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ABSTRACT 

THE ROLE OF SOLUTION CHEMISTRY AND CELL SURFACE 

PROPERTIES IN MEDIATING BACTERIAL  TRANSPORT AND 

DEPOSITION IN POROUS MEDIA AND INTERACTION WITH 

NANOMATERIALS 

By 

Lixia Wang 

The University of Wisconsin – Milwaukee, 2013 

Under the Supervision of Professor Jin Li 

 

      Groundwater is an important source for drinking water supply. Microbial 

contaminants have been implicated in two-third of the waterborne disease outbreak. 

Understanding the fundamental processes, the governing factors and the interfacial 

interactions that contribute to the deposition of microbial contaminants to porous media 

will help to elucidate the microbial attachment/transport profile and is highly needed  for 

bioremediation in the environment as well as water purification industry.     

In this study, the effects of (1) chemical factors including ionic strength, pH and 

concentration of phosphate, (2) biological factors including lipopolysaccharide (LPS), 

biofilm and biofilm extracellular polysaccharide (EPS), and strain type on E.coli 

O157:H7’s transport and deposition in saturated sand columns were investigated. The 

contributions of  surface charge, hydrophobicity and steric force to bacterial attachment 

were quantitatively assessed by calculating extend DLVO theory and steric interaction. 

Moreover, the role of LPS in protecting bacteria from antibacterial effect of graphene 
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oxide(GO) was studied. At last, the role of surface functional groups in antibacterial 

activities of carbon nanotubes was examined.  

The overall findings in our study are as follows: (1) The transport of E.coli 

O157:H7 through saturated porous media is enhanced with increasing ionic strength and  

pH condition; (2) The presence of phosphate in water body encourages the transport of 

E.coli O157:H7 cells through porous media; (3) LPS on the cell surface facilitate E.coli 

O157:H7's transport in sand columns; (4) The retention of E.coli O157:H7 in sand is 

significantly lower than E.coli JM109 under various solution chemical conditions; (5) 

The association of E.coli bacteria with biofilm coated on the porous media substantially 

increase the attachment of cells; (6) XDLVO integrating with steric interaction  can 

qualitatively explain our observations  about the retention of E.coli O157:H7  on sand 

surface; (7) The LPS component can protect E.coli O157:H7 cells from antibacterial 

activities of GO sheets; (8) Carbon nanotubes functionalized with amine groups have the 

highest bacterial removal efficiency. The adsorption of bacteria to the nanomaterials fits 

to Langmuir isotherm equation and can be expressed by pseudo second order kinetics 

equation.  
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Chapter 1 Introduction 

1. 1 Groundwater contamination  

The U.S. Environmental Protection Agency reports that 90% of the world’s water is 

contaminated in some way [1]. Groundwater is an important source for drinking water 

supply. Worldwide,  more than 1.5 billion people use groundwater as their only source of 

drinking water [2]. In the United States, groundwater provides 25% to 40% of all 

drinking water [3]. Meanwhile, the illness cases caused by water contamination remain 

substantial in the last decade [4]. Each year, groundwater contamination is responsible for 

an estimated 750,000 to 5.9 million illnesses and 1400-9400 deaths in the US [5].  

Microbial contaminants have been implicated in two-third of the waterborne disease 

outbreak [6]. Bacterial strains such as Cryptosporidium oocysts, Enterococcus faecalis, 

Salmonella typhimurium, Yersinia enterocolitica, Bacillus subtilis, Erwinia chrysanthemi 

and Pseudomonas aeruginosa [7-11] are the major cause of illnesses through waterborne 

contamination. In 1993, the city of Milwaukee's  drinking water supply infiltration 

system was contaminated by Cryptosporidium oocysts, which infected 403,000 residents 

and caused at least 104 deaths [6]. In 1999, a waterborne outbreak of E.coli O157:H7 

infection at the Washington County Fair in New York State resulted in 921 cases 

infection, including 11 cases of hemolytic uremic syndrome and two deaths [12]. In 1993, 

another  contamination of community water supply system by Salmonella typhimurium in 

Gideon, Mo., led to more than 650 persons illness and 7 deaths [13].  
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Understanding the fundamental processes, the governing factors and the interfacial 

interactions that contribute to the deposition of microbial contaminants to porous media 

will also help to elucidate the microbial attachment/transport profile and is highly needed  

for bioremediation in the subsurface environment as well as water purification in the 

industry.   

1.2 The pathogenic bacteria-- Escherichia coli O157:H7 

In the past several years, Escherichia coli O157:H7 has caught people's attention due 

to its frequent outbreaks. Many of its outbreaks were associated with contaminated 

undercooked ground beef,  lettuce, radish sprout, and unpasteurized apple juice [14]. 

Water-borne transmission of E.coli O157:H7 was becoming an important infection 

pathway  in recent years. Thirty-one percent E.coli O157:H7 outbreaks were reported to 

be waterborne during 1982-2002 [15, 16]. The Center for Disease Control and Prevention 

(CDC) estimated that E.coli O157:H7 caused ~73,000 illnesses, ~2200 hospitalizations 

and ~61 deaths each year in the United States and drinking water was responsible for 

~15% of the reported infections [16, 17].  

E.coli O157:H7 belongs to Escherichia coli (E.coli) and falls within the family 

Enterobacteriaceae. E.coli  colonizes the infant gastro-intestinal tract within hours after 

birth and remains dominant in the human colonic flora. Even though most of the E.coli 

members are non-pathogenic, several E.coli strains have acquired specific virulence 

factors and caused a variety of infections in humans and animals, typically E.coli 

O157:H7. In the name of E.coli O157:H7, O denotes the type of somatic and H specifies 

the flagellar type. O antigen defines a serogroup, and the combination of O and H 

antigens defines the "serotype" of an  isolate.  
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Infection of E.coli O157:H7 can cause fatal diseases such as hemorrhagic diarrhea 

and hemolytic uremic syndrome (HUS) [16, 18]. The infection is especially severe to 

children under 5 years old and elderly people [19]. E.coli O157:H7 was first recognized 

as a pathogen in 1982 during an outbreak investigation of hemorrhagic colitis. Drinking 

water outbreak of E.coli O157:H7 was first reported in 1989, when people became sick 

after drinking contaminated water in rural Missouri [20]. A waterborne outbreak at the 

Washington County Fair in New York State in August 1999 resulted in 921 cases of 

E.coli O157:H7 infection, including 11 cases of hemolytic uremic syndrome and two 

deaths [12]. Well supplying undisinfected water to several vendors of beverages and ice 

was likely contaminated by manure. Outbreaks of E.coli O157:H7 in Wyoming [21] and 

Canada [22] were also reported to be  associated with  public drinking water system. 

Drinking water source associated outbreaks of E.coli O157:H7 were also reported in Asia 

[23], Europe [24] and Africa [25]. The E.coli O157:H7 outbreaks linked to the 

consumption of contaminated groundwater highlight  the importance of understanding the 

transport of E.coli O157:H7 within the soil-groundwater system [26-28]. 

The contamination sources of E.coli O157:H7 primarily come from animal manure, 

such as cattle [26, 29-31]. Survey results showed that E.coli O157:H7 was commonly 

detected in cattle manure and its density could reach as high as 10
5
 CFU g

-1
 [32-37]. 

Additionally, it was found that E.coli O157:H7 in cattle manure could survive for as long 

as 21 months [38-40]. Human may be at risk of infection long after an environment being 

initially contaminated. When manure from cattle farms is applied to agricultural fields by 

both conventional and organic crop producers as a fertilizer, E.coli O157:H7 cells can 
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leach out, infiltrate through the soil zone and subsequently contaminate the underlying 

groundwater [28, 41] 

1.3 Factors affecting bacterial deposition in porous media  

When bacteria approaching to a medium, firstly, physical and/or chemical 

interactions will take place for its adhesion between the planktonic cell and the medium's 

surface, and this process is estimated to be several hours [42]; secondly, biological 

process such as  cell growth or phenotype adaptation will develop after incubation period. 

Bacterial transport or deposition in porous media could be affected  by physical, chemical 

and biological factors.  

1.3.1 Physical factors 

The influence of straining that removes colloids from porous media was reported to 

be significant when the ratio of colloids to median grain size is greater than 0.0083 [43, 

44].  When straining did not play a major factor of colloid removal, colloid size, grain 

size distribution [45], pore space geometry [46], medium surface heterogeneities [47] and 

substrate surface roughness [48, 49] were all reported for their influences on colloids 

deposition in porous media.  

In addition to the factors of medium, the environmental physical factors, such as 

temperature, fluid velocity, and time, were also tested for their impact on bacterial 

deposition/transport through porous media. However, their effect to bacterial deposition 

remains divergent. For instance, to temperature, some researchers found it has a positive 

effect on bacterial deposition [50]; while Kim et. al.  observed that it did not cause a 

significant difference for bacterial deposition rate coefficient on quartz grains as latex 
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colloids do among temperature range from 4-25ºC [51]. According to Guber et. al., fluid 

velocity has a negative effect to the nonmotile cells retention onto soil columns [52], 

while it enhances the motile cells escaping when reducing fluid velocity at low fluid 

velocity [53]. For the contact time, cell attaching to the sand in artificial ground cold 

environment was tested remaining no significant altered for several weeks [50, 54, 55]; 

yet starvation for 18h displayed was examined to decrease adhesion in other studies [50, 

54, 55]. These contadictory findings on the impacts of environmental physical factors on 

bacterial retention  indicate combined effects of these physical factors with cell surface 

chemistry or biological factors.   

When considering bacterial transport and retention in porous media under 

unfavorable conditions, hydrodynamic drag was hypothesized to lead to the rolling 

movement of cells along grain surface and contributing to the non-monotonic distribution 

(down- gradient center)  retention profiles of microsphere or bacteria through porous 

media column.  It was also suggested to drive re-entrainment of secondary minimum 

associated microspheres in porous media under unfavorable conditions [56, 57].  

1.3.2 Chemical factors 

Ionic strength, electrolyte ion valence and pH conditions of solution are the three 

main factors influencing bacterial interaction with sand surface [51, 58-60] and the 

effects of them on bacterial deposition have been evaluated by many researchers, 

however, the findings were quite inconsistent. For instance, increasing ionic strength (IS) 

would in theory increase bacterial retention on negatively charged subsurface sediments 

because of the compression of the electrostatic double layer of counterions that balance 

the surface charge of bacteria and the sediment [10, 58]. Nevertheless, a distinct trend 
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was discovered by Kim et. al.  for strain E.coli O157:H7. They found that there is no 

effect of  IS (1, 10,100mM)  on cell deposition at pH of 5.8. At pH of 8.4 and 9.2, the 

bacterial deposition behavior was inversely proportional to IS (1-100mM) [61]. Similarly, 

increasing pH would theoretically decrease bacterial deposition resulting in more 

negatively charged surface [10]. However, some researchers found that bacterial 

attachment was unaffected by pH(5.0-9.0) [58]. Electrolyte with divalent cations (such as 

Ca
2+

)  could play a "bridge" role and interact non-specifically with cell surface charged 

functional groups and a greater rate of deposition of bacteria in porous media [51], but 

the effect of  negatively charged  multi-valence ions to bacteria or viruses transport or 

retention in subsurface was opposite [9]. LPS containing saccharides with phosphate also 

results in low bacterial attachment efficiencies [62]. In addition, some researchers found 

that the presence of  humic substances in solution inhibits bacteria’s adhesion to sand 

[63-65].  

Surface potential (zeta potential) [66-68], hydrophobicity [69, 70]are two major 

factors for mediating interactions between surfaces. Solution chemistry had an  influence 

on bacterial interaction with sand surface because of the change of surface charges and/or 

hydrophobicity [71]. 

1.3.3 Biological factors  

When multiple bacterial strains were studied for their transport behavior, various 

deposition profiles were observed [8, 51, 62, 65, 72]. Bacterial strain-specific shapes, 

sizes [73], surface functional groups such as lipopolysaccharide (LPS) [74-77], outer 

membrane protein [7, 78, 79], extracellular polysaccharide(EPS) [76, 80-86], 

fimbriae(pili) [87, 88] and flagella [59, 89] might contribute to the differences. Cell 
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concentration[53] together with bacterial growth conditions [90, 91] can also affect 

bacterial deposition behaviors by influencing their surface properties. For instance, Ryu 

et al. found that an EPS-overproducing mutant of E.coli O157:H7 strain ATCC 43895 

had significantly lower numbers attaching to stainless steel coupons compared to its wild 

type strain [92]. Kim et. al. treated the cells with proteinase K and cleaved the surface 

protein, smaller amount of the cells were retained in the column as compared to the 

untreated ones, indicating that the extracellular protein  of E.coli O157:H7 cells enhance 

the cell retention [78]. Salerno et al. coated microspheres with protein and conducted the 

column experiments packed with glass beads, and they found that the attachment rate 

efficiencies of protein covalently coated microspheres were increased significantly [93].  

LPS is an important component of bacterial outer membrane. They are anchored in 

the outer membrane of bacterial cells and from inside to outside, are composed of the 

hydrophobic lipid A (the component that interacts with the inner leaflet of the outer 

membrane), an inner and an outer core, and the repeating units of O-antigen for smooth 

strains [94]. The core region of the LPS consists of negatively charged groups, such as 

phosphates and carboxylic groups, which usually give the LPS its negative charge [95]. 

The outer polysaccharide part of the LPS is the O-antigen, which consists of 20-70 

repeating units of three to five sugars and can protrude up to 30 or more nm into the cell 

surroundings. LPS occupies 75% of the surface of the bacterium, and E.coli is estimated 

to have 10
6 

molecules per cell [96]. 

