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Abstract 
 
Biofilms initiate when bacteria encounter and are retained on surfaces.  The surface orchestrates 
biofilm growth through direct physico-chemical and mechanical interactions with different 
structures on bacterial cells and, in turn, through its influence on cell-cell interactions.   
Individual cells respond directly to a surface through mechanical or chemical means, initiating 
“surface sensing” pathways that regulate gene expression, for instance producing extra cellular 
matrix or altering phenotypes. The surface can also physically direct the evolving colony 
morphology as cells divide and grow.  In either case, the physico-chemistry of the surface 
influences cells and cell communities through mechanisms that involve additional factors.  For 
instance the numbers of cells arriving on a surface from solution relative to the generation of new 
cells by division depends on adhesion and transport kinetics, affecting early colony density and 
composition.  Separately, the forces experienced by adhering cells depend on hydrodynamics, 
gravity, and the relative stiffnesses and viscoelasticity of the cells and substrate materials, 
affecting mechanosensing pathways.  Physical chemistry and surface functionality, along with 
interfacial mechanics also influence cell-surface friction and control colony morphology, in 
particular 2D and 3D shape.  This review focuses on the current understanding of the 
mechanisms in which physico-chemical interactions, deriving from surface functionality, impact 
individual cells and cell community behavior through their coupling with other interfacial 
processes.    
 
 
 
 
Keywords:  Bacteria interactions, biofilms, cell capture, electrostatics, depletion, colony 
morphology, mechanosensing  
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1.0 Introduction 

A surface is the key ingredient that enables bacteria to grow into biofilms, playing important 

roles, some yet to be discovered, in all steps of biofilm formation. The surface can be on a man 

made or natural material or on living tissue.  Biofilms are commonly described as initiating with 

bacterial cell attachment through receptor binding or physico-chemical means and then, as 

illustrated in Figure 1, in time reversible interactions become irreversible, trapping cells on the 

surface.1-3 In a third step, adhered cells multiply and produce extra cellular matrix, usually 

forming a monolayer on some region of the surface.  Subsequently in a fourth step, growing cells 

propagate into the region above the monolayer, developing a 3-dimensional community where 

cells in different regions of the biofilm exhibit different functions and metabolism.  Infection is 

spread when pieces of the biofilm break off and relocate to different surface regions. In the 

process of biofilm development, bacterial cells transition from their free solution or “planktonic” 

state to surface-bound or “sessile” phenotypes, undergoing further changes.  This progression 

occurs as cells sense and respond to cues from each other and, of great interest to scientists, from 

the surface environment.  Indeed, physico-chemical, mechanical, and other factors, typically in 

combination, produce chemical and mechanical stimuli that generate phenotypic changes in both 

progenitor (initially adhered) and daughter cells.  

  

One complicating feature of real biofilm growth relative to the simplified representation in 

Figure 1 is the different times at which different cells arrive or originate via cell division on a 

surface.  A second complication is the variety of ways cell can contact a surface, through their 

appendages, envelope, and orientations, all depending on surface functionality and physical 

interactions.  Recent advances in understanding the ability of bacteria to sense and respond to the 
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mechanical force has been summarized in several recent reviews.4-8 The character of cell-surface 

interactions can evolve in time, further influencing chemical and mechanical interactions of 

individual cells and predisposing growth patterns that determine colony morphology.  Daughter 

cells and progenitor cells with long residence times, for instance, may be more intimately 

adhered, of a different phenotype, or express genes differently than cells newly arriving from 

solution. Likewise, some progeny from end-adsorbed cells may escape into solution or adhere to 

a different surface region, producing a different growth pattern of the remaining cells. Therefore, 

even early within a developing biofilm, some cells may be experiencing changes in their 

adhesion at the same time they are dividing, sensing the surface, and signaling other cells to 

evolve the biofilm community.  The transition from a two-dimensional overlayer to a three-

dimensional biofilm community depends critically on these factors, for instance facilitating cell 

rearrangement and reorganization.9-13 Figure 1 includes current thinking on the transition to a 

three dimensional community, but also shows how initial cell orientation can influence three 

dimensional biofilm development from the start.  It is critical to understand the link between 

distributions of features of individual cells and population-level behavior.  The nature of the 

populations in Step 3 and the way individual cells interact depends on the coupling of earlier 

physico-chemical timescales with those governing cell transport and physico-chemical cell-

surface interactions with other forces. 

 

This review will address what is currently known about how physico-chemical processes 

combine with those of transport (diffusion, gravity, flow, motility), and how physico-chemical 

interactions (van der Waals forces, electrostatic interactions, hydrogen bonding, and others) from 

different surface functionalities combine with other forces (from flow, gravity, cell and 
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biomaterial mechanics) in determining how biofilms develop.  The review addresses behaviors 

important to Steps 1 through the start of Step 4 with some examples of coupled physico-chemical 

factors listed in Table I. The review includes interactions of initiating with particular bacterial 

structures that influence individual cell behavior, and the review also addresses how behaviors 

initiating with surface physical chemistry and single cell interactions further influence collective 

cell behavior and colony morphology.  

  

 
 
Figure 1. Steps of biofilm formation including 1) reversible adhesion of cells, which permits motion 
of swimmers 2) firm arrest  3)  in plane growth which includes production of extracellular polymeric 
substances (EPS)  4)  transition to a three dimensional community following build-up of forces 
between growing cells and partial displacement and orientation, and 5)  further growth and break off 
of sections of the original biofilm.  The schematic includes the possibility that end adsorbed capsular 
cells can grow off the surface from the start. 
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Table I.  Examples of Behaviors Resulting from Coupling Physico-Chemistry Surface-Bacteria 
Interactions with Additional Factors 
 
Factors in 
Mechanism 

Behavior System(s) Reference 

Adhesion rate 
versus 
convection-
diffusion rate 

accumulation goes 
through maximum 
with increased shear 
over sticky surface 

S. aureus on collagen (ligand-
receptor) 
-- 
silica microspheres 
heterogeneous electrostatic 

Mohamed et al. 2000 
(208) 
 
-- 
Kalasin et al. 2008 (60) 
 

Adhesion rate 
plus gravitational 
settling 

Ten times the 
numbers of captured 
cells on chamber 
floor compared with 
“ceiling” 

S. aureus on glass in flow 
chamber 

Lee et al. 2011 (35) 

Swimming 
Mobility  
Plus Potential 
Adhesion 

elevated near-
surface cell 
concentration; 
potential for 
increased capture  

E. coli 
  
  

Berke et al. 2008 (39)  

Swimming 
Mobility  
Plus Potential 
Adhesion 

cell-surface 
collisions increase 
potential for capture  

C. crescentus Li and Tang 2009 (40) 

Adhesion force 
on pili plus shear 
force 

Cell rolling E. coli on mannose-presenting 
surfaces via type I fimbriae 

Thomas et al. 2002 
(141);  Tchesnokova et 
al. 2010 (142) 

Adhesion force 
on envelope plus 
shear force 

Adhered cells 
trapped by their ends 

E. coli  on cationic polymer Xu et al. 2021 (30) 

Adhesion force 
on envelope plus 
shear force 

End adhered cells 
reconfigure in high 
shear  (observed) 

E. coli  on glass, C16 
monolayers 

Xu et al. 2021 (30) 

Adhesion force 
on envelope plus 
shear force 

End adhered cells 
reconfigure in with 
time (interpretation) 

P. aerugenosa  on 
polyvinylidine fluoride 

Marcus et al. 2012 
(240) 

