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Abstract 11 

Microbial attachment is the first and only reversible step in biofilm formation and the physical 12 

attributes of the substrate surface play a crucial role in the attachment process.  Medically 13 

relevant surfaces such as clean stainless steel and gold surfaces exhibit negative surface 14 

potentials and inhibit microbial attachment.  Poly-L-lysine functionalized surfaces have positive 15 

surface potentials and promote the rapid attachment of microbes after 30 minutes.  KPFM 16 

analyses revealed that the cell surface potentials for all species (Pseudomonas aeruginosa and 17 

MRSA) and culture conditions were affected by the type of substrate used.  Co-culturing in-vitro, 18 

which mimics the in-vivo situation, is a critical factor determining the observed shifts in surface 19 

potential for MRSA, significantly affecting its cellular activity. Selective plating experiments 20 

further confirmed the growth inhibition of MRSA in the presence of P. aeruginosa.  Under 21 

KPFM measurement conditions it was revealed that both microbial species show positive cell 22 

surface potentials, with the exception of MRSA on gold surface.  No morphological changes 23 

were observed in both mono or co-cultured P. aeruginosa and MRSA as observed by atomic 24 

force microscopy.  Zeta potential measurements on cultures revealed negative zeta values. This 25 

study provides an insight into the electrokinetic dynamics of surfaces and its consequence on the 26 

attachment of virulent bacteria. The study further highlights the importance of physical attributes 27 

such as surface charge, that could be exploited for the development of therapies involving 28 

nanocoatings or electrical fields in order to prevent microbial attachment and the formation of 29 

recalcitrant wound biofilms.    30 

Introduction 31 

The study of chronic wounds, non-healing bacterial infections, and the body’s response in 32 

relation to invading and colonizing microorganisms is of great concern to healthcare systems.  33 
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Chronic infections, unlike acute infections, can last for months to years in individuals with 34 

compromised health (i.e. diabetics, cancer patients, etc.), severe traumatic injuries (i.e. military 35 

combat related injuries), or burns.
1-3

  Chronic illness leads to increased morbidity in patients, 36 

further placing strain on healthcare systems.  Biofilms present in wound sites represent extensive 37 

microbial contamination and colonization.  If left untreated in compromised individuals, it can 38 

result in sepsis and the possible loss of human life.
2
  Microorganisms that naturally inhabit our 39 

bodies belong to our host microbiome. Under normal circumstances these microbes are 40 

restricted, almost exclusively, to mucosal sites.  These include surfaces of the body exposed to 41 

the outside world (i.e., skin, gastrointestinal tract, oral cavity, upper respiratory tract, and distal 42 

regions of the reproductive system).
2, 4

  These surfaces exert selective pressures on the microbes 43 

in order to prevent infection and colonization.  As is observed in the case of epithelium, this may 44 

include the production of sweat, sloughing of keratinocytes in the stratum corneum, and antigen-45 

presenting cells (i.e., Langerhans cells).
1, 2

 Wounds, or breaks in the epidermis (epithelial or 46 

dermal regions) result in molecular cascades that almost immediately act to repair wounds and 47 

prevent microbial colonization.  This may include altered antimicrobial peptide expression, an 48 

influx of macrophages to the site of damage (increased levels of extracellular signal molecules 49 

associated with damage such as cytokines, chemokines, eicosanoids, etc., help to attract 50 

macrophages), clotting or coagulation, leukocyte recruitment, fibroblast proliferation and 51 

collagen production (scarring), and regeneration of damaged basal layers/membranes (depending 52 

on extent and depth of wounding).
13

 53 

Microorganisms also rarely exist in their planktonic state or as single-species in natural 54 

environments.  The majority of microbial communities may consist of multiple species of 55 

bacteria, fungi, and viruses, creating polymicrobial environments.  A large scale analysis of 56 
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diabetic wound biofilms showed that 16.2% of biofilms contained one bacterial isolate, 20.4% 57 

contained two bacterial isolates, 19.7% had three, 13.3% had four isolates, and 30.4% were 58 

found to contain five or more bacterial isolates.
2
  Of the microorganisms isolated, most were 59 

found to be host-associated opportunistic pathogens. In cases where a bacterial cell becomes 60 

attached to abiotic or biotic (i.e. wound) surfaces, they may excrete a hydrated matrix, often 61 

consisting of various polysaccharide and protein compounds
1
.  This matrix is collectively known 62 

as an extracellular polymer substance (EPS).  Formed EPS matrices act to entrap other 63 

microorganisms.
1
 In individual bacterial biofilms there may exist a variety of interactions 64 

between different species and organisms.  These could include bacterial-bacterial, bacterial-65 

fungal, and bacterial-viral interactions.
1
 Each type of microbial interaction and the microbial load 66 

of different species make every newly formed biofilm unique from those previously encountered.  67 

