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Abstract  
When bacteria adhere to surfaces, the chemical and mechanical character of the cell-substrate 
interface guides cell function and the development of microcolonies and biofilms.  Alternately on 
bactericidal surfaces, intimate contact is critical to biofilm prevention.  Direct study of the buried 
cell-substrate interfaces at the heart of these behaviors is hindered by the small bacterial cell size 
and inaccessibility of the contact region.  Here we present a Total Internal Reflectance 
Fluorescence (TIRF) Depletion approach to measure the size of the cell-substrate contact region 
and quantify the gap separation and curvature near the contact zone, providing an assessment of 
the shapes of the near-surface undersides of adhered bacterial cells.  Resolution of the gap height 
is about 10%, down to a few nanometers at contact.  Using 1 and 2 µm silica spheres as 
calibration standards we report that, for flagella-free E. coli adhering on a cationic poly-l-lysine 
(PLL) layer, the cell-surface contact and apparent cell deformation vary with adsorbed cell 
configuration.  Most cells adhere by their ends, achieving small contact areas of 0.15 µm2, 
corresponding to about 1-2% of the cell’s surface.  The altered Gaussian curvatures of end-
adhered cells suggests flattening of the envelope within the small contact region.  When cells 
adhere by their sides, the contact area is larger, in the range 0.3-1.1 µm2 and comprising up to 
~12% of the cell’s total surface.  A region of sharper curvature, greater than that of the cells’ 
original spherocylindrical shape, borders the flat contact region in cases of side-on or end-on cell 
adhesion, suggesting envelope stress. From the measured curvatures, precise stress distributions 
over the cell surface could be calculated in future studies that incorporate knowledge of envelope 
moduli. Overall the small contact areas of end-adhered cells may be a limiting factor for 
antimicrobial surfaces that kill on contact rather than releasing bactericide. 
 
Keywords:  bacteria envelope deformation, cell-surface contact, adhesive bacterial contact area, 
bacteria envelope stress, membrane, TIRF microscopy  
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Introduction 
 
In addition to providing a scaffold to support bacterial cells as they grow into biofilms, surfaces 

direct biofilm formation through physico-chemical interactions with substrate chemistry and 

through cell adhesion mechanics.  Cells can be affected individually, or surface interactions can 

mediate cell-cell interactions.  These behaviors motivate studies of the contact region between 

cells and surfaces, in real time and under a range of relevant conditions.  Such an approach is not 

broadly possible, however, due to the small size of bacterial cells and the difficulty of probing 

the contact region. 

 

To explain how cells might respond to interfacial chemistry, current thinking translates 

mechanisms established for bulk solutions to interfacial environments. For instance, E. coli 

respond to pH changes in solution1 by upregulating curli and extracellular polysaccharides2 or by 

increasing the synthesis of periplasmic proteases to combat pH-driven toxicity3 while 

Salmonella, in response to lowered solution pH, alter their lipopolysaccharide compositions in 

ways associated with antibiotic resistance.4  It is suggested that the same pathways and genes 

could be triggered by interfacial pH.1  Since surfaces typically carry oxide groups, interfacial 

environments can be quite acidic.5  Indeed, the nanoscale region where a cell contacts a 

negatively charged surface is reported to be even more acidic than the interfacial environment 

further away from adhered cells, a result of cell-substrate interactions.6  Similarly, cationic 

surfaces, while in many instances deadly for adhered bacteria, can permit cells to live and 

propagate if their charge is not too dense.7, 8  Consequently, cell-surface contact can effect 

changes in the membrane potential,9-11 affecting multiple pathways.12-14 Indeed, strategies for 

biocidal surfaces rely on the contact between bacterial cells and surfaces presenting cationic 
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functionality,7, 8, 15, 16 peptides and peptide-mimicking molecules,17-20 or functional clusters.21  

Specific adhesive interactions are also responsible for E. coli cell rolling in flow.22-24 

 

In these examples, the cell’s sensitivity to a substrate is expected to depend on the amount of its 

surface area which resides within nanometers of the substrate.  Adhesion-driven cell deformation 

will increase the contact area and the fraction of the cell experiencing “signal” from a surface.  

Further, as envelope deformation increases cell-surface contact, geometry requires that at short 

times when cell volume and area are constant (before there is time for transport and substantial 

surface restructuring), adhesion-driven cell flattening on rigid surfaces will produce regions of 

sharp envelope bending, which would experience large mechanical stress.  Such mechanical 

stress could stimulate adhered cells by several other downstream signaling pathways,1 motivating 

characterization of near-surface cell shape. Further, adhesive manipulation of envelope shape 

may enable new killing mechanisms that do not pose chemical hazards.25 

 