Adhesion force 
on pili plus 
gravitational field 

Surface orientation 
produces different 
types of twitching 
crawling 

P. aerugenosa  on glass Conrad et al. 2011 
(111); Gibiansky et al. 
2010 (112) 

Adhesion force 
plus cell envelope 
mechanics 

Cells deform at 
varied times 
depending on 
stiffness and 
adhesive forces 

S. aureus on tipless AFM 
cantilever against glass 
-- 
S. aureus on gold 

Chen et al. 2014 (107) 
 
-- 
Li et al. 2012 (252) 

Adhesion force 
plus interfacial 
remodeling  

Interfacial 
relaxations tightly 
bind cells in minutes  
or less 

S. aureus on cationic polymer Fang et al. 2014 (241) 
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Adhesion force 
plus cell envelop 
mechanics 

Cells more 
deformed on more 
hydrophobic 
surfaces with forces 
~nN 

S. aureus on thiol layers of 
increasing hydrophobicity 

Gu et al. 2017 (249) 

Adhesion force 
plus interfacial 
remodeling 

Nanoscale 
roughness arrests 
remodeling and 
prevents adhesive 
development 

S. aureus on sparse layer of 
cationic nanoparticles 

Fang et al. 2014 (241) 

Adhesion force 
plus flagellar 
forces 

Tight cell circling 
about tethered 
flaggellum possible 
gene regulation 

P. aerugenosa on glass adhered 
by flagella 
 

Conrad et al. 2011 
(111); Schniederberend 
2019 (165) 

Mechanical 
adhesion force 
without 
physicochemical 
interactions 

Cells bind reversibly 
with low friction 

E. coli adsorbed only via 
polyethylene glycol depletion  

Niu et al. 2021 (237) 

mechanical cell-
cell interactions 
plus physico-
chemical 
substrate 
interactions 

Cells grow in flat 
ordered “crystal” 

E. coli between agarose and 
glass 

Dell'Arciprete et al. 
2018 (256) 

Adhesion force 
plus cell 
mechanics and 
repulsions 

Colony transition to 
3D structure 

P. aerugenosa  on glass 
-- 
V. cholera on polysytrene 

Duvernoy et al. 2018 
(9) 
-- 
Yan et al. 2016 (257) 

Mechanical 
adhesion force 
plus cell 
interactions 

Depletion 
aggregation 
enhances antibiotic 
tolerance via SOS 
stress response 

P. aerugenosa  depletion 
aggregated with mucin and 
DNA, or polyethylene glycol 
 

Secor et al.  2018 (236) 
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2.0  Transport Processes 

The rate at which cells reach a surface from the more distant solution, termed transport, is an 

important determinant of how rapidly cells accumulate on a surface. The accumulation rate, 

dependent on the combination of transport and binding kinetics, determines the residence time 

distribution of the adhered cells.  Residence time is typically defined as the time an individual 

cell is adhered to a surface.  With cells reaching the surface at different times after exposure of a 

surface to a bacteria-containing fluid, one typically thinks of distributions of cell residence times 

and therefore distributions of cells having different adhesion strengths and different extents of 

surface-sensing pathways initiated. With cell division times on the order of 20 minutes for E. coli 

in some conditions, and gene expression on this or shorter timescales, variations in surface 

residence times on the order of minutes or tens of minutes have the potential to influence cell- 

and community level bacterial behavior and potentially introduce heterogeneity.  Here we briefly 

address mechanisms for transport of bacteria to surfaces and highlight general consequences 

resulting from the coupling of transport with physico-chemical interactions.  Also highlighted is 

literature addressing the coupling of transport considerations with motility and with cell shape 

for capsular bacteria. On surfaces having rapid intrinsic adhesion kinetics, such as those 

containing cationic functionality, the influence of transport processes typically are pronounced.14-

16 However with slower intrinsic bacterial capture on anionic, hydrophilic, and some 

hydrophobic surfaces, the impact of transport varies, with the near-surface concentration of cells 

approaching that in the bulk solution, and surface processes dominating.  
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2.1 Diffusion 

In quiescent conditions, non-motile cells reach a surface by diffusion, a transient process that 

becomes slower as near-surface cells are captured and late arriving cells reach the surface from 

further in solution.  With the diffusion coefficient scaling as the inverse of an object’s size, 

diffusion-controlled bacterial capture from a suspension containing different sized cells tends to 

be slow17 and will produce surface populations weighted towards smaller cells.  This may, for 

instance favor the capture of stationary phase over log-phase cells, cells that have just divided 

over those that are about to divide, or cells not expressing pili over those that do.  Also, if cell 

capture was not initially diffusion-limited, in quiescent conditions the surface accumulation rate 

of cells can become diffusion limited because the flux to the surface slows progressively!  

 

2.2 Diffusion-Convective Transport and Consequences of Cell Motion in Near-Surface Flow 

Nearest a surface, a moving fluid can travel only parallel to a planar surface and so creates a 

shear field in which fluid velocity (parallel to the surface only) increases linearly from zero near 

the surface.  The obvious consequence of this flow is that near-surface cells move over the 

surface along streamlines.  When close to the surface, this motion limits the time at which 

material points on the cell surface are within reach of material points on the surface.  This limited 

“contact time” can limit cell capture by receptors, such that only those receptors-ligand 

interactions with fast kinetics are able to trap fast moving cells.  This is well known for 

leukocytes,18, 19 but also important to rolling adhesion of bacteria.  The kinetic limitation differs 

from the force criterion, in which the forces favoring capture must overcome those favoring cell 

movement along the surface.   

 



 10 

While fluid motion parallel to a surface does not directly transport cells towards a surface, it can 

create concentration gradients of cells perpendicular to the surface, producing a diffusive-

convection transport mechanism.  The cell gradient from flow gives rise to a net diffusive flux of 

cells towards the surface.20-22 Unlike the transient diffusion in quiescent conditions, diffusion in 

flow past a surface with rapid intrinsic capture kinetics can produce a constant rate of cell arrival 

to the interface, a “pseudo-steady-state” rate that scales as the bulk solution concentration, and in 

laminar slit shear chamber, also as the diffusion coefficient to the 2/3 power and the wall shear 

rate to the 1/3 power.23 This behavior has been summarized in excellent reviews.24-26 An 

important point is that despite the order 1 and slightly larger Peclet numbers for systems 

containing micron-scale particles and non-motile bacteria, diffusion-convection limitations have 

been confirmed to control the observed accumulations on substantially adhesive surfaces.27-31 

Several additional points relevant to cell capture are worth mentioning. 

 

Cell capture by a combination of diffusion-convection limitations and intrinsic binding kinetics 

can enable bacteria to accumulate on surfaces for tens of minutes or longer.32-35 Thus, there will 

result a distribution of captured cells with different surface residence times, enabling some cells 

to divide on the surface and experience surface conditions for several generations as new cells 

continue to arrive from bulk solution. The impact of this distribution on biofilm properties is 

unknown. 

