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In their working environment, contact lenses need to interact with various 

molecules like water, ions and tear film components like proteins. Additionally, drug 

eluding contact lenses can be very effective ophthalmic drug delivery vehicles but are 

incapable of releasing drugs for more than a few hours. In this study we propose to 

modify the properties of the contact lens material by addition of surfactant to aid in 

extended drug delivery and make the lens wear more comfortable. The aim is to 

characterize the effects of addition of surfactant on various properties of the hydrogel, 

evaluate and model drug release in presence of surfactants and explore additionally 

uses of surfactants.  

The interaction of two cationic surfactants: benzalkonium chloride (BAC) and 

cetalkonium chloride (CAC) with poly-hydroxyethyl methacrylate (p-HEMA) hydrogels 

has been explored. Addition of CAC to p-HEMA gels creates a charged polymer surface 

which is able to attenuate the release of an anionc drug dexamethansone-21-phosphate 

disodium (DXP). The partition coefficient of the drug increases exponentially with 

surfactant loading in the gel in at least qualitative agreement with the Debye-Hückel 
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theory. The focus is also on modeling drug transport which is found to be diffusion 

controlled. The addition of surfactant does not impact transparency of lenses, and has 

additional benefits of increase in wettability and significant reduction in protein 

absorption. The surfactant loaded contact lenses provide additional benefits like 

improved wettability, and reduction in protein binding. 

To explore the impact of addition of surfactant, we focus on creating highly 

wettable lenses by adding polymerizable surfactants (pzsurfs) to the monomer mixture. 

Excellent surface characteristics have been obtained by addition of pzsurfs while 

retaining the other important physical properties of a contact lens. Such lenses would 

potentially ensure a longer pre-lens tear break up time and a consistent pre-lens tear 

film leading to a more comfortable wear. 

Protein binding to hydrogel plays an important role in determining the suitability 

of such materials in several biomedical applications. Thus tear protein lysozyme uptake 

and release from p-HEMA gels of various thicknesses has been explored to understand, 

quantify, and model the transport of lysozyme in the hydrogel. 
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CHAPTER 1 
INTRODUCTION 

Hydrogels find extensive utility as biomaterials, with special application in drug 

delivery [1,2]. An important use of such a hydrogel biomaterial is in the form of a contact 

lens. Contact lens material is unique as it needs to satisfy several properties like 

wettability, surface friction (lubricity), modulus, drying or hydration, transparency, ion 

and oxygen transport and protein and lipid deposition. Each property poses restrictions 

on the lens composition and structure. A lens material has to have sufficient modulus 

(crosslinking) to maintain its structural integrity but it should be small enough to allow for 

a bending motion during blinking. The pore size of the lens material should be less than 

100 nm to ensure transparency. Also, when a contact lens is placed in its working 

environment, it interacts with several biomolecules like proteins. They can adsorb onto 

or absorb in the hydrogel depending pore size and protein-hydrogel interaction. Thus, it 

is important to understand how different molecules transport (water, ions, oxygen, 

protein, lens cleaning agents etc), understand the essential properties of a good contact 

lens and use this knowledge to develop a material that comes close to fulfilling these 

requirements. An important application of this knowledge is for ocular drug delivery. 

At first glimpse, drug delivery to eye would seem like a problem with a 

straightforward solution due to the direct accessibility of eyes. However, since the eyes 

are exposed to the environment, it faces the likelihood of entrance of several 

unavoidable and potentially detrimental objects or molecules thus creating a need for a 

multi-fold defense mechanism. Blinking, rapid tear turnover, biochemical action of tear 

components, a relatively impermeable epithelium of the cornea etc. are among the 

mechanisms of eye protection which also complicate ocular drug delivery. Although 
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posterior or intraocular and systemic routes of drug delivery to the eye are used from 

time to time, they have inherent limitations. Intraocular delivery is usually performed by 

intravitreal injections which are highly inconvenient while systemic route is limited by 

blood – retinal barrier and toxicity issues. Hence, direct drug delivery to the anterior 

segment of the eye resulting in the drug diffusing through the cornea seems most 

convenient and efficient. 

Currently, most of the ocular drug delivery (ODD) formulations are in the form of 

eye drops, suspensions or ointments and eye drops form more than 90% of commercial 

ocular compositions [3] even though it is well understood that only a very small fraction 

of drug delivered through eye drops reaches the target tissue [4]. There are several 

factors that contribute to the inefficiencies of eye drops. Human tear volume is about 7 

μl of fluid [5] and even though it can hold a larger amount after an eye drop instillation, a 

fraction of the instilled 30 μl eye drop is quickly squeezed out of the eye [4]. The 

remaining drug mixes within the entire tear volume and then exits through canicular 

drainage into the nose or transports across the corneal and the conjuctival epithelia. 

The area of the conjunctiva is about 16-18 times the area of the cornea, and the 

conjunctiva permeability is also higher than the corneal permeability, and thus the net 

drug flux into cornea is much lower than that into the conjunctiva [6,7]. A very large 

fraction of the drug absorbed into the conjunctiva and that drained into the nose enter 

systemic circulation, leading to the very low corneal bioavailability of less than 5% [4]. 

The fraction of the delivered drug that enters the systemic circulation escapes the first 

pass metabolism and enters all major organs, with a potential for side effects [8,9]. The 

problem of low bioavailability is exacerbated by the short tear film residence time of only 
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about 2-3 min, leading to a necessity of a frequent dosing regimen [4]. In certain cases, 

hourly instillations of eye drops are required such for delivery of dexamethasone -21- 

phosphate disodium (DXP) for anti-inflammatory therapy [10] and delivery of 

cysteamine for the treatment of corneal crystal formation in nephropathic cystinosis [11]. 

The high instillation frequency leads to reduced patient compliance, which is also 

impacted by the difficulties in precisely delivering the eye drop, particularly in elderly 

patients. The compliance to the eye drop regimen is further affected when multiple 

medications are recommended, which is common in about 50% of glaucoma patients 

[12,13] Finally, the stability of eye drop formulations is sometimes limited. For example, 

the recently released cysteamine eye drop formulation (CystaranTM) is required to be 

kept frozen at temperatures < -15o C and after thawing it has a maximum shelf life of a 

week, even under refrigerated conditions. 

The deficiencies of the eye drops has led to considerable research focusing on 

developing improved ODD formulations like high-viscosity formulations, polymeric gels, 

mucoadhesive and in-situ forming gels, bioadhesive polymers, biodegradable or non-

degradable inserts, punctal plugs, etc [4,14-17]. Also new approaches focusing on 

driving the drug into the cornea have been explored such as iontophoresis and 

microneedles [18,19]. Still, eye drops have been the main stay of ocular therapies 

because most other approaches for ODD also suffered from at least some of the 

deficiencies of eye drops. It is however clear that eye drops are far from optimal for 

delivering ophthalmic drugs and a better approach is required for increasing 

bioavailability, improving patient compliance and reducing the potential for side effects. 
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The optimal ODD system needs to overcome the deficiencies of eye drops while 

maintaining all the key requirements regarding physical properties, pharmacokinetics 

and pharmacodynamics. An ODD system must be highly biocompatible, easy to 

administer, comfortable, and should not have any adverse effect on vision or normal 

eye functions like blinking. Also the device should preferably provide extended drug 

release at therapeutic rates, with increased corneal bioavailability. It is also critical that 

the drug pharmacokinetics is maintained at least comparable to the eye drop regimen. 

There are additional factors to consider including costs and the regulatory approval 

process. For an ODD device to significantly improve the corneal bioavailability, it must 

be preferentially located closer to the cornea, compared to the conjunctiva, making a 

contact lens the obvious choice. It is thus natural to explore contact lenses for delivering 

ocular drugs and several studies focusing on this goal were attempted as early as 

several decades ago [20,21]. While several studies proved the feasibility of the concept, 

drug eluding contact lenses never reached the market place mainly because the earliest 

attempts were conducted with lenses that were not ideally suited for drug delivery.  

Contact lenses also fulfill several of the other requirements for ODD such as 

biocompatibility, ease of insertion, transparency, with minimal effect of ocular functions; 

at least for the population that wear contact lenses for vision correction. The remaining 

key requirements are related to the pharmacokinetics and the pharmacodynamics, 

which are in turn are closely related to the drug transport in the contact lens. It is 

obvious that the contact lens needs to have a sufficient drug payload to achieve the 

therapeutic response. The optimal choice of the total drug release duration from the 

contact lens is however far from clear, and would at least partially depend on the most 



 

21 

common contact lens modality in terms of the wear schedule. Clearly a very short 

duration of the order of an hour or less is undesirable as that could necessitate multiple 

contact lenses each day, which would increase cost and reduce patient compliance. 

Currently based on the wear schedule, contact lenses can be classified into 

disposable or frequent replacement. Among the disposable lenses, the daily disposable 

type are worn just for a day, while the other type are extended wear lenses which can 

be worn continually for long periods of 1, 2 or 4 weeks depending on the specific lens 

type, without even taking the lenses off at night. The frequent replacement lenses can 

last for several weeks but these are worn during the day, taken off and cleaned during 

the night, and replaced in the eyes in the morning. Since there are several different 

wearing options, it would be prudent to develop different types of drug eluding contact 

lenses suited for the various wearing patterns. Thus there appears to be a need to 

develop contact lenses with controllable release durations ranging from a day to 

possibly 1-4 weeks. Since the release duration is a key characteristic for the drug 

eluding contact lenses, researchers have measured the in vitro release profiles from 

contact lenses for a wide variety of drugs.  

Most of the early studies focused on soaking the commercial contact lenses in a 

drug solution, followed by lens in vitro release or insertion in the eye. This method has 

received the maximum attention from researchers likely due the simplicity of the 

approach. In addition to the large number of in vitro studies, several animal and  human 

studies have been conducted with the ‘soak and release’ approach to explore delivery 

of various molecules to eyes including fluorescein in rabbits [22], pilocarpine in humans 

[23], dexamethasone phosphate in humans (89 subjects) [24], chloromycetin, 
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gentamicin, or carbenicillin in humans (466 subjects) [25], gentamicin, kanamycin, 

tobramycin, ciprofloxacin and floxacin in humans (265 patients) [26], and lomefloxacin in 

rabbits [27]. The in vivo studies clearly proved the feasibility of the concept of using drug 

eluding contact lenses, while also showing improved efficacy compared to eye drops. 

The superior performance of a contact lens compared to eye drops suggests an 

increase in bioavailability due to an increase in the residence time of the drug in the 

tears. The increase in bioavailability increases the drug concentration in cornea and 

aqueous humor, which can act as drug reservoirs potentially extending the duration of 

effect compared to eye drops [28-30]. In spite of the proven benefits of contact lenses, 

the early studies have not resulted in a commercial product even after five decades. 

This most likely can be attributed to the short duration of release from the unmodified 

commercial contact lenses. While the exact release duration depends on both the drug 

and the lens properties, the release durations are usually only a few minutes to a few 

hours for all ophthalmic drugs in the size range of 300 to 500 Dalton where majority of 

the drug is released in an initial burst [31-36]. A contact lens with release duration of 1-2 

hours is superior to the eye drops due to increased residence time and biovailability, but 

the benefits were perhaps not considered sufficient by pharmaceutical companies to 

invest the large resources necessary to commercialize a new drug delivery device. 

The last decade has seen growing interest in developing contact lenses that can 

provide extended release of ophthalmic drugs. Approaches explored include 

incorporation of surfactant aggregates [37,38], nanoparticles or nanobarriers [39-41], 

biomimetic imprinting [42-47], development of new materials [48], Vitamin E barriers 
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[49-52] etc. There is also a recently concluded Phase III study on release of ketotifen 

fumarate from contact lenses to develop anti-allergy contact lenses [53]. 

Addition of additives like surfactants to enhance drug loading and drug release 

durations by hydrogels is common [54]. There is considerable literature on including 

surfactants in gels as they can alter solute binding and transport  properties [55-59], 

structure and swelling behavior [60,61] and provide additional benefits such as 

antibacterial protection [62,63]. However, most of studies mentioned above are focused 

on gels with less than 10% polymer content and thus with larger pore sizes compared to 

those in contact lenses. Some recent studies [64,65] focused on incorporation of non-

ionic Brij surfactants in p-HEMA contact lenses for extended delivery of hydrophobic 

drugs such as cyclosporine A(CyA). Brij surfactants form aggregates into which the drug 

partitions thus resulting in an extended release. Thus it is reasonable to assume that 

ionic interactions may be the key to increase the release durations of hydrophilic ionic 

drugs. Researchers have attempted this by incorporation of ionic monomers in the 

polymer to create charged polymer chains having the potential to increase drug loading 

and extending drug release of oppositely charged drugs [66-69].  

However, addition of ionic molecules prior to polymerization could impact the 

structure and properties of the lenses. To overcome this limitation, it is proposed to first 

adsorb a layer of ionic surfactants on the lens matrix, followed by adsorbing the drug on 

the charged head group of the surfactant. This approach requires a careful choice of the 

ionic surfactant to optimize the hydrophobic interaction of the tail with the polymer and 

also the electrostatic interaction of the head with the drug. Essentially, the length of the 

tail section of the surfactant needs to be sufficiently long to maximize the hydrophobic 
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interactions, for strong adsorption on the gel matrix with a high packing. If both of these 

interactions (polymer-surfactant tail and drug-polymer-head) are optimized, it should be 

possible to design a system that does not release the surfactant into the tear film and 

also very slowly releases the chosen drug. 

One choice for an ionic surfactant is the cationic surfactant with 16 unit tail- 

cetalkonium chloride (CAC). Benzalkonium chloride (BAC), a commonly used cationic 

surfactant present in a number of eye care products is a mixture of 

alkylbenzyldimenthylammonium chlorides with alkyl group primarily being dodecyl and 

tetradecyl. The surfactant CAC belongs to this family of alkylbenzyldimenthylammonium 

chlorides with an alkyl group of hexadecyl. Since CAC loaded gels are cationic, these 

are suitable for extended release of anionic drugs such as DXP. DXP is a corticosteroid 

which is similar to the natural steroid hormone made by the adrenal glands in the body. 

Steroids inhibit inflammatory response to provocative agents of mechanical, chemical, 

or immunological nature. This medication is used to treat various conditions such as 

severe allergic reactions, arthritis, blood diseases, breathing problems, certain cancers, 

eye diseases, intestinal disorders, and skin diseases. The drug DXP is used to treat 

various eye diseases, including persistent macular oedema in retina, which is a major 

cause of visual disabilities and blindness among individuals with diabetes [70]. As 

mentioned earlier, the hourly instillation protocol can be uncomfortable for the patient. A 

system consisting of a daily disposable contact lens with DXP loaded can prove to be 

very useful in such a case. It will not only eliminate the need for multiple instillations in a 

day thereby improving patient compliance but also reduce systemic intake. Various 

groups attempted to delivery DXP from commercial contact lenses by loading DXP 
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through soaking in drug solutions and examining the release [32,36]. The results 

showed that DXP release durations were too short to be of any clinical use. Previous 

transport studies of DXP in p-HEMA gels have revealed very low loading capacities due 

to its hydrophilic and anionic nature [71]. 

Accordingly drug transport in surfactant loaded p-HEMA gels, including a p-

HEMA based commercial lens has been explored. Additionally the focus has been on 

understanding and modeling the transport of the drug through the p-HEMA gels. While 

the main focus is on ophthalmic applications, the results of this study contribute to 

fundamental understanding of transport of ionic drugs in gels loaded with ionic 

surfactant, which could find applications in several areas of biomaterials. 

The above system is aimed at contact lens wearers. The elderly population 

represents a large segment of the users of ophthalmic drugs but they may not be 

suitable for drug therapy by contact lenses because of reduced tear volume and 

dryness, which can make contact lens use uncomfortable. Other reasons for contact 

lens wear discomfort include protein deposits and low surface wettability. Thus in order 

to create a complete ODD system, we need to overcome these challenges. 

Almost 50% of the 35 million contact lens wearers in the North America 

experience some dryness and discomfort, particularly towards the end of the day [72]. 

