Figure 58). 

 

Figure 58. SEM image of the surface of non-sterilized Acuvue® Oasys®. 

Figures 59, 60 and 61 show parts of the surface of Acuvue® Oasys® sterilized by steam and pressure, 

5 kGy and 25 kGy gamma radiation dose, respectively. It is possible to see that for steam and pressure 

sterilization (Figure 59) and 5 kGy gamma radiation sterilization (Figure 60), there are no visible changes 

on the surface relatively to the non-sterilized SCL. However,  the Acuvue® Oasys® sterilized with a 25 

kGy gamma radiation dose (Figure 60) shows some irregularities on the surface that were not visible in 

the other samples, what leads to the presumption that some degradation of the surface occurs when 

the gamma radiation dose increases. 

 

Figure 59. SEM image of the surface of Acuvue® Oasys® after steam and pressure sterilization. 
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Figure 60. SEM image of the surface of Acuvue® Oasys® after 5 kGy gamma radiation. 

 

Figure 61. SEM image of the surface of Acuvue® Oasys® after 25 kGy gamma radiation 

Additionally, some images of the cross section of Acuvue® Oasys® lenses, non-sterilized and sterilized 

by 5 kGy gamma radiation, obtained by fracturing the SCL after immersion in liquid nitrogen are 

presented in Figures 62 and 63, respectively. The analysis of both images show that is not possible to 

see significant differences in the matrix of the lens. The riffling observed in the Figure 63 is probability 

due to the process of fracture of the SCL. 
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Figure 62. SEM image of the matrix of non-sterilized Acuvue® Oasys® 

 

Figure 63. SEM image of the matrix of Acuvue® Oasys® after 5 kGy gamma radiation. 
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 1-Day Acuvue® TruEye® 

In the Figure 64 it is possible to see SEM images of 1-Day Acuvue® TruEye® non-sterilized that show 

a non-porous and homogeneous surface. 

 

Figure 64. SEM image of the surface of non-sterilized 1-Day Acuvue® TruEye®. 

Figures 65 and 66 show that 1-Day Acuvue® TruEye® sterilized by steam and pressure and 5 kGy 

gamma radiation dose, respectively, do not present significant visible changes on the surface relatively 

to the non-sterilized surface. However, the sterilization with 25 kGy gamma radiation dose (Figure 67) 

seems to affect the surface of the SCL lens. 

 

Figure 65. SEM image of the surface of 1-Day Acuvue® TruEye® after steam and pressure sterilization. 
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Figure 66. SEM image of the surface of 1-Day Acuvue® TruEye® after 5 kGy gamma radiation. 

 

Figure 67. SEM image of the surface of 1-Day Acuvue® TruEye® after 25 kGy gamma radiation. 

The cross section of 1-Day Acuvue® TruEye® lenses did not show significant differences between the 

non-sterilized lens (Figure 68) and the sterilized lens by 5 kGy gamma radiation dose (Figure 69). Some 

features are seen in the non-sterilized lens but they are probably due to the fracture after the immersion 

in liquid nitrogen. 
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Figure 68. SEM image of the lens fracture surface of non-sterilized 1-Day Acuvue® TruEye® 

 

Figure 69. SEM image of the lens fracture surface of 1-Day Acuvue® TruEye® after 5 kGy gamma radiation. 

 

3.3.6.  Sterilization test of the contact lenses  

Both commercial SCLs were submitted to a sterilization test after sterilization by steam and pressure 

and gamma radiation with a 5 kGy dose. All the SCLs were sterile, leading to the conclusion that the 

chosen sterilization methods are effective in these two commercial SCLs. 
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3.3.7.  General discussion about the effect of sterilization on contact lenses properties 

Properties of two commercial silicone based-SCLs (Acuvue® Oasys® and 1-Day Acuvue® TruEye®) 

were studied before and after each sterilization method carried on in water and NaCl. By the swelling 

experiments, the most significant difference was noticed for Acuvue® Oasys® whose swelling kinetics 

and final absorption capacity increase significantly when it is sterilized in both solvents (water and NaCl) 

for all  three gamma radiation doses (5, 15 and 25 kGy), specially at 36ºC. The wettability experiments 

showed, in general, a decrease in the wettability for steam and pressure sterilization and for 5 kGy 

gamma radiation sterilization. For higher doses of gamma radiation, the wettability increases. The 

transmittance of visible light and UV radiation were not affected by any sterilization method. The ionic 

permeability of Acuvue® Oasys® did not change significantly with the sterilization conditions, while in 

the lenses 1-Day Acuvue® TruEye® some slight increases in the ionic permeability for all sterilization 

conditions were noticed. Finally, the SEM analysis revealed no significant changes in the surfaces after 

sterilization with steam and pressure and 5 kGy gamma radiation. However, the surfaces sterilized with 