Beyond the direct impact of surface contact on individual cells, surface chemistry and adhesion 

can couple with mechanics to direct cell-cell interactions and cell organization in colonies and 

biofilms.26  For instance the competition of forces, the attraction of cells to a surface, friction at 

the surface during growth, and compressive forces from neighboring cells, can produce what 

resemble snapping or buckling transitions between cell pairs.27-32  This in turn determines the 

degree of contact and interaction between neighboring cells as they grow and, in particular the 

degree of side-to-side contact of cell pairs. These surface-mediated cell-cell interactions and 

structures in turn govern the transition of the community from a flat two-dimensional collection 

of cells to a three-dimensional biofilm.27-31, 33 
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These considerations motivate studying the contact region between bacterial cells and surfaces 

in-situ, which is expected to vary greatly with cell configuration, for instance, whether capsular 

cells adhere by one end or on their sides.34, 35 AFM studies have provided perspective on the 

probe-envelope interactions.36-40 Immobilizing bacterial cells on a cantilever, the interactions 

between cells and biomaterials have been examined.41 Yet the timescales (seconds or less) of 

contact and the contact areas in AFM studies do not reflect the range and more extensive contact 

which must occur when founder cells initiate biofilms including the minutes or longer timescales 

relevant to cell division. Gu et al have, however, documented cell deformations in early biofilm 

formation42 while fluorescence enhancement for S. aureus adhering to gold has been employed 

to track the deformations of collections of cells taken together, providing insight into the 

dynamics of cell deformation43 but not the actual surface contact area.   

 

This paper presents a total internal reflectance fluorescence (TIRF) method to probe the 

nanometric separation distances between an adherent cell and a substrate near the contact region, 

the extent of cell-surface contact of individual cells, and the shape of the outer bacterial envelope 

in the contact region, to about 80 nm from the surface.  By introducing a small amount of 

fluorescently-labeled dextran into the solution, a lack of absorption to cells or to the supporting 

surface allows cells to be visualized as dark spots.  Analysis of their fluorescence profiles reveals 

the shapes of the contact zones with sufficient resolution to provide perspective on bacterial 

growth and response of cells to the surface environment.  We develop this approach using 

flagella-free E. coli strain adhering strongly on a cationic surface where previous work has 

demonstrated firm cell immobility.35  We document contact areas and dimensions for cells 
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adsorbed in different configurations.   This study focuses on times less than ~30 minutes.  The 

cells are living and their growth is evident at longer times.  The lack of antimicrobial activity of 

this cationic surface may result from the small contact area, comprising a few percent of the 

cells’ overall surface area. 
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Experimental Materials and Procedures 
 
Bacterial Cultivation and Characterization. An E. coli strain having its flagella protein 

genetically knocked out, ΔflhD E. coli JW1881, was purchased from the Coli Genetic Stock 

Center (New Haven, CT).  Electron microscopy confirmed the lack of flagella and motility plate 

assays were employed to further confirm a lack of motility.44, 45  

 

After growing for 16 h at 37ºC in lysogeny broth (LB) E. coli were back-diluted 1:50 in LB, 

incubated at 37ºC for 2 h, and harvested in log phase.  Proteins and other macromolecular 

constituents in the medium or loosely associated with bacteria were removed by washing, 

centrifuging, and resuspending the cell suspension three times with phosphate-buffered saline 

(PBS, 0.008M Na2HPO4, 0.002M KH2PO4, and 0.15 M NaCl) before finally resuspending in 

PBS at a concentration of cells 108 cells/ml.  Each bacterial suspension was used within 1 h of 

preparation.  Viability screening with propidium iodide (Sigma-Aldrich, excitation/emission at 

535 nm/ 617 nm) before and after experiments confirmed that the bacteria maintained viability 

throughout all experimental procedures.  Using the Oufti46 cell detection analysis tool, 100x 

phase contrast images of the E. coli suspensions were analyzed to determine the length and width 

of each cell. Statistics on cell dimensions were generated for 350 to 400 cells in each of three 

suspensions grown on separate days.  The average cell length was found to be 3.0 ± 0.3 μm and 

the average cell width was 0.96 ± 0.05 μm.  These dimensions are consistent with expectations 

for E. coli in the log phase.47-49 

 
 
Particles. Silica particles were employed as calibration standards.  1 µm silica spheres were 

purchased from Gel Tech (Orlando) and 2 µm silica spheres were purchased from Bangs Labs. 
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Fluorescent Agent.  FITC-Dextran, 500,000 g/mol (Sigma FD 500S) was employed as the 

imaging agent to reveal the excluded/depleted region.  Concentrations of 1000 ppm, which were 

employed here, were found to be insufficient to produce measurable depletion aggregation of 

cells or alter cell adsorption on polycation-coated surfaces.  Additional control studies, adding 

particles or cells to 1000 ppm FITC-Dextran suspension and then sedimenting particles or 

centrifuging cells revealed no measurable adsorption of fluorescent dextran to the surfaces of 

cells or particles in fluorescence microscopy images. 

 

Adhesion of Cells or Particles to Surfaces.   Fisherfinest cover slips were acid etched overnight, 

rinsed thoroughly with deionized (DI) water, and sealed in a custom flow chamber having a flow 

cross section of 0.69 mm x 6.5 mm.  The flow of PBS through the chamber was established, and 

then a 100 ppm solution of Poly-l-lysine (PLL) with nominal molecular weight 15,000-30,000 

g/mol from Sigma, was flowed through the chamber at a wall shear rate of 5 s-1 for 10 minutes, 

followed by flowing buffer.  This procedure produced an adsorbed polycation layer having a 

mass of 0.3-0.4 mg/m2 that rapidly captured and retained cells and or calibration particles.  In 

several other studies25, 50-52 we established the retention of PLL over a range of ionic strengths 

and when challenged by adsorbing cells or proteins. 