Discomfort is in fact the leading cause of contact lens dropouts [73,74]. While the exact 

mechanisms that cause the dryness and discomfort are complex and not even 

completely understood, it is known that certain properties of the lenses impact both 

dryness and discomfort. For instance contact lenses with poor wettability and high water 

content are considered to have an increased potential for causing dryness [75-77]. The 



 

26 

detrimental effect of the poor wettability can be attributed to the rapid breakup of the 

tear film on the lens surface leading to increased evaporation. A good wettable lens 

surface will ensure a stable pre-lens rear film (PLTF) which is necessary to achieve 

good vision [78] and additionally a stable PLTF will provide a lubricating effect to ease 

the sliding between the eyelid and lens. Additionally, a continuous tear film between the 

posterior surface of lens and cornea is a necessary criterion for biocompatibility which 

would be fulfilled more easily with a wettable lens [79]. The correlation of the dryness 

symptoms with high water content is surprising but can be rationalized by noting that the 

higher water content lenses tend to dehydrate more. Researchers have shown that high 

water content lenses can be comfortable if they are designed to have minimal 

dehydration thus supporting the hypothesis that the net hydration loss with wear is 

related to comfort [80-82]. The contact lens discomfort is potentially caused by the 

interaction of the ocular epithelia with the lens and thus surface lubricity is also 

expected to also be an important parameter for comfort. The lubricity is typically 

characterized by measuring the coefficient of friction between the lens and another 

surface. While some researchers have tried to measure friction between lenses and 

epithelia mimics, most studies use some reference materials such as glass based on 

the hypothesis that low friction between the lens and the reference material is evidence 

of low in vivo friction. Since lubricity and wettability are believed to be two of the main 

factors impacting dryness and discomfort, significant efforts have been made to improve 

both of these properties.  

Efforts to improve wettability have focused on incorporation of highly hydrophilic 

monomers, plasma surface treatments, and addition of internal wetting agents such as 
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poly vinyl alcohol (PVA) or poly vinyl pyrrolidone (PVP) [83]. Extended release of PVA 

incorporated in Focus DAILIES® (CIBA Vision) into the tears improves comfort [84,85] 

Incorporation of PVP in Acuvue® OasysTM with HydraclearTM Plus lenses (Johnson and 

Johnson) increases wettability eliminating the need for surface treatment typically 

required in silicone hydrogel contact lenses. Contrary to the PVA incorporation, the PVP 

loaded in lenses remains trapped due to the high molecular weight but it is believed to 

partially diffuse to the surface to increase the wettability [86]. For achieving 

improvements in comfort, lens modifications have been complemented with efforts for 

designing better formulations of rewetting drops and lens care solutions to improve the 

comfort.  Both PVA and PVP have been used in artificial tears and rewetting drops for 

contact lenses [72]. Also addition of surfactants in rewetting drops and lens care 

solutions has been found to be beneficial most likely due to improved wettability of the 

surface due to surfactant adsorption [87,88]. The adsorbed and absorbed surfactant 

however desorbs with time, possibly leading to the reduced end of day comfort [89]. 

Also, the preservatives included in the formulations can absorb into the lenses and then 

desorb during lens wear which could lead to patient discomfort and potential toxicity 

issues [90-93].  Furthermore the desorption of the surfactants into the eye could also 

cause toxicity.  Here we propose a novel idea of covalently attaching surfactants to the 

lens matrix to increase wettability and lubricity while eliminating the desorption and 

release into the eye. The covalent attachment is achieved by adding polymerizable 

surfactants with an ethylenically unsaturated bond to the monomer mixture, followed by 

UV based lens curing.  Polymerized surfactants have been incorporated into materials 

to modify surface properties but to our knowledge this approach has not been used in 
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contact lenses [94-96]. The surfactant loaded lenses are characterized by measuring 

the wettability and lubricity. Additionally some other key lens properties such as 

modulus, transparency, water content and ion permeability are measured to ensure that 

surfactant incorporation does not negatively impact any of the bulk properties. Here we 

focus only on the p-HEMA lenses though the proposed methods could be adapted to 

silicone hydrogel lenses as well. 

Understanding the mechanism of protein transport into/onto hydrogels is 

important for several reasons, specifically for biomedical applications such as contact 

lenses. Numerous studies have shown that that protein transport in hydrogels is a 

function of several properties including water content, surface charge, protein size and 

charge, and surface roughness [97-102]. Protein deposits on contact lenses originate 

from tear proteins, and these deposits can cause a number of problems including 

discomfort, reduced visual acuity, dryness, and reduced lens’ life. Additionally, protein 

deposits may facilitate bacterial adhesion and subsequent infections of the eye, as well 

as inflammation and adverse immunological response [97-101,103]. Lysozyme is the 

most abundant protein in tear fluid [103] with normal levels ranging from 0.6 to 2.6 

mg/ml [103] thereby comprising about 20-40% of tear proteins. For this reason, as well 

as the recognized predominance of lysozyme in the adsorbed layer on p-HEMA based 

hydrogels [99,101], lysozyme is often used as the model protein for in vitro research 

focusing on protein interactions with contact lenses. Lysozyme is a small (14.7 kDa) 

[100], compact globular protein with a slightly ellipsoidal shape (45 х 30 х 30 Å) [101] 

and thus it will likely diffuse into hydrogels with larger pore sizes.  Also lysozyme carries 
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a large net positive charge at physiological pH (isoelectric point = 10.7) [101], and so 

the electrostatic interactions with contact lenses also likely impact binding and transport. 

Several researchers have focused on measuring protein binding to a variety of 

hydrogels that are common contact lens materials. Soft hydrogel contact lenses have 

been classified by the FDA into four groups (I-IV) depending on their charge and water 

content [104]. Group I lenses are non-ionic with low water content, group II lenses are 

non-ionic with high water content, group III lenses are ionic with low water content and 

group IV lenses are ionic with high water content. It is widely accepted that group IV 

Etafilcon lenses, i.e., p-HEMA with copolymer methacrylic acid (MA), deposit 

substantially more lysozyme than all other hydrogel lens materials [97,98,100-

102,105,106]. Higher water content and electrostatic interactions between lysozyme 

and the negatively charged MA likely drive the large uptake of lysozyme by the Group 

IV lenses. The group I and II lenses also exhibit significant protein deposition but less 

compared to Group IV [97], and there is only a limited data on protein uptake by Group 

III lenses. 

The uptake of proteins by contact lenses is likely due to a combination of surface 

adsorption and absorption followed by adsorption on the polymer chains in the bulk of 

the lens. Sassi et al. showed that that the mechanism of lysozyme sorption by p-HEMA 

copolymer hydrogels (HEMA + acrylic acid) was through a combination of surface 

adsorption and adsorption onto the polymer strands in the hydrogel matrix [99]. Also 

Okada et al. provided visual evidence for lysozyme binding on the surface, and also in 

the matrix of group IV contact lenses [103]. However, there are other conflicting reports 

that show a lack of penetration by lysozyme into some types of contact lenses. For 
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example, Okada et al. also analyzed lenses belonging to groups I-III, and found no 

evidence supporting lysozyme binding within the matrix of these lenses. Garrett et al. 

found that lysozyme penetrates into Etafilcon A and Vifilcon A lenses, whereas almost 

no penetration of lysozyme occurs in Tefilcon lenses (p-HEMA hydrogels cross-linked 

and copolymerized with EGDMA) [102]. The lack of protein absorption in certain lenses 

such as the Group I p-HEMA lenses can likely be attributed to a high degree of 

crosslinking in the lenses. While increased crosslinking could reduce the detrimental 

protein binding, it could lead to other undesirable changes in the lens’ properties 

including increased modulus, reduced water content, reduced oxygen permeability, etc. 

It is thus important to obtain a quantitative understanding of lysozyme uptake in contact 

lens materials including the effect of degree of crosslinking on transport. Such 

information will help the lens designers in choosing the optimal crosslinking to impede 

protein binding with minimal impact on other properties. Also detailed understanding of 

protein transport will be helpful in designing the cleaning protocols without extensive 

experimental testing. 

Here the focus is on measuring and modeling lysozyme transport in p-HEMA 

hydrogels, which are a common contact lens material. While lysozyme transport in p-

HEMA gels and contact lenses has been explored by several researchers, simultaneous 

measurements of binding and diffusivity for various crosslinkings and concentrations are 

not available. Furthermore gel thicknesses utilized in most prior investigations were 

such that equilibration time for highly crosslinked gels was prohibitively long and so 

partition coefficients could not be determined. One of unique aspect of our approach is 

to measure the transport dynamics for gels of different, particularly very small 
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thicknesses, which allows us first to determine whether diffusion is the rate limiting step 

and also allows us to explore diffusive transport for highly crosslinked gels within a 

reasonable time frame. The specific focus is on exploring the dependency of lysozyme 

binding and transport on the degree of crosslinking, and in particular determine the 

crosslinking above which protein uptake is negligible.  Desorption of the adsorbed 

protein due to its relevance in contact lens cleaning has also been explored. Protein 

transport could be controlled by a combination of diffusion and adsorption-desorption of 

the protein from the gel network, so we conduct transport studies with gels of various 

thicknesses. Also concentration dependent studies are conducted to understand the 

transport mechanisms. The modulus and water content of the lens is also measured for 

various crosslinkings. This data is valuable for contact lens design and could also be 

utilized by researchers interested in modeling the effect of crosslinking on rheology of 

the highly crosslinked gels. Finally, theoretical models are utilized to estimate the 

protein diffusivity and compared with the measured values. Several models have been 

suggested for solute diffusion in hydrogels [107-113]. These and more models have 

been extensively reviewed elsewhere [114-116]. The models which use the measured 

modulus to estimate the mesh size in gel are utilized, and then the mesh size is utilized 

to estimate the diffusivity. The results of this study will be useful in contact lens design 

and could also be useful to researchers interested in exploring the effect of crosslinking 

on partition coefficient and diffusivity of solutes and physical properties such as storage 

modulus and water content. 

Summarizing, in Chapter 2 we have explored in detail the transport of BAC and 

CAC in water as well as PBS. The effect of concentration of surfactant, solvent (water 



 

32 

and PBS), and hydrogel thickness revel their transport characteristics. In PBS, CAC 

adsorbs strongly on the polymer chains of creating a charged polymer matrix. The 

chosen surfactant CAC has a sixteen unit long tail that leads to very strong interactions 

with the p-HEMA matrix. The strong binding of the surfactant to the tail ensures that 

negligible surfactant is released into PBS, thus minimizing the possibility of toxicity due 

to surfactant release in the tear film. The CAC incorporation increases anionic drug 

loadings significantly as shown in Chapter 3. Here, drug transport in explored as a 

function of surfactant loading and hydrogel thickness and a detailed model is 

formulated. We also evaluate the physical and mechanical properties of the hydrogel to 

ensure that the gels can function as contact lenses.  

Even though CAC does not elude out of the lenses, it has the potential for 

toxicity. Thus it is intuitive to try and add surfactant to the polymer matrix. This can be 

achieved by adding polymerizable surfactants (pzsurfs) to the monomer mixture. In 

Chapter 4, we explore how the addition of pzsurfs can affect the surface properties 

drastically. And finally we explore how lysozyme transports in p-HEMA hydrogels and is 

a strong function of hydrogel crosslinking. The results of this study can be applied to 

understand protein adsorption to contact lenses and to design optimum lens care 

solutions and protocols. 
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CHAPTER 2 
IONIC SURFACTANT TRANSPORT IN P-HEMA HYDROGELS 

To understand the effects of surfactant on the properties of hydrogels, it is 

imperative to understand the interactions between them as well as study the transport of 

surfactants under different conditions. To do so, surfactants need to be incorporated in 

hydrogels which can be done by: 

 Soaking in a surfactant solution 

 Direct entrapment during polymerization 
Soaking in a surfactant solution allows us to study the surfactant loading 

dynamics and make the equilibrium curve. Experiments with direct entrapment enable 

us to measure release dynamics directly as function of initial loading since loading by 

soaking in solution is restricted by equilibrium and saturation. Here, cationic surfactant 

systems of BAC and CAC are being studied. The rate of uptake and release of 

surfactants for different concentrations and loadings have being investigated and two 

solvents namely DI water and phosphate buffered saline (PBS) were utilized. Gels of 

varying thicknesses (240, 100 µm) were used in order to assess the transport 

mechanism the system.  

2.1 Materials and Methods 

2.1.1 Materials 

2-Hydroxyethyl methacrylate (HEMA), ethylene glycol dimethacrylate (EGDMA), 

Benzalkonium chloride (BAC), benzyldimenthylhexadecylammonium chloride (CAC, 

mol. wt. 396) and Dulbecco’s phosphate buffered saline (PBS) were purchased from 

Sigma-Aldrich Chemicals (St Louis, MO). 
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2.1.2 P-HEMA Hydrogel Synthesis 

P-HEMA hydrogels were synthesized by free radical solution polymerization of 

the monomer with chemical initiation. The monomer (HEMA, 2.7ml), crosslinker 

(EGDMA, 10 μl i.e. 0.0025 mol / mol HEMA) and DI water (2ml) were mixed together. 

The solution was then degassed by bubbling nitrogen for 15 minutes to remove any 

dissolved oxygen present in the mixture. 0.006 gm of the initiator (Darocur, TPO) was 

added and the solution was stirred at 900 rpm for 5 minutes to ensure complete 

dissolution of the initiator. Resulting solution was poured in between two glass plates 

that were separated from each other by a spacer 240, 100 or 15 μm in thickness. The 

mold was then placed on Ultraviolet transilluminiator UVB-10 (UltraLum, Inc.) and the 

gel was cured by irradiating UVB light (305 nm) for 40 min.  

The gels were removed from the glass plates and cut into small circles of 

approximately 1 cm diameter. These cut gels were utilized to serve as controls for 

release dynamics experiments. To utilize these gels for measuring uptake dynamics, 

unreacted monomer and initiator were extracted by soaking the gels in boiling DI water 

for 120 minutes with a change of DI water after 40 and 80 minutes. These gels were 

then dried in air overnight, weighed and used. The thickness of gels was measured after 

being dried in air.  

2.1.3 Surfactant Detection and Measurement 

In the surfactant uptake and release experiments, the absorbance of the 

surfactant solution was measured as a function of time in a UV-Vis spectrophotometer 

for wavelengths ranging from 235-275 nm.  
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2.1.4 CMC and Working Range 

Based on the calibration curve of UV-spectra, a working range was established 

for both the surfactants. In order to ascertain the effect of critical micelle concentration 

(CMC) on dynamics, conductivity measurements were carried out to find CMC of BAC 

and CAC.  

2.1.5 Uptake from Surfactant Solutions 

Extracted and dried 100 and 240 µm gels were soaked in surfactant solutions for 

uptake experiments. These experiments were carried out in DI water and PBS. Volume 

of solution was chosen such that its ratio (Vf) to volume of gel (Vg) was similar to the 

ratio of volume of tears produced in a day to the volume of a contact lens. The UV-spec 

was measured at specific time intervals till equilibrium was established. Every 

experiment was carried out in triplicate. The UV spectra of the solutions were directly 

used along with the calibration curve to determine the surfactant concentration and thus 

the uptake dynamics. 

2.1.6 Release of Surfactants 

P-HEMA gels of different thicknesses were synthesized with different amounts of 

CAC entrapped in the polymerization mixture. These gels were soaked in water and the 

release profiles of the surfactants were measured. When surfactant is loaded directly 

into the polymerization mixture, the gels cannot be extracted. When these gels are 

soaked in solvent for surfactant release, unreacted monomer and unused initiator also 

releases. The absorbance spectra of the unreacted monomer and initiator partially 

overlap with that of the surfactants and thus an absorbance measurement at a single 

wavelength is not sufficient to obtain the concentration of the surfactants (Figure 2-1). It 

was decided to monitor the absorbance at a range of wavelength since if the 
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absorbance of the sample is measured at a range of wavelengths, the absorbance 

spectra can be assumed to be a linear superposition of the spectra of p-HEMA and the 

surfactant.  By using a two parameter fit the absorbance contributed by p-HEMA and 

that by the surfactant can be obtained and this can be then converted to surfactant 

concentration by using a calibration curve. The separate absorbance of just p-HEMA 

was obtained from the control gels (no surfactant). The measured absorbance spectra 

was thus deconvoluted by expressing the measured absorbance as 

Abs = α × surfactant + β × Control                      (2-1) 

where Abs is the measured absorbance spectra from 250 to 270 nm, surfactant 

is the absorbance spectra of the surfactant in the same wavelength range at some 

arbitrary concentration, Control is the absorbance spectra of the solution in which p-

HEMA gel without any surfactant was soaked, and α and β are constants. These 

constants were obtained by finding best fit values minimizing the error between 

measured absorbance and calculated absorbance according to Eq. (2-1) using the 

function ‘fminsearch’ in MATLAB. The concentration of surfactant was finally obtained 

by multiplying α to the concentration corresponding to surfactant. The above procedure 

assumes that the absorbencies of these components are simply additive and linear in 

concentration, and this was verified by conducting several experiments. 

