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ABSTRACT 

The use of drug-loaded ophthalmic lenses has been regarded as an adequate solution to 

overcome the main disadvantages of conventional topical ocular treatments. In fact, 

therapeutic soft contact lenses (SCLs) may ensure a higher bioavailability of the drug in 

the eye, minimizing its wastage and side effects, and avoiding the frequent and regular 

instillation of eyedrops, which may be compromised by poor patients’ compliance. 

However, to be efficient, the SCLs must ensure a sustained release of adequate amounts 

of drug. The present thesis focused on two strategies to control the release of ophthalmic 

drugs: surface modification through layer-by-layer (LbL) assembly and molecular 

imprinting.  

Different LbL coatings, prepared using natural based polyelectrolytes (e.g. alginate 

(ALG), chitosan (CHI), poly-L-lysine (PLL) and hyaluronate (HA)), were deposited on a 

lab-made silicone-based hydrogel (TRIS/NVP/HEMA), a commercial silicone hydrogel 

for SCLs (Definitive 50), and two commercially available SCLs (SofLens and 

Purevision). The produced coatings were effective only in the control of the release of 

diclofenac (DCF), but had no effect on the releases of ketorolac (KETO), chlorhexidine 

(CHX) and moxifloxacin (MXF). The specificity of the barrier effect of these LbL 

coatings for DCF was attributed to the unique interactions between the polyelectrolytes 

and DCF (e.g. electrostatic interactions, H-bonds). Furthermore, some of the LbL 

coatings demonstrated antifouling and antibacterial properties, and were able to withstand 

high hydrostatic pressure (HHP) sterilization. 

To overcome the inability of the LbL coatings to sustain the release of MXF, the 

TRIS/NVP/HEMA was submitted to molecular imprinting of the drug associated with the 

addition of a functional monomer (acrylic acid). The results showed a 6-fold increase in 

the amount of drug released. 

The conjugation of the most promising LbL coating with the molecular imprinting 

technique allowed a sustained dual release of DCF+MXF from TRIS/NVP/HEMA. The 

release profiles obtained under hydrodynamic conditions demonstrated that DCF 

concentration remained above the IC50 values of COX-1 and COX-2 for 9 days and that 

MXF concentration remained above the MICs of S. aureus and S. epidermidis for more 

than 10 days. The samples were biocompatible, did not induce ocular irritancy, 
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demonstrated antifouling behaviour and kept suitable physical properties. Thus, they 

seem suitable for therapeutic SCLs application. 
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RESUMO 

O uso de lentes oftálmicas carregadas com fármacos tem sido considerada uma solução 

adequada para superar as principais desvantages dos tratamentos oculares convencionais. 

De facto, as lentes de contacto (LCs) terapêuticas podem garantir uma maior 

biodisponibilidade do fármaco no olho, minimizando o seu desperdício e efeitos 

secundários, evitando a instilação frequente de colírios, que podem ser comprometidos 

pela baixa cooperação dos pacientes.No entanto, para alcançar esse desempenho, as LCs 

devem garantir uma libertação controlada do fármaco. A presente tese focou-se em duas 

estratégias para controlar a libertação de fármacos oftálmicos: modificação da superfície 

através da técnica de camada-sobre-camada (CsC) e impressão molecular. 

Diferentes revestimentos CsC, preparados com polielectrólitos de base natural (e.g. 

alginato (ALG), quitosano (CHI), poli-L-lisina (PLL) e ácido hialurónico (HA)), foram 

depositados num hidrogel à base de silicone (TRIS/NVP/HEMA) preparado no 

laboratório, um hidrogel de silicone comercial para LCs (Definitive 50) e duas LCs 

comercialmente disponíveis (SofLens e Purevision). Os revestimentos produzidos foram 

eficazes apenas no controlo da libertação de diclofenac (DCF), mas não tiveram efeito 

nas libertações de ketorolac (KETO), clorexidina (CHX) e moxifloxacina (MXF). A 

especifidade do efeito de barreira desses revestimentos para o DCF foi atribuída às 

interacções específicas entre os polielectrólitos e o DCF (e.g. interacções electrostáticas, 

ligações de H). Além disso, alguns desses revestimentos CsC demonstraram propriedades 

antiaderentes e antibacterianas, tendo sido capazes de suportar condições de esterilização 

por alta pressão hidrostática (APH).  

Para superar a incapacidade dos revestimentos CsC em controlar a libertação de MXF, o 

hidrogel TRIS/NVP/HEMA foi submetido à impressão molecular do fármaco e à adição 

de um monómero funcional (ácido acrílico). Os resultados mostraram um aumento de 6 

vezes na quantidade de fármaco libertado.  

A conjugação do revestimento CsC mais promissor com a técnica de impressão 

molecular, permitiu uma dupla libertação controlada de DCF+MXF do hidrogel 

TRIS/NVP/HEMA. Os perfis de libertação obtidos em condições hidrodinâmicas 

demonstraram que a concentração de DCF permaneceu acima dos valores de IC50 de 

COX-1 e COX-2 por 9 dias e a concentração de MXF permaneceu acima das MICs de S. 
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aureus e S. epidermidis por mais de 10 dias. As amostras eram biocompatíveis, não 

induziram irritação ocular, demonstraram comportamento antiaderente e mantiveram as 

propriedades físicas adequadas. Assim, as amostras parecem ser adequadas para a 

aplicação em LCs terapêuticas.  
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1.1 State of the art 

1.1.1 Eye anatomy and physiology 

The human eye is the organ responsible for vision, which is achieved by photoreception. This 

mechanism consists in the activation of the nerve cells by light, inducing nerve potentials to 

travel through the optical nerve into the brain. Here, the information is processed and 

sequentially an image is created [1]. The human eye uses two different photoreceptors (rods 

and cones) that function in scarce light or at day light conditions. The rods do not possess 

colour perception, justifying the fact that humans do not identify colours in dark environments. 

Cones are mainly concentrated in the centre of the eye, conferring great detail in the central 

line of sight, in detriment of the peripheral vision which is unsuitable for high detail functions 

as reading [2]. 

The eye can be differentiated into two segments: the anterior and the posterior. The anterior or 

front segment is constituted by the cornea, conjunctiva, iris, lens and ciliary body. While the 

posterior segment includes the choroid, the retina, the optic nerve and the vitreous humour 

(Figure 1.1). 

 

Figure 1.1 Schematic representation of the human eye with the major components. Adapted 

from [2]. 
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The cornea is an avascular, thin (10 – 12 mm in diameter) and transparent tissue. Transparency 

is one of its most important properties, which results from the absence of blood vessels and the 

organization of its component’s layers [1]. It is highly sensitive due to the presence of 

numerous nerves. The necessary nourishments and oxygen are provided to the cornea by two 

different paths, through lachrymal tears for the anterior part, and by the aqueous humour for 

the posterior part. The cornea is directly exposed to the environment and provides protection 

to the pupil, iris, and other eye components from foreign and harmful bodies. Also, in 

combination with the tear film, it provides 70% of the refractive power of the eye (40 – 44 

diopters) [3,4]. The cornea is divided in five layers: the epithelium, bowman´s membrane, the 

stroma, Descemet’s membrane and the endothelium. The stroma represents 90% of the cornea. 

The epithelium is composed of 6 layers of cells that are continuously being renewed, which is 

not the case for the Descemet’s membrane. In case of disease or trauma of the Descemet’s 

membrane, the patient will automatically require a cornea transplant. The endothelium shows 

a crucial role in avoiding the abnormal swelling of cornea from excess fluid [3].  

The sclera is connected to the cornea by the limbus and extents until the lamina cribosa in the 

optical nerve. It maintains the shape and protects the eye from external chemical, physical and 

pathological action. It is white opaque due to the irregular arrangements of its collagen fibbers 

[1]. 

The conjunctiva is a semi-transparent thin layer, found in the inner lining of the upper and 

lower eyelids, and in the sclera extending until the cornea [4]. It facilitates the movement of 

the eyelids and the eyeball. It is highly vascularized and innervated, providing lubricant oils 

and mucous to the eye, thus offering extra protection [1]. 

The ciliary body is connected to the sclera and the iris. It is responsible for the aqueous humour 

secretion and its draining into the trabecular meshwork, it also provides focus adjustment 

through muscles that act on the crystalline lens, changing its shape [4].  

The iris is suspended in aqueous humour between the cornea and the lens. It is a contractive 

and pigmented diaphragm with a small circular opening called pupil, that acts upon the 

regulation of light that is allowed to pass through. The colour of the iris is unique to each 

individual, depending on the level of pigmentation of its constituent’s stroma cells [5].  

The aqueous humour is a clear, neutral colourless fluid continuously secreted (average 2.5 

µL/min) from epithelial cells in the ciliary body. It is usually completely renewed in 100 min. 
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It is constituted mainly by water (99%), but proteins, glucose, lactic acid, ascorbic acid and 

immunoglobulin G are also present. It favourably removes macrophages, debris and impurities 

from the posterior cornea while providing oxygen and nutrients. It is also crucial for the 

maintenance of the convex shape of the lens and of the intraocular pressure [4].  

The lens maintains its position through the action of an arrangement of ligaments (i.e. zonules 

of Zinn) that are connected to the ciliary body. These zonules act on the lens, regulating the 

focus ability of the eye. The lens is a transparent, avascular and non-innervated structure, 

located behind the iris. The aqueous humour covers the anterior part of the lens, while the 

posterior is covered by the vitreous humour [1,4]. 

The choroid is located between the ciliary body and extends until the optical nerve. It is highly 

vascularized and innervated, and provides nutrients to the outer layers of the retina [6].  

The retina is composed of two major layers, the inner neurosensory retina (i.e. neural retina) 

and the retinal pigment epithelium (RPE). The neural retina presents photoreceptors, and first 

and second order neurons (i.e. ganglion cells and the Müller´s cells (neuroglial elements)). It 

extends from the optical nerve till the ciliary body. It is responsible for the conversion of the 

light that crosses the pupil (more specifically the photons) into a nerve signal, which is sent 

through the optical nerve to the brain. The RPE consists of a single layer of non-dividing cells, 

that may proliferate. It is located above the neural retina and provides protection by preventing 

diffusion of toxic molecules originated in the choroid that could irreversibly damage the 

photoreceptors of the neural retina. Additionally, it secrets several growth factors, enzymes, 

and immunomodulatory cytokines.  

The optic nerve is constituted by the axons of the retinal ganglion cells. It provides a pathway 

to safely transport the neural signals from the retina into the brain [7]. 

The vitreous humour is a clear viscoelastic gel-like fluid constituted mainly of water (~98%), 

and also of hyaluronic acid (HA), collagens type II and IX, fibronectin, fibrillin and opticin. Its 

function is to maintain the intraocular pressure to assure that the retina remains in place, and 

the eye keeps its shape [4].  
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1.1.2 Ophthalmic disorders of the anterior segment and respective 

treatment 

The most common diseases that affect the structures of the anterior segment are: cataracts, dry 

eye, ocular keratitis, conjunctivitis and traumas [1,8].  

Cataract is the opacification of the lens, whose origin can be congenital, traumatic or related 

to aging. It is treated by removal of the natural damaged lens and its substitution with an 

intraocular lens. This type of surgery is often ambulatory and does not require internment, 

however it can be preceded by topical antibiotic administration to prevent endophthalmitis in 

the post-operatory period [9]. Additionally, after surgery, both antibiotic and anti-inflammatory 

drugs can be prescribed.  

Dry eye syndrome is a multifactorial disease of the ocular surface and lachrymal fluid. It may 

result from failure of the lachrymal glands to produce enough fluid or from improper 

functioning of the meibomian glands that do not produce or secrete enough oil (meibum), 

leading to a fast tear film evaporation. It is frequently related to aging, menopause, contact lens 

wear, medications, computer use and environmental factors. The development and aggravation 

of this disease can also be related with refractive and cataract surgeries [10]. Several ocular 

surface symptoms are associated to this condition, e.g. visual disturbance, tear film instability 

and discomfort [11]. In chronic dry eye cases frequent instillation of artificial tears is required 

to relief patients’ discomfort, while in cases of inflammation the application of short-term 

steroids is necessary [12–14].  

Ocular keratitis represents an infection and inflammation of the cornea. Karsten et al. (2012) 

reported 232 different microbiological agents which may be involved in the development of 

ocular keratitis. The severity of the keratitis depends on the infection agent. One of the most 

damaging keratitis is the Acanthamoeba keratitis caused by the parasite Acanthamoeba that is 

present in soil and fresh water [15]. This type of keratitis is often related to incorrect use of 

contact lenses, contact with contaminated water or eye trauma [16–18]. Bacterial keratitis is 

considered the most threatening form of keratitis; its rapid progression can result in cornea 

destruction in 24-48 h. Gram-positive bacteria are most commonly associated to keratitis 

formation, namely: Staphylococcus aureus (S. aureus), Staphylococcus epidermidis (S. 

epidermidis), Streptococcus pneumonia and Bacillus spp. While in the case of gram-negative 

bacteria, Pseudomonas aeruginosa (P. aeruginosa) represents the most common strain [19]. If 
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left untreated, it can result in blindness [20]. The treatment resides in the application of 

antiseptic and antibiotic drugs [17,21].  

Conjunctivitis is the inflammation of the conjunctiva, manifesting through lachrymal excess 

production, red eyes and discomfort. Three types of conjunctivitis exist, bacterial, viral and 

allergic (caused by the immune system in response to an allergen or to an irritant extern agent). 

Treatment is carried out according to the conjunctivitis source. In severe cases, anti-

inflammatory drugs must be prescribed to prevent further inflammations, and relieve pain, 

reduce redness and the patient’s discomfort [22–24].  

 

1.1.3 Drug delivery routes in ocular treatments 

Vision impairment is regarded as major worldwide problem, affecting nearly 285 million 

people. As this number is anticipated to rise as age expectancy increases [25], the development 

of new and more efficient ocular treatments is regarded as a challenge for the pharmaceutical 

community [26]. Current pharmacological treatments are based on three major methods of 

delivery: topical; systemic and intraocular [27].  

Topical administration through the instillation of eye drops represents the most common 

method of administration of drug in the treatment of ocular diseases/disorders [28]. It is a 

simple, non-invasive and self-administered method that is well accepted by patients. Both 

external (e.g. cornea, conjunctiva, sclera) and internal (e.g. aqueous humour, iris, ciliary body, 

vitreous humour, retina) structures can be targeted, according to the drug´s physiochemical 

properties [29]. However, several eye protecting barriers greatly affect eye drop instillation. 

Drug availability is reduced between 93% – 99%, through rapid tear turnover (0.5 – 2.2 

µL/min), tear replacement (2 – 3 min), nasolacrimal drainage and flushed into the patient’s 

cheek due to reflex eye blinking [30,31]. Additionally, the drug can diffuse into the highly 

permeable conjunctiva in detriment of other target structures. The reduced availability and low 

residence time of the ophthalmic drugs impose high concentrated doses and frequent 

applications. Increase in drug concentrations could result in undesirable side effects, as an 

estimated 80% of the drained drug can reach the blood circulation and subsequently major 

organs [32]. Extended eye drops instillation relies on patients’ compliance, which is usually 

compromised due to the mandatory hourly application and can result in drug overdosing or 

underdosing [33].  
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Systemic drug delivery faces two major problems, the scarceness of blood vessels in the eye 

and the blood-retinal barrier of the RPE, ultimately reducing drug penetration. As such, high 

doses of drugs are needed to achieve an effective outcome, which inevitably leads to severe 

side effects [29,34].  

Drug delivery into the posterior segment, relies mainly on intracameral injections of drug 

solutions. Although the drugs are directly injected in the vitreous chamber, the vitreous humour 

fast replacement and the dense network of fibbers present in the chamber, undermine the drugs 

efficiency. Inevitably, the reduction of drug availability and time of residence requires painful 

and uncomfortable frequent injections [35]. More, this is a very invasive method and may 

involve serious complications, such as endophthalmitis, retinal detachment, intravitreal 

haemorrhage and cataract.  

Figure 1.2 resumes in a schematic representation of the referred drug delivery methods and of 

other also used, although in a lesser extent. 

Considering the limitations stated above for current ophthalmic drug delivery systems, new 

and more efficient systems that follow ideal ocular delivery criteria are needed. Such systems 

should: (i) sustain drug release at the required therapeutic time and concentration; (ii) limit 

undesirable side effects; (iii) favour patient compliance; (iv) be cost-effective. Several attempts 

have been carried out to improve ocular therapeutics. Variations in eye drop formulations by 

increasing viscosity [36], application of nanoparticles [29], liposomes [37], micelles [38] and 

others, do not extensively improve drug availability, and therefore do not guarantee patients 

compliance. Innovative implantable devices have been studied to avoid conventional routes of 

drug delivery (Figure 1.2). All commercially available implantable devices are focussed on 

ocular delivery to the posterior segment, namely: Ozurdex® that provides a 60 – 90 days release 

of dexamethasone; Surodex® for the release of dexamethasone for 7 – 10 days, Iluvien® which 

provides a release of 18 – 36 months of fluocinolone, and Retisert® that releases fluocinolone 

for 30 months. The anterior segment is a trickier structure, as implantable devices can more 

easily affect vision, comfort and can also move resulting in tissue damage [34].  



Chapter 1: Introduction 

 

 

9 
 

 

Figure 1.2 Schematic representation of ocular drug delivery systems. Adapted from [39]. 

 

Soft contact lenses (SCLs) are being regarded as a promising anterior segment drug delivery 

system [26]. SCLs are already implemented and well accepted, as more than 140 million people 

use them for corrective vision [40].  

 

1.1.4 Contact lenses: From eye correction to drug delivery 

Contact lenses are medical devices made of biocompatible polymeric materials and so have 

been approved by the European Medicines Agency (EMA) in Europe and by the Food and 

Drug Administration (FDA) in the United States of America (USA) [41]. They are used for 

corrective vision, through correction of the refractive error. The contact lenses are directly 

placed in front of the cornea (~5 µm distance), and they are supported by lids, cornea, 

conjunctiva and tear film [42,43]. The contact lens divides the tear film in post lens tear film 

(POLTF) and in pre lens tear film (PLTF) (Figure 1.3). The proper correction of the eye´s 

refractive error depends on the similarity of the back-vertex power of the contact lens/ POLTF 

and contact lens/PLTF systems with the ocular refraction [44]. 
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Figure 1.3 Schematic representation of a contact lens position in the human eye. Adapted from 

[45]. 

 

The use of contact lenses was first approached in 1888 by Adolf Eugene Fick, who introduced 

a glass lens in the eye, and poured a liquid between the eye and the lens. A year later, August 

Müller, in his work entitled “Brillengläser und Hornhautlinsen” fitted in his own eye a glass 

contact lens, however the extreme discomfort described by Müller precluded their use for more 

than half an hour, as they imply a disturbance in the normal nourishment and oxygenation of 

the cornea [46]. The manufacturing of contact lenses was put on hold until a dramatic change 

occurred in the late 1930’s, when the use of polymeric materials took place. Müller and Ohring 

introduced the first rigid contact lenses made of poly methyl methacrylate (PMMA), in 1936. 

These contact lenses had the advantage of being more comfortable, lighter, durable and easier 

to produce than the preceding glass made contact lenses. Nevertheless, PMMA was still 

impermeable to oxygen, and as such, unsuitable for proper cornea oxygenation. Cellulose 

acetate butyrate contact lenses were then introduced in 1978 by FDA approval, due to its gas 

permeability, but, they were also discontinued [43]. In fact, rigid contact lenses are becoming 

obsolete as their reduced gas permeability and lack of comfort discourage patients [47].  

The development of SCLs by Otto Wichterle in the late 1950s was regarded as a worldwide 

breakthrough for the clinical application of commercial hydrogel lens. Wichterle polymerized 

a hydroxyethyl methacrylate (HEMA) monomer with the addition of a catalyst to obtain a new 

polymeric material (pHEMA) with improved biocompatible properties for human body 

applications [44]. Further investigation of this material led to the improvement of its properties 
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by variation/addition of other monomers. Improved water contents, refractive indexes, ionic 

and O2 permeabilities were achieved. In the 1970’s Bausch&Lomb introduced the first 

commercial SCLs after FDA approval [48]. Unquestionable, SCLs implementation on the 

market was an immediate success predominantly due to their superior comfort and 

biocompatibility [46]. Nevertheless, continuous developments occurred, with the addition of 

various monomers to the SCLs mixtures. The acknowledgment that O2 permeability of HEMA-

based hydrogels was directly related to the hydrogels water content, resulted in a search for 

monomers that enhance hydrophilicity, namely: N-vinyl pyrrolidone (NVP), N,N-dimethyl 

acrylamide (DMA), glyceryl methacrylate (GMA) and methacrylic acid (MAA). However, the 

increase in water content undermines the hydrogel integrity and favours bacteria proliferation 

[43,47]. Prediction of the necessary O2 permeability of SCLs to avoid hypoxia of the cornea 

[49], demonstrated that HEMA-based hydrogels, even with 90% water uptakes could never 

reach the necessary values for SCLs extended use [43].  

Silicone-based hydrogels were introduced by Bausch&Lomb and CIBA Vision in the late 

1990s, to overcome the limited O2 permeability of conventional SCLs. Silicone-based SCLs 

do not rely on water uptake for O2 permeability, instead the permeation occurs through silane 

groups present in the hydrogel [50]. Silicone-based SCLs are produced using siloxane 

macromers, namely: poly dimethylsiloxane (PDMS), tris-trimethylsiloxysilyl (TPVC) and N-

tris(trimethylsiloxy)-methacryloxy-propylsilane (TRIS). Nowadays silicone-based SCLs 

represent more than 60% of the SCLs market in the USA [48].  

In Table 1.1 a brief summary of commercially available SCLs is presented. 
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Table 1.1 Brief summary of commercially available SCLs [51–57].  

Name USANa Manufacturer 
Principal 

components 

WU 

(%)b 

Dk/L  

(x10-9 cm 

mlO2/s ml 

mmHg)c 

Modality 

1 Day 

Acuvue 

Etafilcon 

A 

Johnson & 

Johnson 

HEMA, 

MMA 
58 28 Daily 

1-Day 

Acuvue 

TruEye 

Narafilcon 

A 

Johnson & 

Johnson 

mPDMSd, 

DMA, 

HEMA, 

siloxane 

46 118 Daily 

Acuvue 

Oasys 

Senofilcon 

A 

Johnson & 

Johnson 

mPDMS, 

DMA, 

HEMA, 

siloxane, 

TEGDMAd, 

PVPd 

38 147 
Bi-

weekly 

Acuvue 

Vita 

Senofilcon 

C 

Johnson & 

Johnson 

mPDMS, 

DMA, 

HEMA, 

siloxane, 

TEGDMA, 

PVP 

41 147 Month 

AirOptix 

Aqua 

Lotrafilcon 

B 
CIBA Vision 

DMA, 

TRIS, 

siloxane 

33 138 Month 

Bioafinity 
Comfilcon 

A 
CooperVision 

NVP, 

VMAd, 

IBMd 

48 160 Month 

Biomedics 

55 

Ocufilcon 

D 
CooperVision HEMA 55 19.7 Daily 

Focus 

Night & 

Day 

Lotrafilcon 

A 
CIBA Vision 

DMA, 

TRIS, 

siloxane 

macromer 

24 175 Month 

Focus 

Softcolors 

Vilifilcon 

A 
CIBA Vision 

HEMA, 

NVP, MMA 
55 16 Daily 

Purevision 
Balafilcon 

A 
Bausch&Lomb 

NVP, 

TPVC, 

NVAd, 

PBVCd 

36 101 Month 

SofLens 

59 

Hilafilcon 

B 
Bausch&Lomb 

HEMA, 

NVP 
59 22 Daily 

a USAN stands for United States Adopted Names 
b Water uptake 
c Oxygen transmissibility (reference to -3.00D) 
d mPDMS: monofunctional polydimethylsiloxane, TEGDMA: Tetra-ethyleneglycol dimethacrylate, PVP: 

Polyvinyl pyrrolidone, VMA: N-vinyl-N-methylacetamide, IBM: Isobornyl methacrylate, NVA; N-Vinyl 

aminobutyric acid, PBVC: Poly(dimethysiloxy)di (silylbutanol) Bis(vinyl carbamate). 
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Although Wichterle discussed the possibility of using hydrogels as potential drug carriers [58], 

60 years later no drug delivery contact lenses have been implemented in the market, despite 

promising clinical trials and proven SCLs biocompatibility and non-toxicity [43]. SCLs are 

still regarded as a risk factor for eye therapy, as they preclude corneal damage, discomfort and 

possible infections [34]. In spite of this, numerous studies have been made to revoke those pre-

established statements [59–62]. The unique position of SCLs in the eye benefits drug release 

(See Figure 1.3). Drugs diffuse from the SCLs to both sides of the tear film. In the POLTF the 

drugs are delivered into the cornea or to the outer layers, and can subsequently reach the 

anterior segment. In the case of the PLTF the drugs are mainly lost by absorption into the 

conjunctiva or drainage [43]. Ultimately, drug residence time on the lachrymal fluid increases 

by a staggering 50% compared to typical eye drop therapy. The increase in drug bioavailability 

positively favours cornea penetration, reducing the frequency of administration and drug 

concentration [28,63]. 

Ophthalmic drugs can easily be loaded in the SCLs by simple soaking in a concentrated 

solution. Unfortunately, insufficient interaction and affinity occurs between the hydrogel’s 

matrix and most drugs. As such, this simple process is usually followed by an initial burst of 

drug that greatly detriments the drug’s therapeutic concentrations [64]. Figure 1.4 

schematically compares the ideal performance of a therapeutic SCLs with the usual ineffective 

soaked SCLs and with conventional eye drop therapy.  

Figure 1.4 Schematic comparison between ideal therapeutic SCLs with inefficient soaked 

SCLs and with conventional eye drop therapy.  
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Several strategies have been implemented to improve the therapeutic efficacy of drug loaded 

SCLs, mostly focusing on the reduction of the initial burst, the increase of drug uptake and 

hydrogel affinity for specific ophthalmic drugs, in order to achieve a prolonged and controlled 

drug release [63].  

 

1.1.4.1 Strategies for controlled drug release from SCLs 

The drug loading and release behaviour from SCLs depends on the drug (e.g. molecular weight, 

ionizable groups, hydrophilicity) and the SCLs (e.g. composition, water content) 

characteristics, as well as on the loading conditions (e.g. temperature, time, concentration) [65]. 

Hehl et al. (1999) loaded commercially available SCLs (Etafilcon A) by soaking in a 

tobramycin and obtained a 10 min release [66]. Tian et al. (2001) also soaked commercial SCLs 

(i.e. etalfilcon A and vasurfilcon A) and HEMA based hydrogels in ofloxacin solutions but the 

release time was 1 h in sink conditions [67]. Hui et al. (2008) studied the uptake and release of 

ciprofloxacin-HCl from commercially available silicone-based SCLs, achieving less than 24 h 

of release time [68]. Schultz et al. (2009) obtained a 60 – 90 min release of timolol maleate or 

brimonidine tartrate from commercial contact lenses (vasurfilcon A) [69]. Soluri et al. (2012) 

loaded ketotifen fumurate (anti-allergy drug) on several commercially available SCLs, 

however none of the SCLs led to more than 4 h of release [70]. Many other examples exist that 

demonstrate the inefficiency of the soaking method in several cases, ultimately proven by the 

absence of commercial drug delivery SCLs. Regardless, several efforts have been pursued to 

make drug-elution SCLs a success.  

 

Vitamin E 

The use of Vitamin E as a drug barrier was first proposed by Peng et al. (2010) [71]. Vitamin 

E is a lipophilic vitamin, with very low solubility in water. As such, it can be loaded into the 

SCLs by soaking in an ethanol solution, the ethanol is removed by drying the SCLs in air. 

Vitamin E creates aggregates inside the hydrogel matrix forcing variations of the drug 

molecules path, that ultimately result in a tortuous and delayed transport (Figure 1.5) [26]. 

Vitamin E shows a shorter wavelength than visible light, thus not interfering with the 

transparency of the SCLs [43].  
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Figure 1.5 Schematic representation of Vitamin E and drug loading and Vitamin E loaded 

SCLs network and drug release mechanism. Adapted from [43]. 

 

Kim et al. (2010) extended the release of dexamethasone from silicone-based SCLs loaded 

with Vitamin E, to obtain a sustainable 7 – 9 days release [72]. Hsu et al. (2013) demonstrated 

an increase from 10 min to 3 h of sustainable release of cysteamine from four different silicone-

based SCLs and from one HEMA-based (Etafilcon A) SCLs, due to Vitamin E incorporation 

[73]. Paradiso et al. (2016) loaded Vitamin E to increase from 2.5- to 10-fold the release time 

of an antibiotic (levofloxacin) and an antiseptic (chlorohexidine) drugs from silicone-based 

commercially available SCLs [74].  

Vitamin E incorporation seems to be promising as a drug control strategy, however concerns 

persist in terms of decrease in O2 and ionic permeabilities, and its resistance to typical SCLs 

cleaning and handling procedures [63].  

 

Molecular Imprinting 

The molecular imprinting process resides in the synthesis of novel contact lens materials to 

specifically target key drug molecules, for the unique purpose of increasing its uptake and 

ultimately controlling its release [75]. In this method the drug molecule is directly added to the 

monomer mixture, along with the initiator, crosslinker and functional monomers (monomers 

with the exclusive purpose of increasing possible interaction sites with the drug). With 

polymerization, tailored-active cavities are created with the size of the drug molecule, 

surrounded by the most suitable chemical groups (Figure 1.6). These memory pockets 
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engraved in the hydrogel matrix will efficiently recognize the drug molecule, increasing the 

affinity of the matrix towards the drug. This unique network arrangement results in an increase 

in drug uptake and can subsequently result in a more controlled release [76]. 

 

 

Figure 1.6 Demonstration of the molecular imprinting process. Adapted from [43].  

 

The diffusion of the drug molecules can be affected by average mesh size, template size and 

drug-matrix chain interactions [77]. As such, the implementation of functional monomers is 

chosen according to the available binding sites of the drug molecule, without affecting the 

hydrogels physical properties [78]. Several functional monomers have been studied for their 

efficiency in the molecular imprinting method, namely, acrylic acid (AA), acrylamide (AM), 

MAA, methyl methacrylate (MMA) and NVP [26]. 

Hiratani et al. (2002) produced N,N-diethylacrylamide hydrogels for SCLs, using various 

concentrations of crosslinking agent and functional monomer (MAA) to achieve a 48 h 

controlled release of timolol [79]. Alvarez-Lorenzo et al. (2006) studied the efficiency of two 

different functional monomers (AA and NVP) on norfloxacin loading and release from HEMA-

based hydrogels for SCLs, and found that AA resulted in a more sustainable release than NVP-

[80]. Tieppo et al. (2012) produced HEMA-based hydrogels with AA to increase in 4- to 50-

fold the release time of ketotifen fumorate, compared to non-imprinted hydrogels and to 

commercial eye drops (Zaditor®) [81]. Malakooti et al. (2015) produced polymyxin B and 

vancomycin imprinted AA-HEMA-based hydrogels, obtaining a sustainable 2 weeks release 

[82].  

Molecular imprinting leads to a significant enhancement of drug loading amounts and to an 

increase in the drug’s release time when compared to unaltered hydrogels for SCLs. The use 



Chapter 1: Introduction 

 

 

17 
 

of this method can, however, be limited in terms of simultaneous release of drugs and its effect 

on basic SCLs properties [83]. 

 

Nanoparticles 

SCLs can be integrated with drug nanocarriers in their matrix. These nanocarriers usually 

consist of nanoparticles (size < 1 µm) that entrap the drug molecules inside their polymeric 

structure. Both biodegradable and non-degradable polymers have been tested for the 

development of nanoparticles for therapeutic SCLs. Since the drug needs to diffuse from the 

nanoparticles first, before leaving the hydrogel and finally reaching the biological system, the 

drug release takes longer, thus preventing an initial burst (Figure 1.7). Generally, improvement 

of the nanoparticle’s biocompatibility can be achieved by incorporating the drug nanocarriers 

directly in the monomer mixture previously to polymerization. The nanoparticles can also be 

incorporated on the SCLs matrix by simple soaking [27,29,33]. There are several concerns 

regarding nanotoxicity of the particles. Improvement of the nanocarriers biocompatibility can 

be achieved, not only by variations of their composition but also by attaching them to the 

hydrogel network to prevent nanoparticle migration.  

 

 

Figure 1.7 Schematic representation of nanoparticle loading and nanoparticle-laden SCLs drug 

release mechanism. Adapted from [43,84]. 

 

Jung et al. (2013) produced propoxylated glyceryl triacylate nanoparticles for the release of 

timolol from contact lens. The presence of the drug in the release solution was still detected 
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after one month, and the in vivo tests in Beagle dogs demonstrated the effect of the drug on the 

intraocular pressure [85]. Zhu et al. (2018) modified a pHEMA hydrogel by adding an inner 

layer of ethyl cellulose and Eudragit S100 nanoparticles to extend the release of diclofenac 

sodium salt (DCF) by pH-triggering. In vivo studies in rabbits using lenses made with this 

modified pHEMA hydrogel showed a sustainable release for 24 h [62]. Maulvi et al. (2019) 

investigated the effect of gold particles on loading and release kinetics of timolol from the 

contact lenses, and found through in vivo tests that the intraocular pressure in the eyes of the 

rabbits remained stable after 72 h [86]. 

SCLs show low uptake for hydrophobic drugs; in this case nanoparticles have been studied as 

a possible strategy to overcome this difficulty. Nasr et al. (2016) produced loteprednol 

etabonate loaded polycaprolactone based nanoparticles that were entrapped on a HEMA/NVP 

based hydrogel for contact lenses. An extended release of 12 days was obtained in in vitro 

assays [87]. Behl et al. (2016) used chitosan (CHI) nanoparticles loaded in HEMA-based SCLs 

to achieve a controlled release of dexamethasone for 22 days, increasing its bioavailability by 

72% compared to typical eye drop therapy [88].  

Nevertheless, these nanocarriers present several disadvantages that need to be addressed 

namely, in terms of their nanotoxicity, safety, and problems related to production scale-up. 

 

Surface modification 

Surface modification is generally used in commercial SCLs, with the objective of improving 

wettability (e.g. plasma treatment) [77,89]. The acceptance of SCLs by the users can be 

influenced by the interactions between the surface of the SCLs and the involving biological 

tissues [40]. Therefore, various studies focus on the improvement of surface properties to 

improve acceptance [90–92]. Additionally, future perspectives refer to the implementation of 

various applications through surface modification, namely addition of interactive chemical 

targets, stimuli-responsive drug release, bio-sensors and others [93]. Surface modification can 

be achieved using physical (e.g. plasma, laser) or chemical agents (e.g. chemical attack, 

coating). One of the most common methodologies is the application of coatings on SCLs, 

which can be carried out by several methods, namely, molecule adsorption/grafting [94], layer-

by-layer (LbL) method [95] and immobilization of liposomes on the hydrogel matrix [96,97] 

(Figure 1.8).  
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Figure 1.8 Demonstration of different surface modification methods for SCLs. Adapted from 

[98]. 