 

Subsequently, a bacterial suspension, a suspension of silica microspheres, or a mixture of 

bacteria and microspheres in phosphate buffer was flowed through the chamber, for 20 minutes, 

followed by buffer flow to remove cells and particles from the suspension.  This procedure, 

conducted with the chamber on its side so the floor of the chamber was oriented parallel to the 
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lab walls, deposited cells and particles in controllable amounts at their respective transport 

limited rates.  The chamber orientation avoided gravity-driven sedimentation of cells or particles 

towards or away from on the surface of interest.     

 

Total Internal Reflectance Fluorescence (TIRF) Microscopy.  After cells and/or particles were 

captured on PLL-coated surfaces, the ends of the flow chamber were sealed (stopping any flow) 

and the chamber was transferred, test surface down, to a Nikon NSTORM TIRF microscope.  It 

was previously established that E. coli cells adhering on cationic surfaces such as PLL are 

immobilized at their areas of contact and are unaffected by moderate shear up to 110 s-1.  They 

neither translate or reorient, within detectible limits,35  unlike the same cells on glass.53  The 

adhered cells were found in a variety of side-on and end-on configurations, the latter at different 

angles relative to the surface or the flow and within the resolution of the microscope.  Since the 

cells are motionless after their capture on PLL, turning the chamber to fit the microscope is 

unlikely to alter the established cell-surface contact. Here the chamber was turned within 15 

minutes of completion of cell capture. In these studies, cells looking substantially end-on were 

compared to cells that were substantially tipped down toward the surface, using E. coli grown on 

3 different days. 

 

In these studies, incident light at the excitation wavelength, lo, of the fluorophores is totally 

internally reflected inside the coverslip to which the cells are adhered.  The light impinges the 

interface from inside the coverslip at incident angle, qi relative to the normal, controlled by the 

TIRF microscope.  This produces an evanescent wave of excitation light at the interface between 
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the functionalized glass and the bacteria suspension.  The intensity, I of the evanescent wave 

decays perpendicular to the coverslip with penetration depth, L, according to 

 

Λ = 	 !!
"#	(&"# 	'(&)$*&%#)&/#

      (1) 

 

where ng and ns are the refractive indices of the glass coverslip and aqueous solution, 

respectively. 

 

This paper presents results for an incident angle of 70°corresponding to a penetration depth of 

L= 55.5 nm. Parallel experiments were also run at qi = 65° and 75°, corresponding to penetration 

depths of L= 66.2 nm and 49.5 nm, producing quantitatively similar results. TIRF images 

employed a 100x objective, which yielded a pixel size of 65 nm. 
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Results and Discussion 
 
Calibrations of Gap Thickness Using Silica Spheres.   

1 and 2 µm silica spheres were co-deposited on PLL-coated slides from buffer solutions 

containing mixtures of 500 and 1000 ppm 1 and 2 µm spheres, respectively. The suspension was 

flowed past the adhesive slide for 10 seconds, sufficient for particles to be captured sparsely, and 

then buffer was flowed to remove free particles from the suspension.  The captured particles 

appeared non-aggregated and completely immobilized.  Next, 1000 ppm FITC-Dextran in buffer 

was flowed into the chamber to facilitate fluorescent imaging, and the flow stopped.   

 
Bright field and TIRF images of different fields were obtained at 100x on a Nikon NSTORM 

TIRF microscope, with incident angles of 65,70, and 75° (measured from the normal) 

corresponding to evanescent penetration depths of 66.1, 55.5, and 49.5 nm.  For the calibration 

exercise, the analysis focused on fields which contained both 1 and 2 µm particles in proximity, 

per the example in Figure 1A and 1B shown for L = 55.5 nm (70°), so that the same background 

subtraction could be applied to both particles.  The adhered particles appear dark in Figure 1B 

because the fluorescence comes from the labeled dextran in free solution around the particles.  

Using ImageJ software, fluorescence was plotted as a function of position along a line drawn 

through both particles, shown in Figure 1C, a standard correction, for instance employed by 

Vigeant et al.54 Figure 1D plots the fluorescence profiles measured along two additional lines, 

parallel to but sufficiently far from the first line to enable background subtraction.  The 

fluorescence profile (along the first line) through the particles was corrected, in Figure 1E, by 

subtracting the average intensity for each position down the left and right lines from the intensity 

along the middle line: 	𝐼( 	= 	 𝐼((&(, −
-.$
()*+*.$

,$"-+/

0
. 
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In the fluorescence profile of Figure 1E, the 2 µm particle makes a wider dark spot than the 1 µm 

particle.  The dark region from either size particle is, however, substantially narrower than the 

actual particle diameter, a result of the evanescent wave having a smaller decay length than the 

heights of the particles at their widest points. The evanescent wave samples the interface nearer 

to the particle-coverslip contact zone.  The camera records a substantial background signal 

beneath the particles, likely the combined effects of dark noise and scattered excitation light, 

however minimal.  The difference in darkness between the two particles is relatively small, and 

appeared random over a sampling of 20 particles.  Due to the finite pixel width of 65 nm, some 

fluorescence would be expected at the darkest pixel.  

