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Biofilms are surface-attached communities of microorganisms embedded in an 
extracellular matrix and are essential for the cycling of organic matter in natural 
and engineered environments. They are also the leading cause of many 
infections, for example those associated with chronic wounds and implanted 
medical devices. The extracellular matrix is a key biofilm component that 
determines its architecture and defines its physical properties. Here, we use 
growth chambers embedded with micropillars to study net mechanical forces 
(differential pressure) exerted during biofilm formation in situ. Pressure from 
the biofilm is transferred to the micropillars via the extracellular matrix, and 
reduction of major matrix components decreases the magnitude of micropillar 
deflections. The spatial arrangement of micropillar deflections caused by 
pressure differences in the different biofilm strains may potentially be used as 
mechanical signatures for biofilm characterization. Hence, we submit that 
micropillar-embedded growth chambers provide insights into the mechanical 
properties and dynamics of the biofilm and its matrix. 
 

 

Introduction 

Microorganisms excrete and embed themselves in a 
matrix of extracellular polymeric substances (EPS)

1
 

to form surface-attached communities, or biofilms, 
as their predominant lifestyle in nature.

2
 Biofilms 

play essential roles in sustaining natural 
environments and human society, including the 
remediation of natural habitats, treating wastewater 
and bioleaching.

3
 Biofilms can also be problematic 

in industry, for example, biomass accumulation in 
pipes disrupts flow and leads to corrosion, 
contamination of production lines compromises 
food quality, and biofilm formation on reverse 
osmosis membranes limits the production of clean 
water and increases running costs.

4
 Biofilms have a 

significant impact on healthcare, where the US 
National Institutes of Health (NIH) has estimated 
that more than 80% of chronic infections and 65% 
of microbial infections are biofilm-associated 
(Program Announcement Number PA-03-047, 
National Institutes of Health).  
 Biofilm formation is a highly regulated process 
whereby microorganisms employ physiological 

cooperation and spatial organization to increase 
both their metabolic efficiency and adaptation to 
changes in their local environment.

5
 The result of 

this process is a multicellular structure that is 
usually heterogeneous in architecture. Cell growth 
and death, EPS production and degradation are 
factors that generate mechanical forces that move 
biomass to expand or remodel the biofilm. 
However, research into measuring mechanical 
forces generated by the biofilm, specifically how 
they contribute to development of the biofilm 
structure, is still in its infancy for many biofilms. A 
recent study has found that Bacillus subtilis floating 
pellicles maintain a low internal stress that drives 
biofilm spreading after relaxation from confinement 
and recovery during biofilm ablation.

6
 For B. 

subtilis grown at the air-solid surface interface, such 
as on agar media, biofilm spreading is mediated by 
the osmotic pressure resulting from the EPS 
absorbing water rather than the internal pressure 
caused by colony growth.

7
 Lateral mechanical 

forces are spatially focused by localized cell death 
in B. subtilis, driving macroscopic movement and 
vertical buckling of the biofilm matrix. This results 
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in a wrinkled morphology that may increase 
resistance to liquid wetting and gas penetration.

8, 9
  

 Moreover, the mechanical strength and 
viscoelasticity of the EPS is expected to impact on 
external and internal mechanical forces experienced 
by the biofilm, and thus influence any movement or 
rearrangement of biomass and affect biofilm 
structure and morphology. For example, the EPS of 
P. aeruginosa biofilms can shear under flow, 
creating string-like extensions that eventually result 
in the development of streamers.

10
 P. aeruginosa 

biofilms are also enhanced in surface spreading and 
streamer formation when loose viscoelastic matrices 
are produced, and reduced in surface spreading and 
streamer formation when densely crosslinked elastic 
matrices are produced.

11
 As such, it is important to 

study the mechanical forces or pressure that drive 
the spreading and self-organization of these 
microbial populations, which can also provide a 
conceptual framework for other microbial systems. 
 Micropillar arrays were developed for the study 
and measurement of cellular/subcellular traction 
forces that eukaryotic cells exert upon adhesion to 
substrates. In the standard micropillar setup and 
model (Fig. 1a), the cell is required to adhere to, 
and therefore leverage on, more than one 
micropillar for attachment and traction. The 
micropillar array has been extensively used for 
studies of cell spreading and single cell migration as 
well as movement of monolayers of mammalian 
cells. For eukaryotic cells, the cellular/subcellular 
traction forces are generated by the cytoskeletal 
motor protein myosin II, which causes re-
arrangement of actin filaments when coupled to 
adhesion sites of the cell.

