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ABSTRACT
Phenotypically heterogeneous microenvironments emerge as biofilms mature across different envi-
ronments. Phenotypic heterogeneity in biofilm sub-populations not obeying quorum sensing-dictat-
ed, collective group behavior, may be considered as a strategy allowing non-conformists to survive 
hostile conditions. Heterogeneous phenotype development has been amply studied with respect to 
gene expression and genotypic changes, but “biofilm genes” responsible for preprogrammed devel-
opment of heterogeneous microenvironments in biofilms have never been discovered. Moreover, the 
question of what triggers the development of phenotypically heterogeneous micro-environments has 
never been addressed. The definition of biofilms as “surface-adhering and surface-adapted” micro-
bial communities contains the word “surface” twice. This leads us to hypothesize that phenotypically 
heterogeneous microenvironments in biofilms develop as an adaptive response of initial colonizers to 
their adhering state, governed by the forces through which they adhere to a substratum surface. No 
surface is entirely homogeneous, while adhering bacteria can substantially contribute to stochastical-
ly occurring surface heterogeneity. Accordingly, bacterial adhesion forces sensed by initial colonizers 
differ across a substratum surface, leading to differential mechanical deformation of the cell wall and 
membrane, where many environmental sensors are located. Bacteria directly adhering to heteroge-
neous substratum domains therewith formulate their own local responses to their adhering state and 
command non-conformist behavior, leading to phenotypically heterogeneous microenvironments in 
biofilms. 
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ABBREVIATIONS

AFM    atomic force microscopy

DDS    dichlorodimethylsilane

eDNA     extracellular DNA

EPS                                        extracellular polymeric substances

HA    hydroxyapatite

PE    polyethylene

PEG     polyethylene glycol 

PEO    poly(ethylene) oxide

PET    polyethylene terephthalate

PIA                                            polysaccharide intercellular adhesin

PDMS    polydimethylsiloxane

PMMA                 polymethyl methacrylate

PS    polystyrene

QA    quaternary ammonium

SS    stainless steel

SR    silicone rubber

WCA    water contact angle
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INTRODUCTION
Bacterial adhesion and biofilm formation
Bacteria adhere to surfaces in most industrial and natural environments, regardless of whether the 
surfaces are of synthetic or biological origin, and the latter includes the surfaces of prokaryotic and 
eukaryotic cells. Bacterial adhesion clearly marks the start of “biofilm” formation, but it still remains 
a challenge to define the end of biofilm formation. Biofilms are defined as surface-adhering and sur-
face-adapted communities of microorganisms (1), which grow embedded in their self-produced ma-
trix of extracellular polymeric substances (EPS: see Text Box 1) (2). Note that this definition includes 
cell-to-cell adhesion and therefore also encompasses planktonic aggregates (3).  

Text Box 1. Extracellular polymeric substances
Polymers, such as polysaccharides, proteins, extracellular DNA (eDNA) or nucleic acids, secreted 
by bacteria and forming a “glue” that holds a biofilm together, possibly serving other functions like 
nutrient trapping and protection against antimicrobial challenges (2).

Emergent biofilm properties
The biofilm phenotype of bacteria is distinguished from the planktonic state by emergent properties 
(“localized gradients, sorption and retention, cooperation and competition, tolerance and resistance”: 
see Text Box 2) (4).

Text Box 2. Emergent biofilm properties
New properties which emerge in a biofilm that are not predictable from the properties of free-living 
bacterial cells (4).

Biofilm phenotypes do not emerge homogeneously across a biofilm. Heterogeneous microenviron-
ments with different microbial composition, pH, live-dead ratios of bacteria, EPS-production, includ-
ing eDNA-rich or -poor domains, differential penetrability, density, water content and channelization 
have been observed in biofilms using fluorescent probes (5) or optical coherence tomography (6). 
Phenotypically heterogeneous microenvironments are present in biofilms of both Gram-negative and 
Gram-positive species in different environments (Fig. 1), where non-conformists represent a bacterial 
sub-population that does not obey quorum-sensing commands (see Text Box 3), generally thought 
to coordinate a homogeneous response in an entire biofilm (7). Possession of heterogeneous micro-
environments can be considered as a deliberate strategy of biofilm inhabitants, with the potential of 
offering multiple mechanisms to combat hostile conditions and therewith facilitate survival of non-con-
formists.

Text Box 3. Quorum-sensing
Intra- and interspecific bacterial communication by producing, releasing and detecting small, dif-
fusible molecular auto-inducers. When auto-inducers reach a threshold concentration, it is com-
monly accepted that a whole population collectively obeys with homogeneous gene expression. 
Non-conformists represent a bacterial sub-population that does not obey quorum-sensing com-
mands (7).
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Phenotypically heterogeneous, emergent micro-environments
Heterogeneous gene expression or genotypic changes form the basis for the development of phe-
notypically heterogeneous microenvironments in biofilms. Gene expression is traditionally studied as 
an average behavioral property in a bacterial population. However, phenotypic heterogeneity occurs 
also already at the single-bacterium level (14) and it could be argued that phenotypic heterogeneities 
at the single-bacterium level form the basis of heterogeneously emerging properties in biofilms. The 
development of heterogeneous phenotypes at the level of biofilm communities, as well as at the level 
of single bacteria, has been amply studied and reviewed with respect to gene expression and geno-
typic changes in planktonic bacterial aggregates and biofilms grown in well plates or on agar (15). 
However, the question of what actually triggers the emergence of heterogeneous microenvironments 
in biofilms remains unanswered.