 

 

 
 
Figure 1. (A) Bright field and (B) TIRF images (qi = 70°, L = 55.5 nm) of 2 and 1µm silica 
spheres, adhered on a PLL-coated flat and immersed in a FITC-Dextran solution.  Fluorescence 
traces along (C) middle and (D) left and right lines indicated in (B).  (E) Fluorescence profile 
after background subtraction of left and right traces from the middle trace.    

(A) (B) (C)

(E)(D)
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A calibration was developed to convert from near-particle (or near-bacterium) fluorescence to 

the local gap height or position-dependent distance between the flat surface and the 

particle/bacterium, as sketched in Figure 2A. Figures 2B and C for 1 and 2 µm particles, 

respectively, reveal that the intensity variations for different surface positions (different pixels) 

within the near-sphere dark regions conform to expectations for the contour of the sphere 

surface.  The expected shape of a sphere-plate contact and the specific values of gap heights up 

to about 80-100 nm from the surface are found to within a proportionality constant that depends 

on FITC-dextran concentration and microscope parameters and which must be calibrated.  

Therefore, in each graph, corrected intensities measured near 10 different particles of each size, 

in different fields have been averaged.  Then the exact calculated shapes of 1 or 2 µm sphere 

surfaces are superposed, in Figures 2B and C respectively, with the scales for the sphere contours 

on the right axes.  Also shown are shapes of the sphere surfaces plus a 10 nm depletion layer, 

corresponding to the dextran imaging agent.  Further from the center of the sphere where the gap 

height is larger, the measured fluorescence is less than would be contributed from the entire gap 

height because the gap height exceeds the evanescent wave depth further from the contact point. 
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Figure 2D summarizes the proportionality established in Figures 2B and C, suggesting that for 

gap heights less than the range 80 -100 nm, a single calibration constant relates the measured 

fluorescence to gap height. The small intercept (extrapolating the data to zero separation) in 

Figure 2D is a matter of choosing the baseline value for the point of contact or smallest gap. The 

 
Figure 2.  (A) Schematic of gap geometry and the evanescent wave near a sphere.  The close up 
shows 4 green bars representing the fluorescence intensity on different pixels, while the dashed 
line represents the baseline fluorescence away from contact zone, still beneath sphere. (B) Near-
particle fluorescence averaged for 10 different 1 µm spheres and (C) 10 different 2 µm spheres for 
qi = 70°, L = 55.5 nm. In B and C, the shapes of a sphere, or a sphere plus a 10 nm depletion 
layer are superposed to explore the proportionality between gap height from the sphere shape and 
the fluorescence intensity. For gap heights larger than ~200 nm, the fluorescence approaches a 
constant value, determined by the penetration depth of the evanescent field.  (D) Calibration 
curves up to gap heights of 100 nm, showing that 1 µm and 2 µm spheres produce the same 
calibration constant. 
 

(D)

(B) (C)

(A)
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calibration curves for 1 µm and 2 µm particles are identical within nanometric experimental 

error.  Similar proportionalities hold, albeit with different calibration constants, at incident angles 

of 65° and 75°. Small differences in the calibrations using the two different sphere sizes may 

result from the pixel size of 65 nm, which introduces uncertainty in the “known” gap height as a 

function of position because the sphere’s areas are sloped within each pixel. The gap from the 1 

µm sphere varies more sharply than that from the 2 µm sphere within a given pixel.  

Nonetheless, the similarity of the calibrations in Figure 2D for the two sphere sizes, with 

uncertainty less than 5 nm for small gaps and less than 10 nm for 100 nm gaps is acceptable in 

examining contours of near-surface cells.  Overall, the resolution is found to be about 10% of the 

gap height for gaps of 2L or less. 

 
 
Measurements of Spherical Test Particles:  Gap heights and Curvatures. 
 
Once the conditions for proportionality between fluorescence and gap height are established, the 

calibration can be employed to profile a test particle.  This exercise is shown in Figures 3 and 4 

for calibration spheres chosen to be of a different radii, but in the same frame as the test spherical 

particles. Figure 3 maps the contour of a 2 µm spherical test particle using a 1 µm calibration 

sphere. Figure 4 maps the contour of a 1 µm spherical test particle using a 2 µm calibration 

sphere.   Parts A of the two figures show the reconstructed gap heights over the test particle 

surface within the evanescent field. Also shown in Parts A of both figures are the calculated 

(exact) shapes of 1 and 2 µm spheres, noting that the differences in x, y, and z scaling 

exaggerates the vertical scale. From the measured height contours in Part A (blue data) two cross 

sections, sliced 90° from each other through the center of the test particle, are shown in parts B 

and C.  These sections are compared with the exact spherical contour corresponding to the 
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nominal size of the test sphere.  This exercise reveals that using a sphere of one size to measure a 

different sphere provides quantification within nanometers of expectations for regions near 

contact where the gap height is ~2L or less.   