12, 13
 In contrast, apart from 

the measurement of cooperative retraction forces by 
bundled type IV pili in Neisseria gonorrhoeae, for 
which large forces of 200 pN to 1 nN have been 
recorded,

14
 micropillars have not been used in force 

studies of microbial cells. Unlike mammalian cells, 
microbial cells are considered rigid, with the 
Young’s modulus (E) of live Escherichia coli being 
recorded as 1.9 ± 0.9 to 3.0 ± 0.6 MPa, and 6.1 ± 
1.5 MPa for dead E. coli.

15
 As such, they have well-

defined shapes that do not deform easily and are 
unlikely to generate high traction forces within the 
cell body. In addition, micropillar dimensions are 
usually in the order of 1-3 µm in diameter, and 
require sufficient spacing intervals for deflections to 
be measured. Thus, most microbial cells are too 
small to attach to and interact with the multiple 
micropillars required to generate force 
measurements. However, within the biofilm, cells 
are collectively held together by an extracellular 
matrix, of which intercellular forces between cells 
have been reported to range from 6.5-6.8 nN based 

upon atomic force microscopy.
16

 The E for biofilms 
vary widely, with reported values of 37.82 ± 5.87 
kPa

17
 and 25.0±2.5 kPa

8
 for early stage laboratory 

biofilms grown on agar, and 200 to 9000 kPa
18

 for 
an environmental biofilm. 
 The multicellular biofilm can spread over a large 
area and grow to hundreds of micrometers in 
thickness. The extracellular matrix secreted by the 
cells within the biofilm is expected to be the major 
component that binds to multiple micropillars while 
holding the cells together (Fig. 1b). We 
hypothesized that once the biofilm was formed, 
forces generated by multicellular microbial 
behaviour involving cell growth, death, motility and 
differentiation would create internal mechanical 
forces or pressure. While a uniform pressure 
generates equal lateral forces in all directions and 
does not deflect the micropillars, the heterogeneous 
growth and development of the biofilm may 
produce net mechanical forces or differential 
pressure sufficient to deflect the micropillars. 
 This work describes the application of 
micropillar-embedded growth chambers as a tool 
for the mechanical characterization of bacterial 
biofilms. We investigated biofilms formed by 
several medical and environmental model bacterial 
species, and mutants of these defective in the 
production of key matrix components. This includes 
E. coli strains causing urinary tract infections,

19
 as 

well as non-virulent strains used in the industrial 
production of recombinant therapeutics. P. 
aeruginosa is a common opportunistic pathogen. 
The mucoid type, in which the bacterium 
overexpresses alginate along with 
exopolysaccharides Pel and Psl in its matrix, is 
often isolated from cystic fibrosis patients where it 
is a major biofilm forming bacterial species.

20
 

Staphylococcus aureus and Staphylococcus 
epidermidis often cause biofilm-associated wound 
infections and device-related infections.

21, 22
 The 

environmental bacterium Shewanella oneidensis 
reduces heavy metals and many complex 
xenobiotics.

23
 We show here that micropillars can 

measure forces at the substratum related to biofilm 
growth and matrix mechanical properties. The 
various biofilms generate deflection patterns in the 
micropillar array that are reflective of their growth 
dynamics and EPS mechanical properties. 
 

Experimental 

Biofilm cultivation 

The bacterial strains used in this study include E. 
coli SAR18 F

+
; P. aeruginosa PAO1∆mucA, 
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PAO1∆mucA∆pslBCD and PAO1∆mucA∆pelA; S. 
aureus 15981; S. epidermidis 1457 and 1457∆atlE; 
S. oneidensis MR-1 (Table 1). Overnight cultures of 
bacterial strains were grown at their optimal 
temperatures and growth medium to an OD600 = 2.0. 
For E. coli SAR18 F