Due to the multitude of interactions within the biofilms at the cellular level, quorum sensing is 68 

crucial in order to maintain biofilm integrity and minimize competition between microorganisms.  69 

Besides harboring external microorganisms, biofilms also act to promote cell differentiation.
2
  70 

Biofilms can also serve as shields to protect its constituents from undesired environmental 71 

changes, such as rapidly shifting environmental pH, nutrient deprivation, disinfectants, 72 

antimicrobials (chemical or peptide), and physical forces.
2
 73 

Many of the physical and chemical characteristics of an attachment surface act as important 74 

criterion in determining the initial growth of a biofilm.  Biofilm development occurs in 5 stages: 75 

(1) attachment/adhesion, (2) colonization/EPS production, (3) continued growth, (4) macro 76 

colony formation and maturation, and (5) the development of tertiary structures, phenotypically 77 

differentiated cells, and dispersal.
5
 If the environment and surface conditions are optimal, the 78 

microorganisms attach to the substrate surface irreversibly, followed by replication and excretion 79 
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of EPS.  Attachment/adhesion (1) is the only reversible step in the biofilm formation process and 80 

is therefore the most important in regards to this study.
5
 81 

Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA) are two of 82 

the most common microorganisms responsible for nosocomial and non-healing bacterial 83 

biofilms.
3, 6

 Both P. aeruginosa and MRSA are opportunistic pathogens and are prevalent due to 84 

their capacity to rapidly form biofilms (P. aeruginosa has been shown to form biofilms in less 85 

than 10 hours in vitro on plastic cover slips).
4, 7

 P. aeruginosa and MRSA utilize different 86 

methods for adhesion to the surface substrates.  P. aeruginosa utilizes type-IV pili while MRSA 87 

relies heavily on adhesion proteins (i.e. adhesins, Clumping factor B (ClfB), Extracellular 88 

adherence protein (Eap)), and surface properties (charge, hydrophobicity, roughness, etc)
8-10

.  P. 89 

aeruginosa is known to express virulence factors such as exotoxin A, exoenzyme S, and 90 

pyocyanins which increase its pathogenicity by inducing apoptosis in macrophages and 91 

neutrophils, while pyocyanin compounds inhibit the growth of competing microorganisms.
3, 11

  92 

MRSA infections are well-documented in chronic as well as acute wounds.
12

  MRSA is known to 93 

produce a plethora of toxins including Panton-Valentine leukocidin (PVL), staphylococcal 94 

protein A (SpA), and α-hemolysin (hla), which are collectively responsible for its increased 95 

virulence and pathogenicity.
3
 These compounds are up-regulated in polymicrobial 96 

environments.
3
  Studies examining the interaction of P. aeruginosa and MRSA have revealed 97 

that both species, individually and together, delay wound closure.
2, 3

 P. aeruginosa and MRSA 98 

have been shown to act competitively in co-culture, with P. aeruginosa playing a dominant 99 

role.
3, 4

  P. aeruginosa has been shown to significantly inhibit the growth of MRSA growth. It 100 

however does not stop the growth of MRSA.  Biofilm forming strains of P. aeruginosa 101 

significantly outcompete MRSA in co-culture and have been shown to alter MRSA colony 102 
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morphology, producing MRSA small colony variants.
4
 Biofilms containing both P. aerugionosa 103 

and MRSA can also be differentiated from their single-species counterparts.
4
  P. aeruginosa has 104 

also been shown to protect MRSA, specifically against Dicytostelium discoideum phagocytosis 105 

in co-culture.
4
 P. aeruginosa and MRSA together also suppress keratinocyte growth factor 1 in 106 

in-vivo wound models, which further delays the process of wound healing and epithelial 107 

regeneration.
3
 Adhesion of MRSA and PA onto wound tissue matrices depends on multiple 108 

factors and surface charge is one important influencing factor. 109 

There are several studies examining the molecular, genetic, and physiological interactions 110 

between P. aeruginosa and MRSA in co-culture.  However, in this study we examine the effects 111 

of mono/co-culturing and surface substrate electrical charge on microbial culture and cell surface 112 

charges.  This was accomplished using a combination of atomic force microscopy (AFM), 113 

Kelvin probe force microscopy (KPFM, a module of AFM), and dynamic light scattering (DLS).  114 

AFM is a non-optical microscopy tool, belonging to the family of scanning probe microscopes, 115 

with many applications in the examination of biological systems.
13

  AFM is most popularly used 116 

for cell topography imaging; however many modules allow for analysis of physicomechanical 117 

and physicochemical processes and include force spectroscopy, molecule interaction analysis 118 

