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Abstract 

 

Bacterial infections persist as a public threat due to the ease by which bacteria adapt to 

commonly used antibiotics. In addition, bacteria on surfaces develop protective communities 

called biofilms that hinder the ability of antibiotics to completely eliminate the pathogens. The 

rapid development of bacterial resistance to antibiotics has made pharmaceutical companies 

reluctant to fund new antibiotics research. Hence, novel approaches to prevent and treat 

infections are needed.  

The development of infections can be divided into three steps: adhesion, invasion and 

multiplication. Antibiotics target at the latter two step and are prone to bacterial resistance as 

passive strategies. Bacterial adhesion to host cells/implanted medical devices is the first step 

leading to following invasion and multiplication. However, fundamental understanding of 

bacterial adhesion process is still lacking.  

The current studies are aimed to systematically investigate biological interactions 

between pathogenic bacteria and host cell, proteins and biomaterials with both macro and micro 

scale approaches. The macro scale methods include bacterial adhesion assay, viability studies, 

and thermodynamic modeling. The micro scale methods include direct adhesion force 

measurements, ultra surface visualization via atomic force microscopy (AFM) and surface 

structure modeling.    

Our work combines experiments and modeling aimed at understanding the initial steps of 

the bacterial adhesion process, focusing on two case studies: 1) Mechanisms by which cranberry 

can prevent urinary tract infections through interfering with bacterial adhesion; and 2) Design of 

anti-adhesive and antimicrobial coatings for biomaterials.  We make direct adhesion force 
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measurements between bacteria and substrates with an atomic force microscope (AFM), and 

combine such experiments with thermodynamic calculations, in order to develop a set of tools 

that allows for the prediction of whether bacteria will attach to a given surface.  

These fundamental investigations of the bacterial adhesion process help elucidate the underlying 

mechanisms behind bacterial adhesion, thus leading to improved clinical outcomes for a number 

of biomedical applications.    
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Chapter 1: Overview  

Fundamentals of Bacterial Adhesion Applied Towards Infection Prevention: 

Focus on Two Case Studies 

1. Bacterial adhesion is the first step in infection development 

As one of the earliest life forms, bacteria have evolved into many thousands of species and 

can survive in a wide range of environments.  According to National Institutes of Health (NIH), 

fewer than 1% of bacterial species can cause disease, with most bacteria being harmless or even 

beneficial to humans, such as bacteria residing in human intestines that help digest food (1), or 

cultures that contribute to the fermentation processes of yogurts and cheeses. Despite the fact 

that most bacteria are not pathogens, infectious diseases claim 1500 deaths per hour worldwide 

(2). Bacterial infections that lead to pneumonia, tuberculosis, and severe diarrheal diseases, along 

with infectious agents of malaria, measles and HIV/AIDS, account for half of all premature 

deaths worldwide, especially affecting children and young adults (2). Due to antibiotic resistance, 

some infections cannot be cured by conventionally prescribed antibiotics. For example, nearly 

19,000 people died in the United States in 2005 after being infected with methicillin-resistant 

Staphylococcus aureus strains that have spread rampantly through hospitals and long term care 

facilities (3). 

The increasing public health crisis caused by bacterial resistance necessitates alternative 

approaches to preventing and curing infections. The initiation of a bacterial infection requires 

that bacteria first attach to host tissue. The attachment of bacteria to a surface is typically 

described as occurring through two stages: long range, non-specific forces help the bacterium 

make a close contact with host cells or a substratum, where stronger specific forces can become 

operative.  Once attached, bacteria grow, secrete extracellular material, and can develop a 

biofilm, which is a dense and protective community of microorganisms.  
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The initial adhesion process is considered to be governed by specific and non-specific 

interaction forces between bacteria and substrata.  Non-specific interactions typically refer to 

Lifshitz-van der Waals (LW) forces that are almost always attractive and operate between any 

two bodies; electrostatic interactions, which are often repulsive because bacteria and many 

surfaces each possess negative charges; and the so-called electron-donor/electron-acceptor or 

Lewis acid/base (AB) forces, which include hydrogen bonding. Specific forces, which are much 

stronger, refer to bonds between ligands and receptors of two biological samples. We discuss our 

approach to modeling and measuring the forces involved in the initial bacterial adhesion process.  

2. Methods in studying bacterial adhesion 

Bacterial adhesion can be studied at various scales, from macroscale studies that show the 

adhesion behavior of a population of bacteria, to nanoscale studies that probe individual cells or 

molecules associated with bacteria.  Although macroscale studies are phenomena-oriented, they 

cannot provide information needed to disclose the underlying mechanisms. A combination of 

studies at different length scales can provide a more detailed picture.  