 

2.2.1 Transport of Motile Cells.  In shear flow, the greater velocity on streamlines far from the 

surface imparts a rotational character (vorticity) to the flow field that causes near-surface objects 

to rotate.  This rotation is difficult to track for free-moving spherical cells, but has an impact on 
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loosely adhered cells, causing them to roll.18, 36, 37 Prior to adhesion, however, in gentle shear the 

rotational field can orient motile bacteria to swim against gentle shear gradients38 or orient 

swimming bacteria to reach a surface more rapidly than non-motile analogs, or motile bacteria in 

quiescent conditions. 39, 40 This behavior occurs even in the absence of chemotactic gradients, 

such as a nutrient gradient produced by a dissolving food particle.  Likewise, in some shear 

conditions, relative to bacterial hydrodynamics, swimming bacteria can become trapped in the 

rotational field just off the surface.41 These factors may impact the rates at which motile bacteria 

ultimately reach and accumulate on a surface.  While individual cells have been studied in terms 

of their abilities to swim upstream, the quantitative impact of combined shear and motility on 

interfacial flux and cell accumulation on surfaces, well characterized for non-motile cells, is an 

area ripe for future work. 

 

2.2.2  Transport and Adhesion of Capsular Cells.  A notable tumbling of non-motile capsular 

bacteria results from the vorticity of near-surface flow.  Tumbling of ellipsoids in shear flow is 

much studied through modeling, with ellipsoidal particles moving in Jeffrey orbits.42-45 With the 

recent ability to synthesize regular ellipsoidal particles, these motions are only now accessible in 

experiments.46, 47 Kaya and Koser demonstrated that flagella-free E. coli cells flowing near 

surfaces tumble at the expected near-surface frequencies described by theory.48 Capsular cells 

undergoing these rotations as they diffuse in flow towards a surface are far more likely to adhere 

by their ends than the side of the cell body because the ends of the cell encounter the surface 

when the cell’s center is further from the surface.  Indeed, Xu demonstrated how E. coli cells 

captured on cationic surfaces adsorb predominantly by their ends and are trapped at varied angles 

relative to the surface and flow directions.30 The impact of flow and transport on the trapped 
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configurations of capsular bacteria will likely have further impact on colony morphology, 

especially the translation from in-plane to 3-dimensional growth in Steps 3 and 4 of Figure 1.   

 

2.3 Gravitational Settling 

The influence of gravity to transport bacteria to surfaces is important in nature,49, 50 and in assays 

for bacterial adhesion and biofilm formation.51, 52 Bacteria are usually sufficiently dense that they 

settle under gravity. The settling flux of cells or particles down onto a horizontal surface can 

substantially exceed the diffusional and convection-diffusion fluxes (for the same solution 

concentration),53 such that biofilms initiate with greater cell concentrations on a horizontal 

surface.  Indeed P. aerugenosa biofilms found54 and then grown55 in the microgravity 

environments of the space shuttles and space station exhibited different structures than those 

found on Earth.  Additional Earth-based microgravity studies revealed further differences in S. 

aureus biofilms relative to those grown in gravity.56 Studies in parallel plate flow chambers, first 

with leukocytes,21 and later with S. aureus bacteria35, 57 confirmed the dominant effects of gravity 

to produce preferential cell accumulation on the floor of a parallel flow chamber rather than the 

ceiling or side walls.  Indeed capture rates of Streptococcus cricetus on 

poly(methylmethacrylate)58 and several coagulase-negative staphylococcal strains on a 

negatively charged acrylic flats59 all substantially exceeded the mass diffusion-convection-

limited rate onto the floor of the test chamber, with gravity the best explanation. In later work in 

a parallel flow chamber the accumulation of S. aureus on the chamber floor was found to exceed 

that on the chamber ceiling by a factor of 10, somewhat dependent on the flow rate.35 In flow, 

sedimentation also dominates the cell distribution along a lower surface, producing a different 

longitudinal gradient than would form, for instance, from transport-limited deposition.21, 57 By 
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contrast, S. aureus accumulation on vertically-oriented test surfaces in a parallel flow chamber is 

well-described by calculated diffusion-convection transport rates when adhesion is strong and 

the underlying capture kinetics are fundamentally rapid:31  No cases were found to exceed the 

diffusion-convection-limited rate. Since imaging a vertical test surface is not suited to a 

conventional microscope, lateral microscopes on optical benches and other vertical specimen 

configurations have been built to eliminate gravitational settling.60, 61 On lateral microscopes, 

even for heavy silica particles, up to 2 μm in diameter, on the most adhesive surfaces capture 

rates do not exceed their diffusion-convection-limited values, demonstrating the absence of 

gravitational settling on a vertical test surfaces of the lateral microscope configuration.62 Thus 

studies aiming to quantify or minimize sedimentation effects could utilize appropriately-oriented 

surfaces. 

 

3.0 Forces that Can Couple with Physico-Chemical Interactions 

Separate from the issue of the numbers of cells reaching and binding to a surface over time, the 

forces experienced by adhering cells can result from the combination of physico-chemical 

interactions with forces that are hydrodynamically or mechanically imposed. The latter can 

further depend on the stiffness or viscoelasticity of the cell or biomaterial.  Evans has laid out the 

mechanisms by which applied force, specifically the pulling rate, affects the time to disengage 

individual ligand-receptor bonds.63, 64 The situation is far more complex in the case of multiple 

bonds across deformable interface.  Here we lay out key features of forces that often combine 

with physico-chemical interactions of adhering bacteria. 
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3.1 Hydrodynamics.   

Beyond its effects on transport of cells to a surface, shear flow past a surface containing adhered 

cells can push cells along a surface and contribute to the forces experienced by adhering cells. 

Just prior to cell capture, adhesive forces must overcome hydrodynamic forces on flowing 

bacteria.  Conversely, a rinsing step, necessarily imposing shear flow to overcome adhesion, is 

critical screening assays for bacterial adhesion.65, 66 Squires emphasizes that hydrodynamic 

forces are equivalent to forces of physical-chemical original and the two can be added.67 

Duffadar and Davis, for instance, add hydrodynamic forces to those from DLVO theory to 

predict particle rolling on heterogeneous surfaces,68, 69 analogous to E. coli rolling.36, 37  

 

The analytical treatment of Goldman et al describes the translational and rotational motion, 

torque, and shear force on a near-surface sphere in shearing flow.70 Their analytical forms are 

widely employed in the analysis of cells that are approximated as spheres,71-76 including 

estimates for the forces and torques they experience when adhered to a surface.  The 

approximation has also been successfully applied to sphero-cylindrical or capsular bacteria, such 

as E. coli.77 Important to note is the scaling of the shear force with the square of the sphere 

radius:  large objects experience substantially greater hydrodynamic forces than small ones.  

 

Xu et al30 recently put forth a treatment for the force and torque on an end-adhered cylinder 

attached to a surface (relevant to by capsular bacteria):  Forces and torque from shearing flow 

tend to push end-adsorbed cylinders over and down onto a surface, but the force decreases as the 

cylinder rotates down towards a more flat configuration.  As a result, adhered cells may not tip 

all the way flat to the surface, depending on the adhesion strength of the cell pole.  However, the 
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contact area, and therefore the adhesion strength, of weakly binding cells could be increased by 

exposure to increased shear.  This fact opposes the intended effect to rinse cells from a surface as 

part of cell adhesion assays. It is interesting to note that especially in the case of physico-

chemical interactions (van der Waals and electrostatic interactions) that can be nearly uniform 

relative to length scales of cell contact parallel to a surface, shearing forces may not effectively 

dislodge cells.78 Normal forces pulling cells up from a surface, such as those resulting from 

bubble impingement can be more useful to remove adhered cells.79-81 

 

3.2 Forces Associated with Adhesion and Deformability 

The forces holding cells to a surface are important to biofilm formation because, in order for 

cells to be captured, adhesive forces must overcome those from other sources.  Also, cell 

adhesion itself must be overcome in processes of surface cleaning and in the transition from a 

two dimensional cell layer to a three dimensional biofilm, in Step 4 of Figure 1.9-13 Forces 

resulting from the combination of physico-chemical (or ligand-receptor) interactions and 

material / cell mechanics comprise potential interfacial cues that initiate mechanosensing 

pathways.  Most studies on abiotic surfaces employ stiff surfaces or have neglected substrate 

deformation. 