(protein-ligand analysis of binding affinity), live-action analysis (high-speed AFM can be used to 119 

capture videos of biological processes such as the movement of myosin V along actin filaments), 120 

to name a few.
13-17

 There are many dynamic modules of AFM which allow for near limitless 121 

experimentation.   122 

In the KPFM module of AFM, the contact potential difference (CPD) between two surfaces is 123 

measured.
18, 19

  KPFM relies on a conductive cantilever (commonly Pt coated) and ideally a 124 

conductive surface.
18

  A known AC bias is applied to the cantilever tip in order to generate a 125 
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current flow between the tip and sample.
18, 19

  The tip is brought close enough to the sample such 126 

that the sample and tip represent a parallel plate capacitor.  Changes in the CPD between the 127 

AFM cantilever tip and sample result in the flex, and these flexural changes in the cantilever are 128 

nullified by applying a DC voltage bias that is equal and opposite in magnitude to the 129 

experienced CPD.
18

 Information about the DC voltage required to nullify the resultant CPD 130 

flexural force is subsequently converted into an electrical surface potential map image.  In one-131 

pass KPFM scan modes, which include amplitude and frequency modulation modes (AM-KPFM 132 

and FM-KPFM, respectively) the cantilever is oscillated at two frequencies in order to 133 

simultaneously obtain the topography and surface potential data.
18, 19

  Lift mode is a two-pass 134 

scan mode version of KPFM, in which after a single scan of the topography the tip is raised 10 – 135 

100 nm above the surface and scanned back across the same area.
19

   Lift mode does not require 136 

the application of an AC voltage to the cantilever tip in order to generate current flow, and is 137 

used more-so for the examination of electrostatic forces. Work has been done for application of  138 

KPFM in non-polar solutions, however KPFM has not been used for imaging in highly ionic 139 

polar solutions (ideal for cell growth and maintenance) due to the application of bias feedback 140 

voltages on the cantilever, therefore KPFM imaging of live cells has not currently been 141 

accomplished
20-23

.  KPFM imaging can also be accomplished on non-conductive samples as long 142 

as there is an underlying conductive material and the non-conductive sample is thin.
24-26

  For this 143 

study, we utilized FM-KPFM as it has been shown to provide superior resolution for biological 144 

samples.
19

  145 

AFM and KPFM have been used to study the effects of surface substrate characteristics on the 146 

attachment and growth of biological specimens.
24, 27, 28

  Previous research has shown that 147 

electrically homogeneous surfaces with increased porosity and hardness, decreased 148 
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hydrophobicity, and positive surface potential improve microbial attachment to surfaces.
24, 26, 27, 

149 

29-31
  It has also been shown that aside from chemical and cytokine interactions at the wound site, 150 

endogenous electrical fields are generated by the epithelium in response to injury.
32

  These 151 

endogenous electrical fields help to recruit and coordinate immune and epithelial cells to sites of 152 

injury.
32

  Electrical stimulation is now being considered as a potential therapeutic treatment for 153 

wound healing and as a preventative measure for microbial attachment/biofilm formation.
32

  154 

For FM-KPFM in this research, P. aeruginosa and MRSA were plated on poly-L-lysine coated 155 

stainless steel and gold surfaces.  Stainless steel was utilized due to its medical relevance 156 

(hypodermic needles, catheters, sensors, probes, orthopedic implants, scalpels, etc.) while gold 157 

was utilized as a comparative surface substrate.  The aim of this research is to understand the 158 

effects of substrate surface potential on microbial attachment and the effects P. aeruginosa and 159 

MRSA growth in mono- and co-culture on cell surface potential.  AFM analysis of representative 160 

cells from mono- and co-cultures was also done to determine the effects of co-culturing on cell 161 

morphology.  DLS was used as a comparative method for measuring the electrical properties 162 

(zeta potential) of cell cultures.  Selective plating experiments were also carried out, with 163 

competitive index (CI) and relative increase ratio (RIR) of MRSA being calculated in order to 164 

further understand the competitive effects between MRSA and P. aeruginosa. 165 

Results and discussion 166 

There are numerous studies examining the genetic and physiological interactions of MRSA and 167 

P. aeruginosa as well as their implications on the wound healing process.
1, 3, 4

   168 

However, the physical factors influencing the attachment of virulent bacteria such as P. 169 

aeruginosa and MRSA, as well as the effects of existence of both P. aeruginosa and MRSA on 170 
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the attachment properties and the surface charge of the substrate surface have not been 171 

adequately addressed. Previous work has demonstrated that bacterial surface charge is not only 172 

related to its envelope structure, but also to its interactions with natural surfaces in the 173 

environment.
33

   Here we apply FM-KPFM as a technology to advance our understanding of 174 

inter-microbial and microbial-surface interactions at the micro (cell-cell) and nanoscale levels.  175 