 

FIG 1 Examples of heterogeneously developing microenvironments in biofilms.
(A) Red-fluorescent patches of EPS in a Streptococcus mutans (green-fluorescent) biofilm on sali-
va-coated HA (8). Reprinted with permission from Elsevier Ltd. (B) Scattered red-fluorescent patches 
corresponding to EPS in 24 h Staphylococcus epidermidis (green-fluorescent) biofilm grown on sali-
va-coated HA discs with orthogonal distribution of catalytic nano particles (white) (8). Reprinted with 
permission from Elsevier Ltd. (C) Live (green-fluorescent) and dead (red-fluorescent) Mycobacterium 

smegmatis scattered through a biofilm on a hydrophobic PS surface after 72 h exposure to ciproflox-
acin (9), indicating differential susceptibility to ciprofloxacin and presumably reflecting a variation in 
physiological state. Reprinted with permission from BioMed Central. (D) Distribution of bacteria and 
EPS after live-dead staining in a multispecies oral biofilm with S. mutans, Streptococcus sanguinis, 
and Streptococcus gordonii, formed on a dental adhesive surface (10). Reprinted with permission 
from MDPI. (E) Evolution of spatially-segregated communities in Burkholderia cenocepacia biofilms 
on PS, with different colony morphotypes showing differently colored fluorescence (11). Reprinted 
with permission from the Nature Publishing group. Three distinct colony morphotypes reproducibly 
emerged within biofilms inoculated with a single ancestor. (F) Uneven pattern of penetration and ac-
cumulation of Nile-red loaded micelles into a staphylococcal biofilm grown on glass (12). Reprinted 
with permission from American Chemical Society. The micelle carriers have a poly(ethylene)glycol 
shell and are biologically invisible allowing them to enter a biofilm, where they acquire a cationic 
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charge at low pH to interact electrostatically with the bacterial cell surface. Thus, the observed distri-
bution of Nile-red likely demonstrates heterogeneity with respect to channelization and possibly low 
pH micro-environments within the biofilm. (G) In vitro grown S. mutans biofilm on HA, with green-flu-
orescent bacteria and blue-fluorescent EPS patches occurring unevenly across the biofilm (13). Re-
printed with permission from Elsevier Ltd.

Hypothesis on the development of phenotypically heterogeneous, emergent micro-environ-
ments
Despite their frequent observation, heterogeneous microenvironments are usually taken for granted, 
without wondering why one only sees patches of EPS (16), polysaccharide intercellular adhesin (PIA) 
(17) or other compounds (18) appear in a microscopic image, why isolated regions of dead bacteria 
occur (9), why pH varies across a biofilm (19), why penetrability varies at different locations in a bio-
film (12), or why some adhering bacteria develop motility while others remain non-motile (20)? Are 
these heterogeneous responses that emerge stochastically distributed by coincidence, are they a 
transient state in a kinetic process, are they a response to an environmental trigger or do they devel-
op as a genetically preprogrammed, deterministic property in the transition from an adhering bacteri-
um to a mature biofilm?

Since “biofilm genes” responsible for preprogrammed development of heterogeneous microenvi-
ronments in mature biofilms have consistently not been discovered (21), emergent phenotypic het-
erogeneity in biofilms is likely governed by environmental triggers (22) and physical cues (19, 24). 
However, the precise nature of the actual trigger or physical cue has not been addressed. The word 
“surface” occurs twice in the definition of biofilms by Tolker-Nielsen: “surface-adhering” and “sur-
face-adapted” communities of microorganisms (1). This leads us to hypothesize that phenotypically 
heterogeneous, emergent microenvironments in biofilms develop as a response of bacteria to their 
adhering state and are governed by the local properties of the substratum surface.

Aim of this review 
In this review, we summarize the events that stimulate different emergent phenotypes during biofilm 
formation on different non-biological materials with the aim of identifying substratum surface-associ-
ated triggers for the development of phenotypically heterogeneous, emergent microenvironments in a 
biofilm.

MICRO-ENVIRONMENTS IN BIOFILMS ON DIFFERENT SUBSTRATUM SURFACES
In Table 1, we summarize events stimulating emergent phenotypes across a wide vari-
ety of different bacterial strains and species and on different substrata. Data in the table 
are literature-derived without the intention of representing a complete overview of the liter-
ature. Instead, the table serves to identify substratum surface-associated triggers for emer-
gent phenotypes, as discussed below. Opposite to the discussion below which is phe-
nomenologically organized, the table is organized alphabetically for different strains.
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TABLE 1 Summary of observations involving the emergence of different phenotypes across a wide 
variety of different bacterial strains and species and on different substrata.

 
Strain Substrata Observations Relevant details References

Single species studies

Caulobacter cres-
centus

glass bacteria made multiple 
surface contact before 
transitioning from revers-
ible to irreversible adhe-
sion.

WCA < 30°; microfluidic 
flow conditions

(25) 

Escherichia 
coli

micron-scale patterned 
PDMS

surface appendages 
enable bacteria to over-
come unfavorable sur-
face patterns

static conditions (26)

E. coli PS well plates pH heterogeneity within 
biofilms

type of polystyrene and 
WCA not reported; shak-
ing conditions (30 rpm)

(19)

E. coli hydrophobic glass beads Cpx pathway regulates 
adhesion-induced gene 
expression

(27)

Lactobacillus 
plantarum

lectin monolayer and 
hydrophobic coatings

time-dependent binding 
to lectin layers; fast, 
time-independent binding 
to hydrophobic coatings

(28)

Mycobacteria hydrophobic slides biofilm viability and struc-
ture affected by antibiotic 
presence

30 min initial adhesion; 
orbital shaking (80 rpm)

(9)

Pseudomonas 
aeruginosa

glass,
SS, 
PET,
hydrophobic SS, 
hydrophilic PET

flagella increase adhe-
sion on hydrophobic sur-
faces; straight and long 
flagella on PET and SS; 
curved and short flagella 
on glass

WCA and surface rough-
ness provided for all 
surfaces

(29)

Staphylococcus 
aureus

PE,
SS

adhesion force and nisin 
efflux pump efficacy was 
highest on hydrophobic 
PE surfaces 

WCA for PE 85° and for 
SS 35°;
static conditions

(30)

S. aureus PE,
SS,
Ti–6Al–4V alloy, HA

adhesion forces, bacterial 
retention and viability are 
substratum related

WCA for SS 49°, for PE 
82°, for Ti–6Al–4V 69° 
and for HA 95°

(31)

S. aureus PE,
SS,
PMMA

matrix production and 
icaA gene expression 
is inversely related with 
adhesion forces 