William et. al. found that the adhesion of LPS mutants of Pseudomonas fluorescens 

to quartz sand in columns increased [74]. On the contrary, Lai removed the LPS 

composition from E.coli JM109 and discovered that the adhesion affinity between the 
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bacterial cells and the AFM tip decreased. They also observed that the bacterial retention 

to glass or in packed beds to quartz sand decreased after LPS removal [95]. Walker 

compared the deposition of E.coli K12 (intact LPS with O-antigen), D21(LPS with core)  

and D21f2(LPS truncated mutant with lipid A only) to packed-bed column but did not 

find a correlation between either the length or the charge characteristics of the LPS 

molecule and  the deposition kinetics [97]. Ong studied the interactions between lawns of 

E.coli and model surfaces with  the use of atomic force microscopy (AFM) and 

concluded that the presence of LPS caused steric repulsion with mica surface and that its 

truncation resulted in an attraction between the two materials [98].The composition of 

LPS also plays a role in mediating bacterial adhesion behavior. Foppen examined 54 

E.coli strains for the effect of surface properties of the outer membrane on the attachment 

efficiencies to saturated quartz sand and concluded that low attachment efficiencies were 

statistically associated with LPS containing saccharides with phosphate and/or carboxyl 

groups [62]. 

1.3.4 Coupled effects 

When  particles were eluted by free or low ionic strength solution ( usually 1mM), the 

attached cells were not completely recovered. This suggests the coupled effects of 

chemical conditions and physical pore space geometry [46]. The particles not washed out 

were believed firstly retained at the secondary minimum and then rolling along the 

interface by the hydrodynamic drag, finally they were trapped in hydrodynamically 

disconnected regions. Moreover, the chemical factors such as pH, ionic strength or 

surface charge were suggested to affect soil structure (aggregating behavior of colloid 

particles) and the effective pore size distribution [46].  
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Fontes et. al. [99] were ranking the importance of physical factors( grain size and cell 

size) and chemical factors (ionic strength) on their influence to transport of 

microorganisms through porous media in well-controlled clean quartz sand and 

concluded that grain size was the most important factor controlling transport of bacteria. 

Cell size and ionic strength were less important affecting bacterial transport comparing to 

grain size. In field studies, Dong et. al. [100] has compared the relative importance of 

physical and chemical heterogeneity for controlling the transport of an adhesion-deficient 

bacterial strain in an intact sediment cores. Grain size was determined to be the primarily 

factor and chemical heterogeneity caused by adsorbed organic carbon matters was less 

important.  

There is a classic two rate-limiting steps assumption for describing colloid deposition 

through porous media. [101] First, transport of colloidal particles to matrix surfaces by 

Brownian diffusion, interception, or gravitational sedimentation  in colloid-matrix 

collisions and then second, attachment of colloidal particles to the matrix surfaces. 

According to their theory, the transport step depends primarily on physical factors such as 

size and density of colloidal particles, accessible surface area for colloid deposition, pore 

structure, and flow velocity. The kinetics of the attachment step largely depends on 

solution and surface chemistry because colloid attachment is controlled by interparticle 

forces between colloidal particles and matrix surfaces. In other words, short distance 

forces such as van der waals force, electrostatic force, which depends on surface 

properties of the bacterial cell, substratum surfaces as well as the intervening medium, 

will only begin to act once bacteria cells overcome the interaction barrier and get close to 

the medium surface [102].  
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1.4 Colloids filtration theory 

The transport of colloidal particles through granular porous media can be described 

by accounting for particle advection, hydrodynamic dispersion, and deposition. Under 

steady state saturated flow conditions where the blocking and ripening effect are not 

significant and particle releasing is negligible, the concentration of fluid-phase particles, 

C(x,t) and retained particles, S(x,t), at column depth x and time t can be described by a 

one-dimensional advection-dispersion equation with a first-order kinetic deposition term. 

  

  
 

  

 

  

  
  

   

   
  

  

  
                                 

  

 

  

  
                                                                    

Here,   is the interstitial particle velocity,  is the hydrodynamic dispersion 

coefficient,   is the bed porosity,    is the porous medium bulk density and   is the 

particle deposition rate coefficient, /min.  

k can be determined with the following equation: 

   
 

  
   

 

  
                                    

Here,      is the normalized breakthrough concentration relevant to "clean bed" 

conditions, U is the approach( superficial) fluid velocity, cm/min, and L is the length of 

the packed bed, cm. k can also be acquired through the single-collector removal 

efficiency,  
 
 via the following expression[103]: 
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where    is the diameter of the collector grains, α is empirical attachment (collision) 

efficiency. 

Under steady state, the influence of hydrodynamic dispersion is negligible. Thus, for 

a continuous particle injection at concentration    (at x=0) and time period   , the 

solutions to eqs 1 and 2 for a column initially free of particles are  

            
 

 
                   

     
    

  
     

      

  
     

 

 
        

Equation 5 is the classical colloid filtration model and can be used for modeling the 

transport of colloids or microorganisms in saturated porous media. 

1.5 Extended DLVO theory 

Once the bacterium is transferred to the solid surface by diffusion, convection, or 

active transfer, the interfacial interactions between a bacterium and a surface are thought 

to be governed by the classical DLVO ( Dejarguin-Landau-Verwey-Overbeek) energy. 

Its quantitative expression, which is comprised of an electrodynamic or van der Waals 

component (     and an electrostatic component     , has been considered as the 

fundamental model for colloid interfacial interaction [104].  
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                       (8) 

Where A is the Hamaker constant, h is the separation distance between the cell and 

the substratum, ab is the radius of the cell. The cells are assumed to be spherical.  

The electrostatic interaction comes from the Coulomb interaction between charged 

surfaces. It is related to the surface potential ψ, the distance between the cell and the 

surface d and the Debye length κ. 

                        (9) 

   
         

     
          (10) 

Where NA is Avogadro’s constant, c is the concentration of the ions of the electrolyte 

(mol/L),ɛ, the dielectric constant of the solution, ɛ0 is the dielectric permittivity of free 

space, k is  the Boltzmann constant and e is the electronic charge, T is the absolute 

temperature. 

A thermodynamic approach to calculate the Gibbs adhesion energy for the bacterial 

adhesion using the Dupre equation is as following [105]: 

                  (11) 

Where               are respectively the interfacial energy of the bacterium-

substratum, bacterium-liquid and substratum- liquid interfaces. Adhesion is favored if the 

free energy per unit area,     , is negative. 
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In the DLVO theory, the interaction energy is distance-dependent whereas in the 

thermodynamic approach the formation of a new cell- substratum interface is calculated. 

If adhesion occurs in the secondary minimum and a new cell- substratum interface is not 

formed, the thermodynamic theory is not applicable. 

Marshall et. al.[106] in 1971 first used DLVO theory to qualitatively explain bacterial 

adhesion among different concentrations of electrolyte. However, reported deviations 

[48, 66, 78, 107-110] results from the theory for the interfacial interactions brought up 

the need to further investigate the interaction energy profiles. Van Oss [111]and 

colleagues have extended DLVO theory by accounting for Lewis acid-base interactions, 

which is essential for describing polar media interfacial interactions. 

                       (12) 

Different from the rigid particles, bacterial surfaces are soft and dynamic. To predict 

the interactions between polymer containing surfaces, many researchers value the 

contributions of steric force. As an example, Jacob Israelachvili [112] believes that the 

steric- polymer force is one the most important forces between lipid bilayers and 

biological membranes.  

DeGennes [113] quantified the steric interactions between polymer surfaces by 

considering the contributions of the forces 1) the osmotic pressure inside each brush; and 

2) the elastic restoring forces which tend to thin out the brush and the expression is as 

follows: 

  
  

    
  

 
 

 

 
  

 

  
 

 

 
       For                      (13) 
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Where P is the pressure between the two parallel surfaces, D is the average distance 

between attachment points, L is the thickness of brush layer and s is the average distance 

between anchoring sites. The first term in the bracket is the osmotic term; the second one 

is elastic term. 

1.6 The objectives of my study 

In this study, the effects of chemical factors including ionic strength, pH and solution 

constituents on O157 transport will be investigated in saturated sand columns. The role of 

cell surface lipopolysaccharide (LPS)   in mediating the pathogen cells transport will also 

be documented. The bacteria’s deposition profiles will be investigated in biofilm coated 

sand column to evaluate the role of biofilm and EPS to its retention onto biofilm coated 

sand column. As a comparison to E.coli O157:H7, the transport of a nonpathogenic strain 

E.coli JM109 will be performed under the same experimental conditions. To evaluate the 

transport pattern, extend DLVO theory including hydrophobicity and steric interaction 

will be calculated. Surface charge and hydrophobicity together with steric force will be 

assessed for their contributions to the attachment. Moreover, the protection of LPS from 

antibacterial effect of graphene oxide will be studied. At last, the importance of surface 

functional groups in enhancing bacterial removal rates of carbon nanotubes  will be 

discussed with three surface functionalized nanotubes. 
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Chapter 2. The influence of phosphate on the transport of 

E.coli O157:H7 in sand column 

Phosphate is a ubiquitous chemical species that can be found in minerals, soils, 

human bodies and water.  Phosphate is also a key ingredient used in numerous domestic 

and industrial applications, e.g., detergents, metal surface coating, fertilizers, and 

drinking water distribution pipe corrosion control. The addition of phosphate to water 

mains has been shown to improve the water quality by reducing the occurrence of 

coliform bacteria and inhibit biofilm growth despite the fact that phosphate serves as an 

essential nutrient for microorganisms [114]. Several studies investigating the role of 

phosphate in bacterial interaction with iron coated sand [115] and iron oxyhydroxide 

particles [114] have attributed the reduced bacterial adhesion to charge modification of 

the grain surface from positive to negative by adsorbed phosphate ions. In soil solution 

and, particularly in agricultural soil that receives manure and/or chemical fertilizers, 

phosphate concentrations can reach mM levels [116-121]. As phosphate was reported to 

enhance the transport of bacterial cells (e.g., Pseudomonas fluorescens) and virus within 

natural porous media [122, 123], little is known about its impacts on the transport of 

E.coli O157:H7. The main goal of this research was to examine the effect of phosphate 

on the transport of E.coli O157:H7 with quartz sand packed columns. In addition, the 

release of E.coli O157:H7 cells attached to sand surfaces was evaluated when phosphate 

concentration in the mobile aqueous phase was elevated. 

2.1. Materials and Methods 

2.1.1 Preparation of bacteria suspension 
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E.coli O157:H7 strain EDL933 stx1 and stx2 double mutant was obtained from Dr. 

C-H Yang’s lab in Biological Sciences at the University of Wisconsin, Milwaukee and 

used in this experiment. Preserved cells stored in 20% glycerol at -80 °C was streaked 

onto Luria-Bertani (LB) agar plates supplemented with 20 g/mL chlorampfenicol, 

50g/mL kanamycin and 150 g/mL rifampin and the plate was incubated at 37 °C 

overnight. One single colony was picked by a sterile needle and transferred into culture 

tubes that contained 10 ml sterile LB broth amended with antibiotics of similar 

concentrations. Following 6-hour incubation at 37°C, 0.5 mL of the starter culture was 

added to a flask that contained 250 mL sterile LB broth amended with antibiotics, which 

was incubated at 37°C with 200 rpm shaking for 18 h. The bacterial cells were harvested 

through centrifugation (3000 g, 10 min, 4°C) and the pellets were rinsed twice using 

appropriate electrolyte solutions to remove the growth media. Cell concentration was 

then adjusted to ~3×10
7
cells/mL and the suspension was ready for column transport 

experiments. The cell surface macromolecules were left unaltered in the suspension used 

in the column transport experiments. The motility of the bacteria did not change after the 

double mutation. 

2.1.2 Electrolyte solutions 

Six different types of electrolyte solutions were used in the experiment. The total 

ionic strength of the electrolyte solutions was either 10 mM or 100 mM (adjusted using 

NaCl). Under each ionic strength condition, the phosphate concentrations varied as 0 mM 

(no phosphate), 0.1mM (77µM Na2HPO4, 23 µM NaH2PO4) and 1 mM (770µM 

Na2HPO4, 230 µM NaH2PO4), respectively. Because the presence of phosphate changed 
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water pH to ~7.2, the pH of the solutions that contained no phosphate was raised to 7.2 

using 0.1 mM NaHCO3. 

2.1.3 Column transport experiments 

High purity quartz sand (US Silica) with a size range of 0.354-0.420 mm was used in 

the column transport experiments. The porosity of the sand was 0.344. The sieved sand 

was treated alternately with hot, concentrated nitric acid and diluted NaOH solutions to 

remove surface iron oxide/hydroxide coatings and organic materials, as well as fine 

particles that were attached to sand surfaces, respectively. Following each cleaning step, 

the sand was thoroughly rinsed with deionized water. The clean sand was dried in an 

oven at 55 °C and then stored in high-density polyethylene (HDPE) containers until use. 

Duplicate glass chromatography columns (Kontes) measuring 15 cm in length and 2.5 

cm in diameter were wet packed using the clean quartz sand. The packed columns were 

equilibrated with more than 20 pore volumes of background electrolyte solution. 

Peristaltic pumps (Cole-Parmer MasterFlex) were used to regulate the flow and the 

specific discharge was maintained at 0.31 cm/min. Following the equilibrium step, 

bacterial suspensions were injected into the columns and the injection lasted 60 min (~3 

pore volumes). The column effluent was connected to flow-through quartz cells and the 

concentration of the bacterial cells was monitored every 30 s using a spectrophotometer 

(Shimadzu UV-1700) at a wavelength of 220 nm [124, 125]. Upon the termination of cell 

suspension injection, the columns were flushed with background electrolyte solution until 

the absorbance of the effluent returned to zero. 
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It was previously shown that, for the relatively uniform sand used in this research, the 

effect of dispersion on the transport of colloid-sized particles was negligible [126]. The 

kinetics of the deposition of E.coli O157:H7 cells within the saturated sand packs under 

clean-bed conditions can be estimated through calculating the deposition rate coefficient, 

kd (min
-1

), from the early cell breakthrough concentrations in the effluent [127, 128]: 

     
 

   
    

 

  
             (2.1) 

Where ε is the porosity of the sand (cm
3
/cm

3
), U is the specific discharge (cm/min), L 

is the length of the column (cm) and C/C0 is the normalized breakthrough concentration 

relevant to clean-bed conditions, which was obtained from average bacterial 

breakthrough concentrations between 1.8-2.0 pore volumes [127, 129]. 

Experiments were also performed to investigate the potential release of E.coli 

O157:H7 cells due to increased phosphate concentration in the mobile aqueous phase. 