25 kGy gamma radiation presented surface irregularities. Furthermore, there were no significant 

changes in the matrix of both lenses when sterilized with 5 kGy of gamma radiation.  Thus, the 

sterilization methods already chosen for the drugs (steam and pressure and 5 kGy gamma radiation), 

can be used for further drug release experiments since they do not show negative effects on the studied 

properties of Acuvue® Oasys® and 1-Day Acuvue® TruEye®. 

 

3.4. Effect of sterilization on drug release 

Drug release experiments were performed to assess the effect of the different sterilizations in the release 

kinetics and in the final amount of drug released from both commercial SCLs. For each system drug-

SCL different methods or conditions of sterilization were chosen depending on the degradation of the 

drug and the properties of the SCL. For chlorhexidine, levofloxacin and ketorolac loaded lenses two 

sterilization methods were chosen: steam and pressure and 5 kGy gamma radiation. For diclofenac 

loaded lenses only one method of sterilization was chosen: steam and pressure. Additionally, the effect 

of sterilization on SCLs containing vitamin E, used as strategy to control the release of chlorhexidine 

and levofloxacin, was also evaluated. To verify if there was degradation of the drug released after 

sterilization of the drug-loaded lenses, HPLC chromatograms of the aliquots collected at the hour 3 of 

the release experiments were analysed. The obtained chromatograms are presented in the Annex A.1. 

 Chlorhexidine release from Acuvue® Oasys® 

Figure 70 presents the release profiles of chlorhexidine from Acuvue® Oasys® in three different 

conditions: non-sterilized, sterilized with steam and pressure and sterilized with 5 kGy gamma radiation. 

Furthermore, all these experiments were additionally made with incorporation of 20% of vitamin E in the 

SCL before the drug loading. As expected, with the incorporation of vitamin E, the release of 

chlorhexidine was extended, but a huge decrease in the released amount was obtained. 
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Figure 70. Cumulative chlorhexidine release from Acuvue® Oasys® without and with 20% of vitamin E when the 

drug loaded SCL is non-sterilized, sterilized by steam and pressure and sterilized by 5 kGy of gamma radiation 

dose. 

For Acuvue® Oasys® loaded with chlorhexidine without vitamin E, it is possible to see that the release 

profiles, in the first 8 hours, are very similar. From 8 hours onward, the release of chlorhexidine in the 

case of steam and pressure sterilization is faster and leads to a higher amount of total released drug. 

The non-sterilized lens and the lens sterilized with 5 kGy gamma radiation have similar profiles along 

the 120 h. In all cases, there is an initial burst in chlorhexidine release and almost all chlorhexidine is 

released in the first 24 hours. The differences in the final concentration of chlorhexidine among the 

different conditions may be due to the fact that the procedure of sterilization is carried out in drug 

solution. Although all SCLs were pre-loaded with the same drug solution, at the same temperature and 

time, the process of sterilization in the drug solution can lead to favorable or unfavourable interactions 

between the lens and the drug. The results indicate that gamma radiation did not affect the drug uptake 

and its release, while steam and pressure leads to a higher uptake of the drug and then its release. For 

Acuvue® Oasys® loaded with 20% of vitamin E and then with chlorhexidine there are no significant 

differences between the three different conditions in the first 8 hours. After that, there is a lower release 
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of chlorhexidine in the steam and pressure condition, which practically stopped after 24 hours. The 

results show once again that gamma radiation does not affect the drug uptake and release while steam 

and pressure leads to a lower uptake of the drug, in contrast with the behavior of the drug-loaded lenses 

that do not contain vitamin E. The chromatograms (Figure 1 of the Annex A.1) demonstrate that 

chlorhexidine released from Acuvue® Oasys® was not degraded by any sterilization condition. 

