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Stellingen 

Behorend bij het proefschrift "Analysis of bacterial transmission in contact lens wear and care" 
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2 April 2012 

1. Microbial keratitis can be regarded as a transmission phenomenon of pathogenic organisms from 

a contact lens case to the contact lens to the cornea. {this thesis). 

2. Whether or not bacterial transmission from one surface to another occurs, depends on the 

balance between bacterial adhesion-forces of the donating and receiving surface. {this thesis). 

3. Probabilities of bacterial transmission from contaminated lens cases to corneas can be derived 

from Weibull-analyses of bacterial adhesion forces to the various surfaces. {this thesis). 

4. More favorable thermodynamic conditions for bacterial transmission are accompanied by 

significantly higher transmission probabilities. {this thesis). 

5. Designing the desired properties of lens case surfaces is a trade-off between increased 

transmission or better cleanability of the lens case. {this thesis). 

6. When work is a pleasure, life is a joy! 

7. Nothing in life has to be feared, it only needs to be understood. 

8. Life is just a series of attempts to make up your mind. 

9. The international language of science is broken English. 

10. If you want something done well, you must do it yourself. 
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Chapter 1 

Abstract 

Although bacterial adhesion is most frequently studied, the real problem very often 
is bacterial transmission as occurring between surfaces in biomedical, domestic, or 
industrial environments. Bacterial transmission is initiated by detachment of 
bacteria from a donating surface followed by adhesion to a receiving surface. Here, 
mechanisms and factors influencing bacterial transmission are discussed. Better 
understanding of bacterial transmission will benefit the prevention of bacterial 
transmission and related risk management. 
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General introduction 

Introduction 

Bacterial transmission is a two-phase process, including detachment of bacteria 
from a donating surface followed by adhesion to a receiving surface, causing a 
variety of serious problems in biomedical, domestic or industrial environments. 1

-4 

Microbial keratitis, for instance, is a serious complication of bacterial transmission 
from contact lenses to the cornea and can lead to a serious impairment of vision 
affecting several millions of people world-wide.5 Nosocomial infections and food
born diseases are reported to be associated with cross contamination of bacterial 
pathogens in healthcare settings and at home, respectively.6· 7 Cholera, which is 
caused by transmission of Vibrio cholerae via contaminated food or water, 8 still 
presents challenges despite more than centuries of research. 

Recently, several mechanisms have been forwarded in the literature on the 
transmission. Better understanding of the process of bacterial transmission is 
required to develop appropriate preventive measures. This study is aimed to review 
problems that can be attributed to bacterial transmission and summarize 
mechanisms and factors which are influencing bacterial transmission. 

Bacterial Transmission Related Problems 

Bacterial Transmission in Biomedical Environments 

A typical example of bacterial transmission in a biomedical environment can be 
found in ophthalmology. Transmission of microorganisms from a contaminated lens 
case to a contact lens followed by transmission to the human cornea, can lead to 
microbial keratitis9

• 
10 (see Fig. 1 ). During daily wear of contact lenses, different 

microbial strains and species, such as the Gram-negative Pseudomonas 

aeruginosa and Serratia strains, as well as Gram-positive Staphylococcus aureus 

3 



Chapter 1 

and Staphylococcus epidermidis strains, can transmit either directly from contact 
lens or indirectly from contact lens case to the cornea, contributing to the 
development of keratitis.11 

.. .. 

Figure 1. A schematic drawing of bacterial transmission from a contaminated lens case to 

contact lens and finally to the cornea. 

Bacterial transmission is also common in dental settings. The microorganisms 
from the mouth or saliva of patients may transmit to the dental worker via gloves, 
masks, and protective eye wear.12 It is reported that the transmission of 
tuberculosis takes place during dental practices due to the fact that masks worn in 
dental offices were not adequate to prevent tuberculosis transmission. 13 Dental 
workers who are nasally colonized with S. aureus may transmit bacteria to patients 
via their hands if protection control was inadequate. 14 Other bacteria such as 
Streptococcus pneumoniae, Haemophilus influenzae, Neisseria meningitidis, 
Corynebacterium diphtheriae and Bordetella pertusis were also reported to be 
transmitted among dental workers and patients 12

. The contaminated white coats 
can also be as a source of bacteria which can cause transmission to dental 
equipments.15 

In hospitals, bacterial transmission frequently occurs among hands of staff 
members, medical equipments and patients. In intensive care units, urinary tract 
infection is the most common nosocomial infection predominantly due to the use of 
indwelling urinary catheters. One third of urinary tract infections are caused by 
4 



General introduction 

exogenous contamination of the urinary drainage system from cross-transmission 
of microorganisms from the hands of healthcare workers. 16 Bacterial transmission 
between patients with an indwelling urinary catheter were three times higher when 
nursed in the same room than when nursed in separate rooms. 17 Transmission of 
nosocomial pathogens through the hands of healthcare workers by physical 
contact is an important factor contributing to the spread of infectious organisms in 
hospitals, which is a high risk environment especially for immunocompromised 
patients or patients with medical devices. 18-20 Transmission of multi-resistant 
microorganisms can also occur during other medical work, such as transmission 
among patients through radiography machines during routine chest evaluation, 2 1  

and transmission between contaminated instruments of gastrointestinal endoscopy 
and bronchoscopes.22 

Bacterial transmission not only occurs to biomaterial surfaces, but also 
happens to and from other surfaces in the operating room.23 Computer equipment 
can work as fomites for bacterial transmission. In operating rooms, for instance, 
bacterial transmission occurs when anesthetists insert data into the computer while 
wearing wet dirty gloves contaminated by secretions or sticky substances after 
tracheal intubation, drug administration or extubation.24 During surgery of an 
orthopaedic or any other implant, bacteria can transmit from gloves, light handles, 
and surgical appliances, to the orthopaedic implant, leading to intraoperative 
contamination and subsequently infections related to the biomaterials implant23· 25 

can develop. It is believed that the most important reason for implant failure is 
contamination during surgery. These infections related to orthopaedic implants 
occur in 1-5% of the patients and are difficult to treat due to biofilm formation and 
antibiotic resistance, entailing a significant morbidity and high social cost every 
year.26

• 
27 The World Health Organization reported that on average 8.7% of patients 

in the hospital had nosocomial infections which are mainly caused by the 
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Chapter 1 

transmission of highly resistant bacteria. In the United States, approximately 2 
million nosocomial infections cost annually nearly $11 billion.27 

Bacterial Transmission in Domestic Environments 

All over the home environment, including food, drinking-water system, toys, 
phones, and even cleaning practices, surfaces can serve as a reservoir of 
microorganisms and fomites for bacterial transmission. Therefore, pathogens have 
multiple opportunities to transmit and spread among household members. 

Food products, for instance, can easily bring pathogens into the house which 
can cause food borne diseases. It was reported that 76 million cases of infectious 
intestinal diseases occur annually in the United State due to the transmission of 
pathogens by food.28 The microorganisms in foods, derived from raw materials, 
ingredients, cutting boards, or the work environment during food preparation, 
transmit to kitchen surfaces and to the inhabitants of the house.29

• 
30 Even cleaning 

tools, cleaning cloths and handling devices can be reservoirs of microorganisms 
causing contamination. 31 Other domestic environments could also work as sources 
of infections. A telephone receiver can serve as a intermediate for transmission 
bacterial pathogens.32 These pathogens transmit from contaminated hands and 
skin of the previous to the next user.33 Pathogens from fomites have the potential 
to contaminate other laundry in the washing machine, as well as the washing 
machine itself, which leads to contamination of subsequent loads of laundry and 
spread of infectious diseases in domestic settings.34 

Bacterial Transmission in Other Environments 

Bacterial transmission also occurs in other environments, including industry, 
agriculture, forest, and sea-water. In agriculture, seeds contaminated by plant-

6 
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pathogenic bacteria can transmit bacteria to non-contaminated plants.35 Seedlings 
from contaminated seeds were also suggested to be primary inoculum sources for 
seed-borne pathogenic bacteria. 36 Around forest fragments, zoonotic bacteria shed 
by animals can persist in seeds, water, manure or feed, and spread to humans or 
their livestock.37 General hand hygiene affects human-livestock bacterial 
transmission, as the hand can be contaminated via direct contact with animals or 
feces.38 In sea-water, bacteria shed by infected fish can survive for some time and 
infect other susceptible fish under appropriate conditions. 39 

Mechanism of Bacterial Transmission 

The first step in bacterial transmission is detachment of adhering bacteria from a 
donating surface, which can be either a passive process or an active one. Many 
natural processes can drag adhering bacteria to detach them passively from 
substratum surfaces. In the oral cavity, for instance, adhering bacteria can be 
detached from soft and hard surfaces due to eating, speaking, drinking, and 
swallowing in daily life.40 Blinking of the eye lid can also create a detachment force 
to the adhering bacteria on the eye or contact lens.41 Bacteria on rocks, ship hulls, 
and buildings can be detached by ocean waves and rains.42 During these 
detachment processes, on a micro-scale, a passing air-liquid interface displaces 
the adhering bacteria from the surfaces. The approach and interception of the air 
bubble with adhering bacteria causes deformation of the air-liquid interface and 
thinning of liquid film between a bacterium and the air bubble. Film rupture leads to 
the formation of a three-phase contact between an adhering bacterium, air, and 
liquid and finally the stabilization of the bacterium-bubble aggregate will cause 
detachment from the substratum surface.43

• 
44 The detachment of adhering bacteria 

was demonstrated to be more efficient when the air bubble velocity or bacterial size 
decreases, air-liquid interfacial tension increases or the substratum surface is more 

7 



Chapter 1 

hydrophobic and negatively charged.44 Besides passively detaching from surfaces, 
adhering bacteria can also actively detach from a surface or a mature biofilm.45

-
47 

Active detachment is a physiologically regulated event and the dispersing bacteria 
revert to planktonic cells that can relocate to other sites or receiving surfaces. 48 

The second step in bacterial transmission is adhesion of the detached bacteria 
to the receiving surface. Since most bacteria prefer to adhere on a surface in order 
to survive in a biofilm community rather than live in a planktonic phase, detached 
bacteria seek for surfaces to adhere to.49

' 
50 Bacterial adhesion to a receiving 

surface has been often studied and is well reviewed in several papers. 51
-
55 Briefly, 

the adhesion process is usually believed to include two stages, i.e. an initial 
reversible physico-chemical phase (stage one), followed by a time-dependent, 
irreversible molecular and cellular phase (stage two). In the first stage, bacteria 
move to the receiving surface due to physical forces, including Brownian motion, 
attractive Lifshitz-Van der Waals and gravitational forces. These physical 
interactions are further classified as long-range interactions, mutual forces (non
specific, distances >50 nm). In the second stage, short-range interactions (<5 nm) 
such as chemical bonds, electrostatic and hydrophobic interactions become 
important. These short-range interactions are mostly molecularly-specific 
interactions between bacterial surface structures and substratum surfaces, 
including capsules, fimbriae, pili and slime. The selective-bridging function between 
these bacterial structures and substratum surfaces make adhesion firmer and 
irreversible. 

The probability of bacterial transmission to occur depends on the balance 
between the detachment force exerted by the donating surface and attractive force 
arising from the receiving surface. 9 A strong adhesion force implies that 
detachment and subsequent transmission to another surface is difficult, depending 
on the forces exerted by the receiving surface. 

Bacterial transmission can also be analyzed according to similar surface 
thermodynamic principles as microbial adhesion to surfaces. 56 The difference in 
8 
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interfacial free energies of adhesion of bacteria between the donating and 
receiving surface represents the interfacial free energy of transmission. Bacterial 
transmission will be thermodynamically favorable if the interfacial free energy of 
transmission is negative.9 

Factors which Influence Bacterial Transmission 

The multifactorial process of bacterial transmission requires three elements, 
including a source of infecting bacteria, a susceptible host, and a mode of 
transmission. The process is influenced by the bacterial strain, 57

' 
58 properties of 

both the donating and the receiving surfaces, 23
• 

59 environmental conditions of 
fomites like contact time, moisture level of the inoculum,24

' 
59 and the application of 

friction60 (see Fig. 2). 

Receiving surface 

Environmental 
Factors 

Intrinsic Factors 

moisture, conditioning films, 
contact time, friction 

Donating surface 
Figure 2. Properties of bacteria/surfaces, and environmental factors influencing 

bacterial transmission between donating and receiving surfaces. 

Bacterial Strains 

Physicochemical properties of the bacterial cell surface play a dominating role in 
bacterial transmission. It is generally accepted that hydrophobic bacteria prefer to 
adhere to hydrophobic surfaces, while hydrophilic ones prefer hydrophilic 
surfaces.61

• 
62 Knobben et al. found that transmission of hydrophilic S. aureus and 

Propionibacterium acnes to a hydrophilic stainless steel surface was very easily 
9 
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and these bacteria stick very strongly to stainless steel and can hardly be 
transmitted to other hydrophobic materials, like gloves and operating theater 
gowns.23 In a study by Rusin et al., transmission of Gram-positive bacteria 
(Micrococcus luteus) was easier from environmental fomites, like from 
contaminated dishcloth, carrot, phone receivers to hands than Gram-negative 
bacteria ( Serratia rubidea), probably due to difference in survival and growth 
rates58 of the strains in the environmental fomite. Transmission of microorganisms 
is also influenced by the shape and inoculum size. Caecal cells detach more 
readily upon the passage of an air-liquid interface than rod-shaped organisms,57 

the smaller contact area of cocci making them in general more easy to detach than 
the rod shaped bacteria with larger contact areas. 63 Fomite inoculum size has a 
negative influence for bacterial transmission probabilities. Bacterial transmission 
probabilities were lower when inoculum size on the source was higher,60 because 
the number of bacteria transmitted to the receiving surface remains approximately 
constant. A reason for this could be that a higher inoculum size can improve the 
attachment to the donor surface, as for example a higher inoculum size of 
Escherichia coli 0157:H? gave a better attachment to lettuce leaves.64 

Substratum Surfaces 

Physicochemical properties of the interacting surfaces are generally considered to 
be important factors in bacterial transmission. First, the hydrophobicity and 
roughness of interacting surfaces are generally considered as important factors in 
bacterial transmission. Bacterial transmission from hydrophilic and rough surfaces 
was found lower than from hydrophobic and smooth surfaces. A hydrophobic 
surface reduces the ability of hydrophilic bacteria to adhere closely to the surface,59 

which makes that hydrophilic bacteria adhere weakly to a hydrophobic surface and 
are easily detached,65 leading to a higher bacterial transmission. However, 
hydrophobic bacteria adhere more strongly to hydrophobic surfaces than 
10 
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hydrophilic ones, leading to less transmission.66 Studies demonstrated that the 
hydrophobicity of both donating and receiving surfaces contribute to bacterial 
transmission, although the donating surfaces extent more significant affection on 
bacterial transmission than the receiving surfaces.23 With regard to the effect of 
surface roughness, a smooth surface supports more contact area between 
receiving and donating surfaces, and therewith creates a higher transmission. 23 A 
porous surface offers many opportunities for bacteria for strong adhesion and 
shelter in niches, resulting in a lower transmission. 67 Bacterial transmission 
between porous and other surfaces is controlled by the contact time. 68 

Second, moisture of both the donating and receiving surfaces is a critical factor 
in bacterial transmission. Moisture leads to a looser adhesion of bacteria on a 
surface due to attenuation of attractive Lifshitz-Van der Waals forces, and 
consequently, a higher bacterial transmission probability. 59

• 
69 The highest 

transmission was obtained when a moistened surface was brought into contact 
with a re-moistened surface compared to when two dry surfaces were in contact 
with each other. Hand drying reduces the numbers of microorganisms transmitted 
to test materials compared to wet hands.70 Wet contaminated gloves were also 
found to transmit bacteria more readily than dry contaminated gloves.24 

Third, the composition of the donating and receiving materials also contributes 
to the probability of bacterial transmission. Food composition related to the 
transmission probabilities was reported by Dawson et al., in which bacterial 
transmission from tile to bologna was reported to be much higher than those from 
carpet and wood.71 Moore et al. reported that Salmonella typhimurium transmission 
from stainless steel or formica surfaces were significantly higher than that from 
polypropylene or wooden surfaces.72 The wooden surface is porous, which allows 
bacteria to seek shelter inside. Some studies found that gloves had a higher risk of 
bacterial contamination than bare hands of health care workers, and more 
Enterococci or E. coli were found on gloves than on bare hands after contact with 
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patients or the environment.73
· 

74 Among different contact lenses, hyper-oxygen
transmissible lenses appear to collect less bacteria during wearing than other 
silicone hydrogel lenses.75 Bacterial transmission from polycotton (50% cotton + 
50% polyester) was higher compared to all-cotton material, due to the higher 
hydrophobicity of polyester in polycotton.59 

Environmental Conditions of Fomites 

Several environmental factors affect bacterial transmission, including contact time, 
moisture, application of friction or pressure, and exposure to antibiotics. Some 
studies reported differences in bacterial transmission as a result of the bacterial 
residence time and surface contact time. The probability of bacterial transmission 
to food decreased when the contact time to the contaminated surface was 
shorter.7 1

' 
76 There is a common phrase of 'five second rule' for food cleanliness, 77 

which means that if dropped food is picked up from an unsanitary surface within 
five seconds, the food is not contaminated. In an aqueous environment, and only 
when bacteria and interfacial contact time is long enough, the viscous drag force as 
a result of the balance between surface tension force and bacterial adhesion force, 
determines whether or not the detachment will occur. 57 

Application of friction and pressure are also common factors which will have an 
impact on the transmission rate of pathogens from a contaminated surface to a 
receiving surface. Friction is often applied during contact and increases 
transmission probabilities by two to five fold from contaminated fabric to other 
fabric or hands.59 Bacterial transmission from one operating room material to 
another was also increased when additional friction was applied.23 Pressure also 
causes increased bacterial transmission. 78 Pressure and friction are causing a 
larger contact area on a shorter distance and more contact points between the two 
surfaces which is possibly the reason for higher transmission. 

12 
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A recent study described that conditioning films, like the adsorbed saliva 
components and plasma proteins have effects on bacterial detachment and 
adhesion after passage of an air-liquid interface.79 Bacterial detachment from a 
surface with a conditioning film was higher than from a bare surface, 80 and the 
adsorbed components made the receiving surface more hydrophobic and more 
attractive for bacteria.81 In contrast, in Moore's study the presence of proteins and 
longer contact times enhanced bacterial transmission probabilities to different 
surface types.72 Additionally, presence of antibiotics or disinfectant can also 
prevent bacterial transmission of live bacteria. Dipping gloves in chlorhexidine or 
alcohol solutions can kill bacteria present and thus prevent transmission of live 
bacteria.23

• 
24 Similarly, application of lens care solution was also shown to 

decrease transmission of live bacteria from the contaminated lens storage cases to 
the contact lens.82 

Methods Used for Studying Bacterial Transmission 

Studies on bacterial transmission are usually carried out in a laboratory under 
controlled conditions (such as moisture, friction, contact time, etc. ) in contrast to 
the environment in which these conditions are not controlled. 

The most popular methods used for quantification of bacterial transmission 
between contacting surfaces are the agar stamp and swabbing methods. 83 The 
agar stamp method directly presses an agar onto the contaminated surface, but is 
only suitable for flat and smooth surfaces with a relative low contamination. 84• 85 

The swabbing method uses a a cotton swab stroking the surface, then dipping it in 
a sterile extraction solution (0 .9% saline solution; phosphate buffer solution or 
reduced transport fluid ) and subsequently vortexing in order to release the bacteria 
from the cotton swab into the extracting solution. This extracting solution can be 
diluted and plated on agar plates for bacterial counting. 24• 82• 86 Both methods have 
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the disadvantage that they only count live bacteria and are difficult to perform on 
rough surfaces. 