 

It is now recognized that substrate and cell deformation82-84 and viscoelasticity 85 are key to the 

development of forces between cell and materials, for instance contributing to motility and 

surface transport mechanisms29, 86-88 in Step 1 and irreversible bacteria adhesion in Step 2 of 

Figure 1. It may seem counterintuitive that substrate mechanics and deformation contribute to 

Step 1 given the weakness and reversibility of the interactions but, for example, the work of 
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substrate deformation clearly influences processes such as cell rolling.87, 89, 90 Regarding accounts 

of the influence of substrate rigidity on irreversible cell capture, results from screening assays for 

bacterial adhesion, appear to be conflicting. Some report greater bacterial capture or retention on 

stiff surfaces91-95 while others report greater adhesion or cell accumulation on soft96, 97 or more 

viscous85 surfaces. Some argue entirely against an effect of material stiffness.96, 98, 99 Aside from 

abiotic surfaces, substrate stiffness has been implicated in bacterial adhesion to and infection of 

mammalian cells where mammalian cells themselves act as a soft material surface onto which 

bacteria adhere.100 Sometimes language is used to suggest that cells retained differently on 

surfaces of different stiffnesses are “sensing” the surface properties.92 Important to note, in many 

of these studies, “adhesion” is taken to mean retention of cells following a challenge such as 

rinsing, and cell counts are reported. 

 

The impact of substrate deformation and mechanics must involve the physical-chemical or 

ligand-receptor adhesion right at the surface; however, these surface adhesive interactions can be 

difficult to isolate or characterize, potentially contributing to apparent discrepancies. In studies of 

the impact of hydrogel mechanics, stiffer hydrogels and agars might have been more adhesive 

simply because they are more concentrated than soft gels, presenting a greater surface density of 

adhesive moieties.87, 91, 92, 94 In other works the greater adhesive character of very soft hydrogels 

may have resulted from partial adhesion-driven engulfment of bacteria, increasing cell-surface 

contact area and shielding cells from rinsing forces.97 Separately, on non-hydrogel polymer 

substrates such as silicones of different crosslinking densities, the mobility of surface groups 

may impact the underlying thermodynamic work of adhesion, separate from material stiffness. 
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More complex still is the possibility that components of growth media enable the crosslinking of 

some surfaces.101 

 

Complicating the interpretation of bacterial retention data is the fact that adhesive interactions 

are almost never the same as those needed to remove a cell from a surface. The measured force 

needed to pull two adhering materials apart (for instance the force of rinsing) is sensitive to 

material mechanics and provides an explanation for the observed impact of material stiffness on 

apparent cell adhesion or retention. The underlying reversible thermodynamic work of adhesion, 

related to the physico-chemical interactions across an interface, is not directly quantified in such 

disbonding studies.  Deadhesion by application of force deforms the materials themselves, and 

the work of material or cell deformation is ultimately dissipated.  The measured energy to 

separate surfaces must, as a result of deformation, exceed the thermodynamic work of adhesion 

by orders of magnitude, but depends on geometry, on the rate of pulling, and particularly on the 

stiffnesses of the materials. This behavior has been reviewed extensively in the adhesion 

literature.102-106 These principles are upheld at the small length scales and mechanics bacteria 

themselves,83 but their application in the quantitative analysis of bacterial adhesion, especially in 

relating adhesion in screening studies and on biofilm-supporting surface to substrate mechanics 

is an area for future work.  Indeed, studies of cell deformation require sub-micron resolution, for 

instance relating envelope deformation to van der Waals interactions in an AFM.107 

 

While forces contributed by substrate (and cell) mechanics are critical to cell capture, surface 

cleaning and certain assays, a related question underlies the role of adhesion in biofilm 

formation: What forces and deformations are experienced by cells as a result of adhesion?  The 
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forces felt by adhering cells, transmitted from the substrate material through adhesive 

interactions to the cell and which might be sensed through mechanotransduction routes, must 

depend on physico-chemical or ligand-receptor coupling, depending on substrate mechanics. The 

forces at the buried contact region and those transmitted from there to other parts of the cell have 

generally not been quantified (they are smaller than those measured by pulling for the reasons 

described above.) There does, however, exist evidence for adhesion-driven cell deformation. 

Inaugural studies of cell deformations resulting from adhesion to rigid surfaces, are included in 

the physico-chemical interaction section.  

 

Future quantitation of envelope stress and strain will enable a connection to a class of 

mechanosensing pathways for adhered bacteria.  Mechanosensitive mechanisms have been 

established through studies of bacterial suspensions, for instance involving changes in osmotic 

pressure.  Inaugural studies suggesting that the same pathways could be triggered by adhesion 

are now appearing, for instance a report by Carniello et al that suggest opening of large 

membrane pores in S. aureus when adhesion exceeds 4 nN.108 However, higher concentrations of 

cyclic-di-GMP, associated with biofilm formation, were found in P. aerugenosa adhered to soft 

rather than rigid PDMS.109 New microscopy methods employing fluorescent reporters can 

distinguish the impact of different PEG hydrogels on cyclic-di-GMP signaling pathways,110 and 

future studies will decouple physico-chemical and mechanical effects.  

 

3.3 Gravitational force 

Separate from gravity-driven transport of bacteria onto horizontal surfaces, gravitational forces 

may influence cell-surface contact, adhesion and, ultimately, mechanosensing.  Potential 
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mechanisms include increasing adhesive contact on the floor of a test chamber through material 

deformation, or helping to overcome electrostatic or sterically repulsive physico-chemical 

barriers to capture in Steps 1 and 2. Likewise gravitational forces can, through their action on the 

main cell body, perturb and transmit forces when cells are adhered by pili or flagella. Indeed 

surface orientation was found to influence bacterial motility, with the Type IV pili of P. 

aeruginosa producing a crawling motion on horizontal surfaces111 and a walking type motion 

with escape on vertical surfaces.111, 112 Gravitational and hydrodynamic forces, through their 

influence on cell orientation,30 would be expected to further influence these behaviors. This is an 

important point since settling assays, in which cells accumulate for hours on collecting surface, 

are now broadly employed to screen for bacterial adhesion, biofilm formation, or the bacteria-

resistance of surface treatments.52, 113-115 Due to gravity-derived differences in cell flux to 

horizontal and vertical surfaces and also in the impact of gravity on the underlying interactions, 

cell adhesion in settlement assays can differ considerably from other measures of cell adhesion 

and capture. For instance in one case where PEG hydrogels were found mildly adhesive to S. 

aureus and E. coli in settling,91 S. aureus and E. coli cells were slowed in their near-surface 

travel in gentle flow but not captured on the same PEG coatings on a vertical wall.29, 87      

 

4.0 Routes for the Influence Physico-Chemical Interactions on Adhered Cell Behavior 

Physico-chemical interactions, along with ligand-receptor binding, are most often viewed as the 

driver for the bacterial capture of Steps 1 and 2 of Figure 1.  Beyond the numbers of captured 

cells, the states of the adhered cells are also critically important to biofilms formation.  Cell 

orientations, residence time distributions, and features of adhesion and contact, all direct 

downstream steps, for instance involving mechanosensing or the development and evolution of 
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colony morphology.  The state of the bound cells is controlled by the coupling of physico-

chemically-related factors with those arising from transport and external forces.   