WCA for SS 33°, for 
PMMA 69° and for PE 
84°; Submicron rough-
ness

(32)

S. aureus glass cell wall deformation and 
long-range adhesion forc-
es are related 

(33)
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TABLE 1 (Continued.)
Strain   Substrata Observations Relevant details References

Single species studies

S. aureus glass heterogeneous pattern of 
penetration and accumu-
lation of Nile-red loaded 
micelles into biofilms

(12)

Staphylococcus 
epidermidis,

QA-coatings strong adhesion forces 
cause bacterial death

surfaces carry a positive 
charge 

(34)

S. epidermidis SS,
PMMA,
PE

substratum dependent 
EPS production and gen-
tamicin susceptibility

(16)

Streptococcus 
sobrinus  

DDS coatings substratum hydrophobic-
ity determines bacterial 
retention, with less im-
pact on adhesion

WCA for DDS coatings 
90° and glass 20°

(35)

Multiple species studies

S. aureus
E. coli

nanoporous or nanopil-
lared, hydrophobized 
aluminum oxide

adhesion to hydrophobic, 
nanopillared surfaces 
smaller than to hydrophil-
ic or nanoporous surfac-
es

WCA varies from 0 - 
162°; static and flow 
conditions

(36)

S. aureus 
P. aeruginosa

plasma etched black 
silicon

smaller, more densely 
packed pillars exhibited 
the greatest bactericidal 
activity

WCA varies from 8 - 
160°; pillar heights of 
212, 475 to 610 nm

(37)

S. aureus 
S. epidermidis

nanopillared-Si wafers nanopatterning stimu-
lates EPS-production and 
yields bacterial killing 

regular patterning with 
sharply pointed pillars; 
flow conditions

(38)

P. aeruginosa 
S. aureus

graphene nanosheets graphene nanosheets 
creates pores in bacterial 
cell walls, causing bacte-
rial death.

roughness of the 
graphene sheets varies 
between 19 - 44 nm.

(39)

Branhamella 
catarrhalis,
Bacillus subtilis,
E. coli,
P. aeruginosa,
Pseudomonas 
fluorescens, 
Pseudomonas. 
maritimus,
S. aureus,

cicada wing, nanopat-
terned surfaces

nanopatterning kills only 
Gram-negative bacteria

(40)
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TABLE 1 (Continued.)
Strain   Substrata Observations Relevant details References

Multip species studies

Asticcacaulis 
biprosthecum ,
Agrobacterium 
tumefaciens,   C. 
crescentus

glass reversible attachment of 
bacterial cells is mediat-
ed by motile cells bearing 
pili   triggering adhesin 
production.

(41)

S. aureus,
S. epidermidis,
P. aeruginosa

SR;
SR with Pluronic brush

adhesion forces dictat-
ed the transition from a 
planktonic to a biofilm 
mode of growth

flow conditions;
WCA for SR 110°

(42)

Actinomyces 
naeslundii,
Lactobacillus 
acidophilus,  
Streptococcus 
mitis, 
Streptococcus 
mutans,
Streptococcus 
oralis,
Streptococcus 
sanguinis,
S. sobrinus

SS,
bovine enamel

salivary conditioning films 
reduce adhesion forces

salivary films reduced 
WCA of SS to 23° and of 
enamel to 26°; sub-mi-
cron roughness

(43)

S. aureus,
S. epidermidis

various substrata staphylococcal biofilms 
show four distinct states, 
growing aerobically, 
growing fermentatively, 
dead, and dormant, con-
tributing to their tolerance 
to antimicrobials

different reactor systems (44)

P. aeruginosa
S. epidermidis

PEO-coatings PEO-brush coating re-
duced adhesion of all 
strains and species

flow conditions (45)

Marinobacter 
hydrocarbono-
clasticus,
Psychrobactersp. 
Halomonas pacifi-
ca

glass dissolved organic carbon 
alters surface properties 
with an impact on adhe-
sion 

flow conditions; 
surfaces conditioned with 
natural seawater

(46)

Relevant experimental details are included, when available in the references used.

Phenotypic drug tolerance and resistance 
Phenotypic heterogeneity with respect to drug tolerance and resistance has been observed fre-
quently in bacterial bulk cultures. Correct mechanistic distinction between tolerance and resistance 
is difficult (see Text Box 4). Phenotypic resistance is thought to be mainly due to environmentally 
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triggered changes in bacterial cell wall permeability impeding drug access, activation of efflux pumps 
and release of drug-deactivating enzymes (47). Examples of environmentally triggered events are 
the reversible change in porin expression levels in enteric bacteria in response to high osmolarity or 
temperature (48) or the reduced antibiotic sensitivity of Enterobacter aerogenes which results from 
reduced porin expression under antibiotic pressure (49). Phenotypic tolerance on the other hand, in-
volves an environmental trigger of bacterial dormancy, persistence, differentiation and biofilm forma-
tion, including EPS production (47, 50). Although the mechanisms of phenotypic heterogeneity with 
respect to tolerance and resistance likely unite in a biofilm, the role of the substratum surface and its 
specific properties as an environmental trigger for the development of biofilm heterogeneity has not 
been considered (51, 52). 

Text Box 4. Resistance and tolerance
Antibiotic resistance generally means an increase in the minimum inhibitory concentration (MIC) 
of an antibacterial agent due to a permanent change in the bacterium, e.g. by mutation or through 
horizontal gene transfer. Antibiotic tolerance is the ability of bacteria to survive the effect of an 
antibiotic due to a reversible phenotypic state. Two main forms of tolerance have been identified: 
“tolerance by slow growth” (occurs at steady state) and “tolerance by lag” (a transient state that is 
induced by starvation or stress) (51, 52).