Sonication and vortexing bacteria from small contaminated samples, and then 
staining with a fluorescent stain or stain bacteria directly on the surface (dependent 
on the material and shape of the surface), are also frequently used to enumerate 
bacteria on two surfaces involved in transmission with a more repeatable and 
accurate transmission rate.23

' 
87' 88 Real-time PCR was introduced to detect and 

quantify bacteria on contaminated surfaces, which was shown to be more sensitive 
and rapid than standard culture method with a single enrichment medium, 89 

especially when the bacteria are in a low density on the surface. 
Quantitative protocols were designed to assess bacterial transmission under 

standardized pressure or friction during contact. Lingaas et al. compared 
transmission of E. coli from an artificial, contaminated hand to sterile latex gloves 
after standardized handshakes, followed by calculating colony-forming units formed 
on agar plates from samples. 1 8 Bacterial transfer from moist or dry fabrics to 
fingerpads or other fabric was assessed using direct contact methods with or 
without friction. After transmission, the percentages of transmission were 
calculated by eluting recipient fingerpads or fabrics and spreading elutes on agar 
plates.59 The drawbacks should be taken into account, as different pressures might 
be applied among individual operators90 and the fact that only live bacteria were 
counted. 

Prevention and Treatment of Bacterial Transmission 

In order to prevent the spread of infection it is necessary to eliminate at least one 
of the three elements involved in transmission, i .e. bacteria, surfaces, or 
intermediates. Therefore knowledge of the source of the pathogens and the route 
of infection is important for planning prevention strategies. 91 Contaminated 
environmental surfaces that commonly touch each other could be sources for 
14 
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cross-contamination. Investigation of environmental contamination and effective 
cleaning treatment are required. In healthcare settings, effective cleaning combined 
with the development of appropriate disinfectants has been demonstrated to be 
important measures to eliminate pathogens from surfaces and control bacterial 
transmission. Grapefruit extract-containing wipes and alcohol impregnated wipes 
can remove significantly more bacteria from contaminated surfaces and prevent 
living bacterial transmission due to mechanical removal and bacteriostatic or 
bactericidal effects of grapefruit extract and alcohol. 92

' 
93 Hydrogen peroxide vapor 

was effective to decontaminate complex furniture and equipment, which is difficult 
to clean manually. 94 During food preparation, the food contact surface needs to be 
"easy to clean", which will make it less likely to release contaminating pathogens 
during food preparation practices. Small plastic boards can be cleaned in a 
dishwasher, the small wooden board can be sterilized in a microwave oven. 
However, some epidemiological studies showed that cutting board cleaning habits 
have little influence on bacterial transmission during food preparation. 95 

Furthermore, in order to prevent bacterial contamination, a variety of 
antimicrobial coatings or impregnations are currently investigated. The application 
of polymer-brush coated materials as a receiving surface can prevent materials 
from becoming contaminated.96-98 These polymer coatings decrease the 
hydrophobicity and roughness of the receiving surface, leading to a lower adhesion 
strength between an adhering bacterium and the receiving surface, which reduces 
transmission.99 Silver ions are included to healthcare products, such as silver 
dressings in wound care and Foley catheters, because of their antimicrobial 
activity. 100

· 
101 Both clinical and laboratory evaluations have shown that silver

impregnated lens cases had a statistically significantly lower degree of bacterial 
contamination than control lens cases. 102 Other agents, such as titanium and 
copper, are applied for disinfection of surfaces and production of self-cleaning 
surfaces. 103

· 
104 They are nowadays popular in water distribution systems, 
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healthcare environments, food industry and air filtering due to their antibacterial 
properties. Antimicrobial coatings of biomaterial surfaces have shown good results 
against microbial colonization, especially when the right antibiotics are chosen with 
respect to the bacterial strain involved. 

Moreover, interrupting the intermediate in the pathway of bacterial transmission 
is also highly efficient in order to prevent the bacterial transmission. Using sterile 
barriers, such as sterile gloves, masks and careful hand washing led to a four-fold 
decrease in the rate of bacteremia related to the insertion of catheters. 105 As most 
contaminated surfaces can be touched by hands and transmit bacteria to the 
subsequent surfaces, hand hygiene is a vital intervention to prevent transmission of 
organisms. The use of dry gloves is recommended to prevent bacterial 
transmission from contaminated foods, body fluids and infectious equipments. 24 

During the storage of contact lenses, the use of a contact lens care solution 
decreases bacterial transmission from the lens case to the contact lens. 82 

Conclusions 

Understanding bacterial transmission will provide important guidelines for good 
hygiene practices at home, in hospitals and other environments. Physico-chemical 
properties of the donating and the receiving surfaces, environmental conditions like 
moisture, friction and contact time have been identified as factors that have an 
influence on bacterial transmission probabilities. Yet, to date only few studies have 
focused on the mechanisms of bacterial transmission. Better models capable of 
predicting bacterial transmission in relation to these factors are urgently required. 
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Aim of this Thesis 

The aim of this thesis was to develop a method to predict bacterial transmission 
probabilities based on adhesion force comparisons and to investigate the surface 
thermodynamic basis for bacterial transmission. The predicted transmission 
probabilities will be compared with actual transmission experiments. 

In this thesis, bacterial transmission from bacterially contaminated contact lens 
cases to a contact lens and cornea in contact lens-related microbial keratitis was 
used as a model. In addition, preventive measures for the development of contact 
lens-related microbial keratitis are analyzed from the transmission perspective, 
including the influence of Ag-coatings and an anti-adhesive VitroStealth® coating 
on contact lens cases. 

1 7  
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Chapter2 

Abstract 

Microbial keratitis can be regarded as a transmission phenomenon of pathogenic 
organisms from lens case (LC) to contact lens (CL) surfaces to cornea. Whether or 
not bacterial transmission from a contaminated surface occurs, depends on the 
balance between bacterial adhesion forces to the donating and the receiving 
surface. In this study, adhesion-forces between S. aureus 835 probes with rigid 
and soft CLs, storage cases and porcine corneas were measured using atomic
force-microscopy (AFM). After bond-strengthening, S. aureus adhered to the 
surface of a lens case with a median force of -10.8 nN. Adhesion-forces were 
different to soft and rigid CLs (-7.7 and -13.6 nN, respectively). Adhesion-forces to 
porcine corneas amounted -11.8 nN. Data variations were employed to calculate 
their Weibull-distribution, from which the transmission-probability from the lens 
case to a CL and from CL to the cornea can be directly read. Final transmission
probabilities from lens case to the cornea were slightly higher for a rigid (24%) than 
for a soft (19%) CL. Bacterial transmission determined experimentally increased 
with increasing contact times, but were within the range of the probabilities derived 
from Weibull-analyses. Therewith, bacterial transmission-probabilities from 
contaminated LC to corneas can be derived from Weibull-analyses of measured 
adhesion-forces to the surfaces involved. 
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Introduction 

Wearing contact lenses (CL) is one of the important risk factors for developing 
microbial keratitis, besides ocular trauma, ocular surgery and ocular surface 
disease and can lead to impairment of vision. 1-3 Moreover, the wear of CLs may 
impair the immune-response of the cornea by distorting its epithelial-barrier 
function, contributing to the development of keratitis.4 The incidence of microbial 
keratitis is only 0.02% to 0.5%,5· 6 but considering that 80 to 90 million people 
worldwide are wearing CLs for the correction of refractive errors,7 it poses a major 
health threat. The most popular CLs are soft, silicone-hydrogel (S-H) and rigid gas 
permeable (RGP) lenses due to their high oxygen-permeability. 8 The annual 
incidence of microbial keratitis in soft CL wearers is 5.5 per 10,000, while 1.2 per 
10,000 wearers of RGP CL develop microbial keratitis.9 Different microbial strains 
and species have been isolated from microbial keratitis, from which approximately 
two thirds are Gram-negative species, notably Pseudomonas aeruginosa but also 
Serratia species, while one third involves Gram-positive cocci, including 
Staphylococcus aureus and Staphylococcus epidermidis strains. 10 

Bacterial adhesion to CLs is one of the crucial steps in microbial keratitis. 
Bacterial adhesion is initially reversible, but becomes irreversible within several 
tens of seconds due to interfacial re-arrangements between the bacterium and the 
substratum surface, a process generally referred to as bond-strengthening. When a 
contaminated CL is placed on the eye, bacteria can detach and adhere to the 
cornea. 11

• 
12 CLs themselves can become contaminated during insertion, but also 

bacterial detachment from contaminated lens cases followed by subsequent 
adhesion to a CL can lead to bacterial contamination of a CL and therefore the 
cornea. 1 3  The development of microbial keratitis is thus initiated by transmission of 
organisms from lens case to CL to cornea, although actual occurrence of keratitis 
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also depends on the virulence of the bacteria involved and the inflammatory and 
immune responses from the host. 14 Whether transmission from one surface to 
another occurs depends on the balance between the force of bacterial adhesion to 
one surface and the detachment forces exerted by the opposing surface. A strong 
adhesion forces implies that detachment and subsequent transmission to another 
surface is difficult, depending on the forces exerted by the receiving surface. 

The forces of bacterial adhesion to surfaces involved in the development of 
microbial keratitis have never been measured and compared for their possibility 
that they will be transmitted to the cornea, although the force of bacterial adhesion 
to surfaces can be directly measured by atomic force microscopy (AFM). 15• 16 In 
bacterial adhesion force measurements with AFM, a bacterium is attached to a 
cantilever with known spring constant and brought in contact with a substratum 
surface. On retraction of the bacterium away from the substratum, the bending of 
the cantilever due to the adhesion force between the bacterium and substratum is 
measured and used to calculate the exact force value. Statistically-significant 
conclusions from adhesion forces obtained by AFM are difficult to draw, 
unfortunately because of a large data spread arising from differences between 
individual bacteria, or heterogeneities on a substratum or bacterial cell surface. 
Weibull-analysis, common in macroscopic bond-strength analyses, 17 takes 
advantage of this spread to derive a Weibull distribution, yielding the probability 
that occurrence a force level will be reached and the dependability of the data set. 
Recently, it has been shown that Weibull analysis is equally applicable to 
nanoscopic bacterial adhesion-forces obtained using AFM as to macroscopic bond
strength analysis. 1 8  

The propose of  this study was to determine the Weibull distributions for 
bacterial adhesion forces of a S. aureus strain on CL cases, both soft and rigid CLs 
and corneal surfaces using AFM. Subsequently, the Weibull distributions are 
employed to calculate the transmission probabilities between case and CL, CL and 
cornea and the final transmission-probability from case via CL to cornea. The 
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probabilities of bacterial transmission determined by force analyses were 
compared with experimentally obtained transmission data. 

Materials and Methods 

Bacterial Cultures 

S. aureus 835, a hydrophilic staphylococcal strain, was obtained from the 
Department of Medical Microbiology, University Medical Center Groningen, The 
Netherlands. From a frozen stock, bacteria were precultured for 24 hours at 37°C 
in 1 O ml tryptone soya broth (TSB; Oxoid, Basingstoke, UK). The preculture was 
used to inoculate a second culture for 18 h at 37°C. S. aureus 835 was harvested 
by centrifugation, 5 minutes at 5000g. The bacteria were washed twice and re
suspended in demineralized water. For transmission experiments, the bacteria 
were suspended to a density of 3x 104 cells/ml in 0.9% NaCl supplemented with 
2% (w/v) TSB to stimulate metabolic activity and adhesion but prevent growth. 

Contact Lenses and Storage Cases 

The soft CL included in this study was made of lotrafilcon A, containing 24% water 
(Focus-Night-and-Day, Ciba Vision, Duluth, GA) and belonging to FDA class I. The 
RGP CL used was made of enflufocon A (Boston-ES, fluorsilicone acrylate, 
Polymer Technology Corporation, USA). A standard polypropylene screw-top 
contact lens case was used. 

The RGP lenses and the lens cases were used several times and cleaned in 
between the different measurements by sonication in an ultrasonic bath 
(Transsonic TP 690, Elma, Germany) for 5 min in 0.9% NaCl, thoroughly rinsed 
with demineralized water, and sonicated for 5 min in demineralized water before 
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use. The soft contact lenses were always used new and obtained sterile and 
dipped five times in NaCl before use. For AFM, the bottom of a lens case was cut 
out, as otherwise the shape of a case impeded measurements. All Cls, with their 
convex sides up, as well as the bottoms of the storage cases, were fixed to a glass 
plate with double-sided sticky tape. Samples were surrounded by a ring of wax to 
keep a drop of 0.9% NaCl between the sample and the AFM cantilever. 

Corneas 

Porcine eyes were acquired from pigs (Kroon BV, Groningen, The Netherlands) 
recently killed for commercial use, not for use in the study. The eyes were 
transported to the laboratory within 1 h after slaughtering, and on arrival, were 
immediately rinsed for 5 min with 200 ml demineralized water, washed in sterile 
0.9% NaCl supplemented with Penicillin (200 U/m l) and streptomycin (200 µg/m l) 
for 5 min, and then thoroughly washed five times in 200 ml sterile 0.9% NaCl on a 
shaking table, to reduce the amount of bacteria on the cornea to an undetectable 
level, when examined with bacterial counting plates (Petrifilm Aerobic Count plates, 
3M Microbiology, St. Paul, MN, USA). 

Corneas were dissected from the intact eyes with a sterile knife immediately 
after rinsing, fixed on wax with nails to prevent wrinkling, and then fixed to a glass 
plate for AFM, similar to the lens case bottoms and the Cls. AFM measurements 
on corneas thus prepared started within 2 hours after slaughtering and were made 
on their convex sides. 

AFM Adhesion-Force Measurements 

Bacteria from suspension were immobilized on tipless V-shaped cantilevers (DNP-
0; VEECO, Woodbury, NY, USA) by means of electrostatic interaction. The end of 
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a cantilever was immersed in a droplet of 0.01 % (wt/vol) poly-L-lysine solution 
(Sigma-Aldrich, Poole, UK) for 1 min. After air drying for 2 min, it was dipped in a 
bacterial suspension for 1 min to allow bacterial attachment. Bacterial probes were 
always freshly made for each experiment. 

AFM measurements were performed at room temperature in 0.9% NaCl using 
a Dimension 3100 system (Nanoscope IV, Digital Instruments) with z-scan rates of 
1.0 Hz, ramp sizes of 1.5 µm, and trigger threshold of 1 V. For each probe, force 
curves were measured with different surface-delay times (0, 10, 30, 60, and 90 
seconds) on randomly chosen spots on the substratum surfaces, and repeated five 
times with one tip. Thirty force-distance curves, measured with six staphylococcal 
probes prepared from three separate cultures, were collected for each surface
delay time. To ensure that bacterial probes were not affected by a previous 
measurement, force-distance curves were made with 0 s contact time after each 
surface-delay time on a clean glass surface. If the adhesion-force with glass 
differed more than 1 nN from the initially measured value, the latest measurement 
was discarded and a new probe prepared. 

Calibration of bacterial probes was done performed the thermal-tuning method, 
yielding spring constants of 0.054 (± 0.008) N/m. Subsequently, for each probe, the 
maximum adhesion forces F occurring in the retract force-distance curves were 
plotted as a function of the surface-delay time t according to 

( 1 ) 

with F0 being the maximum adhesion force at 0 s of contact time, F,., the maximum 
adhesion force after bond-strengthening, and T the characteristic time needed for 
the adhesion force to strengthen. 
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Weibull Analysis of Adhesion forces and Calculation of Transmission
probabilities 

Staphylococcal transmission probabilities between the different surfaces, including 
the corneal surface, were calculated from Weibull analyses. 19 As a first step, all 
adhesion forces N in a given data set were ranked in ascending order to calculate 
the probability PF of a force value F to occur according to 

p = -n
F N + I  

in which n is the rank number. Then, PF is fitted to the Weibull equation 

(2) 

(3) 

in which constant Fu is the lowest level of force at which PF approaches 0. In 
macroscopic bond-strength analyses, it is mostly assumed that Fu is 0, but this is 
not necessarily true in AFM force measurements. 18 The constant Fn is a difficult 
parameter to visualize and is generally referred to as a normalizing parameter. The 
constant m is the dependability of the bond (Weibull modulus). A high value of m 

indicates a close grouping of measured forces and high reliability of the data set, 
while a low value indicates a wide, long-tailed distribution. 

Calculations of transmission probabilities were made on basis of the Weibull 
distribution calculated for each combination of bacteria, lens case, CL type or 
corneal surface. First, the median force between S. aureus 835 and a CL was 
determined, after which the Weibull distribution for the adherence of the bacterial 
strain to a lens case was used to calculate the transmission probability from case 
to CL (T Lc-cd, under the influence of the median force exerted by the CL. This 
procedure is graphically illustrated in Figure 1. Next, the probability of transmission 
from CL to cornea (T cL-c) was calculated by determining the probability of 
detachment of a bacterium from a CL under the influence of the median force 

34 



Force analysis of bacterial transmission 

between a bacterium and the cornea in the Weibull distribution of bacterial 
adhesion forces for the CL. The final transmission probability from lens case to 

cornea (T Lc-c) simply follows from T Lc-cL x T cL-C· 
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Figure 1 .  The calculation of transmission probabilities on basis of Weibull distributions from 
a lens case to a CL surface. The median force exerted by a CL on a bacterium is projected 

to the Weibull distribution for the adhesion forces between lens case and bacterium and the 
probability of that force causing detachment of a bacterium from the lens case (LC) to the 

CL surface can be directly read. 

Bacterial Transmission Experiments 

For transmission from case to CL, a sterilized lens case was first inoculated with 3 
ml bacterial suspension for 30 min. After the case was removed from the bacterial 
suspension and rinsed once with 3 ml 0.9% NaCl, a CL was added and left to 
incubate for 90 s or 8 h at room temperature in a closed lens case filled with 3 ml 
NaCl. After incubation, Cls and NaCl were removed from the cases, and the 
number of adhering bacteria on the lens case surface and convex side of CL were 
determined by contacting the Clwith bacterial count plates (Petrifilm AC; 3M .20-22 
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The plates were incubated in aerobic conditions at 37°C for 48 h before the 
number of colonies appearing as red dots on the gel was recorded. Bacterial 
transmission from lens case to CL was calculated by 

n 
Transmission(%) = CL x 100% 

ncL + nLc 
(4) 

in which ncL and nLc are the number of bacteria adhering per square centimeter on 
the CL and lens case, respectively. 

For transmission from a CL to the cornea, a CL was placed with its convex side 
up in 5 ml staphylococcal suspension and incubated for 30 min with slight agitation 
on a rotating table. Cls were then rinsed five times in sterile 0.9% NaCl and put on 
porcine eyes, wetted with 50 µL  of 0.9% NaCl supplemented with 2% TSB, 
incubated in 100% humidity for 90 s or 8 h. After removal of the Cls from the eyes, 
the numbers of bacteria adhering to the concave side of the CL and on the porcine 
corneas were determined with the bacterial count plates, and the percentage 
transmission of bacteria from the CL to the cornea calculated. 

All transmission experiments were performed in triplicate with separately 
cultured bacteria. 

Statistical Analysis 

The adhesion forces were not normally distributed and are presented as median 
and interquartile range. Differences between adhesion forces were analyzed using 
nonparametric Kruskal-Wallis test, followed by Dunn's multiple comparison post 

hoc test, when overall differences were significant at P < 0.05. Comparison of 

transmission probabilities from Weibull-analyses and transmission experiments 
were performed with Student's t-test (all analysis: SPSS ver. 16.0 for Windows; 
SPSS, Chicago, IL). 
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Results 

Force-Distance Curves and Adhesion Forces 

Figure 2 shows an example of the retraction force-distance curves for S. aureus 
835 from a lens case surface, soft and rigid CLs and a porcine cornea. The 
maximum adhesion force increased strongly with increasing surface-delay times 
and multiple minor adhesion peaks were observed to develop over time. The rigid 
CL exerted a stronger adhesion force than the soft CL, lens case, and corneal 
surface, especially after 90 s surface delay (Fig. 3). The corneal adhesion forces 
extend over the longest distance, presumably due to the stretching of adsorbed 
macromolecular components on the cornea. 
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Figure 2.  Examples of the retraction force-distance curves between S. aureus 835 attached 

to the AFM cantilever and a lens case surface, soft and rigid Cls and porcine corneas after 

different surface-delay times. 
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Bond-strengthening as a function of the surface-delay time is shown in Figure 
3. Median adhesion forces from 30 force-distance curves significantly strengthen 
within the first 10 s of contact and reached stable values within 30 to 60 s. Initial 
(Fa) and final (Foo) adhesion forces, together with a characteristic time constant for 
the bond-strengthening process r can be derived from a graph such as that shown 
in Figure 3 by using equation 1 and are summarized in Table 1. Staphylococcal 
adhesion forces all became stronger over time and bond-strengthening by a factor 
of 5 generally occurred within 20 to 30 s. Adhesion forces were significantly (P < 
0.05) weaker on soft than on rigid Cls, cases, and corneas, before and after bond
strengthening. Median adhesion forces between staphylococci and lens cases 
were similar to the adhesion forces between staphylococci and cornea (P > 0.05). 