 

Research over the past several decades on the physico-chemical aspects of bacterial cell adhesion 

has refined our understanding of how different bacterial types are captured retained on surfaces 

of different functionality, including those of mucosa and living cells.  Most experiments address 

the numbers of cells retained,17, 21, 58, 116, 117 or adhesion forces, for instance measured by atomic 

force microscopy.118-123 Binding rate constants are often masked by transport or other factors.  

Much of these studies have been summarized in reviews, and an interpretation provided through 

DLVO (combining van der Waals and electrostatic interactions) and extended DLVO treatments 

(including specific interactions like hydrogen bonding).15, 124-131 The comparison between 

bacterial and colloidal systems has been powerful in advancing an understanding of bacterial 

behavior, but does not address the deformability of cells, once at a surface.  Also less commonly 

reported are the orientations of captured cells, the cell-surface contact area, and the residence 

time distributions of cells adhering to a surface.  There are also relatively few systematic reports 

of which parts of gram negative cells (pili, flagella, or the cell body), dominate adhesion, with 

the exception of highly targeted works delving deep into specific systems.  While it is understood 

that surfaces are often preconditioned by layers of adsorbing macromolecules, a dominant impact 

of the underlying surface functionality is almost always evident. 

 

This section summarizes how different parts of bacterial cells interact with surfaces through 

combined physico-chemical and other forces, emphasizing adsorbed features and behaviors 

(mechanosensing, orientation, adhesion strength) that are critical to subsequent steps of biofilm 
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formation. Besides those of the cell envelope, interactions of pili and flagella are prioritized over 

curli because there are fewer reports involving the latter. Included are new findings for 

depletion-driven bacterial adhesion and results for heterogeneous surfaces that are overlooked in 

prior reviews. 

 

4.1 Pili 

Pili or fimbria, ~7 nm in diameter and extending up to several microns from bacterial cells, serve 

multiple functions in capture, adhesion, and surface sensing. Type I and type IV pili play key 

roles in cell adhesion132 and signaling and can transmit forces, enabling mechanosensing for a 

variety of Gram negative bacteria.  Pili can be the first part of a bacterial cell to encounter a 

surface, dominating initial capture.132, 133 Further, the negatively charged bacterial envelopes of 

many bacteria134 are repelled from the negative charge on most surfaces, increasing the reliance 

on pili for bacterial capture and surface sensing. This electrostatic effect favoring the importance 

of pili is expected to be diminished in environments of increased salt concentration.135 

 

Among the best-characterized interactions of pili are those between the type I fimbriae of E. coli 

and mannose groups on mammalian cells. FimH protein on the tips of type I fimbriae binds 

mannose through a catch-bond, which becomes stronger with applied tension.136-139 This 

stabilizes E. coli attachment in flow while facilitating cell rolling and the spread of infection.36, 37, 

140, 141 It has been recently found that on surfaces with submicron-structure, type I pili reduce E. 

coli adhesion, perhaps through steric means or loss of the catch-bond benefit in the low-shear 

environment of microscopic crevaces.142 Though the FimH-mannose interactions have been 

implicated in urinary tract infections,143-145 some uropathogenic E. coli strains present FimH 



 22 

mutants with reduced catch-bond sensitivity, suggesting that the flow environment itself may 

influence how bacteria express adhesins.146 Also interesting, type I pili inhibited adhesion of E. 

coli on model hydrophilic surfaces but were associated with slowly developing adhesion on 

hydrophobic surfaces.147 

 

Another important system coupling physico-chemical and mechanical interactions is the type 

IVa pili found on many bacteria and studied extensively in P. aeruginosa.  Cycles of 

contractions and relaxation produce an irregular twitching motion, enabling cells to “crawl” over 

glass surfaces in a confining 3 μm high chamber148 or on glass or plastic slides beneath an agar 

pad.149, 150 These crawling cells often travel in aligned associated groups.150 It is now understood 

that when a pilus makes contact with the surface, adhesion is rapidly established, causing the 

pilus to retract within seconds, driven by a motor at the base of the pilus where it attaches to the 

cell.151 Forces generated by adhered pili can exceed 100 pN,152, 153 with higher levels of force 

observed for higher agarose concentrations in the confining nutrient pad, presumably because 

this increases the friction between the cells and glass.154 Pili are capable of holding fast in flow 

situations and can even enable cells to tread upstream.155, 156 It has been observed that crawling 

occurs on many surfaces in confinement, including hydrophobic slides150 On cationic chitin-

based surfaces in type IVa pili facilitate surface sensing and biofilm formation of Vibrio cholera 

and Vibrio parahaemolyticus.157, 158 In dynamic force spectroscopy (AFM) studies, strong pili 

adhesion was found on hydrophobic monolayers, but due to a greater number of contacts and 

specific interactions, even stronger pili adhesion was found on mucins.159 These findings suggest 

a diversity of physico-chemical interactions of type IVa pili and other which are sufficient for 

adhesion, crawling, surface sensing, and other functions related to biofilm formation.  
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The use of the confinement or compression via an agar pad is common in studies of pili-driven 

crawling mobility.148-150, 154 Normal forces resulting from the concentration of the agar pad have 

been found to critically influence pili pulling forces on glass, focusing attention on the adhesion 

of the pili tips.  One role of the agar pad is to push capsular cells to a tipped-over configuration. 

The resulting additional forces involving the cell envelope are associated with signaling that 

initiates biofilm formation.160, 161 In the absence of the agar pad, Pseudomonas exhibit 

standing/walking motility on glass via type IV pili.112 This finding emphasizes the importance of 

external forces and cell orientation.  Imposed forces such as those from shear in the range of tens 

of mPa can drive surface motility in ways that are opposed by pili and may couple to non-

specific interactions or surface roughness.162 While studies of pilus adhesion have revealed 

various motion types, it is evident that bacterial motion depends on other forces and would also 

be influenced by surface functionality, laying fertile ground for future work.   

 

4.2 Flagella 

Flagella are established mechanosensors of a cell’s local environment. The torque needed to 

rotate flagella is increased by increased viscosity,163 by antibodies that bind flagella,164 by 

swimming near a surface,8 and by adhesion to a surface.165-167 Resistance to rotation drives 

secondary signaling processes that are associated with increased secretion of EPS168 and 

phenotypic changes such as swarming,164 and conversion to an immune-evasive filamentous 

structure.169 The role of flagella in cell capture and the importance of flagella-triggered 

phenotype changes are similar across bacterial species.88, 170 Thus, flagella interactions provide a 

second general route by which, even before cells are immobilized in Step 2, the coupling of 
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physico-chemical interactions and other forces in Step 1 of Figure 1 prime cells for biofilm 

formation.  

 

Direct adhesion of flagellum filaments to abiotic surfaces can enable cell capture167 and cause the 

cell body to flip in circles,165, 166 increasing flagella torque and potentially initiating 

mechanosensing pathways. Flagella motility is associated with more efficient capture on glass at 

increased shear.171 Without cell immobilization, swimming along a surface alters the swimming 

pattern both in plane and normal to a fixed surface, indicating that the flagellum is experiencing 

elevated mechanical and hydrodynamic resistance, and may be priming cells for later transition 

to a surface-bound state.  For instance cells swimming in plane rotate clockwise near rigid 

surfaces77, 172 and counterclockwise near fluid-air interfaces.173 Likewise, near surfaces treated to 

resist bacterial capture, free swimming bacteria swim in, collide, and leave near surface region 

repeatedly, increasing the dynamic surface residence time substantially.29 The established 

sensitivity of this process to the stiffness of a surface is one way swimming bacteria can respond 

to surface stiffness, potentially selectively up-regulating secondary pathways near surfaces that 

produce the greater flagellar torque. 