For this purpose, column transport experiments were firstly conducted using a solution 

that had an ionic strength of 100 mM but did not contain any phosphate. Once the 

columns were flushed, a solution that had similar ionic strength and pH (i.e., 100 mM and 

7.2) but contained 0.1 mM phosphate was injected into the columns. Concentrations of 

released bacterial cells in the effluent were recorded through measuring the absorbance at 

a wavelength of 220 nm (Shimadzu UV-1700). When the released cells were flushed out 

from the columns (i.e., the absorbance of the effluent returned to background values), a 

100 mM solution that contained 1 mM phosphate was then injected into the columns. The 

release experiments were stopped after the pulse release of the bacterial cells was 

completed. 
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2.1.4 XDLVO interaction between E.coli O157:H7 cells and quartz sand 

The transport of bacterial cells within saturated porous media is governed by the 

energy interactions between bacterial cells and the surface of solid matrix (e.g., sands). 

According to the extended  Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory, the 

forces  include the Lifshitz−van der Waals (LW) interactions and the electrostatic double 

layer (EDL) repulsion, the Lewis acid-base (AB) (i.e., hydrophobic) interaction [57, 130, 

131]: 

                            (2.2) 

The LW, EDL and AB interaction energies (   ,      and    ) can be calculated 

using the following equations [42, 66, 98, 108, 109, 132-134]: 

     
    

  
  (2.3) 

       
     

      
       

      
      (2.4) 

                      
           

           
     

    
                       (2.5) 

          Δ   

      
    

  
     (2.6) 

Δ   

        
     

                     
     

     
      

   
  

   
      (2.7) 

where A represents the Hamaker constant;    is the equivalent radius of the 

bacterial cells;   is the separation distance between the bacterium and sand surface;     

represents the minimum equilibrium distance between the cell and sand surface and 

equals to 0.157 nm; γ
LW
, γ

+
 and γ

-
 are the LW, electron-accepting and electron-donating 
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interfacial tension parameters, respectively;    and    are the dielectric permittivity of 

vacuum and water, respectively;   is the inverse of Derby length;    and    are the 

surface potentials of the bacterial cells and sand, respectively;    (= 0.6 nm) is the 

characteristic decay length of AB interactions in water; and Δ   

  represents the 

hydrophobicity interaction free energies per unit area corresponding to   . For the 

interfacial tension parameters (i.e., γ
LW
, γ

+
or γ

-
), the subscripts of b, w and s represent 

bacteria, water and sand, respectively. For water, the values of γ
LW
, γ

+
or γ

-
 are 21.8, 25.5 

and 25.5  mJ m
-2

, respectively [111]. Values of γ
LW

 (39.2 mJ m
-2
), γ

+
 (1.4 mJ m

-2
)or γ

-
 

(47.8 mJ m
-2

) for quartz were determined in Morrow et al. [66] and were used in this 

research. Values of γ
LW
, γ

+
or γ

-
 for E.coli O157:H7 cells were determined by measuring 

the contact angles (θ) using three different probe liquids with known surface tension 

parameters [111]: 

γi
L
 (1+cosθ)=    

          
        

        (2.8) 

where the subscript i represents water (γ
L
=72.8, γ

LW
=21.8 and γ

+
=γ

-
 = 25.5 mJ m

-2
), 

glycerol (γ
L
=64.0, γ

LW
=34.0, γ

+
= 3.92 and γ

-
=57.4 mJ m

-2
)  or diiodomethane (γ

L
=50.8, 

γ
LW
=50.8 and γ

+
=γ

-
 = 0 mJ m

-2
) [111]. The contact angles were acquired with a Rame-

Hart goniometer using bacterial lawns produced by filtering cells onto porous membrane 

[98]. 

2.1.5 Steric interaction between E.coli O157:H7 cells and quartz sand 

In biological systems, the classic DLVO model often could not fully explain bacterial 

transport and deposition behavior observed in experiments due to the presence of 

extracelluar macromolecules on bacterial surface [40-43]. The steric repulsion between 
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two parallel surfaces similarly coated by macromolecules is described by the deGennes 

equation [112, 135]: 

  
  

    
  

 
 

 

 
  

 

  
 

 

 
       For                         (2.9) 

Where P is the pressure between the two parallel surfaces, D is the separation 

distance, L is the thickness of brush layer and s is the average distance between anchoring 

sites. For E.coli O157:H7, of the value of D is ~30 nm [136] and the values of s is 

~2.2nm[137]. 

If one plate has the brush and the other plate is bare, 2D should substitute D and the 

pressure should be divided by 2 [138]: 

  
 

 

  

    
 

 
 

 

 
  

 

 
 

 

 
      For                      (2.10) 

Integration using Derjaguin’s approximation we have the steric force expression for a 

sphere-plate system [112, 135]: 

     
 

 

  

     
 

 
 

 

 
  

 

 
 

 

 
   

 

 
 

  

  
  

  

     
 

 
 

 

 
   

 

 
 

 

 
               (2.11)                                                                                   

The integration of F gives the steric interaction energy (       ) for a sphere – plate 

system 

               
 

 
 

 

    
  

  

         
 

 
 

 

 
       

 

 
 

 

 
                     

(2.12)              
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2.1.6 E.coli O157:H7 cell characterization 

Zeta potential values of bacterial cells and sands were used in the place of surface 

potentials in equation (5) [133]. Cell suspensions were prepared in a similar fashion as 

the column transport experiments and the quartz sands were pulverized and colloid-sized 

quartz particles were suspended in the electrolyte solutions. The electroporetic mobility 

of the bacterial cells and colloidal quartz sand under each solution was then measured 

using a ZetaPALS analyzer (Brookhaven Instruments Corporation). Smoluchowski 

equation was used to convert electrophoretic motility values into zeta potentials. To 

measure cell sizes, photos of E.coli O157:H7 cells suspended various solutions were 

obtained using a Nikon Eclipse 50i microscope, which was equipped with a Photometric 

coolsnap ES digital camera and MetaMorph software. The length and width of the cells 

were then determined using the ImageJ software and the equivalent radii of the cells were 

calculated as  
     

 
, where    and    represent the length and width of the cell, 

respectively [54]. 

2.2. Results and Discussion 

2.2.1 Transport of E.coli O157:H7 within sand packs 

Results from the column transport experiments showed that higher percentages of 

E.coli O157:H7 cells could travel through the sand columns when the concentration of 

phosphate was progressively increased from 0 to 1 mM, indicating that phosphate could 

promote the transport of E.coli O157:H7 (Figure 1). At a constant ionic strength of 10 

mM, 55.3% (±1.6%), 32.2% (±0.3%) and 23.0% (±0.8%) of the E.coli O157:H7 cells 

were immobilized within the sand packs for phosphate concentrations of 0, 0.1 and 1 
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mM, respectively. Accordingly, the deposition rate coefficient (  ) decreased from 0.054 

(±0.003) min
-1

 to 0.019 (±0.0007) min
-1

 when phosphate concentration increased from 0 

to 1 mM (Figure 2). Similar trend was observed when the ionic strength was maintained 

at 100 mM. The fraction of immobilized E.coli O157:H7 cells decreased from 33.0% 

(±1.7%) to 12.1% (±1.4%), and the deposition rate coefficient decreased from 0.025 

(±0.0007) min
-1

 to 0.0005 (±0.0001) min
-1

 when phosphate concentration increased from 

0 to 1 mM. The clear increase in breakthrough is difficult to dispute even in the absence 

of a mass balance. 

It was reported that under high pH (>8.4) conditions, the retention of E.coli O157:H7 

cells within quartz sand decreased with increasing ionic strength [61]. Consistent with the 

previous finding, results from this research showed that the deposition of E.coli O157:H7 

cells reduced with increasing ionic strength under a pH of 7.2, regardless of phosphate 

concentrations (Figures 1 and 2). For instance, under the absence of phosphate, the 

deposition rate coefficients were 0.054 (±0.003) min
-1

 and 0.025 (±0.0007) min
-1

 for 10 

and 100 mM of ionic strength, respectively.  

2.2.2  The deposition rate coefficients kd  

The equation (2.1) represents a simplified model that has neglected processes such as 

dispersion and detachment. It was previously shown (based on tracer test data) that for 

the relatively uniform sand used in this research, the hydraulic dispersion coefficient is 

around 0.1 cm
2
/hour [126]. The Peclet number (Lv/D) is thus around ~8000, suggesting 

that the neglect of dispersion is justified. The cell breakthrough curves also displayed 

negligible tailing, suggesting that cell detachment can be reasonably neglected. This is 

further confirmed by our simulation results (see figure 3). We noticed that because the 
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effluent concentrations of bacterial cells in the experiments (particularly for the 10 mM 

experiments) increased slightly with time, a more complex, second-order Langmuir type 

of model could potentially provide an improved description for the breakthrough 

concentrations over the whole time course of the experiments. It is also true that when the 

quantity of attached bacteria is low (i.e., under clean-bed conditions), the second order 

model can be reasonably approximated by the first-order model. Therefore as far as the 

clean-bed deposition rate coefficients are concerned, they can be determined using the 

first-order model as long as the initial values of C/C0 (i.e., values of C/C0 under clean-bed 

conditions) are selected. In this research, we followed many previous publications and 

selected the early C/C0 values to calculate kd [125, 139, 140]. To confirm this, we also 

fitted the second-order Langmuir-type model (without considering cell detachment) to 

our breakthrough data using a Levenberg-Marquardt algorithm and the best-fit values of 

deposition rate coefficients were obtained (This inverse simulation technique is similar to 

that used by HYDRUS-1D or CXTFIT, please refer to [126] for details about the fitting 

process). The R
2
 values were always greater than 0.97 for all the simulations. A excellent 

1:1 match between deposition rate coefficients estimated using the second-order model 

and the first-order model (employed in this research, equation (2.1)) was observed (see 

Figure 3). Thus the values of kd calculated using equation (2.1) can faithfully reflect the 

differences in the transport behavior of the E. coli O157:H7 cells under our experimental 

conditions, and equation (2.1) is appropriate to estimate the clean-bed deposition rate 

coefficients. 

2.2.3  XDLVO Interaction Energy Profiles 
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The measured contact angles of water, glycerol and diiodomethane on E.coli 

O157:H7 lawns were 22.1º (±0.1 º), 27.0º (±1.8º) and 63.0º (±0.7º), respectively. The 

values of γ
LW
, γ

+
or γ

-
 for E.coli O157:H7 cells were calculated as 26.9, 47.6 and 4.82 mJ 

m
-2

, respectively. Using the values previously determined for quartz in Morrow et al. 

[66], the Hamaker constant (equation (2.4)) for the bacterium-water-quartz system was 

estimated as 1.522×10
-21

 J. The estimated value of Δ   

   was 24.94 mJ/m
2
, suggesting 

repulsive AB interactions between E.coli O157:H7 cells and quartz sands immersed in 

water. 

The equivalent cell radius was around 0.85 µm and showed little variation with 

changes ionic strength and phosphate concentrations (Figure 4A). The zeta potential of 

both the E.coli O157:H7 cells and quartz sand was negative (Figure 4B). In general, the 

zeta potential of sands were ~30 mV less negative when ionic strength increased from 10 

mM to 100 mM due to the compression of electric double layer. The zeta potential of the 

E.coli O157:H7 cells was close to neutral and, in contrast to the trend observed for quartz 

sand, an increase in ionic strength led to a slight decrease in the zeta potential of the 

bacterial cells (Figure 4B). For both quartz sand and bacterial cells, phosphate led to 

decreased zeta potential values. This could be related to adsorption of phosphate onto the 

surface of quartz sand (e.g., through the bonding between phosphorus and oxygen at the 

surface of quartz) and bacterial cells, which could increase the negative surface charges 

under the pH conditions employed in this research [141]. 

The calculated XDLVO energy interaction profiles are shown in Figure 5. Under an 

ionic strength of 10 mM, there was no repulsive energy barrier for cell attachment to sand 

surface when phosphate was absent (Figure 5A). Energy barriers were present when 
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phosphate concentrations were either 0.1 mM or 1 mM. The energy barrier values were 

0.86 kT (0.1 mM phosphate) and 1.33 kT (1 mM phosphate), respectively, where k is 

Boltzmann constant and T is absolute temperature in Kelvin. Similarly, when ionic 

strength was 100 mM, the energy barrier changed from absent for no phosphate to ~53 

kT for both 0.1 mM and 1 mM phosphate (Figure 5B). The energy barriers, although 

small, could hinder the attachment of E.coli O157:H7 cells to the surface of quartz sands 

and thus changed a system that would otherwise be favorable for deposition, and made it 

unfavorable for deposition. This trend was consistent with results from the column 

transport experiments, which suggested that phosphate increased the transport of E.coli 

O157:H7 cells. Additionally, the magnitude of the energy barriers was generally higher 

for the 100 mM ionic strength conditions than the 10 mM ionic strength conditions. This 

was consistent to the observation that the transport of E.coli O157:H7 cells within the 

sand packs increased with ionic strength (Figures 1 and 2). 

The total XDLVO energy interaction profiles reflect the summation of the LW, EDL 

and AB interactions. Inspection of the LW and AB components of the overall interaction 

energy showed that they were independent on water chemistry parameters and remained 

the same for all conditions. Ionic strength, however, had significant impact on the zeta 

potential values of both the bacterial cells and the sands (Figure 4B). As the sand zeta 

potential became less negative when ionic strength increased from 10 to 100mM, the zeta 

potential of E.coli O157:H7 cells became more negative. In response to the changes in 

the zeta potential values, the calculated EDL interactions between bacterial cells and 

quartz sand under 100 mM ionic strength conditions were more repulsive than the EDL 

interactions under 10 mM ionic strength conditions. 
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2.2.4 Release of immobilized E.coli O157:H7 cells 

Results from that column transport experiments using a solution that had an ionic 

strength of 100 mM and contained no phosphate showed that ~33% of the bacterial cells 

were immobilized within the sand packs (Figure 1B). Upon the completion of the 

experiments, solutions with similar ionic strength but progressively higher phosphate 

concentrations (0.1 mM and then 1 mM) were sequentially injected into the columns to 

examine the release of the immobilized E.coli O157:H7 cells. The results showed that the 

increase in phosphate concentration in the mobile aqueous phase led to release of 

previously retained E.coli O157:H7 cells (Figure 1B). Maximum cell concentrations in 

the first and second release pulses reached ~16% and ~9% of influent concentration. 