Table 1 .  In itial (Fo) and final (Foo) adhesion forces, together with the characteristic time 
constants T for bond-strengthening, as measured during retraction of staphylococcus-coated 

AFM cantilever away from a lens case, soft and rigid Cls and porcine corneas. Data 
represent the median ± IQR over 30 force-distance curves. The reliability of the data sets is 
further indicated by their Weibul l modul i  m. R2 denotes goodness of fit of the adhesion force 
data to the Weibull equation .  

Fo (nN) Foo (nN) T (s) m R2 
Lens case -1.9 ± 0.9 -10.8 ± 2.0 21 ± 8 2.85 0.97 

CL- soft -0.8 ± 0.68 -7.7 ± 1.38 23 ± 7 3.48 0.97 

CL- rigid -2.9 ± 0.7b -13.6 ± 1.7b 27 ± 7 3.50 0.94 

Cornea -1.4 ± 1.4 -11.8 ± 3.9 33 ± 11 3.41 0.93 

a Fo and Foo were the lowest on soft Cls, when compared with the other materials (P < 0.05). 
b Fo and Foo were the strongest on rigid Cls, when compared with the other materials (P < 
0.05). 
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Figure 3. The maximum adhesion forces between an AFM cantilever with attached S. 

aureus 835 as a function of the surface-delay time with a lens case surface, soft and rigid 

Cls, and porcine corneas. Data are expressed as medians with interquartile ranges. The 
adhesion forces on soft Cls are significantly (P < 0.05) weaker than those on other 

surfaces, whereas adhesion forces on rigid Cls are significantly (P < 0.05) stronger than 

those on other surfaces. 

Probability of Bacterial Transmission on the Basis of Weibull Analysis 

Figure 4 shows the Weibull distributions for lens cases, soft and rigid CLs as well 
as for corneas, based on the adhesion forces and their spread, measured after a 
surface-delay of 90 s. Weibull moduli m for the distributions are relatively low, 
indicative of the large spread in data, but the data fitted the Weibull equation quite 
well (see data in Table 1 ). After the median adhesion force exerted by the CLs on 
staphylococci adhering to the case (Table 1) is calculated, these Weibull 
distributions can be used to find the transmission probability from case to CL, and 
CL to cornea (Table 2). Transmission probabilities are thus not only determined by 
the magnitude of adhesion-forces, but moreover by the shape of the Weibull 
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distribution. Accordingly, staphylococcal transmission probabilities from a lens case 
to a rigid CL are predicted to be higher than to a soft CL. Inversely, transmission 
from a soft CL to the cornea is higher than that from a rigid CL according to the 
Weibull probabilities. The final transmission probability of S. aureus 835 from case 
to cornea with a soft CL as an intermediate is predicted to be slightly smaller (19%, 
see Table 2) than with a rigid CL as an intermediate (24%). 
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Figure 4. S. aureus 835 transmission-probability between lens case to Cls , and soft and 
rigid Cls to corneas according to the Weibul l-equation .  Points (•) indicate the median forces 
value on the different Weibull curves for donating surfaces, while the dotted l ines extrapolate 
to the Weibull curves of the receiving surfaces, from which the detachment probabilities can 
be directly read (see also Figure 1 ). 

Bacterial Transmission Based on Experimental Results 

The initial numbers of adhering staphylococci on contact lens cases before 
transmission to the CLs amounted 130 bacteria cm-2

, whereas on soft and rigid 
CLs before transmission to the corneas, the counts were 750 and 450 bacteria cm-

2, respectively (see Table 2, footnote). The number of bacteria present on the 
receiving surfaces were subsequently used to calculate the experimental 
transmission of staphylococci from lens case to CL (T Lc-cd and from CL to cornea 
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(T cL-c) after different contact times (90 s and 8 h), as also summarized in Table 2. 
Transmission of staphylococci from lens case to CL increased significantly with 
increasing contact time, but transmission from a CL to cornea appeared to be 
independent of contact time, regardless of the CL type involved. Generally, rigid 
CLs attracted significantly more staphylococci from a case than did soft CLs (P < 
0.05), whereas corneas attracted significantly more bacteria from soft than from 
rigid CLs (P <0.05). There are no significant differences in final transmission of 
bacteria to corneas mediated by soft and rigid CLs, whereas the transmission 
probabilities derived from Weibull distributions fall within the range of data 
observed for 90-seconds and 8-hours contact times. 

Table 2. Actual bacterial transmissions and predictions according to Weibull distributions 

calculated for adhesion forces measured after a 90-s surface-delay time. 

Lens type / Method TLC-CL (%} T CL-C (%) T LC-CL-C (%) 

Soft CL 
90-s transmission 25 ± 38 65 ± 7 16 ± 10 

8-h transmission 49 ± 38 66 ± 11 33 ± 4  

Weibull prediction 21 93 19b 

Rigid CL 
90-s transmission 54 ± 38 38 ± 6 21± 9 

8-h transmission 68 ± 58 42 ± 3 29 ± 8 

Weibull prediction 63 37 24b 

Actual transmissions are presented as the average percentages ± SE over three 
measurements of separate bacterial cultures. The average number of staphylococci on the 

lens case, soft and rigid Cls before transmission amounted to 1 30,  750 , and 450 bacteria 
cm-2, respectively. 

a Significant difference between T Lc-cL and T cL-c (p<0.05). 

bTransmission probabilities from lens case to cornea (T LC-CL-c) ,  derived from Weibull

distributions, fall within the range of data observed for 90 s and 8 h contact times. 
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Discussion 

In this study, we compared the transmission probabilities of S. aureus 835 from 
lens cases to corneas with a soft and rigid CL as an intermediate based on AFM 
adhesion force measurements and Weibull analyses. Rigid CLs were predicted to 
mediate a slightly higher transmission probability than soft CLs, but the difference 
was not statistically significant. More important, Weibull analyses offered insight 
into the weakest link in the chain of events that lead to bacterial transmission and 
adhesion to the cornea. Prevention of bacterial transmission from case to cornea 
through a CL constitutes an intricate comparison of adhesion forces. A CL that 
strongly attracts bacteria, will become more easily contaminated in the lens case, 
but will donate fewer bacteria to the cornea. Similarly, a case exerting strong 
adhesion forces to bacteria is favorable, because it is less likely to donate bacteria 
to a CL surface. Accordingly, for the current combination of cases and CLs, the soft 
CL was less likely to be contaminated by the lens case, but would donate bacteria 
more readily to the cornea. Admittedly, only one bacterial strain was used in this 
study, but also other bacterial strains, either in the planktonic phase (motile or non
motile) or in a biofilm, would adhere to the surface exerting the strongest attractive 
forces, which does not necessarily need to be the same surface for different 
bacterial strains or species. 

Measurement of staphylococcal adhesion forces involved in transmission from 
one surface to another, included bond-strengthening between S. aureus 835 and 
CLs, lens cases, and corneas. The bond-strengthening observed over the first 20-
30 s after initial contact with a surface is purely physico-chemical in nature and not 
due to growth or excretion of extracellular polymeric substances, as it has also 
been observed for inert micrometer-sized particles.23 Progressive development of 
hydrogen bonds over time after structural or protein re-arrangements has been 
suggested as the main cause of bacterial bond-strengthening. S. aureus 835 is a 
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hydrophilic strain that can interact with surfaces through hydrogen-bonding and in 
fact the minor peaks appearing in the flanks of the retract AFM force-distance 
curves are indicative of hydrogen-bonding.24 Importantly, these minor peaks are 
more prominent after a surface-delay than on initial contact. Although Weibull
distributions for lens cases, CLs and corneas could have been calculated on the 
basis of adhesion forces after different surface-delay times, we decided to only use 
the 90-s surface-delay data, as they correspond with the contact time applied in 
actual bacterial transmission and because they represent a plateau level of bond
strengthening. Within the 8 h of contact applied in transmission experiments, 
strengthening processes other than included in initial bond-strengthening may 
occur. Unfortunately, the AFM equipment does not allow the use of surface-delay 
times of 8 h. 

Weibull analysis is often used to calculate the probability of failure of 
macroscopic adhesive bonds,25 but can be used equally for AFM adhesion forces. 
The final probability of transmission from contaminated lens cases to corneas 
predicted by the Weibull analysis coincides well with results from actual 
staphylococcal transmission experiments, and the intermediate transmission from 
case to the intermediary CL and from CL to cornea are clearly predictable for both 
soft and rigid CLs. This predictability is particularly true of surface-delay and 
contact times of 90 s, which suggest that further increasing contact times to 8 
hours may reveal additional effects on the adhesion forces, not accounted for in 
bond-strength measurements over only 90 s. 

Summarizing, we present a novel adhesion-force-based method of determining 
the transmission of bacteria from lens case surfaces to the corneas. The proposed 
method not only corresponds well with actual staphylococcal transmission studies, 
but moreover enables analysis of transmissions to intermediates on basis of a 
force analysis and can be easily extended to include, for instance, different 
temperatures during AFM force measurements. 
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Abstract 

Contact lens induced microbial keratitis results from bacterial transmission from 
one surface to another. We investigated the adhesion forces of Pseudomonas 
aeruginosa, Staphylococci and Serratia to different contact lenses, lens cases and 
corneal surfaces using AFM, and applied a Weibull analysis on these adhesion 
forces to calculate bacterial transmission probabilities from lens case to corneas 
with a contact lens as an intermediate. Also a new surface thermodynamic 
parameter was introduced, the interfacial free energy of transmission, which in 
essence compares the interfacial free energies of bacterial adhesion, calculated 
from measured contact angles with liquids on the donating and receiving surfaces 
in the transmission process. Bacterial adhesion forces were generally strongest 
among all eight strains for the lens-case (-6.5 to -12.0 nN) and corneas (-3.5 to -
11.5 nN), while contact lenses (-0.6 to -13.1 nN) exerted slightly smaller adhesion 
forces. Consequently, bacterial transmission from lens case to contact lens yielded 
a smaller contribution in the final transmission than from contact lens to cornea. 
Bacterial transmission probabilities as derived from force analyses were higher 
when the interfacial free energies of transmission were more negative, which is in 
line with surface thermodynamic principles. Therewith this parameter could provide 
useful in analyzing other bacterial transmission phenomena between donating and 
receiving surfaces as well. 
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Introducti on 

Microbial keratitis is a serious complication of contact lens (CL) wear and can lead 
to serious impairment of vision. 1

· 
2 Although the incidence of CL related microbial 

keratitis is only 0.02-0.5%, 3· 
4 the use of CLs is so wide-spread worldwide, that CL 

related microbial keratitis may involve several millions of people and therefore must 
be considered a major health threat. Many different microbial strains have been 
isolated from microbial keratitis, in which approximately two thirds are Gram
negative bacterial strains, most notably Pseudomonas aeruginosa, but also 
Serratia species have been isolated, while one third involves Gram-positive cocci, 
including Staphylococcus aureus and Staphylococcus epidermidis.5 

Microbial keratitis can be regarded as a transmission phenomenon of 
pathogenic organisms,6 initiated by their detachment from a contaminated lens 
case followed by adhesion to a CL and subsequent adhesion to the cornea after 
detachment from the CL.7

• 
8 The probability of bacterial transmission to occur 

critically depends on the relative magnitude of the adhesion forces exerted on the 
bacteria by the donating and receiving surface. Recently we demonstrated that 
Weibull analysis, common in macroscopic bond failure analysis, 9 is equally valid for 
microscopic bond strength data between adhering bacteria and a surface, obtained 
using Atomic Force Microscopy (AFM). 10 Moreover, comparison of Weibull 
distributions for adhesion of a S. aureus strain to contact lens cases, lenses and 
porcine corneas has yielded transmission probabilities from contact lens case to 
CL and CL to corneas that were in line with experimentally determined 
transmission probabilities. 11  

Bacterial transmission can not only be regarded as being driven by the 
difference in forces exerted by the donating and receiving surface, but can also be 
analyzed according to similar surface thermodynamic principles as microbial 
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adhesion to surfaces. 12
' 

13 In a surface thermodynamic approach to microbial 
adhesion, the interacting surfaces are characterized by contact angle 
measurements with liquids yielding their surface free energies from which the so
called interfacial free energy of adhesion can be derived. Microbial adhesion is 
thermodynamically favored, when the interfacial free energy of adhesion is 
negative. In order to apply surface thermodynamic principles to bacterial 
transmission, the interfacial free energies of adhesion of bacteria with the donating 
and receiving surface should be compared and their difference considered. This 
difference, representing the interfacial free energy of transmission (�GTransmission) , 

indicates whether transmission of a bacterium from one surface to another is 
thermodynamically favorable, i.e. whether the interfacial free energy of 
transmission is negative. It is not always a priori clear when surface 
thermodynamics work well to predict microbial adhesion and when not. One reason 
might be, that it is not trivial that favorable surface thermodynamic conditions relate 
with a higher number of adhering organisms, as mostly assumed, or whether more 
favorable conditions imply stronger binding that impede detachment. Often also, 
the interface between an adhering bacterium and a substratum surface is not a 
stable one, due to strengthening of the bond over time. 1 4  

The aim of this study was to find out whether there is  a surface thermodynamic 
basis for bacterial transmission from contact lens cases to Cls and from Cls to 
porcine corneas. To this end, bacterial transmission probabilities will be calculated 
from a Weibull analysis of bacterial adhesion forces to the different surfaces 
involved in contact lens related microbial keratitis and the transmission probabilities 
will be correlated with interfacial free energies of transmission calculated from 
measured contact angles with liquids on the various donating and receiving 
surfaces. Experiments will be carried out for eight different bacterial strains 
involved in contact lens related microbial keratitis and a soft silicone hydrogel and 
rigid gas permeable (RGP) CL. 
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Materials and Methods 

Bacterial Strains and Growth Conditions 

Eight different bacterial strains, four Gram-negative (P. aeruginosa 6487; P. 
aeruginosa #3; Serratia marcescens ATCC 13880, Serratia liquefaciens 007) and 
four Gram-positive strains (S. aureus 835;  S. aureus 014; S. epidermidis HBH 276; 
S. epidermidis HBH2 102), of species most frequently isolated and associated with 
CL induced keratitis were included in this study. From a frozen stock, 
Pseudomonas and staphylococcal strains were pre-cultured in 10 ml tryptone soya 
broth (TSB, Oxoid, Basingstoke, UK), while Serratia strains were pre-cultured in 
brain heart infusion (BH I, Oxoid, Basingstoke, UK), for 24 h at 37°C in an aerobic 
incubator under static conditions. These pre-cultures were inoculated in 200 ml 
TSB or BHI growth media, respectively, and incubated for 18 h at 37°C under static 
conditions. Pseudomonas strains were harvested by centrifugation at 9600 g, while 
all other strains were harvested by centrifugation at 5000 g, always for 5 min at 
10°C. All strains were washed twice and re-suspended in demineralized water. 

Contact Lenses, Storage Cases and Corneas Preparation 

The soft CL (CL-soft) included in this study was made of lotrafilcon A, containing 
24% water (Focus Night and Day, Ciba Vision, Duluth, GA). The RGP lens (CL
rigid) used was made of enflufocon A (Boston-ES, fluorsilicone acrylate, Polymer 
Technology Corporation, USA). A standard polypropylene (PP) screw-top contact 
lens case (LC) was used in this study, which is suitable for all types of Cls. The 
CL-rigid and the LC were used several times and cleaned between different 
measurements by sonication in an ultrasonic bath (Transsonic TP 690, Elma, 
Germany) for 5 min in 0.9% NaCl, thoroughly rinsed with demineralized water and 
finally sonicated for 5 min in demineralized water prior to use. CL-soft were 
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obtained sterile and dipped five times in 0.9 % NaCl before use. All Cls, with their 
convex sides up, as well as the bottoms of the LCs, were fixed to a glass plate with 
double-sided sticky tape, surrounded by a ring of wax to keep a drop of 0.9% NaCl 
between the sample and the AFM cantilever. 

Porcine eyes were freshly acquired from recently killed pigs (Kroon BV, 
Groningen, The Netherlands). The pigs were slaughtered for commercial use, and 
not specifically killed for this study. Eyes were thoroughly washed for 5 min with 
200 ml demineralized water, washed in sterile 0.9% NaCl supplemented with 
Penicillin (200 U/ml) and streptomycin (200 µg/ml) for 5 min, and then thoroughly 
washed in 200 ml sterile 0.9% NaCl on a shaking table for 5 times to reduce the 
amount of bacteria on the cornea to an undetectable level, when examined with the 
Petrifilm Aerobic Count plate system (3M Microbiology, St. Paul, MN, USA). 
Corneas were cut off the intact pig eyes with a sterile knife, and fixed on wax with 
nails to prevent wrinkling and fixed to a glass plate for AFM adhesion force and 
contact angle measurements. 

AFM Adhesion Force and Surface Roughness Measurements 

Bacteria from suspension were immobilized on tipless "V"-shaped cantilevers 
(DNP-0 from VEECO, Woodbury, NY, USA). The end of a cantilever was first 
immersed in a droplet of 0.01 % (w/v) poly-L-lysine solution (Sigma, Poole, UK) for 
1 min, and air-dried for 2 min. Subsequently, the cantilever was dipped into a 
bacterial suspension for 1 min to allow bacterial attachment. Bacterial probes were 
always freshly made for each experiment. AFM measurements were carried out at 
room temperature in 0.9% NaCl using a Dimension 3 100 system (Nanoscope IV, 
Digital Instruments; Veeco, Woodbury, NY, USA) with a z-scan rate of 1.0 Hz, 
ramp size of 1.5 µm and a trigger threshold of 1 V. The slopes of the retraction 
force curves in the region where the probe and sample were in contact, were used 
to convert the voltage into cantilever deflection. 1 5  For each probe, force curves 
52 



Surface thermodynamics in bacterial transmission 

were measured with different surface-delay times (0, 10, 30, 60, and 90 s) on 
randomly chosen spots on the substratum surfaces, as repeated five times with 
one tip. To ensure that bacterial probes were not affected by a previous 
measurement, force-distance curves were made with 0 s surface-delay time after 
each surface-delay time on a clean glass surface. If the adhesion-force with glass 
differed more than 1 nN from the initially measured value, the latest measurement 
was discarded and a new probe prepared. 1 6  For each substratum surface, 
approximately six probes were used. Subsequently, for each probe, the maximum 
adhesion forces F occurring in the retraction force-distance curves were plotted as 
a function of the surface-delay time t and fitted to 

( 1 ) 

with F0 being the maximum adhesion force at 0 s surface-delay time, F.,, the 
maximum adhesion force after bond-strengthening, and r the characteristic time 
needed for the adhesion force to strengthen. 