 

Danion et al. (2007) coated commercial SCLs with liposomes (n=2, 5 and 10 layers) for a 

sustainable 6 days release of levofloxacin [99]. Dos Santos et al. (2009) prepared pHEMA 

hydrogels for SCLs with GMA at various proportions, and grafted to the surface β-

cyclodextrin, which did not make part of the structural chains but was hanging on 2-3 ether 

bonds through the hydroxyl groups. The β-cyclodextrin coated hydrogels were able to sustain 

the release of DCF in lacrimal fluid for two weeks [100]. 

The LbL method defined by the formation of multi-layered films by electrostatic self-assembly 

of polyelectrolytes is being regarded as a versatile and simple technique to provide specific 

target properties, and to obtain efficient therapeutic delivery devices [101]. In fact, the selection 

of the used polyelectrolytes can provide improved hydrophilicity [102] and antibacterial and 

antifouling properties [103,104]. The use of LbL coatings to control cell adhesion to 

biomaterials surfaces has also been described [105]. Elbert et al. (1999) reduced the tendency 

of a proteinaceous surface to the adhesion of proteins and cells, by using poly-L-lysine 

(PLL)/ALG multilayers [106]. HA coated intraocular lenses prevented fibroblasts adhesion and 

decreased the growth of bacterial films [107,108], while the addition of cross-linked HA in 

SCL materials reduced surface tear protein adsorption [109,110]. Croll et al. (2006) studied the 

protein adsorption on various polymeric surfaces and found that it was minimized through LbL 

deposition of films comprised by high molecular weight HA and CHI, ultimately reducing 
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foreign body adverse responses [111]. Hernandez-Montelongo et al. (2016) showed that 

HA/CHI nanofilms had antibacterial properties against S. aureus [103]. LbLs have also been 

used to build the shells of hollow capsules where solutes may be encapsulated and then released 

across the membrane in the presence of a concentration gradient [112,113]. In the case of LbL 

modified SCLs, some articles discuss the efficiency of these multi-layered coatings on drug 

delivery. Hu et al. (2014) coated a HEMA-based hydrogel for SCLs application by the LbL 

method, using CHI and HA as polyelectrolytes. This surface modification resulted on an 

improved hydrophilicity, reduced protein adsorption and increased the release time of 

norfloxacin (4 h) and timolol (1 h) [114]. Chen et al. (2015) produced a multilayer coating by 

the LbL method depositing polycarboxymethly-β-cyclodextrin and PLL polyelectrolytes on 

HEMA-based hydrogels. This multi-layered coating was loaded with orfloxacin or puerarin, 

and demonstrated a gradual release for 20 h. However, significant modification of the 

hydrogel’s transparency occurred [95].  

The challenge of forming coatings that do not lead to undesirable optical modifications of SCLs 

has driven away research on the SCLs surface modification, as great care must be taken in this 

type of drug control strategy [26].  

 

Implanted drug loaded films 

In this approach, multilayers of hydrogels are created by sandwiching drug loaded films 

between hydrogel layers. Those films are usually produced in a ring or half-ring form to avoid 

affecting the SCLs transparency as a clear central zone is created to allow light to pass through 

the pupil (Figure 1.9). Ciolino et al. (2014) produced a multilayer drug loaded poly (lactic-co-

glycolic acid) films on a commercial SCL (methafilcon). In vivo assays showed a sustainable 

release for 4 weeks without hindering the biocompatibility of the lenses [115]. Maulvi et al. 

(2018) prepared two semi-circular rings individually loaded with MXF and HA, that were 

implanted on a separate periphery of a hydrogel for SCLs use. The release data showed proper 

release of MXF and HA up to 4 days, while in vivo assays demonstrated equivalent healing 

effect to that obtained with high doses of  eye drop therapy [116]. 

These strategies can be practical from the point of view of drug-release, however since the drug 

loaded rings are implanted in the SCLs there are concerns regarding thickness, comfort, 

mechanical properties and O2 and ionic permeabilities of the SCLs [43]. 
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Figure 1.9 Schematic representation of a drug loaded implantable semi-circular disk in a SCLs. 

Adapted from [116].  

 

Supercritical solvent impregnation 

Supercritical fluid technology facilitates load/impregnation of ophthalmic drugs in SCLs. This 

approach relies on the fact that drugs can be dissolved in certain fluids (e.g. carbon dioxide 

(CO2)) above critical temperatures and pressures, facilitating the drugs impregnation on the 

hydrogel’s matrix. The compressed fluid mixture improves the drug’s diffusion into the 

network by increasing the free volume. Moreover, the amount of drug loaded can be controlled 

by use of cosolvents and by variations in pressure and temperature. With an adequate procedure 

(e.g. pressurization/depressurization rates), this method does not affect negatively the physical, 

chemical and mechanical properties of the drugs and/or SCLs [77,117]. Costa et al. (2010) 

demonstrated the relation between the nature and concentration of the cosolvents (ethanol and 

water) with the impregnation capacity of the contact lenses (Balafilcon A) [118]. Yañez et al. 

(2011) assisted the molecular imprinting of flurbiprofen on SCLs (Hilafilcon B), by 

impregnating the drug through the supercritical fluid technique. No variations of the SCLs 

properties were detected, but a significant improvement of flurbiprofen loaded and 

subsequently released was achieved [119].  

There are still security concerns about using this system in large scale for therapeutic SCLs 

production.  
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1.1.4.2 Material’s properties characterized in this thesis 

As medical devices SCLs must satisfy a set of requirements: they must not interfere with the 

user´s visual capacity; the user´s comfort has to be ensured: they cannot be toxic or injurious. 

Furthermore, SCLs should maintain a health ocular environment, providing a stable continuous 

tear film and be permeable to oxygen and ions, respectively, for cornea health and correct eye 

movement. In the following sections, it is given an overview about the most relevant properties 

of SCLs that shall be evaluated in the development of new devices and that were addressed in 

this work.  

 

1.1.4.2.1 Transmittance 

SCL materials must be transparent within the visible wavelength range (400-700 nm), letting 

the light pass through the cornea towards the retina. The velocity of light propagation depends 

on the interactions of the photons with the atoms of the materials, determining if the light is 

dispersed, absorbed or transmitted [120].  

The percentage of light transmitted thought a material is given by transmittance (%), expressed 

according to [121]: 

 

𝑇(%) = (
𝐼

𝐼0
) × 100 Equation 1.1 

 

where I0 and I represent the intensity of incident light and of the transmitted light, respectively. 

SCLs materials should demonstrate a transmittance over 90% [47].  

 

1.1.4.2.2 Refractive index 

The refractive index represents the ratio between the velocity of light in air and in the 

designated material. Ideally, SCLs materials should have a refractive index similar to that of 

the cornea (Table 1.2) [122]. Contrary to conventional SCLs, silicone-based SCLs do not 
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demonstrate a linear relation between refractive index and water content, due to their 

composition [47]. 

 

Table 1.2 Refractive index of key biological components of the eye. Adapted from [122]. 

Eye component Refractive Index 

Tear fluid 1.336 

Cornea 1.376 

Aqueous humour 1.336 

Lens 1.386/1.406 

Vitreous humour 1.336 

 

1.1.4.2.3 Water uptake 

Hydrogels are characterized by their capacity to swell and retain large amounts of solvent 

without affecting their structural integrity [123,124]. This behaviour is dependent on the 

presence of hydrophilic groups, pores and of the matrix crosslinking density. The swelling 

capacity is associated with the SCLs comfort, biofilm formation, protein adsorption, and 

mechanical and physical properties [125,126]. The water uptake (%) is expressed as follows 

[123,124]: 

 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 (%) =
𝑊𝐻 − 𝑊𝐷

𝑊𝐷
× 100 Equation 1.2 

 

where WH is the weight of the hydrated hydrogel and WD is the weight of the dry hydrogel.  
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1.1.4.2.4 Wettability 

The wettability is defined as the capacity of a fluid to spread across a material’s surface, and it 

can be determined by the contact angle between a liquid drop and the material [127]. For SCL 

application it is crucial that the tear fluid is able to spread across the lens surface, maintaining 

its stability and uniformity. If not, optical performance can be compromised due to interference 

of the tear fluid on the light transmittance, and  to variations of the PLTF and of POLTF, thus 

resulting in discomfort and dry eye sensation [126]. Surfaces with polar groups present smaller 

contact angles with aqueous solutions (hydrophilic surfaces), whereas surfaces with non-polar 

groups have higher contact angles (hydrophobic surfaces). The contact angle is the angle 

formed between the surface of the solid and the tangent to the liquid/vapour interface at the 

three-phase boundary. The equilibrium contact angle, , for an ideal surface relates with the 

three involving interfacial tensions through Young´s equation [47,128]: 

 

𝛾𝐿𝑉 = 𝛾𝐿𝑆 + 𝛾𝑆𝑉 . cos 𝜃 Equation 1.3 

 

where γLV, γLS and γSV are, respectively, the liquid/vapour, liquid/solid and solid/vapour 

interfacial tensions, [129].  

The contact angle can be measured by the sessile drop method or by the captive bubble method. 

Although, the sessile method is the most commonly used method, in the case of SCLs, the 

captive bubble technique is more suitable as it allows the measurement of the contact angle of 

the materials in their hydrated state. In this case, an air bubble is formed on the bottom surface 

of the material that is completely immersed in a liquid. Here the contact angle is the 

supplementary angle of the angle  shown in Figure 1.10, which depicts a schematization of 

the captive bubble method.  
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Figure 1.10 Schematic representation of the captive bubble method.  

 

1.1.4.2.5 Ionic permeability 

SCLs shall ensure the proper transport of water and ions across its network. This feature will 

avoid binding of the SCLs to the cornea ensuring adequate POLTF for nutrient transport, lens 

movement and removal of waste and debris [130,131]. The minimal required value of ionic 

permeability for proper lens movement in the eye is 1.065×10-9 cm2/s [132]. The common 

methodology to determine the ionic permeability (Dion) of SCLs is to use a diffusion cell (See 

Figure 1.11), where the hydrogel is placed between two chambers, a donor chamber (filled 

with saline solution) and a receiving chamber (with distilled and deionized (DD) water). Dion 

can be calculated according to Equation 1.4, since ions pass through the hydrogel from the 

donor chamber to the receiving chamber, it is possible to measure the conductivity (µS/cm) of 

the fluid in this late chamber.  

 

𝐹. 𝑉

𝐴
= 𝐷𝑖𝑜𝑛

𝑑𝐶

𝑑𝑥
 Equation 1.4 

 

where F is the rate of ion transport, V is the volume of the receiver solution, A is the cross area 

of the tested hydrogel and dC/dx represents the initial saline solution concentration [133]. 

Figure 1.11 shows a representation of the ionic permeability apparatus used in this work.  
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Figure 1.11 Schematic representation of the ionic permeability measurement apparatus used 

in this thesis. 

 

1.1.4.2.6 Topography 

Surface topography of SCLs can directly affect the user´s comfort, SCLs wettability and 

protein, bacteria and cell adhesion [134,135]. Baguet et al. (1995) correlated the tendency for 

biofilm formation and the increase of surface roughness [136]. Atomic force microscopy 

(AFM) allows high resolution observation of solid surfaces with a detailed information in real 

time. AFM technology relies on the interactions between a tip/probe and a material (e.g. ionic 

repulsion, electrostatic interactions, van der Waals forces). Such interactions are possible due 

to the proximity of the tip to the SCLs surface, achieved by piezoelectric devices included on 

the AFM instrumentation. This technique also avoids possible artefacts promoted by SCLs 

dehydration, as the hydrogels can be immersed in solution using a liquid cell. AFM apparatus 

is usually composed of four elements; (1) a cantilever, (2) a tip/probe that is directly mounted 

in the cantilever, (3) a piezoelectric scanner that allows a 3-dimensional movement and (4) a 

light source (laser) that is reflected by the back of the tip into a position sensitive photodiode 

detector [137,138]. The scan of the surface is usually carried out in non-contact or tapping 

mode. The tip movement is closely monitored by the piezoelectric element [139]. Figure 1.12 

shows a schematic of the AFM operating principle. 
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Figure 1.12 Schematic representation of the AFM operating principle. Adapted from [140]. 

 

Analysis of the AFM images leads to the value of the surface roughness at a micrometric scale. 

Commonly, surface roughness is characterized by the arithmetic average roughness (Ra), which 

is related to the variation of the height of the surface relative to a reference plane. Ra is usually 

calculated by integration of the surface height profile z(x) in relation to a mean line, that divides 

the peaks and the valleys in equal areas:  

 

𝑅𝑎 =
1

𝐿𝑔
∫ |𝑧(𝑥) − 𝑚𝐿|𝑑𝑥

𝐿𝑔

0

 Equation 1.5 

 

where Lg is the sample profile length, and mL is the mean line. Ra calculation is greatly 

influenced by the size of the scan [141,142]. Silicone-based SCLs can exhibit variations of 

roughness accordingly to their composition and preparation method [134]. 

 

1.1.4.2.7 Young’s modulus 

SCLs in vivo performance is directly influenced by its stiffness. SCLs in hydrated state must 

be flexible and soft, to ensure a good cornea fitting and to not impair the visual capacity. More, 

SCLs durability and handleability is also dependent on the material’s mechanical properties. A 

decrease in water content is usually associated with an increase in hardness and brittleness of 

the SCLs. The tensile elastic modulus gives information on the deformation extent that one 

SCL can endure in elastic regime [47]. Typical Young’s modulus values for SCLs range from 
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0.38 to 1.44 MPa. Silicone-based SCLs usually have higher Young’s modulus than 

conventional SCLs, due to their composition [55]. Low Young’s modulus can lead to higher 

degree of comfort due to better fitting to the cornea. The high flexibility of SCLs can induce 

minimal interaction with the eyelids during blinking, but it has the disadvantage of reducing 

the SCL lifetime. In contrast, high Young´s modulus permits better handling and extended SCL 

use, but it can affect comfort and ultimately lead to mechanically induce pathologies [47]. 

 

1.1.4.2.8 Interaction with lachrymal proteins 

The interaction of the lachrymal proteins with SCLs can lead to undesirable side effects, such 

as increase in friction, loss of water content [143], biofilm formation and cell adhesion 

[144,145]. Protein adsorption can be measured with quartz crystal microbalance with 

dissipation (QCM-D). This technique relies on the piezoelectric behaviour of a quartz crystal 

sensor. The crystal is coated with two gold electrodes, to which is applied an electric current, 

that induces the oscillation of the crystal with a pre-determined frequency (resonance 

frequency, f) [146]. The adsorption/desorption of mass on the surface of the crystal results in 

fluctuations of f. Additionally, QCM-D offers information on the energy dissipation (D), that 

can be used to evaluate structural variations of the adsorbed mass in situ [146,147]. 

 

1.1.4.2.9 Optical irritation 

Ocular safety assessment is crucial to prevent eye injury and visual impairment due to SCLs 

use, especially with the introduction of drugs. Currently, the Draize rabbit eye test represents 

the accepted FDA method for this type of assessment [148]. However, concerns have been 

reported in regard of the inhumane aspects of this test. The Hen’s egg test – chorioallantoic 

membrane (HET-CAM) test has been referenced as a method to reduce animal testing in eye 

irritation analysis. This technique resides in the use of fertilized chicken eggs, where the 

vascular chorioallantoic membrane (CAM) is present. Usually, the designated test sample is 

directly placed on the CAM, and any acute effects induced are considered similar to those 

induced by the same test sample during the Draize rabbit test. During testing, observation of 

the CAM is followed to evaluate the development of irritant aspects: haemorrhage (i.e. 

bleeding), vascular lysis (i.e. blood vessel disintegration), and coagulation (i.e. intra- and 
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extravascular protein denaturation) [149,150]. Quantitative analysis of irritation potential of 

the tested sample is carried out by calculation of the irritation score (IS), through Equation 

1.6: 

 

𝐼𝑆 = ((
301 − 𝑇𝐻

300
) × 5) + ((

301 − 𝑇𝐿

300
) × 7) + ((

301 − 𝑇𝐶

300
) × 9) Equation 1.6 

 

where TH, TL and TC represent the time in seconds when the first appearance of haemorrhage, 

lysis and coagulation is, respectively, observed [151,152]. The obtained IS value is classified 

according to the values described in Table 1.3. Since the HET-CAM analysis is done in 300 s, 

the maximum value of IS is 21.  

 

Table 1.3 IS classification. Adapted from [152]. 

HET-CAM Score Range Irritation Score 

0 – 0.9 No irritation 

1 – 4.9 Slight Irritation 

5 – 8.9 Moderate Irritation 

9 - 21 Severe Irritation 

 

1.1.4.2.10 Cytotoxicity 

Prior to in vivo placement, SCL materials must undergo several biocompatibility tests, namely 

cytotoxicity. The conjugation of these tests with complete characterization of the physical and 

mechanical properties of the device will permit an overall analysis of the possible biological 

response towards the material. Nonclinical safety tests should be carried out according to the 

major standards for biological evaluation of medical devices, namely the ISO (International 

Organization for Standardization) 10993 (Biological Evaluation of Medical Devices) [153]. In 
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particular, ISO 10993-5 (ISO 10993 – part 5: Tests for in vitro cytotoxicity) standardize the 

used methods and endpoints for determination of cytotoxicity. Here, a cell line is evaluated in 

terms of growth, replication, viability and morphology after exposure to the material or to its 

extract/leachate. Interestingly, the in vitro assays show more sensitivity than animal tests, as 

no biological defence mechanisms are present [153,154]. However, the direct contact can result 

in cell physical damage, which can lead to false related material toxicity [155]. To avoid this, 

the tested materials shall be placed close, but not in direct contact with the cells, simulating the 

POLTF. According to ISO 10993-5, a material is considered non-toxic if a cell viability of 

>70% is observed [154].  

 

1.1.4.3 Sterilization  

Sterilization is a crucial and mandatory step in the production of SCLs. Briefly, sterilization 

corresponds to any chemical or physical process that allows to eliminate/remove all living 

microorganisms, including viruses. Absolute sterilization cannot be proven. Instead, it is 

defined in terms of probability, through the sterility assurance level (SAL). SAL expresses the 

probability of a certain product being non-sterile after exposition to a validated sterilization 

process. In Europe, medical devices, namely SCLs, to be approved for commercialization need 

to be sterilized with a minimal SAL of 10-6, in other words, the probability of not being sterile 

is one in a million [156,157].  

Sterility can be reached by two major ways: aseptically or terminally. In aseptic production, 

the product is sterilized during processing, being handled in a clean room. This technique has 

an high risk of failing [158]. Therefore, terminal sterilization is preferred. Here, the final 

product within its final container or package is submitted to the sterilization treatment. 

Terminal sterilization eliminates the existing bioburden of the product, i.e. its inherited 

microbial load [159–161].  

The requirements for terminally sterilization of medical devices, applicable to SCLs, are 

described in standard EN 556 - 1. In turn, the general criteria for tests of sterility on medical 

devices that must be followed when defining, validating or maintaining a sterilization process 

are given in ISO 11737-2:2019.  
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SCLs are commercialized, after terminal sterilization, in a final packaging or dispenser, 

containing a storage buffered solution. Several terminal sterilization methods may be used for 

these devices namely: steam and pressure (SP) by autoclaving, γ-irradiation, and gas 

sterilization (ethylene oxide) [162]. Sterilization becomes a big challenge for drug loaded 

SCLs, since besides keeping suitable material’s properties, it is necessary ensure that the 

sterilization process does not impact negatively the drug release profiles nor the drug activity. 

SP is the most used method for SCLs sterilization, since it is cost-effective, simple and it can 

be used for drug loaded SCLs, in general. Contrarily, although γ-irradiation is also quite used 

for bare SCLs, it may lead to the chemical modification and/or degradation of the drugs 

[163,164], when incorporated in the hydrated devices. Ethylene oxide sterilization can 

potentially leave gas residues that are toxic and potentially carcinogenic [165–167]. New 

sterilization methods have been pursued to allow overcoming these limitations and processing 

thermal sensitive systems. One of those methods is high hydrostatic pressure (HHP) [168], 

which is often used in the food industry to improve its preservation [169], but that is still giving 

its first steps concerning biomedical devices. In this work SP and HHP, were used. 

 

Steam and pressure sterilization 

As referred above, SP sterilization involves the use of saturated steam under pressure in an 

autoclave, at a given temperature during a defined time. The efficiency of the sterilization is 

determined by the variations of temperature, pressure and time. During the SP process, the 

steam enters in contact with the product and transfers to it its stored energy (i.e. enthalpy of 

vaporization) through the steam condensation on the surface of the product, turning to moist. 

It is this moist that leads to the irreversible denaturation and coagulation of structural proteins 

and enzymes of the microorganisms, ultimately killing them [170,171]. 

 

High hydrostatic pressure sterilization 

In HHP processing, hydrostatic pressures in the range 300-600 MPa are used to impair 

microorganisms present in food [172]. The increase in pressure affects the non-covalent bonds 

of proteins, resulting in variations in their secondary, tertiary and quaternary structures. Lipids 

are also affected by HHP through modifications in their structure and molecular organization 

[173]. Nucleic acid seems immune to pressure due to its secondary structure that is stabilized 
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by H-bonds, defined as pressure resistant. The efficiency of HHP depends on the duration of 

the applied pressure, the level of pressure, temperature of the assay and on the chemical 

environment of the product [174]. HHP has been object of study in the biomedical field, for 

sterilization of pharmaceutical products [175] and for inactivation of pathological 

microorganisms and tumour cells [174]. Rigaldie et al. (2003) demonstrated the inactivation 

and/or reduction of the number of microorganisms (i.e. Candida albicans), S. aureus, 

Aspergillus niger, P. aeruginosa, Bacillus subtilis) from contaminated drugs (insulin, heparin, 

and monoclonal antibodies) and from a commercial drug carrier (sphérulites®), through HHP 

treatments (20-500 MPa, 20-37ºC) [175]. Gollwitzer et al. (2009) showed complete 

inactivation of S. aureus and of P. aeruginosa in suspension, present in contaminated blood 

and adherent to metal implants by HHP (various protocols, with pressure values up to 600 

MPa). Nevertheless, Enterococcus faecium showed tolerance until max pressure (600 MPa), 

and osteoarthritic infected bone protected the microorganisms against HHP [172]. Linares-

Alvelais et al. (2018) studied the effects of HHP on the mechanical properties of 3D imprinted 

materials, as a method to evaluate the possibility of using HHP for sterilization of biomedical 

devices. HHP (600 MPa, 15 min) resulted in an enhancement of the material’s mechanical 

properties, increasing by 30% the tensile modulus and by 26% the ultimate tensile strength, 

contrary to autoclaving that resulted in irreversible damage and deformation of the material’s 

surfaces [169]. In this work the selected HHP conditions were previously tested [168]. 

 

1.1.5 Ophthalmic drugs used in this thesis 

Four different ophthalmic drugs were studied in this work: two anti-inflammatories, one 

antibiotic and one antiseptic. The choice of the drugs was based on the need to evaluate 

different molecules, which are representative examples of those used in the treatment of some 

of the most common diseases of the anterior segment of the eye. 

DCF is a non-steroidal anti-inflammatory drug (NSAID) known to suppress hyperosmolarity-

induced apoptosis [176]. NSAID drugs act as inhibitors of cyclooxygenases (COX), which are 

active enzymes in the process of inflammation [177]. DCF is used in the control of pain and 

inflammation after surgery [178], corneal abrasions [179], chronic allergic conjunctivitis and 

seasonal allergic conjunctivitis [180]. DCF ophthalmic eye drops received FDA approval in 

1998 (from Alcon, Inc.). 
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Ketorolac tromethamine (KETO) is also a NSAID drug. It is indicated for reduction of ocular 

pain and burning/stinging after cataract surgery [181], but also reduces the symptoms of 

allergies [182]. KETO ophthalmic eye drops were approved by the FDA in 2003 (Acular LS® 

from Allergan, Inc).  

Chlorhexidine gluconate ophthalmic eye drops received approval in 2005 by the FDA (Sage 

Products, Inc). In this work, diacetate chlorhexidine monohydrate (CHX) will be studied, due 

to its low cost and availability. It is an antiseptic and antibacterial drug, with activity against 

yeasts and against both Gram-positive (e.g. S. aureus) and Gram-negative (P. aeruginosa) 

bacteria. Briefly, CHX acts on the microbial cell membrane destroying its integrity, which  

results in the microbial death [183].  

Moxifloxacin hydrochloride (MXF) is a fourth-generation fluoroquinolone used in the 

treatment of keratitis, conjunctivitis, keratoconjunctivitis and bacterial endophthalmitis. It is a 

broad-spectrum antibiotic active against several bacteria, including S. aureus and S. 

epidermidis [184–186]. The action of MXF resides in the interference with the bacterial 

survival mechanism. MXF binds to the deoxyribonucleic acid (DNA) gyrase (topoisomerase 

II) and topoisomerase IV, which are two essential enzymes involved in the bacterial cell’s DNA 

replication, translation, repair and recombination, ultimately resulting in the bacteria death 

[185]. MXF ophthalmic solution was approved by the FDA in 2003 (Alcon, Inc). 

In Table 1.4 the main characteristics of the four drugs used in this work are described. 
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Table 1.4 Characteristics of the studied ophthalmic drugs [187–189].  

Drug’s name Diclofenac Ketorolac Chlorhexidine Moxifloxacin 

Classification 

Non-steroidal 

anti-

inflammatory 

Non-steroidal 

anti-

inflammatory 

Antiseptic 
Fluoroquinolo

ne antibiotic 

Molecular 

formula 

C14H10Cl2NN

aO2 

C15H13NO3· 

C4H11NO3 

C22H30Cl2N10·2C2H4O

2·H2O 

C21H25ClFN3

O4 

Molecular 

weight (g/mol) 
318.13 376.4 643.57 437.89 

Chemical 

structure 
    

pKa 4 3.5 10.8 

6.25 

9.29 

Ionicity Anionic Anionic Cationic Zwitterionic 

Solubility in 

water, 20ºC 

(mg/mL) 

50 56.5 0.8 24 

 

1.2 Objectives of the thesis  

As stated above, SCLs are used by more than 100 million people around the world for refractive 

error correction. Their extended wear and biocompatibility are well established, placing them 

in a front road for improvement of the current inadequate ocular treatments. SCLs 



Chapter 1: Introduction 

 

 

35 
 

demonstrated to increase drug bioavailability by 50% when compared to topical application, 

and can overcome current limitations namely; poor patient compliance, frequent instillations 

and systemic sorption. Nevertheless, the design of a therapeutic SCL requires the conjugation 

of different factors that may lead to an optimal system, namely: recognition of the desired 

application, identification of the target, eventual modification of the material´s properties, and 

the evaluation of the drug/material interactions. Otherwise, the likelihood of insufficient drug 

concentration above therapeutic values for the required time can be insufficient due to drug 

improper release profiles. 

The aim of the present PhD thesis is to investigate new strategies, based on the use of LbL 

coatings and molecular imprinting, to control drug release from drug-eluting hydrogels which 

may be used in the production of therapeutic SCLs. 

In Chapter 2, a lab-made hydrogel thereafter designated by TRIS/NVP/HEMA, was produced 

by crosslinking of TRIS, HEMA, NVP, with ethylene glycol dimethacrylate (EGDMA) as 

crosslinker. This hydrogel demonstrated adequate properties to be used in the manufacturing 

of SCLs [133,143],  The effect of an LbL coating based on alginate (ALG) and CHI 

polyelectrolytes, on the release of DCF, KETO, CHX and MXF from TRIS/NVP/HEMA 

hydrogel and from a commercially available silicone hydrogel material for SCLs, Definitive 

50, was investigated.  

In Chapter 3, other LbL coatings, with various ALG, CHI, HA and PLL polyelectrolytes 

conjugations were tested on TRIS/NVP/HEMA hydrogel, to control the release of DCF, CHX 

and MXF and evaluate protein adsorption. The novelty was to use polyelectrolytes with 

antibacterial properties that may sustain the drug release and, simultaneously, are able to reduce 

the growth of bacteria responsible for the more common ocular infections.  

In Chapter 4, a new LbL coating based on three ionic polysaccharides, ALG, CHI and HA was 

tested on TRIS/NVP/HEMA and two commercially available SCLs (Purevision and SofLens). 

In this new combination of polyelectrolytes, the crosslinker agent was changed from N-(3-

dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) (used in chapter 3) to 

genipin (GE) that has several advantages, namely, is biocompatible and has very low toxicity. 

Furthermore, the problem of sterilizing LbL coatings based on natural based polysaccharides 

was tackled here for the first time.  
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In Chapter 5, the molecular imprinting technique was used on TRIS/NVP/HEMA to improve 

the release of MXF, since the studied LbL coatings were efficient only for the control of DCF 

release. 

In Chapter 6, the LbL method and molecular imprinting strategies were combined, to control 

simultaneously the dual release of DCF and MXF from the TRIS/NVP/HEMA, while 

improving the surface properties of the material.  

In Chapter 7, an overall discussion is made to integrate the main results and conclusions of 

chapters 2 to 6.  

Finally, Chapter 8 describes the main conclusions of this thesis and future work. 
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2 Chitosan/alginate-based multilayers to control drug 

delivery from SCL materials 

 

The following results were published in the peer-reviewed article: 

 

Diana Silva, Luis F. V. Pinto, Dimitriya Bozukova, Luis F. Santos, Ana 

Paula Serro, Benilde Saramago; Chitosan/alginate-based multilayers 

to control drug delivery from ophthalmic lens; Colloids and Surfaces 

B: Biointerfaces (2016) 147:81-89 

 

DOI: 10.1016/j.colsurfb.2016.07.047 

 

 

Ellipsometry measurements were carried out though a collaboration with Professor Luís 

Santos, from Instituto Superior Técnico – University of Lisbon.  
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2.1 Introduction 

In this chapter, the potential of an ALG/CHI based LbL coating produced on hydrogel materials 

for SCLs to act as a drug diffusion barrier, is investigated. Two different hydrogels were 

studied: (1) one silicone-based hydrogel, designated as TRIS/NVP/HEMA (the molecular 

structures of the monomers are shown in Appendix A); (2) one commercially silicone-based 

hydrogel under the name of Definitive 50 from Contamac Products (U.K.) (its physical 

properties are described in Appendix B). The natural based polyelectrolytes used to prepare the 

coating, ALG and CHI are biopolymers of interest for drug delivery applications, owing to 

their biocompatibility, non-antigenicity and non-toxicity [1–4]. ALG is an anionic 

polysaccharide composed of β-D-mannuronate (M block) and α-L-guluronate (G block) 

copolymers bound by 1,4-glucosidic linkages [5]. CHI is a cationic copolymer of β-(1-4)-

linked 2-acetomido-2-deoxy-d-glucopyranase and 1-amino-2-deoxy-d-glucopyranase. Due to 

its physicochemical characteristics, namely permeation enhancing properties, CHI is an 

adequate material for drug delivery ocular devices [6]; however, it has very low mechanical 

integrity and enzymatically degrades, e.g. by the action of lysozyme [7]. The chemical 

structures and some physical properties of both polyelectrolytes are summarized in Appendix 

C. Two crosslinkers, CaCl2 and glyoxal (GL) were added to the coating to further improve 

coating properties, ultimately favouring coating stability. CaCl2 is known to form stronger 

films of ALG, improving the tensile strength and structure cohesion [8], while GL has been 

considered advantageous, in other studies, to improve CHI-based materials properties [9–11]. 

Figure 2.1 shows schematically the crosslinking of both polyelectrolytes. 
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A 

 

B 

 

Figure 2.1 Schematic representation of the (A) ALG crosslinking with Ca2+, and (B) CHI 

crosslinking with GL. Adapted from [8,11]. 

 

Four drugs were loaded in the LbL coated TRIS/NVP/HEMA hydrogel: two anti-

inflammatories DCF and KETO, an antiseptic CHX, and the antibiotic MXF. The drug loading 

was carried out prior to the LbL coating, though simple soaking in individual concentrated drug 

solutions, and the release profiles were evaluated under sink conditions (conditions in which 

the volume of the release medium is at least 5 times greater than the volume present in the 

saturated solution). DCF was further tested in Definitive 50. 
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The formation of the ALG/CHI layers was followed using a QCM-D and the topography, 

wettability, refractive index and transmittance of the LbL coated TRIS/NVP/HEMA hydrogels 

was assessed. The thickness of the coatings was determined by ellipsometry. 

 

2.2 Experimental part 

2.2.1 Materials 

3-Tris(trimethylsilyloxy)silylpropyl 2-methylprop-2-enoate (purity≥98%, TRIS), 2-

hydroxyethyl methacrylate (purity≥99%, HEMA), ethylene glycol dimethacrylate 

(purity≥98%, EGDMA), 2,2’-azobis(2-methylpropionitrile) (purity≥98%, AIBN), acetic acid 

(purity≥99.7%), alginic acid sodium salt from brown algae (average molecular weight 100,000-

200,000 g/mol, 61% mannuronic acid and 39% guluronic acid, ALG), diclofenac sodium salt 

(purity≥98.5%, DCF), ketorolac tris salt, (purity≥99%, KETO), glyoxal solution 40% (w/w) in 

H2O (GL), branched polyethylenimine (average molecular weight 750,000 g/mol, PEI) were 

provided by Sigma–Aldrich (USA). N-Vinyl pyrrolidone (purity≥98%, NVP), and sodium 

hydroxide (purity≥99%, NaOH), were obtained from Merck (Germany). Sodium chloride 

(purity≥99%, NaCl), sulfuric acid (purity≥98%, H2SO4), hydrogen peroxide (30% (w/v), 

H2O2), calcium chloride 2-hydrate (CaCl2.2H2O) and Chlorhexidine diacetate monohydrate 

(purity≥ 98%, CHX) were supplied by Panreac (Germany). Moxifloxacin hydrochloride 

(MXF) was provided from Carbosynth (U.K.) and Hellmanex®II from Hellma GmbH 

(Germany). Medical grade chitosan (high deacetylation degree, >90%, average molecular 

weight 750,000-1,000,000 g/mol, CHI) was supplied by Altakitin (Portugal), and Definitive 50 

(Contamac U.K.) was supplied by Physiol (Belgium). Polystyrene (PS) was synthesized and 

offered by Dra. Clara Gomes from Centro de Química Estrutural, Instituto Superior Técnico – 

University of Lisbon (Portugal). Lysozyme chicken egg white (pH 6.5) is from CalbioChem 

(U.K.). Distilled and deionised (DD, 18 MΩcm, pH 7.7) water obtained from a Millipore 

system was used to prepare all solutions. 
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2.2.2 Preparation of polymeric samples 

The silicone-based hydrogel (TRIS/NVP/HEMA) was synthesized using a mixture of 0.8 M of 

TRIS, 3.9 M of NVP, 1.8 M of HEMA, and 30 mM of EGDMA, which was degassed by 

ultrasounds (5 min) and bubbling with nitrogen (10 min). Then, AIBN was added to get a 

concentration of 15 mM, and the solution was poured into a mould constituted by two silanized 

glass plates separated by a Teflon frame with 0.3 mm of thickness. The silanization process 

reported in [12] was followed. Polymerization was done in an oven at 60ºC for 24 h. In order 

to remove unreacted monomers and other impurities, the polymerized hydrogel was washed 

with DD water for 5 days, with total renovation two times a day. Finally, the hydrogel sheets 

(thickness ≈0.3 mm) were cut in disks with 9 mm of diameter. Definitive 50 samples were 

washed in a Soxhlet extractor with DD water, for 60 cycles, according to the recommendations 

of the supplier and cut in disks with an average thickness of ≈1 mm and a 6 mm diameter. All 

samples were dried overnight in an oven at 36ºC and stored inside closed flasks. 