Integration of the release pulses showed that the total quantity of released cells for the 

first and second pulses was equivalent to 2.5% (±0.5) and 1.4% (±0.5) of the total amount 

of bacterial cells that were injected into the columns, respectively. When combined, 

~12% of the immobilized bacterial cells were flushed out during the two-stage phosphate 

perturbation experiments. 

 According to the XDLVO theory, when repulsive barrier (and thus secondary energy 

minimum) is absent in the energy interaction profile of bacterial cells and sands, the 

primary energy minimum is primarily responsible for cell deposition, which is considered 

as irreversible [133]. The observed release of immobilized E.coli O157:H7 was thus 

contrary to the XDLVO energy interaction profiles, which suggested the presence of 

energy barrier and secondary minimum (100 mM, no phosphate). The energy interaction 

profiles shown in Figure 5, however, were calculated using the average cell zeta potential 

values. Considering the variations in the measured cell zeta potential values (Figure 4B), 
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repulsive interaction barrier and secondary energy minimum could be present in the 

interaction energy profiles of a fraction bacterial cells and sand surfaces. Cell deposition 

within the secondary energy minimum could thus occur. For these cells, perturbations in 

water chemistry (i.e., phosphate concentration) could lead to their release. This was 

consistent to the observation that only a fraction (~12%) of the immobilized bacterial 

cells was released. For the fraction of E.coli O157:H7 cells that did deposit into the 

primarily minimum, the increase in phosphate concentration actually made the release 

less likely because, as suggested in Hahn et al. [142], the energy barrier for cell release 

increased. Our results also highlighted the vital importance that the energy interaction 

within 5 nm from the surface plays in cell deposition and release [142]. 

According to the colloid filtration theory [103, 106], the clean-bed deposition rate 

coefficient can be expressed as a function of the product of the collector efficiency ( ) 

and collision efficiency ( ). As the collector efficiency ( ) can be estimated from 

correlation equation reported in the literature [103],  the collision efficiency ( ) can then 

be estimated from the experimentally determined deposition rate coefficient and collector 

efficiency[103]. The calculated values of   were all less than 1, suggesting that the 

deposition condition was not completely favorable (Table 1). This was also consistent to 

our observation that the retention of E.coli O157:H7 was reversible even if the XDLVO 

theory predicted the absence of energy barrier. In addition, the observed trend that values 

of   decreased with phosphate concentrations (Table 1). 

2.2.5 Steric Interactions  

As shown in the previous section, the XDLVO theory and our experimental 

observation did not always agree with each other (e.g., although XDLVO predicted no 
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energy barrier, the deposition of E.coli O157:H7 was reversible under the 100 mM, no 

phosphate condition). Steric interactions due to the presence of extracelluar 

macromolecules on bacterial surface were reported to be partly responsible for the 

discrepancies between model and experimental results [46].  

The model results (Figure 6) indicate that the steric interaction between E.coli 

O157:H7 surface and quartz sand was significantly higher than the XDLVO forces at 

comparable distances. This was qualitatively consistent to our observation that the 

retention of E.coli O157:H7 was reversible when XDLVO theory predicts the absence of 

energy barrier. Additionally, it was hypothesized that the conformational changes caused 

by the deprotonation of bacterial surface lipopolysaccharides (LPS) carboxylic and 

phosphoric functional groups allowed for greater penetration of the counter ions into the 

polymer layer, which in turn decreased the attachment of E.coli O157:H7 cells onto the 

surface of quartz sand [61].  Elevated phosphate concentrations may have caused 

conformational changes of the bacterial extracellular polymers and consequently more 

repulsive steric interactions between the cell and quartz sand.  More experimental 

investigations are needed to further examine the relationship between phosphate and the 

conformation of E.coli O157:H7 surface macromolecules as well as the associated 

impacts on the steric interactions.              

2.2.6 Environmental implications 

Cattle manure represents a major source of E.coli O157:H7 [26, 29-31]. Manure 

produced in cattle farms is commonly applied to the agricultural fields as a fertilizer. The 

E.coli O157:H7 cells that are introduced into the soil through this process could be 

leached out and contaminate the underlying groundwater. Findings from this research 
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suggest that phosphate, a key ingredient used in numerous domestic and industrial 

applications, e.g., detergents, metal surface coating, fertilizers, and drinking water 

distribution pipe corrosion control, could potentially change a system that would 

otherwise be favorable for E.coli O157:H7 cells deposition, and makes it unfavorable for 

deposition. Considering that groundwater is the primary source of drinking water, 

particularly in rural areas, the enhanced mobility of E.coli O157:H7 cells could translate 

into greater public health risks. Phosphate concentrations in the soil can also change as a 

result of fertilizer (including manure) application, plant uptake, rainfall, irrigation and 

plant evatranspiration. Our results indicated that increase in phosphate concentration 

could lead to the pulse-type release of previously immobilized E.coli O157:H7 cells. This 

release represents another mechanism that can result in the wider spread of E.coli 

O157:H7 cells within the soil-groundwater system. Our results also provided insights into 

mechanisms contributing to the reduced occurrence of coliform bacteria and biofilm 

inhibition in drinking water distribution systems through the addition of phosphate.   
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Figure 1. Breakthrough concentrations of E.coli O157:H7. The ionic strength of the 

solution was (A) 10 mM and (B) 100 mM, respectively. Concentrations of phosphate 

were 0, 0.1 and 1 mM. In (B), the release of immobilized E.coli O157:H7 cells was 

investigated through injecting solutions which had similar ionic strength (100 mM) but 

progressively higher phosphate concentrations. 
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Figure 2. Deposition rate coefficient, kd (min
-1

), as a function of ionic strength and 

phosphate concentration.  Error bars represent standard deviation of duplicate 

experiments. 
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Figure 3. Comparison of values of kd calculated using the second-order model and 

the first-order model. Error bars represent standard deviation. 
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Figure 4. (A) Equivalent radius of E.coli O157:H7 cells suspended in various 

electrolyte solutions. (B) Zeta potential of bacterial cells (left axis) and quartz sands 

(right axis) under different ionic strength and phosphate concentration conditions. Note 

that the zeta potential values of bacterial cells and quartz sands were plotted at different 

scales. 
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Figure 5. XDLVO energy interaction profiles between E.coli O157:H7 cells and 

surface of quartz sands. The energy interactions were expressed in kT, where k is 

Boltzmann constant and T is absolute temperature in Kelvin. 
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Figure 6. Steric interaction energy profile between E.coli O157:H7 cells and surface 

of quartz sands. The energy interaction was expressed in kT, where k is Boltzmann 

constant and T is absolute temperature in Kelvin. 
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Table 1.Values of collision efficiency (α) for the E.coli O157:H7 cells under various 

chemistry conditions. 
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Chapter  3  The role of LPS on the transport and deposition of 

E.coli O157:H7 in sand column
 

The significance of Enterohemorrhagic Escherichia coli (EHEC) O157 as a public 

health concern has been recognized since 1982 [143], when an outbreak of hemorrhagic 

colitis (severe bloody diarrhea) was traced to the consumption of poorly cooked ground 

beef in a fast food restaurant chain in the U.S.  According to a CDC estimate[144], 

serotype O157:H7 is responsible for 73,000 cases of infection and 60 deaths in the U.S. 

each year. Between 1982 and 2002, a total of 350 E.coli O157:H7 outbreaks were 

reported in the U.S. and the majority of the outbreaks involved death[15].  While 

previous studies[145, 146] have pinpointed the association between waterborne outbreaks 

and the use of contaminated recreational waters, recent outbreaks [29, 30, 147]have been 

linked to the consumption of contaminated groundwater as a result of certain agricultural 

practices, e.g., the widespread use of animal manure and wastewater without adequate 

disinfection to eliminate bacterial pathogens prior to plant fertilization and irrigation, and 

heavy rainfall can cause the transport of bacteria to deeper layers of the soil by 

leaching[148, 149]. For example, 25.5% of water samples from drinking water system 

were positive with E.coli O157 in South Africa[150]. E.coli O157:H7 can be viable in 

underground condition for as long as 21 months. [38, 151, 152] A better understanding of 

the factors that affect the fate and transport of E.coli O157:H7 in soil and groundwater 

systems will help to evaluate the risk of drinking water contamination associated with 

those agricultural practices.   
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The environmental factors in the attachment/deposition behavior of E.coli 

O157:H7 onto substrate surface have been studied comprehensively including ionic 

strength, pH, divalent ions [61, 153], temperature [129] and so on. The surface 

macromolecules were observed to play an important role in mediating bacterial transport 

behavior and many studies were conducted [154, 155]. In the enterobacteriaceae, LPS  

occupies 75% of the surface of the bacterium [96] and  it is considered as characteristic 

and essential for Gram-negative bacteria[156]. LPS are implicated in cell adherence to 

biotic and abiotic materials[157] [158] [74] [159] [97, 160]. However, divergent 

conclusions on the effect of LPS to bacterial attachment/deposition to substrate were 

acquired and it might be dependent on bacterial strain or experimental conditions.  To our 

knowledge, the influence of LPS to bacteria strain E.coli O157:H7's transport and 

deposition in porous media has not been investigated. 

LPS is composed of lipid A, a core region, and the repeating units of O-antigen ( 

Figure 7) [94]. Lipid A is a phosphorylated glucosamine disaccharide connected with 

long-chain fatty acids, these hydrophobic fatty acid chains anchor the LPS in the cell 

wall. The core region of the LPS consists of negatively charged groups, such as 

phosphates and carboxylic groups, which usually give the LPS its negative charge [95]. 

The core region can be further subdivided into two regions based on the structure, the 

inner and outer core. The inner core contains 3-deoxy-D-manno-oct-2-ulosonc 

acid(KDO) and L-glycero-D-manno-heptopyranose(Hep). The lipid A and inner core 

were highly conserved, yet the structure of the outer core varies, which has 5 different 

chemotypes. The core of E.coli O157:H7 belongs to R3 type [161, 162], which is 

composed of heptose and KDO together with glucose, galactose and galactosamine. The 
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outer polysaccharide part of the LPS is the O-antigen, which consists of 20-40 repeating 

units of three to five sugars and can protrude up to 30 or more nm into the cell 

surroundings.  

RfaC is the enzyme responsible for transferring the first heptose sugar onto the 

KDO moiety of the lipopolysaccharide inner core. A mutation in rfaC results in the strain 

heptoseless and contains KDO as its only core sugar. A mutation in waaL causes the lack 

of the O antigen in the LPS layer. O-antigen is an important indicator for determining if 

an isolated E.coli strain is pathogenic. E.coli serotype O157 is pathogenic and can cause 

severe symptoms of dysentery. The lipid A is widely conserved among E.coli  while O-

antigens are more diverse. There are more than 180 types of O- antigens of E.coli strains 

which have been  chemically characterized.   

In this study, the O antigen truncated mutant (ΔwaaL) and a core mutant with both 

O antigen and heptose missing (ΔrfaC) of E.coli O157:H7 were used(Figure 7) . Cells 

size, zeta potential and hydrophobicity were characterized. The transport of the three 

companions was conducted in quartz sand columns. XDLVO theory combining with  

steric interaction was applied for mathematically understanding the interaction between 

the strain and sand surface. 

3.1. Materials and methods 

3.1.1 Bacteria and solution chemistry 

E.coli O157:H7 EDL933 wild type, Δwaa L (O-antigen deficient) and ΔrfaC 

(outercore and O-antigen deficient) were used in this study. Bacteria stored in -80°C 

freezer were grown overnight in Luria-Bertani (LB) agar plate (10g/liter Bacto tryptone, 
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5 g/ liter Bacto yeast extract, 5 g/liter NaCl) broth or agar( 1.5[wt/vol] agar). When 

required, antibiotics were added as follows: 150g/mL of rifampin and 50g/mL of 

kanamycin. One single colony was picked by sterilized needle and transferred into 10ml 

Luria-Bertani broth in the presence of the appropriate antibiotics. Cells were precultured 

at 200 rpm at 37°C for 6 h, inoculated to fresh medium at the ratio of 1:50. After 18 h 

incubation with oscillation, cells were collected by centrifugation at 3000 × g, 4°C, for 

10min. The supernatant was decanted and the pellet was resuspended in electrolyte. This 

centrifugation procedure was repeated twice to completely decant growth media. The cell 

density was adjusted to OD of 0.3±0.01 at wave length of 220 nm for column experiment. 

The correspondence cells concentration was 3  10
7
 cells/ml. 

Two pH (5.6 and 8.4) and three ionic strength (10,100, and 300mM) conditions 

were applied in the experiment. PH of 5.6 electrolytes comprised NaCl ions only, and pH 

of 8.4 electrolytes was adjusted with 0.1mM NaHCO3.   

3.1.2 Porous media 

Quartz sand was purchased from US Silica Company. Sand was size-fractionated 

with stainless steel sieves, and fractions in 0.707-0.841mm range and a mean diameter of 

0.774mm were used in the column experiments. The sand was first treated to remove 

metal and organic matters from surface. Briefly, the sand was boiled in nitric acid (70%) 

(Fisher) for 48h. After that, it was washed in deionized water (Barnstead Inc.) and 

immersed in 0.1M NaOH for 24h. Finally, it was rinsed with deionized water thoroughly. 

The acid-base cleaning step was repeated one time to completely clean the sand. Then the 

sand was dried in an oven at 55 °C for 2 days and stored in covered Pyrex beakers until 

use. 
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3.1.3 Bacterial column transport experiment 

Bacterial transport experiments were carried out in glass chromatography 

columns packed with clean quartz sand. Columns (Kontes) with 15 cm height and 2.5 cm 

inner diameters were used. Columns were wet packed by tap filling method to maintain a 

gravimetrically porosity at 0.344. Before each experiment, the columns were pumped 

(Masterflex) more than 20 pore volumes of background electrolyte to equilibrate the 

porous media environment. Bacterial cells suspension was then pumped through the 

column for 60 min (approximately 3 pore volumes) followed by the same background 

electrolyte for 60 min. The approaching velocity during the column experiments was at 

0.51 cm s
−1

. 