 Chlorhexidine release from 1-Day Acuvue® TruEye® 

Figure 71 shows the release profiles of chlorhexidine from 1-Day Acuvue® TruEye® in the same 

conditions as presented for Acuvue® Oasys®. There are great differences in terms of the amount 

released between 1-Day Acuvue® TruEye® without and with vitamin E, being the chlorhexidine released 

three times lower in the presence of vitamin E. Comparison of the two sets of release profiles (lenses 

with and without vitamin E) reveals a neglectable effect of the sterilization. 

 

 

Figure 71. Cumulative chlorhexidine release from 1-Day Acuvue® TruEye® without and with vitamin E when the 

drug loaded SCL is non-sterilized, sterilized by steam and pressure and sterilized by 5 kGy of gamma radiation 

dose. 
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The chromatograms obtained by HPLC (Figure 2 of Annex A.1) demonstrated that chlorhexidine 

released from 1-Day Acuvue® TruEye® was not degraded by any sterilization condition. 

Comparative analysis of the chlorhexidine release from both lenses 

Comparison of the release profiles of chlorhexidine from both non-sterilized, commercial SCLs shows 

that the 1-Day Acuvue® TruEye® can lead to a lower uptake and a lower release of the drug. This may 

be due to the lower ionic permeability of the 1-Day Acuvue® TruEye®. Incorporation of Vitamin E lowers 

the drug release rate in both lenses but also decreases the total amount of released drug. 

The sterilization method that hardly affects all release profiles, obtained in the presence and in the 

absence of vitamin E is 5 kGy gamma radiation. 
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 Levofloxacin release from Acuvue® Oasys® 

Figure 72 shows the cumulative levofloxacin release from Acuvue® Oasys® without and with 20% of 

vitamin E in three conditions (non-sterilized, sterilized with steam and pressure and sterilized with 5 kGy 

of gamma radiation). The presence of vitamin E highly improved the release profile leading to a 

considerable decrease in the drug release rate in the first 24h. 

 

 

Figure 72. Cumulative levofloxacin release from Acuvue® Oasys® without and with vitamin E when the drug 

loaded SCL is non-sterilized, sterilized by steam and pressure and sterilized by 5 kGy of gamma radiation dose. 

For Acuvue® Oasys® without vitamin E, a small amount of levofloxacin is released almost instantly 

when the lens in placed in the release solution. Both sterilizations slightly improved the release profile 

and increased the final concentration of levofloxacin in solution. For Acuvue® Oasys® with vitamin E 

there is a great difference between the sterilization conditions: steam and pressure leads to a higher 

release rate, during the first 24h, than the lenses non sterilized or sterilized with 5 kGy gamma radiation, 

and also to a higher amount of drug released; 5 kGy of gamma radiation has a smaller effect on the 

release profile, increasing slightly the amount of drug released. The chromatogram obtained for 

levofloxacin released from Acuvue® Oasys® (Figure 3 of the Annex A.1) shows no degradation of the 

drug. 
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 Levofloxacin release from 1-Day Acuvue® TruEye® 

Figure 73 presents the cumulative levofloxacin release from 1-Day Acuvue® TruEye ® without and with 

20% of vitamin E in three conditions (non-sterilized, sterilized with steam and pressure and sterilized 

with 5 kGy of gamma radiation). 

 

 

Figure 73. Cumulative levofloxacin release from 1-Day Acuvue® TruEye® without and with vitamin E when the 

drug loaded SCL is non-sterilized, sterilized by steam and pressure and sterilized by 5 kGy of gamma radiation 

dose. 

For non-sterilized 1-Day Acuvue® TruEye®, without and with vitamin E, the release profiles are very 

similar being mainly distinguished by the total amount of levofloxacin that is released. The main effect 

of both sterilization procedures is the increase of the amount of levofloxacin released. This effect is most 

impressive for 1-Day Acuvue® TruEye with vitamin E sterilized with steam and pressure, which exhibits 

a more extended release and a higher concentration of levofloxacin in the final solution. The 

chromatogram obtained for levofloxacin released from 1-Day Acuvue® TruEye (Figure 4 of the Annex 

A.1) do not show degradation at any condition. 
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Comparative analysis of the levofloxacin release from both lenses 

Comparing both, non-sterilized commercial SCLs loaded with levofloxacin, it can be seen that 1-Day 

Acuvue® TruEye® is the lens that provides the best release kinetic profiles without vitamin E. The low 

uptake of levofloxacin in both commercial SCLs can be due to levofloxacin being a slightly lipophilic 

drug, which causes low affinity to high water content hydrogels, such as the silicone based SCLs used 

in this work. 