AFM was also used to assess the surface roughness of the Cls, LCs and 
corneas. This was done in the contact mode, using a silicon nitride cantilever tip 
(DNP from Veeco, Woodbury, NY, USA). The bottoms of the LCs and Cls with 
their concave sides up were fixed on a glass plate with the use of double-sided 
sticky tape. The surface roughness of the cornea was measured using the intact 
eye with the cornea side up. Three samples of each material were measured and 
each sample was imaged at three randomly selected positions, from which the 
average surface roughness (Ra) was obtained. Ra indicates the average distance of 
the roughness profile to the center plane of the profile. 
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Weibull Analysis of Adhesion Forces and Calculation of Transmission 
Probabilities 

The transmission probabilities of bacteria between the different surfaces, including 
the corneal surface, were calculated from Weibull analyses. 1 7  As a first step, all 
adhesion forces in a given data set were ranked in ascending order to calculate the 
probability PF of a force value F to occur according to 

n 
PF = -N + l 

(2) 

in which n is the rank number and N is the total number of data points. Then, PF is 
fitted to the Weibull-equation 

[ 
(F F )

111 ] 

PF = l - exp - �. " (3) 

in which the constant Fu is the lowest level of force at which PF approaches zero. 
In macroscopic bond-strength analyses, it is mostly assumed that Fu = 0, but this is 
not necessarily true in AFM force measurements. 1 0 The constant Fn is a difficult 
parameter to visualize and is generally referred to as a normalizing parameter, 
related to the mean force Fmean through 

I 
F,nean = Fnr(I + -) m 

(4) 

where in macroscopic fracture mechanics r takes values between 0.9 and 1 for 

Weibull moduli m between 5 and 20. 1 8  Frequently, the Weibull modulus m is also 
referred to as the dependability of the bond. A high value of m indicates a close 
grouping of measured force values and high reliability of the data set, whilst a low 
value indicates a wide distribution with a long tail. The double logarithm of Eq. (3), 
i.e. ln(-ln(1 - PF)), is plotted against ln(F), yielding a straight line from which the 
Weibull modulus m and the normalization parameter Fn can be calculated by linear 
regression 
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In( - ln(l - PF )) = m * In( ( F - F,, ) I F,1 ) (5) 

together with a linear correlation coefficient r2 to indicate the goodness of the fit to 

the Weibull equation. In Eq. (5), it is assumed that Fu = 0, but when Fu :/: 0 the 
Weibull distribution does not fit through the measured data points, then Fu is 
determined by trial and error till the Weibull distribution fits the data. 18 

Calculation of transmission probabilities was done on the basis of the Weibull 
distribution calculated for each combination of bacteria, LC, CL type or corneal 
surface. First, the median force between bacteria and CLs was determined, after 
which the Weibull distribution for that bacterial strain adhering to a LC was used to 
calculate the transmission probability from LC to CL, PLc-cL , under the influence of 
the median force exerted by the CL. Next, the probability of transmission from CL 
to cornea, PcL-c was calculated by determining the probability of detachment of a 
bacterium from a CL under the influence of the median force between a bacterium 
and the cornea in the Weibull distribution of bacterial adhesion forces for the CLs. 
The final transmission probability from lens case to cornea, PLc-c, simply follows 
from PLc-cL x PcL-C · 

Surface Free Energy Determination of Substratum and Bacterial Cell 
Surfaces 

Contact angles on LCs, CLs, corneas and bacterial cell surfaces were measured 
with water, formamide, methyleneiodide and a-bromonaphthalene using the 
sessile drop technique in combination with a homemade contour monitor. In order 
to measure contact angles on bacterial cell surfaces, bacterial lawns were 
prepared by depositing bacteria on cellulose acetate membrane filters (Millipore, 
pore diameter 0.45 mm) using negative pressure. 19 The filters were left to air dry 
for about 30-60 min until the water contact angle became constant in time, and so
called plateau contact angles, assumed to represent a physiologically relevant 

55 



Chapter 3 

state of the cell surface, could be measured. Contact angles were measured on the 
concave sides of the Cls. Soft Cls were dipped three times in saline when 
removed from their container and soaking off excess fluid with a tissue. In order to 
prevent dehydration of Cls and corneas, measurements were done in 100% 
humidity. All contact angles were measured in triplicate for LCs, Cls, corneas and 
three independent cultures of each bacterial strain. 

Measured contact angles (0) on given surfaces were converted into surface 
free energies using Lifshitz-Van der Waals/acid-base approach20 

2 I LW LW 2 
0 I + V Ysv Ytv cos = - ----- + 

Y1v 

rp/usr min l/S 2 r min l/Sr pfus 
sv Iv + __ s_v __ lv_ 

Y1v Y1v 
(6) 

in which r�,w denote the Lifshitz-Van der Waals component of the surface free 
energy of the surface of interest (i.e. substratum surface or bacterial lawn) andY1v is 
the surface free energy of the liquid-vapor interface. The acid-base component of 
the surface free energies was separated into an electron-donating ( y:,in us ) and 
electron-accepting (r::us) parameter, according to 

(7) 

The surface free energies of the bacterial cell and substratum surfaces (LCs or 
Cls) were subsequently combined with the surface free energy components of 
water, representing the aqueous phase in which transmission occurs, to yield the 
interfacial free energy of adhesion ( �Gadh ), which according to the concept of 
Lifshitz-Van der Waals and acid-base components, can be separated too in two 
components2 1  

(8) 
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from which the Lifshitz-Van der Waals and acid-base interfacial free energy 
components can be calculated 

11GLW - -2( � - r-rw \2  adh - '\, Ysv \ r,v J (9a) 

(9b) 

In order to calculate the interfacial free energy of transmission (b.GTransmission), 

adhesion energies of the bacteria versus a donating and receiving surface 
((11Gadh )donating) and ((/1Gad1i)receiving) were calculated from which the interfacial free 
energy of transmission follows according to 

/1GTransmission = (/1G adh ) receiving - (/1G adh ) donating (10) 

Note that according to Eq. 10, transmission is thermodynamically favored if 

�Grransmission is most negative. 

Statistical Analysis 

Data were analyzed using the Statistical Package for the Social Sciences (SPSS 
16.0 for Windows, Chicago, IL). Adhesion forces are presented as median and 
inter-quartile range. Differences between adhesion forces were analyzed using 
non-parametric analyses (Kruskal-Wallis test), followed by Dunn's multiple
comparison post hoc analysis, when overall differences were significant. The 
comparisons of surface roughnesses, surface free energies and transmission 
probabilities were performed using one way ANOVA analysis, accepting p < 0.05 
for statistical significance. 
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Results 

Bacterial Adhesion Forces and Transmission Probabilities 

Figure 1 presents an example of retraction force-distance curves for P. aeruginosa 
6487 from a LC surface, soft and rigid CLs, and a porcine cornea after different 
surface-delay times (0 s, 10 s, 30 s, 60 s and 90 s). The LC and CL-rigid clearly 
exert the strongest adhesion forces, while the difference in adhesion force between 
the four substratum surfaces becomes more pronounced with increasing surface
delay times due to bond-strengthening. Adhesion forces extend over considerable 
distances, which is due to extension of bacterial cell surface appendages during 
retraction. 
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Figure 1. Examples of retraction force-distance curves between P. aeruginosa 6487 and 

substratum surfaces. 
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Swface thermodynamics in bacterial transmission 

Adhesion forces for the different bacterial strains with LCs, CLs and corneas 
after 90 s of surface-delay time are summarized in Table 1. Median adhesion 
forces between bacteria and LC are always stronger, or equally strong ( S. aureus 
835) than on the CLs and the cornea, regardless of the strain considered. 
Interestingly, the CL-soft exerts significantly weaker adhesion forces on the 
bacteria than the CL-rigid or the corneas. Adhesion forces exerted by the CL-rigid 
vary in magnitude with respect to the forces exerted by the cornea. Note that the 
inter-quartile ranges for the data presented in Table 1 can be quite large, which 
allows to calculate the probability that a certain force value will occur based on a 
Weibull analysis. 

Table 1. Bacterial adhesion forces (nN) measured using AFM for different bacterial strains 

involved in contact lens induced keratitis on lens cases, soft and rigid CLs and porcine 
corneas after 90 s surface-delay. Data represent median ± inter-quartile range. 

P. aeruginosa #3 

P. aeruginosa 6487 

S. aureus 835 

S. aureus 014 
S. marcescens 
ATCC 1 3880 
S. liquefaciens 007 
S. epidermidis HBH 
276 
S. epidermidis 
HBH2 1 02 

LC 

-11.8 ± 3.6 a ,b 

-12.0 ± 11.6a ,b 

-11.3 ± 7.7 8 

-10.6 ± 3.4 a,b 

-9.9 ± 5.2 a,b 

-10.4 ± 4.6 a,b 

-6.5 ± 3.1 a ,b 

-7.5 ± 2.3 a ,b 

CL-soft CL-rigid 

-1.4 ± 1.3 -1.7 ± 1.2 

-3.5 ± 2.3 -11.5 ± 7.3 

-7.8 ± 4.0 -13.1 ± 6.6 

-6.3 ± 1.8 -10.3 ± 4.2 

-0.6 ± 0.8 -1.5 ± 2.0 

-1.7 ± 1.5 -5.1 ± 4.8 

-4.1 ± 1.5 -5.1 ± 1.8 

-3.3 ± 1.4 -4.0 ± 1.9 

a Significantly stronger than the force exerted by CL-soft (P < 0 .05) .  
b Significantly stronger than the force exerted by CL-rigid (P < 0.05). 
c Significantly stronger than the force exerted by CL-soft (P < 0.05). 
d Significantly stronger than the force exerted by CL-rigid (P < 0.05). 

Cornea 

-4.8 ± 2.5 c,d 

-3.5 ± 3.8 C 

-11.5 ± 4.5 c 

-7.9 ± 3.8 C 

-9.0 ± 2. 7 c,d 

-9.2 ± 6.1 c,d 

-5.9 ± 2. 7 c,d 

-6.2 ± 2.2 c,d 
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Weibull parameters m for the adhesion force distributions are relatively low (on 
average 2.6 ± 1.0), indicative of the large spread in data. However, the data fitted 
the Weibull equation quite well with an average R2 value of 0.92 ± 0.05. Using the 
median adhesion force exerted upon a bacterium by a donating LC to a receiving 
CL, the Weibull distributions can be used to find the transmission probability from 
LC to CL, and similarly from CL to cornea, as shown by means of example in 
Figure 2 and summarized in Table 2. Bacterial transmission probabilities from a LC 
to a CL-soft are much smaller than to a CL-rigid, due to the generally strong 
adhesion forces exerted by CL-rigid (p < 0.05). Consequently, also transmission 
from a CL-rigid to the cornea is smaller than from a CL-soft (p < 0.05). The final 
transmission probability from LC to cornea with a CL-soft as an intermediate is 
smaller than with a CL-rigid as an intermediate (p < 0.05). 
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1.0 -,--------1-,=,./-.... -.

. 
---�---�=---/-,,,,,,

-----=-..---------
..
. -.... -:::;:: .. ·--�---�-:-:, .

.
..... /-,,,,,,----=,,_.., 

0.8 I / / ./ / 
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Figure 2. Examples of the derivation of S. epidermidis HBH 276 transmission probabilities 

between LC to CL, and CL to cornea according to the Weibull equation. Dots ( •) indicate the 

median bacterial adhesion forces on the X-axis for a donating surface, the cornea and the 

CL, while the arrowed lines contact with the Weibull curve for the receiving surface, the CL 
and LC, from which the detachment probability on the Y-axis can directly read. 
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Table 2. Transmission probabilities (%) from LC to CL (PLc-cL), CL to cornea (PcL-c) and LC 

to cornea (PLc-cL-c), calculated from the Weibull distributions of bacterial adhesion forces 

after 90 s surface-delay time. 

CL-soft CL-rigid 

PLC-CL PcL-c PLC-CL-C PLC-CL PcL-c PLC-CL-C 

P. aeruginosa #3 0.04 63.9 0.03 0.07 83.7 0 .06 

P. aeruginosa 6487 2.7 33.0 0.9 41.4 0.1 0.04 

S. aureus 835 21.0 92.8 19.5 63.5 37.5 23.8 

S. aureus 014 9.1 74.5 6.8 41.8 39.6 16.2 
S. marcescens ATCC 0.2 99.8 0.2 0.9 98.6 0.9 1 3880 
S. liquefaciens 007 4.0 97.8 3.9 23.4 79.5 18.6 

S. epidermidis HBH 276 19.6 86.2 16.9 30.8 60.5 18.6 

S. epidermidis HBH2 1 02 12.7 97.2 12.3 20.1 81.0 16.3 

Physico-chemical Characterization and Surface Thermodynamic 
Analysis 

Table 3 presents the contact angles underlying the calculation of the surface free 
energies and interfacial free energies of adhesion, together with the surface 
roughness of the donating and receiving surfaces. The cell surface hydrophobicity 
of the bacteria as judged from their water contact angles, varies between wide 

limits 14
° 

and 106
°
. Using water and formamide contact angles, it can be calculated 

that the most a-polar organisms, P. aeruginosa #3, has a zero electron-donating 
surface free energy parameter. The various donating and receiving substratum 
surfaces are more hydrophobic and the cornea here presents the most 
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hydrophobic surface, also with a zero electron-donating surface free energy 
parameter. A-polar liquid contact angles underlie the calculation of the Lifshitz-Van 
der Waals surface free energy components, which vary between 28.3 and 36.8 
mJ/m2

• LCs are significantly rougher than Cls, while rigid Cls are significantly 
rougher than soft Cls (p < 0.05). Corneas have the similar roughness with rigid 
Cls, but rougher than the soft Cls. All surface roughness values are in the sub
micron range, however. 

lnterfacial Free Energy and Bacterial Transmission 

lnterfacial free energies of adhesion and their components for the different 
bacterial strains and donating and receiving surfaces are summarized in Table 4. 
The Lifshitz-Van der Waals component of the interfacial free energies is always 
negative, indicating attractive thermodynamic conditions. The acid-base 
component is depending on the bacterial strain and substratum surface and 
therewith much more influential on the total interfacial free energy of adhesion. 
Whereas the LC and Cls can have thermodynamically favorable (8Gacth < 0) and 
unfavorable (8Gacth > 0) conditions for adhesion, adhesion to the cornea is 
thermodynamically favorable for all stains. All differences in interfacial free 
energies of adhesion are based on the acid-base component. 
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Table 3. Contact angles (degrees) of water (0w), formamide (0F), methyleneiodide (0o) and a-bromonaphthalene (0aa) measured 
on bacterial lawns prepared out of three separately grown cultures, LCs, Cls and corneas. Surface roughnesses (Ra, nm) were 
only measured on substratum surfaces. Data represent averages ± standard deviations over three samples. The surface free 
energies (mJ/m2) shown are derived from the mean contact angles and include the total surface free energy (y Tota1) ,  the Lifshitz-
Van der Waals component (vLw). and the electron-donatina (vminus) and -acceptina (vplus) parameters. 

Bacterial strain OHp OF Oo Oas 
"/Total 'JLW 

iB 

P. aeruginosa #3 1 06±5 52±8 57±6 35±4 33.5 33.5 0 

P. aeruginosa 6487 1 9±2 1 9±2 77±3 53±9 58.2 23.8 34.4 

S. aureus 835 26±2 26±2 69±3 3 1±2 52.7 30.9 21 .8 

S. aureus 014 25±2 35±2 7 1±2 48±4 48.6 26.6 2 1 .9 

S. marcescens ATCC 1 3880 1 4±1 1 6±1 5 1±2 35±2 55.6 35.2 20.4 

S. /iquefaciens 007 28±2 24±2 59±5 36±3 53.3 32.7 20.5 

S. epidermidis HBH 276 30±2 26±2 50±3 34±2 51 .9 35.7 1 6 .2 

S. epidermidis HBH2 1 02 67±4 50±3 50±3 30±2 41 .5 36.5 5. 1 

Substratum surface 
Lens case 84±3 79±2 58±2 4 1±2 32.0 32 0 

CL-soft 58±3 38±4 48±3 3 1±2 47.0 36.8 1 0 .2 

CL-rigid 83±3 69±3 53±3 54±3 30.9 30.3 0 .6 

� Cornea 1 01 ±2 45±2 65±9 48±3 28.3 28.3 0 

"/mi1111s f/11s Ra 

0 5.2 

50.3 5.9 

48.9 2 .4 

56.4 2 . 1  

53.6 1 .9 

45.8 2 .3 

45. 1  1 .5 

1 4.2 0.5 

14 . 1  0 1 37 ± 37 

1 7 .5 1 .5 5 ± 1 

8.4 0 40 ± 1 0  

0 9.7 45 ± 1 2  

I �  
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Table 4. Total interfacial free energies of adhesion and their components (mJ/m2) for bacterial adhesion to substratum surfaces. 
en' 
, � 

Negative values correspond to thermodynamically attractive conditions, while positive values correspond to repulsive ones. 

Lens Case CL-soft CL-rigid Cornea 

b.G;;� tiG::,, 1'1Gadh b.G;;� tiG::,, 1'1Gadh b.G;;� tiG::,, !iGadh b.G;! tiG::,, tiGadh 

P. aeruginosa #3 -2.2 -58.2 -60.4 -3.1 -43.4 -46.6 - 1 .9 -62.9 -64.8 -1 .5  -47.5 -49.0 

P. aeruginosa 6487 -0.4 1 3.5 1 3 .0 -0.6 1 1 . 1 1 0.5 -0.4 9.4 9.0 -0.3 - 1 8.6 -1 8.8 

S. aureus 835 -1 .8 1 0.6 8.8 -2.5 8.8 6.3 -1 .5 4.6 3. 1 - 1 .2 -27.8 -29.0 

S. aureus 01 4 -1 .0 1 5.5 1 4.6 - 1 .4 1 2 .6 1 1 .2 -0.8 9.4 8.5 -0.6 -26.8 -27.5 

S. marcescens ATCC 1 3880 -2.5 1 3 .4 1 0.9 -3.5 1 1 .0 7.5 -2 . 1  7. 1 5.0 - 1 .6 -28.3 -29.9 

S. liquefaciens 007 -2.1 8.2 6.1 -2 .9 7.0 4.1 -1 .8 2.1 0.4 - 1 .4 -29.0 -30.4 

S. epidermidis HBH 276 -2.6 6.9 4.3 -3.6 6 . 1  2.5 -2.2 0.4 - 1 .8 - 1 .7 -32.2 -33.9 

S. epidermidis H BH2 1 02 -2 .7 -24.2 -26.9 -3.8 -1 7.3 -21 .2 -2.3 -31 .6 -33.9 -1 .8 -48.8 -50.6 



Surface thermodynamics in bacterial transmission 

The interfacial free energies of adhesion as listed in Table 4 are used to calculate 
the interfacial free energies of transmission, as plotted in Fig. 3 as a function of the 
bacterial transmission probabilities according to Weibull analyses of AFM adhesion 
forces. A linear relation exists between the bacterial transmission probabilities and 
LlGrransmission (R2 = 0.53, p < 0.05). More favorable thermodynamic conditions for 
transmission are clearly accompanied by significantly (p < 0.05) higher 
transmission probabilities calculated from AFM force analyses than positive 
LlGrransmission values, although the linear correlation coefficient R2 is low (0 .53). 
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Figure 3. Bacterial transmission probabilities according to the Weibull distributions for 
bacterial adhesion forces after 90 s surface-delay from LC to CL, and from CL to cornea as 
a function of the of interfacial free energy of transmission (6.GTransmission) between the 
donating and receiving substratum surfaces (R2 = 0.53, p < 0.05). 
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Discussion 

CL induced microbial keratitis results from bacterial transmission from one surface 
to another22

• 
23 and whether or not transmission occurs depends on the balance 

between bacterial adhesion forces to the donating surface relative to the ones 
exerted by the receiving surface. Weibull analysis offers a way to determine the 
weakest link in this chain of adhesion and detachment phenomena leading 
eventually to bacterial adhesion to the cornea. A CL that strongly attracts bacteria, 
will become more easily contaminated in the LC, but will donate less bacteria to the 
cornea. In this study, we investigated the adhesion forces of P. aeruginosa, 
Staphylococci and Serratia to different CLs, LCs and corneal surfaces using AFM, 
and applied a Weibull analysis on these adhesion forces to calculate bacterial 
transmission probabilities from LCs to corneas with Cls as an intermediate. 
Accordingly, a CL-soft is less likely to become contaminated by the LC, but will 
donate bacteria more readily to the cornea. Staphylococci and Serratia showed in 
most cases a significantly (p < 0.05) stronger adhesion forces than P. aeruginosa 
and had slightly higher transmission probabilities. In this respect it is important to 
realize that in the Weibull analysis of adhesion forces, it is not necessarily the 
median force value that determines whether or not transmission occurs, but due to 
the spread of the data, a tail-portion may be more influential upon final 
transmission. This actually is the beauty of the Weibull analysis. Interestingly, P. 

aeruginosa was calculated to have the lowest transmission probability (p < 0.05), 
while it is the number one causative strain for microbial keratitis to occur. Whereas 
transmission is an absolute pre-requisite for CL induced keratitis to occur, 
ultimately an interplay of all virulence factors of a bacterial strain are responsible 
for the clinical occurrence of keratitis. Typically, a strain possesses multiple 
virulence factors, of which adhesion, or for that matter "transmission" is one, but 
excretion of toxins another. In some reports,22 P. aeruginosa was found to even 
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invade the epithelial cell layer, and damage the corneal epithelial cells as potential 
virulence factors. Thus while this paper focuses on transmission and its underlying 
mechanism, transmission is not the sole factor determining whether a keratitis will 
develop as a result of bacterial transmission to the cornea. Thus although 
transmission of P. aeruginosa was found to be low, it is generally considered a 
highly virulent strain, which is a factor that needs to be taken into account when 
analyzing the final risk of contact lens induced keratitis. 