2.2 Results and Discussion 

2.2.1 CMC and Working range 

CMC of the surfactants were found to be 0.21% and 0.019% respectively (Fig 2-

2). For BAC, since CMC was sufficiently high, the uptake tests were carried out at 

concentrations both below and above the CMC. For CAC, due to low CMC, it was 

decided to continue with concentrations above CMC. 
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2.2.2 BAC Uptake from Water 

Figure 2-3 shows the uptake dynamics of BAC in 100 µm gels at different 

concentrations of BAC (indicated in the legend). A few of these concentrations were 

also used for uptake experiments with 240 µm gels the results of which are shown in the 

Figure 2-4 (concentrations indicated in legend). A critical equilibrium concentration was 

observed. Below that concentration, the amount of BAC uptake is proportional to the 

equilibrium concentration. But above that concentration, the amount of BAC uptake is 

independent of concentration of surfactant. From the graph of Equilibrium uptake vs 

Equilibrium concentration (Figure 2-5) it can be seen that this concentration is very 

close to CMC of BAC. Thus it can be understood that the gel is in equilibrium not with 

the actual concentration of BAC but with the free concentration of BAC in the solution. A 

hypothesis for such a behavior is that the surfactant does not aggregate inside the gel 

and thus once it establishes equilibrium with the free BAC concentration, no more BAC 

can be loaded in the gel. 

Partition coefficient (K) can be defined as 
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where Vw and Vg are the volumes of the BAC solution and hydrogel, respectively, and 

Cg,f, Cw,i, and Cw,f are the equilibrium concentration of BAC in the gel and initial and 

equilibrium BAC concentrations in water, respectively. Analysis of the dependence of 

partition of coefficient (K) on Cw,f revels an inverse relation between them (Fig 2-6a) and 

it is seen that the inverse of partition coefficient is liner with Cw,f (Fig 2-6b).Such a 

relation is indicative of a saturation behavior. 
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2.2.2.1 Mechanism of transport of BAC 

To understand the mechanism of transport, the graphs of uptake were re plotted 

with a scaled axis. The x-axis was scaled as t*(H0
2/H2) where H0 is a reference 

thickness and H is the actual thickness of the gel. On comparing these plots for two 

thicknesses i.e. 100 µm and 240 µm (Figure 2-7) it was observed that the graphs 

overlapped. This indicates that the mechanism of transport of BAK is diffusion since 

diffusion time is proportional to H2.  

2.2.3 CAC Uptake from Water 

Similar experiments were carried out with CAC as BAC. Due to restrictions on 

range of measurement, the concentrations were above CMC. A similar behavior was 

observed as BAK in terms of mechanism of transport (Figure 2-8). The transport was 

diffusion controlled and the uptake was independent of the concentration of CAC in 

water. The hypothesis is same as that for BAC that there are no aggregates forming in 

the hydrogel. 

Through the technique of loading by soaking in surfactant solution in water, it 

was not possible to vary the loading of surfactant in gel since loading was independent 

of the surfactant concentration. Hence in order to perform release tests it was decided 

to incorporate surfactant in the gels during polymerization to understand the effect of 

loading. 

2.2.4 CAC Uptake from PBS 

The above procedure was repeated for CAC uptake from solutions in PBS. Due 

to the buffering effect, CAC would crystallize out. Hence the gels soaked in solution 

were kept in an oven at 600C so as to estimate the final partition coefficient. 
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The result of the experiment was that irrespective of the concentration of CAC, all 

the surfactant present in the solution was taken up by the gel. This was confirmed by 

release experiments in water. The partition coefficients were found to be similar to those 

in uptake experiments indicating a reversible uptake. 

2.2.5 CAC Release in Water 

Fig 2-9 shows the CAC release profiles at different CAC loadings on a scaled 

time axis for 2 different thicknesses. The overlap indicates that the mechanism of 

transport is diffusive. A model for surfactant release from hydrogels laden with 

surfactant aggregates has been proposed earlier [64,65], and it predicts the following 

equation to describe surfactant release at short times, 
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Where Rs (%) is the percentage release from the system, Ds is the diffusivity, C* 

is the Critical Aggregation Constant, t is the release time, Cp is the concentration of the 

surfactant present as aggregates and h is the half thickness of gel. The above equation 

is valid for diffusion of any solute that is loaded in the gel above the saturation limit and 

so a fraction of the solute precipitates into aggregates. In case of Cp>>C*, Cp can be 

approximated as the initial loading concentration. If the loaded surfactant forms 

aggregates such as micelles or vesicles in the gel, the duration of the surfactant release 

must increase as the square root of the surfactant loading and the cumulative 

percentage release of the surfactant at a given time should decrease as the square root 

of the loading. On the other hand, if the surfactant does not aggregate, the release 

durations and cumulative percentage release profiles would be independent of the 

surfactant loading. As seen in fig 2-9, the percentage release profiles for the surfactant 
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are independent of the surfactant loading at short times, supporting the hypothesis that 

the loaded surfactant is not forming any aggregates in the gel. 

2.2.6 CAC Release in PBS 

No surfactant was released in PBS which was consistent with uptake 

experiments. 

2.3 Concluding Remarks 

From the surfactant transport studies, it is clear that both BAC and CAC have 

high partitioning in p-HEMA gels which is exacerbated in PBS. Surfactant transport is 

diffusion controlled. In water, the gel takes up about 0.05 g/g of BAC and 0.065 g/g of 

CAC at all concentration above their CMC. This is indicative that the gel is in equilibrium 

with the free surfactant concentration and it may not be aggregating in the gel.  

In PBS, CAC is absorbed in high quantities and is not released. Essentially, the 

length of the tail section of the surfactant is sufficiently long to maximize the 

hydrophobic interactions, for strong adsorption on the gel matrix with a high packing. An 

oppositely charged drug can be strongly adsorbed in these CAC loaded gels. The high 

packing of CAC will ensure a stronger adsorption of the drug molecules on the charged 

surface and will also minimize the potential release of the surfactant into the tears after 

the contact lens is inserted in the eyes. The hydrophobic interactions between the 

surfactant tail and the polymer increase with increasing tail length but increases is the 

tail length reduce the total charge for a fixed surfactant loading on weight basis. If both 

of these interactions (polymer-surfactant tail and drug-polymer-head) are optimized, it 

should be possible to design a system that does not release the surfactant into the tear 

film and also very slowly releases the chosen drug. 
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Figure 2-1.  Comparison of UV-spectra of CAC and p-HEMA from control gels 
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Figure 2-2.  CMC of ionic surfactants A) BAC and B) CAC 
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Figure 2-3.  BAK Uptake Dynamics in 100 µm p-HEMA gels 
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Figure 2-4.  BAK Uptake Dynamics in 240 µm p-HEMA gels 
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Figure 2-5.  Binding isotherm of BAC 
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Figure 2-6.  Variation of A) Partition coefficient B) Inverse of Partition coefficient with 
BAC equilibrium 
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Figure 2-7.  BAC Transport Mechanism 
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Figure 2-8.  CAC Transport Mechanism 



 

49 

 

Figure 2-9.  % Release of CAC for different surfactant loadings and thicknesses 
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CHAPTER 3 
OCULAR DELIVERY OF A CATIONIC DRUG WITH SURFACTANT LOADED 

CONTACT LENS 

3.1 Materials and Methods 

3.1.1 Materials 

2-Hydroxyethyl methacrylate (HEMA) monomer, ethylene glycol dimethacrylate 

(EGDMA), Dulbecco’s phosphate buffered saline (PBS), dexamethasone 21-disodium 

phosphate (DXP), benzyldimenthylhexadecylammonium chloride (CAC, mol. wt. 396) 

were purchased from Sigma-Aldrich Chemicals (St Louis, MO). 2,4,6-trimethylbenzoyl-

diphenyl-phophineoxide (Darocur® TPO) was kindly provided by Ciba (Tarrytown, NY).  

All the chemicals were reagent grade and were used without further purification. 

3.1.2 Preparation of Pure P-HEMA Gels  

P-HEMA hydrogels were synthesized as mentioned in section 2.1.2. Here the 

thicknesses of the hydrogel chosen were 480, 240, 100, 50 and 15 µm. 480, 240 and 

100 µm gels were removed from the glass plates and cut into small circles of 

approximately 1 cm diameter, while the 50 and 15 µm thick gels were cut in strips of 

variable sizes but with a fixed weight of about 0.02 g. 

3.1.3 Preparation of Surfactant Loaded P-HEMA Gels.  

Surfactants can be incorporated in hydrogels by either soaking in a surfactant 

solution or by direct entrapment during polymerization process. To load surfactant by 

direct addition to the polymerization mixture , the required amount of surfactant (0.01, 

0.02, 0.04, 0.07, 0.125, 0.15, 0.2 and 0.3 g/ml of HEMA corresponding 0.9%, 1.8%, 

3.6%, 6.1%, 8.5%, 10.5%, 12.3%, 15.7% and 21.9% CAC loadings) was added to the 

monomer mixture before nitrogen bubbling. The procedures described above were then 

utilized for gel curing. 
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Surfactant was also loaded into gels by soaking the gels and contact lenses in a 

solution of surfactants in PBS since was observed that surfactant absorption into the 

gels is much higher in PBS as seen in the previous section. As shown earlier, when p-

HEMA gels including commercial contact lenses were soaked in a CAC-PBS solution, 

CAC would partition completely into the gels up to a loading of 25%. Furthermore the 

loaded CAC was not released from the gels or contact lenses when soaked in PBS. The 

surfactant loading into gels by soaking in aqueous solutions can be used as a method 

for incorporation of surfactants into prefabricated contact lenses. This loading approach 

may be preferable over loading by direct addition to the polymerization mixture prior to 

polymerization because surfactant loaded in the lenses prior to polymerization could 

diffuse out of the lenses during processing steps such as unreacted monomer extraction 

and contact lens sterilization. 8.5% CAC was loaded in p-HEMA gels by soaking the 

gels in 0.05% CAC-PBS solution of required volume. 

3.1.4 Drug Transport Studies.  

3.1.4.1 Drug loading 

Surfactant loaded gels were soaked in 0.1 mg/ml DXP solution in PBS to load the 

drug into the gels.  Gels of various thicknesses ranging from 15 to 480 µm were utilized, 

although most experiments focused on 100 and 240 µm. The ratio of gel weight to 

volume of drug solution was kept constant for gels of different thicknesses and same 

CAC loading (140 ml solution per g of gel) till a CAC loading of 8.5%. Beyond that, the 

volume of drug solution was proportionally increased with CAC loading. DXP is photo-

labile and so drug solutions were covered with an aluminum foil in a dark chamber, and 

removed for about a minute for each measurement. The UV absorbance of DXP 

solution was measured from 220 nm to 270 nm with a peak at 241 nm. Since unreacted 
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monomer was not extracted before the experiment, it also eluted out during the 

experiment and its UV spectra was partly overlapping with the spectra of DXP. To 

distinguish between the absorbance from unreacted HEMA and DXP, the measured 

absorbance spectra was deconvoluted by technique similar to the employed in 

surfactant release studies (section 2.1.3) 

3.1.4.2 Drug release studies  

After equilibrium was established in the drug loading experiments, drug solution 

was replaced by pure PBS marking the beginning of release experiments. The PBS 

volume was either 6 ml (for gels with CAC loadings up to 10.5%) or 9 ml (for 12.3% and 

15.7% CAC). The dynamic drug concentrations were measured by following the same 

approach as described above. The model established from loading data was used to 

predict the drug release and compared to experimental release data. 

3.1.5 Equilibrium Aqueous Content (EAC)  

The aqueous content of CAC loaded gels was measured by soaking surfactant 

loaded gels of known weight into PBS and then measuring the fully hydrated weight.  

The equilibrium aqueous content (EAC) was defined as the mass of PBS uptake per 

weight of hydrated gel, not including the weight of surfactant, i.e., 
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The aqueous content was also measured after extracting the surfactant from the 

gels.  To extract the surfactant, the gels were soaked in ethanol for 48 hrs and then 

soaked in DI water at 600C for at least another 48 hrs. To make sure all the extractable 

surfactant has been extracted, these gels were further soaked in pure DI water for 

another 7 days, and UV spectroscopy was utilized to verify the absence of any eluded 
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surfactant. These gels were then dried, weighed and soaked in PBS to determine the 

EAC by using the following formula  

100
)(

)(
% 




wet

drywet

W

WW
EAC            (3.2) 

3.1.6 Surfactant and Drug Loading in Prefabricated Contact Lenses  

1-Day ACUVUE® contact lenses were removed from their blister packs with a 

pair of tweezers, soaked in 200 ml of DI water for 1 day and then dried in air. The dry 

weight of the lenses was found to be 0.018 ± 0.0004 g. The dried contact lenses were 

soaked in 3.6 ml and 7.2 ml of 0.05% CAC solutions to load 10% and 20% CAC/dry wt. 

of lens respectively. UV-vis spectroscopy was used to confirm that the entire surfactant 

has partitioned inside the lens and the amount of surfactant loaded in the lens was 

simply taken as the amount of surfactant present in the loading solution. These lenses 

were used for drug loading and release studies using methods identical to those 

described above for drug transport in p-HEMA gels loaded with surfactant. 

3.1.7 Effect of Surfactant Loading on Protein Binding.  

To understand the influence of presence of surfactant on protein sorption by 

commercial contact lenses, a 1 mg/ml lysozyme solution was prepared by adding 50 mg 

of lysozyme to 50 ml of PBS. The solution was stirred overnight and filtered through a 

0.2 μm filter. 1-Day ACUVUE® control lenses and those loaded with 10% CAC were 

soaked in 3.5 ml of lysozyme solution and the amount of lysozyme that was taken up by 

the lenses was monitored by UV-vis spectroscopy in the wavelength range 252–320 nm 

with a peak at 278 nm. 
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3.2 Results and Discussion 

3.2.1. DXP Transport in CAC Loaded P-HEMA Hydrogels.  

3.2.1.1. Effect of CAC loading on DXP loading profiles 

Figure 3-1 shows the drug (DXP) loading profiles in 240 µm thick CAC loaded p-

HEMA gels. The CAC loading in the gels varies from 0 to 21.9% (wt/total dry gel wt), 

while the starting concentration of DXP in the loading solution was 0.1 mg/ml for each 

case. The measurements of the dynamic DXP concentration in PBS were utilized in a 

mass balance to calculate the average DXP concentrations in the gel which are plotted 

in Figure 3-1 and subsequent figures. The DXP concentration in the gel is actually 

position dependent, except at equilibrium, and thus the concentrations obtained from 

the mass balance represent the mean DXP concentrations in the gel. The equilibrium 

uptake of the drug was utilized to determine the partition coefficient of the drug in the 

surfactant loaded gels. The partition coefficient K is plotted as a function of the 

surfactant loading in Figure 3-2. The data clearly shows that increasing surfactant 

loading in the gel leads to a non-linear increase in the partition coefficient. Additionally 

the loading duration which is defined as the time required to reach 80% of the 

equilibrium concentration increases with surfactant loading till a loading of about 10%, 

with a relatively minor increase with a further increase in surfactant loading (Figure 3-3).  