+
, P. aeruginosa ∆mucA, PAO1 

∆mucA∆pslBCD and PAO1 ∆mucA∆pelA, growth 
was at 37°C in Luria Broth (LB) medium. For S. 
aureus 15981, S. epidermidis 1457 and S. 
epidermidis 1457∆atlE, growth was at 37°C in 
Tryptic Soy Broth (TSB) medium. S. oneidensis 
MR-1 was grown at 30°C in LB medium. 
Subsequently for biofilm formation, 10 µL of 
overnight cultures were added to the wells of the 
growth chambers with 190 µL of medium to a final 
OD600 = 0.1 and incubated for 24 hours under static 
conditions at the optimal temperature of 37°C or 
30°C for each organism as described above. The 
growth curves of the bacterial strains using the 
above cultivation conditions are provided in Fig. 
S1.  
 

Table 1. List of strains 

Strain Description Ref. 

SAR18 F+ E. coli CSH26 wild-type 

carrying transfer constitutive 

IncF plasmids that promotes 

cell-cell adhesion and biofilm 

formation mediated by F pili 

24
 

PAO1∆mucA Mucoid P. aeruginosa PAO1 

expressing alginate, Pel and Psl 

exopolysaccharides 

25
 

PAO1∆mucA

∆pelA  

Psl mutant of mucoid PAO1, 

expressing alginate and Pel 

exopolysaccharides only 

26
 

PAO1∆mucA

∆pslBCD  

Pel mutant of mucoid PAO1, 

expressing alginate and Psl 

exopolysaccharides only 

26
 

15981 S. aureus wild-type 
26

 

1457 S. epidermidis wild-type 
27

 

1457∆atlE Autolysin (atlE) mutant of S. 

epidermidis 1457, unable to 

release extracellular DNA 

(eDNA) into matrix 

27
 

MR-1 S. oneidensis wild-type 
23

 

 

Micropillar arrays 

PDMS (polydimethylsiloxane) micropillar arrays 
were moulded from silicon masters made with 
conventional high-resolution photolithography and 
deep reactive ion-etching techniques.

28
 The 

micropillars had a height (H) of 3 µm, diameter (D) 

of 1.5 µm and center-to-center spacing of 4 µm. The 
Young’s modulus (E) of the micropillars was 1.0 ± 
0.3 MPa as verified using atomic force microscopy. 
The PDMS micropillar arrays were established at 
the bottom of growth chambers to form 300 µL 
wells, 9.4 mm in width and 10.7 mm in length. The 
growth chambers were placed in 100% ethanol and 
sonicated to ensure micropillars remained in upright 
position and to avoid collapse of the micropillars 
during introduction of high surface tension fluids. 
The ethanol solution was replaced with sterile 
water, and then LB or TSB medium to a final 
volume of 190 µL each well. 

Microscopy and imaging 

For the imaging of micropillar deflections, bright-
field Z-stack micrographs of the micropillars after 
allowing for 24 h of bacterial attachment and 
biofilm growth were captured (ZEISS Axio Imager 
M1). Biofilms were stained with Congo Red 
(Sigma-Aldrich, Singapore) to improve contrast 
between the biofilm and micropillars. The positions 
of the micropillar tops and bottoms were located by 
their centroid positions using a Gaussian or 
Mexican Hat filter (background subtraction) in 
IMARIS software (Bitplane, Zürich). The deflection 
vector r is given by the difference in positions: 
 

 � = ����� − �	
� + �
� − 
	
�� 
 
(1) 

where xt and yt are x and y positions of the centroid 
of the micropillar top respectively, and xb and yb are 
x and y positions of the centroid of the micropillar 
base respectively.  
 For the biomass quantification of biofilms 
formed by the respective strains after 24 h of 
growth, confocal images of the biofilm were 
captured (Zeiss LSM780 confocal scanning laser 
microscope) and analyzed by COMSTAT 
(www.comstat.dk).

29, 30
 Biofilms were cultivated in 

chambers without micropillars. The Gram-negative 
E. coli, P. aeruginosa and S. oneidensis were tagged 
with the green fluorescent protein (Gfp) for 
visualization and quantification of live biomass, and 
stained with propidium iodide (PI) for visualization 
and quantification of dead biomass. The Gram-
positive S. aureus and S. epidermidis were stained 
with SYTO9 and PI for visualization and 
quantification of live and dead biomass. 
 