 

Beyond mechanical sensitivity at interfaces, flagella adhere differently on surfaces of different 

functionalities and textures in ways important to cell immobilization. E. coli, exposed to textured 

surfaces and given several hours to establish contact, ultimately exhibited greater adhesion than 

controls lacking flagella, due to the ability of moving flagella to reach crevices and regions of the 

surface not accessible to the cell body.174 Flagella not attached to bacterial cells adhered more 

extensively and strongly to model planar surfaces of increasing hydrophobicity,175 though some 
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isolated flagella also adhered to immobilized mucins, suggesting possible hydrogen bonding.176, 

177 This trend was sometimes but not always borne out for swimming cells, suggesting flagella-

surface adhesion can be dominated by other interactions, for instance involving the cell body or 

by hydrodynamics.178, 179 On oil-infused polymer surfaces, which generally resist bacterial 

capture, studies with mutant strains suggest a key role of flagella in the capture of E.coli.180  

 

From these studies, it is clear that flagella do much more than enable bacteria to swim. The 

mechanosensing function for adhered cells is critical to biofilm formation, and these pathways 

may be initiated on weakly adhesive and nonadhesive surfaces priming cells for adhesion in 

advance.     

 

 

4.3 Cell Envelope      

Early studies of bacterial adhesion on surfaces of different functionality did not usually 

distinguish interactions of the cell body from those of appendages, a non-issue for most gram 

positive bacteria which lack appendages. Modern works targeting the cell envelope also employ 

gram negative cells engineered without appendages. The membranes of an adhered cell envelope 

may sense the interfacial pH and experience changes in potential, 181 motivating focus, in this 

review, on charged surfaces.  Bacterial adhesion on hydrophobic surfaces, important and much-

studied, has been summarized in excellent reviews.178, 182-184 Often bacterial adhesion to 

hydrophobic surfaces is characterized as fast and strong, relative to that on hydrophilic 

surfaces.66, 116, 185, 186 However the hydrophilic control surface often employed is that of glass, 

which carries and can be dominated by its negative charge.  Interactions of the cell envelope and 
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a surface, highly sensitive to biomaterial and bacterial cell mechanics, may trigger 

mechanosensing pathways, motivating our focus on binding tightness and timescales for its 

development. Also important to mechanosensing are new reports of surface-dependent cell 

orientation and depletion aggregation and adhesion detailed below. 

 

4.3.1 Anionic surfaces.  Bacterial capture on negative surfaces must overcome the electrostatic 

repulsion originating with the negative charge of the bacteria surface.  Such anionic 

functionalities include dissociated teichoic acid on gram positive bacteria187 and carboxyl and 

phosphate groups in the peptidoglycan and lipopolysaccharide cell walls of E. coli.188 

Interactions favoring adhesion by the cell body on negative surfaces can include hydrogen 

bonding, electrostatic attractions of cationic functionality present in low levels in the 

heterogeneous cell envelope, hydrophobic interactions with portions of the outer membrane, or 

specific receptor binding such as that involving fibronectin and fibrinogen binding proteins on S. 

aureus. With adhesive interactions typically shorter range than electrostatic repulsion, cell 

adhesion on negative surfaces is controlled by a balance of forces and often strengthens with 

increases in ionic strength.129, 189, 190 Indeed, smaller cell-surface separations have been reported 

with increased ionic strength.135, 191 A kinetic barrier originating from electrostatic repulsions and 

opposing capture can produce a slow transition from reversible binding to irreversible 

immobilization185 that might be misinterpreted as weak adhesion in some assays:192  Numbers of 

initially captured cells can be low and accumulation gradual; but once captured, cells can, in 

time, become as tightly bound as they access a primary minimum in the interaction.185 On 

negative surfaces, a relatively slow transition of individual captured cells from a loosely to a 
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tightly bound state provides an opportunity for other processes requiring cell mobility, including 

reorienting of cells, discussed below.   

 

Once adhered to a negative surface, bacteria may respond to the local surface environment.  

Often the routes for surface sensing are general, for instance a sensitivity to osmolarity or pH 

which occurs with E. coli in bulk solution, via a two-component signal transduction pathway 

involving membrane-bound histidine kinase and a cytoplasmic response regulator.5 Since the pH 

and osmolality near a surface differ from those in the free solution, cell adhesion may trigger a 

pH response. The pH within nanometers of negative surfaces is often several pH points below 

that of the bulk solution, while counter ion concentrations can be orders of magnitude higher at 

the surface.193 Further, the local pH in the gap between adhered E. coli cells and silicon oxide 

surfaces is found to be lower than that further away from the adhered cells but still within 

nanometers of the surface.194 Low pH responses to adhesion may alter the metabolic state of the 

cell and directly impact the proton-motive force at the cell membrane.195 Additionally, when 

exposed to abrupt reduction in solution pH, E. coli alter their membrane compositions196 and 

upregulate damage-preventing acid-shock proteins,197, 198 changes which may also occur upon 

adsorption to negative surfaces.  Such responses have not, however, been documented for 

adhered bacteria.  Indeed, the extent to which these behaviors are seen may depend on the cell-

surface contact area, and, for capsular bacteria, standing versus lying down orientations. 

 

4.3.2 Cationic Surfaces.  Cationic surfaces are of increasing interest due to their inhibitory 

character.199 Some bacteriocidal surfaces are engineered to mimic solution-phase host-defense 

peptides by employing polymers to tether cationic functionality forward of a surface, thus 
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facilitating penetration, poration, and disruption of the membranes of adhering bacteria.200, 201 

Tethering cationic functionality forward of a surface is not, however, necessary for biocidal 

activity.202, 203 Many materials attaching cationic functionality directly to the surface, but not 

extending functionality on tethers, do kill bacteria efficiently, though the cationic moieties 

cannot reach the bacterial membrane, for instance because the cell’s lipopolysaccharide layer 

(LPS) is sufficiently thick to obstruct membrane-cation contact. When bacteria adhere to 

surfaces having flat arrangements of cationic functionality, the cell envelope is thought to be 

deformed,204 and the electrostatic forces in the contact region thought to be sufficiently altered to 

disrupt the cell.205 Such mechanisms require a density of accessible cationic functionality 

exceeding 1012 /cm2.203, 206 Bacteriocidal activity at lower overall average cation charge density 

has, however, been reported for surfaces with nanometric clustering (~10 nm) of cationic 

charge.207  

 