S. epidermidis and S. aureus biofilms grown on polycarbonate filters on agar possessed at least 
four distinct phenotypes: bacteria growing either aerobically or fermentatively, dead or dormant (44). 
Multiple strains of S. epidermidis containing the ica locus, which encodes for PIA, were found to pro-
duce biofilms on hydrophobic polyethylene (PE) surfaces (water contact angle [WCA] of 84°) which 
contained large patches of EPS. Alternatively, on more hydrophilic acrylic and stainless steel sur-
faces (WCA of 69° and 33°, respectively), heterogeneously occurring EPS production was less and 
concurrently, ica-gene expression was low in these biofilms as compared with biofilms on PE (16). 
Similarly, EPS production in biofilms of S. aureus and S. epidermidis on hydrophobic silicone rubber 
(SR) surfaces (WCA of 110°) was massive and yielded resistance to gentamicin, whereas on hydro-
philic polyethylene glycol (PEG), polymer-brush-coated SR (WCA of around 40°), EPS production 
was absent and bacteria remained susceptible to gentamicin. To a lesser extent, such differences 
were also observed in biofilms of the Gram-negative bacterium, P. aeruginosa (42, 45). Expression of 
the membrane located sensor, NsaS and the NsaA two-component efflux pump in S. aureus SH1000, 
responsible for nisin resistance in the planktonic state, was enhanced when the organism was ad-
hering to a substratum surface. Moreover, adhesion to a hydrophobic polyethylene surface triggered 
a greater expression of nsaS and nsaA than adhesion to a more hydrophilic stainless steel surface 
(30). Despite the influence that the specific properties of the substratum surface have on emergent 
biofilm properties, most experiments are reported in the literature without reference to the substra-
tum material. In many cases, biofilm assays are performed in multi-well polystyrene (PS) plates and 
the type of polystyrene is not specified even though this will affect surface properties: for example, 
bacterial-grade PS is more hydrophobic in the absence of surface treatment (WCA 78°) than tissue 
culture-grade PS after physical treatment (WCA 43°), and these differences may severely impact on 
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bacterial adaptive behavior. Moreover, often conclusions on surface adaptation are extrapolated from 
results obtained in biofilms grown on aqueous agar, which may not accurately reflect the conditions 
encountered on solid substratum surfaces.

Collectively, these examples demonstrate that the substratum surface, most notably its hydropho-
bicity or hydrophilicity (Text Box 5), provides an environmental trigger for the development of antibiot-
ic resistance and tolerance in biofilms. Importantly, in most of these examples, a uniform response of 
the entire biofilm has been inferred without evidence that the biofilm is homogeneous over its entire 
volume. However, where available, closer inspection of micrographs in the published literature (Fig. 
1 for specific examples), clearly shows stochastically occurring non-conformists, providing clear evi-
dence of heterogeneity.

 
Text Box 5. Surface hydrophobicity
“Surface hydrophobicity” and its opposite “surface hydrophilicity” literally indicate the “fear” or “love” 
of a surface for water. Surface hydrophobicity can be quantitated by placing a small water droplet 
on a surface and measuring its degree of spreading, full spreading being characterized by a 0° 
WCA (hydrophilic surface). On super-hydrophobic materials, such as nanostructured hydrophobic 
surfaces, air can become entrapped and water has an almost 180° WCA (36), making it behave 
like a mercury droplet.

Swarming behavior
Swarming is another drug-resistance mechanism allowing bacteria to explore and subsequently es-
cape an antibiotic-laden or otherwise hostile environment (53), and also enables bacteria to actively 
search for nutrients (54). Swarming phenotypes are often characterized by being hyperflagellated, 
elongated, multinucleate (55) and antibiotic-resistant. In Paenibacillus vortex biofilms, antibiotic-re-
fractory, swarming phenotypes function to explore the environment for antibiotic-laden regions that 
should be avoided by the “builders” of the biofilm community (56). 

Swarming bacteria either reside in (i) bulk suspension, where they are unlikely to experience any 
effects from a substratum surface, (ii) surface-constrained, near the surface but still in suspension 
and experiencing hydrodynamic shear or (iii) in direct interaction with the substratum (57). Swarm-
ing in the surface-constrained regime requires reversible adhesion on the one hand, but in order 
to prevent detachment back into the bulk suspension, bacteria must have a means to rapidly tran-
sit between reversible and irreversible adhesion. Indeed, studies on single cells of C. crescentus 
demonstrated that transitioning from reversible to irreversible adhesion is not a single event and most 
cells reversibly contact a surface multiple times before a final transition to irreversible adhesion takes 
place, with pili playing an important role in this transition (25).

Bacteria can sense the presence of a surface by obstruction of surface appendages such as fla-
gella, pili or fimbriae (26, 58) and subsequent activation of membrane located sensors (59). In C. 

crescentus, arrest of flagellum rotation and concurrent stimulation of “just-in-time” polysaccharide 
adhesive occurs to maximize adhesion and prevent untimely detachment back into suspension (41). 
The presence of P. aeruginosa flagella and type IV pili increased bacterial adhesion to highly hydro-
phobic substratum surfaces (29), suggesting a role for substratum surface properties on development 



            1

12

of bacterial swarming phenotypes.

HOW BACTERIA DIFFERENTIATE BETWEEN DIFFERENT SUBSTRATUM SURFACES 
Adhesion forces between bacteria and substratum surfaces
The observations that bacteria adapt differently to adhesion on different substratum surfaces, imme-
diately raises the question of how bacteria sense that they are on a surface, and more importantly, 
how they tailor their adaptive response to the characteristic properties of the surface they adhere to. 
Adhesion, whether arising from specific, molecular ligand-receptor or non-specific interactions (60), 
is an interplay between ever present attractive Lifshitz-Van der Waals forces, attractive or repulsive 
acid-base interactions as a generalized form of hydrogen bonding,  electrostatic forces with a mag-
nitude depending on pH and ionic strength of the fluid environment and Brownian motion forces. The 
attractive Lifshitz-Van der Waals forces are the most long-ranged ones, acting over distances of up 
to 1 µm and becoming increasingly stronger when the interacting surfaces become closer. The sum 
total of these different forces determines the force by which a bacterium adheres to a substratum sur-
face and this varies on different surfaces (31), while at close approach Lifshitz-Van der Waals forces 
are usually able to overcome electrostatic barriers (61, 62). 