 

2.2.3 Drug loading and drug release tests 

TRIS/NVP/HEMA dry samples (average weight ≈21 mg) were loaded with the drugs by 

individually soaking in 3 mL of drug solution with a concentration of 1 mg/mL of DCF and 

KETO, 2.5 mg/mL for CHX and 5 mg/mL for MXF. The loadings were done at 4ºC for 38 h 

in the former two cases, and 72 h in the latter cases. The drugs were dissolved in a 130 mM 

NaCl solution, except for CHX which was dissolved in DD water. The Definitive 50 (average 

weight ≈18 mg) samples were loaded with DCF using the same conditions.  

The release measurements were done by soaking the samples in a 3 mL saline solution (130 

mM), at 36ºC, with a 180 rpm stirring. Volumes of 200 µL were removed at schedule times to 

measure the drug concentration, being replaced by the same volumes of new saline solution.  

The concentration of the drugs in the collected solutions was determined by measuring the 

absorbance with a UV-Vis spectrophotometer (Multiskan GO, Thermo Scientific) at a 

wavelength of 255 nm for CHX, 276 mm for DCF, 290 mm for MXF and 323 mm for KETO.  
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2.2.4 LbL deposition 

The drug loaded hydrogels were first coated with PEI which promotes stability and 

homogeneity of the following layers [13,14], by soaking the hydrogels for 5 min in a PEI 

aqueous solution (20 mM). Meanwhile, the ALG and CHI solutions with a concentration of 10 

mM each were prepared in DD water and in aqueous solution of acid acetic 1% (v/v), 

respectively. The pH of the ALG and CHI solutions was 6.5 and 3.0, respectively. The pH of 

the CHI solution was then adjusted to 5.0, with NaOH, in order to maintain its positive charge 

while avoiding depolymerization of CHI [15]. In some referred cases, 5% (w/w) of GL was 

added to the CHI solution. One double layer was achieved by dipping the hydrogel samples 

into ALG solution for 1 min, subsequently immersing in 1 M CaCl2 solution for 3 min, and 

finishing with CHI solution for 1 min. Two and four double layers were also prepared, 

repeating the process. To protect the CHI layer from lysozyme action [7,16], a final layer of 

ALG (crosslinked with CaCl2 was deposited). Depending on the number of double layers (n=1, 

2 or 4), the coatings were designated as ((ALG-CaCl2)/CHI)n. After immersion in each 

solution, a rinsing with DD water was done. In the case of samples produced with CHI solutions 

containing GL, the crosslinking of CHI was achieved by drying the samples in the oven at 45ºC 

during 1 h, in the final stage, to form a coating designated as (ALG-CaCl2)/(CHI+GL).  

In the meantime, drug loaded samples without coating (designated uncoated hydrogels) were 

immersed in DD water during the time of the LbL formation (≈15 min) to mimic the process 

undergone by the coated samples. The uncoated samples prepared for comparison with those 

coated with (ALG-CaCl2)/(CHI+GL) were finally placed inside an oven at 45ºC for 1 h. With 

this procedure, it was ensured that the amount of drug lost during the LbL formation, which 

was experimentally determined through the analysis of the respective immersion solutions, was 

also lost by the uncoated samples.  

The prepared samples were then immediately used for the drug release tests.  

 

2.2.5 Evaluation of the LbL coating stability 

The formation of the layers was studied using a quartz crystal microbalance with dissipation 

(QCM-D, E4 from Q-Sense).The sensors were gold coated quartz crystals (5 MHz), which 

were pre-coated with a PS film by spin coating (2000 rpm, 30 s), and then coated with the 
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TRIS/NVP/HEMA hydrogel forming reactional mixture (described in section 2.2.2) by spin 

coating (5000 rpm, 30 s). The hydrogel films were thermopolymerized at 60ºC for 1 h.  

The experimental baseline was obtained with the hydrogel films pre-hydrated in DD water. 

Normalized frequency (Δf/n) and dissipation (ΔD) changes (for the 3rd harmonic) were 

monitored during the process of LbL deposition. After the addition of each solution, a rinsing 

step was done with DD water.  

The eventual degradation effect of the lysozyme on the LbL coating was studied by adding 

lysozyme solution after the stabilization of layers, followed by rinsing with NaCl solution. The 

concentration of lysozyme solution was 1.9 mg/mL to simulate that of the lacrimal fluid [17–

19]. Eight independent experiments were made at 36ºC.  

After each experiment, the quartz crystals were cleaned by dipping for 5 s in piranha solution: 

H2SO4/H2O2 7/3 v:v. Immediately afterwards, the crystals were washed in ultrasounds with a 

2% (v/v) Hellmanex solution (15 min), followed by water (2 x 15 min). Then, they were rinsed 

with DD water, dried with a nitrogen flux and stored inside closed flasks.  

 

2.2.6 Physical characterization of the LbL coated hydrogels 

2.2.6.1 Topography 

Topographic images of the surfaces of the hydrated hydrogels were obtained using an AFM 

(Nanosurf EasyScan 2). The analyses were done in tapping mode in a liquid cell, at room 

temperature. Images of 20 x 20 µm2 were obtained with silicon probes (resonance frequency: 

204-497 kHz) at a scan rate of 0.7 Hz. Ra of the surfaces was obtained for the total area of the 

images, using of the software WsxM 5.0 develop 8.0.  

 

2.2.6.2 Wettability 

The wettability of the hydrated hydrogels was determined by measuring the contact angles of 

captive air bubbles lying underneath the substrates immersed in DD water. The images of the 

air bubbles were obtained through a video camera (jAi CV-A50, Spain) mounted on a 

microscope Wild M3Z (Leica Microsystems, Germany) and analysed by running the ADSA 
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(Axisymmetric Drop Shape Analysis, Applied Surface Thermodynamics Research Associates, 

Canada) software.  

 

2.2.6.3 Optical properties 

The transmittance of the hydrated hydrogel samples was determined, in triplicate, with a UV-

Vis spectrophotometer (Multiskan GO, Thermo Scientific). The wavelength interval of 400-

700 nm was scanned with 1 nm intervals. 

Ellipsometric functions Ψ and Δ were measured in the spectral range from 300 to 850 nm using 

a phase modulated spectroscopic ellipsometer (UVISEL, Horiba Jobin-Yvon), at 70º incidence 

angle. The thickness and refractive index of the films/hydrogels were determined through 

suitable modelling using DeltaPsi2 software package from Jobin-Yvon with a Cauchy 

dispersion function.  

 

2.3 Results and discussion 

2.3.1  Optimization of the LbL coating  

The formation of the layers during the LbL deposition process was followed by QCM-D. The 

time course of Δf/n and ΔD upon contact of the TRIS/NVP/HEMA hydrogel-coated quartz 

crystals with the polyelectrolyte solutions is shown in Figure 2.2. 

The baseline corresponds to the coated sensors equilibrated with DD water. After injection of 

the PEI solution, ALG, CaCl2 and CHI solutions were sequentially introduced, terminating 

with a second injection of ALG and CaCl2. The observed frequency and dissipation shifts 

indicate the formation of stable layers, where the rinsing steps performed after each injection 

had a small effect, demonstrating that the layers remained irreversibly adsorbed on the surface. 

The resistance of this coating terminated with the final layer of ALG and CaCl2 against 

lysozyme was confirmed from the observation that the injection of the protein solution did not 

induce any change in the frequency and dissipation of the adsorbed layers for several hours. At 

this point, it is important to refer that the toxicity of PEI should not be a problem because it 

was used as the deepest layer which remained attached to the surface. Moreover, there are 
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several reports in the literature about the reduction of the cytotoxicity of PEI in presence of 

CHI and ALG [20,21]. However, cytocompatibility testes would be necessary before in vivo 

application. 

 

 

Figure 2.2 Normalized shift in the frequency, Δf/n (blue line, left y-axis) and shift in the 

dissipation ΔD (red line, right y-axis) for the third harmonic of the resonant frequency of a 

quartz crystal sensor after being coated with a TRIS/NVP/HEMA hydrogel film, during 

successive additions of solutions of PEI (1), rinsing with DD water (2), ALG (3), CaCl2 (4), 

CHI (5), rinsing with NaCl (6) and lysozyme (7) as a function of time, to form the ((ALG-

CaCl2)/CHI)1 coating topped with a final layer of ALG-CaCl2.  

 

In order to test the effect of the number of layers, 1, 2 and 4 ((ALG-CaCl2)/CHI)n double layers 

were deposited on top of the TRIS/NVP/HEMA surface always terminated by an ALG-CaCl2 

layer. The cumulative release profiles of DCF from TRIS/NVP/HEMA hydrogels are presented 

in Figure 2.3.  
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Figure 2.3 DCF cumulative release profiles from TRIS/NVP/HEMA hydrogels uncoated ( ), 

and coated with ((ALG-CaCl2)/CHI)1 ( ), ((ALG-CaCl2)/CHI)2 ( ), and ((ALG-CaCl2)/CHI)4 

( ), terminated by an ALG-CaCl2 final layer. The insert represents the release data obtained 

during the first 24 h. The error bars are the ± standard deviations (n=7). 

 

Analysis of Figure 2.3 shows that the deposition of 1 and 2 double layers decreases the initial 

rate of drug release and extends the release duration, thus, significantly improving the release 

profile. However, 4 double layers almost hinder the release of the drug which led us to abandon 

this number of layers. Then, the Ra, transmittance, refractive index, coating thickness and 

wettability of the hydrogels with 0, 1 and 2 double layers were determined and the measured 

values are presented in Table 2.1 (three first columns). The thickness of 1 double layer could 

not be measured apparently due to the heterogeneous nature of this coating. The contact angles 

on the hydrated samples with 1 double layer was not measured.  
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Table 2.1 Properties of uncoated and coated TRIS/NVP/HEMA hydrogels: Ra, transmittance, 

refractive index, coating thickness and wettability. The errors are the ± standard deviations (in 

all cases n=3, except the contact angles with n=10).  

 Uncoated 
((ALG-

CaCl2)/CHI)1 

((ALG-

CaCl2)/CHI)2 

(ALG-

CaCl2)/(CHI+GL) 

Ra (nm) 20±9 26±7 16±8 33±2 

Transmittance 

(%) 
98.0±0.5 92±1 80±1 94±2 

Refractive 

index 
1.46±0.02 1.41±0.02 1.48±0.01 1.50±0.01 

Coating 

thickness (nm) 
- - 60±3 40±1 

Water contact 

angle (º) 
35±5 - 42±2 ≈0 

 

The Ra increased after the first double layer but then decreased when the second double layer 

was introduced; the refractive index lowered with the first double layer, but recovered for the 

second one. The wettability of the hydrated sample with 2 double layers coating slightly 

decreased.  

The AFM images showing the topography of the samples are presented in Figure 2.4A-C. The 

porous structure, which is typical of these hydrogels and has already been reported in a previous 

work [22], is clearly identified on the uncoated hydrogel. It completely disappears on the 

sample coated with 2 double layers. In the 1 double layer case, only a few pores are still visible.  
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A 

 

B 

 

C 

 

D 

 

Figure 2.4 AFM images (20 x 20 µm2) of the surface of TRIS/NVP/HEMA uncoated (A), 

coated with ((ALG-CaCl2)/CHI)1 (B), ((ALG-CaCl2)/CHI)2 (C), and coated with (ALG-

CaCl2)/(CHI+GL) (D).  

 

Although 2 double layers seemed to yield a more adequate coating from the point of view of 

physical homogeneity and drug release control, the reduction of transmittance to 80% did not 

allow pursuing this route.  

The attention was then focussed on the 1 double layer coating. In order to achieve a consistent 

uniform coating, the crosslinking agent GL, which is a small aldehyde known to be 

biocompatible [10], was added to the CHI solution. Since the coated sample had to be dried at 
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45ºC, it was not possible to follow the LbL deposition with the QCM-D. The wettability, Ra, 

transmittance, coating thickness and refraction index of these new coated samples were 

determined and are shown in Table 2.1 (right column). This coating has very interesting 

properties: it is very hydrophilic; it is quite homogeneous (the ellipsometric measurements 

easily converged in a precise value of thickness); it ensures a transmittance value above 90% 

which is the minimum required for SCLs [23]; it has a small effect on the bulk refraction index 

of the hydrogel; it should resist to degradation against lysozyme (as demonstrated by QCM-D 

data, in Figure 2.2, for the coating without GL). The contact angle of the hydrated sample was 

considered to be null due to the bubble instability which derives from the rather hydrophilic 

nature of the surface. The AFM image, shown in Figure 2.4D, reveals a dense coating which 

completely covers the underlying hydrogel. Thus, the use of this type of LbL coating seems to 

be very promising for drug control release of SCLs and its effectiveness was tested in different 

drug/lens systems.  

 

2.3.2 Drug release profiles of coated SCLs materials 

The release profiles of DCF, KETO, CHX and MXF from TRIS/NVP/HEMA coated with 1 

double layer (ALG-CaCl2)/(CHI+GL) terminated with ALG-CaCl2 are presented in Figure 2.5.  
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Figure 2.5 Cumulative mass release of DCF (A), KETO (B), MXF (C) and CHX (D) from 

TRIS/NVP/HEMA coated with 1 double layer of (ALG-CaCl2)/(CHI+GL) terminated with 

ALG-CaCl2 , and from uncoated samples. The error bars are the ± standard deviations (n=7). 
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The inserts represent the release data obtained during the first 24 h. The uncoated hydrogels 

are different from those shown in Figure 2.3 because they were dried in the oven to mimic the 

crosslinking of CHI with GL. 

 

Comparison of the obtained profiles reveals that DCF stands out as leading to the most efficient 

release. Apparently, the uptake of DCF by the hydrogel is large and reversible yielding a 

cumulative mass release about three times larger than that of the other drugs. In a recent study 

[24], the release of DCF and CHX from TRIS/NVP/HEMA were compared in terms of drug 

partitioning and diffusion. Although both drugs had similar partition coefficients, CHX showed 

a much stronger adsorption on the polymeric matrix that DCF which was attributed to the 

interaction of positively charged amine groups with the acrylate groups in the HEMA 

monomers. MXF, being lipophilic, should adsorb on the hydrophobic sites of the chains (TRIS 

monomers). The difference between DCF and KETO is difficult to explain. This means that 

the uptake and release of DCF should be preferentially determined by the aqueous phase of the 

hydrogel and that bulk diffusion essentially determines the release profile.  

The barrier effect of the LbL coating is clearly most effective for DCF. In the case of MXF the 

profile was not affected, while for KETO and CHX the released amount increased but the rate 

of release did not improve. DCF is the smallest molecule among the studied drugs. Taking into 

consideration only its size, the special efficiency in the release control demonstrated by the 

LbL coating is unexpected. Several authors proposed the use of CHI matrices to sustain the 

release of DCF from tablets or nanoparticles [25]. Sabnis et al. (1997) found that, in acidic 

media, the release of DCF from CHI matrices was slowest for CHI of high degree of 

deacetylation, meaning that the number of amino groups present in the polymer backbone is an 

important factor to control the drug release via (1) the formation of a CHI gel barrier and (2) 

ionic interactions between ionized amino groups and anionic DCF [26]. González-Rodríguez 

et al. (2002) prepared ALG-CHI microspheres for DCF release and claimed that drug release 

was controlled by the interactions between DCF and the polycation CHI, in competition with 

ALG [27]. However, other authors claimed that although CHI matrices efficiently entrap DCF, 

the ionic interaction between them is low; in other words, the complexes formed between these 

two molecules should have low stability [28,29]. The formation of these unstable complexes 

of CHI-DCF may offer an explanation for the retardation effect felt by the DCF when crossing 

the surface layer during the release process. There are also reports in the literature on the use 
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of CHI-ALG nanodispersions for ocular sustained delivery of KETO but the initial burst was 

not avoided [30]. In this work, the ALG/CHI based coating decreased the initial burst but did 

not reduce the following release rate. The increase in the amount of KETO and CHX released 

in the presence of the ALG/CHI coating is difficult to explain. One possibility could be a 

decrease in the density of the coating caused by the interaction with the drug. Abruzzo et al. 

(2013) reported a decrease in the density of ALG/CHI matrices loaded with CHX, suggesting 

some extension of the polymeric chains in presence of drug [31]. 

In view of the efficient control of the release of DCF achieved with this LbL coating on 

TRIS/NVP/HEMA samples, another substrate was tested. The release profiles of DCF from 

Definitive 50 is shown in Figure 2.6. Comparison with TRIS/NVP/HEMA (Figure 2.5A) 

shows that the barrier effect of the LbL coating is more striking for Definitive 50, where the 

initial release rate is considerably reduced and the release duration increased up to 190 h.  

 

 

Figure 2.6 DCF cumulative release profile from Definitive 50 hydrogels coated with (ALG-

CaCl2)/(CHI+GL) terminated with ALG-CaCl2. The inserts represent the release data obtained 

during the first 24 h. The error bars are the ± standard deviations (n=7). 
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Although further tests are needed to confirm the feasibility of using these ALG-CHI based LbL 

coatings on SCLs materials, namely their cytocompatibility, this study suggests that they may 

offer a valuable solution to control the release of DCF from different lens materials. Besides 

their ability to avoid the initial burst, typical of drug loaded lenses, these coatings increase 

dramatically the hydrophilicity of TRIS/NVP/HEMA, thus avoiding extra surface treatments 

usually performed to ensure high comfort to lens wearers and to minimize deposits of lipids 

and proteins from the tear fluid. The barrier effect of the coating seems to be independent of 

the size of the drug molecule, but it is strongly determined by its chemical nature. The coating 

was not efficient for the control of the release of the other studied drugs, even the anionic 

KETO.  

At this time, it is not possible to give a reasonable explanation for the different behaviours. 

However, in view of the promising results obtained with DCF, it would be important to pursue 

with this investigation, looking for other types of functionalized CHI and/or crosslinking agents 

in order to optimize the reversible interactions between drug and coating needed to ensure a 

sustained release.  

 

2.4 Conclusions 

This work describes an investigation about the use of coatings obtained with the LbL deposition 

of ALG/CHI based layers to control the drug release from SCL materials. Optimization of the 

properties of the coated hydrogels taking into consideration the requirements for their 

application as ophthalmic lens materials was first attempted using TRIS/NVP/HEMA hydrogel 

and DCF. Very good results were obtained with the double layer (ALG-CaCl2)/(CHI+GL) 

topped with a final ALG-CaCl2 layer to avoid CHI degradation by tear fluid proteins. The 

coating is dense, homogeneous, and very hydrophilic; it does not affect the bulk refraction 

index, slightly reduces the light transmittance and leads to a controlled release of DCF for more 

than a week. Such a promising behaviour led us to investigate its performance with other drugs 

(KETO, MXF and CHX) and one commercial material (Definitive 50). The barrier effect of 

the coating revealed to be strongly affected by the characteristics of the pair hydrogel/drug: it 

existed for the two tested hydrogels but was more prominent for Definitive 50; surprisingly, 

only DCF, which is the smallest molecule, was effectively controlled. Further studies using 
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adequately functionalized CHI should be done to optimize the release control of each specific 

drug. 
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3.1 Introduction 

The possibility of producing one LbL coating, using the polyelectrolytes ALG and CHI, on 

SCLs materials to act as a diffusion barrier for sustaining drug release was assessed in chapter 

2. In the present work, other polyelectrolyte combinations were tested with a two-fold 

objective: to control the drug release from a silicone-based hydrogel; to ensure that its surface 

is kept free of bacteria. Four polyelectrolytes were chosen for these purposes: ALG, CHI, HA 

and PLL. ALG and CHI were selected due to their potential to form stable coatings, and 

according to chapter 2 to control the release of DCF. ALG films have no reported antibacterial 

properties but may be crosslinked with polyvalent cations to improve their water barrier 

properties, mechanical resistance, cohesiveness and rigidity [1]. In turn, CHI is known to have 

bacteriostatic or even bactericidal activities, depending on its molecular weight and 

deacetylation degree, as well as on the pH of the medium [2–5]. HA is a natural anionic 

polysaccharide with well-known lubricant and cell non-adhesive properties [6,7]. Although in 

literature, the antibacterial action of HA is somewhat controversial [8], there are some 

evidences of its bacteriostatic effect (defined as inhibition of bacterial growth) against S. aureus 

and, in a smaller extent, against P. aeruginosa [9,10]. PLL is a strong basic homopolypeptide 

with a positively charge amine group, that was initially obtained from Stremptomcyces albulus 

sp. lysinopolymerus strain 346. It is known to demonstrate antibacterial properties against 

Gram-positive and Gram-negative bacteria [11]. The chemical structure and some physical 

properties of the used polyelectrolytes can be seen in Appendix C. 

EDC was selected as crosslinker due to its biocompatibility [12] and simplicity of the chemical 

reaction in which it binds to the polyelectrolytes, that can be achieved at room temperature 

[13]. The crosslinking process involves a ‘zero-length’ amide bond between carboxylic groups 

(present in ALG and HA) and primary amines (present in PLL) [14]. The EDC crosslinking 

process is described in Figure 3.1. 
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Figure 3.1 EDC reaction with formation of a o-Acylisourea intermediate, that can either in the 

presence of water suffer hydrolysis or in the presence of a primary amine form a stable 

conjugate (through an amide bond). Adapted from [15,16]. 

 

Three types of LbL coatings, involving, PLL, ALG, CHI and HA, were deposited on the surface 

of TRIS/NVP/HEMA hydrogel. 

The performance of the above referred LbL coatings was accessed in terms of control of the 

release of an anti-inflammatory drug (DCF), an anti-septic drug (CHX) and an antibiotic drug 

(MXF), in sink conditions (Table 1.4, chapter 1). 

The formation of the multilayers was followed using QCM-D, which was also used to check 

possible interactions of the coatings with two common lachrymal proteins: lysozyme and 

albumin. Further characterization assays were performed for the cases where the employed 

LbL coatings were able to control the drug delivery from the drug loaded TRIS/NVP/HEMA 

hydrogel, namely, topography, wettability, coating thickness, refractive index and 

transmittance. The antibacterial activity of the most promising coatings was also tested, using 

two of the bacteria responsible for common ocular infections: S. aureus (Gram-positive) and 

P. aeruginosa (Gram-negative) [17,18].  



Chapter 3: Antibacterial layer-by-layer coatings to control drug release from soft contact lenses 

material 

 

 

81 
 

The potential ocular irritancy was determined using HET-CAM tests. Finally, the in vivo 

efficacy of the most promising system was predicted using a simplified mathematical model to 

estimate the drug concentration in the tear fluid.  

 

3.2 Experimental part 

3.2.1 Materials 

3-Tris(trimethylsilyloxy)silylpropyl 2-methylprop-2-enoate (purity≥98%, TRIS), 2-

hydroxyethyl methacrylate (purity≥99%, HEMA), ethylene glycol dimethacrylate 

(purity≥98%, EGDMA), 2,2’-azobis(2-methylpropionitrile) (purity≥98%, AIBN), acetic acid 

(purity≥99.7%), alginic acid sodium salt from brown algae (average molecular weight 100,000-

200,000 g/mol, 61% mannuronic acid and 39% guluronic acid, ALG), diclofenac sodium salt 

(purity≥98.5%, DCF), branched polyethylenimine (average molecular weight 750,000 g/mol, 

PEI), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (purity ≥ 98%, EDC); 

and poly-(L-lysine) hydrobromide (average molecular weight 70,000–150,000 g/mol, PLL) 

were provided by Sigma–Aldrich (USA). N-Vinyl pyrrolidone (purity≥98%, NVP), and 

sodium hydroxide (purity≥99%, NaOH), were obtained from Merck (Germany). Sodium 

chloride (purity≥99%, NaCl), sulfuric acid (purity≥98%, H2SO4), hydrogen peroxide (30% 

(w/v), H2O2), and Chlorhexidine diacetate monohydrate (purity≥ 98%, CHX) were supplied by 

Panreac (Germany). Sodium hyaluronate (average molecular weight 1000,000–2000,000 

g/mol, HA) and moxifloxacin hydrochloride (MXF) was provided from Carbosynth (U.K) and 

Hellmanex®II from Hellma GmbH (Germany). Methanol (purity ≥ 99.9%, CH3OH) was 

obtained from Carlo Erba. Mueller-Hinton broth (MHB) was obtained from BD Quilaban 

(Portugal) and Mueller-Hinton agar (MH) was from VWR (USA). Albumin bovine Fraction V 

standard grade (pH 7.0) was supplied by Serva. Medical grade chitosan (high deacetylation 

degree, >90%, average molecular weight 750,000-1,000,000 g/mol, CHI) was supplied by 

Altakitin (Portugal), Polystyrene (PS) was synthesized and offered by Doctor Clara Gomes 

from Centro de Química Estrutural, Instituto Superior Técnico – University of Lisbon 

(Portugal). Lysozyme chicken egg white (pH 6.5) is from CalbioChem (U.K.). Distilled and 

deionised (DD, 18 MΩcm, pH 7.7) water obtained from a Millipore system was used to prepare 

all solutions. 
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3.2.2 Preparation of polymeric samples 

The first step of the synthesis of the cross-linked silicone-based TRIS/NVP/HEMA hydrogels 

was the preparation of the mixture: TRIS (0.8 M), NVP (3.9), HEMA (1.8 M), and EGDMA 

(30 mM). This mixture was degassed by ultrasound sonication (5min) and nitrogen bubbling 

(10 min) at room temperature. The initiator AIBN was added (15 mM) and the solution was 

homogenised by magnetic stirring. The final solution was poured into a mould formed by two 

silanized glass plates separated by a Teflon spacer (0.25 mm of thickness). Further details of 

the silanization process are described in [19]. 

After polymerization, at 60ºC for 24 h, the hydrogel samples were washed with DD water for 

5 days, with complete solvent exchange 3 times a day, in order to remove unreacted monomers 

and other remaining impurities. From 13C solid state NMR spectra, the molar ratio of the three 

co-monomers in the TRIS/NVP/HEMA hydrogel was determined to be 1.0/3.8 ± 0.7/2.5 ± 0.2. 

The presence of the crosslinker agent (EGDMA) was not taken into account in chain 

composition calculations. The hydrated hydrogel sheets (thickness 0.3 mm) were cut in disks 

with 10 mm of diameter (unless otherwise stated), and, finally, dried inside an oven at 40ºC 

overnight. The equilibrium swelling ratio of the TRIS/NVP/HEMA hydrogel was determined 

to decrease slightly with temperature, reaching the maximum value (65%) at 4ºC [20].  

 

3.2.3 Drug loading and release measurements 

The TRIS/NVP/HEMA dried samples (average weight ≈ 21 mg) were drug-loaded by soaking, 

at 4ºC, in 3 mL of drug solutions: 1 mg/mL of DCF for 38 h, 2.5 mg/mL of CHX for 72 h and 

5 mg/mL of MXF for 72 h. The drugs were dissolved in saline solution (NaCl, 130 mM, pH 

6.9), except CHX which was dissolved in DD water due to its low solubility in saline solution 

(100 µg/mL). The drug concentrations were identical to the nominal values of the 

pharmaceutical formulations. The choice of the drug loading conditions (temperature and time) 

was based on the results obtained in chapter 2.  

The total amount of drug loaded was determined by methanol extraction. The drug loaded 

hydrogels were placed in glass vials containing 3 mL of methanol. After predetermined times, 

the hydrogels were removed from the vials, rinsed with DD water, blotted with absorbent paper 
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and placed in the same volume of fresh methanol, as before. This procedure was repeated after 

2, 4, 8 and 24 h and then each 24 h until no drug was detected in the supernatant methanol. The 

concentration of the extracted drugs was determined by reading the absorbance of the methanol 

solution using the same procedure as for the drug release. Experiments with methanol 

extraction were done in triplicate.  

Drug release experiments were carried out in the same manner as that described in section 2.2.3 

of chapter 2. The release experiments were performed in sink conditions by immersion of the 

samples in a 3 mL saline solution (NaCl, 130 mM, pH 6.9), at 36ºC, under stirring (180 rpm). 

Aliquots of 200 µL were removed at schedule times to measure the drug concentration in 

solution, being replaced by the same volumes of fresh saline solution. Eight experiments were 

done for each system. 

The concentration of released drugs in the collected solutions was determined using a UV-Vis 

spectrophotometer (Multskan GO, Thermo Scientific), at λ=255 nm for CHX, at 276 nm for 

DCF, and at 290 nm for MXF.  

 

3.2.4 LbL deposition 

Three types of LbL coatings were tested: ALG/PLL(EDC), HA(EDC)/CHI and 

HA/PLL(EDC)+Drug. EDC was used to crosslink the carboxyl groups of the polysaccharides 

ALG and HA and the amine groups of PLL and CHI. In the case of HA/PLL(EDC)+Drug, the 

objective of using EDC was to form conjugated PLL+DCF and PLL+MXF through the amine 

bonding between the amine groups of the polyelectrolyte and the carboxyl groups of the drugs. 

This procedure could not be carried out for CHX since this molecule has no carboxyl groups. 

In all cases, the drug loaded hydrogels were first coated with PEI by soaking the samples for 5 

min in a PEI aqueous solution (20 mM). PEI is a highly positive charged polycation used to 

enhance the stability and uniformity of the subsequent layers [21,22]. ALG/PLL(EDC) coated 

hydrogels were obtained by successive dipping of the initial TRIS/NVP/HEMA hydrogel into 

an ALG solution (1 mg/mL), in a PLL solution (1 mg/mL), and in an EDC solution (5% w/v), 

for 10 min each. EDC was added after the formation of the first ALG/PLL double layer once 

it diffused inside the pre-formed layer (according to the QCM-D experiments described below). 

This experimental procedure is represented schematically in Figure 3.2.  
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The HA(EDC)/CHI coated hydrogels were obtained by successive dipping the 

TRIS/NVP/HEMA hydrogel into a HA solution (1 mg/mL), in an EDC solution (5% w/v), and 

in a CHI solution (1 mg/mL), for 10 min each. In this case, EDC had to be added directly to 

HA because no diffusion could be detected by addition of EDC to the double layer (as 

evidenced by the QCM-D tests). Finally, the HA/PLL(EDC)+Drug coated hydrogels were 

prepared by successive dipping the hydrogel into a HA solution (1 mg/mL), and in a solution 

of PLL+EDC+Drug, for 10 min each. This ternary mixture was previously prepared by adding 

a PLL solution (1 mg/mL), a drug solution and an EDC solution (5% w/v), in order to attain a 

30/40/30 volumetric composition. The drug solutions had the same concentrations as those 

employed for loading the TRIS/NVP/HEMA hydrogels. After mixing, the ternary solution was 

kept at 4ºC for 24 h, before being used, to allow for the formation of drug conjugated layers 

through the establishment of covalent bonding between the carboxyl groups of DCF and of 

MXF and the amino groups of PLL creating an amine link [23].  

All polyelectrolytes were dissolved in DD water, except for CHI which was dissolved in 

aqueous solution of acetic acid 1% (v/v). The pH of the solutions was adjusted to 4.5 using 

acetic acid or NaOH, to enable the crosslinking with EDC. At lower values of pH EDC is 

known to be unstable, while for higher values, its reaction rate decreases [24]. 

Between each immersion step, the hydrogels were rinsed with DD water- In the three cases, 

the dipping procedure was repeated twice to achieve two double layers which was 

demonstrated in chapter 2 to be the most promising approach to achieve a controlled release. 

After the deposition of the multilayers, the hydrogels were reloaded in the respective drug 

solutions for a period of time equivalent to the total immersion time in the polyelectrolyte 

solutions, in order to compensate the drug release that occurred during these immersions.  

Drug loaded hydrogels without any coatings were also immersed in DD water (for the same 

period of time that was employed for the LbL formation) and then reloaded in the drug solution 

(to mimic as close as possible the process undergone by the coated hydrogels). 

The prepared hydrogels were immediately used for the physical characterization and the drug 

release tests.  
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Figure 3.2 Schematic of the experimental procedure to form the ALG/PLL(EDC) coating. 

 

3.2.5 Evaluation of the LbL formation 

A quartz crystal microbalance with dissipation (QCM, E4 from Q-Sense) was used to assess 

the formation of the layers during the LbL deposition process. TRIS/NVP/HEMA hydrogel 

films were polymerized on the gold coated crystals (5 MHz), which were previously covered 

with a PS film, according to a previously described procedure in section 2.2.5 in chapter 2. 

The experimental baseline was obtained with the TRIS/NVP/HEMA hydrogel films pre-

hydrated in DD water for 5 min. The normalized frequency (Δf/n) and the dissipation (ΔD) 

changes for the 3rd overtone, were monitored during the entire LbL deposition process at 36ºC. 

After the addition of each solution, a rinsing step was always performed with DD water. The 

stability of the films was checked by leaving the film in contact with saline NaCl solution for 

48 h (results not shown). The constant values of Δf/n and ΔD determined during this experiment 

confirmed that no measurable loss of polyelectrolytes occurred. 

The resistance of the formed LbL coatings to the action of lysozyme (which is present in the 

lacrimal fluid) was checked by adding lysozyme to the top layer, followed by rinsing samples 

with saline NaCl solution. The interactions of the formed LbL coatings with two lachrymal 

proteins was tested by adding separately to the top layer a lysozyme solution (1.9 mg/mL) and 

a albumin solution (0.05 mg/mL) [25–30]. Eight independent experiments were done for each 

system.  

After the experiments, the quartz crystals were cleaned by dipping for 5 s in piranha solution: 

H2SO4/H2O2 7/3 v:v, followed by washing in ultrasounds with a 2% (v/v) Hellmanex solution 



Chapter 3: Antibacterial layer-by-layer coatings to control drug release from soft contact lenses 

material 

 
 

86 
 

(15 min), and in water (2 x 15 min). Finally, the crystals were rinsed with DD water, dried with 

nitrogen flux and stored inside closed flasks.  

 

3.2.6 Physical characterization of the LbL coated samples 

The samples coated with the most promising combination drug/LbL were characterized with 

respect to some of their physical properties.  

Surface topography of the coated samples was assessed for the hydrated hydrogels using an 

AFM (Nanosurf EasyScan 2), in non-contact mode, at room temperature in a liquid cell. Images 

(10x10 µm2) were obtained with Si probes (resonance frequency: 204-497 kHz) at a scan rate 

of 0.7 Hz. Ra of the surfaces was obtained using the WsxM 5.0 develop 8.4 software, and 

considering the total image area. Images of three different locations on each surface were 

analysed.  