It is noted that the surfactant was loaded in the gels by direct addition to the 

polymerization mixture. The release of surfactant was also monitored in these 

experiments but there was negligible release of the surfactant in PBS due to very strong 

binding of the surfactant to the gel in PBS medium. Thus, the surfactant loadings in the 

gels are constant during the entire experiment. 
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3.2.1.2. Rate limiting step in DXP transport.  

The increase in drug loading amounts and the equilibration time strongly 

suggests that the drug DXP interacts with the surfactant through ionic forces. The 

interaction of the drug with the surfactants could increase the release duration through 

several mechanisms. Firstly, the drug could adsorb to the surfactant aggregates and the 

time scale for adsorption could be the rate limiting step. Secondly, the drug adsorbed to 

the surfactants may not be able to diffuse, or diffuse at a slower rate compared to the 

free drug, thereby slowing down the overall transport. If diffusion is rate limiting the free 

and the bound drug concentrations are in local equilibrium then an average diffusivity 

can be determined. To determine whether drug adsorption or diffusion is rate limiting 

during drug loading into the gels, experiments were conducted with various gel 

thicknesses. If diffusion is rate limiting, the time scale should vary as the square of the 

gel thickness, i.e., the data for DXP concentration in gel from experiments with different 

thicknesses should overlap if it is plotted as a function of the scaled time, which is 

defined as 

Scaled Time 

2











H

H
Time o            (3-3) 

where H0 is a reference thickness and H is the actual thickness of the gel.  The 

data for 100 and 240 µm thick gels are compared in Figure 3-4 with H0 = 240 µm. The 

loading profiles overlap for both thicknesses at various CAC loadings, indicating that the 

drug loading is diffusion-controlled for all cases. To further prove that diffusion is rate 

controlling, the data was fitted to a diffusion control model (described in next section) 

and the solid lines in Figure 3-4 are the best fits from the model. The good agreement 

between model fits and the experimental data along with the overlapping of the scaled 
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data proves that diffusion is rate limiting, and the bound and free drug fractions in the 

gel can be considered to be local equilibrium. 

The diffusion time scale varies as square of the gel thickness, and thus even 

though diffusion is the rate controlling step for transport in 100 and 240 µm thick gels, 

adsorption-desorption could potentially become rate limiting for thinner gels.  In an 

attempt to determine the adsorption-desorption rate constants, drug loading was also 

measured for thinner gels, and scaled profiles are plotted in Figure 3-5(A) for 8.5% CAC 

loading and in Figure 3-5(B) for 15.7% CAC loading.  The scaled plots overlap for 

thinner gels as well, showing that adsorption-desorption dynamics are very rapid, and 

experiments with much thinner gels or particles may be needed to determine the 

adsorption-desorption rate constants.   

3.2.1.3. Microstructure of the surfactant loaded in the gels.  

The data shown above clearly proves that diffusion through the gel is the rate 

limiting step in transport, and thus surfactant is attenuating the transport by increasing 

the fraction of the bound drug. The surfactant loaded in the gel is expected to partition 

between free surfactant dissolved in the aqueous phase in the gel and bound surfactant 

that is adsorbed to the polymer. Alternatively, a fraction of the surfactant loaded into the 

gels could form aggregates in the pores of the hydrogel. The microstructure of the 

surfactant will have a significant impact on the drug transport. Determining the detailed 

morphology of the surfactant-loaded gels requires imaging through neutron scattering, 

but the most likely microstructure could be deduced by analyzing the transport data for 

the surfactant and the drug. Below we present indirect evidence based on four different 

types of measurements that all suggest that the surfactant loaded in the gels is not 

forming aggregates and is instead mainly adsorbing on the p-HEMA polymer. 
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If the surfactant primarily forms aggregates in the gel, increased surfactant 

loading should increase the aggregate loading in the gel, without any significant 

increase in the surfactant packing in each aggregate. In that case, the interaction of a 

drug molecule with the surfactant aggregates would be relatively independent of the 

surfactant concentration and thus the number of drug molecules adsorbed to each 

aggregate would be constant. The increased partition coefficient of the drug would then 

be simply due to an increase in the number of aggregates, and the increase in partition 

coefficient would likely be linear in surfactant concentration. On the contrary if the 

surfactant molecules do not form aggregates but instead primarily adsorb on the p-

HEMA polymer chains, the charge density and the potential of the surfactant covered 

polymer would increase linearly with surfactant concentration. Assuming Debye-Huckel 

model, the adsorption of the charged drug molecules would increase exponentially with 

the surface potential, leading to an exponential increase in the partition coefficient. The 

data in Figure 3-3 clearly shows an exponential dependency and thus it is speculated 

that the surfactant loaded in the gels is primarily bound to the polymer with the charged 

group exposed to the bulk. 

Additional evidence supporting this speculation was obtained by measuring the 

rate of release of the surfactant from the gels in DI water. The surfactant has a very high 

partition coefficient for partitioning between gel and PBS, and thus the loaded surfactant 

exhibits negligible release in PBS. However the partition coefficients are much smaller 

in DI water likely due to two reasons. First, the enthalpic penalty due to the interactions 

of the surfactant tail with the solvent increase as the polarity of the solution increases 

due to an increase in the ionic strength. Second, the ionic repulsion between the head 
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groups of adsorbed surfactant molecules is stronger in DI water due to a larger Debye 

length compared to PBS. The larger repulsion will reduce the packing of the adsorbed 

surfactant. The release behavior of the surfactant in DI water can indicate the 

microstructure of the adsorbed surfactant and it was hypothesized in section 2.2.4 that 

that the loaded surfactant is not forming micelles in the gel.  

Further support for the absence of micelles was provided by the effect of the 

surfactant loading on the aqueous content of the gels (Figure 3-6). The formation of 

micelles or vesicles, both of which contain aqueous cores  will likely increase the water 

content due to creation of large pores in the gels. However data shows that aqueous 

content of the gels decrease with increasing surfactant loading. The aqueous content 

after surfactant extraction is independent of the mass of surfactant initially loaded in the 

gels, suggesting that surfactant presence does not impact the crosslinking density. The 

decrease in aqueous content thus must be due to alteration of the polymer-fluid 

interactions due to surfactant adsorption.  

Further evidence in support of the hypothesis of absence of aggregates was 

provided by comparing drug transport data in gels in which surfactant was loaded by 

adsorption from PBS solutions with the data from gels with surfactant added to the 

polymerization mixture. 8.5% CAC was loaded in p-HEMA gels by soaking the gels in 

0.05% CAC-PBS solution of required volume. The drug transport was independent of 

the loading approaches for gels with comparable surfactant loadings (Figure 3-7). Since 

surfactant adsorbed into preformed gels will unlikely form micelles due to the 

constrained pores, the surfactant incorporated prior to polymerization also is unlikely to 

be forming aggregates. While direct imaging is necessary to determine the 
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microstructure of the surfactant in the gel, all the evidence presented above supports 

the hypothesis that surfactant is adsorbing to the HEMA polymer and not forming 

aggregates. The next section on modeling transport data also provides evidence to 

support this hypothesis. 

3.2.1.4. Modeling of drug loading dynamics.  

The concentration of drug in the gel C can be separated into the free component 

Cfree that is dissolved in the water fraction of the gel and the adsorbed component Cb 

that is bound to the gel or the surfactant. It is noted that C, Cfree and Cb are based on the 

gel volume, which includes both the aqueous and the gel phase. The bound 

concentration is essentially the product of the true surface concentration of the bound 

solute and the specific surface area of the gel. The free and the bound fractions can be 

considered to be in local equilibrium due to the rapid time scales as compared to 

diffusion. The free and the bound components can both diffuse with respective 

diffusivities, and thus transport of solute in the gel can be expressed through the 

following mass balance  
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where Df and Ds are the diffusivities of the free and the bound components. It is 

noted that the diffusivity of the bound component Db is the ratio of the surface diffusivity 

and the specific surface area. It is also noted that if the drug molecules are binding to 

the micelle surface, Db would be zero. We can assume that the DXP concentration in 

the aqueous part of the gel (Cfree) is same as the DXP concentration in PBS outside the 

gel (Cf). If f is the fractional aqueous content of the hydrated gel and K is the partition 
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coefficient between the total DXP concentrations in gel and the DXP concentration in 

PBS, then 

ffree fCC                                               (3-5) 

fb CfKC )(                                    (3-6) 

fKCC                                               (3-7) 

On assuming local equilibrium between the free and the bound components, 

Equation (3-4) can be simplified to 
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fDf represents the diffusivity of drug in pure hydrogel matrix in absence of 

surfactant. The partition coefficient is dependent on the surfactant concentration, which 

is independent of position and time because the loaded surfactant does not diffuse into 

the PBS. Based on this model, the presence of surfactant reduces the effective 

diffusivity only because of the increase in the bound fraction, which diffuses at a slower 

rate compared to the free unbound molecules. The following mass balance on the 

aqueous phase, initial condition, and boundary conditions, respectively, are the 

remaining equations and conditions required to model the drug diffusion:  
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where Cf  is the DXP concentration in PBS, Vf  is the PBS volume, A is the 

surface area of one face of the hydrogel, and H is the half-thickness of gel. The first 

boundary condition, Equation (3-11), assumes equilibrium between the drug 

concentration in the external drug solution and that within the hydrogel, and the second 

boundary condition, Equation (3-12) assumes symmetry at the center of the gel. 

For ease of manipulation, the above equations were non-dimensionalized using 

the following variables: 

C*=C/C0, Cf*=Cf/C0, y*=y/H, t+= H2/Deff, t*=t/t+, A*2H=Vg     (3-13) 

where Vg is the volume of gel and C0 is the initial drug concentration in the fluid. 

Substitution of the dimensionless variables into Equations (3-8 to 3-12), and 

removal of the * signs, gives the following dimensionless equations: 
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where the new variable Vfg = Vf /Vg. This new set of equations is no longer 

dependent on the gel thickness or initial drug concentration.  

The drug loading data for gels of different thicknesses and surfactant loading was 

fitted to Equations (3-14 – 3-18) to determine the best-fit values of the parameters D 

and K. The differential equations were solved numerically using an implicit finite-
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difference scheme. The best-fit values of the parameters were obtained by minimizing 

the error defined as 



Ne
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mod )( , where Ne is total number of data points, and 

Cf and Cmodel are the dimensionless experimental and model predicted concentrations in 

fluid, respectively. The minimization was done using the function fminsearch in 

MATLAB. The model fits are compared with the experimental data in Figs.3-4 and 3-5, 

and the best-fit values for Deff are given in Table 1. Also K and Deff are plotted as a 

function of the CAC loading in Figs. 3-2 and 3-8. 

As expected the partition coefficient and drug diffusivity are independent of 

thickness, but showed a strong dependency of the surfactant loading in the gel. The 

effective diffusivity decreases with increasing surfactant loading due to the increase in 

the fraction of the bound drug.  Assuming constant values of Df and Db, and based on 

the definition 
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  a plot of effKD and (K-f) should be a straight line 

of intercept fDf and slope Db. From Figure 3-9, Db and fDf can be estimated as 5.72 x 

10-15 m2/s and 4.3 x 10-13 m2/s.  The finite value of Db further suggests that the drug 

molecules are adsorbing to the charged surfactant covered HEMA polymer, and thus 

reaffirms the hypothesis of the absence of aggregates in the surfactant loaded gels. 

3.2.1.5. Effect of surfactant loading on drug release dynamics.  

The drug loading data demonstrated that the transport of drug is diffusion 

controlled with partition coefficient that increases with surfactant loading. The main goal 

of surfactant incorporation is to develop an extended drug delivery device, and so it is 

important to show that drug loading also increase the release duration. After equilibrium 

was achieved in the drug loading phase, gels were transferred to fresh PBS and the 
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dynamic drug concentrations in PBS were measured. Also the dynamic concentrations 

were predicted based on the diffusion model with the values of Deff determined from the 

loading phase. The data for the dynamic drug concentrations along with the predicted 

profiles are shown in Figure 3-10 for drug release from the 240 μm gels. The surfactant 

concentrations are noted in the legend and the volume of PBS in the release medium 

was 6 ml. The good agreement between the experimental data and the predictions 

support the model, and also prove that surfactant incorporation can significantly 

increase the drug release duration. 

3.2.2 Drug Transport in Commercial Contact Lenses Loaded with Surfactant.  

1-Day ACUVUE® lenses were loaded with CAC from CAC-PBS solutions and 

drug loading and release studies were conducted similar to p-HEMA gels. Figure 3-11 

shows the drug loading profiles for these contact lenses which are compared to contact 

lenses with no surfactant. A similar diffusion model was fitted to the loading data and 

the solid lines in Figure 3-11 represent the best fits of the model. Results were very 

similar to those of p-HEMA gels. The partition coefficients and uptake durations for DXP 

loading were greatly enhanced when CAC was loaded in these lenses.  

Release experiments were carried out for drug loaded 1-D ACUVUE® contact 

lenses similar to p-HEMA gels. Figure 3-12 shows the experimental data along with the 

model prediction based on the diffusivity obtained from fitting the drug uptake data. At 

equilibrium, due to a high partition coefficient of DXP, significant amount of the drug is 

still in the lenses. However, in an on-eye situation, the lenses would not be reaching 

equilibrium but be subjected to near perfect sink conditions which would lead to almost 

100% release of the drug. The equations for a release with perfect sink condition would 

be 
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This can be analytically solved to give 
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The expected release in the perfect sink environment is also shown in Figure 3-

12.  

Figure 3-13 compares photographs of control and 10% CAC loaded 1-Day 

ACUVUE® contact lenses containing a drop of water. The photographs clearly show 

that CAC loading does not affect the transparency of the contact lenses. The images 

also show that surfactant incorporation increases wettability as the drop of water 

spreads in the contact lens loaded with the surfactant, while the water is pooled at the 

bottom in the control lens. 

Ocular delivery of DXP via eye drops requires hourly instillation of 1-2 drops of 

0.1% solution during the day, with a slightly reduced frequency of once every two hours 

during the night.  Assuming that 50 μl of drug solution is instilled each time, the amount 

of drug delivered to the eye is about 600 μg of drug for a 12 hr period. As stated before, 

the bioavailability of dug delivered via contact lenses has been found to be about 10 

times greater than that of drug delivered via eye drops. Thus a contact lens loaded with 
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DXP should able to deliver about 60 μg of drug in 12 hrs. From the data for release of 

drug from 10% CAC loaded commercial lenses, it is observed that we are able to 

release about 50 μg of drug and a fairly constant rate (Fig 3-14). Also, the concentration 

of the drug loading solution was 0.1 mg/ml which is 1/10th of concentration the 

commercial solution which is an added advantage.  

Addition of surfactant not only affects the pore size of the gel but also increases 

ionic and hydrophobic interactions all of which can cause protein sorption to either 

increase or decrease. The effect of addition of an ionic surfactant to p-HEMA contact 

lenses on lysozyme sorption is shown in Figure 3-15. At 10% CAC loading, a drastic 

reduction in lysozyme uptake is observed. This can be beneficial in case of extended 

wear contact lenses being used for drug delivery. 