Text Box 6. Bacterial adhesion force measurement
Bacterial adhesion can be measured using atomic force microscopy (AFM). In bacterial probe 
AFM, a bacterium is attached to a highly flexible cantilever and brought into contact with a sub-
stratum surface, allowing contact between the bacterium and the surface for a defined time period 
and applied loading force. Upon retraction of the cantilever from the surface, the force required to 
break the bond between the bacterium and the substratum surface is recorded from the bending 
of the flexible cantilever. In this way, bacterial adhesion forces to biological and non-biological sur-
faces in the picoNewton (pN) to nanoNewton (nN) range have been measured (63).  

Text Box 7. On the magnitude of bacterial adhesion forces to surfaces
Most forces by which bacteria adhere to surfaces are reportedly in the nN-range (28, 64-66), 
which is large compared to the gravity force experienced by bacteria. In air, the gravity force 
experienced by a bacterium is around 10-6 nN, while due to buoyancy, this force reduces in an 
aqueous suspension to around 10-8 nN. Assuming an adhesion force of around 1 nN, this implies 
that the forces by which bacteria adhere to a substratum surface are 106-108 fold higher than the 
gravity forces they experience.

Distinguishing three adhesion force regimes (67), it was proposed that extremely weakly adhering 
bacteria (adhesion forces less than 1 nN) do not realize they are in an adhering state and there-
fore do not show any adaptive response to a substratum surface. Alternatively, when adhering very 
strongly (proposed adhesion forces above 10 nN) as on quaternary-ammonium coated surfaces (42), 
cell wall damage is inferred resulting in bacterial cell death (34, 68). The intermediate regime com-
prising adhesion forces between 1 and 10-15 nN as occurs on most common substratum surfaces 
across a wide variety of bacterial strains and species (28, 64-66), invokes bacterial adaptation with 
production of EPS according to the magnitude of the adhesion forces experienced (32).
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The ability to measure bacterial adhesion forces using the AFM (see Text Box 6) creates an aware-
ness of the enormous magnitude of bacterial adhesion forces as compared with the gravitational 
forces they experience (see Text Box 7). Thus, it is not surprising that a lethal regime exists in which 
bacteria die due to cell wall damage as result of experiencing adhesion forces that are 106–108 fold 
higher than the gravitational force they experience. It has been argued that bacterial cell walls are 
rigid to resist large internal pressures, but remarkably plastic in order to adapt to a wide range of ex-
ternal forces (69), including adhesion forces. In fact, it has been demonstrated using AFM (33) and 
surface enhanced fluorescence (see Text Box 8), that the bacterial cell wall deforms under the influ-
ence of the relatively large adhesion forces arising from a substratum surface (Fig. 2), despite the 
rigidity provided to bacteria by their peptidoglycan layer. Also, AFM imaging of S. epidermidis trapped 
in a filter has shown structural and mechanical deformation of the cell wall (70).

Text Box 8. Surface enhanced bacterial fluorescence
Surface-enhanced fluorescence is the phenomenon that fluorophores within 20-30 nm from a 
metal surface show a stronger fluorescence intensity than expected for the same fluorophore in 
solution (71). Surface-enhanced bacterial fluorescence of fluorescent bacteria adhering to metallic 
surfaces can be exploited to demonstrate bacterial cell wall deformation, because more of the flu-
orescent, intracellular content of a bacterium is brought into the close vicinity of the surface upon 
adhesion and subsequent cell wall deformation, and therewith subject to surface enhanced fluo-
rescence (72).

FIG 2 Bacterial cell wall deformation under the influence of adhesion forces arising from a substratum 
surface (33). An undeformed bacterium with a radius R approaching a substratum surface comes 
under the influence of the adhesion forces arising from the substratum. It gradually deforms, which 
brings more molecules (solid red region) under the influence of the adhesion forces, stimulating fur-
ther adhesion until opposing forces arising from the rigid bacterial cell wall and increased intracellular 
pressure fully counteract the adhesion force. 

Cell wall deformation and surface adaptation
The role of cell wall deformation in triggering bacterial responses is difficult to demonstrate experi-
mentally, as bacterial cell wall deformation is small due to the rigidity provided by the bacterial pep-
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tidoglycan layer surrounding the membrane. In mammalian cells however, lacking a rigid cell wall, 
the influence of substratum hydrophobicity is more obvious and many different types of tissue cells 
remained “cauliflower” shaped on hydrophobic substratum surfaces while deforming to a “pancake” 
shape on hydrophilic ones (73). Also, in mammalian cells, sensors located in the cell membrane have 
been described which control the subsequent differentiation of stem cells in a substratum-dependent 
fashion (74). 

Deliberate compression of bacteria between AFM cantilevers and substratum surfaces, has 
demonstrated that the bacterial cell wall deforms in a viscoelastic way (75, 76), although it should be 
noted that deformation under such conditions is not exactly the same as “spontaneous” deformation 
under the influence of adhesion forces arising from a substratum surface. E. coli and B. subtilis be-
haved like elastic rods when subjected to external forces, but deformed permanently in the plastic 
regime of viscoelastic deformation when cell wall synthesis occurred while the force was applied 
(69). Moreover, the offspring of plastically deformed bacteria always recovered their shape, but this 
required conditions allowing cell wall synthesis (69, 77) over several generations (78). Bacterial cell 
wall deformation changes the pressure profile across the lipid membrane (79) which is laden with 
environmental sensors that can become activated by such changes (80) through gating of mechano-
sensitive channels (81) or directly by conformational changes in membrane-located receptors (27). 
Thus adhesion-force sensing and subsequent cell wall deformation provide an important mechanism 
for adhering bacteria to realize they are on a surface and begin the process of surface adaptation. 
The role of rigid bacterial peptidoglycan layers in adhesion force-sensing and subsequent cell wall 
deformation is probably large, since a S. aureus Δpbp4 mutant, which lacks peptidoglycan cross-link-
ing, seemed unable to adapt its response in line with the adhesion forces arising from a substratum 
surface (32).