2.1 Direct force measurements.  

Interaction forces between bacteria and host cells or implanted medical devices directly 

determine whether bacteria will adhere. Although the quantification of adhesion forces between 

bacteria and a substrate represents the most accurate and straightforward way of gaining 

information on bacterial adhesion, in practice, there are two crucial issues that need addressing. 

(a)Tiny forces. The interaction forces between bacteria and a substrate are very small, with 

values typically at the pico-Newton (pN) to nano-Newton (nN) scales, i.e. (7-70) ×10
-12

 lbÅft/s
2
. 

Currently only two techniques can be used to directly detect such forces. One is optical tweezers 

(4), and the other is atomic force microscopy (AFM) (5-7). AFM provides larger measurement 
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range and more sophisticated controls such as the loading rate, besides providing simultaneous 

high resolution imaging (Figure 1). There are additional indirect techniques used to estimate the 

interaction forces. These techniques include total internal reflection microscopy (TIRM), total 

internal reflection aqueous fluorescence (TIRAF) microscopy, surface forces apparatus (SFA), 

and quartz crystal microbalance with energy dissipation (QCM-D), etc. Interested readers are 

encouraged to refer to a comprehensive review paper on the use of these techniques in bacterial 

adhesion studies (8).  

(b)Obtaining correct orientations of biological molecules.  

In order for bacterial ligands to correctly bind with receptors, the molecules on bacterial 

surfaces, including fimbriae (pili), and lipopolysaccharides, must expose the appropriate 

orientation.  Experimentally, it is challenging to maintain correct orientation when biological 

cells are trapped in optical tweezers or immobilized on an AFM tip. In our lab, we invented a 

novel coating method that can be used to attach bacteria to an AFM tip (Figure 2), such that they 

possess the correct orientation for direct force measurements (9).  

Some technical issues also need to be resolved in force measurements such as the timescale 

and loading rate. The timescale needed to build a ligand-receptor bond can be difficult to 

determine. Further, the loading rate needed to make AFM force measurements has to be 

specified for each experiment. These parameters should be appropriately determined to obtain 

correct force measurements.  

2.2 Thermodynamic modeling of bacterial-surface interactions.  

Classical and extended Derjaguin-Landau-Verwey-Overbeek (DLVO) theory has been 

utilized to explain and predict the adhesion behavior of bacteria in aqueous media. The DLVO 

model takes into account van der Waals interactions, electrostatic interactions, and often includes 
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electron donor/electron acceptor interactions when the extended DLVO model is applied.  

Parameters to include in the thermodynamic models need to be estimated for each bacterium, 

substrate, and solution.  For example, zeta potential measurements on bacteria in a suspension 

are used for the modeling of electrostatic interactions.  

Parameters for the thermodynamic calculations are taken from contact angle measurements 

on bacterial lawns and on the substrates of interest, using probe liquids with varying polarities. 

Individual surface tensions can be calculated from the measured contact angles by using the 

Young-Dupré equation (10). The Gibbs free energy change due to adhesion is calculated from 

the interfacial tensions for bacteria/substrate, bacteria/water, and substrate/water. If bacteria can 

attach to a substrate, then the newly formed interface (bacteria-substrate) must be more stable 

than the two old interfaces (substrate-liquid and bacteria-liquid). The Gibbs free energy change 

during the process must be negative to favor the new interface, which represents bacteria 

attached to the substrata.  If the Gibbs free energy change is positive, bacteria prefer to not attach 

to the surface, but to remain in the aqueous media. One advantage for using thermodynamic 

modeling is that the method is reliable for many kinds of substrates, especially when at least one 

non-biological surface is applied. In addition, this method has a strong and well-defined 

theoretical foundation, which helps to fundamentally explain bacterial adhesion and offer a 

theoretical guide for biomaterial development or infection-prevention strategy. However, the 

thermodynamic modeling only accounts for non-specific interactions. If both surfaces are 

biological samples, ligand-receptor interactions may be present. Then the interaction forces 

calculated from the thermodynamic model will be greatly underestimated, as we reported earlier 

(11). A detailed explanation on the use of these models for bacterial adhesion calculations was 

reported in our previous studies (11). 
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2.3 Macroscale studies of bacterial attachment 

One of the simplest ways to quantify bacterial attachment to a surface is via a retention assay. 