The absorbance of the effluent from sand column was measured onsite with a 

UV/vis spectrophotometer (Model1600, Shimadzu) and the cell concentration was 

converted using a calibration curve. The wave length of 220nm was used. 

3.1.4 Hydrophobicity (Contact angle) measurement 

The hydrophobicity of bacteria and sand was determined by measuring their 

contact angles with three liquids, water (γ 
L 
=72.8, γ 

LW 
=21.8 and γ 

+ 
= γ 

- 
=25.5 mJ m 

-2 
) 

, glycerol(γ 
L 
=64.0, γ 

LW 
=34.0 and γ 

+ 
= 3.92 and γ 

- 
=57.4 mJ m 

-2 
)  and diiodomethane 

(γ 
L 
=50.8, γ 

LW 
=50.8 and γ 

+ 
= γ 

- 
=0.0 mJ m 

-2 
) [70]. Bacterial lawn was produced by 

filtering through membrane and the contact angle was detected by Rame- Hart 

goniometer. Basically, the filter membrane covered with bacterial lawn after filtering was 

placed in a petri dish to keep it from drying out. In 10 minutes, the membrane was 

mounted onto the platform of the goniometer and 3 μl of the test liquid was vertically 

dropped by pipette onto the membrane. When the drops reached the stable status, the 
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images were captured and the contact angle between the drops and the bacterial lawn 

surface from both the left side and right side were recorded. The average value was taken 

as one measurement data and was written as θ. Triplicate tests were performed for each 

strain and 3-4 drops were measured for each liquid.  The values of γ
LW 
, γ 

+ 
 and γ 

– 
, 

which were used for calculating the free energy of the bacterium, were calculated using 

the following equations:   
              

          
        

   . where the 

subscript i represents water, glycerol or diiodomethane [70].  

3.1.5 Zeta potential measurement 

The zeta potential of bacteria sand was measured by using a ZetaPAL analyzer 

(Brookhaven Instruments Corporation, Holtsville, NY). Cells were diluted to 10
6
cells/ml 

for each measurement. Measurements were conducted in duplicate, and 10 runs were 

chosen for each sample.  Smoluchowski equation was used to convert the electrophoretic 

motilities to zeta potentials. 

3.1.6 Cell size measurement 

The size of bacterial cells (expressed as equivalent radius that equals to the square 

root of the product of width and length divided by the constant  ) was measured by 

taking photos using a Nikon Eclipse 50i microscope which was equipped with a 

Photometric coolsnap ES digital camera. At least 50 cells were measured for one 

condition. 

3.1.7 Cell deposition expression 
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kd was used to determine the deposition rate of E.coli O157:H7. It was estimated 

using the steady state breakthrough concentrations of the cells applied to the following 

equation 

                    
 

   
    

 

  
                                       (3.1) 

ε is the bed porosity,0.344, U is the approach velocity, L is the length of the 

column(15cm) and C/C0 is the normalized breakthrough concentration and was obtained 

from each bacteria breakthrough curve by averaging the values measured between 1.8-2.0 

pore volume. 

3.1.8 XDLVO calculation 

The transport of bacterial cells within saturated porous media is governed by the 

energy interactions between bacterial cells and the surface of solid matrix (e.g., sands). 

According to the extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory, the 

energy interactions between bacterial cells and quartz sand immersed in water include the 

Lifshitz−van der Waals (LW) interactions, the electrostatic double layer (EDL) 

interaction as well as the Lewis acid-base (AB) (i.e., hydrophobic) interaction.  

Steric interaction between cell suface and medium surface has been considered as 

an important factor which could play a role in mediating the deposition of bacteria to 

surface and it contains two components--osmotic and physical pressure expressed by  the 

deGennes equation for two parallel surfaces  

The energy form has been deduced and applied to the XDLVO equation to quantify 

the total interaction energy profile. 
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                                                                                            (3.2) 

The LW, EDL, AB and steric interaction energies (   ,      ,                ) can 

be calculated using the equations described in Chapter 2. 

3.2  Results and Discussion 

3.2.1 Cell size, zeta potential and hydrophobicity 

The ionic strength and pH has a negligible effect onto bacterial cells size(data not 

shown). On the contrary, the mutation has resulted in cells size change  in both length and 

width direction, hence the equivalent size.  After measuring the length and width of the 

cells and doing the conversion, the equivalent radius for WT, ΔwaaL and ΔrfaC were 

respectively1.19±0.08µm and 1.49±0.14 µm and 1.69±0.08µm.  

The wild type strain has near neutral zeta potentials (~-1 mV) from 10~300mM IS 

(Table 2).  The two LPS mutants were more negatively charged under both pH 

conditions. At IS of 10mM and pH of 8.4, the zeta potential of ΔwaaL and ΔrfaC were 

respectively -29.50mV and -43.80mV. Increasing ionic strength resulted the zeta 

potential of the two mutant strains less negative and ΔrfaC was influenced more than 

ΔwaaL. For instance, the zeta potentials of ΔwaaL and ΔrfaC were respectively increased 

~ 9.9mV and ~24.2mV to both ~ -19.6mV at IS of 100mM, and the zeta potentials of 

ΔwaaL and ΔrfaC were further increased ~3.8mV and ~5.7mV to -15.80mV and -

13.92mV at IS of 300mM, respectively. The exposure of phosphate groups at the cell’s 

surface might be responsible for the more negative surface charge of ΔrfaC mutant and 

more sensitive to the ionic strength change than ΔwaaL and wild type strain. The zeta 
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potential of sand was more negative than the bacterial cells and became less negative  

with increasing IS.  

pH negatively impacted the zeta potentials of both bacteria and sand. That is, 

elevated pH value resulted in more negative zeta potentials of the bacterial and sand's 

surface.  According to our contact angle experiments, the LPS mutants became more 

hydrophobic (Table. 2). Our observation of zeta potential and contact angle of the 

mutants was consistent with study of Burks [75] and Ong’s [98], which had used isogenic 

LPS truncated mutant D21f2 and wild type D21 and JM109 as the test strains. 

3.2.2 Transport of E.coli O157:H7 within sand packs 

Results from the column transport experiments showed that LPS truncated strains 

had lower breakthrough curves than wild type at ionic strength of 100 and 300mM, 

indicating that deletion of LPS increased the deposition of cells to sand at high IS  

(Figure 8).  For instance, at IS of 100mM, the percentage of bacterial cells that transport 

through columns were respectively 93.2% (±1.3%), 81.1%( ±0.6%) and 59.3% 

(±0.3%)%) for wild type, ΔwaaL mutant and ΔrfaC mutant. Accordingly, the deposition 

rate coefficient (kd) was 0.006±0.002 sec
-1

, 0.041±0.001 sec
-1

, 0.091±0.002 sec
-1

 for wild 

type, ΔwaaL and ΔrfaC mutants, respectively. Interestingly, at low IS of 10mM, the 

mutation did not have significant influence on bacterial transport and deposition in sand 

columns, 97.4%(±3.4%) wild type cells traveled through sand columns and 

96.5%(±2.1%) and 95.2%(±2.4%) for ΔwaaL mutant and ΔrfaC mutant, respectively. 

Accordingly, the deposition rate coefficient (kd) was 0.001±0.002sec
-1

, 0.002±0.001 sec
-1

 

and 0.003±0.001 sec
-1

 at 10mM IS (Figure 9). 
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 Increasing ionic strength will significantly increase the deposition of the two LPS 

mutants onto sand packs. At  IS of 10mM, the percentage of cells that traveled through 

sand packs were 96.5%(±2.1%) and 95.2%(±2.4%), respectively, for the E.coli O157:H7 

ΔwaaL mutant and ΔrfaC mutant, respectively. At IS of 300mM, the percentage of 

bacteria remained in the effluent was reduced to 66.1%(±1.6%) and 39.7%(±0.5%) for 

ΔwaaL mutant and ΔrfaC mutant, respectively. However, increasing ionic strength did 

not have influence as significant as the mutants for the transport of wild type, which has 

97.4%(±3.4%) cells passed through columns at 10mM and 93.0%(±1.6%) at 300mM IS. 

The higher breakthrough curves  of the three E.coli strains (Figure 8) at pH of 8.4 

comparing to pH of 5.6 indicated elevated pH value increased bacterial transport.  

3.2.3 Interaction Energy Profiles 

The LPS equilibrium length of E.coli O157:H7 is 30±13nm [136]. The combination 

of the lipid A plus inner, and outer cores was 4.4nm and the length of lipid A itself is 2.4 

nm [163]. The truncation of LPS leads to change of LPS length, and thus steric 

interaction between cells and sand surface.  

The interaction energy profiles with incorporation of steric interaction for the three 

LPS isogenic strains versus distance were plotted in figure 10. The energy barriers of the 

three strains were all high (>10
5 

kT) and less likely to be overcome. The deposition of 

cells was then attributed to happen mainly at the secondary minimum[133]. For 

interaction energy profile of wild type, the secondary minimum was at around -5 kT and 

separation distance of 30nm, the secondary minimum did not show significant shifting 

towards ionic strength. This is in consistent with the column results that the deposition 
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rate of wild type was low and had little variation under all ionic strength conditions. For 

ΔrfaC mutants, the energy profiles of the secondary minimum were -5kT,-23kT and -

35kT at separation distance of 25nm, 6nm and 5nm for 10mM, 100mM and 300mM ionic 

strength, respectively. Consistently, the column results showed that ΔrfaC mutants had 

higher deposition rate than wild type at high IS and the deposition rate was significantly 

influenced by ionic strength. The interaction energy profiles with incorporation of steric 

interaction for the three LPS isogenic strains showed qualitatively consistent with the 

macro-scale results in term of deposition of cells onto sand surface. 

3.3 Discussion 

Penagonda [157] phenol-chemically extracted lipopolysaccharide of Escherichia 

coli k-12, and the cells exhibit stronger interaction with silica sand. Williams also [74] 

observed the LPS mutants of Pseudomonas fluorescens’  retention in quartz sand 

columns was greater than the parent strain. On the contrary, Lail and Camesano removed 

the LPS molecules from E.coli JM109 with chemical method and found that bacterial 

retention to glass or in packed beds to quartz sand decreased. In an addition, Velegol and 

Logan [49], Burks [164] and Walker[97] found that there was no correlation between the 

length of the LPS and the  collision efficiencies or deposition rate of bacterial cells. 

The variations in finding the role of LPS in bacterial adhesion might be due to 

experimental conditions and surface complexities of bacterial strains. In considering this, 

isogenic mutants were constructed and compared for the effects of LPS in bacterial 

transport and deposition through sand columns. With the isogenic LPS mutation, cells 

became more negative charged on the surface and more hydrophobic comparing to the 

parent cells, which is consistent with the observations using other strains [75, 98]. 
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The LPS mutation increased the deposition of E.coli O157:H7 to quartz sand over 

IS of 10-300mM under both tested pH conditions. Based on XDLVO theory, the change 

in surface potential and hydrophobicity for LPS mutants would discourage the attractive 

interaction with sand and hence would result in reduced cells deposition profile. The 

deviated results from the theory suggest additional interaction force(s) may come into 

play. 

Camesano [160] found the higher repulsion force between the LPS intact cells and 

the AFM tip than EDTA- treated cells. Ong [98] [110] incorporated steric and 

hydrophobic interactions  into DLVO model which thus explained the enhanced 

repulsion force for E.coli D21 to polystyrene comparing to its LPS truncated 

compartment E.coli D21f2. Lu[165] recently used SFA to measure the force between the 

different LPS length molecules and solid surfaces and found the correlation between LPS 

length and  bacterial adhesion. In our study, when we incorporate steric interaction to the 

XDLVO equations, the interaction energy profiles were then qualitatively consistent with 

the deposition of the three LPS isogenic strains onto sand surface.  
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Figure 7. Sketch of E.coli O157:H7 LPS structure and its LPS mutants 
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Table 2. Zeta potentials of the three strains, wild type, ΔwaaL and ΔrfaC in three 

ionic strength conditions (10, 100 and 300mM) and two pH conditions (5.6 and 8.4) 

Cell type Zeta potential at pH=5.6(mV) Zeta potential at pH=8.4(mV) Contact angle measurements 

 10 100 300 10 100 300 θwater θGlycerol θDI 

WT 0.5±2.5 1.0±0.1 5.7±1. -1.0±2.5 0.2±3.9 0.4±5.0 11.8±2.0 18.0±2.0 35.6±0.8 

ΔwaaL 29.9±2.4 -15.3±2.8 -11.06±1.7 -29.5±1.4 -19.6±2.4 -15.8±3.7 28.1±1.2 25.0±2.0 48.7±0.6 

Δ rfaC -37.4±1.0 -18.1±1.9 -9.0±2.2 -43.8±1.5 -19.6±2.3 -13.9±1.2 47.0±2.4 32.3±2.2 54.8±2.0 

sand -59.8±1.0 -32.1±2.2 -25.1±3.4 -77.7±1.5 -41.5±2.3 -21.7±1.2 14.2±0.8 8.5±0.8 34.5±1.1 
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Figure 8. Breakthrough curves of the three strains under 10,100,300mM ionic 

strength NaCl at pH= 8.4(A,B,C) and 5.6 (D,E,F) 
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Figure 9. The kd of the three strains under 10,100,300mM ionic strength NaCl at 

pH=5.6 and 8.4 
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Figure 10. XDLVO interaction energy + steric interaction energy for E.coli O157:H7 

EDL933 wild type, ΔwaaL and ΔrfaC strains at IS=10mM, 100mM and 300mM 
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Chapter 4  The role of strain type and biofilm on Escherichia 

coli transport and retention through porous media 

In this study, the transport and retention of two E.coli strains, O157:H7 and 

JM109, in quartz sand were investigated to better understand the transport of E.coli 

bacteria under various environmental conditions. E.coli JM109 is a laboratory strain that 

has been used as a surrogate to study the fate and transport of pathogenic E.coli in soil 

and groundwater [166-170]. Our study focused on the effect of solution chemistry, 

physical flow conditions, and bacterial surface macromolecules on the attachment of both 

E.coli strains to sand surface.  