FM-KPFM provides the ability to measure the surface potential of individual cells, through the 176 

generation of surface potential maps as can be seen in Fig. 1.  FM-KPFM in most cases requires 177 

the cantilever tip and sample surfaces to be conductive.  Stainless steel and gold are excellent 178 

materials in this regard to study adhered mono- and co-cultures of P. aeruginosa and MRSA.  179 

Co-culturing (1:1 ratio of inoculums) experiments were carried out due to their relevance in 180 

nosocomial environments, with a focus on cutaneous wounds, in which prolonged microbial 181 

infections are rarely found as mono-cultures.  Therefore, a co-culture mimics a more realistic 182 

situation in which P. aeruginosa and MRSA are likely to interact.  Co-culturing experiments also 183 

help us determine if there were any changes between cell surface potentials, culture zeta 184 

potentials, and cell morphologies in comparison to individual mono-cultures. Furthermore, co-185 

culturing experiments were also used to evaluate the extent to which co-culturing affected P. 186 

aeruginosa and MRSA cell growth.  Selective plating experiments revealed the nature of the 187 

competitive relationship between P. aeruginosa and MRSA by evaluating the CI and RIR from 188 

CFU/mL data. 189 

AFM and FM-KPFM work revealed the effects of surface substrate charge on microbial 190 

attachment, as well as the surface charges on the microbial cell surface during mono- and co-191 

culturing, and allowed for cell dimensional analysis.  FM-KPFM data collected from cells on 192 

both stainless steel and gold substrates is depicted in Fig. 2.  Initial attempts to adhere P. 193 
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aeruginosa and MRSA cultures on clean stainless steel and gold surfaces were unsuccessful even 194 

after 3 hours of static incubation.  After this time period no microbial cells were visible from 195 

AFM scans.  FM-KPFM measurements of the clean surface substrate revealed overall negative 196 

surface potentials on 5 µm x 5 µm areas, with a significant difference observed between stainless 197 

steel and gold surfaces (-0.045 V and -0.126 V, respectively, P = 0.047).  It is known that 198 

microorganisms in liquid cultures generally have negative surface potentials (due to the presence 199 

of negatively charged phosphate groups and teichoic acid in Gram negative and Gram positive 200 

microorganisms, respectively in the outer membrane/wall composition), with some exceptions.
34-

201 

36
  Thus, it was understandable that no microbial attachment was seen on negatively charged 202 

surfaces.  We then functionalized the surfaces with poly-L-lysine, a known adhesion polymer 203 

used in cell culturing, and FM-KPFM scans of 5 µm x 5 µm areas showed a surface potential 204 

shift to positive values for both stainless steel and gold attachment surfaces (0.133 V and 0.126 205 

V, respectively).  We optimized the protocol such that the microbial cultures were plated for 30 206 

minutes before FM-KPFM analysis.  This time period was chosen as longer times (40 minutes +) 207 

resulted in cell overcrowding.  Even with a short incubation time on substrate surfaces, 208 

significant differences in membrane surface potentials were observed between cells in mono- and 209 

co-cultures.  210 

As seen in Fig. 2, a comparison of P. aeruginosa in mono- and co-culture revealed significant 211 

differences between cell surface potentials on stainless steel and gold substrates.  For P. 212 

aeruginosa mono-cultures, positive cell surface potentials were observed on both stainless steel 213 

and gold substrates (0.218 V and 0.154 V, respectively, P = 0.016).  A similar trend was 214 

observed for P. aeruginosa cells in co-culture on stainless steel and gold substrates (0.286 V and 215 

0.150 V, respectively, P < 0.001).  In both cases, higher cell surface potentials were observed for 216 
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P. aeruginosa on stainless steel substrates, implying that the type of substrate influences cell 217 

surface potential in both mono-and co-cultures.  Comparing P. aeruginosa cells on similar 218 

substrates from mono- and co-cultures helped determine the effects of co-culturing on surface 219 

potential.  A significant increase in cell surface potential was observed between mono- and co-220 

cultured P. aeruginosa on stainless steel substrates (P = 0.003), while no significant difference 221 

was observed on gold substrates.  222 

MRSA in mono and co-culture, showed significant differences between cell surface potentials on 223 

stainless steel and gold substrates, and between cells in mono- and co-cultures.  The most 224 

dramatic example of substrate-type effect on cell surface potential was observed in MRSA 225 

mono-cultures.  Mono-cultures on stainless steel and gold showed surface potentials of 0.160 V 226 

and -0.025 V, respectively (P < 0.001).  This dramatic shift from positive cell surface potential 227 

on stainless steel to negative cell surface potential on gold helps further confirm the ability of 228 

substrate-type to affect various cell aspects, including development, growth, adherence, 229 

morphology, and most importantly metabolism, which has been correlated to changes in cell 230 

membrane surface potential through the redistribution of proteins in cell membranes.
26