HETEROGENEOUS SURFACES AND BACTERIAL INTERACTIONS 
Surface heterogeneity due to protein adsorption
All naturally occurring and synthetic surfaces are heterogeneous, either on a micro- or nanoscopic 
scale and will exert different local adhesion forces on adhering bacteria to trigger different adaptive 
responses. Dental enamel is an excellent example of a naturally occurring heterogeneous surface 
with distinct crystalline hydroxyapatite (HA) structures comprised in an organic matrix, that in the oral 
cavity become covered within seconds with a conditioning film of adsorbed salivary proteins forming 
a network structure over the enamel surface (82, 83). Although the network structure of adsorbed 
proteins is a heterogeneous surface structure in itself, saliva contains many different proteins (84) 
that adsorb and displace each other in succession which further contributes to surface heterogeneity. 
In the oral cavity, formation and composition of salivary conditioning films varies on different surfaces 
(85) and precedes adhesion of bacteria and subsequently influences bacterial adhesion forces and 
biofilm detachment (86). A similar succession of protein adsorption and desorption occurs on cellular 
and synthetic graft surfaces exposed to blood (87). Note that, in the marine and other aqueous en-
vironments, conditioning films are often described as adsorbed films composed of dissolved organic 
carbon (46). Since bacteria diffuse more slowly than proteins, bacteria mostly adhere to such hetero-
geneous, adsorbed conditioning films, regardless of whether in the oral cavity or in any other environ-
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ment.

Surface charge heterogeneity
Strong electrostatic attraction between positively charged QA-coated surfaces and negatively 
charged bacterial cell surfaces are reported to cause cell wall damage and subsequent cell death 
(34). Charge heterogeneity on glass surfaces, often thought to be homogeneous, became evident by 
repetitively allowing negatively charged, 1 µm diameter polystyrene particles to adhere to the same 
glass surface. Under low ionic strength conditions, particles always adhered first to the same, previ-
ously occupied microscopic location through strong, local electrostatic attraction (88), demonstrating 
the existence of positively charged heterogeneities on an overall negatively charged glass surface.

Heterogeneity in surface hydrophobicity and roughness 
Heterogeneity in surface hydrophobicity and roughness at the sub-micrometer scale are easily de-
monstrable by the measurement of WCA hysteresis on material surfaces (see Text Box 9). Large 
differences between advancing and receding contact angles on “smooth” surfaces with a roughness 
less than 0.1 µm indicate regions with a large difference in surface hydrophobicity. Roughened, hy-
drophobic surfaces may appear as “superhydrophobic”, while roughened, hydrophilic surfaces pos-
sess smaller WCA than expected based on the hydrophobicity, respectively the hydrophilicity of their 
smooth counterparts. 

Text Box 9. Contact angle hysteresis
When a water droplet advances over a perfectly smooth surface, it can be stopped by a small, 
more hydrophobic heterogeneity or rugosity, which causes the contact angle to be higher than 
when the droplet is in an equilibrium state. Equally so, when receding over an already wetted sur-
face, water tends to remain behind on a hydrophilic heterogeneity and the contact angle appears 
smaller than in an equilibrium state. The difference in advancing and receding contact angles is 
called “contact angle hysteresis” (89). Only perfectly smooth and chemically homogeneous surfac-
es have a 0° contact angle hysteresis, which makes the measurement of contact angle hysteresis 
suitable for the measurement of surface heterogeneity in general at a sub-micrometer scale.

Bacteria themselves are in fact also ideal to demonstrate heterogeneity in substratum surface hy-
drophobicity due to differential interaction with hydrophobic and hydrophilic regions on a substratum 
surface. Micro-patterned substratum surfaces consisting of hydrophobic lines separated by wide hy-
drophilic spacings, for instance, attracted equal numbers of streptococci over its entire surface, but 
when challenged with a detachment force, streptococci were retained only on the hydrophobic lines 
(35), suggesting that the strength of bacterial adhesion is higher to hydrophobic regions. Adhesion 
force measurement using AFM on a patterned substratum consisting of square arrays of non-adhe-
sive PEG hydrogels comparable in size to a bacterial cell on a hydrophobic, silanized glass surface 
showed that S. aureus adhesion was decreased at the hydrogel spacings as these presumably im-
peded contact between the bacterial cell and the hydrophobic surface (90).

Nanoscopically heterogeneous substratum surfaces
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Nanotechnological advances have enabled the production of nanoscopically heterogeneous sur-
faces, that are often bioinspired (91) most notably by the so-called “lotus effect” (92). Such plant 
leaves, and also certain insect wings, remain free of bacteria through self-cleaning and antibacterial 
properties, thought to be mediated by nanopillared arrays (40) that inherently represent a nanoscop-
ically heterogeneous substratum surface. Electron micrographs have clearly demonstrated that the 
bacterial cell wall can locally severely deform under the influence of the adhesion forces arising from 
extruding random (93) and periodic (38) nanostructures to yield pressure-induced EPS production 
and even bacterial cell death in Gram-positive staphylococci. This is supported by observations that 
killing of P. aeruginosa and S. aureus on graphene nanosheets related with density of the edges of 
the graphene (39). Approximately 98% of P. aeruginosa cells and 97% of S. aureus cells were killed 
on superhydrophilic and superhydrophobic black silicon surfaces with well-defined surface geome-
tries and wettability, smaller, more densely packed pillars exhibiting the greatest bactericidal activity 
(37). It is speculated that the bactericidal activity is due to irreversible membrane bulging. In antibi-
otic-challenged E. coli, pores in the peptidoglycan network with a critical radius of around 20 nm, the 
typical distance between neighboring peptides and glycan strands, are required to cause bulging of 
the cytoplasmic membrane out through the pore. This bulging is irreversible and leading to loss of 
cell viability (94). 

SUBSTRATUM SURFACE HETEROGENEITIES INDUCED BY ADHERING BACTERIA
During adhesion, bacteria can create heterogeneities as a means of communication (Fig. 3) to allow 
localized positive or negative cooperation in colonizing a substratum surface, that is, stimulate or dis-
courage adhesion of other bacteria in their immediate surroundings (95). In a broader sense, bacteria 
have been suggested to leave “footprints” when adhering to and detaching from a substratum surface 
(96) that will contribute to substratum surface heterogeneity. 