In addition, the interaction between E.coli bacteria and P. aeruginosa biofilm was 

also investigated. P. aeruginosa has been widely used as a model microorganism to study 

the structure and function of biofilm because of its ability to form uniform biofilms and 

secrete various extracellular products. In our study, biofilms of P.aeruginosa PAO1 and 

PDO300 strains with different EPS production capability were coated onto packed glass 

beads columns. The biofilm of PDO300 and PAO1 differ in three ways: 1) the PDO300 

has a higher biomass and EPS concentration than PAO1; 2) PDO300 biofilm contains 

mannuronic acid and guluronic acid monomers, while PAO1 biofilm’s main composition 

is neutral sugars; and 3) the architecture of the PDO300 biofilm differs from that of the 

PAO1biofilm with a higher roughness and more water channels. The transport and 

deposition of E.coli JM109 and E.coli O157:H7 were tested and compared with PAO1 

and PDO300 biofilm-coated porous media. 

4.1 Materials and Methods 
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4.1.1 Bacterial Cells Preparation 

The two E.coli strains used in this study are E.coli O157:H7 EDL933 nontoxic 

mutant- stx1 and stx2 double mutant, and E.coli JM109. Both strains were provided by 

Prof. Ching-Hong Yang in the Department of Biological Sciences at the University of 

Wisconsin-Milwaukee. The preserved cells stored in 20 % glycerol at -80 °C were 

streaked onto Luria-Bertani (LB) agar plates. The agar plates for growing E.coli O157:H7 

were supplemented with 20 g/mL chloramphenicol, 30 g/mL kanamycin, and 150 

g/mL rifampicin. The agar plates for growing E.coli JM109 were supplemented with 50 

g/mL nalidixic acid. E.coli O157:H7 mutant lacking Stx1 and Stx2 was generated by 

allelic exchange which is resistant to chlorampfenicol, kanamycin, and rifampicin [171]. 

JM109 is resistant to nalidixic acid [172]. Stock solutions with 34, 100, and 50 mg/ml of 

chlorampfenicol, kanamycin, and rifampicin were prepared by dissolving them in 

ethanol, water, and methanol respectively.  A 30 mg/ml stock solution of nalidixic acid 

was prepared by dissolving it in 1M NaOH. These antibiotic stocks were further amended 

into media to make the final concentrations described above. Both strains were incubated 

at 37 °C overnight. One single colony was picked with a sterile needle and transferred 

into 10 mL sterile LB broth amended with antibiotics. After 6-hr pre-culture at 37 °C, the 

bacterial cells were transferred to a fresh LB broth with a volume ratio of 1:200 and 

incubated at 37 °C and 200 rpm for 18 hrs. The bacterial cells were then centrifuged at 

3000 g, 4 °C for 10 min and the pellets were rinsed twice using 10mM or 100mM 

phosphate buffered saline (PBS) solutions to remove the growth media. The 100mM PBS 

solution was made with 0.662g/L Na2HPO4, 0.192g/L NaH2PO4·H2O, 5.136g/L NaCl 

[173] and a 10-fold dilution with ultrapure water was used to make the 10mM PBS. The 
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pH of the electrolytes remained at ~7.2. The cell concentration was adjusted to ~3×10
7
 

cells/mL using a spectrophotometer (Shimadzu UV-1700) by measuring the absorbance 

of the cell suspensions at a wavelength of 220 nm [124, 125] prior to the column 

transport experiments. 

4.1.2 Column Transport Experiment 

Duplicate glass chromatography columns (Kontes) 15 cm in length and 2.5 cm in 

diameter were wet packed with clean quartz sands. The sands were washed as previously 

described. The packed columns were equilibrated with more than 20 pore volumes 

(~600mL) of background electrolyte solution. Peristaltic pumps (Cole Parmer) were used 

to regulate the flow and the specific discharge was maintained at 0.31 cm/min. Following 

the equilibrium step, bacterial suspensions were injected into the columns, and the 

injections lasted for 60 min (~3 pore volumes). The column effluent was monitored using 

a UV spectrophotometer (Shimadzu) at a wavelength of 220 nm. Upon termination of the 

cell suspension injection, the columns were flushed with bacterial free electrolyte 

solution until the absorbance of the effluent returned to zero. 

The classical filtration theory (CFT) was used to model bacterial transport and 

retention in the packed columns. The kinetics of bacterial cell deposition in the saturated 

sand columns was quantified by calculating the deposition rate coefficient, kd (min
-1

) 

from cell breakthrough concentrations in the effluent [127, 128]: 

     
 

   
    

 

  
   (4.1) 



58 
 

 
 

Where ε is the porosity of the sand (cm
3
/cm

3
), it was 0.344 in this study. U is the 

specific discharge (cm/min), L is the length of the column (cm) and C/C0 is the 

normalized breakthrough concentration relevant to clean-bed conditions, which was 

obtained from average bacterial breakthrough concentrations between 1.8-2.0 pore 

volumes [127, 129]. 

 The particle distribution S(X), i.e. the number of deposited bacteria per mass of 

the granular collector, was calculated using the following equation: 

     
          

  
      

      

 
      (4.2) 

Where X is the bacterial travel distance, ρb is the porous medium bulk density, and t0 

is the duration of continuous particle injection. 

4.1.3 Zeta Potential Test 

The electrophoretic mobility of bacterial cells was measured using a ZetaPALS 

analyzer (Brookhaven Instruments). The Smoluchowski equation (  
  

    

), where η is 

the viscosity of the electrolyte solution, εr and ε0 are the relative permittivity of the 

electrolyte solution and a vacuum, was used to convert electrophoretic motility values 

into zeta potentials [174].  

Quartz sands were pulverized and colloid-sized quartz particles were suspended in 

electrolyte solutions for the zeta potential test. 

4.1.4 Hydrophobicity Test 

The hydrophobicity of bacterial cells was measured using the microbial adhesion 

to hydrocarbons (MATH) test. Five mL of n-dodecane was added to 5 mL of cell 
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suspension and the mixture was vortexed (Fisher Scientific) for 15 sec. After leaving the 

mixture for 1 hr at room temperature, the optical density of the cells in the water phase 

was measured at 600 nm. The percentage of the cells partitioned to the oil phase was 

calculated.  

4.1.5.LPS Analysis 

The LPS of E.coli O157:H7 and E.coli JM109 was isolated and analyzed 

following the method described by Sheng et. al.[175] with slight modification.  Briefly, 

20 ml of LB overnight grown cells with an OD600 of 1.0 were washed with 25mL of  1× 

PBS for three times. The pellets were then resuspended in 1.0 ml PBS and inoculated at 

60 °C for 30 min. The suspension was centrifuged at 11,750 g for 30 min. 100 μL of the 

supernatant was mixed with 100 μL of glycine sample buffer (Biorad Laboratories.) 

containing 2-β- mercaptoethanol (2 %) and the mixture was boiled for 10 min. Protease K 

was added to a final concentration of 0.4 mg/ml. The sample was then incubated at 60 °C 

for 60 min and centrifuged at 16,000 g for 30 min. LPS was analyzed by glycine- sodium 

dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) method[176]. Silver 

stain technique [177] was used to visualize the LPS bands. 

4.1.6 Biofilm Development 

Cylindrical polycarbonate plastic (25 cm long, 2.5 cm internal diameter) columns 

were used for biofilm development experiment. Biofilms of P. aeruginosa wild-type 

strain (PAO1) and its isogenic mucoid alginate-overproducing strain with a mucA22 

mutation (PDO300) were introduced to the packed bed columns. To establish the biofilm, 

150ml bacterial suspension with approximately 10
8
 CFU/mL PAO1 or PDO300 cells 

were continuously pumped upward through the columns at a flow rate of 3.0 mL/min for 
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12 h. Synthetic wastewater then replaced the cells solution and the columns were 

operated continuously for five days. The synthetic wastewater consisted of 25mg/L 

K2CO3, 25mg/L K2HPO4, 10mg/L KH2PO4, 11.25 mg/L MgSO4×7H2O, 13.75 mg/L 

CaCl2 ×2H2O, 0.125 mg/L FeCl3×6H2O, 0.0112 mg/L MnSO4 ×H2O, 0.0007 mg/L 

CuSO4, 0.0004 mg/L Na2MoO4 ×2H2O and 0.012 mg/L ZnSO4×7H2O. The chemical 

oxygen demand (COD) of the wastewater was 150 mg/L and the pH was 7.2-7.6. The 

flow rate was kept unchanged, but the flow injection direction was switched every 12 

hours. The biofilm was grown at room temperature (20-25 °C) in the dark. The 

development of P. Aeruginosa biofilm was monitored daily by measuring the suspended 

bacterial concentration in the column effluent. The bacterial concentration in the column 

effluent reached 10
10

 CFU/mL in the first two days of inoculation. After five days, the 

bacterial concentration in the column effluent remained steady at 10
5
-10

6 
CFU/mL. 

4.1.7 Transport Model  

 The transport of bacterial cells within saturated porous media is governed by the 

energy interactions between bacterial cells and the surface of solid matrix (e.g., sand). 

According to the extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory, the 

forces include the Lifshitz−van der Waals (LW) interactions and the electrostatic double 

layer (EDL) repulsion, the Lewis acid-base (AB) (i.e., hydrophobic) interaction [57, 130, 

131]: 

                            (4.3) 

The LW, EDL, and AB interaction energies (   ,      and    ) can be calculated 

using the equations described in Chapter 2.  
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4.2 Results and discussion 

4.2.1 Zeta Potentials, Hydrophobicity and LPS profiles of E.coli O157 and 

E.coli JM109 

The zeta potential of E.coli O157:H7 was slightly negative (-1.9±0.6mV) at 

10mM and the cell surface became more negatively charged (-7.5±1.5mV) when the 

ionic strength was increased to 100mM (Table 3). The measured zeta potentials of E.coli 

O157:H7 were consistent with results reported in the literature [8, 72, 178]. This increase 

in E.coli O157:H7 surface negative charge under higher ionic strength was contrary to 

common believe that increasing ionic strength would lead to electric double layer 

compression and reduced cell surface zeta potential. The surface zeta potentials of E.coli 

JM109 were -38.3 ±2.4mV at 10mM and -17.7±2.3mV at 100mM which is consistent 

with the theory.  

The bacterial surface hydrophobicity was measured using the microbial adhesion 

to hydrocarbons (MATH) test.  The MATH test calculates the percentage of the cells 

partitioned to the oil phase and a higher percentage suggests a higher hydrophobicity. As 

shown in Table 3, the hydrophobicity of E.coli O157:H7increased from 56.9% to 71.3% 

when the ionic strength was increased from 10mV to 100mV. The cell surface 

hydrophobicity did not change significantly for E.coli JM109 with the ionic strength 

increase.  The surface of E.coli O157:H7 was more hydrophobic than E.coli JM109 under 

both low and high ionic strength conditions. This implied the presence of distinct 

macromolecule groups at the surface of E.coli O157:H7 and JM109. Analysis of the LPS 

profiles of E.coli O157:H7 and E.coli JM109 shown the two strain had very different 

laddered bands (Figure 11). Many high-molecular weight laddered bands which 
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represented the O-polysaccharide side chains in E.coli O157:H7 strains were missing in 

the JM109 LPS lane. The SDS-PAGE band of E.coli O157:H7 strain was consistent with 

Sheng et al.’s observations [175]. The band difference implies that the two bacterial 

strains have distinct LPS chemical composition. 

4.2.2 Breakthrough Curves of E.coli O157:H7 and E.coli JM109 

As shown in Figure 12, the effluent bacterial cell concentration was significantly 

higher for E.coli O157:H7 than JM109 under both ionic strength conditions. The average 

C/C0 for E.coli O157:H7 was around 65±3% in 10mM solution and was 78±3% in 

100mM solution. In contrast, the C/C0 was only 5±2% and 3±1% for JM109 under the 

same conditions. Correspondingly, the kd value of E.coli O157:H7 was less than JM109 

under both conditions (Figure 13).When the ionic strength was increased from 10 mM to 

100 mM, the deposition rate of E.coli O157:H7 decreased slightly from 0.025±0.003 to 

0.018±0.002, while the deposition rate of JM109 increased from 0.170±0.001 to 

0.226±0.003 when the ionic strength increased. The observed deposition behavior of 

JM109 is in accordance with the classical DLVO theory. When the electric double layer 

was compressed, the electrostatic repulsion force was reduced and the sum of the van der 

waals forces and electrostatic forces increase; however, E.coli O157:H7 showed an 

opposite trend towards ionic strength variation, which could not be explained by classical 

DLVO theory. Additional interaction forces such as acid-base interaction force or steric 

interaction force could play a role. 

4.2.3 Computed XDLVO profiles of E.coli O157:H7 and E.coli JM109  

The acid-base interaction which describes the polar media interfacial interactions 

is the dominant force at short separation distance [179, 180]. XDLVO theory 
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incorporating the acid-base interaction was able to successfully predict the bacterial 

deposition behavior in previous studies [66, 181]. As shown in Figure 14, the calculated 

XDLVO profiles were qualitatively in agreement with the observed deposition rates of 

bacteria in various chemical conditions. For instance, the interaction energy barrier of of 

E.coli O157:H7 at 100 mM (~51kT)  was higher than at 10 mM IS (~1kT), which is 

consistent with the column results showing lower deposition rates of cells happens at 100 

mM comparing to 10 mM PBS. Since the hydrophobicity of E.coli O157:H7 increased 

with higher ionic strength, it might have played a role in the reduced deposition rate of 

E.coli O157:H7 at higher ionic strength. For strain E.coli  JM109, the computed energy 

barrier was much lower in 100 mM IS (~200kT) and the secondary minimum was deeper 

(~-23kT at 5nm) than in 10 mM solutions which had energy barrier of ~2400kT and the 

secondary minimum of ~5kT at 25nm.  The high energy barrier of E.coli JM109 suggests 

that majority of cells deposit on the surface of the grains at the secondary energy 

minimum [133]. The column results of E.coli JM109 also agreed with the XDLVO 

profiles in that bacterial cells had higher deposition rates at 100mM IS condition. When 

comparing the energy profiles of the two strains, although generally E.coli O157:H7 had 

much lower energy barriers than E.coli JM109, the deposition rates of E.coli O157:H7 

was significantly less than E.coli JM109(Figure 13). This contradictory finding might be 

due to the different deposition mechanisms of the two strains. While the deposition of 

E.coli JM109 was attributed to mainly retain at the secondary minimum, there might be 

another factor involving E.coli O157:H7 cells retention. E.coli O157:H7 was observed to 

possess long lipopolysaccharide(LPS) for around 30±13nm in length  covering the cell 

surface[160], which might result in steric force [61] between cells and the grain surface 
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and render cells deposition at the secondary energy minimum. Thus the retention E.coli 

O157:H7 cells most likely happen when cells overcome the energy barrier. We also 

conducted LPS composition analysis for further validating the difference between the two 

strains(Figure 11). 