  Overall, 231 

MRSA on stainless steel exhibited higher cell surface potentials. Large positive charges were 232 

seen for MRSA in co-culture on both substrate types (stainless steel = 0.327 V, gold = 0.259 V).  233 

Cell surface potentials for MRSA in co-culture were also found to be significantly different 234 

between the two substrate types (P < 0.001).   235 

On comparison between mono- and co-cultures on similar substrates, significant increases in 236 

surface potentials were observed for MRSA, both on stainless steel and gold substrates (P < 237 

0.001 in both cases). 238 
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From these FM-KPFM results (Fig. 2), it is apparent that the substrate type exhibits a significant 239 

influence on the cell surface potential. However, co-culturing has a greater effect on MRSA cell 240 

surface potential.  Although co-culturing did not exhibit a significant effect on the surface 241 

potential of P. aeruginosa, it is noteworthy that P. aeruginosa being the dominating species in 242 

the co-culture should be less affected by MRSA.  MRSA is the susceptible species in this co-243 

culture for reasons described previously.
3, 11

  These competitive effects can be seen in Fig. 3.  244 

The CI and RIR calculations, from selective plating experiments, provide insight into the exact 245 

nature of the ability of a species to compete.
37

  CI and RIR calculations were determined with 246 

regard to the CFU/mL of the susceptible species, which in this case was MRSA.  MRSA 247 

exhibited a RIR value above 1 (1.646), indicating that MRSA grew faster than P. aeruginosa in 248 

mono-culture.  As expected, MRSA exhibited a CI below 1 (0.382), indicating that MRSA in co-249 

culture competed poorly in comparison to P. aeruginosa (Fig. 3).  Our findings confirm previous 250 

studies that have shown P. aeruginosa to outcompete MRSA in co-culture.   251 

AFM images were obtained from mono- and co-cultured P. aeruginosa and MRSA cells adhered 252 

to gelatin-coated mica to see if co-culturing led to any significant changes in the cell morphology 253 

of P. aerugionosa and MRSA. Table 1 shows the average dimensions (length, width, and 254 

diameter) of both cell types from mono- and co-cultures.  It was observed that co-culturing did 255 

not lead to any significant changes in cell dimensions, implying that co-culturing does not result 256 

in noticeable physical changes in P. aeruginosa and MRSA cells.  Thus, we conclude that 257 

inhibitory effects of P. aeruginosa on MRSA are not associated with, or cause morphological 258 

changes in MRSA cells.  259 

As an alternative method for indirectly determining cell surface charge, DLS was employed to 260 

determine cell culture zeta potentials in PBS (Fig. 4).  Other methods such as culture isoelectric 261 
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point determination offer more crude measurements of whole culture electrical potentials. 262 

However, unlike isoelectric point determination, zeta potential is more accurate as it is 263 

accomplished by measuring the distances between particles ranging from 3.8 nm – 100 µm 264 

(specific to the Malvern Instruments Zetasizer Nano Z) in a solution surrounding colloidal 265 

particles (i.e. bacterial cells).
38, 39

 This is different from a direct measurement of cell surface 266 

potentials.  Around every bacterial cell in solution there exists a liquid layer of charged 267 

particles.
38-40

 One of these layers, the stern layer immediately surrounding the cells surface 268 

contains strongly bound ions.  Since most microorganisms are negatively charged, particles in 269 

the stern layer are generally positively charged.  Outside the stern layer exists an electrical 270 

double-layer, where both negative and positive ions are found 
38

 .  Particles in this layer are not 271 

bound tightly to the stern layer.  When the cell moves in solution, this layer moves with it.  The 272 

electrical potential on the boundary of this layer and the immediate liquid surrounding it is where 273 

the zeta potential is determined from the electrophoretic mobility of cells in an electric field.  274 

Factors such as cell surface charges and other cell properties (i.e., elasticity of the cell, species 275 

heterogeneity) influence the width of the electrical double layer.
38,

 
39

  This is one reason why 276 

heterogeneous microbial species (i.e. those expressing various pili/fimbriae types) can, in some 277 

cases, exhibit two zeta potential peaks.
38, 40

  To our knowledge, this has not been observed with 278 

P. aeruginosa or MRSA cells previously and was not observed in our experiments 
41-43

 .  Zeta 279 

potential experiments showed negative potentials for all culture types (P. aeruginosa, MRSA, 280 

and co-culture) ranging from -12.233 mV to -13.483 mV, with no significant differences 281 

between cultures (Fig. 4).  Negative zeta potentials of the studied species were expected.
41-43