Rapid intrinsic adhesion kinetics and firm irreversible adhesion33, 187 are the primary signatures 

of bacterial adhesion on cationic surfaces. Electrostatic attractions drive quantitatively identical 

transport-limited capture of cocci bacteria and similarly sized negatively charged spherical 

microparticles, excepting gravitational effects. Quantitative parallels include increased 

accumulations with increases in flow and a turnover beyond a maximum in the capture rate as a 

function of shear.34, 60 This suggests that, in strong flow, cells move too rapidly or that 

hydrodynamic forces are too large to enable capture via electrostatic attractions. Parallel 

behavior for capture of S. aureus by ligand-receptor bonds208 demonstrates a similar coupling of 

hydrodynamic and strong physico-chemical attractions, perhaps due to electrostatic interactions 

in ligand-receptor pairing.   
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4.3.3 Surface Heterogeneity.  Bacterial surfaces and those of natural and many man made 

materials are rendered heterogeneous by multiple chemical functionalities,209-212 including those 

that introduce competing interactions such as cationic and anionic moieties.  When heterogeneity 

occurs on the micron scale, bacterial flow or swimming enables cells to sample the surface until 

an adhesive spot is found.213 With smaller heterogeneity length scales, both attractive and 

repulsive functionalities may be experienced within a single contact and the cell fate, to adhere 

or escape, depends on the net interaction.31, 62 Nanoscopic heterogeneity, depending on the 

details of the energy landscape, can therefore also produce surface regions that are favorable for 

cell arrest and others that are not.210, 212 It is true therefore, that, regardless of the length scale of 

heterogeneity, bacterial motion and sampling along a surface can lead to cell arrest, after periods 

of weak reversible adhesion, a transition from Step 1 to Step 2. 

 

A feature common to bacterial adhesion on a variety of heterogeneous surfaces is substantially 

strong bacterial binding when surface characterization data suggest there should be weak or no 

capture at all.  For instance the net charge or electrophoretic mobility reflects the net average 

surface charge and can miss “hot spots” that are present at substantial surface concentrations and 

can capture cell and microparticles in large quantities.214, 215 Heterogeneity is also an explanation 

for unanticipated effects of ionic strength.216 Quantitative studies with colloids and S. aureus 

reveal that even small amounts of heterogeneity, virtually undetectable but engineered into 

surfaces, can produce substantial capture.28, 31, 62, 217 Heterogeneity on bacterial cells,218 or 

variations from cell to cell (also termed heterogeneity) can also contribute to unanticipated 

adhesion or lack of it.  Here for instance, greater cell surface heterogeneity in stationary phase is 
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thought to drive greater adhesion of E. coli onto quartz, compared with the same bacteria in log 

phase.215 Overall then, the adhesive behavior of bacteria and surfaces reflects the more adhesive 

regions of heterogeneous surfaces, at least at the level of individual cells.  

 

4.3.4 Depletion-Driven Adhesion.  Substantial investment has been committed to the 

development of surfaces that prevent infection and biofilm formation by avoiding bacterial 

capture all together. These non-fouling layers and coatings are typically hydrophilic and 

uncharged, with polyethylene glycol and polyzwitterions among the most-studied of a larger 

group of polymers, summarized in several reviews.219-223 Even for coatings that perform well in 

the lab, mostly or entirely preventing bacterial arrest on surfaces, there are reports of coating 

failure, for instance infections or evidence for immune cell interaction.  This has been sometimes 

attributed to the chemical degradation of polyethylene glycol, while on the other hand it now 

known that the body can produce antibodies to PEG and therefore recognize it, in time.   

 

Depletion forces present an immediate explanation for cell adhesion on non-fouling surfaces.  

Depletion attractions are caused by solvated molecules, micelles, polymers, or nanoparticles 

(including proteins) that do not adsorb to surfaces or to colloidal scale objects and cells.224-226 

Depletion forces can also result from adsorbing molecules present at substantial concentrations, 

which adsorb to and saturate surfaces, with an excess remaining in solution. In either case, the 

solvated species (depletants) experience greater entropy in free solution when surfaces or 

colloidal-scale objects come together.  The resulting effective attraction between particles, 

surfaces, colloids, or cells scales as the osmotic pressure of the depletant with a range on the 
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order of the depletant size.  These forces can produce colloidal aggregation,227 phase 

transitions,224 and deformation of soft materials and membranes.228-231 

 

Though depletion-induced colloidal aggregation and deposition has been studied for decades, the 

behavior is broadly unexplored in the biological community.  Only recently has it been 

demonstrated that bacterial cells aggregate in the presence of solvated synthetic polyelectrolyte, 

a model for the extracellular polysaccharides produced by the bacteria themselves.232-235 It has 

also been demonstrated recently that depletion aggregation of bacteria can enhance antibiotic 

tolerance.236 Most recently it was demonstrated by depletion forces can drive bacteria to adhere 

to otherwise non-adhesive engineered surfaces.237 The appearance of aggregated and captured 

bacteria suggests depletion can deform the envelopes of adhering/ aggregating bacteria and may 

also alter the contact area for bacteria captured on soft materials. The captured bacteria are viable 

and multiply, but at short times can also be released from the surface by reducing the depletant 

concentration.  Thus, while it is demonstrated that depletion interactions can influence Steps 1 

and 2 of biofilm formation, the observed impact of depletion aggregation on antibiotic resistance 

suggests the further influence of depletion interactions in surface sensing and the pathways 

associated with biofilm formation. 

 

4.3.5 Evolving binding tightness and potential cell deformation.  After their capture and retention 

at a first set of conditions, bacterial cells undergo processes that further increase the overall 

adhesion strength, making it increasingly difficult to remove adhered cells with elevated levels of 

pulling or shear force.  The increase in binding strength can exceed that needed for retention in 

Step 2 of Figure 1.238, 239 Progressive increases in adhesion, without molecular binding, are 
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expected on negatively charged surfaces where an electrostatic barrier to adhesion is gradually 

overcome.185, 240 Molecular changes in the contact region and changes in cell shape and 

orientation can further contribute to this evolution.  Reports of time dependent bond 

strengthening30 or lack of it185 on hydrophobic surfaces depend on bacterial type and 

experimental details. S. aureus cells adhered to uniformly cationic surfaces, was partially 

removed when challenged with elevated shear within minutes of initial capture (at lower shear), 

but cells became entirely resistant to removal at high shear (1000 s-1) within 5 minutes after 

initial surface contact.241 On surfaces capable of developing specific interactions, bond 

strengthening proceeded for tens of minutes.242 On flat surfaces with reduced net cationic charge, 

the relaxation time to irreversible retention increased with ionic strength, demonstrating the 

electrostatic driving force for the adhesive strengthening.  When cationic functionality was 

arranged on raised nanoscopic asperities, the force needed for removal, and presumably the 

processes of interfacial remodeling, were arrested.241  

 

In these studies the sensitivity of the binding constant to the arrangement of surface charge 

suggests cell deformations that may increase nanoscopic contact. In AFM studies,243 the binding 

strength between a silicon-nitride tip and S. thermophyilus cells increased due to increasing bond 

numbers within 2 minutes contact, in parallel with behavior of similar bond aging in flow 

studies.190 Similar bond strengthening has been found in AFM studies of bacteria on engineered 

surfaces244-246 and target cells.247 These findings suggest that beyond changes that are evident in 

the transition to irreversible cell capture, additional evolution of the contact area size and shape, 

along with further binding in that region depend on the coupling of physico-chemical 

functionality and interfacial mechanics, further influencing processes of biofilm formation.   
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Adhesion-driven deformation of bacterial cells may produce envelope stresses sufficient to open 

mechanosenstive channels or trigger other stress response.  Measurements of cell deformations 

resulting from adhesion are, however, extremely difficult.  Nonetheless, nanoscopic height 

reduction of S. aureus on glass has been reported in mutants lacking crosslinking of their 

peptidoglyan envlopes.107, 248 Cell wall deformation has also been visualized for S. aureus on 

hydrophilic and hydrophobic surfaces.249 Surface-enhanced fluorescence imaging has enabled 

visualization of the contact area of labeled E. coli on gold.250 Enhanced fluorescence from a large 

area, has related a calculated increase of adhesive contact of S. aureus on gold in time, enabling 

timescales for contact area changes without quantifying contact itself.251, 252 Decoupling changes 

in envelop and shape and reorientation of capsule-shaped cells, however, requires imaging 

capabilities and indeed, the area of contact between bacterial cells and a surface is a quantity not 

yet reported.   