Bacteria are incubated with host cells or the biomaterial of interest; either statically or under flow 

conditions. After a pre-determined time, host cells or the substrata are removed and washed to 

remove the loosely attached bacteria. The percentage of attached bacteria that are viable can be 

quantified using a dual DNA staining kit, in which green and red fluorochromes can be used to 

discern the number of viable cells (Figure 3).  

Although a bacterial retention assay is a quick way to screen various surfaces or treatments, it 

does not provide mechanistic information on why bacteria attach.  In addition, it can be difficult 

to conduct the experiments reproducibly, particularly if bacteria aggregate, making it difficult to 

get accurate cell counts. Numerous trials may be required to obtain statistically meaningful data. 

However, this simple assay may be used as a reference method to compare with other methods of 

quantifying bacterial adhesion.   

3. Case studies 

 

While there are numerous types of bacterial infections with varying degrees of clinical severity, 

we focus on two examples that our lab has studied extensively.  

3.1 Case I: Cranberry as a preventive measure for urinary tract infections (UTIs) 

3.1.1 UTIs and antibiotic resistance 

Urinary tract infections are defined as infections of the kidneys, ureters, bladder, or urethra, 

and are the second most common type of infection in the U.S.  Symptoms generally include a 

frequent urge to urinate, and pain and burning in the area of the bladder or urethra during 

urination, and sometimes may be accompanied by fever, fatigue, and trembling. Women, infants, 

and elders are more prone to UTIs. Approximately one third of women will have at least one UTI 
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in their lifetime (12).  The annual rate of infection among women in the United States is 11.3 

million symptomatic cases (13) and over 10 million asymptomatic cases (14). The estimated 

annual medical expenditures are more than $1.6 billion (15). The Gram-negative bacterium 

Escherichia coli is the main culprit, responsible for 85-95% of cystitis cases (bladder infection) 

and 90% of acute pyelonephritis cases (a serious kidney infection) (16).  

Although most bacterial infections are treatable with antibiotics,  bacterial resistance to 

currently available antibiotics has become an increasing threat to public health, largely due to 

inappropriate dosing and administration of antibiotics, as well as the rapid ability of bacteria to 

exchange genetic information that confers resistance. Cotrimoxazole 

(trimethoprim/sulfamethoxazole) is the current first-line treatment for uncomplicated UTIs in the 

U.S. and many other countries, but cotrimoxazole resistance exceeds 15% and can be as high as 

25% in Canada and the U.S. (17).   

3.1.2 Cranberries and UTIs 

Native American used cranberries as a food source, and for many years cranberries have 

been experientially recognized for their benefits of maintaining urinary tract health.  Preliminary 

clinical studies of cranberryôs benefits began in the early 1920s (18, 19). In 1994, Avorn et al. 

were the first to successfully demonstrate that consumption of cranberry juice reduces the 

frequency of recurrent urinary tract infections in a population of elderly women.  Although very 

early studies hypothesized that increased acidity produced in the urine by eating cranberries was 

the reason for the beneficial effect (18),  more recent work has shown that the pH of urine after 

cranberry juice cocktail consumption only changes slightly (20) and is transient (21). 

In 1984,  Sotoba et al. found that preincubation of E. coli and uroepithelial cells in cranberry 

juice decreased bacterial adhesion (22), leading to a paradigm shift in the understanding of the 
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action of cranberry on bacterial adhesion. Since that time, researchers have focused their efforts 

on gaining a detailed molecular-scale understanding of the mechanisms behind this action.  

3.1.3 Molecular mechanisms of cranberries preventing UTIs 

Compounds in cranberries affect molecules on the surface of Gram-negative bacteria.  For 

example, fimbriae are proteinaceous structures that extend from E. coli, and contain a specific 

adhesin molecule (PapG) that helps the bacteria bind to a receptor on uroepithelial cells, known 

as the Ŭ-Gal(1Ÿ4)ɓ-Gal oligosaccharide receptor. E. coli that possess P type fimbriae can cause 

more serious types of UTIs, such as acute kidney infection (pyelonephritis), in addition to the 

less severe cystitis (bladder infection). We review some of our recent work, focusing on P-

fimbriated E. coli and a non-fimbriated mutant strain, which allowed us to better understand the 

role of cranberry compounds on P fimbriae.     