In all cases, sterilization increased the amount of released drug but had a small effect in the release 

rate. The more significant changes in the release profiles were obtained with steam and pressure 

sterilization method.  

 

 Diclofenac release from Acuvue® Oasys® 

Figure 74 presents the cumulative diclofenac release from Acuvue® Oasys® only in two conditions: 

non-sterilized and sterilized by steam and pressure. Only one sterilization method was chosen due to 

the degradation that diclofenac suffers with gamma radiation. 

 

Figure 74. Cumulative diclofenac release from Acuvue® Oasys® when the drug loaded SCL is non-sterilized and 

sterilized by steam and pressure. 

Acuvue® Oasys® released a great amount of diclofenac in the first 24 hours. Steam and pressure 

sterilization decreased the amount of diclofenac released, but did not modify the release time. The 

chromatogram obtained for diclofenac that was released from Acuvue® Oasys® (Figure 5 of the Annex 

A.1) do not show degradation by the used sterilization. 
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 Diclofenac release from 1-Day Acuvue® TruEye® 

Figure 75 shows the cumulative diclofenac released from 1-Day Acuvue® TruEye® loaded with 

diclofenac in two conditions: non-sterilized and sterilized by steam and pressure. 

 

Figure 75. Cumulative diclofenac release from 1-Day Acuvue® TruEye® when the drug loaded SCL is non-

sterilized and sterilized by steam and pressure. 

Great amounts of diclofenac are released by 1-Day Acuvue® TruEye® in the first 24 h. The release 

profile after steam and pressure shows a decrease in the amount of drug released. The chromatogram 

obtained for diclofenac released from 1-Day Acuvue® TruEye® (Figure 6 of the Annex A.1) do not show 

degradation by the steam and pressure sterilization 

Comparative analysis of the diclofenac release from both lenses  

Although both Avuvue® Oasys® and 1-Day Acuvue® TruEye® lenses loaded with diclofenac are not 

adequate for extended release, they are able to release drug for 24h, being the release more sustained 

for Acuvue® TruEye®. Although steam and pressure sterilization decreases the amount of drug 

released in both cases it seems to be a valid sterilization method. 
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 Ketorolac release from Acuvue® Oasys® 

In Figure 76 it is presented the cumulative release of ketorolac from Acuvue® Oasys® in three 

conditions: non-sterilized, sterilized by steam and pressure and sterilized by gamma radiation at 5 kGy. 

 

Figure 76. Cumulative ketorolac release from Acuvue® Oasys® when the drug loaded SCL is non-sterilized, 

sterilized by steam and pressure and sterilized by 5 kGy of gamma radiation dose. 

Acuvue® Oasys® releases almost all diclofenac instantly when is non-sterilized or sterilized by steam 

and pressure. Both release profiles are very similar, except for the smaller amount of ketorolac released 

when the lens is sterilized by steam and pressure. However, when the lens is sterilized by gamma 

radiation the release profile kinetics is improved, being the drug released in a more controlled manner 

but still in the first 24 hours. The chromatogram obtained for ketorolac released from Acuvue® Oasys® 

(Figure 7 of the Annex A.1) do not show degradation of the drug after steam and pressure sterilization 

but an extra peak appears for the gamma radiation sterilization which may be due to some product 

formed by the degradation of the drug. 
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 Ketorolac release from 1-Day Acuvue® TruEye® 

In Figure 77 it is presented the cumulative release of ketorolac by 1-Day Acuvue® TruEye® in the three 

different conditions that were reported already for Acuvue® Oasys®: non-sterilized, sterilized with steam 

and pressure and sterilized by 5 kGy of gamma radiation. 

 

Figure 77. Cumulative ketorolac release from 1-Day Acuvue® TruEye® when the drug loaded SCL is non-

sterilized, sterilized by steam and pressure and sterilized by 5 kGy of gamma radiation dose. 