 

 
 
 
Measurements of the gap height for each pixel can be employed to map the local curvature of 

surfaces in the contact region. The Gaussian curvature K is the product of the curvatures in the 

two principle (orthogonal) directions:  K = k1k2.  While the Gaussian curvature generally 

depends on position on a surface, for a sphere of radius r, 𝐾 =	 1
2#
 everywhere.  Likewise along 

  
 
Figure 3.  Scan of a typical 2 µm test particle using a 1 µm calibration sphere.  (A) 
Reconstruction of the test particle in blue, with calculated green and orange profiles showing 
how 1 and 2 µm sphere would look at this scale.  (B) and (C) Cross cuts through the 
reconstructed profile of the 2 µm test particle, sectioned orthogonal to each other and taken 
approximately the center of the contact region. Heat maps of local (D) Gaussian and (E) mean 
curvature near the contact region. 
 

(D) Gaussian (E) Mean

(B) (C)

(A)
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the sides of a cylinder K = 0 everywhere. The mean curvature is defined 𝐻	 = k&3k#
0  and is 

exactly 1/r everywhere on a sphere and 1/(2r) on the sides of a cylinder. 

 
 

 
 
The Gaussian and mean curvatures for each pixel of the test spheres in Figures 3 and 4 were 

calculated starting with the gap height for each pixel, h(x,y), according to:55 

 
Gaussian curvature:  𝐾 = 		 4..4//*4./

#

(134.#34/#)#
      (2) 

 
Mean curvature: 𝐻 = 5134.#64//35134/#64..*04.4/4./

0(134.#34/#)#/0
	    (3) 

 

 
Figure 4. Scan of a typical 1 µm test particle using a 2 µm calibration sphere.  (A) Height profiles 
resulting from the test particle in blue, with calculated green and orange profiles showing how 1 and 
2 µm sphere would look at this scale.  (B) and (C) Cross cuts through the 3D profile of the 1 µm test 
particle, sectioned orthogonal to each other and taken approximately the center of the contact region. 
Heat maps of local (D) Gaussian and (E) mean curvature near the contact region.   

(B) (C)

(A)

(E) Mean(D) Gaussian
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The slopes, hx, hy, and second derivates hxx, hyy and hxy were calculated from h(x,y) using 

numpy.gradient in the Python library.56  

 
The results of these curvature calculations are summarized in the heat maps in Figures 3 and 4 

parts D and E.  The measured Gaussian curvature values for the 2 µm and 1µm test spheres 

approach the expected values of K = 1 µm-2 for the 2 µm sphere and 4 µm-2 for the 1 µm sphere.  

The results are best in the region where the gap is less than 50 nm, becoming noisy further away 

as the sphere curves up from the surface. Away from the particle’s center, the test particle 

surface is increasingly less parallel to the cover slip, introducing noise into the data.  Additional 

spheres, ten of each size, were imaged and analyzed by this method.  For ten 1µm-diameter test 

spheres, an average Gaussian curvature of K=4.2 µm-2 and an average mean curvature of H = 2.3 

µm-1 was measured. For ten 2 µm-diameter test spheres, an average Gaussian curvature of K=1.4 

µm-2 and an average mean curvature of H = 1.4 µm-1 was measured. These results are highly 

encouraging because 1) the spherical character of the test particles is apparent in the constant 

curvature values and symmetry of the mapped regions and 2) the measured and expected values 

are in good agreement.  Since the analysis requires calculation of second derivatives of 

experimental data, one might expect far worse.  Especially in the case of Gaussian curvature 

calculations, multiplication of second derivatives in the principal directions magnifies error, yet 

the results are quite reasonable, confirming the nominal sphere sizes from the manufacturers.   

 
Based on the ability to resolve the known shapes and curvatures of spherical microparticles, 

which establishes the method of calibration, we applied this approach to E. coli cells in the 

analysis below.  The success of the method for anionic particles adhering to a cationic surface 

suggests that the measured fluorescence is dominated by labels on free chains and that any 
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adsorption of the dextran to the cationic PLL surface or the negative microparticles is too small 

to impact the proportionality between fluorescence signal and gap thickness. 

  
 
Gap Height and Envelope Curvature in the Contact Region near Adhered Bacteria. 
 
The microsphere-based calibration for gap height was applied to examine the extent of contact 

and shape of the contact region of E. coli cells captured on cationic PLL surfaces. The cells, 

present at a concentration of 108 cells / ml in a buffered suspension that also contained a small 

amount of calibration microspheres (250 ppm of 1 µm microspheres and 500 ppm of 2 µm 

microspheres), were captured on a PLL-functionalized glass cover from gentle shear flow.  The 

lateral orientation of the flow chamber avoided gravitational settling of cells towards or away 

from the surface during capture.  After sufficient cells were captured, buffer was replaced by 

flowing FITC dextran.  The then the pump was shut off, the tubing sealed, and the chamber 

transferred to the TIRF microscope. 

 

Prior work demonstrated that E. coli are captured in a variety of configurations, for instance 

standing on-end mostly perpendicular the surface, or leaning toward the surface, or appearing 

tipped over and possibly in full side-on contact.35  The current study examined 8-10 cells in each 

of two cell configurations, standing versus tipped (or side-adhered), on 3 cationic PLL-

functionalized surfaces prepared separately.  It is important to note that in contrast to the 

adhesion of E. coli on glass surfaces where cells can wiggle or reorient reversibly in flow,35, 53 on 

cationic surfaces the cells are fixed in place and do not move or reorient when flow is stopped or 

increased to a wall shear rate of 110 s-1 or greater. This makes it likely that when the chamber 
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was turned to fit the TIRF microscope the cells remained fixed and do not reorient on the 

surface.    