  It 282 

should be noted that zeta potential measurements and FM-KPFM data are not comparable and 283 

zeta potential measurements represent a more accurate estimate of cell surface potential as P. 284 
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aeruginosa and MRSA are in their native state.  Sample preparation for FM-KPFM requires that 285 

cells be dried on surface substrates.  Therefore, information collected on these dead cells using 286 

FM-KPFM can only be used for describing general trends on the effects of surface type and co-287 

culturing on shifts in cell surface potential.  The cell surface potentials observed in FM-KPFM 288 

do not accurately represent the cell surface potential of P. aeruginosa and MRSA in a wound 289 

setting or on medical equipment that may contain stainless steel or gold surfaces.  As previously 290 

mentioned, efforts are being made to develop KPFM technology for imaging of live cells in 291 

liquids.  However, this technology does not currently exist. 292 

Experimental     293 

Bacterial strains, culture conditions, and mono- and co-culture preparation 294 

Pseudomonas aeruginosa BK-76 and MRSA USA100 strains were used throughout the entirety 295 

of this work.  P. aeruginosa BK-76 was isolated from a canine ear skin infection.  MRSA 296 

USA100 is a commonly known MRSA strain that was originally isolated from a human skin 297 

infection.  MRSA and P. aeruginosa strains were streaked from frozen cultures stored at -80ºC, 298 

onto 5% sheep blood agar plates (SBA).  Plates were incubated at 37ºC in inverted positions for 299 

24 hours.  Liquid cultures were generated in tryptic soy broth (TSB, 6 mL) by inoculating with 300 

single colonies from SBA plates.  TSB cultures were then grown in a reciprocal shaker at 200 301 

rpm at 37ºC for 24 hours.   302 

Co-cultures were generated from 24 hour liquid cultures.  24 hour cultures were standardized to a 303 

0.5 McFarland standard (~1.5 x 10
8
 CFU/mL) in TSB.  From standardized cultures, 1 mL was 304 

taken from P. aeruginosa BK-76 and MRSA USA100 and inoculated into 6 mL of fresh TSB (8 305 
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mL total after both inoculations).  Co-cultures were then incubated in a reciprocal shaker at 200 306 

rpm at 37ºC for 24 hours. 307 

For selective plating studies, 1 mL of standardized (0.5 McFarland) mono- and co-cultures were 308 

re-inoculated into 6 mL fresh TSB and incubated under previously described conditions for 309 

another 24 hours so as to know the initial inoculum concentrations at time 0 hour.  10
-1

 – 10
-8

 310 

dilutions of microbial cultures, diluted in phosphate buffered saline (PBS, pH = 7.4), were used 311 

for selective plating experiments (performed in triplicate).  Mono-cultures were plated on SBA 312 

plates while co-cultures  were plated on Pseudomonas CFC Agar (Oxoid) and Staphylococcus 313 

Medium 110 (Oxoid) in order to select for P. aeruginosa and MRSA cells.  Plates with 25 – 250 314 

colonies were used for determining CFU/mL values.  CFU/mL values at 0 hour and 24 hour time 315 

points were then used to determine CI and RIR for MRSA.  316 

For zeta potential measurement experiments (done in triplicate), 24 hour mono- and co-cultures 317 

were washed twice (centrifuged at 5000 rpm for 3 minutes) in deionized H2O and re-suspended 318 

in PBS.  Re-suspended cells were then standardized to a 0.5 McFarland standard in fresh PBS.  319 

The zeta potential of these samples was measured using DLS.      320 

Stainless steel and gold substrate preparation for AFM/KPFM 321 

Stainless steel and gold AFM sample disks (20 mm and 10 mm diameters, respectively) were 322 

purchased from TED PELLA Inc.  Prior to poly-L-lysine functionalization and microbial 323 

inoculation, sample disks were washed with 5 mL deionized H2O on front- and backsides, 324 

followed by sonication for 1 min.  After washing and sonication, sample disks were allowed to 325 

dry overnight.  To dry sample disks, 200-400 µL of 0.1% poly-L-lysine (w/v in H2O) was 326 

applied and allowed to sit at room temperature, on the sample disks, for 1 hour.  Disks were 327 
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subsequently washed with 1 mL of deionized H2O and allowed to dry at room temperature.  328 

Once dry, 200-400 µL of 2x washed (in deionized H2O, centrifuged at 3000 rpm for 3 minutes) 329 

was plated onto sample disks for 30 minutes and afterwards washed with 1 mL deionized H2O.  330 

Inoculated sample disks were allowed to dry overnight at room temperature before imaging.   331 