The Weibull parameters m for the adhesion force distributions are relatively 
low, due to the large spread in adhesion forces found for a given strain-substratum 
combination. This spread can be due to several reasons. First of course, not all 
organisms in an axenic culture have the same surface properties and variations 
around a mean can occur. Examples are known for instance, of axenic cultures 
showing a bi-modal zeta potential distribution.24 Also culture-to-culture variability 
may contribute to the low m values. Possibly more important, also the contact site 
on the bacterial cell surface may influence the spread in adhesion forces, 
especially for rod-shaped bacteria. None of our adhesion force distributions have 
ever been observed to be bi- or tri-modal, suggesting that force distance-curves 
measured hitherto always involve a single bacterial contact with the substratum. 
Partly, this will be due to the fact that we check for double contour lines when 
imaging the substratum surface with a bacterial probe, and in the occurrence of 
double contour lines we discard that probe. More likely, within the small range of 
the adhesion forces, it would be too big of a coincidence to have two bacterial cell 
surfaces contacting a substratum surfaces at the same time. 

Although many studies deal with bacterial adhesion to surfaces, often the real 
process that is being studied involves transmission from one surface to another. In 
this respect, it is of general importance, that a new surface thermodynamic 
parameter was introduced, the interfacial free energy of transmission, which in 
essence involves a comparison of the interfacial free energies of bacterial adhesion 
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to the donating and receiving surfaces in the transmission process. Bacterial 
transmission probabilities as derived from force analyses were higher when the 
interfacial free energies of transmission were more negative, which is in line with 
surface thermodynamic principles. The relationship shown in Figure 3 between 
bacterial transmission probabilities and interfacial free energies of transmission is 
significant, although data may appear scattered. This is probably due to the fact 
that the data include eight different bacterial strains, each with their own specific 
microscopic surface properties, not probed by contact angles, while furthermore 
also the roughness of the various substratum surfaces play a huge role, especially 
with respect to the adhesion forces developing. Since the roughness of the various 
surfaces involved in the transmission process are all in the sub-micron range, an 
influence of the surface roughness on measured contact angles is highly unlikely.25 

Previously, we argued1 4 that generally valid relations between numbers of adhering 
bacteria and surface thermodynamics may be difficult to find, as it is not a priori 
clear why numbers of adhering bacteria should relate with adhesion energies. It is 
more intuitive, that the ease with which bacteria can be removed from a substratum 
surface relates with adhesion energies, which is why in the current study 
transmission probabilities calculated from bond failure data do relate with interfacial 
free energies of transmission. 

In summary, bacterial transmission probabilities from a LC to corneas with a CL 
as an intermediate were calculated from a Weibull analysis of bacterial adhesion 
forces to the various donating and receiving surfaces involved. Simultaneously, a 
linear relation exists between the bacterial transmission probabilities and 
LlGrransmission· More favorable thermodynamic conditions for transmission are clearly 
accompanied by significantly higher transmission probabilities calculated from AFM 
force analyses than positive LlGrransmission values. Since many problems said to be 
due to bacterial adhesion are in fact transmission rather than adhesion phenomena 
(e.g. about bacterial transmission from surgical equipment to an implant or tissue 
surface, spreading of food pathogens across different surfaces during 
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manufacturing or packaging etc.), both the Weibull analysis of bacterial adhesion 
forces as well as the thermodynamic analysis of transmission phenomena relate to 
a wide range of application and will aid in the design of non-adhesive surfaces, or 
for that matter low-transmission combinations of donating and receiving surfaces. 

69 



Chapter 3 

References 

1 .  Mah-Sadorra JH ,  Yavuz SG, Najjar OM, Laibson PR, Rapuano CJ , Cohen EJ. Trends in 
contact lens-related corneal ulcers. Cornea. 2005;24:51 -58. 

2. Keay L, Edwards K, Stapleton F. Signs, symptoms, and comorbidities in contact lens
related microbial keratitis. Optom Vis Sci. 2009;86:803-809. 

3. Cheng KH , Leung SL, Hoekman HW, et al. Incidence of contact-lens-associated 
microbial keratitis and its related morbidity. Lancet. 1 999;354 : 1 81 -1 85. 

4. Holden BA, Sankaridurg PR, Sweeney OF, Stretton S, Naduvilath TJ , Rao GN. Microbial 
keratitis in prospective studies of extended wear with disposable hydrogel contact 
lenses. Cornea. 2005;24: 1 56-1 61 . 

5. Seal DV, Kirkness CM, Bennett HG, Peterson M. Population-based cohort study of 
microbial keratitis in Scotland: incidence and features. Cont Lens Anterior Eye. 
1 999;22:49-57. 

6. Penland RL, Wilhelmus KR. Microbiologic analysis of bottled water: is it safe for use with 
contact lenses? Ophthalmology. 1 999; 1 06 : 1 500-1 503. 

7.  Willcox MD, Holden BA. Contact lens related corneal infections. Biosci Rep. 
2001 ;21 :445-461 . 

8. Hall BJ , Jones L. Contact lens cases: the missing link in contact lens safety? Eye 
Contact Lens. 201 0 ;36 : 1 0 1 -1 05.  

9 .  Burrow MF, Thomas D, Swain MV, Tyas MJ. Analysis of tensile bond strengths using 
Weibull statistics. Biomaterials. 2004;25:5031 -5035. 

1 0. Van der Mei HC, De Vries J ,  Busscher HJ. Weibull analyses of bacterial interaction 
forces measured using AFM. Colloids Surf B: Biointerfaces. 201 0 ;78:372-375. 

1 1 .  Qu W, Hooymans JMM, De Vries J, Van der Mei HC, Busscher HJ. Force analysis of 
bacterial transmission from contact lens cases to corneas with a contact lens as an 
intermediate. Invest Ophthal Vis Sci. 201 1 ;52:2565-2570. 

1 2 . Sharma PK, Hanumantha Rao K. Adhesion of Paenibacillus polymyxa on chalcopyrite 
and pyrite: surface thermodynamics and extended DLVO theory. Colloids Surf B: 
Biointerfaces. 2003;29:21 -38 . 

1 3. Hermansson M. The DLVO theory in microbial adhesion. Colloids Surf B: Biointerfaces. 
1 999; 1 4: 1 05-1 1 9. 

14 .  Busscher HJ, Norde W,  Sharma PK, Van der Mei HC. lnterfacial re-arrangement in initial 
microbial adhesion to surfaces. Curr Opinion Colloid lnterf Sci. 201 0 ; 1 5 :51 0-517. 

1 5. Dufrene YF. Using nanotechniques to explore microbial surfaces. Nat Rev Microbial. 
2004;2:451 -460. 

70 



Surface thermodynamics in bacterial transmission 

1 6. Boks NP,  Busscher HJ,  Van der Mei HC, Norde W. Bond-strengthening in 
staphylococcal adhesion to hydrophi l ic and hydrophobic surfaces using atomic force 
microscopy. Langmuir. 2008;24: 1 2990-1 2994. 

1 7 . McCabe JF, Carrick TE. A statistical approach to the mechanical testing of dental 
materials. Dent Mater. 1 986;2: 1 39- 142 .  

1 8. Khal i l i  A, Kramp K. Statistical properties of  Weibul l  estimators. J Mater Sci. 
1 99 1 ;26 :6741 -6752. 

1 9 . Busscher HJ , Weerkamp AH, Van der Mei HC, Van Pelt AW, De Jong HP, Arends J .  
Measurement of the surface free energy o f  bacterial cell surfaces and  its relevance for 
adhesion . Appl Environ Microbial. 1 984;48 :980-983. 

20. Van Oss CJ , Good RJ , Chaudhury MK. The role of van der Waals forces and hydrogen 
bonds in "hydrophobic interactions" between biopolymers and low energy surfaces. J 

Colloid lnterf Sci. 1 986; 1 1 1  :378-390. 
2 1 . Van Oss CJ , Giese RF. The hydrophi l icity and hydrophobicity of clay m inerals. Clays and 

Clay Minerals. 1 995;43:474-477. 
22. Vermeltfoort PB, Van Kooten TG, Bruinsma GM,  Hooymans AM, Van der Mei HC, 

Busscher HJ . Bacterial transmission from contact lenses to porcine corneas: an ex vivo 
study. Invest Ophthalmol Vis Sci. 2005;46:2042-2046. 

23. Vermeltfoort PB, Hooymans JM,  Busscher HJ ,  Van der Mei HC. Bacterial transmission 
from lens storage cases to contact lenses-Effects of lens care solutions and s ilver 
impregnation of cases. J Biomed Mater Res B Appl Biomater. 2008;87:237-243. 

24. Glynn JR, Jr. ,  Belongia BM, Arnold RG, Ogden KL, Baygents JC. Capil lary 
electrophoresis measurements of electrophoretic mobi l ity for colloidal particles of 
biological interest. Appl Environ Microbial. 1 998;64:2572-2577. 

25. Busscher HJ, Van Pelt AWJ ,  De Boer P, De Jong HP, Arends J .  The effect of surface 
roughening of polymers on measured contact angles of l iquids. Colloids Surf. 
1 984;9 :31 9-331 . 

71 





Chapter 4 

Bacterial adhesion forces to Ag-impregnated 

contact lens cases and transmission to contact 

lenses 

Wenwen Qu, Henk J. Busscher, Henny C. van der Mei, Johanna M. M. Hooymans. 

(Submitted) 



Chapter 4 

Abstract 

Ag-impregnated contact lens cases (LC) have been advocated to decrease 
transmission of live bacteria to a contact lens (CL) during cleansing and therewith 
reduce the risk of CL-induced-microbial-keratitis. In this study, adhesion forces of a 
Pseudomonas aeruginosa, Staphylococcus aureus and Serratia marcescens strain 
to a rigid-CL, standard-polypropylene and Ag-impregnated LC-surfaces were 
measured using atomic force microscopy. Adhesion forces were employed to 
calculate Weibull distributions, from which transmission probabilities from a LC to 
the CL were derived. Transmission probabilities were compared with actual 
transmission of bacteria from a LC to the CL in 0.9% NaCl and in an antimicrobial 
lens care solution. Bacterial transmission probabilities from polypropylene LCs 
based on force analysis coincided well for all strains with actual transmission in 
0.9% NaCl. Bacterial adhesion forces on Ag-impregnated LCs were much smaller 
than on polypropylene LCs and CLs, yielding a high probability of transmission. 
Comparison with actual bacterial transmission indicated severe bacterial killing 
during CFU transmission from an Ag-impregnated LC, especially for P. aeruginosa. 

Transmission of viable bacteria from Ag-impregnated LCs could be further 
decreased by use of an antimicrobial lens care solution instead of 0.9% NaCl. 
Bacteria are transmitted in higher numbers from Ag-impregnated LCs than from 
polypropylene LCs due to small adhesion forces, but this is compensated by 
enhanced bacterial killing due to Ag-impregnation, especially when in combination 
with an antimicrobial lens care solution. This calls for a balanced combination of 
antimicrobial lens care solutions and surface properties of a LC and CL. 
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Introduction 

Contact lens (CL) wear is the most popular form for vision correction and presents 
a convenient alternative to spectacles. 1 However, CL wear may impair the immune
response of the cornea by distorting its epithelial-barrier function.2 In addition, a CL 
may act as a vehicle through which pathogenic organisms are transferred to the 
cornea from contaminated lens cases (LC) to yield a so-called CL-induced 
microbial keratitis.3 Considering that about 100 million people worldwide are 
wearing CLs, adverse responses caused by bacterial transmission from a 
contaminated LC to the cornea are thought to be an important risk factor of CL 
wear.4 Approximately two thirds of the microbial strains from CL-induced microbial 
keratitis are Gram-negative strains, most notably Pseudomonas aeruginosa but 
also Serratia species, while one third involves Gram-positive cocci, including 
Staphylococcus aureus and Staphylococcus epidermidis.5 

Efforts to reduce the incidence of CL-induced microbial keratitis have focused 
on the development of effective antimicrobial lens care solutions6 and LC or CL 
coatings that discourage bacterial adhesion.7 Considering that CL-induced 
microbial keratitis results from bacterial transmission, it may be clear that anti
adhesive coatings are not sufficient to reduce transmission from a LC to a CL, or 
from a CL to the cornea. A highly adhesive LC surface will donate less bacteria to a 
CL than a less adhesive one. In other words, for this part of the transmission 
process, a CL surface should be made as non-adhesive as possible. With respect 
to preventing transmission of adhering bacteria from a CL surface to the cornea 
however, CL surfaces should be made more adhesive than the cornea. Bacterial 
transmission as in CL-induced microbial keratitis thus depends on an intricate 
balance between the forces exerted by the respective donating and receptor 
surfaces involved in transmission. Recently, we have demonstrated that a 
comparison of bacterial adhesion forces between LC and CL surfaces based on a 
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Weibull analysis,8 respectively between CL and corneal surfaces, can adequately 
predict bacterial transmission of a staphylococcal strain.9 

Silver-ions are nowadays included as an antimicrobial in many commercially 
available healthcare products, such as silver dressings in wound care, Ag-coated 
Foley catheters and endotracheal tubes, due to their broad spectrum antimicrobial 
activity and low toxicity to human cells. 1 0

• 
1 1  Both clinical and laboratory evaluations 

have shown that Ag-impregnated LCs had a statistically significantly lower degree 
of bacterial contamination than control LCs, 12 especially when used in combination 
with a proper lens care solution. 13

• 
14 Ag-impregnated LCs are supposed to reduce 

bacterial adhesion and kill adhering bacteria by interacting with their DNA or RNA 
to prevent growth, or by interfering with bacterial respiration enzyme 
conformation. 15 

Bacterial adhesion forces to Ag-impregnated LC surfaces have never been 
measured and compared with adhesion forces to CLs to yield an estimate of the 
transmission probability. Therefore, the aim of this study is to measure the 
adhesion forces of different bacterial strains involved in CL-induced microbial 
keratitis and to employ a Weibull analysis in order to compare the transmission 
probability from Ag-impregnated and standard-polypropylene screw-top LCs to CL. 
Bacterial transmission probabilities calculated from adhesion forces are compared 
with experimentally obtained transmission data in 0.9%NaCI and in an antimicrobial 
lens care solution. 
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Materials and Methods 

Bacterial Cultures 

Three different bacterial strains involved in CL-induced microbial keratitis were 
used in this study, and included P. aeruginosa 6487, S. aureus 835, and Serratia 

marcescens ATCC 13880. P. aeruginosa and S. aureus were pre-cultured in 10 ml 
tryptone soya broth (TSB, OXOID, Basingstoke, UK), while S. marcescens was 
pre-cultured in brain heart infusion broth (BHI, OXOID) for 24 h at 37°C in ambient 
air. These cultures were then inoculated in a second 200 ml TSB or BHI broth and 
grown for 18 h at 37 °C. P. aeruginosa was harvested by centrifugation for 5 min at 
9600 g, while the other strains were harvested by centrifugation at 5000 g. All 
strains were washed twice and re-suspended in demineralized water. For 
transmission experiments, bacteria were suspended in 0.9% NaCl supplemented 
with 2% (w/v) TSB or BHI to stimulate their metabolic activity and adhesion, but 
preventing their growth. 

Lens Cases, Lens Care Solution and Contact Lenses 

MicroBlock Ag-impregnated LCs (CIBA Vision Corporation, Duluth, GA, USA) and 
standard polypropylene screw-top LCs were employed throughout this study, 
together with SoloCare Aqua (CIBA Vision Corporation) antimicrobial lens care 
solution, containing polyhexanide HCI (0.0001%) and Poloxamer 407, and 0.9 % 
NaCl as a control fluid. Furthermore, a rigid, gas-permeable lens (CL) was used, 
made of enflufocon A (Boston-ES, fluorsilicone acrylate, Polymer Technology 
Corporation, USA). 

Ag-impregnated LCs were only used once, while the CL and polypropylene LC 
were re-used and cleaned in between different experiments by sonication in an 
ultrasonic bath (Transsonic TP 690, Elma, Germany) for 5 min in 0.9% NaCl, 
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rinsed thoroughly with demineralized water and finally sonicated for 5 min in 
demineralized water. 

Water Contact Angles 

Water contact angles were measured on the concave sides of the CL and on the 
bottom of the LCs using the sessile drop technique in combination with a 
homemade contour monitor, because of their known role in bacterial adhesion to 
surfaces. All contact angle measurements were done on three different LCs and 
Cls, each measurement representing five droplets (3 µL). 

AFM Adhesion Force and Surface Roughness Measurements 

Bacteria suspended in demineralized water were immobilized on tipless "V"-shaped 
cantilevers (DNP-0 from VEECO, Woodbury, NY, USA). The end of a cantilever 
was first immersed in a droplet of 0.0 1 % (w/v) poly-L-lysine solution (Sigma, Poole, 
UK) for 1 min, and air-dried for 2 min. Subsequently, the cantilever was dipped into 
a bacterial suspension in water for 1 min to allow bacterial attachment. Bacterial 
probes were always freshly made for each experiment. 

Atomic force microscopy (AFM) measurements were carried out at room 
temperature in 0.9% NaCl with different surface-delay times (0, 10, 30, 60, and 90 
s) using a Dimension 3100 system (Nanoscope IV, Digital Instruments, Veeco, 
Woodbury, NY, USA) as described before9 to determine the bacterial adhesion 
forces on the different LCs and the rigid, gas-permeable CL. Maximum adhesion 
forces F occurring in the retraction force-distance curves were plotted as a function 
of the surface-delay time t and fitted to Equation 1 

( 1 ) 
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with F0 being the maximum adhesion force at O s surface-delay time, F.,, the 
maximum adhesion force after bond-strengthening, and r the characteristic time 
needed for the adhesion force to strengthen. 

AFM was also used to measure the surface roughness of the CL and LCs. To 
this end, the AFM was operated in the contact mode, using a silicon nitride 
cantilever tip (DNP from Veeco, Woodbury, NY, USA). Three samples of each 
material were imaged at five randomly selected positions, from which the average 
surface roughness (Ra) was obtained, indicating the average distance of the 
roughness profile to the center plane of the profile. 

Weibull Analysis of Adhesion Forces and Calculation of Transmission 
Probabilities 

The transmission probabilities of bacteria between the polypropylene or Ag
impregnated LCs and the CL in 0 .9% NaCl were calculated from Weibull analyses, 
as described before. 1 6  Briefly, all adhesion forces N in a given data set were 
ranked in ascending order to calculate the probability PF of a force value F to occur 
according to 

n PF
= -N + l  

(2) 

in which n is the rank number and N is the total number of data points. Then, PF is 
fitted to the Weibull equation 

[ (F-F \m ] 
PF = I - exp - �/ (3) 

in which the constant Fu is the lowest level of force at which PF approaches zero. 
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Subsequently, calculation of transmission probabilities was done on the basis 
of the Weibull distributions calculated for each combination of bacteria, LC and CL. 
First, the median force between bacteria and CL was determined, after which the 
Weibull distribution for that bacterial strain adhering to a LC was used to calculate 
the transmission probability from LC to CL under the influence of the median force 
exerted by the CL, as outlined in detail before.9 

Actual Transmission Experiments and Calculation of Killing Efficacy 

For transmission from LC to CL, the sterilized polypropylene or Ag-impregnated LC 
was first inoculated with 3 ml bacterial suspension (3 x 104 bacteria/ml) in 0.9% 
NaCl supplemented with 2% growth medium for 30 min. After removal of the 
bacterial suspension and rinsing once with 3 ml 0.9% NaCl, a CL was added and 
left to incubate for 90 s or 8 h at room temperature in a closed LC filled with 3 ml 
0.9% NaCl or SoloCare Aqua lens care solution. After incubation, Cls and 
solutions were removed from the cases and the number of adhering bacteria on the 
Cls and LCs were determined. The Cls and LCs were swabbed with a moist 
sterile cotton swab stick. Each swab stick was inserted in an Eppendorf cup 
containing 1 ml reduced transport fluid (NaCl 0.9 g/L, (NH4)2SO4 0.9 g/L, KH2PO4 

0.45 g/L, MgSO4?H2O 0.39 g/L, K2PO4 0.45 g/L, Na2EDTA2H2O 0.412 g/L, L
Cysteine. HCl ·H2O 0.222 g/L) and vortexed for 1 min in order to disperse bacteria. 
The number of adhering bacteria on the LC surface and convex side of the CL 
were then determined by serial dilution plating on 3M Petrifilm AC plates 17 for S. 

aureus 835 and S. marcescens ATCC 13880 or TSB agar plates for P. aeruginosa 

6487. The 3M Petrifilm AC plates and TSB agar plates were incubated under 
aerobic conditions at 37°C for 48 h and 24 h, respectively, before recording the 
number of colonies formed (CFU), which were finally converted to numbers of CFU 
per unit area LC or CL surface. Actual bacterial transmission from LC to CL was 
calculated using 
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Transmission(%) = 
CFU CL 

x 100% 
CFU CL + CFU LC 

(4) 

in which CFUcL and CFULc are the number of bacteria adhering per cm2 surface 

area on a CL or LC, respectively. All transmission experiments were performed in 
triplicate with separately cultured bacteria. 