 

Figures 5 and 6 show example data and analysis for two cells, one tipped in a side-on 

configuration and the other in a vertical standing orientation, respectively.  Parts A and B of each 

figure show bright field and fluorescence images where microspheres and bacteria appear dark 

because they exclude the fluorescent dextran.  Part C shows the gap height reconstruction as a 

function of position, resulting from a microsphere-based calibration described in the previous 

section. Part C superposes the exact shapes of 1 µm and 2 µm spheres for reference.  The side-

adhered cell in Figure 5 appears as a dark elongated shape while the end-adhered cell in Figure 6 

and others in Figure 5 appears as dark circles as do the calibration beads.  The beads and end-on 

Figure 5.  (A) Bright field and (B) TIRF images of a field containing 3 cells and two 1 µm  
spheres.  The cell that is analyzed is boxed blue and the spherical calibration particle is boxed red.  
(C) Reconstructed profile of bacterial cell, superposed with the calculated height profiles of a 2µm 
(green) and 1µm (orange) sphere, for perspective.  D). Closeup of fluorescent image showing lines 
along which gap separations are shown in E, and F.  (E) Three long-way sections through the 
adhered bacterium. (F) Three cross sections through the adhered bacterium.  A lack of phase 
contrast can make  side-adhered cells, arranged flat to the surface like that in the blue box of Figure 
5A, difficult to see. 

(A) (B)

(E)

(C)

(D)

(F)
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cells are distinguishable in bright field because, focusing upwards from the cover slip, the 

calibration spheres disappear from focus while the protrusion and cylindrical character of the 

end-on cells is evidenced by a circular cross section that remains in focus 2-3 µm above the focal 

plane of the flat surface. 

 
 
 

The gap height reconstructions of the contact regions in Parts C of Figures 5 and 6 summarize 

the bacteria-surface separation as a function of position while parts D-F show select cross-

 
Figure 6.  (A) Bright field and (B) TIRF images of field containing 2 cells and a 2 µm  calibration 
sphere.  The cell that is analyzed is boxed blue and the spherical calibration particle is boxed red.  
(C) Reconstructed profile of bacterial cell superposed with calculated height profiles of a 2µm 
(green) and 1µm (orange) sphere, for perspective.  D). Closeup of fluorescent image of the cell, 
showing lines along which gap separations are shown in E, and F.  (E) and (F) Sections through 
the adhered bacterium corresponding to the yellow and red cuts in D, respectively.    
 
 

(A) (B)

(E) (F)

(C)
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sections.  Because a fluorescent depletant is employed, the gap represents the contour of the 

outside of the bacterial envelope.  In the case of the side-on cell in Figure 5, an elongated contact 

region is evident in the 3D plot and the individual cross sections.   

 

The smallest gap thickness, defining the nature of contact, is very sensitive the choice of 

baseline, as discussed in the description of the calibration.  We chose the baseline conservatively, 

so that the darkest pixel defined the zero gap height.  This approach, influenced by noise in the 

fluorescence signal, gives the largest gap thicknesses (order 5 nm) in much of the contact region, 

while we believe the gap may actually be narrower. Alternately, one could choose the darkest 

region of the contact zone and average the intensities in that area to define the height 

corresponding to zero nanometers.  This approach, which we did not employ, can allow  some 

pixels to have negative gap heights, by 2-3 nm, though it might more accurately describe other 

parts of the contact zone.  The issue arises because individual pixels may contain regions where 

the cell is in contact with the surface and other regions where there is nanometric gap, making 

perfect contact hard to identify. 

 

Despite the challenge of identifying perfect contact, there appears to be a contact or near-contact 

zone, an extensive region measuring 1.3 µm long and 0.3 µm wide, for the cell in Figure 5, 

where the cell is less than a maximum of 5 nm from the surface and beyond which the cell- 

surface gap increases.  (The contact region has dimensions of 2.3 µm long and 0.4 µm wide if a 

10 nm gap height, a maximum estimate, is chosen as the threshold).  The sharp increase in gap 

height beyond the contact region grows by 45 nm in a single pixel of 65 nm size along much of 

the contact perimeter.  While we typically think of a 10 nm gap as a relatively large separation 
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and lacking true contact, it may be a substantial overestimate based on baseline fluorescence 

noise.  The appearance of the cell in Figure 5D-F suggests substantial substrate-cell interactions, 

manifest in a flat middle region a sharper curvature beyond the region of <10 nm gap height.  

Even within this region of close-cell surface interaction it should be noted that the middle 

longways crosscutting line exhibits a zero gap height for a distance of ~1.2 µm over the length of 

this ~3 µm cell. The example end-adsorbed cell of Figure 6 exhibits an expected small contact 

area with the surface.  Slight differences between the bacterium ends and a spherical shape are 

evident. There is also a difference in the shapes of the rounder cross sections of the end-adhered 

cells (Figures 6E and F) and the across-cut profiles of the side-adhered cell (Figures 5E and F) 

where the latter appear slightly flatter. 