AFM/FM-KPFM imaging 332 

All AFM/FM-KPFM imaging was performed using an Agilent 5500 series ILM-AFM under 333 

ambient conditions.  Platinum-coated conductive DPE (low noise) cantilevers (Mikromasch) 334 

were used, with an average resonant frequency, spring constant, and tip-apex diameter of 80 335 

kHz, 2.7 N/m, and 40 nm, respectively.  To obtain high resolution, low noise, AFM/FM-KPFM 336 

images 512x512 resolution images ranging from 5 µm x 5 µm to 10 µm x 10 µm were collected 337 

at raster scan speeds of 0.02-0.05 lines/seconds, with a set cantilever frequency of 5 kHz being 338 

used for FM-KPFM data collection.  Integral and proportional gains for FM-KPFM were set at a 339 

0.3% for all images with a bandwidth of 2 kHz.  FM-KPFM image analysis was done using 340 

Agilent Pico Image software.  Data taken from 15 cells were used for analysis of overall cell 341 

surface potential.  Determination of average cell dimensions from AFM images between 342 

individual cell types in mono- and co-cultures was done using 5 representative cells from each 343 

species. 344 

Competitive index and relative increase ratio calculations 345 

To determine the effects of P. aeruginosa on MRSA microbial growth in mono-culture vs. co-346 

culture, competitive index and relative increase ratios were determined by comparing initial 347 

inoculum CFU/mL rates to CFU/mL rates of both species after 24 hours.  CI values of MRSA on 348 

P. aeruginosa were calculated, using co-culture data, by dividing the ratio of MRSA CFU/mL: 349 
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P. aeruginosa CFU/mL at 24 hours by the ratio of MRSA CFU/mL: P. aeruginosa CFU/mL at 0 350 

hours.  RIR of MRSA was determined by dividing MRSA CFU/mL rates from mono-cultures 351 

after 24 hours by CFU/mL rates of P. aeruginosa in mono-culture after 24 hours. 352 

Zeta potential determination 353 

 Apparent zeta potentials were measured using a Malvern Instruments Zetasizer Nano Z DLS instrument.  354 

1 mL from 0.5 McFarland standardized microbial cultures in PBS (previously described) was added into a 355 

plastic disposable loading cell.  This cell was washed thoroughly in deionized H2O prior too, and between 356 

sample addition and changing.  A voltage difference of 50 V was applied and the velocities of the cells 357 

were measured using M3-PALs (a patented laser interferometry technique involving phase analysis of 358 

scattered light).  This allowed for calculation of electrophoretic mobility of the colloidal particles in 359 

solution (bacterial cells).  From this, the zeta potentials and zeta potential distributions were determined.  360 

All zeta potential measurements were done at 25ºC. 361 

Statistical analysis 362 

Statistical analysis of all data groups was performed on commercially available software (R 363 

Open Source Statistical Programming).  Statistical significance (P < 0.05) was determined 364 

between groups using a student’s t-test. 365 

Conclusions 366 

This study revealed that clean stainless steel and gold substrates, which exhibited overall 367 

negative surface potentials, inhibited the attachment of both P. aeruginosa and MRSA even after 368 

3 hours of static incubation under ambient conditions.  Poly-L-lysine functionalization of 369 

surfaces led to positive surface potential shifts, with rapid microbial attachment observed after 30 370 

minutes.  Thus it can be concluded that negatively charged surfaces prevent P. aeruginosa and 371 
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MRSA microbial attachment for up to 3 hours.  Significant shifts in cell surface potentials were 372 

observed for all microorganisms between stainless steel and gold substrates.  This further 373 

confirms that substrate type plays an integral role in altering microbial cellular activity.  Co-374 

culturing led to significant changes in cell surface potential for MRSA cells on both stainless 375 

steel and gold surfaces.  Thus, changes in MRSA cell surface potentials were more affected by 376 

co-culturing than by the substrate type.  This is believed to be due to competitive effects as 377 

MRSAs growth is actively hindered by P. aeruginosa in co-culture.  MRSAs metabolic activity 378 

is more affected by P. aeruginosa’s presence than by substrate type.  This trend was not 379 

observed for P. aeruginosa.  P. aeruginosa dominates over MRSA in co-culture and is believed 380 

to be metabolically less affected by its presence.  This may explain why P. aeruginosa’s cell 381 

surface potential is more affected by substrate type and less by co-culturing.   382 

CI and RIR calculations from selective plating experiments further revealed the inhibitory and 383 

competitive effects of P. aeruginosa on MRSAs activity and growth.   384 

Zeta potential experiments represent the only realistic cell surface potential data as P. aeruginosa 385 

and MRSA are in their native state, as compared to being dead and dried on stainless steel and 386 

gold surfaces for FM-KPFM.  Thus, the appearance of positive cell surface membranes is 387 

irrelevant to any conclusions on actual living cell surface potentials that truly exist in a wound 388 

setting or on stainless steel or gold surfaces that may be found in a nosocomial setting.  Thus, for 389 