Localized cooperative phenomena and biosurfactant release
Biosurfactants (see Text Box 10), by their amphiphilic nature, are ideal molecules to be transported 
over large distances to reach remote areas of a substratum surface as a means to interact with other 
initial colonizers (Fig. 3A). S. mitis strains excrete biosurfactants that modify their immediate sur-
roundings to make it less attractive for their competitors to adhere (97, 98) and the spreading of oral 
biosurfactants excreted by initial colonizers such as S. mitis over dental enamel surfaces reduced the 
adhesion forces of other colonizers (99). Lactobacilli also claim substratum surface area by excretion 
of biosurfactants that discourage adhesion of enterococci and other uropathogens (100). 

Quorum-sensing controlled expression of phenol-soluble modulin surfactants in S. aureus (101) 
and rhamnolipids in P. aeruginosa (102) biofilms has been shown to mediate biofilm structuring and 
detachment. For P. aeruginosa, siderophores, eDNA and biosurfactants play multiple roles in the in-
teraction between different sub-populations in a biofilm and influence its structural development, as 
related to biosurfactants concentration and composition (103).  

  
Text Box 10. Biosurfactants
Biosurfactants are amphiphilic compounds produced by living organisms, mostly microorganisms, 

and excreted extracellularly, that contain hydrophobic and hydrophilic moieties, accumulating at an 
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interface and reducing interfacial tensions versus air, a liquid surrounding or another material (104, 
105).    

FIG 3 Bacterially-induced substratum surface heterogeneities as a means of communication and in-
teraction between initially adhering bacteria. (A) Certain strains of bacteria excrete biosurfactants that 
spread over the substratum surface, modifying the immediate surrounding surface so that it is less 
favorable (red colored) for adherence by other bacteria. (B) Positive cooperativity is the mechanism 
by which an adhering bacterium changes the conformation of adsorbed proteins in its immediate 
surroundings or produces adhesive EPS, generating a more favorable surface (green colored) for 
adherence by other bacteria.

Bacterially-induced changes in adsorbed protein conformation and positive cooperativity 
Bacteria also have other means to modify their immediate surroundings on a substratum surface to 
exert positive cooperativity (106, 107): several initial colonizers of protein-conditioned surfaces have 
the ability to induce conformational changes in the adsorbed protein film that surrounds them (Fig. 
3B), making the film more attractive for their peers to adhere. Initial colonizers of oral surfaces in vivo 
have slightly stronger adhesion forces with salivary conditioning films than later colonizers (43), that 
may be underlying their ability to induce conformational changes in the adsorbed proteins to which 
they adhere. Since clinically, the relative prevalence of initially colonizing strains on a surface de-
pends on the forces by which specific bacterial strains are attracted to their substratum surface (108), 
local induced changes in the conformation of adsorbed proteins may yield biofilm regions with a dif-
ferent bacterial composition.

Cooperativity through EPS production 
EPS production can be considered as another cooperative phenomenon offering advantages in 
adhesion to neighboring bacteria by creating local surface heterogeneity around an adhering organ-
ism (see also Fig. 3B) (109) but, like for positive cooperativity in general, at the obvious expense of 
impairing dispersal of adhering bacteria to new locations. Psl for instance, is a cell wall anchored 
polysaccharide in P. aeruginosa (110) promoting aggregate formation between neighboring bacteria 
in microenvironments of a biofilm, that does not occur and subsequently yields less biofilm in strains 
lacking Psl (111). Mixed species oral biofilms on saliva-coated surfaces possess acidic niches in their 



            1

18

EPS matrix that selectively stimulate the localized growth of pathogenic S. mutans (112, 113).

THE COMMANDING ROLE OF INITIAL COLONIZERS IN BIOFILM FORMATION
Bacterial responses to prevailing environmental conditions is virtually always a surviv-
al strategy to maintain their adhering state in competition with others or under mechani-
cal attack, while the production of EPS as an adaptive response embeds adhering bac-
teria in a matrix that also offers protection against chemical attacks (114, 115). Initially 
adhering bacteria have various ways to influence the development of microenvironments in 
the biofilm that grows on top of them, in which adhesion force-sensing plays a crucial role.

Adhesion force-sensing and biofilm composition
In the sequence of events that lead to a full-grown biofilm with heterogeneously occurring microenvi-
ronments, the initially adhering bacteria firstly have various ways to induce local heterogeneities on 
a substratum surface to which they adhere. Newcomers can recognize these heterogeneities by the 
strength of the local adhesion forces they experience and interpret them as signs to “stay away” or 
“welcome, adhere here”. This in turn, will create microenvironments in a biofilm with different microbi-
al composition. Therewith the basis of cooperation, and possible conflicts, in a mature biofilm (116) is 
commanded by the initially adhering bacteria. 

Adhesion force-sensing and EPS production
Emergent EPS production follows initial adhesion in the sequence of events leading to a mature 
biofilm, and is arguably one of the most important adaptive responses within a biofilm. Adhesion 
force-sensing constitutes an environmental trigger for EPS production. The production of the matrix 
molecule, poly-N-acetylglucosamine and the secretion of eDNA decreases with increasing adhesion 
force, suggesting that adhering staphylococci adjust their adaptive response to environmental need 
(32) to prevent unnecessary costs to their fitness (117). Similarly, EPS production by bacteria adher-
ing under fluid shear conditions is more extensive than under stagnant conditions, suggesting that 
its expression is induced only when required (118, 119). Since the effective range of adhesion forces 
is limited to maximally 1 µm, it is impossible for bacteria other than the initial colonizers to directly 
sense a substratum, while their immediate neighbors reside at distances between 1-3 µm and are 
embedded in an EPS matrix (120). Accordingly, only initially adhering bacteria are able to sense and 
adapt to the adhesion forces exerted by a substratum surface and in fact, the majority of bacteria in a 
biofilm have never contacted the substratum surface (121). Since the same will be true for the bacte-
ria in emergent heterogeneous microenvironments, this leads to the conclusion that initially adhering 
bacteria command  the development of emerging heterogeneous microenvironments by sensing 
and adapting to the substratum and communicating with neighboring bacteria information about that 
surface (see Fig. 4). Stochastically occurring environmental triggers have been suggested before as 
being causative to phenotypic heterogeneity (122), but have never been associated with triggers de-
rived from stochastically occurring substratum surface heterogeneity.   
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FIG 4 The commanding role in adaptive responses of initial colonizers in a biofilm. Initially adhering 
bacteria sense different local adhesion forces which triggers different adaptive responses that spread 
through the biofilm by diffusion of quorum-sensing molecules until their concentration is below a 
detectable threshold and the commands given are lost, limiting heterogeneous microenvironment 
development in space and time. Microenvironments, including the adhesion forces that trigger differ-
ential responses, the commanding organisms and obeying inhabitants of the micro-environment are 
indicated by different colors.
 