 

4.3.6 Orientation of Adsorbed Rod-Shaped Bacteria.  Over the last decade there has been a 

growing understanding of the importance of factors influencing the transition from a two-

dimensional surface-bound bacterial sheet to a three dimensional bacterial community.  The 

transition depends on the tightness and reversibility of cell binding and the extent to which 

progeny remain on or extend from a surface.  Development of colony morphology also depends 

critically on the orientations of the adhered cells, and the ability of these orientations to respond 

to interfacial conditions.  However, reports of cell orientation and its sensitivity to underlying 

surface chemistry are few.  Marcus et al., for instance, provide an account, based on quartz 

crystal microbalance frequency data, that capsular cells on hydrophilic surfaces grew more 
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tightly bound in time compared with static adhesion on a hydrophobic surface.240 This was 

interpreted as a reorienting of cells on the hydrophilic surface though no observations of cell 

orientation were made. 

 

Jones et al. report binding of negative polystyrene microspheres selectively to the ends of 

flagella-free E. coli in solution, at only one end per cell, in fact.253 They argue against an impact 

of surface charge heterogeneity in favor of possible cell polarity effects.  The same E. coli were 

found to be captured by their ends on negatively charged glass flats.  Behkam and Sitti254 also 

found a preference end-adhered configurations of E. coli on glass, for cells arriving late from a 

swarm, suggesting a possible role of hydrodynamics.  Indeed, given the tendency for gentle flow 

in most situations (often unintended) and the fact that macroscopic surfaces produce shear when 

exposed to moving fluid, most studies likely include some influence of cell rotation, per the 

Jeffrey orbits established for E. coli by Kaya and Koser.48 Consistent with this, in a careful 

population study of flagella-free E. coli adhering on glass from gentle shearing flow, Xu report a 

distribution of cell orientations, most of which were end-adhered to glass but tipped over to 

different degrees.30 The orientational distributions were found highly sensitive to the surface 

itself, with more vertically oriented cells on cationic surfaces and the cell orientations on 

hydrophobic monolayers similar to those on glass.  Most notably the distribution of cell 

orientations on the cationic surfaces, with angles reported both in the flow direction and normal 

to the surface, closely matched those reported for negatively charged silica rods of similar size 

and shape to E. coli.27 This suggests physico-chemical and hydrodynamic factors, and not a cell 

polarity effect driving orientation on cationic surfaces.  Indeed, as a result of cell rotations in 
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shear flow, there is a substantially greater chance that rod-shaped objects encounter a surface 

near its ends. 

 

Beyond the initial orientation, the ability of captured rod-shaped bacteria to reconfigure is also 

critical to bacterial colony morphology.  Xu demonstrated that, even though most cells were held 

by their ends, substantial increases in shear did not reorient of E. coli captured on cationic 

surfaces because adhesion was strong.30 On hydrophobic and hydrophilic surfaces, increases in 

flow caused cells to tip over towards the surface in the flow direction, a process that was at least 

partially reversible.  These findings on the reconfigurability of adsorbed E. coli cells are 

consistent with current general understanding of binding strength on hydrophobic, anionic and 

cationic surfaces. 

 

4.4  Consequences of Coupled Physico-Chemical Interactions on Biofilm Development 

The impact of forces from different extents and types of cell-surface contact regulates the 

behavior of individual cells that ultimately form a biofilm, for instance controlling the production 

of matrix polymers.  While investigations have focused on matrix composition and on the 

pathways themselves, the connection of this regulation to the timing and nature of cell-surface 

contact is a substantial endeavor requiring close collaboration between microbiologists and 

interfacial specialists.  The nature of cell adhesion to surfaces has, however, a direct and easily 

observed impact on colony morphology, as a result of cell orientation, cell interactions, and 

adhesion strength.13, 255, 256 Particularly interesting questions involve the nature of cell division on 

surfaces, for capsular cells where growth is directional and imparts differences between old and 

new cell poles.9 Indeed the patterns in colony growth have recently been shown to dependent on 
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the distribution of adhesins over the surface of micron sized cells.9 This prompts the study of 

model systems presenting adhesive functionality in distributions with nanoscale heterogeneity.28 

 

It was recently demonstrated that the surface growth of V. cholera, producing colonies of order 

10,000 from a single adhered precursor, is controlled by the physical character of the 

environment, producing dense versus branched morphologies for cells proliferating on the 

bottoms of 96 well plates.257 Cells grew in flat branched patterns on these surfaces until they 

became crowded, at which point a competition between cell-cell interactions and cell-surface 

adhesion controlled the transition to a 3D structure.  These observations demonstrate the 

importance of the cell adhesion strength beyond its role in initial cell capture.  Studies of the 

impact of surface chemistry to control adhesion strength and potentially manipulate biofilm 

morphology have not been reported.  We note, however, the ability of cells to divide in-plane 

requires the preservation of flat adhered conformations. Findings on the influence of captured 

cell orientation suggest that cell reconformations may not be necessary to achieve 3D colonies on 

strongly adhesive surfaces that stabilize end-trapped conformations of adhered cells.30 
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5.0  Conclusions and Opportunities 
 
Despite the continued and growing interest in biofilm formation and its control through surface 

design, the mechanisms connecting surface interactions to biofilm properties and function 

remains remain at the scientific forefront.  Decades of research has evolved guidelines for cell 

capture on different classes of surfaces and provided screening assays to evaluate surfaces of 

innovative design.  Here assessments focused on cell numbers and biofilm mass, mostly aimed to 

avoid rather than understand biofilm formation.  Research at the current frontier addresses how 

bacteria sense their environment mechanically and chemically.  Ongoing work has barely begun 

to address how specific biochemical pathways, established for planktonic cells, can be triggered 

by surface attachment.  The exciting field of bacterial mechanosensing is making great headway 

in identifying how signals from cell appendages or the cell envelope produce cellular change, yet 

there are many unanswered questions.  Foremost among these is the extent to which different 

chemical surface functionalities and surface mechanics influence these pathways and whether 

different pathways are triggered on surfaces relative to analogous conditions in bulk suspension.  

An understanding of cell deformation and the forces experienced by cells in a surface 

environment can be calculated or measured in AFM but buried interfaces are not broadly 

accessible in experiments targeting conditions relevant to various applications. 

 

Also an area of up and coming research is the study of how bacteria-surface interactions lead to 

the formation of a biofilm community in which cells interact with each other in specific ways.  

While past work has prioritized factors related to quorum sensing, the potential mechanisms are 

much broader and must include biological and system timescales for transport and cell growth, 

and other factors like the extent of cell-surface contact and near-surface cell orientation.  Here, 
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competition between cell-surface and cell-cell interactions can direct the transition from a two 

dimensional cell layer to various three dimensional structures.  With an understanding of the 

interplay of these different factors, we will be in a better position to defeat the propagation of 

harmful biofilms while at the same time engineering biofilms as tools, which advance new 

technologies in energy, health, and sustainability sectors. 
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