Force calculations 

In the case where the mammalian cell body is 
located on top of the micropillars, the micropillar is 
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modelled as a cantilevered beam deflected by a 
horizontal traction force applied on the micropillar 
top, f (see Fig. 1a). For small deformations, the 
force required to deflect the micropillar maybe 
approximated by Hooke’s law using the Euler-
Bernoulli beam theory and the following equation:

31
 

 

� =
3���
��

 

 
(2) 

where I = moment of inertia. The moment of inertia 
for a solid beam with a circular cross-section is 
given by: 
 

� =
���

64
 

 
(3) 

Substituting for I gives: 
 

� = ������
�� !

    or    � = "� 

 
(4) 
 

where K is the spring constant of the micropillar 
and is given by 
 

" =
3����

64��
 

 
(5) 

In the case of the biofilm, the microbial cell does 
not extend over more than one micropillar. Instead, 
biofilms form around the micropillars (Fig. 1b-c). 
Lateral growth and motion from the biofilm in 
between the micropillars is expected to apply 
tension and compression along the entire height of 
the pillar. A previous study found that biofilms are 
most stiff and mechanically homogeneous within 10 
µm in the z-direction from the substratum.

32
 In such 

cases, and for short micropillars such as those used 
here, the micropillar may be modelled as a 
cantilevered beam with the biofilm applying a 
uniform load across its height with total force, f 
(Fig. 1b). The total force applied to the micropillar 
is then related to the deflection at the micropillar 
top according to the equation:

33
 

 
� =

8���
��

 

 
(6) 

The force is larger by a constant of 8/3, as more 
force is required to achieve the same amount of 
deflection when uniformly applied along the 
micropillar as opposed to being focused at the free 
end. The spring constant K for a uniform force 
applied along the micropillar height is then: 
 

" = $�%
 !

    or   " = ����

$ !
  

 
(7) 

 

The differential pressure (p) within the biofilm is 
calculated by dividing the force by the entire cross-
section of the micropillar. 
 
 

& = '
�× 

    
 
(8) 

 

 

Fig. 1. Micropillar deflection caused by mammalian cell 

versus biofilm. (a) For mammalian cells, which attach to 

the top of the micropillar, traction forces are generated by 

actin re-arrangement that deflect the micropillar. Thus, 

micropillar deflection is modelled as a beam bending 

with a lateral force applied at one end. (b) The biofilm 

grows over and between the micropillars, applying 

pressure along the entire height of the microillar. 

Micropillar deflection is thus modelled as beam bending 

with uniform load applied along its height. (c) Left:  

control micropillar array without biofilm. Right:  

micropillar array covered with biofilm. The area size is 

52.4 × 52.4 µm. 

 

Results and Discussion 

Distribution of pressure differences in various 
biofilms 
The bacterial strains attached to the micropillars at 
the substratum of the growth chambers and formed 
biofilms that deflected the micropillars over 24 h. 
The deflection magnitudes of 120 micropillars 
within a 50 x 50 µm area of substratum from at least 
three different experimental replicates for each 
strain were used to calculate the differential 
pressure applied to the micropillar over 24 h. A 
histogram was compiled to compare the distribution 
of pressure differences (Fig. 2), and the average, 
maximum and standard deviation of differential 
pressure were calculated for biofilms of each wild-
type and mutant strain (Table 2). For mucoid P. 

Total force: f2 

f1 

H 

(a) 

(c) 

H 

f2 = (8/3)f1 

f1H 
f2H 

f1 

f2 

(b) 

2 
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aeruginosa (PAO1∆mucA) and S. epidermidis, most 
of the differences in pressure after 24 h of biofilm 
growth fell within the 4-8 kPa range. This range 
accounted for 54.8 ± 9.2% and 39.0 ± 7.4%, of the 
pressure differences in P. aeruginosa and S. 
epidermidis respectively. For E. coli and S. aureus 
respectively, most of the pressure differences fell 
within the 8-12 kPa range, accounting for 46.4 ± 
5.4% and 39.6 ± 3.8% respectively. For S. 
oneidensis, a majority of 95 ± 6% of pressure 
differences were below 4 kPa. E. coli had the 
highest average differential pressure at 8.5 ± 0.1 
kPa. This was then followed by S. aureus at 8.0 ± 
0.6 kPa, S. epidermidis at 7.9 ± 0.6 kPa, P. 
aeruginosa at 7.2 ± 0.2 kPa and S. oneidensis at 1.8 
± 0.6 kPa. The average differential pressure may be 
reflective of the heterogeneity within the biofilm of 
the particular species. In this study E. coli, S. aureus 
and S. epidermidis formed a heterogeneous biofilm 
with many microcolonies and channels. Mucoid P. 
aeruginosa also formed heterogeneous biofilms, but 
with smaller microcolonies and more 
undifferentiated areas. S. oneidensis did not form 
differentiated biofilms under our growth conditions. 
 