Statistical Analysis 

Data were analyzed using the Statistical Package for the Social Sciences (SPSS 
16.0 for Windows, Chicago, IL). Adhesion forces were not normally distributed and 
therefore presented as medians and interquartile ranges. Differences between 
adhesion forces were analyzed using non-parametric analyses (Kruskal-Wallis). P
values < 0.05 were considered to indicate statistically significant differences. The 
comparisons of surface roughnesses and bacterial transmission probabilities were 
performed using one way ANOVA analysis, accepting p < 0.05 for statistical 
significance. 
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Results 

Surface Hydrophobicity and Roughness 

The water contact angles and surface roughnesses of standard polypropylene, Ag
impregnated LCs and the rigid-CL are summarized in Table 1. All LCs and the 
rigid-CL had similar water contact angles of 81 - 82 degrees. AFM indicates (see 
images in Figure 1) that the surface of the polypropylene LC is significantly (p < 

0.05) rougher (135 ± 35 nm) than the surfaces of the Ag-impregnated LC (14 ± 3 
nm) and rigid-CL (39 ± 8 nm). 

Force Distance Curves, Adhesion-Forces and Bond-Strengthening 

Figure 2 presents examples of retraction force-distance curves for S. aureus 835 
from the rigid-CL, the polypropylene and Ag-impregnated LCs after different 
surface-delay times in 0.9% NaCl. Bacterial adhesion forces became stronger (p < 

0.05) upon increasing the surface-delay time and bond-strengthening occurred 
within 10 to 30 s (see characteristic time constant in Table 2) for all three strains. 
Note that the interquartile ranges in the medians are quite large, which facilitates 
application of the Weibull analysis (see below). Adhesion forces were much smaller 
on the Ag-impregnated LC than on the standard polypropylene LC (p < 0.05), while 
adhesion forces were generally similar on the polypropylene LC and the rigid-CL. 
Note that adhesion forces have not be measured in the lens care solution, 
containing the detergent Poloxamer 407, as a detergent interferes with the 
measurement of adhesion forces in AFM. 
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Table 1 .  Surface roughnesses (Ra) and water contact angles (8H20) of polypropylene and 

Ag-impregnated LCs as well as of the rig id-CL used for bacterial transmission experiments. 

Polypropylene case 

Ag-impregnated case 

Rigid-CL 

82 ± 3  

82 ± 3  

81 ± 3  

Ra (nm) 

1 35 ± 35 .. 

1 4  ± 3  

39 ± 8  

Data represent mean ± standard deviation over 1 5  measurements, equally divided over 

three different samples of each material. 

Significantly rougher than the Ag-impregnated LC and rigid CL. 

1.0 IJffl _ 

0 0 11m 

40 

Polypropylene LC 

20 .,..__ 

.,.... / 20 
10 -..._/ 10 

1 0 11m 

0 0 11m 

50 11m 

Ag-impregnated LC 

10 'x"' 10 

Figure 1 .  AFM images of polypropylene 

LC and Ag-impregnated LC surfaces as 

well as of a rigid-CL surface. 
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Table 2. Bacterial adhesion forces after O s  (Fo) and 90 s (Foo) surface-delay times, together with the characteristic time constants T for 
bond-strengthen ing,  as measured during retraction of a bacterial AFM probe away from a LC or rig id-CL in 0.9% Nac1.· 

Polypropylene 
Case 

Ag-impregnated 
LC 

Rigid-CL 

P. aeruginosa 6487 

F0 (nN) F90 (nN) T (s) 

-0.9 ± 0.7 -11.9 ± 8.8 20 ± 12 

** ** 
-0.1 ± 0.1 -0.6 ± 0.6 

-1.0 ± 0.8 -11.2 ± 3.3 

38 ± 6 

11 ± 2 

S. aureus 835 

Fo (nN) F9o (nN) T (s) 

-1.6 ± 1.0 -11.2 ± 6.3 21 ± 8 

** ** 
-0.4 ± 0.6 -3.3 ± 2.9 36 ± 7 

-2.7 ± 1.2 -12.3 ± 4.6 27 ± 7 

·oata represent median ± interquartile range over 30 force-distance curves. 
··significantly smaller on Ag-impregnated LCs than on polypropylene cases. 

S. marcescens ATCC 1 3880 

F0 (nN) fgo (nN) T (s) 

-0.4 ± 0 .9 -9.5 ± 5.0 30 ± 10 

** ** 
-0.1 ± 0.1 -0.4 ± 0.8 32 ± 12 

-0.3 ± 0 .4 -1.8 ± 2.0 24 ± 6  

Q 
� 
qi' ...., 
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Figure 2. Examples of retraction force-distance curves between S. aureus 835 attached to 
an AFM cantilever and a rig id-CL, polypropylene and Ag-impregnated LCs after different 

surface-delay times in 0 .9% NaCl (left panel) and the measured adhesion forces as a 

function of the surface-delay time (right panel). Error bars indicate the interquartile range 

over 30 force-distance curves. 
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Actual Transmission Experiments and Weibull Probabilities for 
Transmission 

Initial numbers of bacteria adhering to polypropylene and Ag-impregnated LCs 
prior to transmission to the CLs amounted 570 and 150 bacteria/cm2 for P. 

aeruginosa 6487; 490 and 130 bacteria/cm2 for S. aureus 835 and 410 and 70 
bacteria/cm2 for S. marcescens ATCC 13880, respectively. Note that Ag
impregnated LCs attracted less bacteria than the standard polypropylene LCs. The 
number of bacteria present on the receiving surfaces was subsequently used to 
calculate the percentage CFU transmission from LC to CL, as summarized in Table 
3. 

For polypropylene LCs, transmission probabilities based on Weibull analysis of 
adhesion forces measured after a surface-delay of 90 s in 0.9% NaCl coincided 
well with the actual, experimentally observed transmission of CFUs (see Table 3). 
Since adhesion forces hardly increase anymore after 90 s of surface-delay, we 
believe that a comparison of Weibull transmission probabilities with 8 h, actual 
transmission data is warranted. Transmission probabilities in 0.9% NaCl according 
to a Weibull analysis from Ag-impregnated LCs were much higher than from 
polypropylene LCs due to weak bacterial adhesion forces. However, significantly 
smaller actual transmission of CFUs was observed than predicted on the basis of a 
force analysis, an effect that was largest for P. aeruginosa. This indicates that 
bacteria are killed during actual transmission from Ag-impregnated LCs, CFU 
transmission could be further reduced by the use of an antimicrobial lens care 
solution (see also Table 3). Note that the use of antimicrobial lens care solution 
yields lower CFU transmission from an Ag-impregnated LC for P. aeruginosa and 
S. aureus than for S. marcescens. 
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Table 3. Actual bacterial (CFU) transmission (%) from a LC to a rigid CL during 8 h contact in 0 .9% NaCl or a lens care solution·, and 
as predicted from a comparison of adhesion forces and their spreading according to a Weibul l  analysis (only done for 0 .9% NaCl). 

Bacteria 

P. aeruginosa 
6487 

S. aureus 835 

S. marcescens 
ATCC 1 3880 

Methods 

Actual CFU transmission 

Weibull probability for 
transmission 

Actual CFU transmission 

Weibull probabil ity for 
transmission 

Actual CFU transmission 

Weibull probability for 
transmission 

Polypropylene Ag-impregnated 
LC in NaCl LC in NaCl 

40 ± 3 

43 

68 ± 5 

65 

8 ± 2  

2 

20 ± 5 

99 

71 ± 8 

99 

63 ± 10 

96 

Polypropylene 
LC in lens care 

solution 

6 ± i* 

Not done 

17 ± 3** 

Not done 

7 ± 1  

Not done 

·Actual transmissions are presented as average values ± standard deviations over three separate bacterial cultures. 
··Transmission in lens care solution are significantly (p < 0 .05) smaller than in 0 .9% NaCl. 
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Not done 

Q)' 
�-

� 

en· 
(/) c5· 
:::J 
s· 
b, 

�3" 
� 
� 
� 
Q)' 
ct 
,..... 



Chapter 4 

Discussion 

Bacterial contamination of LCs presents a significant public health threat for CL 
wear as it constitutes the source 1 8· 1 9 for bacterial transmission from LC to CL and 
onto the cornea, where the presence of live bacteria may lead to keratitis. 20 

Whether or not bacterial transmission from a contaminated LC to CL occurs, 
depends on the balance between bacterial adhesion forces to the donating LC 
surface and the receiving CL surface. In this study, three bacterial strains isolated 
from CL-related microbial keratitis were used to determine their adhesion forces 
and transmission probabilities from an Ag-impregnated or polypropylene LC to a 
rigid-CL. Bacterial adhesion forces of P. aeruginosa, S. aureus and S. marcescens 

strains on Ag-impregnated LCs were much smaller than on standard-polypropylene 
LCs. Although these low adhesion forces are likely due in part to the smoothness 
of the Ag-impregnated LC in comparison with the standard-polypropylene LC and 
rigid-CL involved in this study, it has also been shown that adhesion forces 
between S. epidermidis and self-assembled monolayers with Ag-ions as a terminal 
functional group are small.2 1  This suggests, that despite the established role of 
surface roughness in determining bacterial adhesion forces to substratum 
surfaces,22 bacteria may have low affinity for Ag-ions, also when incorporated in a 
LC. In line, in vitro surfaces modified with Ag-ions attracted less S. epidermidis and 
S. aureus,23 and also here we observed 3 to 6-fold lower numbers of bacteria 
adhering to Ag-impregnated LCs than to standard-polypropylene LCs, depending 
on the strain considered. Any difference in bacterial adhesion between both LC 
surfaces cannot be attributed to hydrophobicity, as water contact angles are 
around 82 degrees on both LCs. 

Weibull analysis of bacterial adhesion forces was employed to calculate 
bacterial transmission probabilities from a LC to a CL in 0.9% NaCl. 8 In 
polypropylene LCs, bacterial transmission probabilities from LCs to CLs obtained 
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b y  the Weibull-analysis coincided well with actual transmission data. In Ag
impregnated LCs, predicted bacterial transmission probabilities were almost 100% 
due to the weak adhesion forces between Ag-impregnated LCs and the adhering 
bacteria. Weibull analysis does not distinguish between dead and live bacteria and 
accordingly actual CFU transmission was much smaller due to severe bacterial 
killing of especially P. aeruginosa, occurring during transmission from the Ag
impregnated LC. P. aeruginosa thus seems to be more sensitive to Ag
impregnation than the other two strains involved in this study. Also in a study by 
Nabizadeh et a/.24 P. aeruginosa was found to be more sensitive to Ag than other 
bacterial species, including S. aureus and S. marcescens. Ag-ions may interact 
with the thiol groups in amino acids of the P. aeruginosa cell membrane, damage 
the cell envelope and inhibit cell division.25

' 
26 MicroBlock Ag-impregnated LCs not 

only exert low adhesion forces on several different strains of bacteria (this study), 
but are also known to release measurable amounts of Ag over 28 days. 27 The 
broad antibacterial activity of Ag-ions against different bacterial strains, including 
mature biofilms28 has stimulated use of Ag-ions in many medical devices. Ag
coated urinary catheters have been described to prevent urinary tract infections 
due to inhibition of biofilm formation.29 Ag-dressings have demonstrated a high 
level of antimicrobial activities and improved wound healing through increasing 
bacterial susceptibility to antibiotics within biofilms.30 

Transmission of CFUs from a LC to a CL can be further decreased by use of 
an antimicrobial lens care solution such as Solocare Aqua, although repeated use 
of lens care solutions may increase bacterial resistance to the antimicrobial 
included.31  In this respect it is noteworthy that Ag-ions have hitherto never been 
associated with the development of any bacterial resistance. 32 Possibly this is, 
because Ag has numerous target sites on and within a bacterial cell. 33 CFU 
transmission from polypropylene to a CL in an antimicrobial lens care solution was 
much lower than in 0.9% NaCl (see Table 3), regardless of the LC considered and 
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CFU transmission from Ag-impregnated LCs was almost negligible in lens care 
solution for P. aeruginosa and S. aureus strains. Although CFU transmission from 
Ag-impregnated LCs was reduced by the presence of the antimicrobial lens care 
solution from 63% to 31 %, the lens care solution appeared less effective against 
transmission of S. marcescens than against transmission of the other two strains. 

Summarizing, bacteria in 0.9% NaCl are transmitted in higher numbers from 
Ag-impregnated LCs than from polypropylene LCs due to small adhesion forces, 
but this is compensated by enhanced bacterial killing during transmission due to 
Ag-impregnation, especially for a P. aeruginosa strain. Bacterial killing during 
transmission can be further enhanced by the use of an antimicrobial lens care 
solution. Therewith definition of the desired properties of LC surfaces becomes a 
trade-off between increased transmission and antimicrobial efficacy. This balance 
can be shifted toward increased antimicrobial efficacy by use of a antimicrobial lens 
care solution, which shows that proper lens wear and care should involve the right 
combination of LC and lens care solution. 

90 



Bacterial transmission in Ag-impregnated L C  

References 

1 .  Morgan PB, Efron N, Helland M, et al. Demographics of international contact lens 
prescribing . Cont Lens Anterior Eye. 201 0;33:27-29. 

2 .  Liesegang T J .  Physiologic changes of the cornea with contact lens wear. CLAO J. 
2002;28: 1 2-27. 

3 .  Penland RL, Wilhelmus KR. Microbiologic analysis of bottled water: is it safe for use with 
contact lenses? Ophthalmology. 1 999; 1 06 :  1 500-1 503. 

4 .  Fleiszig SM, Evans DJ. Pathogenesis of contact lens-associated microbial keratitis. 
Optom Vis Sci. 201 0 ;87:225-232. 

5. Seal DV, Kirkness CM, Bennett HG, Peterson M. Population-based cohort study of 
microbial keratitis in Scotland: incidence and features. Cont Lens Anterior Eye. 
1 999;22 :49-57. 

6. Scheuer C,  Zhao F, Erb T, Orsborn G. Multipurpose solutions and rates of biocidal 
efficacy. Eye Contact Lens. 2009;35:88-91 .  

7 .  Cole N ,  Hume EBH, Vijay AK, Sankaridurg P, Kumar N ,  Willcox MOP. In vivo 
performance of melimine as an antimicrobial coating for contact lenses in models of 
CLARE and CLPU. Invest Ophthalmol Vis Sci. 201 0 ;51  :390-395. 

8. Van der Mei HC, De Vries J ,  Busscher HJ . Weibull analyses of bacterial interaction 
forces measured using AFM. Colloids Surf B Biointerfaces. 201 0;78:372-375. 

9 .  Qu W,  Hooymans JM, De Vries J ,  Van der Mei HC, Busscher HJ .  Force analysis of 
bacterial transmission from contact lens cases to corneas, with the contact lens as the 
intermediary. Invest Ophthalmol Vis Sci. 201 1 ;52:2565-2570. 

1 0. Edwards-Jones V. The benefits of silver in hygiene, personal care and healthcare. Lett 
Appl Microbial. 2009;49: 1 4  7-1 52. 

1 1 . Jain J, Arora S,  Rajwade JM, Omray P,  Khandelwal S,  Paknikar KM. Silver nanoparticles 
in therapeutics: development of an antimicrobial gel formulation for topical use. Mo/ 
Pharm. 2009;6 : 1 388-1 401 . 

1 2 . Amos CF, George MD. Clinical and laboratory testing of a silver-impregnated lens case. 
Cont Lens Anterior Eye. 2006;29 :247-255. 

1 3. Bruinsma GM, Rustema-Abbing M, De Vries J ,  et al. Influence of wear and overwear on 
surface properties of etafilcon A contact lenses and adhesion of Pseudomonas 
aeruginosa. Invest Ophthalmol Vis Sci. 2002;43 :3646-3653. 

1 4. Vermeltfoort PB, Hooymans JM, Busscher HJ, Van der Mei HC. Bacterial transmission 
from lens storage cases to contact lenses-Effects of lens care solutions and silver 
impregnation of cases. J Biomed Mater Res B Appl Biomater. 2008;87:237-243. 

91 



Chapter 4 

1 5. Guggenbichler JP,  Boswald M, Lugauer S, Krall T. A new technology of microdispersed 
silver in polyurethane induces antimicrobial activity in central venous catheters. Infection. 
1 999;27 1 6-23. 

1 6. McCabe JF, Carrick TE. A statistical approach to the mechanical testing of dental 
materials. Dent Mater. 1 986;2: 1 39-1 42 .  

1 7. Evancho GM,  Sveum WH,  Moberg LJ , Frank JF.  Microbiological Monitoring of the Food 
Processing Environment. 4 th ed. Washington DC: American Public Health Association; 
2001 :28-29. 

1 8. McLaughlin-Borlace L, Stapleton F,  Matheson M, Dart J K. Bacterial biofilm on contact 
lenses and lens storage cases in wearers with microbial keratitis. J Appl Microbial. 
1 998;84:827-838. 

1 9. Stapleton F, Keay L, Edwards K, et al. The incidence of contact lens-related microbial 
keratitis in Australia. Ophthalmology. 2008; 1 1 5: 1 655-1 662. 

20. Hall BJ , Jones L. Contact lens cases: the missing l ink in contact lens safety? Eye 
Contact Lens. 201 0 ;36: 1 01 -1 05. 

2 1 .  Emerson RJt, Bergstrom TS, Liu Y, et al. Microscale correlation between surface 
chemistry, texture, and the adhesive strength of Staphylococcus epidermidis. Langmuir. 
2006;22 : 1 1 31 1 - 1 1 32 1 . 

22. Mei L, Busscher HJ,  Van der Mei HC, Ren Y. Influence of surface roughness on 
streptococcal adhesion forces to composite resins. Dent Mater. 201 1 ;27:770-778. 

23 . Chen W, Liu Y, Courtney HS, et al. In vitro anti-bacterial and biological properties of 
magnetron co-sputtered silver-containing hydroxyapatite coating. Biomaterials. 
2006;27:551 2-551 7. 

24. Nabizadeh R, Samadi N, Sadeghpour Z, Beikzadeh M. Feasibility study of using 
complex of hydrogen peroxide and silver for disinfecting swimming pool water and its 
environment. Iran J Environ Health Sci Eng. 2008 ;5:235-242. 

25. Richards RM, Odelola HA, Anderson B.  Effect of silver on whole cells and spheroplasts 
of a silver resistant Pseudomonas aeruginosa. Microbios. 1 984;39: 1 51 -1 57. 

26. Liau SY, Read DC, Pugh WJ , Furr JR,  Russell AD. Interaction of silver nitrate with 
readily identifiable groups: relationship to the antibacterial action of silver ions. Lett Appl 
Microbial. 1 997;25:279-283. 

27. Dantam J ,  Zhu H ,  Stapleton F. Biocidal efficacy of silver-impregnated contact lens 
storage cases in vitro. Invest Ophthalmol Vis Sci. 201 1 ;52 :51 -57. 

28. Monteiro DR, Gorup LF, Takamiya AS, Ruvollo-Filho AC, De Camargo ER, Barbosa DB. 

92 

The growing importance of materials that prevent microbial adhesion: antimicrobial effect 
of medical devices containing silver. Int J Antimicrob Agents. 2009;34 : 1 03-1 1 0. 



Bacterial transmission in Ag-impregnated LC 

29. Roe D ,  Karandikar B ,  Bonn-Savage N ,  Gibbins B,  Roullet J-B. Antimicrobial surface 
functionalization of plastic catheters by silver nanoparticles. J Antimicrob Chemother. 
2008;61  :869-876. 