The thickness of the LbL coatings, was determined using an ellipsometer (UVISEL, Horiba 

Jobin-Yvon) in the spectral range from 300 to 750 nm at a 70º incidence angle. The thickness 

of the films was determined through suitable modelling using the DeltaPsi2 software package 

(Jobin-Yvon) with a Cauchy dispersion distribution.  

The wettability of the hydrated uncoated and coated hydrogels was determined by the captive 

bubble method following the experimental protocol presented in chapter 2, section 2.2.6.3. A 

video camera (jAi CV-A50, Spain) mounted on a microscope Wild M3Z (Leica Microsystems, 

Germany), was used to acquire the images which were analysed with ADSA software 

(Axisymmetric Drop Shape Analysis, Applied Surface Thermodynamics Research Associates, 

Toronto, Canada). 

The transmittance of the coated samples was determined with a UV-Vis spectrophotometer 

(Multiskan GO, Thermo Scientific). The wavelength interval of 200 to 700 nm was scanned 

with 1 nm intervals. The presented values are averages of three independent measurements. 

The refractive index was measured using an ABBE 60 Refractometer (Bellingham+Stanley), 

at a wavelength of 589.3 nm (Sodium lamp) and with controlled temperature (37ºC).  
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The ionic permeability of the hydrated hydrogels (12 mm diameter) was measured in a Lab-

made cell described in section 1.1.4.2.5, chapter 1. The experiments were done in triplicate, at 

36ºC. The conductivity, in µS/cm, was measured every hour, for at least ten hours, using a 

conductivity meter (HI2003 edgeEC® from HANNA instruments). The conductivity data were 

converted into NaCl concentrations taking into account data previously obtained from a 

calibration curve. Dion was calculated with Equation 1.4, referred in chapter 1.  

 

3.2.7 HET-CAM test 

The HET-CAM test was carried according to the recommended protocol described by the 

Interagency Coordinating Committee on the Validation of Alternative Methods (ICCVAM). 

Fertilized hen´s eggs (Coren, Spain) were incubated at 37±0.5ºC with 60±3% relative humidity 

(RH) for 8 days. The eggs were manually rotated 180º three times a day for the duration of the 

incubation, on the 9th day the eggs were cut on the airspace using a rotary saw (Dremel 300, 

Breda). After the removal of the egg shell, the inner membrane was hydrated with a 0.9% NaCl 

solution for 30 min. The inner membrane was carefully removed to expose the CAM. Drug 

loaded and unloaded hydrogels, both with and without the most promising coating, were 

directly placed on the CAM, and a timer was started. The experiments were carried out in 

triplicate. NaCl (0.9%) and NaOH (1 M) solutions (300 µL) were used as negative and positive 

controls, respectively. The process was documented for a 5 min period to analyse any lysis, 

haemorrhaging and coagulation occurring in the CAM through calculation of the IS, using 

Equation 1.6 presented in chapter 1.  

 

3.2.8 Antibacterial assays 

The antibacterial activity of the most promising coating was tested against P. aeruginosa 

(ATCC 15442) and S. aureus (ATCC 25923) by turbidimetry in MHB.  

Briefly, strains were stocked in glycerol (20% v/v) at -80ºC. Working cultures were grown on 

MHA and maintained at 4ºC. Overnight cultures (16 h at 37ºC) were used to do the test. The 

density of the inoculum was adjusted to the turbidity of 0.5 McFarland (1.5x108 bacteria/mL) 

and 1 McFarland (3x108 bacteria/mL) for P. aeruginosa and S. aureus, respectively.  
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Coated and uncoated samples, with and without drug, were tested. Each sample was placed in 

a well, subsequently filled with 10 µL of bacteria suspension diluted in 500 µL of MHB. As 

positive control was used MHB inoculated with the respective tested microorganism, while as 

negative control was used only MHB. The microplates were incubated in a shaker incubator at 

37ºC during 24 h.  

After 24 h, a homogenized volume of 200 µL was taken from each well and placed in a 96-

well plate. The optical density was measured at wavelength of 630 nm using a microplate reader 

(Platos R 496). All the procedures were carried out under aseptic conditions. For each assay, 

four measurements were carried out. 

 

3.2.9  Statistical analysis 

Statistical analysis was carried out using the R Project software v. 3.5.1. Data are presented as 

mean ± standard deviation. Student’s t-test and one-way ANOVA test were applied to 

determine whether the difference of the means of two or more groups, respectively, were 

significant. The normality of the data was checked using Shapiro-Wilk test. The level of 

significance chosen was always 0.05.  

 

3.3 Results 

3.3.1 Evaluation of the LbL formation 

The formation of the layers during the LbL deposition process was followed by the QCM-D, 

which shows the time course of Δf/n and ΔD upon the contact of the TRIS/NVP/HEMA-coated 

quartz crystals with the different polyelectrolyte solutions that were employed to form the 

ALG/PLL(EDC) (Figure 3.3), HA(EDC)/CHI (Figure 3.4) and HA/PLL(EDC)+Drug (Figure 

3.5) LbL coated hydrogels. Figures 3.3 to 3.5 report the data obtained in two similar 

experiments which only differ in the final step where lysozyme or albumin solutions were 

added (A and B, in each figure, respectively), to check the effects on the coating of these two 

proteins which are known to be present in the tear fluid. The baseline corresponds to the 

hydrogel coated crystal equilibrated in DD water. In Figure 3.3, after the PEI injection, the 
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ALG, PLL and EDC solution were sequentially introduced, ending with a DCF solution which 

was used for reloading the hydrogels samples during the same time that the samples remained 

immersed in aqueous solutions for the coating process, as explained in section 3.2.5. The 

rinsing steps performed after each coating step led to shifts in frequency and dissipation, which 

indicate the removal of the loosely bound molecules. However, the layers seemed to remain 

stable after these rinsing steps. The addition of lysozyme (Figure 3.3A) and albumin (Figure 

3.3B) led to different effects: lysozyme removed part of the upper layers as demonstrated by 

the significant increase in frequency; albumin adsorbed to the surface, according to the 

observed decrease in frequency and increase in dissipation. Similar behaviours were observed 

with the two other coatings (Figure 3.4 and 3.5), with the exception of the HA(EDC)/CHI, 

where the addition of albumin (Figure 3.4B) led to an increment in frequency which is 

consistent with the partial removal of the top layer instead of albumin adsorption.  

In order to improve the resistance of the coatings to the action of the tear proteins, while 

keeping the antibacterial properties, a final layer of HA was deposited on top of the 

ALG/PLL(EDC) coating leading to the ALG/PLL(EDC)//HA coating. The time course of Δf/n 

and ΔD during the formation of the two double layers of ALG/PLL(EDC) topped with HA, and 

subsequent addition of lysozyme or albumin solutions is presented in Figure 3.6A and B. The 

HA layer demonstrated to be resistant to the addition of lysozyme while albumin just lead to a 

very small frequency decrease due to its adsorption. 
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A 

 

B 

 

Figure 3.3 Normalized shift in the frequency, Δf/n (blue line, left y-axis) and shift in the 

dissipation ΔD (red line, right y-axis) for the third harmonic of the resonant frequency of a 

quartz crystal sensor after being coated with a TRIS/NVP/HEMA hydrogel film, during 

successive additions of PEI (1), ALG (3), PLL (4) and EDC (5), as a function of time, to form 

two double layers of ALG/PLL(EDC) coating. The final steps correspond to the addition of 

DCF (7) and of the lachrymal protein solutions (8) of (A) lysozyme and (B) albumin, 

respectively. The successive additions are separated by rinsing with DD water (2) except after 

final EDC and of DCF addition where rinsing was done with NaCl (6) solution.  
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A 

 

B 

 

Figure 3.4 Normalized shift in the frequency, Δf/n (blue line, left y-axis) and shift in the 

dissipation ΔD (red line, right y-axis) for the third harmonic of the resonant frequency of a 

quartz crystal sensor after being coated with a TRIS/NVP/HEMA hydrogel film, during 

successive additions of PEI (1), HA (3), EDC (4) and CHI (5), as a function of time, to form 

two double layers of HA(EDC)/CHI coating. The final steps correspond to the addition of DCF 

(7) and of the lachrymal protein solutions (8) of (A) lysozyme and (B) albumin, respectively. 

The successive additions are separated by rinsing with DD water (2) except after final EDC 

injection and of DCF addition where rinsing was done with NaCl (6) solution. 
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A 

 

B 

 

Figure 3.5 Normalized shift in the frequency, Δf/n (blue line, left y-axis) and shift in the 

dissipation ΔD (red line, right y-axis) for the third harmonic of the resonant frequency of a 

quartz crystal sensor after being coated with a TRIS/NVP/HEMA hydrogel film, during 

successive additions of PEI (1), HA (3), PLL(EDC)+DCF (4), as a function of time, to form 

two double layers of HA/PLL(EDC)+DCF coating. The final steps correspond to the addition 

of DCF (6) and of the lachrymal protein solutions (7) of (A) lysozyme and (B) albumin, 

respectively. The successive additions are separated by rinsing with DD water (2) except after 

final EDC and of DCF addition where rinsing was done with 0.9% (w/v) NaCl (5) solution. 
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EDC (4) and CHI (5), as a function of time, to form two double layers of HA(EDC)/CHI 

coating.  

 

A 

 
B 

 

Figure 3.6 Normalized shift in the frequency, Δf/n (blue line, left y-axis) and shift in the 

dissipation ΔD (red line, right y-axis) for the third harmonic of the resonant frequency of a 

quartz crystal sensor after being coated with a TRIS/NVP/HEMA hydrogel film, during 

successive additions of PEI (1), ALG (3), PLL (4), EDC (5) and HA (6), as a function of time, 
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to form two double layers of ALG/PLL(EDC)//HA coating. The final steps correspond to the 

addition of DCF (8) and of the lachrymal protein solutions of (9) (A) lysozyme and (B) 

albumin, respectively. The successive additions are separated by rinsing with DD water (2) 

except after final EDC and of DCF addition where rinsing was done with NaCl (7) solution. 

 

3.3.2 Drug release profiles of LbL coated ophthalmic hydrogels 

The release profiles with TRIS/NVP/HEMA samples coated with two double layers of the three 

coatings ALG/PLL(EDC), HA(EDC)/CHI and HA/PLL(EDC)+Drug are shown in Figure 3.7, 

3.8 and 3.9, for DCF, MXF and CHX, respectively. In the case of DCF, the release profile 

obtained with the coating ALG/PLL(EDC)//HA is also included.  

 

 

Figure 3.7 DCF release profiles from uncoated ( ), ALG/PLL(EDC) ( ), HA(EDC)/CHI ( ) 

and HA/PLL(EDC)+Drug ( ) coated TRIS/NVP/HEMA hydrogels. The DCF release profile 

obtained with ALG/PLL(EDC)//HA coated TRIS/NVP/HEMA hydrogels is also included ( ). 

The inserts represent the first 24 h of the release data. The error bars are the ± standard 

deviations (n=8). 



Chapter 3: Antibacterial layer-by-layer coatings to control drug release from soft contact lenses 

material 

 

 

95 
 

 

Figure 3.8 MXF release profiles from uncoated ( ), ALG/PLL(EDC) ( ), HA(EDC)/CHI ( ) 

and HA/PLL(EDC)+MXF ( ) coated TRIS/NVP/HEMA hydrogels. The inserts represent the 

first 24 h of the release data. The error bars are the ± standard deviations (n=8). 

 

 

Figure 3.9 CHX release profiles from uncoated ( ), ALG/PLL(EDC) ( ), and HA(EDC)/CHI 

( ) coated TRIS/NVP/HEMA hydrogels. The inserts represent the first 24 h of the release data. 

The error bars are the ± standard deviations (n=8). 
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The results show that coatings composed of two double layers of ALG/PLL(EDC), 

HA(EDC)/CHI, and HA/PLL(EDC)+Drug deposited on TRIS/NVP/HEMA hydrogel samples 

led to the sustained release of DCF but could not control the release of MXF and CHX. 

Furthermore, adding a top layer of HA to the ALG/PLL(EDC) to form ALG/PLL(EDC)//HA 

coating decreased the amount of released DCF (p≈0) as well as the release rate, as demonstrated 

in Figure 3.10. 

 

 

Figure 3.10 Comparison of the DCF release rates obtained with uncoated (light blue) and 

ALG/PLL(EDC)//HA coated (dark blue) TRIS/NVP/HEMA hydrogels.  

 

In order to further understand the influence of the coating on the release of DCF, comparison 

of the amount of DCF loaded in the uncoated and the coated hydrogels (Table 3.1) with the 

amount of drug released by the corresponding hydrogels (Figure 3.7) was carried out. For the 

coating HA/PLL(EDC)+Drug, the amount of drug conjugated in the coating was determined 

by extracting the unloaded coated sample, and the value 3.4±0.4 µg/mg of dry gel was obtained, 

which represents 10% of the total amount of drug loaded. 

Analysis of Table 3.1 shows that the amount of DCF lost during the LbL deposition was not 

totally recovered by the reloading step. Furthermore, comparison of the amount of DCF loaded 

(with reloading) with the amount release demonstrates that a high percentage of drug remained 
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inside the polymeric matrix, varying from 48% for the uncoated hydrogel up to 84% for the 

HA(EDC)/CHI coated sample.  

 

Table 3.1 Amount of DCF loaded with and without reloading, and in TRIS/NVP/HEMA 

hydrogels after the loading process. The errors are the ± standard deviations (n=3). 

Coating 

TRIS/NVP/HEMA hydrogels after LbL process 

Amount of loaded DCF 

without reloading 

(g/mg dried gel) 

Amount of loaded DCF with 

reloading 

(g/mg dried gel) 

Uncoated 38±2 52±5 

ALG/PLL(EDC) 29±2 42±6 

HA(EDC)/CHI 32.7±0.7 43±2 

HA/PLL(EDC)+DCF 35±3 35±4 

ALG/PLL(EDC)//HA 25±4 37±10 

 

3.3.3 Physical characterization of LbL coated ophthalmic 

hydrogels loaded with DCF 

The LbL coated hydrogels loaded with DCF, which are the most promising systems due to the 

observed sustained drug release, were further characterized with respect to some of their 

physical properties. The wettability of the coated and uncoated samples, drug-loaded and 

unloaded, is compared in Figure 3.11. In spite of the hydrophobicity of the trimethysiloxy 

groups present in the TRIS monomer, the water contact angle of the uncoated 
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TRIS/NVP/HEMA sample is low due to the arrangement of the hydrophilic groups of HEMA 

and NVP in response to the polar environment [20]. The loaded drug seems to have a minor 

effect on the obtained contact angles (no statistical difference). However, the presence of DCF-

PLL conjugate in the top layer of the HA/PLL(EDC)+DCF coating increased the contact angle 

(p < 0.016). The coating ALG/PLL(EDC) improved the wettability (p < 0.039), while the 

coating HA(EDC)/CHI had almost no effect in this property (no statistical difference). The 

addition of HA to ALG/PLL(EDC) to form ALG/PLL(EDC)//HA on the loaded samples led to 

the lowest contact angle values (p < 0.0005). 

 

 

Figure 3.11 Water contact angles on the uncoated and coated hydrogels, without and with 

DCF. The error bars correspond to the ± standard deviations (n = 10). 
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The transmittance of the uncoated and coated hydrogels, in the absence and in the presence of 

DCF, is shown in Figure 3.12A and B, respectively.  

The main differences occur in the UV (Ultraviolet light) range, where the presence of DCF in 

the loaded samples and even in the coating HA/PLL(EDC)+DCF of the unloaded sample 

reduces the transmittance to almost zero. The small peak at 276 nm in Figure3.12A may be 

attributed to DCF trapped in this trapped in this coating [31]. In the visible region, only the 

transmittance of the sample loaded with DCF and coated with ALG/PLL(EDC) is reduced (p 

= 0.00007), but remains above 90%, the minimum required for contact lenses [32]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Antibacterial layer-by-layer coatings to control drug release from soft contact lenses 

material 

 
 

100 
 

A 

 

B 

 

Figure 3.12 Transmittance of both uncoated and coated samples, without (A) and with (B) 

DCF. 
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The AFM images of the LbL coated hydrogels are presented in Figure 3.13A-D. The porous 

structure, which is typical of the TRIS/NVP/HEMA hydrogels [33], is hidden by the deposited 

coatings.  

 

A 

 

B 

 
C 

 

D 

 

Figure 3.13 AFM images (10 x 10 µm2) of the surface of TRIS/NVP/HEMA samples coated 

with ALG/PLL(EDC) (A), HA(EDC)/CHI (B), HA/PLL(EDC)+DCF (C) and 

ALG/PLL(EDC)//HA (D).  
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The coatings based on ALG/PLL(EDC), with and without the top layer HA, exhibit grainy 

surfaces which are rougher than the underlying hydrogel surface, as demonstrated by the values 

of the Ra, presented in Table 3.2. In contrast, the HA(EDC)/CHI and the HA/PLL(EDC)+DCF 

coatings are more homogeneous than the former ones and even smoother than the underlying 

surface of TRIS/NVP/HEMA hydrogel.  

 

Table 3.2 Properties of uncoated and coated samples loaded with DCF: Ra, coating thickness, 

refractive index and ionic permeability. The errors are the ± standard deviations (in all cases 

n=4, except for thickness n=2). 

 Uncoated 
ALG/PLL 

(EDC) 

HA(EDC) 

/CHI 

HA/PLL(EDC) 

+DCF 

ALG/PLL 

(EDC)//HA 

Ra (nm) 20±9 28±4 5±1 9±4 38±2 

Coating  

thickness  

(nm) 

- 60±9 - 90±5 69±11 

Refractive  

index 

1.417±0.0

02 

1.411±0.0

03 

1.418±0.00

1 
1.419±0.002 1.417±0.002 

Ionic  

permeability 

x10-7(cm2/s) 

5±0.2 4±0.1 5±0.5 3±0.1 4±0.4 

 

The thickness of the coatings, determined by ellipsometry, are also presented in Table 3.2. 

These thicknesses are of the same order of magnitude of those measured in chapter 2 for the 

coating (ALG-CaCl2)/(CHI+GL). However, in the case of the coating HA(EDC)/CHI, it was 

not possible to get a reliable value for the thickness because the signal to noise ratio was always 

extremely low. To further study these coatings, we used the software Q-sense Dfind (Broad 

Fit) for viscoelastic modelling of the data obtained in QCM-D measurements. The density of 
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the coatings ALG/PLL(EDC), HA/PLL(EDC)+DCF and ALG/PLL(EDC)//HA was estimated 

to be of 1 g/cm3, assuming the values obtained in the ellipsometric measurements for the 

thickness. This density is consistent with the values found for other LbL nanofilms composes 

of polypeptides, polysaccharides, and/or synthetic polymers [34]. In the case of the coating 

HA(EDC)/CHI, since the thickness was not known, we assumed the same density (1 g/cm3) 

and estimated a thickness of 150 nm. This high value of the thickness, together with the 

irreproducible results from ellipsometry, led to the necessity to investigate further the 

characteristics of this coating. The thickness of one single layer HA(EDC)/CHI was 

successfully measured with the ellipsometer to be ≈15 nm, which should imply a double layer 

around 30 nm, quite different from the 150 nm value, estimated by the Q-Sense software. This 

value could only be reproduced if the density was increased to 5 g/cm3 which is not realistic 

value. Anyway, it seems that the layers of the HA(EDC)/CHI coating have a peculiar molecular 

arrangement which may also be reflected in its low Ra value. 

The refraction indexes of the hydrogels presented in Table 3.2 do not show any significant 

effect related to the presence of the coatings.  

The obtained ionic permeabilities decreased with the presence of the coatings (p = 0.048), 

except for HA(EDC)/CHI, but in all cases they remained quite above the required minimum 

value (1.067 x 10-9 cm2/s) for proper contact lens movement [35]. 

 

3.3.4  HET-CAM results 

Images of CAM after 5 min exposure to uncoated and ALG/PLL(EDC)//HA coated sample, 

loaded with DCF and unloaded, show no visual response, similarly to what was observed for 

the negative control behaviour (Figure 3.14A-E), with IS = 0. In contrast, addition of NaOH 

(1 M) (positive control) led to severe irritation and almost instant haemorrhage that aggravated 

with time (Figure 3.14F). 
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Figure 3.14 CAM images after 5 min contact with: uncoated samples loaded with DCF (A) 

and unloaded (B); ALG/PLL(EDC)//HA coated samples loaded with DCF (C) and unloaded 

(D); negative control (E) and positive control (F).  

 

3.3.5 Microbiological tests 

The antibacterial activity of the coating ALG/PLL(EDC)//HA was assessed through the 

comparison of the behaviour of the coated and uncoated samples, loaded and unloaded with 

DCF. Figure 3.15 shows the relative values for the optical densities of the incubation solutions 

containing P. aeruginosa and S. aureus obtained after 24 h of contact with the samples. In the 

case of the uncoated samples, loading with DCF almost did not affect the growth inhibition of 

both bacteria (no statistical difference).  

Coating the unloaded samples led to an inhibition in the growth of both bacteria (p < 0.009), 

which gives evidence to the antimicrobial activity of HA (final top layer of the coating). The 
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association of the coating with the drug led to a slight increase of the bacterial growth inhibition 

(p < 0.00003), being more significant for S. aureus.  

 

 

Figure 3.15 Relative values of the optical density of the incubation solutions containing P. 

aeruginosa ( ) and S. aureus ( ), after contacting with uncoated and ALG/PLL(EDC)//HA 

coated hydrogels, with and without DCF. The errors are the ± standard deviations (n=4).  

 

3.4 Discussion 

In the present work, LbL coatings were prepared using polyelectrolytes with antibacterial 

properties with the objective of combining drug release control with resistance to tear proteins 

and reduction of bacterial growth.  
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The results show that coatings composed of two double layers of ALG/PLL(EDC), 

HA(EDC)/CHI and HA/PLL(EDC)+Drug deposited on TRIS/NVP/HEMA hydrogel samples 

led to a sustained release of DCF, but could not control the release of MXF (Figure 3.8) and 

CHX (Figure 3.9). However, these coatings were disturbed by the presence of albumin and 

lysozyme, two of the most common proteins in the tear fluid, which, respectively, adsorbed 

and partially remove the top layers. A successful attempt to solve this problem was made 

through the deposition of a final layer of HA on top of the ALG/PLL(EDC) coating, giving rise 

to the optimized coating ALG/PLL(EDC)//HA (Figure 3.6) which resisted to the action of the 

tear proteins. The choice of ALG/PLL(EDC), among the three studied coatings, was based on 

the fact that this coating allowed a maximum amount of drug release (see Figure 3.7). 

In general, the control of the drug release rates by the LbL coatings may be of steric origin 

and/or result from reversible interactions between the drugs and the polyelectrolytes. Among 

the studied drugs, DCF is the smallest molecule which means that the retardations effect felt 

by these molecules when crossing the surface layer during the release process was not expected 

to have steric origin. DCF is negatively charged at neutral pH and amphiphilic [36]. Thus, the 

interactions of DCF with the positively charged polyelectrolytes (PLL and CHI) may have an 

electrostatic nature at neutral pH. Several authors considered that in the case of CHI, besides 

electrostatic interactions, DCF may be physically entrapped by the CHI chains [37,38]. The 

interactions between PLL and DCF may result from electrostatic attractions and/or may have 

a hydrophobic nature. Hsu et al. (2014) claimed that PLL based films may be considered as 

moderately hydrophobic due to its reduced swelling in aqueous solutions which justifies 

preferential interaction with the slightly hydrophobic DCF. Furthermore, the presence of non-

reacted EDC may lead to activation of the carboxylic groups of DCF favouring their reaction 

with the amine groups of PLL which were not involved in the reaction with the carboxylic 

groups of ALG. A similar interaction may exist between the carboxyl groups of DCF with the 

hydroxyl groups of ALG (in the presence of EDC) to form esters which will easily hydrolyse. 

A particular strong shielding effect is demonstrated by HA. In fact, addition of a single HA 

layer to the ALG/PLL(EDC) greatly reduced both the release rate and the amount of released 

DCF. Hydrogen bonding between the three H bond acceptors in DCF and the hydroxyl groups 

in HA may be responsible for this behaviour. On the other hand, Schneider et al. (2008) 

suggested a possible association of DCF with hydrophobic domains of HA [39]. These regions 

exist within the tridimensional structure of HA which is stabilized by hydrogen bonds. Thus, 
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the specific efficiency of the HA layers in the retardation of DCF release may be attributed to 

the formation of DCF-HA complexes.  

The release rates of MXF and CHX were not reduced by the LbL coatings which may be 

justified by the weak interactions established with the polyelectrolytes. The carboxylic group 

in MXF may be involved in intramolecular H-bonding which makes it less accessible to 

coupling with the amine groups of PLL or the hydroxyl groups of ALG. CHX is a large 

molecule with two terminal Cl atoms which cannot ensure strong H-bonds with hydroxyl 

groups of the polyelectrolytes. Both drugs are hydrophilic ruling out the presence of 

hydrophobic interactions. Furthermore, the process of physical entrapment of the drug 

mentioned above for DCF [37] may be impossible for the larger molecules of MXF and CHX 

if they do not fit inside the free spaces of CHI hydrogen-bond network. The HA(EDC)/CHI 

coated hydrogels released a higher amount of CHX at a higher rate than the ALG/PLL(EDC) 

coated hydrogel and even the uncoated sample. As the molecular weights of HA and CHI are 

much higher than those of ALG and PLL, the chains of the former electrolytes should be less 

well-packed than those of the latter ones, leading to a lower density film. Thus, this film would 

be able to absorb a significant amount of CHX during the reloading step and to release it rapidly 

in the saline solution.  

Some physical properties of the LbL coated hydrogels loaded with DCF which are relevant for 

the application of these materials in the production of SCLs were assessed.  

The wettability of the samples was not significantly modified by the coatings and kept values 

within the range reported in the literature for commercial contact lenses [40]. The lowest 

contact angle was achieved through the addition of HA to the coating ALG/PLL(EDC) which 

results from the higher hydrophilicity of HA compared to that of PLL [41,42]. Kolansinska and 

Warszynski suggested that the lower contact angle of HA may be associated to the higher 

electric charge density of the polyanionic layer, together with the more favourable orientation 

of water molecules at this negatively charged layer [41].  

The transmittance in the visible region and the refraction index of the samples were almost not 

affected by the presence of the coatings, keeping adequate values in all cases.  

The topography of the samples assessed by AFM analysis varies according to the type of 

coating. The coatings ALG/PLL(EDC) and ALG/PLL(EDC)//HA are rougher than the 
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underlying surface, while HA(EDC)/CHI and HA/PLL(EDC)+DCF are smoother. 

Furthermore, the formed two coatings present grainy surfaces. Other authors found globular 

structures during deposition of the first layers of LbL assemblies involving polyelectrolyte 

pairs composed of at least one polypeptide or polysaccharide [43,44]. The globules were 

formed due to the diffusion and/or chain re-arrangement of one of the polyelectrolytes in and 

out of the film/air interface, which is typical of the exponential growth behaviour of that type 

of multilayers. However, in the presence of a crosslinking agent, this phenomenon was 

hindered and the globular structures were not formed [45]. Thus, the existence of grains on the 

surface of the ALG/PLL(EDC) and ALG/PLL(EDC)//HA coatings may result from a less 

efficient crosslinking process when EDC is added on top of PLL which still allows some 

diffusion and re-arrangement of the PLL chains. In the case of HA(EDC)/CHI the direct 

addition of EDC to HA enhances the crosslinking process leading to the smoothest surface. In 

the coating HA/PLL(EDC)+DCF, the conjugated PLL+DCF should make the diffusion/re-

arrangement of PLL more difficult, thus avoiding the formation of globules.  

Finally, the microbiological tests indicated that the presence of DCF in the uncoated samples 

reduced the growth of S. aureus and P. aeruginosa in the incubation solutions, which is in 

agreement with the antibacterial activity of DCF against both Gram-positive and Gram-

negative species [46–49]. Coating the unloaded samples with ALG/PLL(EDC)//HA led to a 

similar effect. This behaviour was expected, according to the reports in literature [50], 

although, as referred earlier, the true antibacterial activity of HA is still a controversial issue 

[8]. Combining the ALG/PLL(EDC)//HA coating with DCF loading showed a synergistic 

effect, enhancing the bacterial growth inhibition.  

Overall, the results of the release studies together with the physical characterization of the 

samples indicate that the coating ALG/PLL(EDC)//HA offers the best conditions to be used as 

a barrier to the release of DCF and, resists to the action of albumin and lysozyme. In addition, 

this coating increases bacterial growth inhibition and does not induce any signs of ocular 

irritation.  

To predict the impact in the patient treatment of the DCF delivery by a contact lens made of 

the studied silicone-based hydrogel coated with ALG/PLL(EDC)//HA, it is necessary to 

estimate the drug concentration in the tear fluid using a simple mathematical model described 
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in [35]. According to this model, the drug concentration in the tear fluid at a given time t (in 

min) after lens applications may be calculated by the following equation: 

 

[𝐷𝑅𝑈𝐺]𝑡 =
𝑀𝑑

𝑉𝑡𝑒𝑎𝑟
+ (1 − 𝑟)[𝐷𝑅𝑈𝐺]𝑡−1 Equation 3.1 

 

where Md is the amount of drug delivered by a drug loaded, commercial sized lens to the 

lachrymal fluid during a given time interval, Vtear is the average tear volume in the eye ≈ 7 µL 

at each instant, and r is the volume fraction of renovated fluid in each minute ≈ 0.17. The mass 

of the dry contact lens made of the hydrogel under study with diameter of 14 mm and thickness 

of 0.09 mm was 8.8 mg. As a first approximation, the tear volume is considered a homogeneous 

mixture although it is known that the drug in the POLTF is not perfectly mixed with the 

remaining fluid.  

The estimated release profile for DCF from one ALG/PLL(EDC)//HA coated lens, previously 

loaded as described above, is presented in Figure 3.16, together with the ranges of the half-

maximum inhibition concentrations (IC50) values for cyclooxygenase-1 (COX-1; 0.04-0.3 

µg/mL) and cyclooxygenase-2 (COX-2: 0.01-0.03 µg/mL) which are active enzymes in the 

presence of inflammation, involved in the catalysis of prostaglandins and thromboxanes [51]. 
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A 

 

B 

 

Figure 3.16 Concentration profiles of DCF in the tear fluid, estimated from the mathematical 

model applied to the cumulative release data for uncoated hydrogels (light blue) and 

ALG/PLL(EDC)//HA coated hydrogel (dark blue): (A) initial 24 h, where the first 5 h are 

shown in the insert; (B) 5 days. The ranges of IC50 for COX-1 and COX-2 are limited by the 

solid lines and the dotted lines, respectively.  
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The presence of the coating significantly decreased the initial burst release to a value of the 

order of the DCF concentration in commercial eye drops (1 mg/mL), while the time during 

which the DCF concentration in the eye remained above the lower limits of the IC50 values 

increased significantly with respect to the uncoated sample: from less than one day to more 

than two days for COX-1, and from a little above one day to five days for COX-2.  

 

3.5 Conclusions 

This work describes an investigation about the use of polyelectrolytes with antibacterial 

properties to form LbL coatings on SCLs materials with the dual purpose of controlling the 

release of ophthalmic drugs and reducing bacterial growth. The TRIS/NVP/HEMA hydrogel 

was used as the lens material and the drugs DCF, CHX and MXF were tested. Coatings 

composed of two double layers of ALG/PLL(EDC), HA(EDC)/CHI and HA/PLL(EDC)+Drug 

demonstrated to decrease the initial release rate of DCF, leading to controlled release profiles. 

In contrast, the release rates of MXF and CHX were not reduced by any of the employed 

coatings. The unique behaviour of DCF may be attributed to the establishment of molecular 

interactions (H-Bonds, hydrophobic or physical entrapment) between the drug molecule and 

the polyelectrolytes, leading to the formation of reversible complexes. The coatings are 

hydrophilic, do not affect the bulk refraction index, and slightly reduce light transmittance. 

However, they were affected by the presence of albumin and lysozyme, two of the most 

common proteins in the tear fluid. To overcome this problem, a final layer of HA was deposited 

on top of the ALG/PLL(EDC) coating. The resulting coating ALG/PLL(EDC)//HA 

demonstrated to be able to control the release of DCF, to resist the action of the tear proteins, 

to reduce the growth of S. aureus and P. aeruginosa, and to produce no ocular irritation. The 

concentration of DCF in the tear fluid resulting from the application of ALG/PLL(EDC)//HA 

coated contact lens, predicted through a simplified mathematical model, remained above the 

lower limits of the IC50 values for COX-1 and COX-2, two and five days, respectively.  
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4.1 Introduction 

In the previous two chapters it was investigated the possibility of improving the release of 

ophthalmic drugs from SCLs materials through LbL coatings, which could act as drug diffusion 

barriers. DCF was the only drug whose release was effectively controlled by the use of natural 

based polyelectrolyte coatings. Chapter 3 described the ALG/PLL(EDC)//HA coating, which 

demonstrated additional antifouling and anti-bacterial properties, but led to a high drug 

retention inside the polymeric matrix, implying some drug waste. Therefore, in this chapter a 

new, more efficient LbL coating was sought, which could significantly improve the release of 

DCF, present antifouling and anti-bacterial properties and resist sterilization processes.  

A combination of three ionic polysaccharides ALG, CHI and HA cross-linked with GE, were 

used to form one triple-layer coating (designated as ALG/CHI/HA) on a silicone-based 

hydrogel (TRIS/NVP/HEMA) and two commercial lenses: SofLens and Purevision from 

Bausch&Lomb. ALG is capable of forming stable coatings, but as there is no evidence of ALG 

showing antibacterial properties [1], it was used as first layer, followed by CHI, known for its 

antibacterial activity [2–5]. HA was used as top layer because data from chapter 3 demonstrated 

that, besides its inhibitory effect of the growth of S. aureus and P. aeruginosa, it has antifouling 

properties against lysozyme. GE is a natural product extracted from the fruits of the plant 

Gardenia jasminoides Ellis and has been considered an efficient crosslinking agent, presenting 

high biocompatibility and very low toxicity [6]. The chemical structures of the 

TRIS/NVP/HEMA monomers are shown in Appendix A. The chemical structures and some 

physical properties of the used polyelectrolytes are summarized in Appendix C. A brief 

description of both tested commercial lenses can be found in Table 1.1 of chapter 1. 

DCF release profiles were obtained under sink conditions. The ALG/CHI/HA coating was 

characterized with respect to the water uptake, topography, wettability, and coating thickness. 

The optical properties (transmittance and refractive index) and ionic permeability of the LbL 

coated hydrogels were evaluated. The interaction of lysozyme and albumin, two of the most 

abundant proteins in the lachrymal fluid, with the coating was evaluated. The characterization 

of the coating was done only using the TRIS/NVP/HEMA hydrogels as substrates. The use of 

commercial lenses was not possible in the cases where flat substrates or deposition of the 

material on a sensor were required (e.g. wettability and adsorption studies by QCM-D, 
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respectively). Moreover, the polymeric mixtures used in the manufacture of commercial lenses, 

which were needed to prepare adequate samples, were not available.  