(a)Bacterial retention assay  

Building upon the available clinical studies, we performed in vitro bacterial adhesion assays 

that were designed to help understand the mechanisms behind cranberryôs action on the E. coli-

uroepithelial cell interaction.  Using neutralized cranberry juice so that the effects of pH on 

bacterial adhesion could be eliminated, we found that the number of attached E. coli per 

uroepithelial cells decreased from 50.2 ± 22.9 bacteria/uroepithelial cell without cranberry juice 

treatment, to 13.6 ± 5.7, 9.3 ± 4.1, and 2.9 ± 1.5 bacteria/uroepithelial cell, corresponding to 5, 

10, and 27 wt.% cranberry juice treatment, respectively (23).  These in vitro attachment results 

confirmed that cranberry juice cocktail can reduce bacterial attachment to host tissue, and that 

lower pH is not the underlying mechanism that makes cranberry juice an effective agent for 

preventing UTIs.   
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(b)P-fimbriae morphology characterization 

Through atomic force microscopy (AFM) measurements, together with steric modeling, we 

found that the average P-fimbriae length on E. coli HB101pDC1 was 147 nm (around 600 × 10
-8

 

inch) without cranberry juice treatment, but decreased to 50 nm (around 200 × 10
-8

 inch) when 

bacteria were exposed to cranberry juice (Figure 4) (24).  Thus, we directly demonstrated that 

although P fimbriae are not removed by exposure to cranberry juice, the proteins become 

compressed significantly after cranberry juice treatment, which may account for their decreased 

ability to adhere to uroepithelial cells.    

(c)Direct force measurements 

In addition, AFM was used to show that the adhesion force between E. coli and a 

uroepithelial cell was ~10 nN (7.233 × 10
-8

 lbÅft/s
2
) when no cranberry juice cocktail was present, 

but decreased to ~0.50 nN (0.362 × 10
-8

 lbÅft/s
2
) after cells were exposed to 27% cranberry juice 

cocktail (25). The specific adhesion forces between PapG adhesin and receptors on uroepithelial 

cells were significantly decreased after cranberry juice treatment. This was the first study to 

directly demonstrate that cranberry juice treatment reduces the nanoscale adhesion forces 

between bacteria and uroepithelial cells.  

(d)Thermodynamic modeling 

Through thermodynamic modeling, we showed that the Gibbs free energy change (adhGD ) 

between E. coli and uroepithelial cells in the absence of cranberry juice treatment was -20 mJ/m
2 

(around -150 ft-lbs/ft
2
), where the negative value implies that bacterial adhesion is favorable. 

With increasing concentrations of cranberry juice treatment, adhGD increased and became 

positive when the bacteria and uroepithelial cells were exposed to at least 20 wt.% cranberry 

juice cocktail, suggesting that at or above this concentration, bacterial adhesion is unfavorable 
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(26).  These results imply that cranberry juice can impair non-specific interactions between 

bacteria and uroepithelial cells and hence prevent bacterial adhesion. 

Therefore, cranberry can provide protection at three different levels: 

a. Cranberry juice exposure compresses P fimbriae of E. coli, thus preventing adhesion between 

the bacterium and the uroepithelial cell. 

b. Cranberry juice increases the repulsive energy barrier to adhesion, over a range of hundreds of 

nanometers (400 × 10
-8

 inch), thus preventing the bacteria from coming into contact with the 

uroepithelial cells.  

c. Even if bacteria are able to penetrate the repulsive energy barrier, the action of cranberry juice 

on the bacteria decreases the ability of the bacteria to attach to uroepithelial cells, as 

demonstrated through direct force measurements. 

3.1.4 Future Directions for Cranberry Research 

Although progress has been made in understanding cranberryôs actions against E. coli 

towards the protection of urinary tract health, there are a number of key research issues that 

remain to be addressed.  For example, a large body of research is devoted to identifying the 

critical compounds in cranberry that cause the anti-adhesive benefits, and in elucidating the 

needed dose and duration of exposure to such compounds.  Due to the acidity of cranberry juice, 

commercially available cranberry juice cocktails are sweetened with fructose, water, and vitamin 

C, yielding 25-27 wt% cranberry juice.  Therefore, there are more than 120 different compounds 

in cranberry juice (27).  Most research has focused on isolating and identifying the class of A-

type proanthocyanidins (PACs) or non-dialyzable materials, which have shown decreases in 

bacterial adhesion in vitro (28-33).   
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However, it is not easy to translate the dose required to impart an anti-adhesion effect in an in 

vitro study to the dose needed for clinical relevance. Our in vitro studies showed that 5.0 wt.% 

cranberry juice was sufficient to prevent bacterial adhesion (24, 25) from the molecular scale 

perspective for the first time, although similar results were observed in prior in vitro bacterial 

adhesion assay experiments (30, 34).  Although it is not yet known how these in vitro thresholds 

will translate to in vivo conditions, researchers are actively engaged in trying to extend 

laboratory-scale mechanistic studies towards clinical trials. Increased understanding of the 

molecular action of cranberry juice on E. coli and uroepithelial cells can lead to better estimation 

of needed cranberry juice dose and duration.  