30. Kostenko V, Lyczak J ,  Turner K, Martinuzzi RJ . Impact of silver-containing wound 
dressings on bacterial biofilm viability and susceptibility to antibiotics during prolonged 
treatment. Antimicrob Agents Chemother. 201 0;54:51 20-51 31 . 

3 1 . Lakkis C, Fleiszig SM. Resistance of Pseudomonas aeruginosa isolates to hydrogel 
contact lens disinfection correlates with cytotoxic activity. J Clin Microbial. 2001 ;39: 1 477-
1 486. 

32. Percival SL, Bowler PG, Russell D.  Bacterial resistance to silver in wound care. J Hosp 
Infect. 2005;60 : 1 -7. 

33. Landsdown AB, Williams A. Bacterial resistance to silver in wound care and medical 
devices. J Wound Care. 2007; 1 6: 1 5-1 9 .  

93 





Chapter 5 

Bacterial adhesion forces on polymer-brush 

coated polypropylene 



Chapter s 

Abstract 

Polymer brush coatings have been advocated to decrease microbial adhesion 
more than any other type of surface coating. In this study, we apply a new, robust 
polymer brush-coating (VitroStealth®) to polypropylene samples, which is the most 
popular material for contact lens cases, to investigate their anti-adhesive efficacy 
on a variety of bacterial strains most frequently associated with contact lens (CL)
induced microbial keratitis in comparison with a rigid, gas-permeable CL. Bacterial 
adhesion forces of three Pseudomonas aeruginosa, three Staphylococcus aureus 
and three Serratia strains to VitroStealth®-coatings (-0.2 to -2.2 nN) were much 
smaller than on a standard-polypropylene surface (-8.3 to -11.3 nN) and rigid, gas
permeable CL (-1.2 to -12.3 nN) measured using atomic force microscopy. Smaller 
adhesion forces of bacteria contaminating a lens case on the one hand will 
increase the cleanability of the case, but on the other hand will stimulate 
transmission of contaminating bacteria from the lens case to CL surfaces usually 
exerting stronger adhesion forces. 
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Introduction 

Contact lens (CL) associated microbial keratitis is nowadays a major health threat 
since more than 120 million people worldwide are wearing CLs for vision 
correction. 1 Bacterial adhesion and colonization on CLs have been reported to be 
associated with the development of microbial keratitis.2 Many microbial strains 
have been isolated from microbial keratitis, approximately two thirds of the isolated 
strains being Gram-negative Pseudomonas aeruginosa, but also Serratia species 
have been isolated, while one third involves Gram-positive cocci, including 
Staphylococcus aureus. 3 

The development of CL-induced microbial keratitis is likely to start with the 
initial adhesion and subsequent biofilm formation of microorganism to a lens case 
surface. It can be regarded as a transmission phenomenon of organisms adhering 
to the lens case to the cornea, with a CL as an intermediate,4 although the actual 
occurrence of keratitis also depends on the virulence of the bacterial strains 
involved and the inflammatory and immune responses from the host. 5 Several 
attempts have been made to develop multipurpose lens care solutions, 
antimicrobial impregnations or coatings on lens cases to prevent microbial keratitis 
at its source: the biofilm growing in the lens case. 

Although lens care solutions with antimicrobial properties have been used for a 
long time, it has been demonstrated that repeated, long-term use of disinfecting 
solutions results in resistance of P. aeruginosa strains against polyquaternium-1.6 

Silver-impregnated lens cases have a proven efficacy against bacterial 
contamination in both experimental and clinical studies,7

• 
8 and yielded low bacterial 

adhesion forces.9 Low bacterial adhesion forces to the surface of a lens case, 
however, on the one hand facilitate easy cleaning of the case, but on the other 
hand enhance transmission to a CL surface, generally exerting stronger adhesion 

97 



Chapter s 

forces. 10 These considerations make the development of a suitable lens case a 
heavy trade-off between good cleanability and the prevention of transmission. 

Choosing for a good cleanability of the lens case, a polymer-brush coating of 
the lens case surfaces is an attractive option. Polymer-brush coatings are 
constituted of an assembly of polymer chains with one end tethered to a surface 
and forced to stretch away into the adjacent solution due to a high density of 
chains. 11 Polymer-brush coatings have been demonstrated to be effective in 
discouraging protein adsorption and microbial adhesion 12- 14 and have been 
advocated for different clinical applications. 15 Moreover, bacterial adhesion on 
polymer brush coatings is weak, facilitating easy removal. 16· 17 

A new, robust surface-modified silica nanoparticles-based coating 
(VitroStealth®, DSM research, Geleen, The Netherlands) has been recently 
developed to resist protein and nucleic acid adsorption and reduce bacterial and 
cellular adhesion. VitroStealth® coatings are mechanical durable, optically 
transparent, fast UV processing, have low levels of extractables and leachables 
and can be easily applied on a wide variety of substrates demonstrating practical 
utility. VitroStealth® coatings consist of surface-modified silica nanoparticles, 
chemically grafted with crosslinked acrylates and poly(ethylene glycol) (PEG) 
groups. VitroStealth® coatings are hydrophilic and have a remarkable hardness 
and stiffness in the dry state, which can be varied by changing the degree of 
crosslinking. Adsorption of the small protein lysozyme from buffer solution on 
VitroStealth® coated silica wafers decreased significantly with increasing grafting 
density of the PEG groups on the nanoparticles and was completely inhibited at 0.6 
chains nm-2

• Coatings also significantly reduced bacterial adhesion in a parallel 
plate flow chamber. 18 

In this study, we examined whether the adhesion forces between different 
bacterial strains involved in CL induced microbial keratitis are reduced by coating 
polypropylene with VitroStealth®, possessing different degrees of cross-linking. 
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Bacterial adhesion forces are compared with adhesion forces measured on a rigid, 
gas-permeable Cls. 

Materials and Methods 

Bacterial Strains 

Nine bacterial strains most frequently associated with CL-induced microbial 
keratitis were used in this study, including P. aeruginosa 6487, P. aeruginosa #3, 
P. aeruginosa 6073, Serratia marcescens ATCC 13880, Serratia liquefaciens 007, 
S. liquefaciens MH, S. aureus 835, S. aureus 014 and S. aureus 799. P. 

aeruginosa and S. aureus strains were pre-cultured in 10 ml tryptone soya broth 
(TSB, OXOID, Basingstoke, UK), while Serratia strains were pre-cultured in brain 
heart infusion broth (BHI, OXOID) for 24 h at 37°C in ambient air. These cultures 
were then inoculated in a second 200 ml TSB or BHI broth and grown for 18 h at 
37°C. P. aeruginosa was harvested by centrifugation for 5 min at 9600 g, while the 
other strains were harvested by centrifugation at 5000 g. All strains were washed 
twice and re-suspended in demineralized water. 

CLs, Polypropylene Samples and Surface-Modified Silica 
Nanoparticles-Based Coatings 

Coatings were prepared on polypropylene samples, cleaned by sonication in an 
ultrasonic bath (Transsonic TP 690, Elma, Germany) for 5 min in 2% RBS 35 
(Omnilabo International BV, The Netherlands), thoroughly rinsed with 
demineralized water and finally sonicated for 5 min in demineralized water prior to 
use. The chemistry and surface properties of the surface-modified silica 
nanoparticles-based coatings have been previously subscribed by Holmes et al. 1 8  

Briefly, the coating comprises three matrix components, silica oxide nanoparticles, 
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monomethoxy PEG -triethoxysilane (mPEG-TES) and the adhesion promoter 3-
(trimethoxysilyl)propyl acrylate (Acr-Pr-Tms). First, a reaction mixture of dissolved 
mPEG and triethoxy(3-isocyanopropyl) silane was stirred with the dibutyltin 
dilaurate to synthesize mPEG-TES. Second, a suspension of silicon oxide 
nanoparticles in methanol (MT-ST) were surface-modified with Acr-Pr-Tms, after 
dehydration, the mPEG chains were grafted to synthesize the functionalized 
nanoparticles. Thirdly, the wet coatings were formulated with Acr-Pr-Tms and PEG 
diacrylate, and applied to the polypropylene surface through the crosslinked 
acrylate groups by exposure to ultraviolet (UV) radiation. When in contact with 
water, the PEG chains adapt a brush-like structure at the surface. By using 
different composition ratio of acrylates and grafted PEG chains, two coatings, 
VitroStealth®-1 and VitroStealth®-2 were obtained, with VitroStealth®-2 containing 
the highest degree of cross-linking. 

The rigid, gas-permeable CL used in this study was made of enflufocon A 
(Boston-ES, fluorsilicone acrylate, Polymer Technology Corporation, USA). The 
rigid, gas-permeable Cls were used several times and cleaned in between 
different measurements by sonication in an ultrasonic bath (Transsonic TP 690, 
Elma, Germany) for 5 min in 0 .9% NaCl, thorough rinsing with demineralized water 
and finally sonication for 5 min in demineralized water prior to use. 

The rigid, gas-permeable Cls, with their convex sides up, as well as the 
polypropylene samples, were fixed to a glass plate with double sided sticky tape for 
atomic force microscopy (AFM) measurements. Cls were surrounded by a ring of 
wax to keep a drop of solution between the sample and the AFM cantilever. 

Water Contact Angle Measurements 

Water contact angles were measured on the polypropylene and VitroStealth®
coated polypropylene samples and the convex sides of Cls using the sessile drop 
technique in combination with a homemade contour monitor. All contact angle 
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measurements were done on five different Cls, polypropylene or VitroStealth®
coated polypropylene samples, each measurement representing three droplets (2 
µ L). 

AFM Adhesion Force and Surface Roughness Measurements 

Bacteria suspended in demineralized water were immobilized on tipless "V"-shaped 
cantilevers (DNP-0 from VEECO, Woodbury, NY, USA). The end of a cantilever 
was first immersed in a droplet of 0.01 % (w/v) poly-L-lysine solution (Sigma, Poole, 
UK) for 1 min, and air-dried for 2 min. Subsequently, the cantilever was dipped into 
a bacterial suspension in water for 1 min to allow bacterial attachment. Bacterial 
probes were always freshly made for each experiment. AFM measurements were 
carried out at room temperature in 0.9% NaCl with different surface-delay times (0 
s and 90 s) using a Dimension 3100 system (Nanoscope IV, Digital Instruments, 
Veeco, Woodbury, NY, USA) with z-scan rate of 1.0 Hz, ramp size of 1.5 µm, and 
trigger threshold of 1 V. The slopes of the retraction force-distance curves in the 
region where the probe and sample are in contact, were used to convert the 
voltage into cantilever deflection. 19 For each probe, force curves were measured on 
randomly chosen spots on the substratum surface, and repeated five times with 
one tip. For each substratum surface, approximately six probes were used. To 
ensure that bacterial probes were not affected by a previous measurement, force
distance curves were made with O s contact time after each surface-delay time 
series on a clean glass surface. If the adhesion-force with glass differed more than 
1 nN from the initially measured value, the latest measurement was discarded and 
a new probe prepared. For each substratum surface, approximately six probes 
were used. Calibration of bacterial probes was done using the thermal-tuning 

method,20 yielding spring constants of 0.041 ( ±0.004) N/m. Subsequently, for each 

101 



Chapter s 

probe, the maximum adhesion forces F occurring in the retraction force-distance 
curves were plotted as a function of the surface delay time t and fitted to Eq. 1 

( 1) 

with F0 being the maximum adhesion force at O s surface delay time, F"" the 
maximum adhesion force after bond-strengthening, and r the characteristic time 
needed for the adhesion force to strengthen. 

AFM was also used to measure the surface roughness of the CL and the 
polypropylene samples with and without a VitroStealth®-coating. The AFM was 
operated in the contact mode, using a silicon nitride cantilever tip (DNP from 
Veeco ). Three samples of each material were imaged at five randomly selected 
positions, from which the average surface roughness (Ra) was obtained, indicating 
the average distance of the roughness profile to the center plane of the profile. 

Statistical Analysis 

Data were analyzed using the Statistical Package for the Social Sciences (SPSS 
16.0 for Windows, Chicago, IL, USA). Adhesion forces were not normally 
distributed and are presented as median and interquartile range. Differences 
between adhesion forces were analyzed using non-parametric analyses (Kruskal
Wallis ). 
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Results 

Surface Hydrophobicity and Roughness 

The water contact angles and surface roughnesses of the rigid, gas-permeable CL, 
polypropylene and VitroStealth®-coated samples are summarized in Table 1. The 
VitroStealth®-coated polypropylene surfaces are significantly (p < 0.05) more 
hydrophilic (24 to 37 degrees) than the polypropylene surface (91 ± 4 degrees), 
which is similarly hydrophobic as the rigid, gas-permeable CL (84 ± 4 degrees). 
VitroStealth®-2 coatings appeared to be more hydrophilic (p < 0.05) than 
VitroStealth®-1 coatings (24 ± 2 and 37 ± 3 degrees, respectively). AFM indicated 
(Fig. 1) that the polypropylene surface is significantly (p < 0.05) rougher (84 ± 35 
nm) than the surfaces of VitroStealth®-coatings (59 ± 12 nm and 44 ± 7 nm for 
VitroStealth®-1 and VitroStealth®-2, respectively) and the surfaces of rigid, gas
permeable Cls (39 ± 9 nm ). 

Table 1 .  Water contact angles (0H2o) and surface roughness (Ra) of rigid, gas-permeable 
CL, polypropylene and polymer-brush coated polypropylene samples (VitroStealth®-1 and 

VitroStealth®-2). Data represent mean ± standard deviation over 1 5  droplets or images. 

Rigid CL 

Polypropylene 

VitroStealth ® -1 

VitroStealth ® -2 

9H2o (degrees) 

84 ± 4  

91 ± 4 

37 ± 3 

24 ± 2 

R8 (nm) 

39 ± 9 

84 ± 35 

59 ± 12 

44 ± 7 
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Rigid CL Polypropylene 

VitroStealth ®-1 VitroStealth ®-2 

Figure 1 .  AFM images of polypropylene samples, VitroStealth®-coated polypropylene 

samples and rigid, gas-permeable CL surfaces. 

Force-Distance Curves, Adhesion-Forces and Bond-Strengthening 

Figure 2 presents an example of retract force-distance curves for S. aureus 835 
from a polypropylene surface and VitroStealth®-coatings after a surface-delay of 90 
s measured in 0.9% NaCl buffer. Bacterial adhesion forces became stronger (p < 
0.05) for all strains and surfaces upon increasing the contact time between 
bacteria-coated cantilevers and substratum surfaces (see also Table 2). Adhesion 
forces were much smaller on both VitroStealth®-coatings than on polypropylene 
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surfaces, especially after 90 s surface delay times (p < 0.05) in 0.9 % NaCl buffer, 
regardless of the strain involved. Bacterial adhesion forces on VitroStealth®-1 
coatings were slightly higher than on VitroStealth®-2 coatings, although the 
differences were not always statistically significant. In general across strains, the 
rigid, gas-permeable CL exerts a stronger adhesion force than VitroStealth®
coatings (p < 0.05), but weaker than the polypropylene surfaces. 

Gram-positive staphylococci strains showed significantly stronger adhesion 
forces on the CL than Gram-negative P. aeruginosa and Serratia species (p < 

0.05). However, on the VitroStealth®-coatings, P. aeruginosa experienced an 
almost double adhesion force than did staphylococci and Serratia species. All of 
the three bacterial species have similar adhesion forces on polypropylene surfaces. 
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Figure 2. Examples of retract force-distance curves for P. aeruginosa #3 attached to the 

AFM cantilever and polypropylene and VitroStealth® - coated polypropylene samples, 

measured in 0.9% NaCl after 90 s surface-delay. 
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Table 2. Bacterial adhesion forces after 0 s (Fa) and 90 s (Fgo) surface delay times as measured during retraction of a bacterial Q)' 
AFM probe away from a rigid , gas-permeable CL and polypropylene samples with and without a VitroStealth® coating in 0.9% CJ) 

NaCl. Data reoresent median ± interauartile ranae over 30 force-distance curves. 

Rigid CL Polypropylene VitroStealth ® -1 VitroStealth ® -2 

F0 (nN) F90 (nN) F0 (nN) fgo (nN) F0 (nN) fgo (nN) Fo (nN) fgo (nN) 

P. aeruginosa 6487 -0.9±0.7 -11.2±6.2 -0.8±0.6 -11.3±8.4 -0.1±0.1 -1.5±0.6 -0.1±0.0 -0.8±0.4 

P. aeruginosa #3 -0.2±0.2 -1.4±1.4 -1.0±1.0 -10.9±7.0 -0.1±0.0 -2.2±0.7 -0.1±0.18 -1.3±0.7 

P. aeruginosa 6073 -0.1±0.0 -1.5±1.4 -0.3±0.2 -9.3 ±5.3 -0.2±0.1 -1.9±0.9 -0.1±0.1 -1.0±0.9 

S. marcescens ATCC -0.3±0.3 -1.5±1.8 -0.4±0.9 -9.2±6.0 -0.1±0.0 -0.3±0.1 -0.1±0.0 -0.4±0.6 1 3880 

S. liquefaciens 007 -0.5±0.4 -3.6±2.2 -1.4±0.4 -9. 8±7.2 -0.2±0.1 -0.7±1.0 -0.2±0.2 -0.6±1.2 

S. liquefaciens M H -0.3±0.3 -1.2±0.4 -0.9±0.1 -8.3±5.2 -0.1±0.1 -0.7±0.3 -0.1±0.1 -0.4±0.2 

S. aureus 835 -1.9±1.2 -12.3±4.8 -1.5±1.0 -11.2±6.2 -0.1±0.1 -0.7±0.3 -0.1±0.1 -0.2±1.2 

S. aureus 01 4 -1.6±1.4 -9.6±4.1 -1.9±1.6 -9.9±8.1 -0.1±0.0 -1.0±0.1 -0.1±0.0 -0.2±0.5 

S. aureus 799 -1.6±1.1 -9.8±6.1 -1.1±0.5 -9.9±5.2 -0.1±0.0 -0.3±0.3 -0.1±0.0 -0.3±0.2 
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Discussion 

Bacterial adhesion forces to contact lens case surfaces dictate both bacterial 
transmission to CL surfaces as well as the cleanability of the case. Here it is 
demonstrated that a polymer-brush coating on polypropylene, as frequently used 
for contact lens cases, yields around ten-fold reduction in adhesion forces for a 
large collection of bacterial strains and species involved in CL-related keratitis. 
Therewith, enhanced cleanability may be expected, but also an increased 
possibility to CL surfaces, generally exerting strong adhesion forces. 

P. aeruginosa is the number one causative strain for microbial keratitis to 
occur, and was found to have the strongest adhesion force on both VitroStealth®
coatings among the other strains and species involved in this study. This is 
consistent with other studies, 16· 21 showing that P. aeruginosa strains, especially the 
more hydrophobic ones, are still attracted to PEO polymer-brush coatings. 
Possibly, the hydrophobic nature of some of these strains, dehydrate the PEG 
chains hampering their stealth mechanism. 