Fig. 2. Distribution of differential pressures within 

biofilms formed by mucoid P. aeruginosa, and wild-type 

E. coli, S. epidermidis and S. oneidensis strains. 

Frequency of the differential pressure within 0-4 kPa, 4-8 

kPa, 8-12 kPa, 12-16 kPa, 16-20 kPa and >20 kPa was 

indicated, respectively. At least three experimental 

replicates were used.  

 
While E. coli had the highest average differential 
pressure, S. aureus and S. epidermidis were able to 
achieve differential pressures greater than 20 kPa. 
However, this accounted for less than 1% of the 
differential pressure. S. epidermidis had the highest 
maximum differential pressure and standard 
deviation, followed by S. aureus, E. coli, P. 
aeruginosa and S. oneidensis (Table 2).  

 

 Table 2. Average, maximum and standard deviation 
of differential pressure detected in wild-type and mutant 

strains. 

 
Differential pressure (kPa)* 

Strain Average Maximum S.D.^ 

E. coli SAR18 F+ 8.5 ± 0.1 16.1 ± 2.7 3.1 

P. aeruginosa 

PAO1∆mucA 

7.2 ± 0.2 12.0 ± 1.0 2.3 

P. aeruginosa 

PAO1∆mucA∆pelA 

3.1 ± 0.7 6.5 ± 1.0 1.2 

P. aeruginosa 

PAO1∆mucA∆pslBCD 

6.2 ± 0.3 10.3 ± 1.5 1.8 

S. aureus 15981 8.0 ± 0.6 18.7 ± 2.2 3.2 

S. epidermidis 1457 7.9 ± 0.6 20.0 ± 3.1 3.7 

S. epidermidis 

1457∆atlE 

5.3 ± 0.9 20.5 ± 5.0 3.7 

S. oneidensis MR-1 1.8 ± 0.6 5.3 ± 1.6 1.0 

*Calculated from 120 micropillars within a 50 x 50 µm 

area. At least three biological replicates were used. 

^Standard deviation. 

 

Fig. 3. Live and dead biomass of biofilms formed by 

various strains in 24 h static cultures.  

  
 Differential pressure arises from the pressure of a 
growing biofilm biomass exerting itself onto the 
micropillars. To examine the correlation between 
differential pressure and the total biofilm biomass 
generated by the strains, we measured the biomass 
of static biofilm cultures for each strain (Fig. 3). 
The live and dead measurements were combined to 
determine the total biomass. Among wild-type 
strains and mucoid P. aeruginosa, S. aureus and S. 
epidermidis biofilms had the highest total biomass 
with 5.8 ± 0.5 µm

3
 µm

-2 
and 5.4 ± 0.1 µm

3
 µm

-2
, 

respectively. E. coli displayed the second highest 
total biomass at 5.1 ± 1 µm

3
 µm

-2
. Biofilms of 

4 8 12 16 20 Above 

20 
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PAO1∆mucA, S. aureus and S. epidermidis had 
significant proportions of dead biomass at 62 ± 7%, 
49 ± 2% and 43 ± 8% respectively. E. coli biofilms 
displayed a small fraction, 10 ± 5%, of dead 
biomass. This suggests that cell death was not a 
major factor for its higher average differential 
pressure, as would be predicted based on previous 
data for B. subtilis.

8
 PAO1∆mucA and S. oneidensis 

generated the second lowest and lowest total 
biomass at 3.0 ± 0.1 µm

3
 µm

-2
 and 1.7 ± 0.3 µm

3
 

µm
-2

,
 

respectively, and may explain their 
comparatively lower average differential pressures. 
These results indicate that although the generation 
of total biomass could partly account for the 
differential pressure, other species-specific biofilm 
matrix factors might also be involved. 
  