3.2 Case II: Infections of implanted medical devices  

3.2.1 Infections on biomaterials 

Modern medicine is highly dependent on implanted medical devices, such as catheters, 

cerebrospinal fluid shunts, prosthetic heart valves and prosthetic joints, vascular grafts, cardiac 

pacemakers, and intraocular lenses, etc., which have significantly improved quality of treatments 

for patients. However, any time a foreign material is introduced into the body; this surface 

becomes a likely site of bacterial infection. For example, 4.3 % of 2.6 million orthopedic 

implants and 7.4 % of cardiovascular implants become infected per year (35, 36). Bacterial 

infections occur in over 2 million surgical cases each year in the U.S. alone, which burdens 

patients both physically and financially (37). Annually in the U.S., there are over 250,000 

catheter related bloodstream infections (CRBSIs) (38). The Gram-positive bacterium 

Staphylococcus epidermidis has evolved as a leading cause of nosocomial sepsis, and is the most 

frequently isolated causal organism for infections of numerous types of catheters, shunts, and 
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other implanted medical devices (39-41) For example, S. epidermidis and other coagulase-

negative Staphylococci were the causal agents  in ~50% of CRBSIs (42).  

Once bacteria attach to implanted medical devices, they can easily form a protective biofilm 

because the biofilm community is encased in a matrix of polysaccharides and proteins, which 

presents a diffusion barrier for antimicrobial agentsô penetration.  Further, the reduced metabolic 

rate of the bacteria in the biofilm causes a slow rate of uptake of antimicrobial agents.  The 

biofilm also shields bacteria from environmental stresses (43). Often the only effective treatment 

of an infected implanted medical device is surgical excision (44). In addition to increasing the 

patientôs morbidity, mortality, and recovery time, the economic expenditure on bacterial-infected 

medical devices exceeds $ 3 billion per year in the U.S. alone (35).   

3.2.2 Strategies toward preventing implanted medical device related infections 

Current research is focused on designing materials that resist bacterial adhesion or that 

inactivate attached bacteria.  One strategy has been to coat antimicrobial agents directly onto the 

implanted materials to kill bacteria upon initial adhesion or as they begin to grow. A variety of 

antibiotics such as vancomycin, gentamicin, clindamycin, fusidic acid, ciprofloxacin, cefuroxime, 

cefotaxime, and chlorhexidine have been tested in vitro and in animal models (45-47).  However, 

only limited success has been obtained.  The main challenge is that it is difficult to maintain a 

steady release of drug from the biomaterial.  The focus of several research groups, including ours, 

is to develop materials that resist the adhesion of bacteria to surfaces. Coatings such as self-

assembled monolayers (SAMs) and polymers have demonstrated the ability to prevent bacterial 

adhesion by modifying surface properties such as hydrophobicity, roughness, and surface charge 

(7, 48, 49).  However, bacterial adhesion results do not show consistent trends in terms of the 

physicochemical properties of the surfaces. For example, we showed that surface wettability and 
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roughness were insufficient properties to correlate with bacterial adhesion (7). A better ability to 

characterize the properties of biomaterials at the molecular level may lead to better design of 

antibacterial biomaterials.   

3.2.3 Use of self-assembled monolayers (SAMs) to create anti-adhesive coatings 

SAMs possess a layer of molecules with the same terminal group and uniform orientation, 

properties that facilitate the study of bacterial adhesion since bacteria are always exposed to the 

same chemical groups. In our laboratory, we developed a series of SAMs with varying terminal 

groups that were designed to resist bacterial adhesion and/or inactivate bacteria. The two most 

promising candidates we identified were dodecanethiol-based SAMs (terminating in isophthalic 

acid or isophthalic acid with silver).  The silver-containing SAMs were of interest because the 

antibacterial properties of silver have been demonstrated, and bacteria are unable to develop a 

resistance to silverôs antimicrobial abilities (50). In addition, silver has been shown to be 

nontoxic to mammalian cells at similar concentrations (51).   