All the release profiles of ketorolac from 1-Day Acuvue® TruEye® are very similar, differing slightly in 

the amount of ketorolac released which is higher for the non-sterilized lens. The chromatograms 

obtained for ketorolac released from 1-Day Acuvue® TruEye® (Figure 8 of the Annex A.1) show the 

same results seen for Acuvue® Oasys®: no degradation with steam and pressure sterilization but an 

extra peak for the gamma radiation sterilization indicating the existence of products of degradation. 

Thus, without further analysis to find out what is/are the product(s), gamma radiation cannot be used as 

a sterilization method for 1-Day Acuvue® TruEye® loaded with diclofenac. 

Comparative analysis of the ketorolac release from both lenses 

Comparing both ketorolac loaded commercials SCLs, the release profile kinetics is better when using 

1-Day Acuvue® TruEye®, because the drug is released in a more controlled manner in the first 24 hours 

for all conditions, being the final concentration of ketorolac higher. Since gamma radiation cannot be 

used due to probable degradation of ketorolac, steam and pressure seems to be a valid choice as 

sterilization method for both SCLs loaded with ketorolac. 
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3.4.1.  General discussion about the effect of sterilization on drug release 

Several drug release experiments were made with different drug-SCL systems, using chlorhexidine, 

levofloxacin, diclofenac and ketorolac as drugs and Acuvue® Oasys® and 1-Day Acuvue® TruEye® as 

SCLs. All systems have different behaviours regarding the sterilization methods used. Consequently, it 

is not possible to achieve a single sterilization method for all drug delivery systems presented here. 

Instead, for each one sterilization studies have to be performed. The different results obtained for the 

different drugs could be due to the affinity of each drug to the lenses. Since both lenses have very high 

water content, differences can also be due to the fact that some drugs have more affinity than others to 

this type of environments. The different results obtained by the different lenses used can be due to the 

different ionic permeability between them, since the lens with the lowest ionic permeability (1-Day 

Acuvue® TruEye®) can extend the drug release in a more controlled manner that the lens with higher 

ionic permeability (Acuvue® Oasys®). The differences between the sterilization methods, may be 

attributed to possible interactions or chemical bonds formed between the drug and the lens during the 

sterilization process that occurs during immersion in the drug solution. Furthermore, modifications in the 

SCLs matrix may have occurred that were not detected by the studied SCLs properties.  
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4. Conclusion and Future Work 

4.1. Conclusions 

The objective of this work was to assess the effect of the sterilization on drug loaded SCLs. Four drugs 

(chlorhexidine, levofloxacin, diclofenac and ketorolac) and two commercial silicone-based SCLs 

(Acuvue® Oasys® and 1-Day Acuvue® TruEye®, from Johnsons&Johnsons) were chosen. The 

sterilizations methods used were: steam and pressure and gamma radiation at 5, 15 and 25 kGy doses. 

First, the effects of sterilization on drugs were studied determining their eventual degradation, by HPLC. 

The obtained results revealed that steam and pressure at 121ºC, 1 bar and during 1 hour, did not 

degrade any drug, while the effect of gamma radiation depended on the dose and on the preparation of 

the drug. For gamma radiation: 

 The 15 kGy and 25 kGy doses degraded all drugs in solution;  

 The 5 kGy gamma radiation dose did not degrade chlorhexidine or levofloxacin in solution, 

however it degraded ketorolac and diclofenac in solution, being diclofenac the most affected;  

 The powders were not degraded by any dose of radiation;  

 The addition of mannitol as a radio-protective excipient did not have the expected effect of 

protection.  

The antimicrobial assays performed for chlorhexidine and levofloxacin confirmed the results obtained 

by HPLC. 

Then, the commercial SCLs properties were studied for the same sterilization methods. The properties 

studied were: swelling, wettability, transmittance, ionic permeability and morphology. Both commercial 

SCLs were sterilized in two different solutions (water and NaCl) to recreate the conditions of loading of 

each drug (all drugs were prepared in NaCl aqueous solution of 130mM, except chlorhexidine that was 

in DD water). The most significant differences in the studied properties were the increase of the swelling 

capacity of Acuvue® Oasys® when sterilized with all radiation doses, the decrease of wettability by 

steam and pressure for both commercial SCLs and the presence of irregularities in the surface of both 

commercial SCLs when sterilized at 25 kGy gamma radiation. Sterility tests were made for both 

commercial SCLs sterilized by steam and pressure and 5 kGy gamma radiation, revealing that both 

lenses were sterile after using these methods. 