 
Beyond noting the flat-looking contact region and sharp increase in cell-surface separation 

beyond the contact zone, it is possible to quantify the local Gaussian and mean curvatures of the 

outer envelope, summarized in Figure 7 for the example side on and end-on cells from Figures 5 

and 6.  Employing equations 2 and 3 reveals position-dependent curvature on the bacteria cell 

surface, distinct from the expected nearly constant curvature of the calibration particles.   
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The near-zero Gaussian curvature in the contact zone and along the sides of the side-adhered cell 

in Figure 7A suggests a cylindrical or flat shape, but cannot distinguish between the two. 

However in the same region in Figure7B, mean curvature values between 0 and 0.5 µm-1 fall 

below the expected value of 1 µm-1 for a 1 µm diameter cylinder, suggesting that this part of the 

cell is flat or nearly so.  These results are consistent with the cell’s appearance in Figure 5E and 

F but are quantified here.  At the periphery of the flat zone the mean curvature jumps to values 

between 2-3 µm-1 indicating sharper bending of the cell envelope.  Towards the ends of the side-

adhered cell, the Gaussian curvature increases, reflecting the curvature of its spherical caps.  

 
 
Figure 7.  Gaussian (A and C) and mean (B and D) curvatures for the same side-adhered (A) and 
(B) and end-adhered (C) and (D) cells in the examples of Figures 5 and 6.  The red and black 
curves) are topography lines indicating the bounds for gap heights of 10 and 20 nm respectively.  A 
version without these lines is available in the Supporting Information.    
 
 

(A) 
Gaussian

(B) Mean

(C) Gaussian (D) Mean
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Topography lines are superposed with the curvature heat maps, demonstrating that, at contact 

and for gaps nanometrically greater than tight contact, the cells are substantially deformed from 

their presumed initial spherocylindrical shapes.  The Supporting Information contains the same 

curvature heat maps without the topography lines, to facilitate closer viewing. 

 
 
For the end-adhered example, the cell exhibits flatness at its adhered end, with a Gaussian 

curvature near 1 µm-2 in Figure 7C, in sharp contrast to expectations for the Gaussian curvature 

of an undeformed 1 µm diameter sphere (K = 4 µm-2) in Figure 4D.  Beyond the flat central 

regions in Figure 7C and D, a ring of sharper curvature at the edge of the contact region suggests 

additional cell deformation.   

 
The dimensions and areas of the contact zones are summarized in Table 1 for cells observed on 

three different PLL-coated surfaces, adsorbed in side-on and end-on configurations.  (Curvature 

data were obtained for all cells but are difficult to tabulate because of the spatially varying 

character of these data and their additional cell-cell variations, which might be expected.)   

Table 1:  Dimensions and Areas of Contact Zones  
 

 Contact Area, µm2,  
TH= 20 nm* , (range) 

Contact Area, µm2,  
TH= 10 nm* (range) 

Contact Length, µm 
(range) 

Contact Width, µm 
(range) 

Side-on  
(13 cells) 

0.67 ± 0.26 
(0.32 – 1.1) 

0.50 ± 0.24 
(0.24 – 1.0) 

1.71± 0.56 
(2.7 – 1.1) 

0.53 ± 0.16 
(0.25 – 0.9) 

     
End-on  
(14 cells) 

0.21 ± 0.09 
(0.06 – 0.43) 

0.15 ± 0.08 
(0.04 – 0.19) 

NA NA 

 
*TH indicates the threshold distance from the surface in estimating the contact area. A TH of 10 
nm was used in estimating lengths and widths of the contact zone. 
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Implications for Contact Shape and Area. 
 
Visualizing the near-substrate contact region of E. coli cells revealed the shapes of the outer 

surfaces of their cell envelopes and the shapes and areas of the contact zones on a strongly 

adhesive cationic substrate.  The resolution was about 10%, down to a few nanometers at 

contact. The gap in the contact region for bacteria carried uncertainty of a nanometers due to 

baseline noise.  It was demonstrated that micro-spherical shapes could be quantified with 

adequate nanometric precision, distinct from other shapes. The region of adhesive interaction 

between E. coli cells and a cationic substrate was shown to be characterized by a flat envelope 

within the adhesive or contact zone, and envelope bending at the periphery of the contact zone.  

It was observed that the bending at the zone’s periphery was sharper than the undeformed local 

Gaussian or mean curvatures of a spherocylinder.  Comparison of the distinctly different contact 

zones of microparticles and E. coli bacteria established that the outer envelope shape could be 

measured within the precision of a few nanometers even if the absolute gap height near contact 

could not be resolved better than 2-3 nm.    

 
The data of Table 1 make clear that the contact areas of E. coli cells on oppositely charged rigid 

substrates are small, about 0.15 µm2 for cells adhered by their ends in a somewhat vertical 

configuration, and in the range of 0.3-1.1 µm2 for cells that are tipped towards the surface.  