Two sterilization methods, SP and HPP, were tested and their effects on the ALG/CHI/HA 

coated TRIS/NVP/HEMA hydrogel were assessed 

The potential ocular irritancy of the sterilized hydrogels was assessed using HET-CAM assay. 

The antibacterial activities of the sterilized coated TRIS/NVP/HEMA hydrogels against S. 

aureus and P. aeruginosa, two of the most common bacteria in ocular infections [7,8], were 

tested, and the cytotoxicity tests were carried out using NIH/3T3 cells (mouse embryonic 

fibroblasts). 

The efficiency of the DCF loaded hydrogels was assessed through the comparison of the release 

profiles with the ranges of the IC50 values for the enzymes COX-1 and COX-2, using a 

simplified mathematical model described in section 3.4 of chapter 3.  

 

4.2 Experimental part 

4.2.1 Materials 

SCL materials: 2-hydroxyethyl methacrylate (purity≥99%, HEMA), 2,2’-azobis(2-

methylpropionitrile) (purity≥98%, AIBN) and 3-tris(trimethylsilyloxy)silylpropyl 2-

methylprop-2-enoate (purity≥98%, TRIS) were provided by Sigma-Aldrich (USA); ethylene 

glycol dimethacrylate (purity≥98%, EGDMA) and N-vinyl pyrrolidone (purity≥98%, NVP) 

were obtained from Merck (USA); contact lenses SofLens (Hilafilcon B) diopter -3.00, water 

content 59%, Dk/t 16 and Purevision (Balafilcon A) diopter -3.00, water content 36%, Dk/t 

130 were provided by Bausch&Lomb. Drug, and reagents for drug release and loading 

quantification: diclofenac sodium salt (purity≥ 98.5%, DCF) from Sigma-Aldrich (USA), 

sodium chloride (purity≥99%, NaCl) from PanReac (Spain), and methanol (purity≥99.9%, 

CH3OH) from Carlo Erba (Spain). For the coating production: alginic acid sodium salt from 

brown algae (average molecular weight 100,000-200,000 g/mol, 61% mannuronic acid and 

39% guluronic acid, ALG), and branched poly(ethylenimine) (average molecular weight 

750,000 g/mol, PEI) were provided by Sigma-Aldrich (USA); genipin (purity≥98%, GE), and 
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sodium hyaluronate (average molecular weight 1,000,000–2,000,000 g/mol, HA) were 

purchased from Carbosynth (UK); medical grade chitosan (high deacetylation degree, >90%, 

average molecular weight 750,000-1,000,000 g/mol, CHI) was supplied by Altakitin 

(Portugal). For QCM-D tests: hydrogen peroxide (30% (w/v), H2O2), and sulfuric acid 

(purity≥98%, H2SO4) were obtained from PanReac (Spain), Hellmanex®II from Hellma 

GmbH (Germany), lysozyme chicken egg white (pH 6.5) from Merck (USA),and albumin 

bovine Fraction V standard grade (pH 7.0) from Serva (Germany). For the HET-CAM test: 

sodium hydroxide, (purity≥99%, NaOH) was obtained from Merck (USA). For the cytotoxicity 

tests: acetic acid (purity≥99.7%), calf serum (CS), dulbecco’s modified eagle’s medium 

(DMEM), dimethyl sulfoxide (DMSO), hydrochloric acid (HCl), isopropanol, NIH/3T3 

fibroblasts (93061524), and penicillin-streptomycin solution (10000U/mL penicillin, 10 

mg/mL streptomycin) were provided by Sigma-Aldrich (USA); 

octylphenoxypolyethoxyethanol (IGEPAL®) was obtained from Merck (USA).  

All solutions were prepared with distilled and deionised (DD, 18 MΩcm, pH 7.7) water, which 

was obtained with a Millipore system. 

 

4.2.2 Synthesis of polymeric samples 

A silicone-based hydrogel (designated as TRIS/NVP/HEMA) was prepared was previously 

described in section 2.2.2 of chapter 2. A solution, with the monomers TRIS (0.8 M), NVP (3.9 

M), HEMA (1.8 M), and the crosslinker EGDMA (30 mM) was degassed at room temperature 

for 5 min with ultrasound sonication, and for 10 min with a nitrogen flux. The solution was 

then homogenized by magnetic stirring after the addition of the initiator AIBN (15 mM), and 

finally poured into a mould made of two silanized glass plates with a Teflon spacer (0.25 mm 

of thickness). Silanization was done according to the procedure described elsewhere [9]. The 

samples were obtained after thermal polymerization in oven at 60ºC for 24 h. Then, the 

hydrogels were washed in DD water, which was renewed three times a day, until no monomers 

were detected in the washing solution (five days). Finally, disks with 12 mm (unless otherwise 

stated) of diameter were cut from the hydrated samples. 

SofLens and Purevison lenses were washed using the same conditions. All dry hydrogels were 

stored inside closed flasks, after drying for 72 h at 36ºC in an oven.  
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4.2.3 DCF loading and release measurements 

The dry hydrogels were soaked in a 3 mL saline solution (130 mM NaCl, pH 6.9) containing 

DCF (1 mg/mL), at 4ºC for 38 h. The loading conditions were optimized in a previous work 

[10], and in previous chapters. The saline solution has a neutral pH to mimic the pH of human 

tears (pH 7). Also, human tears have very low buffer capacity [11]. Drug release from the 

hydrogels was studied in vials with 3 mL of the same saline solution, at 36ºC, which guarantees 

sink conditions (maximum DCF concentration well below the solubility of DCF in saline, 

which is ≥1 mg/mL). Aliquots of 200 µL were taken at schedule times to obtain the drug 

concentration value, and subsequently replaced with the same volume of fresh NaCl solution. 

The release data was studied in a cumulative manner taking into account the dilution effect of 

the release medium replacement. For each system, three experiments were carried out. DCF 

concentration was quantified at λ=276 nm using a UV-Vis spectrophotometer (Multiskan GO, 

Thermo Scientific). 

The amount of drug loaded by TRIS/NVP/HEMA hydrogels was determined by methanol 

extraction. DCF loaded hydrogels were placed in 3 mL of methanol, at room temperature. At 

2, 4, 8 and 24 h, and every 24 h while it was possible to measure the DCF concentration, 

hydrogels were rinsed with DD water, blotted with absorbent paper and replaced in fresh 

methanol. The concentration of DCF was determined in the same manner has previously 

described. Four experiments were carried out. 

 

4.2.4 LbL deposition 

First, the DCF-loaded hydrogels were soaked for 5 min in the PEI solution (10 mg/mL), to 

promote stability and homogeneity of the following layers [12,13]. In the meantime, ALG (1 

mg/mL) and HA (2 mg/mL) solutions were prepared in DD water, while CHI was dissolved (1 

mg/mL) in an aqueous solution of acetic acid 1% (v/v). The pH of CHI solution was adjusted 

to 5, to avoid loss of positive charge and consequent precipitation [14]; for all other 

polyelectrolytes and crosslinker solutions the pH was set to 7, which is more favourable for GE 

reaction [6], and to maintain ALG and HA negative charges [15,16]. One triple layer was 

achieved by sequential dipping the samples in ALG, CHI and HA solutions for 1 min each, and 

finishing with GE for 5 min. Between each dipping a rinsing with DD water was carried out. 
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The crosslinking of GE was carried out in the oven at 36ºC during 24 h, in a vial with DCF 

solution (1 mg/mL). A schematic representation of the experimental LbL procedure is shown 

in Figure 4.1. 

 

 

Figure 4.1 Schematic representation of the ALG/CHI/HA coating procedure.  

 

Uncoated drug loaded hydrogels were immersed in DD water during the time spent in the LbL 

formation, and then put in the oven immersed in the drug solution, at 36ºC during 24 h, to 

emulate the LbL process. SofLens and Purevision lenses were submitted to the same surface 

modification. Immediately after preparation, the samples were used in the drug release assays.  

 

4.2.5 Evaluation of the coating formation 

The formation of each layer was followed in real time with a QCM-D (E4 from Q-Sense). 

Quartz crystals (5 MHz) were spin coated (2000 rpm, 30 s) with a PS film, followed by the 

deposition of the TRIS/NVP/HEMA hydrogel mixture (5000 rpm, 30 s). Polymerization was 

achieved at 60ºC for 1 h inside a nitrogen atmosphere. The experimental baseline was obtained 

for hydrogel coated quartz crystals, after pre-hydration in DD water (10 min). The normalized 

frequency (Δf/n) and the dissipation (ΔD) changes for the 3rd harmonic, were studied during 

each layer deposition at 36ºC. Two lachrymal proteins, lysozyme (1.9 mg/mL) and albumin 

(0.05 mg/mL) were selected to evaluate possible interactions with the coating. The proteins 

solutions were added after the final top layer and followed by rinsing with DD water. Four 

measurements were carried out for each system.  
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The quartz crystals were recovered after cleaning in a piranha solution (H2SO4/H2O2, 7/3 v:v), 

by dipping for 5 s. Followed by an intensive washing process in ultrasounds for 15 min in a 

2% (v/v) Hellmanex solution and two times (x15 min) in water. The crystals were properly 

stored after a DD water rinsing, and a drying process achieved by nitrogen flux. 

 

4.2.6 Characterization of the coated TRIS/NVP/HEMA hydrogels 

The water uptake of the LbL coated hydrogels in DD water was evaluated. The uncoated and 

coated hydrogels were dried after preparation and weighted (WD). Afterwards the hydrogels 

were placed in 3 mL of the DD water at 4ºC, measurements were carried out in triplicates for 

each system. At schedule times, the hydrogels were removed from the vials, blotted in 

absorbent paper and weighted, until stabilization (WW). Equation 1.2 (chapter 1) was used to 

calculate the water uptake. 

The captive bubble method was used to evaluate the hydrated hydrogels’ wettability. Air 

bubbles (3 – 4 µL) were formed underneath the substrates using a micrometer syringe with a 

curved needle. The images were obtained by a video camera (jAi CV-A50, Spain) mounted on 

a microscope Wild M3Z (Leica Microsystems, Germany), and their analysis was done with 

ADSA software (Axisymmetric Drop Shape Analysis, Applied Surface Thermodynamics 

Research Associates, Toronto, Canada). Ten experiments were carried out. 

Topographic images of the uncoated and coated surfaces of the hydrated hydrogels were 

obtained in non-contact mode with an AFM (Nanosurf EasyScan 2), at room temperature. 

Silicon probes (resonance frequency: 204-497 kHz) at a scan rate of 1.2 Hz were used to obtain 

10 x 10 µm2 images. The Ra was calculated using WSxM 5.0 develop 8.4 software for the total 

area of the images. Three images of each sample, kept in a liquid cell, were obtained. 

The transmittance of hydrated hydrogels was recorded, in triplicate, in a UV-Vis 

spectrophotometer (Multiskan GO, Thermo Scientific), in the 200 – 700 nm interval. 

The coating thickness and the refractive index for the hydrated hydrogels were studied by 

ellipsometry. Ellipsometric functions Ψ and Δ were determined in a wavelength range 300 – 

850 nm, at 70º incidence angle, through a phase modulated spectroscopic ellipsometer 
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(UVISEL, Horiba Jobin-Yvon). The modelling was done by DeltaPsi2 software package from 

Jobin-Yvon with a Cauchy dispersion function. Three experiments were made for each sample. 

The ionic permeability of the hydrogels previously hydrated in DD water was quantified, using 

a Lab-made cell (see section 1.1.4.2.5 in chapter 1). Three measurements were performed. The 

conductivity of the acceptor solution was measured every hour for 12 h, at 36ºC, using a 

conductivity meter (HI2003 edgeEC® from HANNA instruments). The conductivity data were 

converted into NaCl concentrations through a previously obtained a calibration curve. Dion was 

calculated from Equation 1.4 (chapter 1). 

 

4.2.7 Sterilization 

Two different sterilization procedures were carried out to investigate possible degradation of 

the coated TRIS/NVP/HEMA hydrogels. SP was carried out by placing the hydrated hydrogels, 

contained in closed vials with 3 mL of drug solution, inside an autoclave at 121ºC and 1 bar 

for 1 h.  

For the HHP method, the uncoated and coated samples were placed inside special sealed bags 

(polyamide and polyethylene, 90-micron, 10 x 10 cm2, Penta Iberica), with 3 mL of NaCl (130 

mM) for the unloaded samples, and 3 mL of drug solution for the loaded samples. The samples 

were submitted to a 600 MPa pressure at 70ºC for 10 min in a High-Pressure equipment 

(Hiperbaric 55, Burgos, Spain). After sterilization, drug release assays were carried out in sink 

conditions. Four experiments were carried out for each sterilization process. 

 

4.2.8 Antibacterial assays 

Uncoated and coated TRIS/NVP/HEMA hydrogels without DCF, and coated hydrogels loaded 

with DCF, were sterilized by HHP and tested against P. aeruginosa (ATCC 15442) and S. 

aureus (ATCC 25923). Their antibacterial activity was evaluated by turbidimetry in MHB. The 

strains were grown for 24 h at 37ºC. The grown colonies were suspended in an 0.9% NaCl 

sterile solution to achieve a turbidity of 0.5 McFarland (1.5x108 bacteria/mL) for P. 

aeruginosa, and 1 McFarland (3x108 bacteria/mL) for S. aureus.  
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The hydrated hydrogels were placed individually in wells, which were filled with 10 µL of 

bacteria suspension diluted in 500 µL of MHB. A positive and a negative control were done, 

with inoculated MHB and with simple MHB, respectively. The microplates were incubated at 

37ºC with stirring (100 rpm) for 24 h.  

Aliquots of 200 µL from each well were placed in a 96-well plate, to measure the optical 

density, at 630 nm, by using a microplate reader (Platos R 496). Tests were performed under 

aseptic conditions. Experiments were done in quadruplicate for each system. 

 

4.2.9 HET-CAM test 

The potential ocular irritation of the uncoated and coated TRIS/NVP/HEMA hydrogels without 

drug, and coated hydrogels with drug was evaluated by the HET-CAM. Fertilized hen´s eggs 

(Sociedade Agrícola da Quinta da Freira, SA, Portugal) were placed in an egg incubator 

(Incubator, 56S) at 37±0.5ºC and 60±5% RH, for 8 days. After the incubation, the eggs were 

cut open on the airspace with a rotary saw (Dremmel 3000, Breda). The exposed inner 

membrane was hydrated with 0.9% NaCl solution for 30 min and then carefully removed to 

gain access to the CAM. The sterilized TRIS/NVP/HEMA samples were blotted with an 

absorbent paper and laid directly in contact with the CAM, and time was recorded. Triplicates 

were carried out for each system. Negative (NaCl, 0.9%) and positive (NaOH, 1 M) controls 

were similarly tested. The assay was recorded for 5 min to evaluate lysis, haemorrhage and 

coagulation, which may occur in the CAM, through calculation of the IS (Equation 1.6, 

chapter 1) 

 

4.2.10 Cytotoxicity tests 

Cytotoxicity tests were carried out according to ISO standard 10993-5 using NIH/3T3 

fibroblasts. The cells were grown in T75 flasks in DMEM, supplemented with 10% CS and 1% 

penicillin-streptomycin solution. 

The NIH/3T3 cells were placed in a 24-well-plate with a density of 1x105 cells/mL and cultured 

at 37ºC, in a humified 5% CO2 incubator for 24 h. The HHP sterilized hydrogels (5 mm 
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diameter) were placed in an 8.0 µm pore polycarbonate membrane Transwell® insert (Corning® 

Transwell®, Sigma). The inserts were individually placed on each well, and aliquots of 0.1 mL 

of DMEM were added on top of all samples. A negative control (DMEM) and a positive control 

(DMEM with 5% DMSO) were also tested. The plates were incubated for another 24 h. 

Cell viability was assessed by a colorimetric method using the MTT assay. Briefly, the inserts 

and culture medium were removed and 300 µL of MTT dissolved in serum-free DMEM (0.5 

mg/mL) were added to each well. Incubation of the plates was carried out for another 3 h. 

Subsequently, formazan crystals were dissolved by adding to each well 450 µL of MTT solvent 

(4 mM HCL, 0.1% IGEPAL in isopropanol). The absorbance was measured at 595 nm in a 

microplate reader (Platos R 496). Five replicates for each system were done, and the viability 

results were normalized to the negative control.  

 

4.2.11 Statistical analysis 

R Project software v. 3.6.1 was used for the statistical analysis. Experimental values are given 

as mean ± standard deviation. Student´s t-test and one-way ANOVA test were used to check if 

two or more sets of data were significantly different. Shapiro-Wilk test was analysed the 

normality of the data. The level of significance was set to 0.05.  

 

4.3 Results 

4.3.1 Evaluation of the LbL formation 

The deposition of each layer during the LbL formation on the quartz sensors coated with 

TRIS/NVP/HEMA hydrogel was investigated using QCM-D. The changes of Δf/n and ΔD for 

the 3rd overtone obtained in two similar experiments which differ only in step 7 are shown in 

Figure 4.2A and B. The coated crystal equilibrated with DD water was used as the baseline. 

After the injection of PEI solution, ALG, CHI, HA and GE solutions were added in sequence 

to form the ALG/CHI/HA coating. The rinsing steps after adding each polysaccharide led to 

an increase in frequency and a decrease in dissipation, indicating the loss of weakly bound 

molecules. Nevertheless, the layers remained stable after the rinsing process. Then, the 
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interaction of the coating with two different lachrymal proteins, albumin and lysozyme, was 

assessed. Albumin was slowly and stably adsorbed to the surface, as shown by the slow 

frequency decrease as a function of time (Figure 4.2A); lysozyme had almost no effect and 

was removed after the rinsing step (Figure 4.2B). 
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A 

 

B 

 

Figure 4.2 Normalized shift in the frequency, Δf/n (blue line, left y-axis) and shift in the 

dissipation ΔD (red line, right y-axis) for the 3rd harmonic of the resonant frequency of a quartz 



Chapter 4: Diclofenac sustained release from sterilized soft contact lenses using an optimized 

layer-by-layer coating 

 
 

132 
 

crystal sensor after being coated with a TRIS/NVP/HEMA hydrogel film, during successive 

additions of PEI (1), ALG (3), CHI (4), HA (5) and GE (6), as a function of time, to form one 

double layer ALG/CHI/HA coating. The final step (7) corresponds to the addition of albumin 

(A) and lysozyme (B). The successive additions are separated by rinsing with DD water (2).  

 

4.3.2 Drug loading and release 

After preparation, drug loading was achieved by simple soaking the hydrogels, followed by the 

LbL surface modification. The efficiency of the drug loading process was evaluated by 

determining the amount of the drug loaded in the uncoated and coated TRIS/NVP/HEMA 

hydrogels. Interestingly, the presence of the coating did not affect the amount of drug loaded 

(p = 0.958), as the same value was obtained for the uncoated (113±5 ug/mg of dried gel) and 

coated samples (113±2 ug/mg of dried gel). These results were not unexpected, considering 

that the drug loading process took place before the deposition of the coating and that the 

uncoated drug loaded samples were submitted to a process that mimicked the one undergone 

by the coated hydrogels.  

The effect of the coating on DCF release from the TRIS/NVP/HEMA hydrogels and the 

SofLens and Purevision lenses was assessed under sink conditions (Figure 4.3A-C). Since 

SofLens are daily wear SCLs, the drug release was analysed only for 24 h. The coating showed 

a barrier effect for the release of DCF, avoiding the initial burst demonstrated by the uncoated 

hydrogels. 
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C 

 

Figure 4.3 DCF release profiles from TRIS/NVP/HEMA hydrogels (A), SofLens (B) and 

Purevision (C) with ( ) and without ( ) ALG/CHI/HA coating. The inserts show the first 24 

h of the release data. The error bars are the ± standard deviations (n=4). For daily wear SofLens 

the drug release was analysed only for 24 h. 

 

The cumulative release in percentage (Figure 4.4) showed that the uncoated samples release 

>90% of the total amount of drug in the first 24 h, while coated samples achieve this plateau 

after 120 h. 
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C 

 

Figure 4.4 Percentage cumulative mass released vs time for DCF from TRIS/NVP/HEMA 

samples (A), SofLens (B) and Purevision (C) with ( ) and without ( ) ALG/CHI/HA coating. 

The inserts show the first 24 h of the release data. The error bars are the ± standard deviations 

(n=4). For daily wear SofLens the drug release was analysed only for 24 h. 

 

Comparison of the amounts of drug loaded with the drug released demonstrates that a high 

percentage of drug was kept inside the TRIS/NVP/HEMA hydrogel (55% for the uncoated and 

59% for the coated samples). Although this hydrogel is thicker than the commercial lenses, it 

leads to a higher initial release rate which means that the diffusivity of the drug is larger and/or 

the drug distribution inside the polymeric matrix is not homogeneous. 
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4.3.3 Characterization of the coated TRIS/NVP/HEMA hydrogels 

loaded with DCF 

Some physical properties of the LbL coated TRIS/NVP/HEMA hydrogels, which are relevant 

for its application in therapeutic SCLs were assessed. The water uptake of the uncoated and 

coated hydrogels is shown in Table 4.1. No significant difference was assessed for the water 

content (%) value with the presence of the ALG/CHI/HA coating (p =0.658). The transmittance 

profiles of the uncoated and coated hydrogels loaded with DCF differed in the 600 nm region 

(Figure 4.5), where a decrease (p < 0.00004) in transmittance occurred due to the blue colour 

of the coated samples (Figure 4.6A and B). resulting from the crosslinking of GE [17]. 

However, even in this region, the transmittance of the coated hydrogels was above the required 

value (90%) [18]. 

 

 

Figure 4.5 Transmittance of uncoated ( ) and coated ( ) TRIS/NVP/HEMA hydrogels 

loaded with DCF. The insert expands the spectra in the 400 to 700 nm interval.  
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A 

 

B 

 

Figure 4.6 Pictures of TRIS/NVP/HEMA samples: uncoated, non-sterilized (A) and coated, 

non-sterilized (B). 

 

The AFM topographic images of the uncoated and ALG/CHI/HA coated hydrogels are shown 

in Figure 4.7. The coating, showing some scattered grainy structures, completely hided the 

typical porous structure of the TRIS/NVP/HEMA hydrogels. The Ra of the coated hydrogel 

was smaller when compared to that of the uncoated one (p = 0.045) (Table 4.1). 
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A 

 

B 

 

Figure 4.7 AFM images (10 x 10 µm2) of the surface of uncoated (A) and coated (B) 

TRIS/NVP/HEMA hydrogels. The profiles correspond to the grey lines indicated in the images 

for the uncoated and coated hydrogels.  
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Table 4.1 Properties of uncoated and coated TRIS/NVP/HEMA hydrogels: water uptake, Ra, 

coating thickness, water contact angle, refractive index, and ionic permeability. The errors are 

shown as ± standard deviations (in all cases n=3, except for thickness n=5 and water contact 

angle n=10).  

Property Uncoated Coated 

Water uptake (%) 76±2 75±4 

Ra (nm) 20±9 6±2 

Coating thickness (nm) - 71±7 

Water contact angle (º) 35±5 32±3 

Refractive index 1.417±0.002 1.358±0.003 

Ionic permeability (cm2/s) 5x10-7±0.2x10-7 4x10-7±0.5x10-7 

 

A 71±7 nm coating thickness was estimated (Table 4.1) from the viscoelastic modelling of the 

QCM-D data (Q-sense Dfind software (Broad Fit)), assuming for the film density the value 1 

g/cm3, which has been found for other films of polyelectrolyte, polysaccharide, and/or synthetic 

polymer [19]. A 10% change in the value of the density would imply values of the thickness 

varying between 63 nm and 80 nm. These values agree with the thickness estimated by 

ellipsometry, 80±2 nm, and are comparable to those measured in chapter 2 and 3 for similar 

coatings. However, it was difficult to find suitable modelling for the ellipsometric data obtained 

with the coated TRIS/NVP/HEMA hydrogel, probably due to their high dispersion, which may 

be attributed to some heterogeneity in this type of hydrogels. 

The wettability of the hydrogels did not reveal any alteration after the surface modification 

since they were already hydrophilic. Although TRIS/NVP/HEMA is slightly hydrophobic in 

the dry state, it becomes hydrophilic in the hydrated state, and its hydrophilic nature remained 
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after the deposition of the ALG/CHI/HA coating, as shown by the contact angle values in Table 

4.1. In the presence of the coating, the refraction index decreased (p < 0.0000002) to a value 

within the average values for contact lenses [20], and the ionic permeability also decreased but 

remained well above the minimum required value (1.067 x 10-9 cm2/s) for proper contact lens 

movement [21].  

 

4.3.4 Sterilization effects 

To evaluate the resistance of the coating to sterilization, uncoated and coated drug-loaded 

TRIS/NVP/HEMA hydrogels were submitted to SP, and HHP sterilization. After SP 

sterilization, the coating revealed irreversible degradation, turning black (Figure 4.7A). In the 

case of HHP sterilization, no visible degradation of the coating was observed (Figure 4.7B).  

 

A 

 

B 

 

Figure 4.8 Pictures of the coated TRIS/NVP/HEMA hydrogels: after SP sterilization (A), and 

HHP sterilization (B). 

 

The release profiles of the uncoated and coated hydrogels were recorded under sink conditions 

before and after sterilization (Figure 4.9). HHP sterilization did not appear to affect the 

hydrogel matrix, as the release profiles for the uncoated samples with and without sterilization 

were similar. A small decrease in the amount of the drug release occurred after HHP 

sterilization of the coated hydrogels (p < 0.0004), as further crosslinking of the coating could 
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have occurred, but the pattern of the drug release profile was maintained. In fact, increasing 

the pressure may facilitate the approach of the polymeric chains and favour electrostatic 

interactions involved in the GE crosslinking process [22]. This hypothesis was indeed 

confirmed by the decrease in transmittance around 600 nm from >95% to 91% after HHP 

sterilization (Figure 4.10). Nevertheless, the value remains above 90%, which is the minimum 

required for SCLs [18]. The refraction index of the sterilized hydrogels did not show significant 

differences when compared to non-sterilized samples (p = 0.239), varying from 1.358±0.03 for 

the samples before sterilization and 1.369±0.017 for the sterilized samples. 

 

 

Figure 4.9 DCF release profiles from TRIS/NVP/HEMA hydrogels with (open symbols) and 

without (closed symbols) ALG/CHI/HA coating, before (dark symbol) and after (light symbol) 

HHP sterilization. The insert represents the first 24 h of the release data. The error bars are the 

± standard deviations (n=4).  
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Figure 4.10 Transmittance of both coated TRIS/NVP/HEMA hydrogels loaded with DCF 

before ( ) and after ( ) HHP sterilization. The insert represents the transmittance between 

400 and 700 nm wavelength.  

 

4.3.5 Antibacterial assays 

The next step was to challenge the unloaded (uncoated and coated) and drug-loaded (coated) 

hydrogels against S. aureus and P. aeruginosa (Figure 4.11). Unloaded hydrogels without the 

coating did not demonstrate any capability of inhibiting the bacteria growth after 24 h 

incubation. The coating revealed some antibacterial activity, which must be related to the top 

layer of HA, as demonstrated in the chapter 3. The combination of DCF and coating was 

especially efficient in reducing the growth of S. aureus (p < 0.000004).  
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Figure 4.11 Optical density values of media containing P. aeruginosa ( ) or S. aureus ( ) 

after 24 h incubation with uncoated and coated TRIS/NVP/HEMA hydrogels with and without 

DCF. The error bars represent the ± standard deviations (n=4). 

 

4.3.6 HET-CAM test 

HHP sterilized non-loaded uncoated and coated TRIS/NVP/HEMA hydrogels, and DCF-

loaded and coated hydrogels, were directly placed on the CAM for 5 min. All hydrogels 

behaved similarly to the negative control (NaCl, 0.9%), in opposition to the severe irritation 

and haemorrhage caused by the positive control (NaOH, 1 M) (Figure 4.12). 
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Figure 4.12 CAM images after 5 min contact with: Unloaded TRIS/NVP/HEMA hydrogels 

without coating (A) and with coating (B), and loaded samples with coating (C). Positive control 

(D) and negative control (E).  

 

4.3.7 Cytotoxicity tests 

The MTT test was used to assess the cell viability of NIH/3T3 cells after incubation with HHP 

sterilized unloaded TRIS/NVP/HEMA hydrogels, with and without coating, and DCF loaded 

coated hydrogels. As seen in Figure 4.13, without DCF, both uncoated and coated samples 

demonstrated cell viability of ~100%. The presence of the drug resulted in a small decrease in 

viability (p = 0.045), but such viability level (> 80%) indicates that the hydrogel is not toxic. 
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Figure 4.13 NIH/3T3 cells viability (%) determined by MTT assay, after 24 h exposure to 

uncoated and coated TRIS/NVP/HEMA hydrogels without and with DCF. Bars represent mean 

values ± standard deviations (n=5). 

 

4.4 Discussion 

In the present work, a combination of polysaccharides ALG, CHI and HA was explored with 

the aims of regulating drug release kinetics and keeping the antibacterial properties and tear 

protein resistance, while avoiding permanent drug trapping inside the hydrogel. Moreover, and 

mandatory from the point of view of the clinical use of SCLs as medicated medical devices, 

the coating should withstand sterilization protocols; an issue largely unattended. The new 

coating designated as ALG/CHI/HA was designed using GE as crosslinker. GE can 

spontaneously react with amino groups of CHI (Figure 4.14) and provide positively charged 

amino groups that would attract negatively charged carboxylic groups of ALG and HA [23]. 

GE is a small molecule, able to freely diffuse through HA and interact with CHI. It can also 
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form glycosidic bonds with the available hydroxyl groups of HA, further stabilizing the LbL 

coating [24]. 

 

 

Figure 4.14 GE crosslinking reactions with CHI. Substitution of the ester group of GE by a 

secondary amine linkage (reaction 1) and formation of an intermediate aldehyde group on GE 

due to a ring-opening reaction from a nucleophilic attack by the amino groups in CHI (reaction 

2) [23,25]. 

 

The coating ALG/CHI/HA was able to improve the release kinetics of DCF from the 

commercial lenses SofLens and Purevision as well as from the TRIS/NVP/HEMA sample. The 

initial burst was reduced and the release period was significantly extended. Furthermore, the 

coating did not compromise the optical properties and even reduced the surface roughness (see 

Table 4.1). The presence of HA, as the upper layer, minimized the interaction with lysozyme, 

in agreement with the results shown in chapter 3.  

A simple mathematical model described in section 3.4 of chapter 3, was used to estimate the 

efficiency of the coated samples in contrast with the uncoated samples in terms of drug delivery 

in an in vivo simulation. Briefly, this mathematical model estimates the amount of drug 

delivered by the drug eluting SCLs to the lachrymal fluid (Md), during a given time interval 

(Δt), through the following equation: 
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𝑀𝑑 = 𝑞 𝑚𝑡 ∆𝑡 Equation 4.1 

 

where mt is the dry mass of the lens and q is the drug release rate per unit mass of dry gel which 

may be obtained by fitting the drug release data to the Korsmeyer-Peppas equation [26]. The 

concentration of DCF in the tear fluid at time t (in min) was calculated using Equation 3.1 in 

chapter 3. For the TRIS/NVP/HEMA hydrogel the mass of the dry gel was estimated for a 14 

mm diameter and 0.09 mm thickness (8.8 mg). The tear volume was considered homogeneous, 

regardless the fact that the drug does not completely mix with the lachrymal fluid. 

The release profiles estimated for uncoated and coated hydrogels are shown in Figure 4.15. 

The ranges of the IC50 values for the enzymes active in the inflammatory response, COX-1 

(0.04 – 0.3 µg/mL) and COX-2 (0.01-0.03 µg/mL) [27], were included to allow an evaluation 

of the samples efficiency in terms of DCF delivery in the tear fluid. The presence of the coating 

ensured drug levels were well above the lower limits of COX-1 and COX-2 for 15 days. The 

drug burst decreased for the coated samples, especially in the case of TRIS/NVP/HEMA 

hydrogel.  
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Figure 4.15 Mathematical estimation of the DCF concentration in the lachrymal fluid obtained 

from the cumulative release data for TRIS/NVP/HEMA hydrogels (A and B), SofLens (C and 

D) and Purevision (E and F) SCL coated with ALG/CHI/HA ( ) compared to uncoated 

samples ( ). Figures 4.15A, C and E show the first 24 h, while Figures 4.15B, D and F refer 
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to an extended period of 16 days. The shaded areas represent the ranges of IC50 limited by solid 

lines for COX-1 and dotted lines for COX-2. The inserts represent the first 6 h of release.  

 

The polyelectrolytes chosen for the LbL coating are known to interact with DCF molecule, 

favouring the retardation of its diffusion and thus controlling the release rate. DCF sustained 

release can be attributed to physical entrapment inside the CHI matrix [28,29] and/or the three-

dimensional structure of HA bonds, as well as bonding between carboxyl groups of DCF and 

hydroxyl groups of ALG. The specific efficiency of the HA layers for sustained release of DCF 

may be attributed to hydrogen bonding between the H bond acceptors in DCF and the hydroxyl 

groups in HA, while other authors suggested a preferential interaction of DCF with the 

hydrophobic domains of HA [30]. In addition, GE can also be involved in the control of DCF 

release through the interaction with the secondary amine of this molecule.  

Regarding the scale-up for the manufacturing of coated SCLs with naturally based 

polyelectrolytes, stability against sterilization is critical. Commercial lenses are usually 

sterilized during the packaging process by SP sterilization [31]. As previously demonstrated, 

this method cannot be applied to natural polymers coating. Naturally obtained polyelectrolytes 

used in the LbL coating are known to suffer hydrolysis during the sterilization as a result of 

high temperature [31,32].  

According to previous reports [33], HHP sterilization seems to be an alternative method to 

overcome the SP disadvantages. The HHP sterilization did not affect the uncoated 

TRIS/NVP/HEMA hydrogels but may have led to additional crosslinking of the ALG/CHI/HA 

coating, further improving the barrier effect for DCF. This effect was confirmed by the 

intensification of the blue colour of the coated hydrogels. As GE is known to crosslink CHI 

and other amines [23] in a spontaneous way, favouring amine/ester bonds [34] the blue 

coloration presented by the hydrogels is a secondary result of the oxygen radical induced 

polymerization of GE. Despite this colour change, which was responsible for a slight decrease 

in the optical transmittance, the optical properties of the sterilized samples remained within the 

limits adequate for their use as SCLs.  

The antibacterial tests showed a complementary effect of the drug and the coating (Figure 

4.12) that led to a substantial decrease in the growth of S. aureus, while for P. aeruginosa the 
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coating was less efficient. The antibacterial effect of the coating can be attributed to both the 

HA upper layer and crosslinker GE. The antibacterial effect of HA remains a controversial 

issue [35], but, in contrast, there is experimental evidence of this effect for GE. Wu et al. (2014) 

produced GE crosslinked hydrogels that fully inhibited S. aureus [36], and Wang et al. (2015) 

showed that GE, as a crosslinker, promoted the formation of a poly(sulfobetaine methacrylate)-

CHI material with high antibacterial efficiency [37].  