3.3 Concluding Remarks 

The idea of achieving extended delivery of an anionic drug (DXP) by cationic 

surfactant (CAC) loaded p-HEMA contact lenses has been explored. The chosen 

surfactant CAC has a sixteen unit long tail that leads to very strong interactions with the 

p-HEMA matrix. The strong binding of the surfactant to the tail ensures that negligible 

surfactant is released into PBS, thus minimizing the possibility of toxicity due to 

surfactant release in the tear film. The CAC incorporation increases drug loadings 

significantly, while also increasing the release durations. We propose that CAC binds to 

the gel polymer chains creating a charged surface which then interacts with the charged 

drug. Surfactant can be incorporated either pre-polymerization or post lens fabrication, 

thus making it easier to integrate this approach with current lens manufacturing 

approaches. The loading and release dynamics of drug are diffusion controlled, even for 

very thin gels showing that the time scale for adsorption and desorption are rapid. 
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Similar results can be reproduced for commercial p-HEMA contact lenses implying 

practicality of such a system. For the commercial contact lens loaded with surfactant, in 

a perfect sink condition, the drug release durations can be increased from less than 2 

hrs to more than 50 hrs. Significant reduction of lysozyme (tear protein) sorption in CAC 

loaded lenses is an additional benefit. Thus, the surfactant loaded contact lenses 

provide several benefits including extended drug release, improved wettability and 

reduction in protein binding. The surfactant loading does not impact transparency but its 

impact on other can properties such as oxygen transport needs to be assessed and 

furthermore in vitro animal studies are necessary to establish the safety and efficacy of 

the lenses for drug delivery. 
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Figure 3-1.  DXP loading dynamics for CAC loaded p-HEMA gels of thickness 240 µm 
soaked in DXP-PBS solution. Legend indicates CAC loading. Data are 
represented as mean ± S.D. with n = 3. 
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Figure 3-2.  DXP partition coefficient as a function of CAC loading. Data are 
represented as mean ± S.D. with n = 6 
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Figure 3-3.  Equilibrium time for DXP loading as a function of surfactant concentration in 

p-HEMA hydrogel.  
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Figure 3-4.  DXP loading dynamics for CAC loaded p-HEMA gels of thicknesses 100 

and 240 µm soaked in DXP-PBS solution. Legend indicates CAC loading 
and gel thickness on a scaled time axis where reference thickness is 240 
µm (Equation (3-3)). Data are represented as mean ± S.D. with n = 3. The 
model and experimental data are represented by a solid line and points, 
respectively. 
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Figure 3-5.  DXP loading dynamics by 8.5% CAC loaded gels A) and 15.7% CAC 
loaded gels. B) on a scaled time axis where reference thickness is 240 µm. 
Legend indicates gel thickness. Data are represented as mean ± S.D. with n 
= 3. The model and experimental data are represented by a solid line and 
points, respectively. 
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Figure 3-6.  EAC of p-HEMA gels before (filled squares) and after surfactant extraction 

(open diamonds). 
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Figure 3-7.  Comparison of DXP uptake by 240 µm p-HEMA gels with 8.5% CAC loaded 

by either direct addition to the polymerization mixture (red circles) followed 
by curing or by soaking gels in CAC-PBS solution (blue squares). 
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Figure 3-8.  Effective Diffusivity of DXP in CAC loaded p-HEMA gels as a function of 
CAC loading. Data are represented as mean ± S.D. with n = 6 
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Figure 3-9.  K x Deff of DXP in CAC loaded p-HEMA gels as a function of (K-f). Data are 
represented as mean ± S.D. with n = 6 
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Figure 3-10.  Profiles for percentage DXP release from 240 µm gels into 6 ml PBS. The 

CAC loadings are indicated in the legend. The model and experimental 
data are represented by a solid line and points, respectively. Data are 
represented as mean ± S.D. with n = 3. 
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Figure 3-11.  DXP loading profiles for commercial HEMA contact lens loaded with CAC. 

Legend indicates CAC loading. Data are represented as mean ± S.D. with 
n = 3. The model and experimental data are represented by a solid line 
and points, respectively. 
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Figure 3-12.  DXP release profiles for commercial HEMA contact lens loaded with 

surfactant. The predicted and experimental data are represented by a 
solid line and points, respectively. Data are represented as mean ± S.D. 
with n = 3. Predicted profiles with perfect sink release are shown as 
dashed lines. 
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Figure 3-13.  Photographs of control (left) and 10 % CAC loaded 1-Day ACUVUE® 
Contact lenses (right) containing a drop of water (0.1 ml). 
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Figure 3-14.  Amount of DXP delivered to eye by 10% CAC loaded 1-Day ACUVUE® 

contact lenses under perfect sink conditions 
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Figure 3-15.  Lysozyme sorption in CAC loaded and pure 1-Day ACUVUE® lenses. 

CAC loading mentioned in legend. 
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Table 3-1.  Effective diffusivity for DXP loading in CAC loaded p-HEMA hydrogels for 
various thicknesses 

CAC 
% 

15 µm 50 µm 100 µm 240 µm p 

0 
      

24.1 ± 349.6 59.3 ± 385.9 0.89 

0.9 
         

30.9 ± 143.9 
 1.8 

      
8.52 ± 56.45 11.5 ± 60.89 0.52 

3.6 
      

2.77 ± 28.33 2.04 ± 23.61 0.16 

6.1 
      

2.83 ± 11.04 2.47 ± 11.97 0.7 

8.5 
   

3.31 ± 9.01 1.31 ± 12.45 1.35 ± 9.81 0.28 

10.5 
      

1.35 ± 6.93 0.95 ± 6.36 0.38 

12.3 
      

0.69 ± 7.43 0.59 ± 6.29 0.16 

15.7 4.2 ± 8.36 0.92 ± 10.17 1.59 ± 14.47 0.41 ± 9.24 0.34 

21.9  

 

       0.39 ± 5.94 
 *Values shown as mean ± std. dev. (n = 3) x 1015 m2/s. p is probability value for one 

way ANOVA test for different thicknesses.  
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CHAPTER 4 
P-HEMA HYDROGELS WITH POLYMERIZABLE SURFACTANTS 

4.1 Materials and Methods 

4.1.1 Materials 

2-Hydroxyethyl methacrylate (HEMA) monomer and ethylene glycol 

dimethacrylate (EGDMA) were purchased from Sigma-Aldrich Chemicals (St Louis, 

MO). Sodium chloride (99.9+%) was purchased from Fisher Scientific (Fairlawn, NJ). 

2,4,6-trimethylbenzoyl-diphenyl-phophineoxide (Darocur® TPO) was kindly provided by 

Ciba (Tarrytown, NY). Noigen RN-10TM (N10), Noigen RN30 TM (N30) and Hitenol BC30 

TM (H30) were kindly provided by Montello Inc (Tulsa, OK). All the chemicals were 

reagent grade and were used without further purification. 

4.1.2 Preparation and Purification of P-HEMA gels with Polymerizable Surfactants 

The structures of the three polymerizable surfactants used in this study are 

shown in Figure 4-1. The N10 and N30 belong to the Noigen series with values of 10 

and 30 for n, respectively, while H30 belongs to the Hitenol series with n = 30. The 

surfactant loaded gels were prepared by photo-polymerization of an aqueous solution of 

the surfactants, monomer (HEMA), crosslinker (EGDMA) and the initiator Darocur® 

TPO. The masses of HEMA, EGDMA, and the water were kept fixed, while the mass of 

the surfactant was increased to prepare gels with various surfactant loadings. The exact 

compositions of the solutions are included in Table 4-1. At higher surfactant loadings, 

the crosslinker content was increased to compensate the decrease in modulus. The 

solution was degassed to reduce the concentration of dissolved oxygen by bubbling 

nitrogen for 15 minutes. 12 mg of the photoinitiator (Darocur® TPO) was then added, 

accompanied by stirring at 750 rpm for 5 minutes to ensure complete dissolution of the 
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initiator. The solution was then poured in between two 5 mm thick glass plates that were 

separated from each other by spacers which were approximately 780, 240 and 100 µm 

in thickness. The mold was then placed on Ultraviolet transilluminiator UVB-10 

(UltraLum, Inc.) and the gel was cured by irradiating UVB light (305 nm) for 40 min. The 

gels were removed from the glass plates and cut into rectangles pieces of the desired 

size. The unreacted monomer was removed by soaking the gels in boiling de-ionized 

(DI) water for 3 hours, and subsequently soaking in fresh DI water for another 20 hours 

at room temperature. 

4.1.3 Hydrogel Characterization 

4.1.3.1 Surface characterization 

4.1.3.1.1 Contact Angle 

The wettability of the gels was characterized by measuring the contact angle 

between the surface and a sessile water drop with a Drop Shape Analyzer (DSA100, 

KRUSS) using the Tangent method.  A hydrated 240 µm thick gel was placed on a 

glass slide and the surface was lightly wiped with a Kimwipe® to remove any excess 

water. A small drop of DI water was then placed on the surface and the volume was 

slowly increased incrementally, while measuring the contact angle for each drop 

volume. 

4.1.3.1.2 Surface friction 

The surface lubricity was characterized by measuring the friction between an iron 

ball and the surface using an in-house apparatus. A hydrated square piece of gel 

approx. 1.5 x 1.5 cm was placed on glass slide resting on an inclined plane whose 

angle could be precisely controlled. A metal ball weighing 0.264 g was placed on the gel 

and the angle of the inclined plane was gradually increased until the ball started rolling. 
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The coefficient of friction was calculated as the tangent of the rolling angle. 4 

measurements were conducted for each gel and 3 gel samples were utilized with 

identical composition. 

4.1.3.2 Bulk Characterization 

4.1.3.2.1 Equilibrium water content (EWC) 

After extraction, the gels were dried and weighed to obtain Wdry. The gels were 

then soaked in water for sufficient duration to achieve equilibrium. The final equilibrium 

weight (Wwet) was measured. The surface of the gels was gently wiped with 

Kimpwipes® before each measurement. The water content of the gels was determined 

by  
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4.1.3.2.2 Transmittance 

The transmittance of 100 μm thick hydrated gels (T()) was measured using UV-

Vis spectrophotometer (Thermospectronic Genesys 10 UV) at wavelengths ranging 

from 200 nm to 700 nm. The average transmittance from 600 nm to 700 was calculated 

to characterize the visual clarity. The UV absorbance spectra A = -log10(T/100) was 

used to quantify the average concentration of the surfactant in the lens using the Beer 

Lambert’s law, i.e., A =  AHEMA + cl, where AHEMAis the absorbance of the control 

HEMA gel is the molar absorptivity, c is the concentration and l (=100 μm) is the 

path length. The absorbance spectra of hydrated 100 m thick p-HEMA gel was 

measured to obtain AHEMA and the molar absorptivity of the surfactant was 



 

86 

determined by measuring the absorbance of aqueous surfactant solutions at a 

concentration of 0.01% (w/w) and using the Beer Lambert law with l = 1 cm. 

4.1.3.2.3 Mechanical properties 

The storage modulus of hydrated rectangular 780 μm thick gels was measured 

using a dynamic mechanical analyzer (DMA Q800, TA instruments) using a submersion 

tension clamp at room temperature. A preload force applied 0.01N and force track was 

115% used and strain sweep tests were recorded to confirm the linear range at room 

temperature at 1 Hz. Subsequently, frequency dependent storage modulus and loss 

modulus was obtained by fixing the strain within the linear range. 

4.1.3.2.4 Ion permeability 

A circular hydrogel of 1.65 cm diameter was soaked in 3.5 ml of 1 M NaCl 

solution until equilibrium was achieved. The salt-loaded gel was then transferred into a 

well-mixed 27.5 ml DI water maintained at room temperature. The conductivity of the 

solution was periodically measured by Con 110 series sensor (OAKTON®) and the salt 

concentration was then determined through the calibration curve, which was linear with 

a slope of 8.58 × 10−6 M/μs. The dynamic salt concentration was fitted to a sink release 

model to calculate the effective ion diffusivity in the lens.  

4.2 Results and Discussion 

4.2.1 Transmittance 

Figure 4-2 shows the transmittance spectra of hydrated 100 µm thick gels for 

wavelengths ranging from 200-700. The lenses are identified by the name of surfactant 

followed by the weight ratio of the surfactant and HEMA in the formulation. The visual 

clarity was characterized by calculating the average transmittance for 600 – 700 nm 

range (Table 4-2). Table 4-2 also shows the average transmittance values for UVA 
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(315-400 nm) and UVB (280-315 nm) radiation. All lenses transmit about 100% of the 

light in the visible and UVA spectrum. The UVB transmittance decrease significantly on 

surfactant incorporation, which is an additional benefit because UV radiation has the 

potential to cause ocular damage. The molar absorptivity of the surfactants was 

obtained by measuring the absorbance in aqueous solutions at 0.01% (w/w). The 

surfactant concentration in each gel was then obtained by fitting the absorbance spectra 

A() to the Beer Lambert law, i.e., A =  AHEMA + cl using a least square fit. The fitted 

value of the concentration was used to determine the fractional conversion, i.e, the ratio 

of the surfactant concentration in the gels after the extraction and the originally loaded 

concentration. The % conversions reported in Table 4-2 depend strongly on the type of 

the surfactant. The conversions for the N30 surfactant decrease with increasing 

surfactant concentration ranging from about 18 to 4% for initial loadings of 1 and 30%, 

respectively. For the N10 surfactant, the conversion appears to relatively constant at 

about 29% for initial loadings varying from 3.5 to 15%. It was not feasible to reliably 

calculate the surfactant concentration in gels with higher loadings because the 

transmittance increases very rapidly from 0 to 100% over a short wavelength range and 

the approach of determining the concentration loses sensitivity. The conversions are 

higher for the N10 compared to the N30 most likely due to the stearic effects of the 

longer hydrophilic chain. The conversions for the H30 surfactants are even lower than 

the N30, which shows that the end group capping the hydrophilic chain plays 

significantly impacts the reactivity of the surfactant monomer. Since the conversions are 

very low for the H30 gels, these were not included in any of the characterization studies 
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described below. The low conversions in general suggest that the reactivity of the vinyl 

group in these surfactants is lower than the reactivity in HEMA. 

4.2.2 Contact Angle 

The contact angles of a water drop in contact with the gels are listed in Table 4-3 

along with the equilibrium water content.  Also some representative images of the 

sessile drops are included in Figure 4-3. The results clearly demonstrate that surfactant 

incorporation in the lenses significantly reduces the contact angle from 900 for p-HEMA 

gels to less than 100 for the N10 gels with initial loadings of greater than 30%. For the 

N10-50% hydrogel, the contact angle could not be measured since the drop of water 

spread spontaneously into a thin film, implying a contact angle of about zero degree. To 

compare the effect of various surfactants, the contact angles for the various gels are 

plotted in Figure 4-4 as a function of the moles of surfactant retained in the gel after the 

extraction. Since it was not possible to estimate the surfactant remaining for N10-30% 

gels, 29% conversion was assumed since that was the average conversion for the rest 

of gels containing N10. The data shows that the contact angle reduction is relatively 

independent of the surfactant type as the data for all the surfactants collapses on the 

same curve even though the N10 surfactants have a higher molar concentration due to 

the smaller molecular weight. The contact angle decreases with increasing surfactant 

concentration, but the rate of the decrease becomes smaller with increasing loadings, 

possibly due to saturation of the surface active groups at the surface. The on-eye 

contact angles are expected to be lower than the in vitro measurements because 

adsorption of the tear components (lysozyme and lipids) can lead to reduction of contact 

angle [117,118].  
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4.2.3 Surface Friction 

The coefficient of friction between a metal ball and the hydrated hydrogels are 

listed in Table 4-3 along with the concentrations of surfactant in the gels and the water 

content. The coefficient of friction is significantly lower for the surfactant loaded gels 

compared to the p-HEMA gel. The N30 gel with 0.19% surfactant (2% in the 

formulation) has a friction coefficient of 0.097 compared to 0.162 for the HEMA gel. The 

N10 gel with 0.56% surfactant (3.5% in the formulation) also has a significantly smaller 

coefficient of 0.065. A plot of the friction coefficient and the surfactant concentration in 

the gel shows that friction decreases rapidly with surfactant incorporation but the rate of 

decrease becomes smaller at high concentrations (Figure 4- 5). This behavior is similar 

to the effect of surfactant on the contact angle suggesting that the contact angle and the 

friction coefficient are correlated. However it is difficult to accurately assess the 

correlation between the contact angle and friction coefficient because the sensitivity of 

the friction measurements are low. 

4.2.4 Water Content 

The water content increases on incorporation of the polymerizable surfactants as 

shown in Table 4-3. The dynamics of water transport were also measured for a few of 

the systems and results plotted in Figure 4-6 show that the water transport dynamics 

are not impacted by surfactant incorporation. The water content in the p-HEMA gels is 

correlated to the oxygen permeability, and thus increasing water content without 

impacting the rates of transport is desirable. 