Bacterial adhesion forces to surfaces depend both on the surface roughness22 

as well as on the hydrophobicity of the surfaces considered. The polypropylene 
surface in this study is equally hydrophobic than the CL surfaces while being much 
smoother, yet bacterial adhesion forces are equally strong. This negates a role of 
surface roughness on bacterial adhesion forces for highly hydrophobic surfaces, 
which could be due to the fact that water is very easily removed from the interfacial 
region in case of highly hydrophobic surfaces to facilitate sufficient contact 
irrespective of roughness. Interestingly, CLs are comparatively smooth as the 
VitroStealth®-coatings, yet the VitroStealth®-coatings exert extremely weak 
adhesion forces to the bacterial strains included in this study. This points to a role 
of hydrophobicity in controlling bacterial adhesion and it is likely that the hydrophilic 

107 



Chapter s 

VitroStealth®-coatings with their highly hydrated polymer-brushes attenuate the 
attractive Lifshitz-Van der Waals forces arising from the polypropylene.23

• 
24 

In summary, bacterial adhesion forces on VitroStealth®-coated polypropylene 
were much smaller than on polypropylene as used for lens cases, and 
VitroStealth®-coatings may be expected to increase the cleanability of lens cases, 
as required to prevent CL induced microbial keratitis. On the other hand, since Cls 
themselves exert ten-fold stronger adhesion forces on the bacterial strains involved 
in this study, and are likely to be able to detach weakly adhering bacteria from 
VitroStealth®-coated polypropylene and transferring them to the cornea. This 
makes cleaning of the case essential and illustrates the dilemma with respect to 
the design of suitable surfaces of Cls and lens cases. 
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Introduction 

Wearing contact lenses (CL) is one of the important risk factors for developing 
microbial keratitis, and can lead to serious impairment of vision. The use of CLs is 
wide-spread worldwide and therewith CL related microbial keratitis poses a major 
health threat. CLs themselves can become contaminated during insertion, but also 
bacterial detachment from contaminated lens cases (LCs) followed by subsequent 
adhesion to a CL can lead to bacterial contamination of a CL. When a 
contaminated CL is placed onto the eye, bacteria can detach and adhere to the 
cornea. Therefore, microbial keratitis can be regarded as a transmission 
phenomenon of pathogenic organisms from a contaminated LC to a CL onto the 
cornea. Efforts to prevent CL-induced microbial keratitis have focused on the 
development of effective antimicrobial lens care solutions 1 and LC or CL coatings 
that discourage bacterial adhesion.2 

In this thesis, bacterial adhesion forces to the different surfaces involved in 
contact lens related microbial keratitis were measured and analyzed. Weibull
distributions of bacterial adhesion forces were employed to calculate the 
transmission-probabilities. Moreover, bacterial adhesion and transmission in Ag
impregnated LCs and polymer brush-coated LCs were investigated with 
appropriate lens care solutions. 

Bacterial transmission from LCs to corneas and Weibull analysis 

Bacterial transmission in CL-induced microbial keratitis is initiated by bacterial 
detachment from contaminated LCs followed by subsequent adhesion to a CL and 
onto the cornea. However, most studies concentrated only on one of these two 
processes, although studying both processes in one model is preferred and will 
give results which are closer to real-life. In our study, a Weibull model was 
introduced to calculate bacterial transmission probabilities from a LC to the cornea 
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with the CL as an intermediate. Weibull-analysis is often used to calculate the 
probability of failure of macroscopic adhesive bonds, 3 but can also be used to give 
insight in the weakest link in the chain of events that lead to bacterial transmission 
and adhesion to the cornea by comparing Weibull distributions of adhesion forces 
of a strain to LC, CL and cornea. 

Bacterial adhesion forces were measured with atomic force microscopy (AFM) 
in a buffer but also in SoloCare Aqua lens care solution, containing Poloxamer 407 
as a detergent. Adhesion forces in a detergent solution were weaker than adhesion 
forces measured in 0.9 % NaCl. However, the presence of a detergent interferes in 
the measurement of adhesion forces by AFM. During AFM measurements, the 
adhesion force is measured from the bending of the AFM cantilever upon retract of 
a bacterium away from the substratum, which is actually a method for nanoscopic 
bond-strength evaluation.4 In Mceldowny's study, a detergent was proven to 
increase bacterial detachment from substratum surfaces by disturbing short-range 
hydrophobic bonds between bacterial and substratum surfaces. 5 These chemical 
actions of the detergent solution impede the measurement of a stable force value 
in AFM, therewith making use of the Weibull analysis to predict bacterial 
transmission impossible. 

Ag-i mpregnation and polymer-brush coatings to prevent bacterial 
transmissi on from LCs to Cls 

Both clinical and laboratory evaluations have shown that Ag-impregnated LCs have 
less opportunity of bacterial contamination than polypropylene LCs. Nevertheless, 
if one is allergic for silver, then these Ag-impregnated LCs can not be used.6 

Moreover, bacteria killed by Ag-ions provide nutrients for new resident bacteria, if 
not detached from a case. In this respect, and although both Ag-impregnated and 
polymer-brush-coatings appear anti-adhesive, anti-adhesive polymer-brush 
coatings on LCs might be an attractive alternative for the Ag-impregnated LCs. 
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Polymer-brush coatings consist of an assembly of polymer chains with one end 
tethered to a surface and forced to stretch away into the adjacent solution, due to a 
high density of chains.7 Such coatings have been demonstrated to be effective in 
discouraging protein adsorption and microbial adhesion by more than 90% and 
have been advocated for different clinical applications. s-r n 

In our study (chapter 5), we apply a new robust surface-modified silica 
nanoparticles-based coating (VitroStealth®) to LCs to investigate their anti
adhesive efficacy. In a pilot study, the VitroStealth® coating effectively reduced 
bacterial biofilm formation by a factor of 2 to 4 in LCs compared with the normal 
polypropylene LCs. Moreover, VitroStealth®-coatings exerted around ten-fold 
reductions in adhesion forces of Pseudomonas aeruginosa, Staphylococcus 

aureus and Serratia strains compared with standard-polypropylene surfaces. 
Although there will always be bacteria adhering to VitroStealth®-coated LCs to 
eventually form biofilms, those adhering biofilms will be easier to remove due to 
weaker interaction forces between bacteria and coating. 1 1

-
13 This is clinically 

relevant as it gives a better opportunity to effectively clean the LCs thoroughly, 
although at the same time the low adhesion forces of bacteria on these polymer 
brush coatings may stimulate transmission to a lens, which makes the final choice 
for an appropriate care and wear system a difficult trade-off. In addition, since 
bacteria adhering to a polymer brush do not turn on their defence system as they 
do not realize they are on a surface due to the weak adhesion forces, they remain 
more susceptible to antimicrobials in lens care solutions. 14 

Future research 

Stability of polymer-brush coatings is one of the main challenges in the further 
development and application of this coating, which seems extremely important in 
the application to LCs to face multiple cleaning cycles. Experiments should be 
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conducted to evaluate the stability of VitroStealth® coatings on LC surfaces with 
lens care solutions after multiple use. 

Bacterial resistance to antibiotics in lens care solution has been recognized15 

and surviving microorganism can form a biofilm on the LC surface. Bacterial 
susceptibility to antibiotics was reported to be different on different biomaterials. 16 

The effects of VitroStealth®-coatings on susceptibilities of pathogens isolated from 
CL-related microbial keratitis to commonly used lens care solution should be 
investigated, and the resistant-related gene expression should be assessed. 
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Summary 

Microbial keratitis is a serious complication of wearing contact lenses (CLs) and 
can lead to serious impairment of vision. Although the incidence of this cornea 
infection is only 0.01-0.96%, around 125 million people worldwide are wearing CLs 
for the correction of refractive errors, and it must therefore be considered as a 
major health threat. Bacterial adhesion to CLs is one of the crucial steps in 
microbial keratitis, which can be regarded as a transmission phenomenon of 
pathogenic organisms from contact lens case (LC) to CL onto the cornea. 

Bacterial transmission is initiated by the detachment of bacteria from a 
donating surface followed by adhesion to a receiving surface. Bacterial 
transmission causes many problems in biomedical, domestic, or industrial 
environments. In Chapter 1 ,  bacterial transmission and its related problems are 
reviewed. The mechanisms and factors which are influencing bacterial 
transmission are discussed and possible preventive measures for bacterial 
transmission are suggested. Elimination or controlling the factors which influence 
transmission could benefit the prevention of bacterial transmission and related risk 
managements. The aim of this thesis was to develop a method to predict bacterial 
transmission probabilities based on a comparison of bacterial adhesion force tp 
surfaces and to investigate the surface thermodynamic basis for bacterial 
transmission. Bacterial transmission from bacterially contaminated LCs to a CL and 
cornea in CL-related microbial keratitis was used as a model. In addition, 
preventive measures for the development of CL-related microbial keratitis were 
analyzed from the transmission perspective, including the influence of Ag-coatings 
and an anti-adhesive VitroStealth® coating on LCs. 

Whether or not bacterial transmission from a contaminated surface occurs, 
depends on the balance between bacterial adhesion forces between the donating 
and receiving surface. To calculate the bacterial transmission probabilities between 
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LC and CL, CL and cornea, and the final transmission-probability from LC via CL to 
cornea, Weibull analysis of bacterial adhesion forces was employed as described 
in Chapter 2. Adhesion forces between Staphylococcus aureus 835 functionalized 
probes with rigid and soft CLs, LCs and porcine corneas were measured using 
atomic force microscopy (AFM). Data variations of adhesion forces were employed 
to calculate their Weibull-distribution, from which the transmission probability from 
the LC to a CL and from CL onto the cornea can be directly determined. Bacterial 
transmission probabilities from force analyses were compared with experimentally 
obtained transmission data. The rigid CL exerts a stronger adhesion force than the 
soft CL, LC and corneal surface, especially after 90 s surface-delay. Final 
transmission probabilities from LC to the cornea were slightly higher for a rigid than 
for a soft CL. Bacterial transmission determined experimentally increased with 
increasing contact times, but were within the range of the probabilities derived from 
Weibull-analyses. In conclusion, bacterial transmission probabilities from 
contaminated LCs to corneas can be derived from Weibull-analyses of measured 
adhesion forces to the surfaces involved. 

In Chapter 3, the surface thermodynamic basis for bacterial transmission was 
investigated. Bacterial transmission probabilities were calculated from a Weibull 
analysis of bacterial adhesion forces to the different surfaces. The transmission 
probabilities were correlated with interfacial free energies of transmission 
calculated from measured contact angles with different liquids on the various 
donating and receiving surfaces. We investigated the adhesion forces of 
Pseudomonas aeruginosa, Staphylococci and Serratia strains to CLs, LCs and 
corneal surfaces using AFM, and used the Weibull analysis to calculate bacterial 
transmission probabilities from LC to corneas with a CL as an intermediate. Also a 
new surface thermodynamic parameter was introduced, the interfacial free energy 
of transmission, which in essence compares the interfacial free energies of 
bacterial adhesion. Bacterial adhesion forces were generally strongest among all 
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eight strains for the LC and corneas, while CLs exerted slightly smaller adhesion 
forces. Bacterial transmission probabilities as derived from force analyses were 
higher when the interfacial free energies of transmission were more negative, 
which is in line with surface thermodynamic principles. Therewith this parameter 
could be useful in analyzing other bacterial transmission phenomena between 
donating and receiving surfaces as well. 

In order to reduce the incidence of CL-induced microbial keratitis, research has 
been focused on the development of effective antimicrobial lens care solutions and 
LC or CL coatings that discourage bacterial adhesion. In Chapter 4, we measured 
the adhesion forces of P. aeruginosa, S. aureus and Serratia marcescens strains to 
a rigid CL, standard polypropylene and Ag-impregnated LC surfaces using AFM 
and determined bacterial transmission probabilities from LC to CL. Bacterial 
adhesion forces on the Ag-impregnated LCs were much smaller than on standard 
polypropylene LC and rigid-CL. The small forces exerted by the Ag-impregnated 
LC enhanced Weibull predictions of bacterial transmission from the LC to the CL, 
especially for S. marcescens, although severe bacterial killing occurred during 
actual CFU transmission from an Ag-impregnated LC, especially in combination 
with an appropriate lens care solution. 

Polymer brush coatings have been advocated to decrease microbial adhesion 
more than any other type of surface coating. In Chapter 5, we apply a new, robust 
polymer brush-coating (VitroStealth®) to LCs to investigate their anti-adhesive 
efficacy on a variety of bacterial strains most frequently associated with CL-induced 
microbial keratitis in comparison with a rigid-CL. Bacterial adhesion forces of P. 

aeruginosa, S. aureus and Serratia strains to VitroStealth®-coated LCs were much 
smaller than on a standard polypropylene surface and a rigid, gas-permeable CL. 
Smaller adhesion forces of bacteria contaminating a LC on one hand will increase 
the cleanability of the case, but on the other hand will stimulate transmission of 
contaminating bacteria from the LC to CL surface usually exerting stronger 
adhesion forces. This makes the design of LCs with suitable surface properties a 
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trade-off between increased transmission and better cleaning ability. This calls for 
a balanced combination of lens care solutions and surface properties of the LC and 
CL. 

The most important results and conclusions from this thesis are summarized in 
Chapter 6. 
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Samenvatti ng 

Microbiele keratitis is een ernstige complicatie als gevolg van het dragen van 
contactlenzen (CLs) en kan leiden tot verlies van gezichtsvermogen. Alhoewel de 
incidentie van dit type hoornvliesontsteking slechts 0.01-0.96% is, zijn er 
wereldwijd ongeveer 125 miljoen mensen die CLs dragen, waardoor het 
beschouwd moet warden als een groat gezondheidsrisico. De hechting van 
bacterien op CLs is een cruciale stap in het ontstaan van bacteriele keratitis, wat 
gezien kan warden als de overdracht van pathogene micro-organismen van de 
contactlensdoos (LC) naar de CL en vervolgens naar de cornea. 

De overdracht van bacterien wordt veroorzaakt door het loslaten van bacterien 
van een donor oppervlak gevolgd door hechting op een ontvangend oppervlak. De 
overdracht van bacterien is de oorzaak van veel problemen op biomedisch, 
huishoudelijk en industrieel gebied. In Hoofdstuk 1 wordt een overzicht gegeven 
van bacteriele overdracht en de daarmee geassocieerde problemen. De 
mechanismen en factoren die van invloed zijn op de overdracht van bacterien 
warden besproken en er warden mogelijke preventieve maatregelen aangedragen 
om de overdracht van bacterien te voorkomen. Eliminatie of het controleren van 
factoren die de overdracht be"invloeden kunnen een positief effect hebben op de 
preventie van bacteriele overdracht en het daaraan gerelateerde risico 
management. Het doel van dit proefschrift was het ontwikkelen van een methode 
om de overdracht van bacterien te kunnen voorspellen aan de hand van het 
vergelijken van de hechtingskrachten van bacterien op oppervlaktes en het 
onderzoeken van de oppervlakte thermodynamica van bacteriele overdracht. De 
bacteriele overdracht van met bacterien gecontamineerde LCs naar een CL en het 
hoornvlies in CL-gerelateerde bacteriele keratitis, is gebruikt als model. Daarbij zijn 
preventieve maatregelen tegen het ontwikkelen van CL-gerelateerde bacteriele 
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keratitis geanalyseerd vanuit het oogpunt van bacteriele overdracht, inclusief het 
effect van Ag-coatings en een VitroStealth® anti-hechting coating. 

Het al dan niet optreden van bacteriele overdracht vanaf een gecontamineerd 
oppervlak is afhankelijk van de balans tussen de bacteriele hechtingskrachten met 
het donor en het ontvangende oppervlak. Weibull analyses zijn toegepast op de 
bacteriele hechtingskrachten om de kans op bacteriele overdracht tussen LC en 
CL, CL en hoornvlies, en de uiteindelijke kans op overdracht van LC via CL naar 
hoornvlies te berekenen, zoals beschreven in Hoofdstuk 2. Hechtingskrachten 
tussen met Staphylococcus aureus 835 gemodificeerde tips en harde en zachte 
CLs, LCs en hoornvliezen afkomstig van varkens, zijn gemeten met behulp van 
atomaire kracht micrascopie (AFM). Data variatie van hechtingskrachten is 
toegepast om de Weibull distributie te berekenen, waarmee vervolgens de kans op 
overdracht van LC naar een CL en van CL naar het hoornvlies kan warden 
vastgesteld. De kans op bacterie overdracht zoals afgeleid uit de kracht analyse is 
vergeleken met de experimenteel verkregen overdrachtsdata. Harde CLs oefenen 
een sterkere adhesie kracht uit dan zachte CLs, LC en hoornvlies, iets wat 
voornamelijk zichtbaar is na 90 s contact tijd. De kans op overdracht van LC naar 
het hoornvlies was iets grater voor een harde CL dan voor een zachte CL. De 
experimenteel bepaalde kans op overdracht van bacterien werd iets grater 
naarmate de contact tijd langer werd, maar viel in de range van waarden verkregen 
uit de Weibull analyse. Kort gezegd kan de kans op overdracht van bacterien van 
besmette LCs naar hoornvlies warden afgeleid uit de Weibull analyses van de 
hechtingskrachten gemeten op de betrokken oppervlakken. 

In Hoofdstuk 3 is de thermodynamische basis voor de overdracht van 
bacterien onderzocht. De kans op bacterie overdracht werd berekend aan de hand 
van een Weibull analyse van de hechtingskrachten tussen bacterien en de 
verschillende oppervlakken. De kans op overdracht werd gecorreleerd aan de 
grensvlak vrije energie van overdracht verkregen door het meten van de 
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randhoeken op de verschillende donor- en ontvangende oppervlakken met 
verscheidene vloeistoffen. We onderzochten de hechtingskrachten van 
Pseudomonas aeruginosa, Stafylokokken en Serratia stammen met de 
oppervlakken van CLs, LCs en hoornvlies via AFM en hebben de Weibull analyse 
gebruikt om de kans op bacteriele overdracht van LC, via CL, naar hoornvlies te 
bepalen. Ook hebben we een nieuwe thermodynamische parameter 
ge·introduceerd, de grensvlak vrije energie van overdracht, welke feitelijk de 
grensvlak vrije energieen van bacteriele hechting vergelijkt. Bacteriele 
hechtingskrachten waren voor alle acht stammen het grootst met LCs en 
hoornvliezen, de CLs oefenden kleinere hechtingskrachten uit, al was het verschil 
gering. De kans op bacteriele overdracht afgeleid van de kracht analyse was grater 
wanneer de grensvlak vrije energie van overdracht meer negatief was, wat 
overeenkomt met de principes van de oppervlakte thermodynamica. Dit toont aan 
dat deze parameter belangrijk kan zijn bij het analyseren van andere problemen 
waarbij de overdracht van bacterien tussen meerdere oppervlakken een rol speelt. 

In een paging de incidentie van CL gerelateerde microbiele keratitis te verlagen 
is veel onderzoek verricht naar het ontwikkelen van antimicrobiele lenzenvloeistof 
en LC en CL coatings die de hechting van bacterien verminderen. In hoofdstuk 4 
hebben we de hechtingskrachten van P. aeruginosa, S. aureus en Serriata 
marcescens stammen gemeten met een harde CL, standaard polypropyleen en 
met Ag ge·impregneerde LC oppervlakken, met behulp van de AFM en de kans op 
bacterie overdracht van LC naar CL bepaald. Bacteriele hechtingskrachten op de 
Ag ge·impregneerde LCs waren aanzienlijk lager dan die op standaard 
polypropyleen, LCs en harde CLs. De lage hechtingskrachten die optreden i.c.m. 
de Ag ge"fmpregneerde LC verbeterden de voorspelling van de Weibull analyse 
betreffende bacterie overdracht van LC naar CL in het bijzonder voor S. 

marcescens, hoewel tijdens het overbrengen van kolonie vormende eenheden 
(KVE) van een Ag ge"fmpregneerde LC al bacteriele doding optrad, in het bijzonder 
in combinatie met een goede lenzenvloeistof. 
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Van polymere borstel-coatings wordt bepleit dat ze de hechting van micro
organismen sterker verlagen dan elk ander type oppervlakte coating. In hoofdstuk 
5 hebben we een nieuwe, robuuste polymere borstel-coating (VitroStealth®) 
toegepast op LCs om de anti-hechting eigenschappen te onderzoeken in 
vergelijking met een harde CL, met een aantal bacterie stammen die het meest 
frequent geassocieerd warden met CL gerelateerde microbiele keratitis. Bacteriele 
hechtingskrachten van P. aeruginosa, S. aureus en Serratia stammen met 
VitroStealth® gecoate LCs waren aanzienlijk lager dan met een standaard 
polypropyleen oppervlak en een harde, gas-permeabele CL. Door lagere 
hechtingskrachten van bacterien in een besmette LC zullen deze bacterien aan de 
ene kant makkelijker verwijderd warden bij schoonmaken, terwijl aan de andere 
kant de kans op overdracht van de LC naar CL grater wordt, omdat de 
hechtingskrachten met CL meestal grater zijn. Dit zorgt ervoor dat bij het 
ontwikkelen van nieuwe LCs een afweging gemaakt moet warden tussen het 
makkelijk schoonmaken en een grotere kans op overdracht van bacterien. 
Uiteindelijk zal dit een gebalanceerde combinatie van lenzenvloeistof en 
oppervlakte eigenschappen van LC en CL vereisen. 

De belangrijkste resultaten en conclusies uit deze thesis zijn samengevat in 
Hoofdstuk 6. 
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