4.2.4 Impact of Biofilms and Biofilm EPS 

Figure 15 shows the bacterial breakthrough curves of E.coli O157:H7 and E.coli 

JM109 through columns with and without biofilms. In general, biofilm coating increased 

the deposition of the cells for both strains and the lowest deposition profiles were found 

under clean-column condition (no biofilm). Approximately 80-90 % of injected bacterial 

cells went through the clean column and were detected in the effluent. P. aeruginosa 

biofilms EPS composition, however, had a limited role in influencing E.coli O157:H7 

cell deposition onto sand surface. The kd for E.coli O157:H7 cells in PAO1 and PDO300 

biofilm-coated columns were 0.044±0.005 and 0.040±0.006, respectively. Similarly to 

E.coli O157:H7, a higher number of E.coli JM109 cells were retained in the PAO1and 

PDO300 biofilm-coated columns compared with the clean-column condition. However, 

PDO300 biofilms had a minimum impact on the adhesion of JM109. 

In Figure 16, the retained bacterial concentration was plotted as a function of their 

transport distance from the column inlet. For E.coli O157:H7, the deposition of the cells 

decreased with travel distance in clean columns and the bacterial deposition profile 

generally agrees with the CFT prediction. In the presence of PAO1 and PDO300 

biofilms, the majority of the O157:H7 bacteria retained close to column inlet (distance of 

0 nm); and the retention of  the cells decreased along the path nonmonotonically. The 

cells retention reached to the lowest point when passing through about 4/5 of column, 
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after that, it had a noticeable increase at the tailing.  For JM109, higher numbers of cells 

were also detected near the inlet of the columns; however, the retained bacterial profile 

was different from E.coli O157:H7.  It decreased log-linearly with increasing transport 

distance for all three columns but the decreasing pace among the three columns was 

different. Under the clean-column condition, the retention profile decreased in good 

accordance with CFT prediction and had the lowest slope among the three conditions. In 

the PAO1 biofilm-coated column, the slope of log-linear profile deviate from and was 

steeper than CFT line, suggesting that majority of  cell retention occurring at the column 

inlet. PDO300 biofilm coating had a milder impact on the deviation of JM109 cells 

retention through columns than PAO1 biofilm. Over all, the discrepancies of both strains 

retention profiles from CFT prediction were significant in biofilm coated columns and the 

deviations were in varied forms. Many other researchers have discovered bacterial or 

microsphere deviations from CFT in the forms such as hyperexponential decreases[182] 

or nonmonotonica variations[56, 57, 131] in deposition along travel distance, and factors 

such as straining, hydrodynamic drag or re-entrainment were hypothesized to play a role. 

In this study, Pseudomonas aeruginosa PAO1 and PDO300 biofilm matrix on the surface 

of the clean sands might have physiologically changed the hydrodynamic conditions 

within the columns and the composition difference in the EPS would also affect the 

passage of cells through pores. 

4.3 Conclusions 

E.coli O157:H7 is a pathogenic strain that has caused several waterborne 

outbreaks worldwide, and the transport and retention pattern of O157 in soil and 

groundwater is highly important in predicting their environment risk. The O157 strain has 
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a near neutral surface charge, which differs significantly from other E.coli strains. The 

column transport experiments performed in this study show that E.coli O157:H7 can 

travel underground for a longer distance than normal E.coli strains, indicating that E.coli 

strains may not be the best substitutes for monitoring O157’s transport in groundwater.  

The association of bacteria with biofilm coated on the porous media can 

substantially increase the attachment of cells in the subsurface environment. Under our 

experimental conditions, the pathogenic serotype E.coli O157:H7 exhibited different 

adhesion behavior than the laboratory strain E.coli JM109. Similar numbers of E .coli 

O157:H7 cells were retained in the PAO1 biofilm-coated columns and the PDO300 

biofilm-coated columns; while higher numbers of E.coli JM109 cells were retained in the 

PAO1 biofilm columns than in the PDO300 columns. Additional research is needed to 

further explain the deviation of experimental results from CFT and XDLVO prediction 

and to better understand bacterial transport in soil and groundwater.   
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Table 3. Zeta potential and hydrophobicity of E.coli O157 and JM109 in 10mM and 

100mM PBS 
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Figure 11. LPS analysis of E.coli O157:H7 and E.coli JM109. LPS samples from 

equal numbers of bacterial cells were loaded in the lanes, separated by Glycine-SDS-

PAGE on a 14% acrylamide gel, and visualized by silver staining.  
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Figure 12. Breakthrough concentrations of E.coli O157:H7 and JM109 in saturated 

porous sands under ionic strength conditions of 10mM and 100mM PBS. pH=7.2. Error 

bars present standard deviation of duplicated experiments. 
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Figure 13. Deposition rate coefficients (kd) for E.coli strains under ionic strength 

conditions of 10mM and 100mM PBS. The values of kd were calculated using Eq.4.1. 

Error bars present standard deviation of duplicated experiments.  
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Figure 14. Computed XDLVO profiles of E.coli O157:H7 and JM109. 
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Figure 15. Breakthrough curves of E.coli O157:H7 and JM109 in clean, P. 

aeruginosa PAO1 biofilm-coated and PDO300 biofilm-coated columns.  
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Figure 16. Measured retained bacteria concentration profiles of E.coli O157:H7 (top 

row), JM109 (bottom row), and the CFT predict (in dotted line) in clean bed, P. 

aeruginosa PAO1 biofilm-coated and PDO300 biofilm-coated columns. Arrowhead 

pointed to the inlet of bacteria solution. 
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Chapter 5  The role of LPS in protecting cells from 

antibacterial activity of graphene oxide to E.coli O157:H7  

Graphene oxide(GO) is a modification of graphene monolayer. It has carboxylic 

groups at its edges and phenol hydroxyl and epoxide groups on its basal plane[183], 

which enables its water soluble capability and its hydrophicility characteristics besides 

excellent properties as graphene, such as high thermal stability, high mechanical strength, 

biocompatibility and often low cost[184]. They were believed to have great potentials in 

applications of health and environmental related aspects such as nanomedicine, 

nanosensors, nanoelectronics [185]. However,  their impact on environment e.g. 

antibacterial activity, needs to be thoroughly evaluated[186]. Currently, researches about 

the antibacterial activity of GO to bacteria remain contradictory. For instance, Fan et. 

al.[184] found that  almost 99% of the E.coli cells were destroyed after  two hours in 

contact with a 85 µg/mL solution of GO at 37 °C. Oppositely, Bunker in Ohio, concluded 

that GO does not have any antimicrobial properties but instead encourages the 

proliferation of bacteria and mammalian cells on its surface [187]. The opposite results 

implied the complication of GO's  antibacterial activities. Some researchers suggest the 

antibacterial effect of GO to bacterial cells were dependent on the surface properties of 

bacterial cells. For instance, Akhavan[188] deposited GO to stainless steel and found that 

this GO coated material damaged gram-positive bacteria significantly severer than gram-

negative bacteria. These two types of bacteria are different in surface compositions in that 

gram-negative bacteria have outer membrane but  gram-positive bacteria do not.  This 

finding suggests that outer membrane might play an important role in protecting bacterial 

cells from antibacterial activities of GO.  



75 
 

 
 

LPS is  a major characteristics component of bacterial outer membrane[189], it 

occupies 75% of the surface of the bacterium in the enterobacteriaceae [96]. It composes 

lipid A, core component and O-antigen[96] for smooth strains and the LPS lengths ranges 

from 17 ±10 to 37 ± 9 nm for strains with O-antigen[160].  E.coli O157:H7 has been 

studied extensively for its virulence and  transport pattern because of its epidemic 

background around the world[190-192]. In this study, the antibacterial activities of GO 

sheets to E.coli O157:H7 wild type (WT) and its LPS truncated mutant(ΔrfaC) were 

tested and compared for evaluating the LPS's protection role.   

5.1 Materials and Methods 

Graphene oxide(GO) sheets were purchased from Cheaptubes Inc. (Brattleboro, VT). 

They were generally single-layered and  lateral size between 300 to 800 nm according to 

manufacturer data [186]. Upon receiving, the particles were sonically dispersed in 0.9% 

NaCl (~154mM). The pH of the GO suspensions was ~6.0.  

Bacterial cells solution was prepared as described in previously chapter. To conduct 

the test, 0.3 ml and 1.5 ml well mixed 500mg/L GO was introduced into tubes that 

contains 30ml of ~3×10^7cells/ml bacterial solution. The final concentration of GO 

sheets was 5mg/L and 25mg/L, respectively. The mixed samples were immediately 

placed onto an ambient shaker horizontally at 100 rpm/sec and started the contact time. 

The sample solution was collected at  time of 0min, 30min, 60min,90min, 120min and 

180min. Flow cytometry method was used to   quantify the live cells concentration of the 

solution. Cell viability was determined using the Live/Dead BacLight Viability Kit 

(Invitrogen), which specifically assayed the integrity of cell membrane. 
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Briefly, 0.5ml of the mixed sample was stained using 1uL of the staining reagent and 

the mixture was incubated at room temperature for 15min. All (both live and dead) cells 

were stained by the SYTO9 component of the reagent and produced green fluorescence 

(optimal excitation/emission wavelengths: 480/500 nm), and dead cells, which possesses 

damaged bacterial membranes, can only be stained by propidium iodide and produced a 

red fluorescence (optimal excitation/emission wavelengths: 493/635 nm; Gant et al. 

1993). Fluorescence data for the E.coli cells were acquired using a FACS flow cytometer 

(Becton Dickinson). The number of live and dead cells was then determined from the 

fluorescence readings. The cell viability was calculated as the ratio of live and total (live+ 

dead) cells.  

5.2 Results 

5.2.1 GO sheets antibacterial activities 

The figure 17 shows the live cells ratio of  E.coli O157:H7 WT and ΔrfaC strain over 

time.  The antibacterial impact of GO sheets to these two strains was significantly 

different. The live cells ratio of  WT strain incubated with 0mg/L GO, 5 mg/L GO and 

25mg/L GO were remained at 80±4%, 83±6% and 72±6% after 3 hours of contact, 

respectively. As a comparison, the live cells ratio of ΔrfaC under the same test conditions 

were reduced to  76±3%, 15±4%, and 4±2%, respectively. In another words, majority of 

WT strain remained alive after 3 hours incubation while most bacterial cells of ΔrfaC 

strain lost their viability. Interestingly, the live cells ratio in control samples also 

decreased over time and the death rate of the two strains was comparable, which was 

20% cell death rate for WT strain and 24% cell death rate for ΔrfaC strain in the first 3 

hours. Considering the cell death rate in control samples, the viability loss of WT due to 
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GO sheets was 0 for  5mg/L GO concentration and  8% for 25mg/L GO concentration. In 

comparison, 68% of  ΔrfaC strain lost their viability because of GO sheets at 5mg/GO 

and 80% at 25mg/L GO concentration. 

The antibacterial activity of GO to the two strains was also time-dependent. The ratio 

of live cells of the two strains decreased  approximately linearly with time. The slope of 

the simulated line indicated the decreasing rate of the live cells along time and it is 

dependent on the strain and GO sheets concentration. For WT strain, the slope is -0.002 

for 5mg/L and -0.003 for 25mg/L. For  ΔrfaC strain, the slope of the simulated line is -

0.004 for 5mg/L. However, at 25mg/L GO concentration, the live cells ratio of ΔrfaC 

sharply decreased to  6.75% in the first 1 hour, which indicated most of the antibacterial 

activities happened within 1 hour under this condition, and then the live cells ratio slowly 

decreased to around 3% in the next 2 hours.   

As we have found in Chapter 3 and also consistent with other researchers findings, 

the  ΔrfaC strain , which LPS chain was truncated,  had greater attachment efficiency to 

quartz sand comparing to WT [75] [193]. Qualitatively speaking, according to the finding 

in Chapter 3, despite the discourage of the increased cells surface negative charges as 

well as hydrophobicity [76] on ΔrfaC cells, they will still have higher attachment 

efficiency than WT to the negatively charged and hydrophilic GO sheets through the 

extended DLVO theory [183] because of the reduced steric force between the cells and  

the GO sheets. The correlationship of higher attachment efficiency  and higher cells death 

rate of ΔrfaC strain suggested a pathway of  GO inactivating bacterial cells, that is,  when 

cells attaching to GO sheets, the GO sheets will cause the loss of cells viability through 

chemical effect such as cellular  oxidative stress or blocking their active sites on 
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membranes. This hypothesis is in consistent with  Liu's findings, who has observed that 

bacterial cells were wrapped by GO sheets and blocked bacterial proliferating [183, 188]. 

5.2.2 Adsorption kinetic study 

A pseudo second order was used for studying the cells adsorption kinetic behaviour to 

GO[194] 

 

  
 

 

    
 
 

 

  
                  

where qe is the amount of bacteria sorbed after 3 hrs contact, k2 is the rate constant of 

second order adsorption. This model is more likely to predict the behaviour over the 

whole range of adsorption.  