4.2.5 Mechanical Properties: Storage Modulus 

Incorporation of surfactants is expected to make the contact lenses softer, which 

could increase comfort but may also make contact lens insertion in the eye very difficult.  
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It was thus important to measure the effect of surfactant incorporation on modulus. The 

frequency dependent storage modulus is plotted in Figure 4-7A and B for the N10 and 

N30 gels, and the zero-frequency intercepts are listed in Table 4-4. The loss modulus 

was also measured (data not shown). The degree of crosslinking is explicitly included in 

the lens description because of its strong impact on the moduli. 1X and 3X denote 20 

and 60 μl of EGDMA, respectively in the formulation, while keeping amounts of all other 

components unchanged (Table 4-1). The results in Figure 4-7 and in Table 4-4 show 

that the modulus slightly decreases with increasing surfactant incorporation likely due to 

the increased water content. The data also shows that an increase in the degree of 

crosslinking increases the modulus, and thus it counteracts the effects of increasing 

surfactant loading. 

4.2.6 Ion Permeability 

A contact lens needs adequate transport of ions to maintain on-eye movement. 

An increased crosslinking that is required to counteract the effect of decrease in 

modulus with surfactant incorporation could potentially reduce the ion permeability. To 

test this effect the ion permeability was measured for a few illustrative systems. The 

data in Figure 4-8 shows that both surfactant incorporation and increase in crosslinking 

have a minor effect on the ion permeability. The change in the ion permeability could be 

correlated to the change in water content as shown in the inset of the figure. 

4.3 Concluding Remarks 

The contact angle and coefficient of friction of p-HEMA hydrogels could be 

significantly reduced by the incorporation of polymerizable surfactants.  This decrease 

will likely improve wettability and lubricity, and thus improve comfort. Both N10 and N30 

Noigen surfactants decreased contact angle and friction coefficient, but the N10 
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surfactant is more suitable because of its higher incorporation into the lens matrix. The 

surfactant incorporation does not appear to significantly impact any other critical 

property and so its incorporation into the lenses could improve surface properties 

without any adverse effect on the bulk properties. Based on this study we conclude that 

a p-HEMA contact lens with 30% of the N10 surfactant in the formulation is an excellent 

candidate for further in vitro characterization and in vivo comfort studies. 
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Figure 4-1.  Structure of the polymerizable surfaces A: Noigen series and B: Hitenol 
series. 
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Figure 4-2.  Transmittance spectra of p-HEMA gels with different polymerizable 
surfactants A) N30. B). N10. C) H30 
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Figure 4-2.  Cont. 
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Figure 4-3.  Image of a sessile drop on A) p-HEMA hydrogel B) Surfactants loaded gels 

A 
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Figure 4-3. Cont. 

B 
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Figure 4-4.  Effect of surfactant concentration in the gel on contact angle. 
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Figure 4-5.  Variation of surface friction with surfactant incorporation 
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Figure 4-6.  Dynamics of water transport in p-HEMA and modified p-HEMA gels. Data 
represented as mean ± std dev (n=3) 
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Figure 4-7.  Frequency dependent storage modulus for the surfactant loaded gels A) 
N30. B) N10 gels.  
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Figure 4-8.  Ion permeability of p-HEMA, N30-30%-3X and N10-8% gels 
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Table 4-1.  Composition of the polymerizing solutions  

Gel name Pzsurf Surfactant / HEMA HEMA Water Pzsurf EGDMA 

  
g/ml ml ml g μl 

p-HEMA None 0 5.4 4 0 20 

N30-1% N30 1 5.4 4 0.054 20 

N30-2% N30 2 5.4 4 0.108 20 

N30-4% N30 4 5.4 4 0.216 20 

N30-8% N30 8 5.4 4 0.432 20 

N30-30%-3X N30 30 5.4 4 1.62 60 

N30-30%-10X N30 30 5.4 4 1.62 200 

N10-3.5% N10 3.5 5.4 4 0.19 20 

N10-8% N10 8 5.4 4 0.432 20 

N10-15%-3X N10 15 5.4 4 0.81 60 

N10-30%-3X N10 30 5.4 4 1.62 60 

N10-50%-3X N10 50 5.4 4 2.7 60 

H30-2% H30 2 5.4 4 0.108 20 

H30-8% H30 8 5.4 4 0.432 20 

H30-30%-3X H30 30 5.4 4 1.62 60 
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Table 4-2.  % Transmittance and % conversion in surfactant loaded gels 

 
Surfactant 

loading 
Remaining 
surfactant Conversion 

    

 
% * % ** % Mean transmittance  

Gel 
Initial 

Formulation 
After 

Extraction   Visible UVA UVB UVC 

HEMA 0 0 
 

100 100 97.45 38.58 

N30-1% 0.637 0.117 18.38 100 98.36 94.67 33.98 

N30-2% 1.244 0.189 15.19 100 99.60 90.60 30.98 

N30-4% 2.438 0.282 11.58 100 96.79 91.16 28.68 

N30-8% 4.652 0.290 6.23 100 98.72 87.35 28.37 

N30-30%-3X 13.15 0.556 4.23 100 100 82.43 22.52 

N30-30%-10X 14.76 0.316 2.14 100 97.81 86.08 26.55 

N10-3.5% 2.165 0.634 29.29 100 97.05 58.92 11.22 

N10-8% 4.561 1.290 28.27 100 95.68 36.82 5.18 

N10-15%-3X 7.888 2.433 30.85 100 88.38 18.69 2.23 

N10-30%-3X 13.32 n/a 
 

100 86.02 0.41 0.20 

N10-50%-3X 18.70 n/a 
 

100 83.32 4.82 0.52 

H30-2% 1.228 0.065 5.30 100 100 95.18 34.66 

H30-8% 4.632 0.275 5.94 100 97.54 86.18 27.84 

H30-30%-3X 14.44 0.140 0.97 100 99.23 90.69 32.19 

* On hydrated wt. basis assuming 100% conversion for surfactant to polymer 
** On hydrated wt. basis 
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Table 4-3.  Effect of surfactant incorporation on contact angle, coefficient of friction and 
water content 

Gel Water Content Contact Angle Surface Friction 

  % deg       

p-HEMA 35.96 ± 0.14 90.7 ± 1.3 0.162 ± 0.027 

N30-1% 35.67 ± 0.15 81.8 ± 3.2 0.113 ± 0.016 

N30-2% 36.56 ± 0.30 75.7 ± 6.2 0.097 ± 0.007 

N30-4% 36.60 ± 0.54 66.0 ± 7.1 0.102 ± 0.018 

N30-8% 37.20 ± 0.47 44.3 ± 15.8 0.103 ± 0.018 

N30-30%-3X 43.02 ± 0.35 31.3 ± 10.8 0.113 ± 0.016 

N30-30%-10X 36.03 ± 0.58 28.1 ± 6.8 0.085 ± 0.017 

N10-3.5% 35.97 ± 0.50 30.7 ± 7.7 0.065 ± 0.018 

N10-8% 38.42 ± 1.16 15.7 ± 3.9 0.054 ± 0.015 

N10-15%-3X 39.53 ± 0.25 11.6 ± 3.9 0.056 ± 0.017 

N10-30%-3X 42.26 ± 0.22 8.8 ± 2.9 0.045 ± 0.014 

N10-50%-3X 43.90 ± 0.28 n/a 0.047 ± 0.015 

H30-2% 37.36 ± 0.91 68.3 ± 7.2 0.128 ± 0.025 

H30-8% 37.47 ± 0.25 65.2 ± 9.5 0.112 ± 0.020 

H30-30%-3X 37.41 ± 0.38 67.0 ± 6.2 0.130 ± 0.023 
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Table 4-4.  Zero-frequency storage modulus for the surfactant loaded gels 

Gel Storage Modulus at 0 Hz 

p-HEMA 0.498 

N30-1% 0.478 

N30-2% 0.409 

N30-4% 0.432 

N30-8% 0.410 

N30-8%-3X 0.546 

N30-30% 0.330 

N10-3.5% 0.390 

N10-8% 0.375 

N10-15%-3X 0.420 

N10-30%-3X 0.329 

N10-50%-3X 0.244 

.
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CHAPTER 5 
TRANSPORT OF LYSOZYME IN P-HEMA HYDROGELS 

5.1 Materials and Methods 

5.1.1 Materials 

2-Hydroxyethyl methacrylate (HEMA) monomer, ethylene glycol dimethacrylate 

(EGDMA), lysozyme from chicken egg white, and Dulbecco's phosphate buffered saline 

(PBS) were purchased from Sigma-Aldrich Chemicals (St Louis, MO). 2,4,6-

Trimethylbenzoyl-diphenyl-phosphineoxide (Darocur TPO) was kindly provided by Ciba 

Specialty Chemicals (Tarrytown, NY). All the chemicals were reagent grade, and were 

used without further purification. 

5.1.2 Preparation of P-HEMA Hydrogels 

The p-HEMA hydrogels were synthesized by free-radical polymerization with 

photoinitiation. The monomer solution consisted of 2.7 ml of HEMA, 2 ml of de-ionized 

water, and 20 μl of crosslinker (EGDMA) which corresponds to 0.0048 mol EGDMA / 

mol HEMA or 1X crosslinker concentration. The crosslinker concentration was also 

varied from 0X to 15X in order to measure the effect of degree of crosslinking on p-

HEMA hydrogel properties. Even the 0X gels are crosslinked due to residual crosslinker 

in the HEMA monomer and due to the chain transfer step in polymerization. The mixture 

was purged with bubbling nitrogen for 15 min to remove dissolved oxygen. After 

degassing, 6 mg of Darocur® TPO was added and the solution was stirred at 600 rpm 

for 5 min to completely dissolve the photoinitiator. The mixture was then immediately 

injected between two 5 mm thick glass plates separated by a plastic spacer of the 

desired thickness. The spacer thickness was chosen to be 18, 29, or 49 μm. The 

surfaces of the glass plates were treated with a hydrophobic coating prior to injection to 
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allow for easy removal of the gels. The mold was then irradiated with UV-B light for 40 

min utilizing an ultraviolet transilluminator UVB-10 (UltraLum, Inc.). 

5.1.3 Preparation of Lysozyme Solutions 

Lysozyme solutions were prepared at various concentrations (0.1, 0.2, 0.5, 0.8, 

1.2, 1.5, and 3.0 mg/ml) using PBS, pH 7.4. Each solution was stirred at approximately 

150 rpm for 24 h. All solutions were filtered by means of a 0.2 μm filter prior to use. 

5.1.4 Lysozyme Uptake Experiments  

After polymerization, each gel was removed from the glass mold and cut to a 

weight of 20 mg. The unreacted monomer was removed by soaking the gels in de-

ionized water overnight. The water was subsequently removed and replaced with fresh 

de-ionized water for an additional soaking period of 30 min. Water was removed prior to 

the uptake experiments. Following monomer extraction, the gels were soaked in 3.5 ml 

of a lysozyme-PBS solution until equilibrium was reached. The lysozyme concentration 

in the fluid was monitored by measuring the absorbance spectrum of the solution over 

the wavelength range 252-321 nm with a UV–vis spectrophotometer (Thermospectronic 

Genesys 10 UV). A control experiment without gels was conducted to ensure that 

lysozyme adsorption to the vials was negligible. 

5.1.5 Lysozyme Release Experiments  

Once equilibrium was reached in the lysozyme uptake experiments, the 

lysozyme solution was removed and replaced with 3.5 ml of PBS, marking the 

beginning of the release experiments. The lysozyme concentration in the PBS was 

analyzed in the same way as described in the lysozyme uptake experiments. 
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5.1.6 Gel Physical Properties 

5.1.6.1. Equilibrium aqueous content (EAC) 

To determine EAC of p-HEMA hydrogels and its dependence on degree of 

crosslinking, gels of known weights were soaked in water for extended periods of time. 

Excess water was removed from surface by dabbing the gels with Kimwipes® (Fisher 

Scientific) before weighing. Three samples were used for each crosslinker 

concentration. The equilibrium aqueous content (EAC) was determined by the amount 

of water uptake per weight of hydrated gel, i.e.,  
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5.1.6.2. Storage modulus  

Storage modulus of the gels was measured using a dynamic mechanical 

analyzer (DMA Q800, TA instruments). Hydrated rectangular gels 500 μm in thickness 

were mounted in the submersion tension clamp at room temperature. A preload force 

applied 0.01N and force track was 115% used. Strain sweep tests were recorded to 

confirm the linear range at room temperature at 1 Hz. Subsequently, frequency 

dependent storage modulus was obtained by fixing the strain within the linear range. 

Shear modulus was measured and plotted as a function of applied frequency (1 Hz – 20 

Hz). 

5.2 Results and Discussion 

5.2.1 Effect of Gel Thickness on Lysozyme Uptake  

Figure 5-1(a) shows the profiles of lysozyme uptake for 1X crosslinked gels of 

three different hydrogel thicknesses (18, 29, 49 μm) for an initial lysozyme concentration 

of 0.2 mg/ml. The scaled lysozyme concentration in PBS, i.e., the ratio of the transient 
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concentration and the initial concentration is plotted as a function of time for each of the 

thickness. Since the ratio of the lysozyme solution to gel volume was kept fixed for all 

gels, the equilibration time will scale as the square of the gel thickness for a purely 

diffusion controlled process. On the other hand, if diffusion is very rapid, the lysozyme 

concentration in gel will be controlled by adsorption of lysozyme onto the polymer, 

which is a thickness-independent process. The data in Figure 5-1(a) shows a strong 

dependency on the gel thickness. The uptake profiles suggest that transport is 

controlled by lysozyme diffusion into the lens. To prove the hypothesis that the uptake is 

diffusion controlled, the data for the gels in Figure 5-1(a) is plotted again in Figure 5-1(b) 

except that the scaled lysozyme concentration in gel is plotted as a function of the 

scaled time, which is defined the same as Equation (3-3). Figure 5-1(b) shows that the 

scaled uptake profiles overlap within experimental errors for all three thicknesses, 

indicating that the lysozyme uptake is diffusion-controlled. This was further confirmed 

later when diffusion coefficient was found to be constant and independent of thickness. 

5.2.2 Effect of Lysozyme Concentration on Uptake 

Figure 5-2 shows the dynamics of lysozyme uptake into 1X gels for lysozyme-

PBS solutions of varying initial lysozyme concentrations (0.1, 0.2, 0.5, 0.8, 1.2, 1.5, and 

3 mg/ml). The measurements of the dynamic lysozyme concentration in PBS were 

utilized to calculate the average lysozyme concentrations in the gel which are plotted in 

Figure 5-2 and subsequent figures through a simple mass balance. The lysozyme 

concentration in gel is actually position dependent, except at equilibrium, and thus the 

concentrations obtained from the mass balance represent the mean lysozyme 

concentrations in gel. The profiles in Figure 5-2 show a clear dependence on the initial 

lysozyme concentration.  
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The equilibrium uptakes in Figure 5-2 were utilized to determine the partition 

coefficients of lysozyme in the gel, for each set of data, by the following equation:  
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where Vw and Vg are the volumes of the lysozyme solution and hydrated gel, 

respectively, and Cg,f, Cw,i, and Cw,f are the equilibrium concentration of lysozyme in the 

gel and initial and equilibrium lysozyme concentrations in PBS, respectively. Figure 5-3 

shows a plot of the calculated values for the inverse partition coefficients (1/K) as a 

function of the equilibrium lysozyme concentration in PBS. As shown in Figure 5-3, the 

inverse of the partition coefficient is linearly related to the equilibrium concentration in 

PBS. 

The relatively small values for the inverse of the partition coefficients, or 

equivalently, the relatively large magnitude of the partition coefficients indicate the 

preference of lysozyme to reside within the hydrogel matrix and bind to polymer chains. 

The reduction in partition coefficient with increasing lysozyme concentration could be 

attributed to saturation of the binding sites on the polymer. 

5.2.3. Effect of Crosslinking 

Normal HEMA gels prepared have crosslinker concentration of 0.0048 mol 

EDGMA/mol HEMA (1X). To understand the effect of crosslinking, HEMA gels were 

prepared with crosslinker concentrations of 0 (0X), 0.024 (5X) and 0.072 mol EGDMA/ 

mol HEMA (15X), and all physical properties and lysozyme transport were explored. 