Substantial irregularities and variations in the lengths of the contact of tipped cells are the 

reasons for the variation.  The adhesive contact areas constitute a small fraction of a cells’ 

overall surface area.  For instance, treating a cell as a 3.0 µm long spherocylinder with a radius 

of 0.48 µm (the average dimensions measured in characterization), the total surface area is 9.05 

µm2.  Standing cells, with a 0.2 µm2 adhesive contact have only 2% of their exterior surface in 

contact with the cationic substrate.  A slightly larger area fraction, no more than 10% for tipped 
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side-adhered cells, might be within range of electrostatic interactions with the surface at low 

ionic strengths.  Therefore in general, but especially at salty conditions such as those with a 1 nm 

Debye length, electrostatic interactions with cationic substrates are limited.  This is important 

because, for instance, it presents a challenge for cationic and other surface designs that kill cells 

on contact. 

 
Another consequence of the small contact areas of adherent E. coli cells on cationic surfaces is 

the high areal concentration of adhesive stress.  We previously calculated the torques and forces 

on end-adhered E. coli cells in shearing flow, which depend on the angle of the adhered cells and 

are greatest for cells in an entirely vertical configuration.35  Integrating the hydrodynamic force 

from a shear rate of 110 s-1 along the entire 3 µm length of a vertically oriented cell reveals a 

maximum torque of 6.1 x 10-12 g cm2/s2 and, in the direction parallel to the surface, a force of 3 

x10-8 g cm/s2 or 0.3 pN. For end-adhered cells with a contact area of 0.15 µm2, which stand 

rigidly in shear at wall shear rate of 110s-1, this translates to an interfacial shear stress exceeding 

2 Pa.  While this seems like a small number, it is interesting to note that neutrophils, interacting 

with selectins, dislodge from surfaces at an order of magnitude lower stress57 and roll at stresses 

of 0.5 Pa on surfaces that are dense with e-selectins.58 These dynamic processes with mammalian 

cells involve much larger contact areas due to the 10 µm scale of the white blood cells and the 

cell softness, implying stronger interactions for the bacterial cells on these cationic surfaces.  It is 

important to note that cells captured in this study are alive and undergo cell division on 

timescales longer than the measurements shown here. 

 

Integration of measured curvatures and in-plane strain with measurements and models for 

envelope and membrane moduli will enable an understanding of local and global stress states of 
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bacterial cells, for instance possibly opening membrane pores.59 Current thinking is that the 

peptidoglycan layer of E. coli, on its own, is less stiff than either the inner or outer membranes 

which individually can have bending moduli on the order of tens of kBT.60  Bending stiffnesses 

of the composite structures are enhanced by the connections between layers; however in some 

conditions, the stiffness of the outer E. coli membrane is load bearing61 and dominates mechano-

sensing, increasing the relevance of the current report on the exterior shape of E. coli. adhering 

on cationic surfaces. 

 
 
Conclusions 
 
This work demonstrated how small amounts of fluorescent dextran in free solution can be 

exploited in the Total Internal Reflectance Fluorescence imaging of adherent bacterial cells to 

reveal their surface contact areas and envelope shapes near a rigid substrate.  This experimental 

approach resolved gap heights normal to the substrate in the contact region to within 10% error, 

down to ~3 nanometers, but lateral resolution was limited by the microscope magnification and 

pixel size.  In addition to quantifying the effective contact area, the method distinguished the 

shapes of rigid 1 and 2 µm spherical microparticles in the region of contact up to gap heights of 

~80 nm, about twice the pentation depth of the evanescent wave.  The shapes of deformable 

adherent E. coli in the first ~80 nm from the substrate were qualitatively and quantitatively 

distinct from those of adhered rigid microparticles.  Indeed, while the studies in this work 

employed flagella-free E. coli, the successful mapping of microsphere surfaces suggests the 

approach could be extended to cocci such as Staphylococcus aureus. 

 
E. coli adhering to a cationic surface, glass coated with PLL, were chosen as the model system 

for this work because E. coli were previously established to adhere firmly, without perturbation 
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by flow, while remaining viable.  The lack of discernable cell motion or reorientation rendered 

cells easy to image and provided meaningful traces of the contact regions.  The contact areas and 

envelope shapes of E. coli adhered on cationic PLL surfaces were strongly dependent on the 

adhered cell-configuration: side-on or end-on. For end-on cells, an average contact area of 0.15 

µm2 was found, with flattening of the cell envelope in the contact region and sharper bending of 

the envelope at the periphery of the contact zone.  For cells appearing in a side-on configuration, 

the contact region varied in length due to small differences in the angle at which the cell was 

trapped, producing contact areas in the range 0.3 – 0.9 µm2.  Flattening of the contact zone and 

sharper bending towards its periphery was evident in the observed values of the mean curvature, 

while elevated mean and Gaussian curvatures towards the poles were consistent the cells’ 

spherocylindrical shape. 

 
The small contact areas, comprising only ~2% of the surface area of cells adhered in an end-on 

configuration, suggest challenges in creating surfaces that kill cells on contact.  At the same time, 

the fact functionalized surfaces can act as effective biocidal materials, combined with the 

established sensitivity of adhered E. coli to the interfacial environment, provide evidence for the 

extreme responsiveness of E. coli to their chemical and mechanical environments, motivating 

future work on using chemical and mechanical cues to manipulate bacterial cells and biofilms.   

 
Supporting Information.  Gaussian and Mean Curvatures Measured for the Example cells of 
Figure 7 
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