The adsorption kinetics of E.coli on GO sheets can be interpreted well with pseudo 

second order kinetics equation with R
2
 value around 1 (Figure 18). Consistently, the rate 

constant k2 of WT was lower than ΔrfaC under both 5mg/L GO and 25mg/L GO 

conditions (Table 4), which indicated the slow adsorption rate of WT cells on GO sheets.  

However, ΔrfaC strain has lower qe value than WT strain under the two conditions, which 

means less amount of adsorbed cells per ug GO sheets and contradictory to its high 

attachment efficiency. As far as we know, both "physical and chemical" factors were 

suggested contributing to the antibacterial activity of GO while discussing its 

antibacterial mechanisms. Besides of the chemical stress,  membrane stress  induced by 

intensive physical interactions between cells and sharp edges GO nanosheets was 

proposed, which will result in physical damages on cell membranes and release of 

intracellular contents, for instance, RNA[184, 188]. The smaller amount of adsorbed cells 

of ΔrfaC strain on the other hand verified the function of GO sheets membrane stress, 
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that is, GO sheets physically damage cell membranes and remain low level cells 

concentration for ΔrfaC strain.  

5.3 Conclusion 

LPS is an important component of cell surface in that it not only conveys cells 

metabolic activities and mediate cells deposition in porous media, but also plays a role in 

protecting cells from damaging from nanoparticles such as GO sheets. In this study, the 

antibacterial effect of GO sheets to E.coli O157:H7 wild type cells and LPS truncated 

mutant-ΔrfaC strain was compared. GO sheets had a minimal antibacterial effect to E.coli 

O157:H7 wild type cells but  inactivated  80% of ΔrfaC cells under 25mg/L in 3 hours 

contacting. Both chemical stress and membrane stress were proposed for the GO sheets' 

inactivation mechanisms. The steric interaction incurred by the LPS component on wild 

type strains surface resulted less attachment efficiency of  WT cells thus protect them 

from inactivation of  GO sheets.  

Contact time (min)

0 50 100 150 200

L
iv

e
 c

e
ll

 r
a

ti
o

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
Control, no GO
5 mg/L GO
25 mg/L GO

(a)

 



80 
 

 
 

Contact time (min)

0 50 100 150 200

L
iv

e
 c

e
ll

 r
a

ti
o

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
Control, no GO
5 mg/L GO
25 mg/L GO

(b)

 

Figure 17. Live cells ratio over time after contacting with GO sheets (a) E.coli 

O157:H7 WT, (b) E.coli O157:H7 ΔrfaC strain 
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Figure 18.  Pseudo second order kinetics for adsorption of E.coli cells by GO sheets 
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Table 4. Constants of  pseudo second order kinetics for adsorption of E.coli to GO 

sheets 

 

qe (cells/µg GO) k2(µg GO/cells/min) 

WT-5mg/L GO 1.0E+05 1.0E-06 

WT-25mg/L GO 1.1E+04 -1.4E-05 

ΔrfaC-5mg/L GO 5.0E+04 -2.0E-05 

ΔrfaC-25mg/L GO 3.3E+03 1.5E-04 
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Chapter 6  The role of surface charge  in antibacterial effect of  

magnetic carbon nanotubes(MCNT) to E.coli 

 

Carbon nanotubes (CNTs) have excellent chemical, mechanical and electronic 

properties and have gained increasing interest in their applications in biosciences such as 

drug delivery, cell growth, separation of blood cells etc[195]. The applications of CNTs 

in water purification has been proven to have great potentials and much research was 

done to maximize its applicability on contaminant removal from water [196-198]. 

Magnetic CNT (MCNT) or carbon nanoparticles is one of the most outstanding 

approaches and many researchers had explored the advantages of MCNTs on 

environmental applications. For instance, Ei-Boubbou et. al. [198] has functionalized 

silica-coated magnetite nanoparticles with D-mannose and found that it has many 

advantages on rapid pathogen detection, decontamination and strain differentiation based 

on various affinities among bacteria strains to the same carbohydrate. The capture 

efficiencies can reach up to 88% of E.coli ORN178 within 45min incubation. Similarly, 

Huang et. al. [197] used modified magnetic nanoparticles with adding amine functional 

groups and discovered its significant capture efficiency (97.4%) to bacteria cells. Shan et. 

al. [199]  observed that carboxyl-modified magnetic nanoparticles could have 96.3% 

capture efficiency for E.coli JM109 at PH 3.8. 

In this study, three functionalized CNTs were fabricated, which were MCNTs, O-

MCNTs, and N-MCNTs, respectively. Briefly, MCNTS were made from commercialized 

CNTs decorated with magnetite on its outer surface. Then -OH group was added to the 

outer surface of MCNTs and this material was marked as O-MCNTs. Furthermore, the O-
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MCNTs outer surface was chemically covered with -NH2 functional groups and  this 

material was labelled as N-MCNTs. Maximum bacterial capture efficiencies of the three 

materials and the effect of chemistry conditions such as ionic strength or bacterial initial 

concentration were studied. In addition to that, the mechanisms of these materials for 

removing bacteria from aqueous phase was discussed. 

6.1 Materials and Methods 

The fabrication process of MCNTs,O-MCNTs and N-MCNTs was demonstrated in 

Figure 19[200].   

E.coli DH5α was used in this study as the test strain. It was originally stored at  -80°C 

refrigerator. Upon using, a tipful of the stored culture was spread onto a LB agar plate, 

inoculated at 37°C overnight. Then a clear, round colony was picked and transferred into 

10 ml LB broth tube and shaken at 200rpm and 37ºC for 18 hours. The overnight grown 

fresh culture was then centrifuged at 4000 rpm and 4°C for 10min for harvesting purpose.  

The supernatant was decanted and the cells were resuspended in  the same background 

but bacteria free electrolyte. This centrifugation – decant procedure were repeated 3 times 

for completely removing growth medium.  

The antibacterial test was a suspended type test. Firstly, E.coli bacterial concentration 

was adjusted to ~ 3×10
7
 cells/ml with a spectrophotometer (Shimazu 1700)'s reading 

number of 0.300±0.003 at 220nm. The solution was further diluted 10-fold and 100-fold 

to the concentration of  3×10
6
 and 3 ×10

5
 cells/ml, respectively, for two bacterial initial 

concentrations. CNTs were then carefully added into tubes each containing 30 ml 

bacterial solution and mixed on a shaker at shaking speed of 200rpm. After a certain 

period of contact time (1,10,20,30,40,50 min), the solution tubes were then vertically 
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fixed on a static rack, and a magnetite was applied underneath for 1 minute. 100 µl 

supernatant was taken for bacterial enumeration with dropping plate method. Briefly, the 

100ul supernatant were diluted accordingly to reach the final bacterial counts on the plate 

to the range of 30-300 colonies/per plate. 100µl of  final solution was spread onto the 

agar plates and grew 16 hours in 37ºC incubator for colonies reading. Triplicate plates 

were streaked for every condition. The antibacterial test was conducted at room 

temperature. 

6.2 Results and Conclusions 

6.2.1. Bacterial maximum removal rate and equilibrium dosages of MCNTs 

The maximum bacterial removal efficiency can reach to 95.9±0.5%, 81.7±1.8% and 

94.0±1.2%, for N-MCNT, O-MCNT and MCNT at 10
6
cells/ml initial concentration ( 

Figure 20).  The dosage for the three materials to get to the maximum bacterial removal 

rates are 27.5, 36.6 and 61.4 µg/10
5
cells for N-MCNT, O-MCNT and MCNT, 

respectively. It takes only about 10 min to attain equilibrium status for the three 

materials(data not shown). The short equilibrium period  suggests that all MCNTs have 

high adsorption rate to the bacteria removals.  

6.2.2. Isotherm model 

Theoretically, the curves fit Langmuir isotherm equation 

  
     

     
              (6.1) 

where  

   mass of species adsorbed/mass of adsorbent (i.e., equilibrium concentration of 

adsorbable species in solid adsorbent) 
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   equilibrium concentration of adsorbable species in solution 

    maximum adsorbable value of q 

    constant( function of enthalpy of adsorption and temperature) 

When the Langmuir isotherm was rearranged in the following form: 

 

 
 

 

  
  

 

    
 

 

 
              (6.2) 

and we plot the data with      vs.    , then 

      
 

    
 

          
 

  
 

Figure 21 showed that the data had a good linear relationship fitting to the rearranged 

Langmuir equation with R
2
 of 0.98, 0.97 and 0.97 for N-MCNT and O-MCNT and 

MCNT, respectively. The values of     and    of the three materials at 5mM NaCl and 

conditions were listed in Table 5. For the maximum adsorbable value   , the sequence of 

the three materials are N-MCNT˃ O-MCNT ˃MCNT. However, O-MCNT material has 

the least value of the adsorption rate constant KA , which is about half of the other two 

MCNTs and it indicates the slow adsorption rate of cells onto negatively charged 

nanomaterials. 

6.2.3. Adsorption kinetic study 

A pseudo second order was used for studying the cells adsorption kinetic behaviour to 

MCNTs [194]. The pseudo second order equation is based on the assumption that the rate 

limiting step may be chemical sorption involving valence forces through sharing or 

exchange of electrons between heavy metal ions and adsorbent.  
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where qe is the amount of bacteria sorbed at equilibrium, k2 is the equilibrium rate 

constant of second order adsorption. This model is more likely to predict the behaviour 

over the whole range of adsorption.  

The adsorption kinetics of E.coli on the three materials can be interpreted well with 

pseudo second order kinetics equation with R
2
 value of 1.00, 1.00 and 0.99 for N-MCNT 

and O-MCNT and MCNT, respectively (Figure 22). The amount of bacteria adsorbed at 

equilibrium qe is the highest on N-MCNT among the three materials, which can explain 

the highest bacterial removal efficiency for N-MCNT material. For adsorption rate k2, the 

negatively charged material O- MCNT has the least value of  k2, which implies the slow 

adsorption rate of cells onto its surface and this is also consistent with the least bacterial 

cells removal for O-MCNT among the three materials (Table 6). 

6.2.4 The effect of ionic strength 

N- MCNTs were used to test the effect of ionic strength to the antibacterial rate of 

MCNTs (Figure 23). The bacterial removal rates of N-MCNT was slightly higher at 

154mM (0.9%) NaCl than 5mM NaCl. The   ,which was calcualted through Langmuir 

adsorption equation, was also higher at 154mM NaCl (Table 5). Brady-Estevez [201] also 

found that the removal of virus was increased at higher ionic strength (NaCl) by SWNTs. 

The suppression of repulsive electrostatic interactions due to ionic strength might be 

responsible for the increased cells removal efficiency. 

 



88 
 

 
 

6.3 Conclusion 

CNT is a prominent material on water treatment with its large surface area, excellent  

mechanical properties and low cost. The additional magnetic characteristics enabled it to 

be removed from water at high efficiency and in control. To make the materials more 

suitable for microbial removing, different functional groups were added to the materials 

surface and. In our study, N-MCNT material has the highest bacterial removal rate to 

more than 95% under 10
6 

cells/ml initial bacterial concentration condition which is 

followed by MCNT and O-MCNT. The bacterial removal process fits to langmuir 

isotherm equation and  can be expressed with pseudo second order kinetics equation for 

all the three materials. This study is  an attempt to  improve nanomaterials bacterial 

removal performance in drinking/wastewater water treatment application. 

The highest bacterial removal efficiency for N-MCNT and least bacterial removal 

efficiency for O-MCNT implies the important role of surface charges  in attaching, 

accumulating or removing bacteria from water. Bacteria E.coli DH5α was negatively 

charged on the surface, thus it tends to be adsorbed  more onto positively charged 

surfaces comparing to the other two material surfaces. Similarly, Zardini [202] observed 

enhanced antibacterial activity to positively charged MWCNTs. Upon the antibacterial 

mechanism of the MCNTs, some researchers hypothesize that bacterial cell membrane 

was penetrated through contacting and the permeability across the membrane was 

increased, reducing metabolic activity were reduced, and thus killed the bacteria. Kim et. 

al. believed that electrostatic forces between cells and quartz sand instead of hydrophobic 

force dominated interaction mechanism[71]. Bolster also proposed that surface charge 

was the primary factor determining  the extent of deposition of microorganisms [72]. In 

the effort of discovering the mechanism on how does the CNT materials antibacterial 
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effect work, our study suggests that the first step is for bacteria cells attaching to CNTs 

and surface functional group plays a significant role in  determining bacterial attachment 

efficiency.  
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Figure 19. Fabrication of MCNTs, O-MCNTs and N-MCNTs 
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Figure 20. Maximum bacterial capture efficiencies of N-MCNT, MCNT and O-

MCNT at two bacterial initial concentration levels(10
5 

 and 10
6
 cells/ml) 
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Figure 21. Langmuir isotherm plot for the adsorption of E.coli cells onto the three 

MCNTs Condition: 0.02g MCNTs in 30ml of 10
6
 cells/ml bacteria solution at 250rpm for 

10mins 
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Table 5. Constants of Langmuir isotherm models for adsorption of E.coli to the three 

MCNTs 

 

N-MCNT(5mM) N-MCNT(154mM) O-MCNT(5mM) MCNT(5mM) 

   5.00E+06 1.00E+07 3.33E+06 2.00E+06 

   1.23E-05 4.78E-06 5.11E-06 1.30E-05 

R
2 

0.98 0.95 0.97 0.97 
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Figure 22. Pseudo second order kinetics for adsorption of E.coli cells by MCNTs 

  



95 
 

 
 

Table 6. Constants of  pseudo second order kinetics for adsorption of E.coli to the 

three MCNTs 

 

qe (cells/µg MCNTs) k2(µg MCNTs/cells/min) 

N-MCNT 3.44E+05 8.44E-06 

O-MCNT 3.33E+05 5.67E-06 

MCNT 2.59E+05 1.15E-05 
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Figure 23. Bacterial removal rates of N-MCNT versus dosage at 154mM (0.9%) 

NaCl and 5mM NaCl   
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Figure 24. . Langmuir isotherm plot for the adsorption of E.coli cells onto N- MCNTs 

at 154mM (0.9%) NaCl and 5mM NaCl   
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