The coating ALG/CHI/HA did not reveal any ocular irritancy with a IS equal to 0 (according 

the HET-CAM test) and did not lead to any level of cytotoxicity. However, when the coated 

samples were loaded with DCF, a decrease in cell viability was obtained. According to several 

authors, DCF eye drop solution can affect the normal corneal epithelial healing [38–40] Such 

result may be related to several factors: 1) low concentration of Na+; 2) the presence of 

preservatives; and 3) lipoxygenase blockers in high concentration [38,41,42]. The use of 

preservatives, can be reduced by drug delivery from SCLs, as these materials remain in contact 

with the eye increasing drug bioavailability [43].  

In this work, the drug loading was done with DCF dissolved in NaCl aqueous solution, thus 

the slight decrease in cell proliferation shown by the coated hydrogel, loaded with DCF, can 

only be attributed to the active component. Qu et al. (2011) demonstrated that human corneal 

epithelial cells viability was of ~95% when exposed to DCF in a concentration 10 times lower 

than the one used in this work [44]. Therefore, and according to the ISO standard 10993-5 

(2009), in which a cell viability ≥ 70% is accepted for medical devices, neither the coating nor 

the drug can be considered toxic. 

Comparison of the performance of the ALG/CHI/HA coating with the other coatings developed 

in chapter 2 and 3 demonstrates that the new coating has strong advantages. Besides its anti-

bacterial properties, it is more efficient in the control of drug release. When compared with 

ALG/PLL(EDC)//HA, it significantly reduces the amount of drug trapped inside the hydrogel 

from 78% in the former case to 59% in the present one. The higher amount of DCF retained 

inside the hydrogel coated with ALG/PLL(EDC)//HA derives from the fact that, below the 

layer of HA, the coating was composed by two double layers instead of one triple layer used 

in the new coating. In fact, the optimization of the number of layers carried out in chapter 2 led 

to the conclusion that two double layers was more favourable to control the DCF release, but 

with ALG/CHI/HA, one triple layer was enough, which may be attributed to the higher 
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efficiency of the crosslinking agent GE. In addition, GE was reported to be an excellent option 

for ophthalmic materials, due to its compatibility with both human retinal pigment epithelial 

cells and the anterior chamber of a rabbit eye model [45].  

Overall, the ALG/CHI/HA coating seems very promising as a release control barrier for DCF 

from different substrates, including commercial SCLs. Although in vivo tests are necessary to 

confirm this claim, the measured properties strongly suggest the possibility of successfully 

using this coating to ensure the therapeutic ocular needs of the anti-inflammatory, DCF, for, at 

least, two weeks.  

 

4.5 Conclusions 

The layer-by-layer (LbL) coating composed of one triple layer of ALG/CHI/HA, crosslinked 

with GE, can endow SCLs with capability to regulate the release of the anti-inflammatory DCF, 

decreasing the initial burst, and to inhibit bacteria cell growth. Light transmittance, bulk 

refractive index, and ionic permeability remained within the range of values recommended for 

SCLs. The coating showed antifouling capability when exposed to lysozyme, was 

biocompatible, and showed antibacterial properties, more significantly in the case of S. aureus. 

To overcome the stability risks of polysaccharide coating when exposed to conventional 

sterilization methods, a new sterilization method based on the application of high hydrostatic 

pressure was successfully applied. The concentration of DCF, estimated by a simple 

mathematical model, may remain above the IC50 values for COX-1 and COX-2 over more than 

15 days. 
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5.1 Introduction 

Previously, it was demonstrated that the lab-made hydrogel TRIS/NVP/HEMA possesses very 

interesting physical properties, which make it suitable for SCLs [1]. Furthermore, this LbL 

coated hydrogel may be used as a platform to deliver ophthalmic drugs, as described in chapters 

2 and 3. However, not every drug can be released in a sustained way using this strategy. In 

particular, the controlled release of the antibiotic MXF could not be achieved, even using the 

LbL coatings that were able to retard the release of DCF. These negative results led to the 

search of other strategies to improve the loading and sustain the release of MXF.  

This chapter describes an attempt to optimise the MXF release from the hydrogel 

TRIS/NVP/HEMA using molecular imprinting with MXF, combined with the addition of 

acrylic acid (AA) to the monomer solution. The choice of AA, an unsaturated carboxylic acid 

(pKa=4.2) [2], was based on previous studies that show its usefulness to increase the amount 

of fluoroquinolones released due to its ability to interact with protonizable amino groups or 

with hydrogen bond acceptors [3,4]. The drug release profiles were tested in sink conditions in 

medium under stirring and in sink conditions in microfluidics cell. The simplified process of 

sink conditions in medium under stirring facilitates the comparison between systems; however, 

it does not simulate properly the drug release kinetics in the eye, in terms of in vivo small tear 

volume and flow rates. As such, to study the release using a lab-made microfluidic cell, capable 

of mimicking the hydrodynamic conditions of the eye, was used [5].  

Characterization of the drug loaded samples was carried out to assess possible implications of 

the performed modifications on the physical properties of the hydrogel. Namely, topography, 

transmittance, refractive index, swelling, wettability, and ionic permeability were evaluated for 

the unmodified and modified hydrogels. Further biological characterization of the best 

hydrogel was carried out through antibacterial tests against two of the most common bacteria 

involved on ocular infections: the Gram-positive bacteria S. aureus and S. epidermidis [6,7]. 

The HET-CAM test was done to predict any potential ocular irritancy. Finally, cell viability 

was analysed using NIH/3T3 cells (mouse embryonic fibroblasts). 
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5.2 Experimental part 

5.2.1 Materials 

2,2’-Azobis(2-methylpropionitrile) (purity≥98%, AIBN), 2-hydroxyethyl methacrylate 

(purity≥99%, HEMA), 3-tris(trimethylsilyloxy)silylpropyl 2-methylprop-2-enoate 

(purity≥98%, TRIS), calf serum, dimethyl sulfoxide (DMSO), dulbecco’s Modified Eagle’s 

Medium, ethylene glycol dimethacrylate (purity≥98%, EGDMA), hydrochloric acid (HCl), 

isopropanol, NIH/3T3 fibroblasts (93061524), penicillin-streptomycin solution (10000U/mL 

penicillin, 10 mg/mL streptomycin), and 8.0 µm pore polycarbonate membrane Transwell® 

(Corning®) were provided by Sigma-Aldrich (USA). N-vinyl pyrrolidone (purity≥98%, NVP) 

and octylphenoxypolyethoxyethanol (IGEPAL®) were obtained from Merck (USA). Calcium 

chloride 2-hydrate (CaCl2.2H2O), potassium chloride (KCl), sodium bicarbonate (NaHCO3), 

and sodium chloride (purity≥99%, NaCl) were purchased from PanReac (Spain). Moxifloxacin 

hydrochloride (MXF) was from Carbosynth (UK) and acrylic acid (purity≥99%, AA) from 

Alfa Aesar (Germany). Methanol (purity≥99.9%, CH3OH) was provided by Carlo Erba 

(Spain). Mueller-Hinton agar (MH) was obtained from Oxoid microbiological products (UK). 

Distilled and deionised (DD) water (18 MΩcm, pH 7.7) used to prepare all solutions and for 

washing was obtained from a Millipore system. Simulated tear fluid (STF) with pH 7.4 was 

prepared mixing NaCl (6.8 g/L), NaHCO3 (1.1 g/L), KCl (1.4 g/L) and CaCl2·2H2O (0.04 g/L) 

[8].  

 

5.2.2 Preparation of silicone-based hydrogels 

A silicone-based hydrogel intended to be used as a SCL and previously studied in chapter 2 to 

4, was the starting material for a set of modifications in the hydrogel relative composition, 

which included addition of different amounts of a functional co-monomer (AA), and drug 

imprinting (see Table 5.1). Each mixture of TRIS, HEMA, NVP, EGDMA, AA and MXF was 

homogenised by magnetic stirring. The chemical structures of the employed co-monomers and 

MXF are shown in Appendix A and in Table 1.4 of chapter 1, respectively. 

Samples imprinted with MXF were obtained by adding the drug to the co-monomer’s mixture. 

A maximum concentration of 3 mM of the drug was used due to solubility limitations. The 
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solution was then degassed by ultrasonic sonication (5 min) followed by nitrogen bubbling (10 

min) to remove oxygen. The initiator (AIBN) was then added and solubilised before pouring 

the solutions into moulds consisting of two pre-silanized glass plates separated by a Teflon 

spacer (0.3 mm) [9]. 

The free-radical co-polymerization of the hydrogels was done at 60ºC during 24 h. After this 

period, samples were removed from the moulds and cut into disks with 10 mm of diameter 

(except when otherwise indicated), washed by immersion in DD water, under stirring (200 

rpm) for 10 days and replacing the solvent 3 times a day, in order to simultaneously remove 

unreacted co-monomers and the template drug. The absence of MXF and unreacted co-

monomers in the washing solutions was checked using a UV-Vis spectrophotometer 

(Multiskan GO, Thermo Scientific), in the range  = 200 – 700 nm. The resulting hydrogels 

were then dried in an oven at 36ºC for 72 h. 

 

Table 5.1 Composition of the co-monomer mixtures used to prepare the silicone-based 

hydrogels. 

Hydrogel 

designation 

TRIS 

(mM) 

HEMA 

(mM) 

NVP 

(mM) 

EGDMA 

(mM) 

AIBN 

(mM) 

AA 

(mM) 

MXF 

(mM) 

TRIS 790 1780 3930 34 20 0 0 

TRIS(100) 790 1780 3930 34 20 100 0 

TRIS(200) 790 1780 3930 34 20 200 0 

TRIS(300) 790 1780 3930 34 20 300 0 

TRIS-I 790 1780 3930 34 20 0 3 

TRIS(100)-I 790 1780 3930 34 20 100 3 

TRIS(200)-I 790 1780 3930 34 20 200 3 

TRIS(300)-I 790 1780 3930 34 20 300 3 
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5.2.3 Drug loading assays 

Dried non-imprinted and imprinted hydrogels were immersed in a MXF solution (5 mg/mL in 

STF, 3 mL) at 4ºC for 72h. The total amount of drug loaded per hydrogel sample was 

determined through methanol extraction. Briefly, MXF-loaded hydrogels were removed from 

the drug solution and carefully blotted with absorbent paper, before being placed in glass vials 

with 3 mL of methanol. At pre-scheduled times, the hydrogels were removed from the vials, 

rinsed with DD water, blotted and placed in fresh methanol, until no more drug was detected. 

The concentration of MXF in the methanol solutions was determined by absorbance 

measurements, at  = 290 nm. Experiments were carried out in quadruplicate for each system. 

 

5.2.4 Physical characterization of the MXF-loaded hydrogels 

Water uptake 

The water uptake of the hydrogels in DD water, in STF and in MXF solution (5 mg/mL, in 

STF) was studied. Triplicates of dried hydrogels were weighted (WD) and placed in 3 mL of 

the desired solution at 4ºC. At schedule times, the hydrogels were removed from the solution, 

carefully blotted in absorbent paper and weighted (WH). The water uptake (%) was calculated 

using Equation 1.2 (chapter 1). 

 

Water contact angle measurements 

The water contact angles of the hydrated hydrogels were measured by the captive bubble 

method. A video camera (jAi CV-A50, Spain) mounted on a microscope Wild M3Z (Leica 

Microsystems, Germany) was used to obtain images of air bubbles (3 – 4 µL) generated 

underneath the hydrogels. The images were analysed with ADSA software (Axisymmetric 

Drop Shape Analysis, Applied Surface Thermodynamics Research Associates, Toronto, 

Canada). Ten bubbles were analysed for each system.  
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Topography measurements 

Topographic images (10 x 10 µm2) of the surface of the MXF-loaded hydrogels were obtained 

at room temperature, in tapping mode using an AFM (Nanosurf EasyScan 2), in their hydrated 

state. The analysis was done with silicon probes (resonance frequency: 204 – 497 kHz), at scan 

rate of 1.2 Hz. The Ra of the surfaces was determined from the total image area, using the 

software WSxM 5.0 develop 9.1. Three images were obtained for each system.  

 

Light transmittance assays 

The transmittance of the hydrated, MXF-loaded hydrogels was determined with a UV-Vis 

spectrophotometer (Multiskan GO, Thermo Scientific). Measurements were carried out in 

triplicate for each system, in a wavelength interval 200 – 700 nm, with scanning steps of 1 nm. 

 

Refractive index measurements 

The refractive index of the hydrated, MXF-loaded hydrogels was determined in the spectral 

range 300 – 750 nm, using a phase modulated spectroscopic ellipsometer (UVISEL, Horiba 

Jobin-Yvon) at a 70º incidence angle. Triplicates of both non-imprinted and imprinted 

hydrogels were studied.  

 

Mechanical behaviour 

Dumbbell-shaped specimens with 2.5 mm width (overall width 5 mm) and 6 mm gauge length 

(total length 18 mm) of the MXF-loaded hydrogels in the hydrated state were submitted to 

tensile tests using a TA.XT Express Texture Analyser (Stable Micro Systems, UK). The 

samples were stretched with a speed of 0.3 mm/s and the trigger force was set to 0.005 N. The 

Young´s modulus was determined from the initial slope of the resultant stress-strain curves. 

Five independent measurements were carried out for each type of hydrogel.  
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Ionic permeability measurements 

A lab-made PMMA cell previously described in section 1.1.4.2.5 in chapter 1, was used to 

determine the ionic permeability of the hydrogels. Samples hydrated in DD water (12 mm 

diameter disks) were used instead of the drug loaded ones to avoid the interference of the drug 

in the measurements. The hydrogels were mounted between the two chambers, and the 

conductivity of the acceptor solution was measured using a conductivity meter (HI2003 

edgeEC® from HANNA instruments). Three measurements were carried out for each system, at 

36ºC. The conductivity data were converted into NaCl concentrations according to data 

previously obtained from a calibration curve. Dion was obtained from Equation 1.4 (chapter 

1). 

 

5.2.5 Drug release assays 

Release measurements under sink conditions in medium under stirring were carried out by 

placing the MXF-loaded hydrogels (four replicates) in vials with 3 mL of STF and kept under 

stirring (180 rpm) at 36ºC. At pre-established times, aliquots of the release medium (200 µL) 

were taken and replaced with fresh STF. Quantification of the drug in the collected aliquots 

was done by absorbance measurements, as referred above. The dilution effect due to the release 

medium replacement was taken into account when calculating the cumulative release curves. 

Drug release experiments were also carried out in sink conditions using a lab-made 

microfluidic cell, that simulates the lachrymal fluid turnover. The microfluidic cell was 

produced from PMMA, with a chamber volume of 45 µL. This value is above typical tear fluid 

volume present in the eye (3.4 – 10.7 µL) [10], since smaller volumes led to clogging of the 

cell. A syringe pump was used at a pump rate of 3 µL/min to simulate the turnover rate of tears 

found for SCLs wearers (1.4 – 4.3 µL/min) [11]. Figure 5.1 shows a schematic representation 

of the microfluidic cell, and the experimental apparatus used in the hydrodynamic release 

measurements.  
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A 

 

B 

 

Figure 5.1 (A) Schematic representation of the microfluidic cell used. (B) Experimental 

apparatus used for the hydrodynamic release measurements.  

 

Three independent experiments were made at 36ºC with a continuous flow (3 µL/min) of STF. 

The hydrogels were cut with a 12 mm diameter to better fit in the microfluidic cell. The exit 

solution was analysed at pre-defined times, and MXF concentration was measured by 

spectrophotometry, as described in section 5.2.2. 
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5.2.6 Sterilization of the hydrogels for biological tests 

Sterilization by SP, was done prior to the HET-CAM test and the cell viability assay. This 

sterilization method was chosen because it was proved in previous works that it did not affect 

significantly the physical properties of the silicone-based hydrogel [12,13]. The hydrogel 

samples were placed in closed vials with 3 mL of MXF solution (5 mg/mL in STF) and 

autoclaved at 121ºC and 1 bar for 1 h. The hydrogels were left on the closed vials containing 

the drug solution, at 4ºC, until 72 h of loading was completed. To evaluate potential effects of 

SP on the release profile, drug release measurements were carried out under sink conditions in 

medium under stirring and compared to those obtained with the non-sterilized hydrogel.  

 

5.2.7 Irritability assays 

The HET-CAM assay was done to determine the potential ocular irritation effect of the 

hydrogel. An egg incubator (Incubator, 56S) was used to incubate fertilized hen´s eggs 

(Sociedade Agrícola da Quinta da Freiria, SA, Portugal) at 37±0.5ºC with 60±5% of RH. At 

the 9th day, the eggs were removed from the incubator and cut at the air pocked existent in the 

larger end using a rotary saw (Dremmel 3000, Breda). The inner membrane was hydrated with 

0.9% NaCl solution for 30 min and removed carefully to expose the CAM. The sterilized 

hydrogel sample (previously loaded with MXF) was placed directly on the CAM for 5 min. 

The appearing of lysis, haemorrhage and coagulation was evaluated by calculating the IS, 

through Equation 1.6, chapter 1. The assay was carried out in triplicate. A negative and a 

positive control were made by adding 300 µL of NaCl (0.9%) and NaOH (1 M) on the CAM, 

respectively. 

 

5.2.8 Cytotoxicity tests 

Cytotoxicity of loaded hydrogels was evaluated by using NIH/3T3 fibroblasts, according to 

ISO standard 10993-5. DMEM supplemented with 10% CS and 1% penicillin-streptomycin 

solution was used to grow the cells in T75 flasks. For the cytotoxicity assay, the cells (1x105 

cells/well) were transferred into a 24 well-plate and incubated in humified atmosphere with 5% 
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CO2 at 37ºC, for 24 h. Hydrogel disks with 6 mm diameter were placed in the bottom surface 

of the polycarbonate membrane Transwell®. The Transwell® inserts were placed in the wells 

containing the cell culture, and 0.1 mL volume of DMEM was poured on top of the hydrogels. 

Two controls were made by adding 0.1 mL of DMEM to an empty Transwell® (negative 

control) and 0.1 mL of DMEM with 350 µL of DMSO to another Transwell® (positive control). 

Subsequently, the plates were again placed in the incubator for 24 h. The cells were visualized 

using an inverted light microscope (Axiovert® 25, ZEISS Microscopy – Jena, Germany) and 

micrographs of the adherent cells were taken.  

The viability of the cells was studied by MTT assay. For that, 300 µL of MTT (0.5 mg/mL in 

serum-free DMEM) were added to each well and incubated for 3 h. Dissolution of formazan 

was achieved by adding 450 µL of MTT solvent (4 mM HCl, 0.1% IGEPAL in isopropanol). 

Absorbance was read at 595 nm in a microplate reader (Platos R 496). Five replicates were 

carried out. 

 

5.2.9 Microbiological tests 

The antibacterial activity against S. aureus (ATCC 25923) and S. epidermidis (CECT 231) was 

studied through agar diffusion tests, using samples of the solution collected from the 

microfluidic cell, and by direct contact, using the MXF loaded disks. The bacteria strains were 

grown by incubation for 24 h at 37ºC. An optical density of 1 McFarland (3x108 bacteria/mL) 

was achieved by suspending the grown strains in 0.9% NaCl sterile solution. MH was sterilized 

in an autoclave at 121ºC for 20 min, and subsequently stabilized at 50ºC in a water bath. Sterile 

square plates (120 x 120 mm2) were filled with 50 mL of MH and 350 µL of bacterial 

suspension, and left to solidify. Antimicrobial susceptibility test disks (Oxoid) were directly 

placed in the plates, and 15 µL of the solutions collected from the microfluidic cells at pre-

established times were added on top of the disks. For the direct contact test, sterilized hydrated 

samples were blotted with absorbent paper and directly placed on the agar. A negative control 

(test disk with 15 µL of STF) was also placed in each plate. The agar plates were incubated at 

37ºC for 24 h. The produced inhibition halos were measured with an electronic calliper. All 

experiments were carried out in triplicate for each bacteria species.  

 



Chapter 5: Molecular imprinted silicone-based hydrogels as soft contact lenses materials for 

extended moxifloxacin release 

 
 

170 
 

5.2.10 Statistical analysis 

R Project v. 3.6.1 software was used for the statistical analysis of the data. All data was shown 

as mean ± standard deviations. Student´s t-test and one-way ANOVA test were applied to 

calculate if two or more sets of data were significantly different. Shapiro-Wilk test was used to 

verify the normality of the data. The level of significance was set to 0.05.  

 

5.3 Results 

5.3.1 Physical characterization of the hydrogels 

The physical properties of the produced hydrogels are summarized in Table 5.2. 
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Table 5.2 Properties of the produced hydrogels: water uptake, water contact angle, Ra, 

refraction index, Young’s modulus, and ionic permeability. The errors are the ± standard 

deviations (in all cases n=3, except for Young’s modulus and water contact angle where n=5 

and n=10, respectively). 

 
TRIS TRIS-I 

TRIS 

(100) 

TRIS 

(100)-I 

TRIS 

(200) 

TRIS 

(200)-I 

TRIS 

(300) 

TRIS 

(300)-I 

W
a
te

r 
u

p
ta

k
e 

(%
) 

D
D

 

w
a
te

r
 

78±1 85±8 128±2 128±4 131±1 135±3 135±9 128±3 

S
T

F
 

84±4 119±1 121±1 122±5 133±10 125±3 150±8 139±11 

M
X

F
 130±1

0 
135±8 147±7 195±8 199±8 224±12 253±17 262±14 

Water 

contact 

angle (º) 

37±1 35±4 35±4 32±3 31±5 29±4 32±5 30±2 

Ra (nm) 
11.2±

2.5 
5.1±1.6 3.9±1.4 3.1±1.4 2.3±0.4 2.2±04 2.0±0.5 1.7±0.4 

Refraction 

index 

1.359

±0.00

8 

1.361±0

.011 

1.360±0

.005 

1.361±0

.008 

1.365±0

.003 

1.369±0

.013 

1.357±0

.005 

1.357±0

.005 

Young’s 

modulus 

(MPa) 

1.09±

0.04 

0.91±0.

02 

0.92±0.

07 

0.78±0.

03 

0.74±0.

02 

0.72±0.

02 

0.59±0.

02 

0.52±0.

02 

Io
n

ic
 

p
er

m
ea

b
il

it
y
  

x
1
0

-7
 (

cm
2
/s

) 

5±0.2 8±0.1 9±0.2 5±0.4 4±0.1 3±0.4 20±1 10±1 

 

The water uptake depended on the medium composition. Water uptake in MXF solution was 

significantly higher than in DD water (p<0.0001) or in STF (p<0.0001), for all hydrogels. The 
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water uptake increased with the amount of AA added. No tendency can be identified when 

assessing the effect of drug imprinting.  

All hydrogels present similar wettability, but slightly lower water contact angles were observed 

for the imprinted samples with higher concentrations of AA, specially, TRIS(200)-I and 

TRIS(300)-I.  

The topography images of the surface of the hydrogels are depicted in Figure 5.2 and the Ra 

values are given in Table 5.2. The molecular imprinting process and the addition of the 

functional monomer seems to reduce the size and number of pores. TRIS(300)-I was the 

hydrogel with the smoothest surface (lowest Ra). 
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Figure 5.2 AFM images (10 x 10 µm2) of the surface of non-imprinted (left) and imprinted 

hydrogels (right). The inserts correspond to the profiles of the grey lines indicated in the AFM 

images.  
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Concerning the optical properties, the light transmittance decreased slightly with the addition 

of the AA monomer (Figure 5.3), but the values were above 90% transmittance in the visible 

range. The refractive index (Table 5.2) kept approximately the same value for all hydrogels 

(p=0.589). 

 

A 

 

B 

 

C 

 

D 

 

Figure 5.3 Light transmittance of non-imprinted and imprinted hydrogels, without AA (A), 

with 100 mM of AA (B), with 200 mM of AA (C), and with 300 mM of AA (D). The insert 

represents the wavelength between 500 and 700 nm.  

 

The mechanical behaviour of the hydrogels varied with the addition of the functional monomer 

AA and the drug imprinting, the Young’s modulus decreased, more significantly in the former 

case. The ionic permeability values are of the same order of magnitude for the different 
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hydrogels, being higher for the materials with the largest content of AA (TRIS(300) and 

TRIS(300)-I)  

 

5.3.2 Drug loading and release 

MXF-loaded amounts were determined for all synthesised/processed non-imprinted and 

imprinted samples (Table 5.3). It can be observed that MXF-loaded amounts increased with 

the increase in AA relative compositions. Moreover, all imprinted samples loaded higher 

amount of MXF than the corresponding non-imprinted samples, being the highest percentual 

increment observed for TRIS. 
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Table 5.3 MXF-loaded amounts, increment in MXF loading, and percentage of released after 

120 hours under sink conditions in medium under stirring. The errors are the ± standard 

deviations (n=4). 

Hydrogel code 

Amount of MXF 

loaded (µg/mg of 

dried gel) 

Increment in 

loading (%) 
Drug released (%) 

TRIS 9.8±0.5 - 72 

TRIS-I 17.1±0.2 75 70 

TRIS(100) 21.7±1.6 - 76 

TRIS(100)-I 33.9±0.3 56 68 

TRIS(200) 36.3±1.8 - 80 

TRIS(200)-I 49.2±1.1 36 70 

TRIS(300) 44.1±1.9 - 75 

TRIS(300)-I 64.9±0.4 47 69 

 

Results on the kinetics of MXF release, in sink conditions in medium under stirring, are shown 

in Figure 5.4.  
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Figure 5.4 MXF release profiles from non-imprinted (solid symbols) and drug imprinted (open 

symbols) silicone-based hydrogels with and without AA monomer. The insert shows the first 

8 h of the release data. The error bars are the ± standard deviations (n=4). 

 

The imprinting of the drug and the addition of the AA functional monomer had a synergistic 

effect, increasing the amount of MXF released from the samples. The percentage of MXF 

released relative to the amount of MXF loaded (Figure 5.5), clearly evidenced that the initial 

burst was lower for imprinted hydrogels. Also, AA composed hydrogels released the drug more 

slowly than their non-imprinted counterparts. A significant percentage of drug remained inside 

the hydrogels, after 120 h in the release medium, such percentages ranges from 20% to 32%. 
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C 

 

D 

 

Figure 5.5 Percentage of MXF released in reference to the amount of MXF loaded, for the 

non-imprinted and imprinted hydrogels with (A) no AA, (B) 100 mM of AA, (C) 200 mM of 

AA, and (D) 300 mM of AA. The error bars are standard deviations (n=4). 
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In order to have an insight into the mechanism of drug release, the release data of the base 

hydrogel (TRIS), and of the hydrogels with the larger amount of drug loaded (TRIS(300) and 

TRIS(300)-I) were fitted to the Korsmeyer-Peppas equation [14]: 

 

𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛 Equation 5.1 

 

where Mt and M∞ are, respectively, the mass released at time t and as time approaches infinity, 

n is the diffusional exponent and k is a pseudokinetic constant [14]. The parameters of the 

fittings of the release profiles for the hydrogels, up to 60% of the total release, are shown in 

Table 5.4. The diffusional exponent values for the non-imprinted hydrogels are <0.5, 

regardless of the presence or absence of the AA monomer, which indicates a Fickian diffusion. 

On the other hand for the TRIS(300)-I n>0.5, showing a non-Fickian (anomalous) transport 

resultant from the overlapping of Fickian and swelling controlled processes [15]. Additionally, 

TRIS(300)-I demonstrates a decrease in the kinetic constant, when compared to TRIS and 

TRIS(300), which can be an indicative of a higher affinity of MXF with the imprinted hydrogel. 

 

Table 5.4. Parameters n and k, and respective correlation coefficients, R2, of drug release data 

fitting to Equation 5.1, for TRIS, TRIS(300) and TRIS(300)-I.  

 TRIS TRIS(300) TRIS(300)-I 

n 0.165 0.243 0.990 

k 0.517 0.427 0.125 

R2 0.999 0.998 0.965 

 

The effects of SP sterilization were tested on the TRIS(300)-I hydrogel, through the 

comparison of the MXF release patterns before and after sterilization (Figure 5.6). The release 

profiles did not show significant modifications. 
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Figure 5.6 MXF release profiles from TRIS(300)-I hydrogel before ( ) and after ( ) SP 

sterilization. The insert represents the first 24 h of release. The error bars are the ± standard 

deviations (n=4).  

 

To gain an insight on how the release may occur in vivo, the release profiles of the hydrogels 

with the largest amount of AA (TRIS(300) and TRIS(300)-I) were recorded in hydrodynamic 

conditions, using a lab-made microfluidic cell (Figure 5.7). The cumulative release profiles in 

medium under stirring (Figure 5.4) and in microfluidics cell (Figure 5.7A), were clearly 

different; the release kinetics was slower for both studied hydrogels in the later conditions. 

TRIS(300)-I had less initial burst of MXF, but the total amount released was higher compared 

to that released from TRIS(300) (Figure 5.7A). The MXF concentration profile the exit point 

of the microfluidic cell and the MICs for S. aureus (0.008 – 0.064 µg/mL) and S. epidermidis 

(0.016 – 2 µg/mL) [7], are compared in Figure 5.7B. TRIS(300)-I showed a more sustained 

release and ensured MXF concentrations above the MICs values for 13 days, while TRIS(300) 

only led to higher values for 10 days.  
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B 

 

Figure 5.7 (A) MXF cumulative mass released in hydrodynamic conditions from TRIS(300) (

) and TRIS(300)-I ( ). The insert represents the first 24 h of the release data. (B) 

Concentration profile of MXF released at the exit point from the microfluidic cell for 
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TRIS(300) ( ) and TRIS(300)-I ( ). The insert shows the last 4 days of release with the range 

of the MICs for S. aureus (blue area) and S. epidermidis (yellow area). The error bars are the 

± standard deviations (n=3). 

 

5.3.3 Irritation score 

Sterilized TRIS(300)-I samples loaded with MXF were submitted to HET-CAM tests to predict 

the potential effect of the materials to induce lysis, haemorrhage or coagulation. As seen in 

Figure 5.8, the effect of TRIS(300)-I loaded samples is similar to that observed for the negative 

control (NaCl 0.9%), as such, the IS was equal to 0. 

 

A 

 

B 

 

C 

 

Figure 5.8 CAM images after 5 min of exposure to TRIS(300)-I loaded with MXF (A). 

Negative control (B) and positive control (C). 

 

5.3.4 Cytotoxicity 

The viability of NIH/3T3 cells after exposure to sterilized TRIS(300)-I hydrogels loaded with 

MXF is shown in Figure 5.9. Compared to the negative control, a decrease in the cell viability 

was observed for the MXF-loaded hydrogel, which still remains above 75%. 
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A 

 

B 

 

Figure 5.9 (A) Micrographs of the cells immediately before the MTT assay, (B) NIH/3T3 cells 

viability (%) determined by MTT assay, after 24 h exposure to MXF-loaded TRIS(300)-I 

samples. The errors are the ± standard deviations (n=5). 

 

5.3.5 Microbiological tests 

The antibacterial action of the MXF released from TRIS(300)-I loaded hydrogels against S. 

aureus and S. epidermidis was studied through direct contact tests with the hydrogels, and agar 
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diffusion tests of the supernatant solutions collected from the release tests carried out in the 

microfluidic cell. The results are presented in Figure 5.10. The inhibition halos obtained from 

direct contact for S. aureus (67±4 mm), and S. epidermidis (59±6 mm) were similar. For the 

MXF solutions collected after 10 days of release in microfluidics cell, smaller inhibition halos 

for both bacterial strains were attained (14±1 mm and 18±3 mm for S. aureus and S. 

epidermidis, respectively). 

 

 

Figure 5.10 Inhibition halos after 24 h exposure to the MXF loaded TRIS(300)-I hydrogels 

and, to the collected MXF solution after 10 days of release in microfluidic cell for S. aureus 

and S. epidermidis. Negative controls (sterile STF) are also shown.  

 

5.4 Discussion 

The physical properties of the hydrogels were barely affected by the incorporation of AA 

and/or imprinting of the drug, except regarding water uptake. The water uptake of the hydrogels 

increased significantly due to the presence of the functional monomer. Sohail et al. (2014) 

verified that the equilibrium water uptake coefficients were substantially affected by the 

addition of increasing amounts of AA, as more carboxylic groups were available. At 
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physiological pH, electrostatic repulsions increase the distance between chains, leading to 

expansion of the hydrogel´s matrix [16]. The differences in pH among the three soaking 

solutions are small and do not explain the different water uptake results. The significant 

increase in water uptake obtained with MXF solution, could be due to the adsorption of MXF 

on the SCL backbone through hydrophobic interactions, which leads to the charging of the 

polymer chains. Thus, up taking water to swell and separate the polymer chains would attenuate 

the ionic repulsions of these chains. Globally, the water uptake values of the hydrogels are 

between ≈80 and 260%, falling within the typical values of SCLs [17].  

The water contact angle decreased slightly for hydrogels with higher amount of AA, while the 

drug imprinting did not cause any modification. AA it is known for its hydrophilic properties, 

increasing not only the water absorbance [18] but also the wettability of the surface.  

AFM topographic images (Figure 5.2) showed a decrease on the Ra values for the modified 

hydrogels, when compared to the original TRIS, which presents a porous surface, as presented 

in the previous chapters. Nevertheless, all hydrogels have a Ra within the typical values of 

commercial SCLs [19]. 

The Young’s modulus of the hydrated hydrogels decreased with the addition of AA: this 

monomer promoted a reduced elasticity to the hydrogels, improving their softness. A reduction 

of the Young’s modulus of more than 40% occurred for the TRIS(300) and TRIS(300)-I 

samples when comparing to TRIS. Faturechi et al. (2015) produced a gelatin/polyAA hydrogel 

with different ratios of polyAA, and found that an increase of polyAA led to the deterioration 

of the mechanical properties. In the present study, the values obtained for this parameter are 

within the range found for commercial SCLs (0.38 – 1.44 MPa) [20]. The incorporation of 

higher concentrations of AA was discarded, as mechanical properties could be reduced beyond 

the desirable values for SCLs [21].  

The optical properties (refractive index and transmittance) were almost not affected by the 

modification of the hydrogels. TRIS(300)-I showed the lowest value of transmittance, which 

remained above the minimum necessary for SCLs (90%) [22].  

The ionic permeability slightly varies among the various hydrogels, but it was in all cases above 

the minimum required (1.067 x 10-9 cm2/s) to ensure proper SCL movement [23]. 
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Molecular imprinting with the addition of the functional monomer AA, has been described as 

an efficient method to control the drug release from SCLs [24]. AA is an hydrophilic monomer 

[3,4,25] which can be easily polymerized by free radical polymerization through its CH2 double 

bond, leaving an available carboxylic group. At physiological pH (pH=7.4), AA can 

electrostatically interact with oppositely charged molecules, or form H-bonds to interact with 

hydrogen bond acceptors [26,27]. Different relative compositions of AA were tested in order 

to identify the amount of functional monomer that provides the most adequate number of 

recognition points for the target molecule (MXF) [24].  