The results obtained helped to choose the best sterilization methods for further experiments with each 

drug loaded on both commercial SCLs. For SCLs loaded with chlorhexidine and levofloxacin, two 

sterilization methods which seemed to be promising, steam and pressure and 5 kGy gamma radiation, 

were used. For SCLs loaded with diclofenac only steam and pressure was applied, since high 

degradation of diclofenac was observed with gamma radiation. For SCLs loaded with ketorolac, steam 

and pressure and 5 kGy gamma radiation were applied. This choice was based on the fact that ketorolac 

showed less degradation with gamma radiation then diclofenac. Furthermore, additional experiments 

with previous incorporation of vitamin E in the SCLs were performed for chlorhexidine and levofloxacin 

with the sterilization methods chosen (steam and pressure and 5 kGy gamma radiation).  
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The results from the drug release experiments showed that for each system of drug-SCL, the sterilization 

affects differently the release profiles: 

 In the case of chlorhexidine loaded SCLs, both with and without vitamin E, 5 kGy gamma 

radiation seems to be the standout sterilization method because it does not affect the drug 

release behavior; 

 For levofloxacin loaded SCLs, both sterilization methods (without and with vitamin E) increased 

the amount of drug release from both SCLs, having little effect in the release rate. For both 

SCLs, the most significant changes in the release profile are noticed with steam and pressure 

sterilization; 

 For diclofenac loaded SCLs, only steam and pressure was studied and seems to be a valid 

sterilization method for both systems;  

 For ketorolac loaded SCLs, only steam and pressure sterilization could be used, since the 5 

kGy gamma radiation degrades ketorolac. Furthermore, these experiments showed very 

different amount of drug release among the different drugs.  

From the obtained results it is possible to conclude that a single perfect sterilization method for ocular 

drug delivery systems using commercial SCLs does not exist, since different sterilization methods have 

different effects on the various SCL-drug systems. In general, steam and pressure may be applied to a 

wide range of systems, but there are cases where 5 kGy gamma radiation seems to work better. 

Furthermore, sterilization seems to improve the release profile in a few examples but this claim needs 

further investigation. In fact, we could not find significant changes in the SCL properties induced by 

sterilization that could support this improved behaviour.  

4.2. Future work 

To understand better what happens upon sterilization of the drug loaded commercial SCLs, the effect 

of sterilization on the optical, mechanical and structural properties of drug-loaded systems should be 

investigated. More properties should be studied, such as oxygen permeability and friction coefficient, 

since they are important to avoid hypoxia and to ensure the comfort on the user’s eye, respectively.  

Furthermore, sterility tests of the drugs should be performed to assess the efficacy of the chosen 

sterilization methods.  

Some new conditions could be used when the drugs and the drug-load commercial SCLs are gamma 

irradiated (especially for the ones that were degraded like diclofenac and ketorolac) such as: the addition 

of a new radio-protective excipient or the cryo-irradiation method using dry-ice to avoid the formation of 

reactive species. 

Although the chosen sterilization methods chosen seem to be promising, alternative sterilization 

methods could be studied, such as supercritical CO2. 
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Annex A.1 

Chromatograms obtained by HPLC of samples of the release solution  

 

 

Figure 1. Chromatogram by HPLC representing the release of chlorhexidine by Acuvue® Oasys® in different 

conditions.  

 

 

Figure 2. Chromatogram by HPLC representing the release of chlorhexidine by 1-Day Acuvue® TruEye® in 

different conditions.  
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Figure 3. Chromatogram by HPLC representing the release of levofloxacin by Acuvue® Oasys® in different 

conditions.  

 

 

Figure 4. Chromatogram by HPLC representing the release of levofloxacin by 1-Day Acuvue® TruEye® in 

different conditions.  
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Figure 5. Chromatogram by HPLC representing the release of diclofenac by Acuvue® Oasys® in different 

conditions.  

 

Figure 6. Chromatogram by HPLC representing the release of diclofenac by 1-Day Acuvue® TruEye® in 

different conditions.  
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Figure 7. Chromatogram by HPLC representing the release of ketorolac by Acuvue® Oasys® in different 

conditions.  

 

 

Figure 8. Chromatogram by HPLC representing the release of ketorolac by 1-Day Acuvue® TruEye® in 

different conditions.  
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