5.2.3.1. Effect on partition coefficient 

The effect of crosslinking on transport was explored by varying the fraction of 

crosslinker in the gels. Increasing the crosslinking decreases the mesh size of the 
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hydrogel, which should result in a reduction in the rate of lysozyme uptake. Figure5-4 

shows the effect of crosslinking on the lysozyme concentration within the hydrogel. For 

the 0X crosslinking, the gels were weak and hence 240 μm gels were used for that 

study. For comparison with gels with higher degree of crosslinking, the uptake data 

shown for 0X has been rescaled to 18 μm through Eq. 5-1 by assuming diffusion as the 

rate limiting process. The equilibrium lysozyme concentration in the gel was utilized to 

determine the partition coefficients, which are listed in Table 5-1. 

Figure 5-4 and Table 5-1 show a significant reduction in lysozyme uptake with 

increased crosslinking. For a 1X to 5X increase in crosslinking, K decreases by a factor 

of 6, and for 1X to 15X increase, K decreases by a factor of 20. The effect of crosslinker 

concentration on the partition coefficient is rather surprising. Increasing crosslinking 

should reduce diffusivity, but should have minimal impact of the partition coefficient. The 

partition coefficients in the 0X and 1X gels are indeed similar but further increase in 

crosslinkings reduce the partition coefficients. It is possible that the stearic repulsion 

between the protein and the polymer reduces partition coefficients for high degree of 

crosslinkings. It is also possible that the highly crosslinked gels are heterogeneous and 

contain regions in the gel which are inaccessible to the protein, thereby reducing the 

equilibrium uptake. The partition coefficient at the highest crosslinking of 15X is likely 

due to surface binding only.  

5.2.3.2. Effect on p-HEMA hydrogel mesh size 

The effect of the degree of crosslinking on the p-HEMA hydrogel mesh size can 

be estimated using certain gel properties. Mesh size can be related to the gel rheology 

through the following equation [119]: 
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where lc-c is the length of a covalent carbon – carbon bond in the backbone (1.54 

Å), Cn is the Flory characteristic ratio or rigidity factor (6.9 for p-HEMA gels) [119], ρ2 is 

the mass density of dry polymer (1.26 g/ml), Mr is the molecular wt. of a repeat unit (130 

g/mol in this case) [119], E is the Young’s tensile modulus, φ2 is the polymer fraction in 

a swollen gel and ξ is gel mesh size, defined as the statistical length between two 

crosslinks.  

Since E = 2G’ (1 + ν) where G’ is storage modulus and we can assume Possion’s 

ratio ν = 0.5, then 
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G’ was determined experimentally as stated before. Measurements were 

recorded for each of the eight degrees of crosslinking and shown in Figure 5-5. G’ (ω = 

0) was established by quadratic extrapolation as reported in Table 2 along with their 

corresponding equilibrium aqueous content (%). Storage modulus was found to be a 

strong function of degree of crosslinking as seen in Figure 5-6. 

Thus for the various degrees of crosslinking ξ was estimated. However, as a 

simple rule, about 20% of the water phase in these gels is not accessible to the diffusing 

species [119]  which reduces ξ by about 8% and the corresponding estimated values 

are reported in table 5-2. These are in excellent agreement with those calculated by 

Peppas et al. [120] for p-HEMA gels with similar EGDMA crosslinking ratios. Comparing 

these values to size of lysozyme molecule which has dimensions (45 х 30 х 30 Å) and a 

hydrodynamic diameter of 37.8 Å [121] suggests that lysozyme would diffuse in 1X gels 
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and be completely excluded from the 15X gels. The partial uptake in the 5X gels is 

potentially due to heterogeneities in the gel structure and chain fluctuations which allow 

lysozyme to diffuse into certain regions resulting in absorption into the matrix, but with a 

reduced partition coefficient. 

5.2.4 Model for Lysozyme Transport 

The matrix of a hydrogel such as p-HEMA consists of chemically crosslinked 

polymer chains surrounded by the aqueous phase. The water fraction of the gel 

determines the mesh size and the 1X p-HEMA gels prepared here have a water content 

of about 34%. For a solute of size significantly smaller than the mesh size, the absorbed 

amount can be separated into the free component that is dissolved in the water fraction 

of the gel and the adsorbed component that is bound to the polymer (Figure 5-7(a)). 

The free and the bound fractions are typically in equilibrium due to the rapid time scales 

as compared to diffusion. The free and the bound components can both diffuse with 

respective diffusivities, and thus transport of solute in the gel can be expressed through 

the following mass balance  
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where C, Cfree and Cb are the total and the free and the bound concentrations 

and Df and Ds are the diffusivities of the free and the bound components. It is noted that 

the bound concentration is essentially the product of the true surface concentration of 

the bound solute and the specific surface area of the gel. Similarly the diffusivity Db of 

the bound component is the ratio of the surface diffusivity and the specific surface area. 

We can assume that the lysozyme concentration in the aqueous part of the gel (Cfree) is 

same as the lysozyme concentration in PBS outside the gel (Cf). If f is the fractional 



 

114 

aqueous content of the hydrated gel and K is the partition coefficient between the total 

lysozyme concentrations in gel and the lysozyme concentration in PBS, then 

ff fCC                                               (5-5) 

fb CfKC )(                                    (5-6) 

fKCC                                               (5-7) 

On assuming local equilibrium between the free and the bound components, the 

above equation can be simplified to 
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The partition coefficient is treated as independent of concentration in this simple 

analysis. In the limit of negligible surface diffusion, the effective diffusivity becomes 

fDf/K. Thus the diffusion of a solute could be slowed considerably even in very porous 

gels due to binding of the solute to the polymer.   

As described below, the diffusivity of the free solute could be estimated from 

several theories and the effective diffusivity can be determined by fitting the 

experimental data to the effective diffusion equation. By comparing the calculated Df 

and the measured Deff, one could potentially determine the diffusivity of the bound 

solute Db. Unfortunately the size of the lysozyme is comparable to the mesh size for all 

crosslinkings explored here and thus it is not possible to clearly differentiate between 

free and bound components (Figure 5-7(b)). The mass transfer for such solute could 

potentially still be described by the following effective equation 
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However it is not feasible to split the effective diffusivity into free and bound 

components. Thus for lysozyme transport the estimated diffusivities and measured 

diffusivities could potentially not agree. Below we first fit the experimental data to the 

diffusion equation to obtain the effective diffusivity and then estimate diffusivity based 

on theoretical models. These values are then compared to determine the validity of the 

theories for transport of lysozyme in p-HEMA gels. Additionally the experimental data 

for lysozyme release from the gels is compared to that predicted from the diffusion 

model to determine whether the adsorbed lysozyme can desorb and diffuse on 

immersing the lysozyme loaded gels in fresh PBS. 

In addition to the governing differential equation (Equation 5-9), Equations (3-9) 

to (3-12) from section 3.2.1.4 are the remaining equations and conditions required to 

model the lysozyme diffusion. In these equations, where Cf  is the lysozyme 

concentration in PBS, Vf  is the external fluid volume, A is the surface area of one face 

of the hydrogel, and H is the half-thickness of gel. The first boundary condition, 

assumes equilibrium between the lysozyme concentration in the external lysozyme 

solution and that within the hydrogel, and the second boundary condition, assumes 

symmetry at the center of the gel. For ease of manipulation, the above equations were 

non-dimensionalized using the following variables: 
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where Vg is the volume of gel and C0 is the initial lysozyme concentration in the 

fluid. 

 Substitution of the dimensionless variables, and removal of the * signs, gives the 

following dimensionless equations: 
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where the new variable Vfg = Vf/Vg. This new set of equations is no longer 

dependent on the gel thickness. For 0X and 1X crosslinkings, lysozyme uptake data 

from experiments with various thicknesses and lysozyme concentrations was fitted to 

Eqs. 5-11 to 5-16 to determine the best-fit values of the parameter Deff. The uptake at 

higher crosslinks was considered negligible and thus diffusivity estimates could not be 

obtained. The differential equations were solved numerically using an implicit finite-

difference scheme. The best-fit values of the parameters were obtained by minimizing 

the error defined as 



Ne

i
ielif CCE

1

2

,mod, )( , where Ne is total number of data points, 

and Cf,i and Cmodel,i are the dimensionless experimental and model predicted lysozyme 

concentrations in PBS, respectively. The minimization was done using the function 

fminsearch in MATLAB. For 0X gels, Deff was determined to be 1.97 x 10-15 ± 1.33 x 10-

15 m2/s. The best-fit value for Deff was found to be 1.92 x 10-16 ± 6.3 x 10-17 m2/s for the 

1X hydrogels and was independent of lysozyme concentration and hydrogel thickness. 
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The model fitted the data well in all cases as shown in Figure 5-8 for the 0X gels and in 

Figure 5-9 and 5-10 for the 1X gels.  This suggests that the transport process can 

indeed be modeled by Fickian diffusion with concentration-independent diffusivity. 

To put into perspective the extent to which the diffusion of lysozyme is impeded 

by the gel, the diffusivity of lysozyme in gel can be compared to diffusivity of lysozyme 

in free solution. Substituting the hydrodynamic radius (Rh) of 1.89 nm in the following 

Stokes-Einstein equation, 
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D

6
0                 (5-17) 

where kB is the Boltzmann constant (1.38 x 10-23 m2 kg s-2 K-1), T is temperature 

(300K) and η is the viscosity of solution (9.5 x 10-4 Pa-s), we get a lysozyme diffusivity 

as 1.2 x 10-10 m2/s. Accounting for the increased partition coefficient (K circa 50) we get 

D0eff = D0/K = 2.4 x 10-12 m2/s. Thus, the lysozyme diffusivity is reduced by 3-4 orders of 

magnitude due to the crosslinked polymer chains. 

5.2.5 Lysozyme Desorption and Model Validation 

To test whether lysozyme binding is reversible, desorption experiments were 

conducted by replacing the PBS-lysozyme solution with fresh PBS at certain times 

during the lysozyme uptake experiments. In some cases lysozyme solution was 

replaced before the equilibrium was achieved and in some cases the uptake 

experiments were allowed to reach equilibrium. The desorption transients were 

predicted completely from the uptake data using diffusivity and relationship of partition 

coefficient and equilibrium concentration.  

Eq. 5-16 was solved along with Eq. 5-17 and Eq. 5-19 and the following the initial 

condition and rest of the boundary conditions:  
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where gC  is the concentration profile in the gel at the end of the corresponding 

uptake experiment. The above set of equations were simulated with parameters 

obtained previously which were Deff = 1.92 x 10-16 m2/s and 1/K = 0.0065Cf + 0.0153, to 

predict the concentration transients in the desorption experiments. As in the case of 

uptake modeling, the equations were made dimensionless and a finite difference 

scheme was employed. The profiles in Figure 5-11 represent the desorption 

experiments from gels that were equilibrated during the uptake experiments. The 

profiles in Figure 5-12 show the results for release of the lysozyme from gels that were 

soaked in a 0.55 mg/ml lysozyme solution for various durations, and thus equilibrium 

was not achieved. The predicted profiles are in reasonable agreement with the 

experimental results proving that lysozyme binding to the polymer is reversible, and 

suggesting that the model developed above is indeed valid. While these results show 

that lysozyme can desorb from the gels even after extended periods of adsorption, the 

desorbed molecules could potentially be denatured. We do not determine the 

conformation of the desorbed molecules because our main focus here is on the contact 

lens application where protein desorption is important during cleaning, but the 

conformation of the desorbed protein is insignificant. 
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5.3.6. Theoretical Estimation of Lysozyme Diffusivity in P-HEMA Hydrogels 

The diffusivity of a solute in a gel can be related to the mesh size, which has 

been determined through the rheology earlier. According to Stringer et al.[122], the 

effective diffusivity of a species in a crosslinked hydrogel can be estimated by the 

equation,  
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where Di is the diffusivity of free solute in hydrogel (earlier referred to as Df), Di,w 

is the diffusivity in pure solvent, r is the radius of the solute, ξr is gel mesh size 

equivalent to the radius of a hollow sphere between neighboring polymer chains and Q 

is the swelling ratio. Di,w can be estimated from Einstein-Stokes equation as: 
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where kB is Boltzmann constant. The swelling ratio Q is defined as 
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where Vs,gel is volume of swollen gel, Vpoly is volume of polymer and 2 is polymer 

volume fraction in a swollen gel. Substituting Eqs. 5-22 and 5-23 in Eq. 5-21, we get 
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Assuming the length between two crosslinks is twice the value of radius of 

sphere between two polymer chains, i.e., ξ  = 2ξr, Eq. 5-24 can be rewritten as 
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where d is hydrodynamic diameter of the diffusing solute, which is 37.8 Å [121] 

for lysozyme. The diffusivity values predicted from Eq. 5-25 for 0X and 1X gels are 

compared in Table 5-3 with the values obtained by fitting the transport data. The 

measured values are considerably smaller than the estimated values. A potential 

reason for the discrepancy could be that the bound lysozyme does not diffuse and thus 

the effective diffusivity determined from the lysozyme uptake experiments should be 

f*D/K. For comparison, the predicted diffusivity should be converted to effective 

predicted diffusivity which is f*D predicted/K. The values of f*D predicted/K which are 

also listed in Table 5-3 are still significantly larger than the measured values as well.  

There could be several reasons that contribute to these differences. The most 

likely ones are errors in estimation of the mesh size and the lysozyme size. Any errors 

in sizes lead to very large errors in estimated diffusivities in the limiting case when the 

mesh size approaches the solute size, which appears to be the case for lysozyme. 

Lysozyme likely diffuses with a preferred orientation in such tight networks, which is 

neglected in the theoretical models. Also, in p-HEMA gels, hydrophobic solutes tend to 

diffuse slower than hydrophilic solutes. Thus, simply taking in account the effect of the 

partition coefficient due to hydrophobic interactions is not enough. If the mesh size of 

the gel is close to the size of the diffusing molecule, then there is also a need to account 

for changes caused in mesh size due to chain fluctuations as well. When soaked in an 

organic solvent like ethanol, these gels swell to a much larger extent indicating that the 

gels are more relaxed in an aqueous environment. Thus even if the effective size of the 
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molecule is larger than the mesh size, fluctuations may allow molecules to diffuse in and 

not just adsorb on the surface.  

5.2.7 Simulated Lysozyme Uptake by Contact Lenses during Day Time Wear and 
Overnight Cleaning.  

The p-HEMA based contact lenses cannot be worn overnight due to the limited 

oxygen permeability, which will result in severe hypoxia of the cornea if worn overnight.  

Also, to minimize the deleterious impact of protein and lipid deposits in extended wear 

contact lenses, the users are expected to take the lenses off during nights and soak the 

lenses in cleaning solutions to extract the deposited proteins.  The duration of lens wear 

during the day can be expected to be about 12 hours, followed by 12 hours of soaking 

to extract the proteins. The model developed above can be utilized to simulate the cycle 

of 12 hour wear and 12 hour extraction to determine whether this regimen is adequate 

to extract a majority of the lysozyme. The contact lenses are complicated in shape but 

for this calculation, we assume an average thickness of 80 µm. We also assume infinite 

source and sink conditions during wear and cleaning respectively. The diffusion 

equation for the lens was solved with the cyclic boundary conditions at the edges and 

the concentration profiles in the lens were integrated to yield the mean lysozyme 

concentration in the lens. If t is real time and t1 and t2 are the individual cycle times in 

the uptake and release steps respectively (t1 = 12 hr and t2 = 12 hr), then for the mth 

day, the average concentration of lysozyme in contact lens during uptake is given by: 
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Similarly, for the mth day, the average concentration of lysozyme in contact lens 

during release is given by: 
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The ratio of the mean lens concentration to the tear concentration is plotted in 

Figure 5-13 as a function of time.  The results show that in each cycle, a fraction of the 

lysozyme deposited in the lens is not extracted out during cleaning, and thus there is a 

net increase in the mass of lysozyme in the lens with each day. This simulation though 

neglects the presence of the surfactants and other agents in the cleaning solution, 

which probably diffuse into the lens to increase the rate at which protein diffuse out by 

causing desorption of the adsorbed protein. The impact of cleaning agents in lens care 

solutions on the protein desorption will be explored in future. The continuous buildup of 

protein in the lenses can potentially affect several properties of the lenses including ion 

and oxygen permeabilities, which in turn may affect the lens comfort and performance.  