Both the addition of the functional monomer and MXF imprinting resulted in a significant 

increase of the amount of drug loaded: TRIS(300)-I contained almost six times more drug than 

TRIS hydrogel. Additionally, the total amount of drug released in sink conditions in medium 

under stirring was also greater for imprinted hydrogels containing AA.  

Overall, the drug loading and release results indicated that the imprinted cavities have high 

affinity for the drug. MXF at the normal pH of the lachrymal fluid (pH=7.2) is predominantly 

on its zwitterionic form (pKa1=6.25 and pKa2=9.29, see Table 1.4). With the carboxylic 

moiety at C-3 position ionized and the basic moiety at C-7 position protonated [28], MXF can 

form reversible electrostatic interactions with negatively charged AA [3]. Moreover, hydrogen 

bonds may be established between MXF and the available non-protonated amino and hydroxyl 

groups in TRIS and HEMA, respectively (see Appendix A). Additionally, interactions between 

the electrophilic carbonyl groups of TRIS and HEMA may occur with the electronegative 

fluorine atom of MXF [29]. The increase of the water uptake with the amount of AA in the 

hydrogels also contributes to explain the higher amounts of drug loaded and posteriorly 

released. 

The hydrogels that afforded the maximum drug loading and release (TRIS(300) and 

TRIS(300)-I), were assayed in a microfluidic cell (Figure 5.7). Similarly to what was observed 

by Pimenta et al. (2016), the drug release period increased significantly using the microfluidic 

cell, which can be attributed to differences in the driving forces for the drug release compared 

to the that in medium under stirring [5]. The MXF concentration in the medium under stirring 

is much lower than its solubility in STF (≥5 mg/mL); therefore, the gradient of concentration 

between the drug loaded hydrogel and the supernatant is high. When using the microfluidic 

cell, the significantly smaller volume of the release medium (45 µL instead of 3 mL), and its 
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flow originate a lower gradient of drug concentration, which explains the more sustained 

release. Comparison of the drug release profiles obtained with TRIS(300) and TRIS(300)-I, in 

microfluidics cell, (Figure 5.7B) shows that, only in the latter case, the lower drug burst led to 

a MXF concentration inferior to the toxicity limit (> 150 µg/mL) [7]. 

The molecular imprinting strategy increased the duration of the drug release, leading to 

concentrations above the MICs for 13 days. As typical MXF eye drops treatments lasts five 

days to seven days [30,31], it is expected that TRIS(300)-I loaded with MXF may provide an 

adequate release to treat ocular infections. However, it must be stressed that the obtained results 

are still preliminary, since factors as the lachrymal fluid composition, the real volume of liquid 

contacting the lens (typically 7 – 12 µL [32]), blinking among others, were not considered.  

Analysis of the physical properties and the drug release profiles let to the choosing of 

TRIS(300)-I as the best performing material, and further tests were conducted to characterize 

its biological behaviour.  

HET-CAM tests revealed that the hydrogel TRIS(300)-I loaded with MXF did not lead to eye 

irritation. Cytotoxicity tests revealed that it is not toxic, according to the ISO standard 10993-

5 (2009) that states a cell viability of 70% as the limit above which the biomaterials may be 

used for medical devices.  

The antibacterial efficacy of the released MXF was confirmed by the presence of inhibition 

halos after direct contact between the drug loaded TRIS(300)-I hydrogels, and the drug release 

solutions with the two studied bacteria (S. aureus and S. epidermidis). Other authors 

demonstrated that the MXF released from intraocular lens material modified through plasma 

grafting with HEMA was active against S. aureus and S. epidermidis [33]. 

 

5.5 Conclusions 

In this work, the molecular imprinting technology using AA as functional monomer has been 

demonstrated to be a feasible and easy approach to improve MXF loading and release from a 

silicone-based hydrogel, without compromising the necessary physical properties for SCLs 

use. The resulting hydrogels were hydrophilic, with high transmittance, increased ionic 

permeability, low surface roughness and adequate stiffness. The MXF-imprinted hydrogel with 
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300 mM of AA (TRIS(300)-I) was able to load the highest amount of MXF through reversible 

bonding, which allowed a controlled release of the drug and ensured concentrations above the 

MICs values of S. aureus and S. epidermidis, for 13 days. Furthermore, the referred hydrogel 

was not toxic and did not cause ocular irritation. Overall, TRIS(300)-I hydrogels loaded with 

MXF exhibit prolonged release of the antibiotic and present adequate physical properties to be 

used in therapeutic SCLs. Although this material was positively assessed concerning the in 

vitro biological behaviour, further pre-clinic and clinic tests need to be carried out to confirm 

the efficacy of these SCLs to deal with ocular infections. 
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6.1 Introduction 

In the previous chapters, several LbL coatings were successfully used to control the release of 

DCF from SCLs materials.  However, this approach demonstrated to be inefficient to achieve 

a sustained release of MXF (chapter 2 and 3). Differently, MXF release could be controlled 

when molecular imprinting technology was applied (chapter 5). In the present chapter both 

strategies (LbL coating and imprinting) were simultaneously addressed to control the release 

of two drugs that are commonly co-administered through eye drops to address a variety of 

ophthalmological disorders. 

Several studies investigated the dual drug release from SCLs based systems. Rad et al. (2015) 

tested the efficacy of vitamin E loading as diffusion barrier to control the release of 

ciprofloxacin and betamethasone and concluded that depending on the amount of vitamin E 

incorporated, it was possible to retard significantly the release of both drugs [1]. Malakooti et 

al. (2015) used molecular imprinting method to develop HEMA based hydrogels for the release 

of polymyxin B and vancomycin. They found that the imprinting effect was only exhibited 

with polymyxin B: the imprinted hydrogels loaded higher amounts of this drug and led to more 

sustained release profiles, comparatively with non-functionalized and non-imprinted hydrogels 

[2]. Korogiannaki et al. (2015) found that the release of HA favourably enhanced the release 

kinetics of timolol maleate due to electrostatic interactions [3]. White et al. (2016) used the 

molecular imprinting process to control the release of multi drugs from silicone-based hydrogel 

contact lenses [4]. These strategies led to an improvement in drug release kinetics. However, 

further analysis of the literature did not allow to find any studies where different strategies have 

been used simultaneously to target two different ophthalmic drugs and at the same time to 

improve the surface properties of the hydrogels.  

In this work a MXF imprinted silicone-based hydrogel was prepared according to the procedure 

described in chapter 5. The tested drugs were DCF and MXF (Table 1.4 in chapter 1 shows 

the chemical structures and some physical properties of these drugs). The release was studied 

in sink in medium under stirring and in sink conditions using a lab-made microfluidic cell 

described in section 5.2.4, chapter 5. A LbL coating based on ALG, PLL and HA, designated 

as ALG/PLL(EDC)//HA, which was previously described in chapter 3, was used to control the 

DCF release. These biopolymers demonstrate the capability of forming stable coatings with 

antibacterial properties [5]. Although in literature there is some controversy about HA 
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antibacterial properties [6], association of HA with the antibacterial PLL resulted in the reduced 

growth of S. aureus and P. aeruginosa. On the other hand, HA is known to prevent cell 

adhesion and reduce protein adsorption [7–9], which was verified for lysozyme in chapter 3. 

Antifouling properties are quite relevant to prevent bacterial biofilms formation on SCLs 

surfaces [10]. Additionally, protein adsorption enhances corneal epithelium cell adhesion, 

which ultimately can affect cornea health and decrease patients’ comfort [11]. The chemical 

structures and some physical properties of the polyelectrolytes used in this work are 

summarized in Appendix C. 

Improvement of the release profile of MXF was attempted by molecular imprinting of this drug 

coupled to the modification of the polymeric matrix by introduction of the functional monomer 

AA, which may interact specifically with MXF  through ionic interactions or hydrogen bonds 

[12,13]. 

Sterilization of the SCLs is a mandatory step to ensure its safe use. In this work, it is particularly 

challenging because the natural polyelectrolytes of the coating and/or the drugs may not resist 

the conventional sterilization methods commonly used for SCLs (SP, and γ-radiation). Thus, 

an alternative sterilization process that relies on HHP and that was previously validated for 

another LbL coating (chapter 4), was tested.  

Physical properties of the hydrogels were studied, namely, topography, optical properties 

(transmittance and refractive index), wettability, ionic permeability and stiffness. Protein-

coating interactions were analysed. Possible ocular irritancy was studied by the HET-CAM 

test. Antimicrobial tests were carried out against two of the most common bacteria involved in 

ocular infections S. epidermidis and S. aureus [14,15]. Finally, cell viability and cell adhesion 

were analysed using mouse embryonic fibroblastic cells (NIH/3T3)  

 

6.2 Experimental part 

6.2.1 Materials 

2,2’-Azobis(2-methylpropionitrile) (purity≥98%, AIBN), 2-hydroxyethyl methacrylate 

(purity≥99%, HEMA), 3-tris(trimethylsilyloxy)silylpropyl 2-methylprop-2-enoate 

(purity≥98%, TRIS), acetic acid (purity≥99.7%), alginic acid sodium salt from brown algae 
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(average molecular weight 100,000-200,000 g/mol, 61% mannuronic acid and 39% guluronic 

acid, ALG), branched polyethylenimine (weight-average molecular weight 750,000 g/mol, 

PEI), calf serum (CS), diclofenac sodium salt (purity≥ 98.5%, DCF), dimethyl sulfoxide 

(DMSO), dulbecco’s Modified Eagle’s Medium (DMEM), ethylene glycol dimethacrylate 

(purity≥98%, EGDMA), hydrochloric acid (HCl), isopropanol, N-(3-dimethylaminopropyl)-

N’-ethylcarbodiimide hydrochloride (purity≥98%, EDC), NIH/3T3 fibroblasts (93061524), 

poly-L-lysine hydrobromide (average molecular weight 70,000–150,000 g/mol, PLL), 

penicillin-streptomycin solution (10000U/mL penicillin, 10 mg/mL streptomycin) and 

phosphate buffer solution (pH 7.4, PBS) were provided by Sigma-Aldrich (USA). Lysozyme 

chicken egg white (pH 6.5), N-vinyl pyrrolidone (purity≥98%, NVP), sodium hydroxide 

(purity≥99%, NaOH) and octylphenoxypolyethoxyethanol (IGEPAL®) were obtained from 

Merck (USA). Sodium chloride (purity≥99%, NaCl) was purchased from PanReac (Spain). 

Moxifloxacin hydrochloride (MXF) and sodium hyaluronate (average molecular weight 

1000,000–2000,000 g/mol, HA) were purchased from Carbosynth (UK). Methanol 

(purity≥99.9%, CH3OH) was obtained from Carlo Erba (Spain). Acrylic acid (purity≥99%, 

AA) was purchased from Alfa Aesar (Germany). Mueller-Hinton agar (MH) was obtained from 

Oxoid microbiological products (UK). Albumin bovine Fraction V standard grade (pH 7.0) 

was supplied by Serva (Germany). Distilled and deionised (DD) water (18 MΩcm, pH 7.7), 

obtained from a Millipore water purifying system, was used to prepare all solutions. 

 

6.2.2 Hydrogels preparation 

MXF molecularly imprinted silicone-based hydrogels (designated as TRIS(300)-I) were 

prepared as described in section 5.2.2 in chapter 5. First, a monomer mixture of TRIS (0.8 M), 

HEMA (1.8 M), NVP (3.9 M) and AA (0.3 M) was homogenized with the crosslinker EGDMA 

(0.03 M) and MXF (0.003 M) using magnetic stirring. After degassing the solution by 

ultrasonic sonication (5 min) and nitrogen bubbling (10 min), the initiator AIBN (0.02 M) was 

added and completely homogenized. The solution was poured in pre-made moulds (Teflon 

separator, 0.3 mm) [16] and heated at 60 ºC for 24 h. For comparison purposes, a silicone-

based hydrogel without the AA monomer and without molecular imprinting (designed as TRIS) 

was produced in the same conditions as TRIS(300)-I. The hydrogels were removed from the 

moulds, cut in disks (12 mm diameter, unless stated otherwise), and submitted to washing in 
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DD water (10 days, medium change three times a day, 200 rpm stirring) to remove un-reacted 

monomers and MXF template molecules. Washed hydrogels were dried for 72 h at 36ºC and 

stored. 

 

6.2.3 Methods for drug loading and drug release 

A dual solution was prepared by mixing equal volumes of DCF and MXF solutions in PBS, 

followed by homogenisation through 2 h of magnetic stirring (100 rpm) at 50ºC, to obtain final 

concentrations of 0.5625 mg/mL and 1.1125 mg/mL, respectively for DCF and MXF. The 

produced hydrogels in the dry state were loaded by soaking on 3 mL of the dual solution for 

72 h at room temperature. The conditions (drugs concentrations, time and temperature) were 

selected according to the criteria described in previous chapters and previous work [14], which 

took into account the solubility of the drugs, the hydrogel uptake, and the drug concentrations 

adequate for the therapeutic purposes.  

The release experiments were done under sink conditions in medium under stirring through the 

immersion of the loaded hydrogels, after being removed from the loading solution and blotted, 

on vials with 3 mL of PBS at 36ºC with 180 rpm stirring. At selected times, aliquots of 200 µL 

were collected. To obtain the concentrations of DCF and MXF, a UV-Vis spectrophotometer 

(Multiskan GO, Thermo Scientific) was used, and the entire spectra (200 – 700 nm) of the 

collected solutions were compared to the spectra of each drug. The concentration of each drug 

was obtained through the deconvolution procedure described by Kim and Chauhan [17]. The 

measurements were done in quadruplicate.  

For the most promising system, a lab-made microfluidic cell previously described in section 

5.1 in chapter 5, was used to study the drug release under hydrodynamic conditions, which 

simulate better the in vivo eye conditions. The measurements were done in triplicate at 36ºC 

with a continuous flow (3 µL/min) of PBS. The out-flow solution was collected and analysed 

at selected times using the same method described above.  

The amounts of drugs loaded in the hydrogel were determined with a methanol extraction. For 

this purpose, the drug-loaded hydrogels were placed in glass vials filled with 3 mL of methanol. 

The hydrogels were carefully removed from the vials at pre-established times, rinsed with DD 

water, and placed in other vials with fresh methanol. The procedure was repeated until no drug 
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could be detected in the methanol. Four experiments were carried out for each drug-loaded 

hydrogel. 

 

6.2.4 LbL deposition 

The LbL coating ALG/PLL(EDC)//HA was deposited on the hydrogels according to the 

procedure described in section 3.2.4 in chapter 3, and schematically depicted in Figure 6.1. A 

primary layer of PEI was formed by soaking the loaded hydrogels on a PEI solution (10 

mg/mL) for 5 min, to allow the stabilization of the following layers. After that, two double 

layers of ALG and PLL were deposited by 10 min soaking on 1 mg/mL solution of each 

polyelectrolyte. After each PLL deposition, the hydrogels were dipped for 10 min in an EDC 

(5% wt) solution for crosslinking. A final top layer of HA (1 mg/mL) was formed to protect 

the preceding layers against enzymatic action of lachrymal proteins. The pH of the 

polyelectrolyte solutions was set at 7, by addition of NaOH or acetic acid, to enhance EDC 

crosslinking. Between each dipping, the samples were rinsed with DD water. After the LbL 

procedure, the coated hydrogels (designed as TRIS(300)-I-LbL) were placed on fresh dual drug 

loading solution to compensate the loss of drug during the immersions, for an equivalent time 

to that of the LbL procedure. 

 

 

Figure 6.1 Schematic representation of the ALG/PLL(EDC)//HA coating procedure.  

 

Uncoated hydrogels were placed in DD water for the same time as the LbL procedure, and 

reloaded with the drugs to simulate the process undergone by the coated hydrogels.  
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Additionally, for comparison purposes, non-imprinted hydrogels were also coated (designed as 

TRIS-LbL). All hydrogels were used immediately after preparation for release measurements 

and physical characterization. Images of the produced hydrogels can be found in Figure 6.2. 

 

A 

 

B 

 

C 

 

Figure 6.2 Pictures of the produced hydrogels: not sterilized TRIS (A), TRIS(300)-I (B) and 

TRIS(300)-I-LbL (C). 

 

6.2.5 Evaluation of the LbL formation 

The formation of the LbL coating was followed using a quartz crystal microbalance with 

dissipation (QCM-D, E4 from Q-Sense). Quartz crystals (5 MHz) with gold electrodes were 

pre-coated with a thin layer of polystyrene (PS) by spin coating (2000 rpm, 30 s), followed by 

the monomer mixture used for the formation of TRIS(300)-I hydrogel (5000 rpm, 30 s) and 

thermal polymerization at 60ºC for 1 h. The baseline was obtained by pre-hydrating the crystals 

coated with TRIS(300)-I in DD water for 10 min. Variations of frequency (Δf/n) and dissipation 

(ΔD) for the 3rd harmonic upon addition of each polyelectrolyte solution were monitored. 

Rinsing with DD water was carried out between each addition. The interaction of the LbL 

coatings with lachrymal proteins was studied through the injection of aqueous solutions of 

albumin (0.05 mg/mL) and lysozyme (1.9 mg/mL). Four independent measurements were done 

for each analysis. 
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6.2.6 Physical characterization of the hydrogels 

The hydrogels were characterized with respect to some of the most important physical 

properties for SCLs application. The characterization was made for the drug-loaded samples 

except in the case of wettability and ionic permeability where drug release during the 

measurements would interfere with the results. 

The water uptake of the hydrogels in DD water was studied. The dry hydrogels were weighted 

(WD) and placed in 3 mL of the DD water at room temperature. At pre-selected times, the 

hydrogels were removed from the solution, carefully blotted in absorbent paper and weighted 

(WW). Three measurements were made. The water uptake (%) was calculated by using 

Equation 1.2 (chapter 1). 

The wettability was studied by the captive bubble method. A video camera (jAi CV-A50, 

Spain) mounted on a microscope Wild M3Z (Leica Microsystems, Germany) was used to 

acquired pictures of the air bubbles produced underneath the hydrogels immersed in DD water. 

The images were analysed using the ADSA software (Axisymmetric Drop Shape Analysis, 

Applied Surface Thermodynamics Research Associates, Toronto, Canada). Ten bubbles were 

produced.  

The refractive index was measured, at a 70º incidence angle, using a phase modulated 

spectroscopic ellipsometer (UVISEL, Horiba Jobin-Yvon) in the range 300-750 nm. The 

measurements were done in triplicate.  

The transmittance was measured with a UV-Vis spectrophotometer (Multisckan GO, Thermo 

Scientific). Scanning was carried out in the wavelength range (200 – 700 nm) with of 1 nm 

intervals. At least three measurements were performed. 

The ionic permeability was measured in a Lab-made cell described in section 1.1.4.2.5 in 

chapter 1. Experiments were done in triplicate at 36ºC. The conductivity was measured at each 

30 min for 12 h, using a conductivity meter (HI2003 edgeEC® from HANNA instruments), and 

converted into NaCl concentrations according to data previously obtained from a calibration 

curve. Equation 1.4 in chapter 1 was used to obtain the Dion.  

The Young’s modulus was determined from the initial slope of the tensile stress-strain curves 

obtained with a TA.XT Express Texture Analyser (Stable Micro Systems, UK) using the 
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software Exponent. The test speed was 0.3 mm/s and the trigger force was 0.005 N. Dumbbell-

shaped samples with 2.5 mm width (overall width 5 mm) and 6 mm gauge length (total length 

18 mm) of the drug-loaded hydrogels in the hydrated state were used. Five measurements were 

done. 

An AFM (Nanosurf EasyScan 2) was used to obtain topographic images of the surfaces, at 

room temperature. The analysis was performed in non-contact mode, using silicon probes 

(resonance frequency: 204 – 497 kHz) and a scanning rate of 1 Hz. WSxM 5.0 develop 9.1 

software was used to obtain the Ra for images of total area 10 x 10 µm2. Three images were 

obtained. 

 

6.2.7 Sterilization 

TRIS(300)-I-LbL hydrogels were placed inside special sealed bags (polyamide and 

polyethylene, 90-micron, 10 x 10 cm2, Penta Iberica), with 3 mL of PBS or dual drug solution 

in PBS, for the unloaded or the DCF+MXF loaded hydrogels, respectively. The sterilization 

procedure, was done using a high pressure equipment (Hiperbaric 55, Burgos, Spain) at 600 

MPa and 70ºC for 10 min. 

 

6.2.8 Antibacterial assays 

The antibacterial activity of the sterilized DCF+MXF loaded TRIS(300)-I and TRIS(300)-I-

LbL hydrogels was tested against S. aureus (ATCC 25923) and S. epidermidis (CECT 231) by 

direct contact. The strains were grown at 37ºC for 24 h. The grown strains were suspended on 

sterile 0.9% NaCl solutions to achieve an optical density of 1 McFarland (3x108 bacteria/mL). 

MH growing medium was sterilized by autoclaving at 121ºC, 1 bar for 20 min, and maintained 

in its liquid state at 50ºC in a water bath. Then, 50 mL of the medium was carefully 

homogenized with 350 µL of each bacterial suspension and poured on sterile square plates (120 

x 120 mm2) to solidify. The hydrogels (with 10 mm diameter) were removed from the sterile 

sealed bags, blotted with sterile absorbent paper, and finally placed on the petri dishes. A 

negative control (antimicrobial test disk with 15 µL of sterilized PBS) was added to all plates. 



Chapter 6: Imprinted hydrogels with LbL coating for dual drug release from soft contact lenses 

materials 

 

 

205 
 

The plates were incubated for 24 h at 37ºC. The obtained inhibition halos were measured with 

an electronic calliper. Triplicates were done for each bacteria strain.  

 

6.2.9 HET-CAM test 

Sterilized unloaded and DCF+MXF loaded TRIS(300)-I-LbL hydrogels were tested for 

possible ocular irritancy through the HET-CAM test. Fertilized hen’s eggs (Sociedade Agrícola 

da Quinta da Freiria, SA, Portugal) were placed inside an egg incubator (Incubator, 56S) at 

37±1ºC with 60±4% RH for 8 days. The eggs were cut open on the air space on the 9th day, 

using a rotary saw (Dremmel 3000, Breda) to expose the inner membrane. A solution of NaCl 

(0.9%) was poured on the inner membrane to hydrate, and the eggs were further incubated for 

30 min. The hydrated inner membrane was carefully removed with the help of tweezers, to give 

access to the CAM. The hydrogels were directly placed on top of the CAM for 5 min. After the 

assay, lysis, haemorrhage and coagulation were evaluated, and the IS was calculated according 

to Equation 1.6 in chapter 1. The measurements were done in triplicate. Positive (NaOH, 1 M) 

and negative (NaCl, 0.9%) controls were also tested. 

 

6.2.10 Cell viability 

Cell viability of NIH/3T3 fibroblasts was assessed after exposure to unloaded and DCF+MXF 

loaded sterilized hydrogels, according to ISO standard 10993-5, using porous Transwell® 

inserts (8.0 µm pore polycarbonate membrane Corning® Transwell®, Sigma). After cultured in 

DMEM medium, supplemented with 2 mM L-glutamine, 10% CS and 1% Penicillin-

Streptomycin, cells were seeded at a density of 1x105 cells/well on a 24 well-plate and 

incubated for 24 h at 37ºC with a humified 5% CO2 atmosphere. After 24 h, the culture medium 

was replaced by fresh DMEM medium, the inserts containing the sterilized hydrogels were 

placed on each well and 0.1 mL of DMEM was poured on top of each hydrogel. Positive 

(DMEM with 7.5% DMSO) and negative (only DMEM) controls were also prepared. Cells 

were incubated for an additional 24 h under the same conditions. The MTT assay was used to 

quantify cell viability. For that, each Transwell® and the medium were removed and 300 µL of 

MTT (0.5 mg/mL in serum-free DMEM) was directly poured over the cells followed by 3 h 
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incubation. The formazan crystals were dissolved in 450 µL of MTT solvent (4 mM HCl, 0.1% 

IGEPAL in isopropanol). The absorbance was read at 595 nm in a microplate reader (Platos R 

496). Quintuplicates were carried out for each system. 

 

6.2.11 Cell adhesion 

To evaluate any possible effect of the coating on cell adhesion, unloaded and DCF+MXF 

loaded sterilized TRIS(300)-I and TRIS(300)-I-LbL hydrogels were tested using NIH/3T3 

fibroblasts. First, the cells were grown on DMEM for 24 h in an incubator at 37ºC with a 

humified 5% CO2 atmosphere. The sterilized hydrogels were removed from the sealed bags, 

blotted with sterilized absorbent paper and placed on the bottom of a well in a 24 well-plate. A 

drop (25 µL) of the cell suspension (2x104 cells) was carefully spotted on the middle of the 

hydrogel surface. For the negative control the cell drop was directly placed on the middle of an 

empty well. After incubation for 1 h to promote adhesion, 600 µL of DMEM were added on 

the lateral side to avoid touching the hydrogel and the cells and the plate was incubated for 24 

h under the same conditions. The surface of the hydrogels was visualized under an inverted 

light microscope (Axiovert® 25, ZEISS Microscopy – Jena, Germany). The hydrogels were 

washed with PBS, placed in new wells and MTT assay was carried out to quantitative evaluate 

cell adhesion to the surface. Five measurements were made for each system. 

 

6.2.12 Statistical analysis 

Statistical analysis was carried out using R Project v. 3.6.1 software and presented as mean 

standard deviations. Shapiro-Wilk test was used to verify the normality of the data. For 

parametric data, One-way ANOVA test and Student’s t-test were used to calculate if two or 

more sets of data were significantly different. For non- parametric paired Willcon was used. 

The level of significance was set to 0.05.  
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6.3 Results 

6.3.1 Evaluation of LbL formation 

Formation of the LbL coating was confirmed by QCM-D, by monitoring the changes of Δf/n 

and ΔD for the 3rd harmonic after addition of each polyelectrolyte solution to the TRIS(300)-I 

coated quartz crystals (Figure 6.3A and B). The rinsing steps induced an increase in frequency 

and a decrease in dissipation as loosely bond molecules were removed, but nevertheless, the 

formed layers remained stable. Interestingly, the coating performed differently against two 

relevant ocular proteins, lysozyme and albumin. The addition of the lachrymal proteins to the 

top layer of HA (step 7) induced two different behaviours: lysozyme was scarcely adsorbed 

and completely removed after the final rinsing (Figure 6.3A), while albumin adsorbed 

significantly and remained adsorbed after the rising (Figure 6.3B). 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Imprinted hydrogels with LbL coating for dual drug release from soft contact lenses 

materials 

 
 

208 
 

A 

 

B 

 

Figure 6.3 Normalized shift in the frequency Δf/n (blue line, left y-axis) and shift in dissipation 

ΔD (red line, right y-axis) for the 3rd harmonic of the resonant frequency of a quartz crystal 
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sensor after coated with TRIS(300)-I hydrogel film, during successive additions of solutions 

of PEI (1), ALG (3), PLL (4), EDC (5) and HA (6) as a function of time, to form two double 

layers of ALG/PLL with a top layer of HA (ALG/PLL(EDC)//HA). The final step (7) 

corresponds to the addition of lysozyme (A) and albumin (B). A rinsing step (2) was carried 

out between each injection.  

 

6.3.2 Drug loading and release 

The amounts of drugs loaded inside the four different hydrogels (uncoated and coated, non-

imprinted and imprinted hydrogels) are summarized in Table 6.1. The imprinting process 

associated with the addition of the functional monomer led to an increase in the MXF uptake, 

but decreased the amount of DCF loaded. The presence of the coating did not interfere with 

the amount of DCF loaded in the imprinted (p=0.547) and non-imprinted hydrogels (p=0.101). 

The same conclusion was found for MXF loaded in the imprinted (p=0.865) and non-imprinted 

hydrogels (p=0.865). 
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Table 6.1 DCF and MXF loaded by uncoated non-imprinted (TRIS), coated non-imprinted 

(TRIS-LbL), uncoated MXF-imprinted (TRIS(300)-I) and coated MXF-imprinted hydrogels 

(TRIS(300)-I-LbL). The errors are the ± standard deviations (n=4). 

Hydrogel designation 

Drug loaded (µg/mg of dried gel) 

DCF MXF 

TRIS 54±3 8.6±0.9 

TRIS-LbL 57±2 9±1 

TRIS(300)-I 35±3 45±2 

TRIS(300)-I-LbL 36±2 44±3 

 

For comparative purposes the DCF+MXF release profiles were evaluated for all hydrogels in 

medium under stirring. As expected from the data of Table 6.1, the amount of DCF released 

from the TRIS(300)-I decreased compared to TRIS (Figure 6.4A). The release of DCF from 

the uncoated hydrogels (TRIS and TRIS(300)-I) revealed an initial burst, which was 

considerably attenuated in the presence of the coating (TRIS-LbL and TRIS(300)-I-LbL). 

Similar release profiles were obtained for both imprinted and non-imprinted coated hydrogels. 

The release of MXF from TRIS and TRIS-LbL (Figure 6.4B) was similar: the drug was quickly 

released, achieving >85% of the total drug released after 7 h. This behaviour is in agreement 

with our previous findings about the inefficiency of this type of LbL coatings to retard the 

release of MXF (see chapter 3). Differently, the imprinting process led to a significant increase 

in the amount of MXF released (since the loading was also higher) and a more sustained release 

was achieved. For example, in the case of TRIS(300)-I-LbL only 23% of the total amount of 

MXF was released in the first 1 h. 
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A 

 

B 

 

Figure 6.4 DCF (A) and MXF (B) release profiles from TRIS (■), TRIS-LbL (▲), TRIS(300)-

I (♦) and TRIS(300)-I-LbL (●) samples. The inserts represent the first 24 h of the release data. 

The error bars represent the ± standard deviations (n=4). 

 

The above results show that TRIS(300)-I-LbL is the most adequate platform for the 

simultaneous delivery of DCF and MXF, and therefore the dual drug release was also assessed 

under hydrodynamic conditions using the microfluidic cell. The release profiles obtained as 
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concentration vs time are presented in Figure 6.5 together with the IC50 range of values found 

in literature for COX-1 (0.04 – 0.3 µg/mL) and COX-2 (0.01 – 0.03 µg/mL), which are active 

enzymes in the process of inflammation, and the MICs for S. aureus (0.008 – 0.064 µg/mL) 

and S. epidermidis (0.016 – 2 µg/mL) [14,18]. The concentrations of the released DCF and 

MXF stayed above the IC50 and the MICs values, for 9 and 10 days, respectively. 
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Figure 6.5 Concentration profile of DCF (A) and MXF (B) released from TRIS(300)-I-LbL at 

the exit point of the microfluidic cell compared to the range of IC50 for COX-1 (grey area) and 

COX-2 (blue area), and the MICs for S. aureus (yellow area) and S. epidermidis (green area) 

[14,18]. The error bars represent the ± standard deviations (n=3).  
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6.3.3 Physical characterization 

The results of the measurements of the physical properties that are critical for SCLs application 

are summarized in Table 6.2 for TRIS, TRIS(300)-I and TRIS(300)-I-LbL.  

The water uptake was significantly higher for the imprinted hydrogels (TRIS(300)-I and 

TRIS(300)-I-LbL) when compared to TRIS (p <0.0001). The effect of the LbL coating on the 

water uptake is negligible (p=0.568). 

The water contact angle decreased after the imprinting process for TRIS(300)-I (p<0.0001) and 

for TRIS(300)-I-LbL (p<0.0001). The coating did not affect the refraction index (p=0.478). 

The transmittance remained above 90% in all cases. The ionic permeability of the coated 

hydrogels decreased when compared to TRIS(300)-I (p=0.016). The values of the Young’s 

modulus of TRIS(300)-I and TRIS(300)-I-LbL were close (p=0.813), but lower than those 

obtained for TRIS (p=0.0002). The Ra of TRIS(300)-I-LbL increased significantly when 

compared to TRIS(300)-I (p=0.019) and slightly, with respect to TRIS (p=0.012). The Ra of 

TRIS(300)-I-LbL increased significantly when compared to TRIS(300)-I (p=0.019) and 

slightly, with respect to TRIS (p=0.012). The pores on the surface of TRIS (Figure 6.6A) 

decreased on the smooth surface of TRIS(300)-I (Figure 6.6B), and were mostly hidden by the 

coating (Figure 6.6C), which exhibited a grainy surface. 
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A 

 
B 

 
C 

 
Figure 6.6 AFM images (10 x 10 µm2) of the surface of TRIS (A), TRIS(300)-I (B), and 

TRIS(300)-I-LbL (C) along with the corresponding section analysis for each of them. 
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The thickness of the coating was assessed by fitting the QCM-D data with a viscoelastic 

modelling (Broad Fit), assuming the value 1 g/cm3 for the density of the coating, according to 

obtained data in chapter 3. 

 

Table 6.2 Properties of TRIS, TRIS(300)-I and TRIS(300)-I-LbL: water uptake, water contact 

angle, refraction index, transmittance, ionic permeability, Young’s modulus, Ra and coating 

thickness. The errors are the ± standard deviations (in all cases n=3, except for Young’s 

modulus (n=5) and water contact angle (n=10)).  

 TRIS TRIS(300)-I TRIS(300)-I-LbL 

Water uptake (%)  74±4 122±5 119±2 

Water contact angle 

(º) 
37±1a 30±2a 31.6±0.2 

Refractive index 1.36±0.01a 1.36±0.01a 1.38±0.02 

Transmittance (%) 98.8±0.5a 94.6±1.2a 96.2±0.8 

Ionic permeability 

(cm2/s) 
5x10-7±0.2x10-7a 1x10-6±1x10-7a 

7.4x10-7±3.2x10-7 

Young’s modulus 

(MPa) 
1.09±0.04a 0.52±0.02a 0.54±0.09 

Ra (nm) 11.2±2.5a 1.7±0.4a 14.5±3.1 

Coating thickness 

(nm) 
- - 100±12 

a From section 5.3.1 in chapter 5. 
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6.3.4 Sterilization effects 

The effect of HHP sterilization on the optical properties and drug release behaviour of the 

TRIS(300)-I-LbL hydrogels was assessed to infer about any eventual degradation of the 

samples and, in particular, of the coating. Visual observation of the samples before (Figure 

6.2C) and after (Figure 6.7) being sterilized did not reveal any differences  

 

 

Figure 6.7 Picture of the TRIS(300)-I-LbL hydrogel after HHP sterilization.  

 

The release profiles of the drugs obtained in medium under stirring do not present significant 

differences relatively to those obtained with non-sterilized hydrogels (Figure 6.8A and B).  
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A 

 

B 

 

Figure 6.8 DCF (A) and MXF (B) release profiles for TRIS(300)-I-LbL before (●) and after 

HHP ( ) sterilization. The inserts represent the release for the first 24 h. The error bars are the 

± standard deviations (n=4). 
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The transmittance decreased with the HHP process (Figure 6.9), although the obtained values 

were still above the required minimum of 90% [19]. The refractive index was not affected 

(p=0.25), varying from 1.38±0.02 for the samples before sterilization and 1.37±0.02 for the 

sterilized samples. 