When evaluating the potential of an antibacterial coating for a particular biomaterial, it is 

also important to consider how serum and plasma proteins, such as fibronectin, laminin, fibrin, 

and albumin, will adsorb to the biomaterial. In our work, we also tested the adsorption of model 

proteins (fetal bovine serum and fibronectin) to the SAM-coated materials.  

We found that the attachment of S. epidermidis to the protein-coated material depended on 

the particular protein present.  Fetal bovine serum adsorption reduced the attachment of S. 

epidermidis to the material, while fibronectin coating promoted S. epidermidis attachment (52).  

SAMs terminating in isophthalic acid (IPA) and isophthalic acid with silver (IAG) resulted in 

lower non-specific adhesion forces with S. epidermidis compared to bare surfaces, as supported 

by thermodynamic modeling. When serum proteins were adsorbed on the SAMs, non-specific 
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interactions between the bacteria and substrate decreased (Figure 5).  While the LW forces were 

unchanged, AB forces were found to dominate the overall interaction, and showed more 

variability in terms of the type of SAM and protein put on the substrate.  Since AB forces mainly 

reflect hydrogen bonds, we suggest that a fruitful approach to enhanced development of 

antimicrobial biomaterials would be to select materials that prevent or limit the formation of 

hydrogen bonds (11).  

The thermodynamic modeling was supported by direct AFM force measurements between an 

S. epidermidis-coated AFM tip and the various SAMs or protein-coated surfaces. Stronger 

adhesion forces were observed between S. epidermidis and fibronectin than between the bacteria 

and fetal bovine serum, due to the formation of strong ligand-receptor bonds that can only occur 

with fibronectin (53). Since protein coatings can mask the underlying surface properties, it is 

important to consider the competition between S. epidermis and serum protein for adsorption to 

the biomaterial.    

In our study, the IPA-terminating SAM showed the best activity in terms of preventing 

bacterial adhesion and inactivating bacteria. IAG showed strong anti-bacterial adhesion 

properties similar to IPA.  In addition, IAG killed around 60% attached S. epidermidis  (Figure 6) 

(11). IAG coated with a protein layer of more than 100 nm (3.94 × 10
-6

 inch) still was able to 

present antibacterial activity, since we assume some silver ions could diffuse through the protein 

layer.  However, when the protein coating was thicker than 250 nm (9.85× 10
-6

 inch), the ability 

of the SAM to inactivated bacteria decreased significantly (52). These results emphasize again 

that biomaterial development studies need to consider the interactions of materials with in vivo 

proteins, as well as with bacterial pathogens.   
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Conclusions 

As a crucial step leading to infection development, the creation of new tools to 

experimentally measure and model bacterial adhesion can lead to health benefits.  In particular, 

we discussed how atomic force microscopy and thermodynamic modeling could be used to study 

the fundamental adhesion processes related to urinary tract infections and bacterial infections on 

biomaterials. 
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Figure List 

Fig 1 Representative AFM amplitude imaging of the deposition of E. coli culture solution after 

washed three times with phosphate buffer saline. Then the solution was deposited onto a mica 

surface. They formed a tree-like crystallization. 

Fig 2 Representative SEM imaging of S. epidermidis coated AFM tip.  

Fig 3 Representative image of S. epidermidis stained with live/dead kit for an adhesion assay  

Fig 4 The average equilibrium length of P fimbriae on E. coli surface derived from steric 

modelling based on AFM surface characterizations. Adapted with permission from Liu et al., 

Biotechnology and Bioengineering, 2006, 93, 301. Copyright (2005) Wiley Periodicals, Inc.  

Fig 5 Correlation between Gibbs free energy change and S. epidermidis retention. Adapted with 

permission from Liu et al., Langmuir, 2007, 23, 7138. Copyright (2007) American Chemical 

Society 

Fig 6 Correlation between Gibbs free energy change and S. epidermidis viability. Adapted with 

permission from Liu et al., Langmuir, 2007, 23, 7138. Copyright (2007) American Chemical 

Society 
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Fig 1 Representative AFM imaging of the deposition of E. coli culture solution  
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Fig 2 Representative SEM imaging of S. epidermidis coated AFM tip 
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Fig 3 Representative image of live/dead kit stained S. epidermidis adhesion assay  
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Fig 4 The average equilibrium length of P fimbriae on E. coli surface derived from steric 

modelling based on AFM surface characterizations. Adapted with permission from Liu et al., 

Biotechnology and Bioengineering, 2006, 93, 301. Copyright (2005) Wiley Periodicals, Inc.  

 



 

 20 

Fig 5 Correlation between interfacial free energy and S. epidermidis retention results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