FM-KPFM data only general trends in cell surface potential shifts can be accurately commented 390 

upon with regard to changes in substrate type or co-culturing.  Zeta potential data showed all 391 

mono- and co-cultures to have small negative zeta potentials ranging from -12.233 mV to -392 

13.483 mV (no significant difference between cultures).  This agrees with data from previous 393 

zeta potential studies of P. aeruginosa and MRSA cells.   394 
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AFM analysis of representative cells from mono- and co-cultures revealed no significant changes 395 

in cell morphology in co-cultures.  It does not appear that inhibition of MRSA by P. aeruginosa 396 

leads to structural changes in MRSA cells.   397 

As an alternative to antimicrobials and antibiotics, electrical stimulation is being increasingly 398 

explored for the eradication of wound biofilms.
44

  Stimulation of wound repair by electrical 399 

stimulation is gaining momentum in wound care management and is based on the hypothesis that 400 

a decrease in trans-epithelial potential in non-lesional epidermis induces an endogenous current 401 

epithelial electric field in wound.
45

  The investigations of our study on the influence of mono- 402 

and co-cultures of virulent bacteria on the cell surface potential and the effects of substrate 403 

surface potential on microbial attachment using Kelvin probe force microscopy has the potential 404 

to address issues important to the development of wound healing strategies using electrotherapy.  405 

Importantly, the use of non-chemical methods for combating microbial infections does not 406 

further lead to antimicrobial resistance, and thus it is of paramount importance that 407 

electrotherapy research be further explored. 408 
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Figure Captions 503 

Fig. 1.  Topography and surface potential maps of mono- and co-cultures on poly-L-lysine 504 

coated stainless steel and gold surfaces.  505 

Fig. 2.  Electrical surface potentials of surface substrates and cell membranes.  Mono- and co-culture 506 

measurements were taken from poly-L-lysine treated surfaces after 30 minutes of incubation.  Surface 507 

potentials were not homogenously and equally distributed across substrate surfaces.  This charge 508 

heterogeneity was more apparent on clean (non-functionalized) surfaces and may explain the appearance 509 

of larger error bars compared to poly-L-lysine functionalized surfaces. MRSA = Methicillin Resistant 510 

Staphylococcus aureus, PA = P. aeruginosa, SS = Stainless steel, * = significant difference (P < 511 

0.05).  Note that SS and Gold substrates without the preface “Clean” are poly-L-lysine 512 

functionalized. 513 

Fig. 3. Competitive index (CI) and relative increase ratios (RIR).  CI was calculated as the ratio of 514 

bacterial burdens between the resistant strain (in this case P. aeruginosa, because of its known ability to 515 

affect MRSA) and susceptible strain (MRSA), divided by the corresponding CFU/mL ratio of the 516 

inoculums.  Co-culture (after 24 hours) data from selective dilution plating experiments was used to 517 

calculate CI (CI = (CFU/mL MRSA at 24 hours/CFU/mL P. aeruginosa at 24 hours) / (ratio of CFU/mL 518 

of MRSA and PA inoculums).  RIR was calculated using mono-culture information from selective 519 

dilution plating experiments after 24 hours, and is calculated in a similar fashion to CI. 520 

Fig. 4. Zeta potential measurements of MRSA and P. aeruginosa (PA) mono-cultures and 1:1 co-521 

culture.  Measurements were taken at 25ºC with an applied voltage of 50 V.  Zeta potential was 522 

determined using phase analysis of scattered light by the colloidal particles suspended in the PBS 523 

medium. 524 

 525 
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Tables and captions 526 

 527 

Table 1 Average cell dimensions as determined by AFM measurements. A total of 15 528 

representative cells from each cell type/culture type adhered to gelatin-coated mica (0.005 g/mL) 529 

were used for measurements.  Significance between dimensions, lengths, and widths between 530 

cells are noted below. 531 

 532 

Cell Type Length Width Diameter Significant 

Difference 

MRSA --- --- 1.588 µm +/- 

0.269 µm 

No 

MRSA (co-

culture) 

  1.544 µm +/- 

0.306 µm 

No 

P. aeruginosa 2.496 µm +/- 

0.351 µm 

1.127 µm +/- 

0.101 µm 

--- Length: No 

Width: No 

P. aeruginosa 

(co-culture) 

2.649 µm +/- 

0.245 µm 

1.147 µm +/- 

0.231 µm 

--- Length: No 

Width: No 

 533 
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Cell Type Length Width Diameter Significant 

Difference 

MRSA --- --- 1.588 µm +/- 
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No 
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culture) 

  1.544 µm +/- 

0.306 µm 

No 

P. aeruginosa 2.496 µm +/- 
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Graphical Abstract 

 

Quantitative nanoscale surface potential measurement of individual pathogenic bacterial cells for understanding the 

adhesion kinetics using Kelvin probe force microscopy 
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