 

 

Figure 6.9 Transmittance of DCF+MXF loaded TRIS(300)-I-LbL hydrogels non-sterilized 

(full line) and HHP (dotted line). The insert represents the wavelength between 400 and 700 

nm. 

 

6.3.5 Antibacterial assays 

The effectiveness of the antibiotic MXF against S. aureus and S. epidermidis was confirmed 

by the formation of inhibition halos from the direct contact with DCF+MXF loaded uncoated 

(TRIS(300)-I) and coated (TRIS(300)-I-LbL) hydrogels, after being sterilized (Figure 6.10). 

The growth inhibition zones for both bacteria were slightly larger for the TRIS(300)-I-LbL 

hydrogels (p=0.0005) than for its uncoated counterpart (p=0.059). For both hydrogels MXF 

was more effective against S. aureus than against S. epidermidis (p=0.031 for TRIS(300)-I, 

p=0.078 for TRIS(300)-I-LbL).  
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Figure 6.10 Inhibition halos after 24 h of direct contact with DCF+MXF loaded TRIS(300)-I 

and TRIS(300)-I-LbL hydrogels against S. aureus and S. epidermidis. Negative controls (sterile 

PBS) are also shown. Diameter of the obtained inhibition halos. The error bars are the ± 

standard deviations (n=3).  
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6.3.6 HET-CAM tests 

All sterilized unloaded and drug loaded TRIS(300)-I-LbL hydrogels successfully passed the 

HET-CAM test and thus can be considered as non-irritant in contact with the ocular surface, 

as no lysis, haemorrhage or coagulation was detected on the chorioallantoic membrane after 5 

min of direct contact with the samples. Figure 6.11 shows that both hydrogels had outcomes 

similar to the negative control (NaCl 0.9%), with IS equal to 0.  

 

A 

 

B 

 

C 

 

D 

 

Figure 6.11 Fertilized hen’s CAM images after 5 min of exposure to TRIS(300)-I-LbL 

unloaded (A) and loaded with DCF+MXF (B), after HHP sterilization. Negative control (NaCl, 

0.9%) (C) and positive control (NaOH, 1 M) (D) are also shown.  

 

6.3.7 Cytotoxicity tests 

The biocompatibility of the hydrogels was evaluated in NIH/3T3 cells using a Transwell® insert 

to mimic the separation between the hydrogels and the ocular tissue (i.e. cornea) by the post 

lens tear fluid. The insert containing the hydrogel was kept close but about a millimeter off the 
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bottom of the well preventing the mechanical disturbance of the cell layer. The porosity of the 

insert membrane allows the diffusion of leachable chemicals towards the cell layer. Unloaded 

LbL coated hydrogel was not toxic to fibroblastic cells, as shown by ~100% viability after 

exposure, but the presence of DCF+MXF induced a decrease of ~24% on cell viability 

(76.2±0.7%) (Figure 6.12).  

 

 

Figure 6.12 NIH/3T3 cells viability (%) determined by MTT assay, after 24 h exposure to 

unloaded and DCF+MXF loaded TRIS(300)-I-LbL hydrogels after HHP sterilization. Bars 

represent mean values ± standard deviations (n=5).  

 

6.3.8 Cell adhesion 

The possible undesirable cell adherence to the lenses was evaluated in vitro with NIH/3T3 

fibroblasts on both coated and non-coated hydrogels. After 24 h culture on close contact, we 

observed that the cells were not fully seeded onto the LbL coated surface, remaining mainly on 
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a round shape. On the contrary, cells completely adhered and proliferated on the surface of 

unloaded and DCF+MXF loaded TRIS(300)-I, with their typical spindle-like morphology 

(Figure 6.13A). To quantify adherence, lenses were first rinsed with PBS to remove non-

adherent cells, followed by the MTT assay. Accordingly, to what was observed before, viable 

cells were detected only on the uncoated hydrogel, albeit in a small number (Figure 6.13B). 

As expected after the toxicity assays, the presence of the drugs resulted in a decrease in 

absorbance (p=0.007). Altogether, these results indicate that the coating turned the hydrogel 

less prone to cell adhesion. 

 

A 
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B 

 

Figure 6.13 (A) Micrographs of cell attachment on top of hydrogels surfaces or the well after 

24 h incubation and immediately before PBS rinsing. (B) NIH/3T3 cells viability (%) 

determined by MTT assay, after PBS rinsing. Bars represent mean values ± standard deviations 

(n=5). 

 

6.4 Discussion 

The treatment of most ocular infections and the associated inflammation implies the 

combination of anti-inflammatory agents with antibiotic drugs. As such, sustained dual drug 

release from SCLs is an important objective to be pursued. In previous chapters, several 

strategies to overcome unsuitable single drug release from silicone-based hydrogels for SCLs 

were carried out. However, the best solution to control the release of one drug may not work 

for a different drug. This was the situation previously reported for TRIS hydrogels (chapter 3), 

where LbL coating successfully controlled the release of DCF, but was inefficient towards the 
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MXF release, which was later optimized with molecular imprinting (chapter 5). In the present 

work, combination of both strategies was attempted to sustain the simultaneous release of DCF 

and MXF from TRIS hydrogels. 

Separately, the controlled release of DCF by the ALG/PLL(EDC)//HA coating was attributed 

to the formation of reversible bonds between the drug and the polyelectrolytes. At 

physiological pH, electrostatic interactions between the negatively charged DCF and the 

positively charged PLL may occur [20,21]. Hydrophobic interactions could also arise between 

PLL or HA with DCF, which has been described as an amphiphilic drug [15]. Furthermore, 

unreacted EDC may be involved in the control of the DCF release through the activation of the 

carboxylic groups in the drug molecule that can react with free amine groups of ALG [22]. In 

the case of MXF, besides the existence of the molecular scale cavities in the hydrogel matrix, 

reversible electrostatic interactions with negatively charged AA greatly improve drug 

loading/release concentration and kinetics. AA is also known to form H-bonds with hydrogen 

bond acceptors [23]. 

The results of the combination of imprinting and coating on drug loading and release are not 

straightforward. The DCF uptake in the imprinted hydrogel, TRIS(300)-I, decreased 

significantly (~40%) when compared to the non-imprinted hydrogel, TRIS (Table 6.1), which 

leads to the consequent reduction of DCF release (Figure 6.4A). This effect may be attributed 

to the electrostatic repulsion between AA and DCF, or simply derives from the rearrangement 

of the hydrogel matrix due to the formation of MXF specific cavities. It is foreseeable that DCF 

molecules do not fit well into the MXF imprinted domains due to the different molecular 

architecture of these two drugs (as indicated in Table 1.4 in chapter 1). The LbL coating of 

both TRIS and TRIS(300)-I hydrogels led to similar DCF release profiles, greatly decreasing 

the initial burst.  

The presence of the coating on the imprinted hydrogel (TRIS(300)-I-LbL) resulted in a small 

change of the MXF release kinetics when compared to the uncoated TRIS(300)-I (Figure 

6.4B), but did not affect the amount of drug loaded (Table 6.1). This specific coating was never 

previously assessed for MXF release, but a similar coating (ALG/PLL(EDC) without HA top 

layer) did not induce any control in the release of MXF (section 3.3.2 in chapter 3). Therefore, 

one can assume that the observed reduction of the initial burst of MXF may be due to the 

interaction of the hydroxyl groups in HA with H bond acceptors in MXF. 
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The drug release profiles obtained with the microfluidic cell are more useful to approach the in 

vivo behaviour than those obtained under sink conditions in medium under stirring, which are 

still widely used for a preliminary screening of the capability of the hydrogels to sustain drug 

release. Disregarding the release device used, the amounts of released were below the known 

toxic levels for DCF (>100 µg/mL) and MXF (>150 µg/mL) (Figures 6.5A and B) [14]. The 

usual therapy of ocular infections with eye drops involves the application of four drops a day 

for DCF (duration of treatment depends on the patient) [24–27], and three drops a day for MXF 

(4 to 7 days) [28,29]. Thus, the periods of nine and ten days for which the DCF and MXF 

released concentrations were, respectively, above the minimum therapeutic values suggest that 

DCF+MXF loaded TRIS(300)-I-LbL hydrogels can provide suitable dual release for treatment 

of ocular infections.  

Comparison of the amounts of drugs loaded and released revealed that nearly 50% of DCF and 

MXF loaded remained trapped inside the hydrogel’s matrix after several days in the release 

medium. It is interesting to notice that, although the LbL coating did not modify the amount of 

MXF loaded, the amount of MXF released from the imprinted hydrogels increased in the 

presence of the LbL coating (Figure 6.4B), which may be due to the diffusion of drug towards 

the outer layers of the hydrogels during the LbL coating. 

Combination of imprinting and coating only caused minor detrimental effects on some physical 

properties of the hydrogel, namely, ionic permeability, stiffness, and roughness, but all values 

remained within the range of typical values for SCL materials. In fact, the decrease seen in the 

water contact is due to the presence of the highly hydrophilic AA monomer [12]. The 

transmittance was above that necessary for SCLs use [19], and the ionic permeability was 

above the minimum required for SCLs (1.067 x 10-9 cm2/s) [30]. The Young’s modulus values 

were in agreement with other works in literature, that claimed that the addition of AA decreases 

the Young’s modulus of hydrogels [23]. However, the stiffness of both imprinted hydrogels 

remains within the report values for SCLs [31], and the Ra values were compatible with SCLs 

requirements [32]. Finally, the estimated thickness of the LbL coating was consistent with 

values found for similar LbL coatings [33].  

Sterilization of the LbL coated, imprinted hydrogels with HHP was successfully applied since 

no degradation of the samples was detected. The drug release profiles remained almost equal, 

meaning that the matrix structure and the coating did not suffered significant changes. The 
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slight decrease in the transmittance observed has no practical consequences in the optical 

performance of the material. It should be stressed that this sterilization method seems to be the 

unique possibility to sterilize LbL coatings based on natural polyelectrolytes. A similar LbL 

coating was irreversibly damaged after sterilization with SP (autoclave) (chapter 4). 

The obtained inhibition halos were significantly increased for TRIS(300)-I-LbL hydrogels 

when compared to TRIS(300)-I. This result can be related to the increase in the amount of 

MXF released from the coated hydrogel, but also, to some extent, to the antibacterial properties 

of the coating (chapter 3). 

The unloaded TRIS(300)-I-LbL hydrogels demonstrated to be safe. The DCF+MXF loaded 

TRIS(300)-I-LbL hydrogels, although not eye irritant, induced a decrease of ~24% of cell 

viability, when compared to the unloaded ones. Several authors described a toxicity effect of 

DCF and MXF, decreasing cell proliferation and viability [34,35]. Bezwada et al. (2007) 

showed that MXF (1 mg/mL) was toxic for corneal keratocytes and endothelial cells, regardless 

of time exposure [36]. Kim et al. (2007) evaluated the exposure of human corneal epithelial 

cells to levofloxacin and MXF, and observed that MXF showed higher toxicity than 

levofloxacin [37]. Lee et al. (2015) discussed the in vitro toxicity of nonsteroidal anti-

inflammatory eye drops to human corneal epithelial cells, and found that DCF presented the 

highest cytotoxicity after 12 h and 24 h of exposure, among the different tested drugs [38]. 

Abdelkader et al. (2018) reported extremely low corneal epithelial cell viability (21%) related 

to DCF solution (0.1% w/v) application [39]. It must be concluded that the DCF+MXF loaded 

TRIS(300)-I-LbL hydrogels are less toxic than the correspondent eye drops, and are suitable 

for medical device application according to the ISO standard 10993-5 (2009), which establishes 

a minimum of cell viability >70%.  

The cell antifouling effect of the LbL coating was clearly demonstrated in Figure 6.13, which 

shows practically no adherence of cells to the surfaces of the unloaded and the DCF+MXF 

loaded TRIS(300)-I-LbL hydrogels. This is a very interesting characteristic of the coatings as 

cell adhesion may harmfully lead to cornea erosion [40]. Figure 6.13A also shows that the 

number of cells that are adherent to the surface of the uncoated samples is smaller for the drug 

loaded hydrogel. Such reduction and consequent decrease in cell viability could be caused by 

the toxicity of both drugs. The non-adhesive effect of the ALG/PLL(EDC)//HA coating 

ultimately implied that, after rinsing and transfer of the hydrogels to a clean well, almost no 
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cells were dragged and the cell viability was close to zero (Figure 6.13B). Several authors 

stated that the anti-adhesion behaviour of natural based LbL coatings, like the one in this study, 

could be linked to cell-polyelectrolyte interactions [41–43]. Khademhosseini et al. (2004) 

demonstrated the ability of HA coated glass surfaces to resist protein adsorption and cell 

adherence [44]. Muzzio et al. (2016) prepared multilayer coatings using a polycation as the 

outermost layer and found that natural based coatings of HA and ALG with a top layer of PLL 

led to the reduction of the cell adhesion areas [45]. In another study, Muzzio et al. (2017) 

attributed the anti-adhesive behaviour of CHI/HA coatings towards certain types of cells, to 

the hydrophilic nature and low roughness of these coatings [46].  

Overall, the promising results reported in this work strongly suggest the possibility of applying 

TRIS(300)-I-LbL hydrogels as therapeutic drug carriers for ocular treatments in the near future. 

The imprinting and coating processes improved the anti-fouling properties of the SCL material, 

and ensured a controlled release of antibiotic and anti-inflammatory drugs for an extended 

period of time. Further in vivo assays are needed to confirm the biological performance of 

DCF+MXF loaded TRIS(300)-I-LbL hydrogels. 

 

6.5 Conclusions 

A combined application of molecular imprinting and LbL coating on a silicone-based hydrogel 

enabled the simultaneous sustained release of DCF and MXF for an extended period of time. 

The molecular imprinting technique with the addition of AA monomer produced specific 

memory cavities that increase MXF uptake and controlled its release. The ALG/PLL(EDC) 

coating with a top layer of HA decreased the initial burst of DCF and MXF release, improved 

the release kinetics and led to antifouling properties. The formation of reversible bonds 

between the functional monomer, the polyelectrolytes and the drugs can justify the observed 

behaviour. Neither ocular irritation nor cytotoxicity were detected for the DCF+MXF loaded 

TRIS(300)-I-LbL hydrogels. Additionally, the hydrogels were also able to withstand the HHP 

sterilization conditions. The antibacterial effect of MXF released from the sterilized samples 

against S. aureus and S. epidermidis was confirmed by the antimicrobial tests. The release 

profiles obtained under hydrodynamic conditions demonstrated that DCF concentration 
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remained above the lower limits of the IC50 values for 9 days and MXF concentration remained 

above the MIC of S. aureus and S. epidermidis for more than 10 days. 
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7.1 General discussion 

As discussed in chapter 1 ocular drug delivery to the anterior segment of the eye is a 

challenging task due to the physiological mechanisms of the eye and the low permeability of 

the cornea [1]. As such in this thesis an investigation of drug-eluting SCLs materials was 

carried out, to improve the drugs bioavailability.  

Several strategies to control drug release from SCL materials were developed. Almost all tests 

were done with a lab-made hydrogel based on silicone (TRIS/NVP/HEMA), which 

demonstrated adequate properties to be used in long wear SCLs [2,3]. The advantage of using 

a lab-made material was the possibility of producing samples with different shapes, which 

could be used in a variety of experiments.  

Among the different possibilities to modify the samples, special emphasis was given to the use 

of LbL coatings. Surface modification through the LbL method can favourably improve the 

SCLs material’s surface, depending on the used polyelectrolyte’s properties. Moreover, by 

varying the compounds involved in the multilayer formation and the assembly conditions, a 

variety of coatings with different characteristics may be produced [4]. As such, in this work 

several coatings were produced and optimized to achieve proper drug control release. 

In chapter 2 one coating based on the combination of ALG and CHI was tested to control the 

release of four different drugs (DCF, KETO, CHX and MXF). Two SCL materials were tested: 

TRIS/NVP/HEMA, and the commercial material Definitive 50. 

Initially, TRIS/NVP/HEMA was coated with an ALG/CHI multilayer, using CaCl2 and GL as 

crosslinkers to improve coating stability. The designated (ALG-CaCl2)/(CHI+GL) coating with 

an ALG-CaCl2 top layer, surprisingly showed a barrier effect clearly more effective for the 

release of the smallest molecule, DCF (Figure 2.5A). This may be related with the formation 

of unstable DCF-CHI complexes that retard the release of the drug [5]. In the case of KETO 

and MXF (Figure 2.5B and C), the profile was not much affected, while for CHX (Figure 

2.5D) the released amount increased but the release kinetics did not improve. The interactions 

between ALG and CHX can be responsible for the increase in CHX released amount. 

Interestingly, this coating was able to retain its features in a different hydrogel, Definitive 50, 

also leading to an effective control of the release of DCF.  
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Considering the successful improvement of the DCF release kinetics in chapter 2 by application 

of an ALG/CHI coating, further investigation of the LbL method was carried out to add other 

functionalities to the coating. Other polyelectrolytes with antibacterial and antifouling 

properties and different assembly conditions were tested, with the objective of improving both 

the drug´s release kinetics and the surface properties. In chapter 3, three coatings were studied, 

involving the combination of ALG, CHI, HA and PLL, and using EDC as biocompatible 

crosslinker. These coatings consisted in two double layers of ALG/PLL(EDC), HA(EDC)/CHI 

or HA/PLL(EDC)+Drug. Three different drugs were incorporated in the hydrogel by soaking: 

DCF, MXF and CHX. However, only DCF presented favourably release kinetics, as a result 

from the reversible bonding between the carboxylic groups of DCF and the amine groups of 

PLL or CHI through the activating action of EDC. Both MXF and CHX release profiles from 

the coated hydrogels exhibit an initial burst similar to that shown by their correspondent 

uncoated counterparts. Although characterization of all three coatings demonstrated suitable 

physical properties for SCLs use, the most interesting coating was ALG/PLL(EDC) because it 

demonstrated the best DCF release kinetics of all. One disadvantage of these coatings was their 

low resistance to the tear proteins. Both albumin and lysozyme were found to adsorb or degrade 

the upper layer of the coatings (Figure 3.3 to 3.5). This problem was not unexpected, since 

lysozyme is known to actively degrade CHI, through hydrolysis of the biopolymers linkages, 

especially for CHI with higher levels of deacetylation, which is our case [6]. In the case of 

PLL, there is some controversy in the literature, as some authors report its enzymatic 

degradation by several proteins [4,7], while other authors used it to protect previous layers 

from lysozyme [8].  

To overcome this problem, we chose the best coating and added a top layer of HA, due to its 

antifouling properties [9,10], to obtain a new coating: ALG/PLL(EDC)//HA. This new HA top 

layer not only protected the preceding layers from degradation, but also completely prevented 

the adsorption of lysozyme.  

The ALG/PLL(EDC)//HA coating demonstrated suitable physical properties for SCLs use, and 

inhibited S. aureus and P. aeruginosa growth, while controlling the release of DCF. However, 

the barrier effect concerning the drug release was reinforced with the single addition of a HA 

top layer, resulting in a significant decrease of the amount of DCF released.  

The results presented in chapters 2 and 3 were subject of further optimization, considering the 

number of layers and their sequence, to improve the release characteristics of DCF, while 
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retaining antibacterial and antifouling properties. This optimization resulted in the 

development of a new triple layer coating designated as ALG/CHI/HA (Chapter 4). This new 

coating was applied on three different hydrogels (i.e. TRIS/NVP/HEMA and two commercial 

SCLs: SofLens and Purevision). The idea was to verify any possible modifications of its barrier 

effect due to substrate interference. Interestingly, the release kinetics of DCF was greatly 

improved with the ALG/CHI/HA coating for all three hydrogels. The application of a simple 

mathematical model allow to infer that the concentration of DCF in the lachrymal fluid 

remained above IC50 values for COX-1 and COX-2 for more than 15 days (Figure 4.15), which 

represented a 13 day increase when compared to that estimated for ALG/PLL(EDC)//HA 

coating (Figure 3.16). The LbL coating process of ALG/CHI/HA did not require reloading in 

DCF solution, as the amount of drug lost during the coating process was negligible, in contrast 

with the situation found for the previously studied ALG/PLL(DC)//HA coating. 

The coating ALG/CHI/HA was stabilized with the crosslinker agent GE. This natural 

crosslinker was selected in detriment of EDC and GL, which are synthetic crosslinker agents 

described as biocompatible but with an higher risk of cytotoxicity than natural-based reagents 

[11]. The antibacterial properties against P. aeruginosa of the ALG/CHI/HA coating (Figure 

4.11) were similar to those of the ALG/PLL(EDC)//HA coating (Figure 3.15). However, the 

new coating was significantly more efficient for S. aureus, demonstrating ~20% of optical 

density decrease, when compared to the ALG/PLL(EDC)//HA coating. Such behaviour can be 

related, not only to the HA top layer, present in both coatings, but also to the use of GE, known 

to promote antibacterial properties when applied in this type of surface modifications [12]. 

Additionally, chapter 4 tackled the problem of sterilization, which is a crucial step in SCLs 

manufacturing. It is well established that SCLs are commercialized in blisters sterilized through 

methods like SP and γ-radiation. However, great concerns arise relatively to the 

implementation of such processes in drug-loaded and/or LbL coated hydrogels. In fact, DCF 

in wet conditions  is degraded by γ-radiation [13,14], while the ALG/CHI/HA coating 

demonstrated irreversible damage after being subjected to SP sterilization. The solution for this 

problem was found with HHP sterilization. This process has been poorly explored for 

biomaterials sterilization. However, it was  studied in detail in our research group to determine 

the conditions needed to sterilize hydrogels for ophthalmic lenses, namely intraocular lenses 

[15]. HHP appeared to offer a positive and safe solution, because not only ALG/CHI/HA 
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withstood the sterilization process and maintained its optical properties, but also demonstrated 

the barrier effect leading to a sustained release of DCF and ensured sterility 

In chapters 2 and 3, the studied LbL coatings were inefficient in controlling the MXF release. 

The inefficiency of those coatings is related to the lack of interactions between the 

polyelectrolytes with the zwitterionic MXF molecule, while the size of the molecule could 

prevent its entrapment in the CHI matrices. Therefore, an alternative method was implemented 

in order to increase the amount of drug loaded and obtain a sustained release of MXF from the 

hydrogels. This method is described in chapter 5 and involves molecular imprinting of MXF 

coupled with the addition of a functional monomer AA, at various ratios. Both modifications 

were applied to TRIS/NVP/HEMA, and resulted in a significant increase in the amount of drug 

loaded and released. Interestingly, the imprinted hydrogels demonstrated a significant decrease 

of the initial burst when compared to their non-imprinted counterparts (Figure 5.4). The 

presence of specific cavities in the hydrogel matrix hampered the drug release in the first hours, 

ultimately improving the release kinetics. Optimization of the produced hydrogels, 

demonstrated that TRIS(300)-I hydrogel retained the best physical characteristics, while 

increasing the amount of MXF loaded by 6.5-fold and the released by 6-fold, when compared 

to the TRIS/NVP/HEMA hydrogel.  

In this chapter, the drug release was also evaluated in hydrodynamic conditions, to approximate 

the release to the in vivo conditions (Figure 5.7). As described in [16], the release rate is greatly 

affected by the release conditions, and the release in hydrodynamic conditions is much slower 

than in sink conditions in medium under stirring. Comparison of the release profiles obtained 

with TRIS/NVP/HEMA and TRIS(300)-I showed that the MXF concentration released by the 

latter hydrogel remained above the MICs for S. aureus and S. epidermidis for two more days 

than in the former case.  

The positive results described in chapter 5 paved way to tackle the problem of dual release. 

The treatment of most ocular infections implies the conjugation of an anti-inflammatory and 

an antibiotic drug. As such, dual release from SCLs has been subject of several studies. As 

different drugs have different interactions with the polymeric matrix, the use of one strategy to 

improve the release of both drugs release can be an unsuccessful endeavour. Chapter 6 

describes how the conjugation of surface modification and molecular imprinting on the same 

system resulted in a sustained release of DCF and MXF (Figure 6.4). The TRIS(300)-I 

hydrogel was coated with ALG/PLL(EDC)//HA (designated as TRIS(300)-I-LbL in chapter 6). 
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This coating was selected in detriment of the more efficient ALG/CHI/HA due to the fact that 

in contrast with the observed resistance of the ALG/CHI/HA coated TRIS/NVP/HEMA 

hydrogel to HHP sterilization, the ALG/CHI/HA coated TRIS(300)-I-LbL hydrogel became 

dark blue after HHP sterilization due, probably, to an excessive crosslinking of the coating. 

This colouring decreased the transmittance of the samples to values <70%.  

A significant difference between the DCF release from TRIS/NVP/HEMA (Figure 3.7) and 

TRIS(300)-I-LbL (Figure 6.4A), both coated with ALG/PLL(EDC)//HA, was observed. The 

coating on TRIS(300)-I-LbL was still able to sustain the release of DCF, avoiding the initial 

burst of drug, but the amount of drug release was not reduced. Although, the concentration of 

DCF in the loading solution was reduced (due to solubility issues) the amount of drug loaded 

was similar for coated TRIS(300)-I-LbL and for coated TRIS/NVP/HEMA. Thus, the amount 

of drug loaded was not the cause for the release differences. Instead, possible influence of the 

release conditions could induce the variation in DCF release. Furthermore, as previously 

described, the barrier effect of a specific coating is not independent of the type of substrate. 

In the case of MXF, the release profile obtained with the uncoated TRIS(300)-I hydrogel 

double loaded (Figure 6.4B), demonstrated a similar kinetics to that observed for the same 

hydrogel single loaded (Figure 5.4), but the amount of MXF released was smaller than in the 

latter case. The reduction in the amount of drug release should be related to the decrease in the 

amount of MXF loaded, considering that the MXF concentration in the DCF+MXF loading 

solution was smaller than in the MXF loading solution due to solubility issues. Although the 

LbL coatings were not efficient in the control of MXF, the presence of the coating 

ALG/PLL(EDC)//HA on the TRIS(300)-I-LbL sample, resulted in a modification of MXF 

release kinetics. Indeed, a more sustainable release was observed, as possible interactions with 

the HA top layer, through the formation of H-bonds with the MXF molecule, could influence 

and retard its release. 

Overall, the results shown in chapters 2 to 6 demonstrated a promising possibility of 

implementing such coated and/or imprinted hydrogels as therapeutic drug carriers for ocular 

treatments. The results obtained in each chapter raised questions, which were addressed in the 

following chapter aiming at the optimization and future implementation of efficient therapeutic 

SCLs.  
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8.1 Conclusions 

The aim of this thesis was to investigate new strategies based on LbL coatings and molecular 

imprinting, to control the drug release from drug-eluting hydrogels, which may be used in the 

production of therapeutic SCLs. An extensive study of the systems’ properties was done as it 

is fundamental to ensure several key characteristics for their approval as SCL materials. The 

general conclusion is that it is possible to produce systems with potential to be implemented as 

extended ophthalmic drug delivery SCLs with antibacterial and antifouling properties. A right 

combination of polyelectrolytes of the LbL coating and/or functional monomers for the 

hydrogel modification is needed for each drug. The specific conclusions of each chapter are 

summarised in the following paragraphs.  

In chapter 2 it was demonstrated that it is possible to sustain the release of DCF from 

TRIS/NVP/HEMA hydrogel for more than one week, through the use of the (ALG-

CaCl2)/(CHI+GL) coating topped with a final ALG/CaCl2 layer to avoid CHI degradation by 

lysozyme. The wettability, the bulk refraction index, and the light transmittance of the substrate 

were almost not affected by the presence of the coating. However, the control of the release of 

KETO, CHX and MXF could not be achieved. The deposition of this coating on a different 

silicone-based material revealed a less efficient barrier effect, demonstrating that the 

characteristics of the combination hydrogel/drug/coating greatly affect the release results.  

Chapter 3 describes an investigation about the use of polyelectrolytes with antibacterial 

properties to form LbL coatings on TRIS/NVP/HEMA hydrogel with the dual purpose of 

controlling the release of ophthalmic drugs, and reducing bacterial growth. Coatings composed 

of two double layers of ALG/PLL(EDC), HA(EDC)/CHI and HA/PLL(EDC)+Drug led to a 

decrease of the initial burst of DCF, leading to controlled release profiles, but they could not 

control the release of MXF and CHX. The coatings were hydrophilic and kept the optical 

properties of the systems within adequate values, but they were affected by the presence of 

albumin and lysozyme in the release medium. To overcome this problem, a final layer of HA 

was deposited on top of the ALG/PLL(EDC) coating. The resulting coating 

ALG/PLL(EDC)//HA demonstrated to be able to control the release of DCF, to resist the action 

of the tear proteins, to reduce the growth of S. aureus and P. aeruginosa, and to prevent ocular 

irritation. However, the percentage of released drug was low, i.e. the coating led to a significant 

retention of drug inside the polymeric matrix. The concentration of DCF in the tear fluid, 
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predicted through a simplified mathematical model, shall remain above the lower limits of the 

IC50 values for COX-1 and COX-2, two and five days, respectively.  

In chapter 4 a new combination of electrolytes was tested with the objective of increasing the 

period of efficient drug release. A LbL coating composed of one triple layer of ALG/CHI/HA, 

crosslinked with GE, decreased the initial burst of DCF and led to a controlled release, while 

inhibiting S. aureus and P. aeruginosa growth. Light transmittance, bulk refractive index, and 

ionic permeability remained within the range of values recommended for SCLs. The coating 

was biocompatible, showed antifouling properties and did not lead to irritancy. It was 

successfully sterilized by a new sterilization method based on the application of HHP. The 

concentration of released DCF, estimated by the mathematical model referred above, remained 

above the IC50 values for COX-1 and COX-2 for at least 15 days.  

Chapter 5 describes an attempt to control the release of the antibiotic MXF from the 

TRIS/NVP/HEMA hydrogel modified by molecular imprinting together with the addition of 

the functional monomer AA. The resulting hydrogels were hydrophilic, with high 

transmittance, increased ionic permeability, low surface roughness and adequate stiffness. The 

hydrogel with 300 mM of AA and imprinted drug (TRIS(300)-I) was able to load the highest 

amount of MXF through reversible bonding, which allowed a controlled release of the drug 

and ensured concentrations above the MIC values for S. aureus and S. epidermidis, for 13 days. 

Furthermore, the referred hydrogel was not toxic and did not cause ocular irritation.  

In chapter 6, a combined approach of molecular imprinting and LbL coating on the 

TRIS/NVP/HEMA hydrogel was attempted to enable the simultaneous controlled release of 

DCF and MXF, for an extended period of time. The MXF molecular imprinting with the 

addition of AA monomer led to increased MXF uptake and controlled its release. The 

ALG/PLL(EDC)//HA coating decreased the initial burst of DCF and MXF release, improved 

the release kinetics and led to antifouling properties. Neither ocular irritation nor cytotoxicity 

were detected for the DCF+MXF loaded TRIS(300)-I-LbL hydrogels. Additionally, the 

hydrogels were also able to withstand the HHP sterilization conditions. The antibacterial effect 

of MXF released from the sterilized samples against S. aureus and S. epidermidis was 

confirmed by antimicrobial tests. The release profiles obtained under hydrodynamic conditions 

that simulate those found in the eye, demonstrated that DCF concentration remained above the 

IC50 values for 9 days and MXF concentration remained above the MICs of S. aureus and S. 

epidermidis for more than 10 days. 
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8.2 Future work 

This work has provided some insights on the possibilities for the development of therapeutic 

SCLs, as substitutes of conventional commercially available ocular treatments. Nonetheless, 

several investigation paths can be pursued to continue this research work. Such work could 

include:  

Coating adhesion to the substate 

The study of LbL coatings, which demonstrated favourable surface properties in addition to a 

sustained release of DCF, should be complemented with the analysis of the adhesion forces 

between the coating and the hydrogels. Knowledge of the adhesion strength of the coating is 

needed to evaluate its capability of resisting user’s manipulation and manufacturing processes.  

AFM could be used for this analysis, through the use of the AFM tip as a scratching tool. 

Additionally, the coatings should be dyed for observation purposes.  

 

Structural information of modified imprinted SCL materials  

Structural information of modified imprinted samples through the use of nuclear magnetic 

resonance (NMR) should be obtained, to better understand the molecular dynamics and to have 

quantitative information about the atomic ratios of the different compounds involved. 

 

Evaluation of the coating-drug interactions 

In this thesis, the interactions between the polyelectrolytes of the coatings and the drugs were 

discussed based on their molecular structures. However, the infrared (IR) spectroscopy 

technique, should be used to further evaluated the coating-drug interactions. Analysis of the 

differences between the absorption peaks in the IR spectra for the drug-coating system, and the 

individual spectra of the drug and of the coatings could improve the understanding of the 

occurring interactions. 
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Oxygen permeability 

The oxygen permeability is a key property for the acceptance of materials for SCLs, in 

particular, the extended-wear versions. Since cornea is not vascularized, the main path for the 

oxygen to reach the cells is through diffusion from the atmosphere. Thus, it is crucial that the 

SCLs materials have high values of oxygen permeability. However, there are great 

incongruities in terms of oxygen permeability values and their units in the literature. It would 

be extremely useful to have a compilation of measurement techniques and standardized data 

that would allow for significant comparisons. A systematic analysis of the dependence of the 

oxygen permeability on the nature of the functional monomers used in the SCL material would 

contribute for an efficient investigation of new SCL materials.  

 

In vivo analysis of the drug-eluting SCLs application 

The complexity of the human eye can only be tackled through in vivo analysis. Such tests could 

help in further developing and optimizing LbL coated imprinted SCLs. Ethical issues are a 

minor concern, since tests of SCLs do not imply invasive procedures for the animals. 
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Chemical structures of the monomers used. 

Monomer Chemical structure 

3-Tris(trimethylsiloxy)silyl propyl 

methacrylate  

(TRIS) 

 

2-Hydroxyethyl methacrylate  

(HEMA) 

 

N-Vinyl pyrrolidone  

(NVP) 

 

Acrylic acid  

(AA) 
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Characteristics of the commercial silicone-based SCLs material Definitive 50 [1].  

Property Definitive 50 

Classification Soft Contact Lens 

Principal components Silicon hydrogel materials 

Dk/t  

(x10-9 cm mlO2/s ml mmHg) (35ºC) 

62.5 

Swell factor (20ºC) 1.29 

Water content by weight % (20ºC) 50 

Refractive index (20ºC) 1.406 

Light transmission % 

(380-780 nm) 

97.5 

Young’s modulus (MPa) 0.6 
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Characteristics of the studied polyelectrolytes. 

a From [1] 

b From [2] 

c From [3] 

d From [4] 

 

 Molecular structure 

Molecular 

weight 

(g/mol) 

pKa Ionicity 

Alginate 

(ALG) 

 

100 000 – 

200 00 
3.4 – 3.7a Anionic 

Chitosan  

(CHI) 

 

750 – 1000 6.5b Cationic 

Hyaluronate 

(HA) 

 

1 000 000 

– 2 000 

000 

3-4c Anionic 

Poly-L-lysine 

(PLL) 

 

70 000 – 

150 000 
9.4d Cationic 
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