Matrix components of the biofilm strongly influence 

differential pressure generated by the biofilm 

EPS mechanical properties were hypothesized to 
influence the deflection of the micropillars. To 
examine whether micropillars can be used to 
investigate the impact of specific EPS components 
on differential pressure in the biofilm, mucoid P. 
aeruginosa, S. epidermidis strains, and their 
respective matrix mutant strains were assessed 
(Table 2 and Fig. 4). P. aeruginosa ∆mucA∆pelA 
and P. aeruginosa ∆mucA∆pslBCD mutants are 
unable to synthesize the major P. aeruginosa matrix 
components Pel and Psl exopolysaccharides, 
respectively.

26
 Both S. aureus and S. epidermidis 

release a large amount of eDNA into their matrix, 
which contributes significantly to biofilm 
formation.

27, 34
 S. epidermidis ∆atlE mutants are 

unable to release eDNA into the biofilm matrix and 
hence are expected to produce weaker biofilms.

27
 

 The average and maximum differential pressure 
measured for the P. aeruginosa ∆mucA∆pelA 
biofilms were 3.1 ± 0.7 and 6.5 ± 1.0 kPa 
respectively (Table 2, Fig. 4). The average and 
maximum differential pressure measured for the P. 
aeruginosa ∆mucA∆pslBCD biofilms were 6.2 ± 
0.3 and 10.3 ± 1.5 kPa respectively (Table 2, Fig. 
4). Thus, the loss of the exopolysaccharide Pel 
significantly impaired the ability of the biofilm to 
deflect the micropillars, whereas loss of the 
exopolysaccharide Psl reduced differential pressure 
to a lesser extent compared to the P. aeruginosa 
∆mucA parent strain. In the present study, the live 
and total biomasses of P. aeruginosa 
∆mucA∆pslBCD, at 3.5 ± 0.6 µm

3
 µm

-2 
and 6.0 ± 

0.1 µm
3
 µm

-2
 respectively, was much greater than 

the P. aeruginosa ∆mucA∆pelA strain, at 0.8 ± 0.1 
µm

3
 µm

-2 
and 3.9 ± 0.1 µm

3
 µm

-2
, respectively, and 

the P. aeruginosa ∆mucA strain, at 1.1 ± 0.2 µm
3
 

µm
-2 

and 3.0 ± 0.1 µm
3
 µm

-2
, respectively (Fig. 3). 

This finding agrees with the report that the Pel 
polysaccharide is important for lateral growth and 
spreading,

11
 which would increase the overall 

pressure in the biofilm. In contrast, the Psl 
exopolysaccharide increased the cross-linking 
density and elasticity of the matrix, resulting in 
increased mechanical stiffness that restricted lateral 
growth and spreading. Biofilms containing the Pel 
polysaccharide were also shown to vary in rheology 
in different locations and over time, whereas 
biofilms expressing only Psl were spatially and 
temporally homogeneous in rheology.

11
 This may 

also explain the relative larger contribution of Pel to 
differential pressure compared to Psl. The 
expression of both Pel and Psl in P. aeruginosa 
∆mucA biofilms had a synergistic effect on 
increasing pressure differences (Fig. 4), which may 
act to improve overall biofilm dynamics and 
formation. 
 eDNA is another well known matrix component 
crucial for maintaining the biofilm mechanic 
properties. The S. epidermidis eDNA deficient 
∆atlE mutant biofilms showed a decreased ability to 
deflect the micropillars, with an average differential 
pressure of 5.2 ± 0.9 kPa compared to 7.9 ± 0.6 kPa 
for the parental strain. Despite this, a high 
differential pressure could still be achieved in the S. 
epidermidis ∆atlE biofilm. Indeed, the maximum 
differential pressure was 20.5 ± 5.0 kPa, which 
suggests that other major biofilm matrix 
components (e.g. polysaccharide intercellular 
adhesin) played a more important role here in 
generating pressure differences. 
 

 

Fig. 4. Comparison of quartiles, maximum and minimum 

of differential pressure data for mucoid P. aeruginosa, 

wild-type S. epidermidis and their respective EPS mutant 

strains. 