5.3 Concluding Remarks 

Protein binding to hydrogels plays an important role in determining the suitability 

of such materials in several biomedical applications. In this paper, we have measured 

lysozyme uptake and release from p-HEMA gels of various thicknesses to understand, 

quantify, and model the transport of lysozyme in the hydrogel. Lysozyme diffuses into 

the gels through the water filled pores and binds to the p-HEMA polymer, with a high, 

concentration dependent partition coefficient. The adsorbed polymer desorbs even after 
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25 days of continuous adsorption suggesting that the adsorbed lysozyme is not 

aggregated or denatured irreversibly.  The uptake and release dynamics are diffusion 

controlled, even for very thin gels showing that the time scale for adsorption and 

desorption are rapid. Theoretical models do not yield accurate values of lysozyme 

diffusivity mainly because the mesh size of the gel is close to the size of the lysozyme.  

The results of this study can be applied to understand protein adsorption to contact 

lenses and to design optimum lens care solutions and protocols. For instance, the 

experimental results show that p-HEMA lenses with 5X (0.024 mol EGDMA / mol 

HEMA) crosslinking exhibits negligible protein uptake, but the zero frequency storage 

modulus of about 2 MPa is far too high for contact lens application.  Based on the 

combined criterion of minimizing protein uptake and optimum modulus, a 2.5X (0.012 

mol EGDMA / mol HEMA) crosslinking would seem to be optimal for fabricating p-

HEMA contact lenses.  Also, applying the transport model to a cycle of wear and 

cleaning shows that there could be continuous accumulation of protein in the lenses 

even if the lenses are soaked overnight for cleaning. 
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Figure 5-1.  Profiles of lysozyme uptake for gels of three different thicknesses at an 
initial lysozyme concentration of 0.2 mg/ml. A) On normal time scale. The 
gel thicknesses are indicated in the legend. Data are presented as mean ± 
S.D. with n = 3. B). Profiles for lysozyme uptake from 5-1A plotted on a 
scaled time axis. 
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Figure 5-2.  The profiles of lysozyme uptake in 18 µm gels for several concentrations of 
lysozyme-PBS solutions. The initial lysozyme concentrations are indicated 
in the legend. Data are represented as mean ± S.D. with n = 3. 
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Figure 5-3.  Concentration dependence of the partition coefficient for a lysozyme/p-
HEMA hydrogel system. Data are represented as mean ± S.D. with n = 3. 
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Figure 5-4.  Effect of crosslinking on lysozyme uptake in 18 µm (200 µm for 0X) gels for 
an initial lysozyme concentration of 0.5 mg/ml. The degree of crosslinking is 
indicated in the legend. Data are represented as mean ± S.D. with n = 3. 
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Figure 5-5.  Dependence of storage modulus on applied frequency for various 
crosslinked p-HEMA gels. 
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Figure 5-6.  Effect of crosslinker concentration on storage modulus 
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Figure 5-7.  (A). Mesh size of hydrogel larger than solute size (B). Mesh of hydrogel 
similar to solute size 
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Figure 5-8.  Modeling of lysozyme diffusion in 200 μm gels for 0X gel. The model and 
experimental data are represented by a solid line and points, respectively. 
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Figure 5-9.  Modeling of lysozyme diffusion in 18 μm gels for various lysozyme 
concentrations for 1X gels. The initial lysozyme concentrations are listed in 
the legend. The model and experimental data are represented by a solid 
line and points, respectively.  
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Figure 5-10.  Modeling of lysozyme diffusion in 1X gels of various thicknesses at an 
initial lysozyme concentration of 0.2 mg/ml. The thicknesses are listed in 
the legend. The model and experimental data are represented by a solid 
line and points, respectively. Lysozyme concentration has been scaled 
with initial lysozyme concentration to negate the effect of minor differences 
in initial concentration. 
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Figure 5-11.  Profiles for lysozyme release from 18 µm gels into PBS solutions. The 
initial lysozyme concentrations for lysozyme uptake are indicated in the 
legend. The model and experimental data are represented by a solid line 
and points, respectively. Data are represented as mean ± S.D. with n = 3. 
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Figure 5-12.  Profiles for lysozyme release from 18 µm gels into PBS solutions for 
varying uptake times at an initial lysozyme uptake concentration of 0.55 
mg/ml. The model and experimental data are represented by a solid line 
and points, respectively. Data are represented as mean ± S.D. with n = 3. 
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Figure 5-13.  Predicted profile for lysozyme concentration in a lens with regular wear 
and cleaning pattern. 
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Table 5-1.  The effect of increased crosslinking on the partition coefficient 

Crosslinking Partition coefficient 

0X 60.7 ± 2.4 

1X 60.2 ± 9.5 

5X 10.2 ± 0.8 

15X 3.0 ± 0.9 
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Table 5-2.  Equilibrium aqueous content (EAC), storage modulus (G’) and predicted 
values of p-HEMA hydrogel mesh sizes (ξ) as a function of crosslinker 
concentration. 

Crosslinking EAC (%) G’ (ω = 0) (MPa) ξ (Å) 

0X 34.96 ± 0.28 0.38 46.1 

0.5X 34.70 ± 0.22 0.47 41.4 

1X 33.98 ± 0.30 0.53 38.9 

2.5X 32.36 ± 0.08 0.91 29.8 

5X 30.83 ± 0.06 1.70 21.8 

7.5X 27.70 ± 0.11 3.32 15.6 

10X 26.01 ± 0.18 9.50 9.20 

15X 25.79 ± 0.38 42.4 4.36 
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Table 5-3.  Comparison between diffusivity predicted and that obtained from modeling 
experiments (m2/s) 

Crosslink D predicted Deff, measured  Deff, predicted  (= f*D predicted/K) 

0X 2.35 x 10-12 1.97 x 10-15 1.27 x 10-14 

1X 6.67 x 10-14 1.92 x 10-16 4.54 x 10-16 
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CHAPTER 6 
CONCLUSIONS 

After exhaustive experiments with surfactant and drug loaded p-HEMA gels, we 

can now create a picture of how they transport and how they interact. BAC and CAC 

can be loaded in p-HEMA gels by either soaking in surfactant solution in water or PBS 

or by directly incorporating it in HEMA monomer mixture prior to polymerization. 

Loading surfactant by soaking in solution is useful to integrate in current manufacturing 

techniques as it needs just one additional step. Direct addition prior to polymerization is 

useful as it saves processing time.  

The transport of BAC and CAC was diffusion controlled. When loaded by water, 

the loading reached a maximum or a saturation point when the equilibrium 

concentration of the solution exceeded CMC. It was hypothesized that the gel in is 

equilibrium with the free surfactant concentration alone. The partition coefficients while 

loading from solutions in PBS were significantly higher than while loading from water. In 

fact, CAC did not elute out of the gels up to a loading of 25%. This could be due to 

larger Debye length in water compared to PBS. The larger repulsion will reduce the 

packing of the adsorbed surfactant. Thus, the surfactant – gel structure would like be 

that CAC was simply adsorbed on the p-HEMA chains creating a charged surface. 

This property was utilized to create a contact lens capable of ocular drug 

delivery. CAC loaded gels had the capability of loading very high quantities of an 

anionic drug DXP along with imparting extended drug release characteristics. The 

modified gels were transparent, had good surface wettability and presence of surfactant 

reduced protein binding significantly. The partition coefficient of the drug increased 

exponentially with surfactant loading in the gel in at least qualitative agreement with the 
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Debye-Hückel theory. The drug adsorbed on the surfactant covered polymer, and could 

also diffuse along the surface with diffusivity lower than that for the free drug, leading to 

a reduction in the effective diffusivity, which is the weighted combination of the free and 

surface diffusivities. Drug transport was diffusion controlled even for very thin gels which 

implied that the rate of adsorption – desorption of the drug was rapid. A Fickian diffusion 

model was constructed to obtain drug diffusivities. Drug release tests were carried out 

and the model predictions had good agreement with the release dynamics. The concept 

was tried in commercial contact lenses as well. CAC loaded 1-Day Acuvue lenses 

extended the drug release durations to about 50 hrs from less than 2 hrs without any 

surfactant. 

Another important application of such a surfactant loaded lens is to improve the 

surface wettability. However, the surfactant can release out leading to potential toxicity 

issues. Thus, 3 types of polymerizable surfactants were incorporated in the gel by 

addition prior to polymerization. All surfactants were incorporated into the gel structure. 

The reacted fraction varied from about 30-60% of the loaded surfactant. Incorporation of 

both surfactants significantly reduced contact angle from 900 for p-HEMA gels to about 

100 for 10% surfactant loading (w/w) in hydrated gel. The coefficient of friction also 

decreased with surfactant addition from a value of about 0.2 for HEMA gels to 0.05 for 

the gels with the 10% surfactant loading. The gels were clear and certain compositions 

also have the capability to block UVC and UVB radiation. The water content increased 

and the modulus decreased, but these effects were not significant. Both N10 and N30 

Noigen surfactants decreased contact angle and friction coefficient, but the N10 

surfactant was more suitable because of its higher incorporation into the lens matrix. 
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The surfactant incorporation did not appear to significantly impact any other critical 

property and so its incorporation into the lenses could improve surface properties 

without any adverse effect on the bulk properties. Surfactant addition also led to an 

increase in water content which is beneficial for p-HEMA lens as it can improve oxygen 

and ion transport. Based on this study it was concluded that a p-HEMA contact lens with 

30% of the N10 surfactant in the formulation is an excellent candidate for further in vitro 

characterization and in vivo comfort studies. 

In order for any lens to function in the actual environment, it is necessary to 

understand its interaction with tear proteins. The results of such a study could assist in 

the development of contact lens materials that exhibit minimal protein binding, in 

designing cleaning regimens for protein removal from contact lenses, and in 

applications related to protein binding in several other biomaterials. The tear protein 

lysozyme diffused in p-HEMA hydrogels. Lysozyme uptake experiments with gels of 

different thicknesses showed a time scale increase as the square of the thickness 

suggesting diffusion controlled transport. Partition coefficient was found to be 

dependent on the equilibrium concentration of lysozyme, and also on the degree of 

crosslinking. Since transport is related to mesh size, gel modulus was obtained for 

various crosslinkings and utilized to estimate the mesh size. The transport data were 

fitted to a diffusion model and the fitted diffusivity was compared to diffusivity predicted 

from a model based on hydrogel mesh size. Both protein absorption and desorption 

data fitted the diffusion model with the same value of diffusivity, but the experimentally 

measured diffusivities were significantly smaller than those estimated on the basis of 

the gel mesh size. Models were modified to take into account protein binding to the 
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polymer but the modified predictions were still larger than the measured values. The 

adsorbed polymer desorbs even after 25 days of continuous adsorption suggesting that 

the adsorbed lysozyme is not aggregated or denatured irreversibly. The experimental 

results showed that p-HEMA lenses with 5X (0.024 mol EGDMA / mol HEMA) 

crosslinking exhibits negligible protein uptake, but the zero frequency storage modulus 

of about 2 MPa is far too high for contact lens application.  Based on the combined 

criterion of minimizing protein uptake and optimum modulus, a 2.5X (0.012 mol EGDMA 

/ mol HEMA) crosslinking would seem to be optimal for fabricating p-HEMA contact 

lenses. Also, applying the transport model to a cycle of wear and cleaning showed that 

there could be continuous accumulation of protein in the lenses even if the lenses are 

soaked overnight for cleaning. 
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CHAPTER 7 
FUTURE WORK 

Understanding transport properties of hydrogels is important to utilize them for 

drug delivery and other biomedical applications. The following are the areas in which 

the studied above can be pursed 

7.1 Ocular Drug Delivery by Silicone Lenses 

Among the two types of contact lens materials (p-HEMA based and silicone 

based), silicone lenses have gained popularity in the recent years [123]. Since silicone 

lenses are preferred for extended wear, any extended drug delivery lens should ideally 

be silicone based. Preliminary experiments with commercial silicone contact lenses 

show that CAC can be loaded the same way as p-HEMA gels. DXP release could be 

extended from less than 1 hr to almost 15 hrs which is a significant improvement. 

However, for a truly extended release, the lenses should release drug from at least 1-2 

days or more which was the case for p-HEMA lenses (Fig 7-1).It is necessary to 

understand the differences in the microstructure of the surfactant in silicone lenses and 

p-HEMA lenses conducting these tests on lab-made silicone gels with varying 

thicknesses and compositions. 

7.2 Hydrophobic Drug Delivery by CAC Loaded Lenses 

In this case, only a hydrophilic drug was tested. Thus, the next step is to explore 

the possibility of utilizing the same CAC-p-HEMA gel system to deliver hydrophobic 

drugs as well. Formation of surfactant aggregates may be extremely useful for 

hydrophobic drug delivery. However, one can hypothesize that in a simple p-HEMA gel, 

the hydrophobic drug transports chiefly by diffusion along the polymer chains. Presence 

of moieties or obstructions like a long chain surfactant stuck on these polymer chains 
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can create blocks for drug transport thus potentially retarding drug release. An important 

application of such an experiment would be to explore multi-drug delivery where the 

drugs have different characteristics in terms of hydrophobicity. 

Another area of exploration is delivery of cationic drugs with anionic surfactant 

loaded lens.  

7.3 Drug Delivery by Combination Lenses 

It is possible that the hydrophobic drug release behavior may not be easily 

controlled by ionic surfactant loaded lenses. However, there are other barrier based 

techniques like addition of Vitamin E [50,51], addition of nanoparticles [41], addition of 

non-ionic surfactant (Brij) aggregates [37,38] etc. It may be possible to combine the 

effect of these nanobarriers with that of ionic surfactants to create lenses capable of 

sustaining drug release for very long periods of time (1-3 months). 

7.4 Polymerizable Surfactants in Silicone Lenses 

Since silicone lenses are more popular due to their high oxygen transport, it is 

logical to try and add pzsurfs to them. Silicone lenses have usually 3-5 different 

monomers and addition of pzsurfs would require a careful understanding of reaction 

kinetics of the various monomers. 

7.5 Macroporous P-HEMA Hydrogels 

Macroporous biocompatible gels like those made from HEMA find several 

applications such as substrates for enzymes, cellular and tissue engineering [124-126]. 

They also find application in large molecule delivery for e.g. delivery of proteins [127]. It 

is not possible to create these macroporous gels simply by adding more diluent 

(i.e.water). A water content beyond a critical value in the polymerization mixture leads to 

either creation of mechanically weak gels or leads to phase separation and the final 
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product is a thick p-HEMA layer. Other methods to create these gels is by addition of 

particulate porogens [128] or by addition of inert diluents [129]. Here, either sufficient 

quantity of porogen material is required and the inert diluents are organic in nature and 

their extraction can be problematic. However, by addition of surfactants (non-

polymerizable and polymerizable), it may be possible to create these macroporous gels 

without utilizing excess surfactants. The phase separation can be enhanced by addition 

of NaCl [126]. 

Preliminary experiments with such a system led to creation of macroprous gels 

with water contents ranging from 62% to 83%. The methodology was as follows: 

Monomer mixture containing HEMA, salt solution, surfactant, thermal initiator 

azobisisobutyronitrile (AIBN) and small quantities of ethanol (for complete dissolution of 

components which checked by making sure that the solution was clear) was mixed 

thoroughly. The solution was placed in a vial with constant stirring and placed in a 

heated water bath at a specified temperature. The solution was removed a few minutes 

after the formation of the gel. Unreacted components were extracted in boiling the gel in 

water. Two types of surfactant were used namely the polymerizable surfactants (Noigen 

RN-30 and Hitnol BC-30) and Pluronic® F-127 which is a biocompatible surfactant 

frequently used in cosmetic applications.  

For a fixed water volume (4 ml), there are several variables on which the 

properties of the gel depend including amount of HEMA, type of surfactant, amount of 

surfactant, amount of initiator, amount of ethanol, temperature of water bath, salt 

concentration and speed of rotation. There is also the possibility of addition of EGDMA 
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for added mechanical strength. Detailed experimentation is required to understand the 

effect of different variables or properties such as water content.  



 

148 

 

Figure 7-1.  Comaprision of DXP release from CAC loaded commercial p-HEMA and 
silicone lenses 
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