P. aeruginosa S. epidermidis 

∆mucA ∆mucA 
∆pelA 

∆mucA 
∆pslBCD 

 

Wild-type 
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Characteristic deflection patterns of bacterial strains 

are caused by biofilm heterogeneity and microcolony 

formation 

Deflections of 120 micropillars within a 50 × 50 µm 
area were plotted as vectors (black arrows) on a 2D 
Cartesian plane for the mucoid P. aeruginosa and 
wild-type strains (Fig. 5). Micropillars in the control 
chamber remained undeflected and generated null 
vectors (Fig. 5a). E. coli SAR18 F

+
 (Fig. 5b), P. 

aeruginosa PAO1∆mucA (Fig. 5c), S. aureus 15891 
(Fig. 5d) and S. epidermidis 1457 (Fig. 5e) 
developed heterogeneous biofilms that exhibited 
extensive cell clustering and microcolony 
formation. The formation of such microcolonies 
deflected the micropillars in various directions and 
disrupted the regular micropillar positioning. As a 
measure of regularity in the deflections and to 
examine how similar in direction the vectors were 
across the different biofilms, the cosine similarity of 
each vector to its right horizontal and lower vertical 
neighbour was calculated according to the equation: 
 

similarity	 = 	cos4 =
5. 7

‖5‖‖7‖
 

 
(9) 

where θ of 0° gives similarity of 1, θ of 90° give 
similarity of 0 and θ of 180° gives similarity of -1. 
 E. coli, mucoid P. aeruginosa, S. aureus and S. 
epidermidis 1457 biofilms displayed low average 
similarities of 0.12 ± 0.13, 0.11 ± 0.06, 0.17 ± 0.10 
and 0.22 ± 0.07, respectively. The average angles 
between the neighbouring vectors were nearly 
orthogonal to each other at 83.2 ± 8.0°, 83.8 ± 3.8°, 
80.0 ± 5.8° and 77.3 ± 4.0° respectively. In contrast 
to the other species, S. oneidensis (Fig. 5f) formed a 
thin and homogenous biofilm without any 
microcolonies and as such, the distance between, 
and regularity of, the micropillars were largely 
maintained. On average, the deflection vectors 
showed a high similarity of 0.79 ± 0.05 and angle of 
37.8 ± 5.1° with neighbouring vectors. Thus, the 
similarity between neighbouring vectors can be a 
measure of microcolony formation, with a high 
similarity indicating the presence of very few or no 
microcolonies.  
 A red contour, as approximated from a Z-stack 
of bright-field images, was drawn along the high 
cell density areas and microcolonies on the 
deflection vector map (Fig. 5). For E. coli and 
mucoid P. aeruginosa biofilms, micropillars were 
deflected within the microcolonies as well as for the 
flat, undifferentiated areas of the biofilm. For S. 
aureus and S. epidermidis biofilms, the lengths of 
the deflection vectors varied widely along the 
contour of the biofilm. This could be due to the 

different cluster expansion dynamics of the bacteria. 
For example, Staphylococcus spp. are non-motile 
and naturally arrange in clusters reflective of their 
inability to separate after division.

36
 Biofilm growth 

is then primarily based on clonal expansion that 
would exert outward pressure on the micropillars at 
the growing edges, but less at the focal points of 
growth. In contrast, E. coli and P. aeruginosa also 
utilize surface motility to facilitate the spreading of 
a developing biofilm and differentiation of flat layer 
of cells.

37-39
 

 To further examine whether distinct deflection 
patterns generated by different species during 
biofilm growth could be detected, the alignment of 
deflection vectors at the edges of the biofilm were 
compared to the slope of the contour (blue line) 
using the cosine similarity (Fig 5). In this case, 
deflection vectors that point in opposite directions 
(180° with respect to each other) but lie flat along 
the slope are considered parallel to the slope. Thus, 
cosine similarity values are absolute, with a θ value 
of 180° also giving a similarity of 1. In order of 
descending similarity and wider angles, the 
similarities and average angle between the 
deflection vector and contour were 0.69 ± 0.04 and 
46.6 ± 3.5° for P. aeruginosa, 0.65 ± 0.01 and 49.8 
± 0.9° for E. coli, 0.59 ± 0.03 and 53.9 ± 2.1° for S. 
aureus, and 0.57 ± 0.05 and 55.1 ±3.7° for S. 
epidermidis respectively. Thus, deflection vectors 
for the Staphlycoccus spp. biofilms were less 
aligned to the biofilm contour as compared to that 
of E. coli and P. aeruginosa biofilms, and this 
pattern may reflect different mechanisms of cluster 
expansion, i.e. clonal growth vs. surface motility. 

Conclusions 

There are limited tools available to study biofilm 
micromechanics and dynamics, with microscopy 
being one of the primary instruments of 
investigation. Microscopy is often combined with 
specialist techniques such as particle

11
 and cell-

tracking,
40

 and usually requires high-end 
microscopes

41
 to probe biofilm dynamics. These 

techniques are labour intensive and time 
consuming. In addition, cell-tracking within mature 
biofilms is difficult because of the inaccuracy in 
resolving overlapping cells and long experimental 
times required due to slow cellular dynamics. Other 
micromechanical techniques used to investigate the 
physical properties of biological samples usually 
utilize equipment not available in biological 
laboratories. Examples of these include atomic 
force microscopy, optical light or laser traps, 
micropipette aspiration and magnetic tweezers. In 
this study, we present micropillar-embedded growth 

Page 8 of 10Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 9  

chambers as an experimental tool that can be used 
with standard, readily available, microscopes. 
 Bacterial biofilms caused distinct deflection 
patterns of the micropillar arrays, which can be used 
to calculate differential pressure in biofilm, as 
shown here. Biomasses of the growing biofilms 
were physically constrained by, and exerted 
pressure onto the micropillars. The heterogeneous 
development and differentiation of the biofilms 
resulted in differential pressure that was responsible 
for deflecting the micropillars. E. coli biofilms had 
the highest average differential pressure, and S. 
oneidensis biofilms the lowest. Although S. aureus 
and S. epidermidis biofilms had similar average 
differential pressures, the distribution and range of 
differential pressures experienced within their 
biofilms were different. 
 The generation of pressure differences that 
deflected the micropillar was dependent on EPS 
characteristics. In general, despite increases in 
biomass observed in some mutants, removal of any 
of the major EPS components strongly reduced the 
pressure differences within the biofilm, as measured 
here. EPS components that reduce stiffness and 
increase biofilm malleability are expected to 
enhance differential pressure as they increase 
microbial dynamics, biofilm motion and lateral 
growth. In P. aeruginosa, the Psl polysaccharide 
has been shown to increase biofilm stiffness, 
whereas Pel is able to reduce biofilm stiffness and 
enhance overall malleability.

11
 In B. subtilis 

biofilms, mechanical forces are focused on areas of 
weakest matrix stiffness, causing differential 
pressure and buckling of the biofilm layer.

8
 EPS 

components that result in increased variation of 
biofilm mechanical properties are also expected to 
increase differential pressure. P. aeruginosa 
biofilms expressing Pel vary more in rheology 
spatially and temporally as compared to Psl.

11
  

 The formation of high cell density areas and 
microcolonies in the strains tested was the major factor 
in disrupting the array and the creation of deflection 
patterns. Thus, micropillars may be sensitive to the 
different mechanisms that drive microcolony and 
cluster expansion for different bacteria. Micropillars  
may then be coupled with the use of specific 
mutants to probe, among other things, how EPS 
components or surface motility that affect biofilm 
dynamics and microcolony formation translate into 
pressure differences to affect biofilm morphology. 
It has been shown that pressure from biofilm 
expansion in confined spaces is responsible the 
wrinkled structure of pellicles at the air-liquid 
interface.

40
 Differences in physical pressure 

generated by different bacterial strains may also 
have implications for the spatial organization of 

bacteria in multi-species biofilm communities. Such 
studies can help in our understanding of the 
mechanics of biofilm populations or communities.

42
 

 Finally, surfaces with high aspect ratio structures 
(tall in height and short in width), such as 
micropillars, have been employed in biofilm 
research and industry for their anti-biofouling 
properties.

43
 Thus, the methodology described here 

to measure differential pressure in biofilms can be 
coupled with such surfaces to produce a ‘smart’ 
material that detects when biofilms have eventually 
formed, thus having real application in cleaning and 
maintenance of equipment of various industries. 
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