Text Box 11. Surface adaptation
Bacterial surface adaptation comprises the particular response of a bacterium to the surface prop-
erties of the substratum to which it adheres.

The surface adaptation (Text Box 11) of initial colonizers in response to direct contact with a sub-
stratum surface likely do not disappear with the first generation of later colonizers, not in direct con-
tact with the surface, but will most probably disappear only after a number of generations (78) and 
the progeny returns to a more planktonic phenotype. Return to a planktonic phenotype does not nec-
essarily imply bacterial return back into suspension, but may also occur in a biofilm, where bacteria 
are “suspended” or “free floating” in an EPS matrix at average distances of 1-3 µm from neighboring 
organisms (120), i.e. more specifically formulated, outside the influence of adhesion forces exerted 
by their neighbors.  

Adhesion force-sensing and quorum-sensing
Identifying initial colonizers that are in direct contact with a substratum surface as “commanding” bac-
teria, implies that there must be a communication means available within a biofilm to pass informa-
tion derived from adhesion force-sensing to bacteria that are not in direct contact with the substratum 
enabling them to indirectly sense the surface. The initially adhering bacteria likely pass substratum 
information by producing and releasing auto-inducing molecules to which later biofilms colonizers 
respond. Since the distance over which auto-transducers can be transported and remain detectable 
is limited by diffusion (122), quorum-sensing is eventually quenched which restricts the adaptive 
response to microenvironments in a biofilm, although “calling distances” between Gram-negative 
bacteria extending up to 78 µm have been reported (123). However, most effective calling distances 
for producing and releasing, sensing and responding to auto-transducer gradients are suggested to 
be between 4-5 µm (123, 124) and bacteria can optimize the use of auto-inducers by being in each 
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other’s close vicinity. Myxococcus xanthus, E. coli, B. subtilis and lactobacilli for instance, use con-
tact-dependent signaling for communication (125). Direct physical contact between bacteria in a bio-
film is generally absent, unless co-adhering bacterial pairs are involved, that occur mostly in the oral 
cavity (126). 

SUMMARY
In summary, all surfaces are heterogeneous with respect to hydrophobicity, charge and/or the pos-
session of micro- or nanoscopic structures. Such stochastically occurring heterogeneities exert differ-
ent adhesion forces upon adhering bacteria. Bacteria sense these adhesion forces through cell wall 
deformation, which subsequently activates membrane located sensors to stimulate phenotypic re-
sponses in initially adhering bacteria in direct contact with the surface. The local adaptive response of 
initial colonizers is conveyed to other biofilm inhabitants through diffusion of auto-inducers produced 
by the initial colonizers and their first generations progeny. Later generation progeny will lose the sur-
face-adapted phenotype of the initial colonizers, while diffusion of auto-inducers occurs only over lim-
ited distances. This puts initial colonizers in command of the development of localized, stochastically 
occurring heterogeneous domains in a biofilm. 

The role of adhesion force sensing in cell wall deformation as local triggers for the development of 
heterogeneous microenvironments in biofilms, puts a strong emphasis on the substratum surface on 
which biofilms are grown. Hitherto, in research on adaptive responses of bacteria to environmental 
triggers, conclusions are frequently extrapolated from agar-grown “biofilms” and biofilms on unde-
fined well-plate materials to biofilms in general. Realization of the role of substratum properties in 
localized, adaptive responses of adhering bacteria and subsequent properties of a biofilm may accel-
erate development of much needed insight in the mechanisms of heterogeneous microenvironment 
development in biofilms.
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AIM OF THIS THESIS

In Chapter 1.1, the events that stimulate different emergent phenotypes during biofilm formation 
were summarized. Adhesion-force sensing appeared as a new appealing environmental stimulus that 
externally triggers the development of emergent properties of bacteria in a biofilm mode of growth. 
In the oral cavity, many different soft (mucosa) and hard (teeth, dental implants, dentures, orthodon-
tic appliances) substratum surfaces exist. Each of these surfaces possess their own typical surface 
heterogeneity, charge and hydrophobicity. Moreover, in the oral cavity substrata are coated with a 
salivary conditioning film, also known as the “acquired pellicle” that alters the substratum surface 
properties and contributes to further surface heterogeneity. 

Biofilm formation in the oral cavity is a very ordered process and starts with the initial coloniz-
ers adhering to salivary conditioning film coated surfaces, followed by adhesion of later colonizers, 
amongst which Streptococcus mutans is the most prevailing cariogenic strain. As a further compli-
cation in oral biofilm formation, the oral cavity accommodates up to more than 700 bacterial strains 
and species. Accordingly, oral biofilm possesses many different strains and species. Co-adhesion 
between pairs of strains potentially interferes with adhesion-force sensing.

Based on this, the question arises whether adhesion-force sensing by initial colonizers of oral sur-
faces persists in multi-species biofilms and in the presence of a salivary conditioning film. 

Therefore, the aim of this thesis was to investigate bacterial adhesion-force sensing by the im-
portant oral pathogen S. mutans in mono-species S. mutans biofilms and in multispecies biofilms 
comprising amongst others S. mutans. Experiments were conducted on different bare and salivary 
conditioning film coated surfaces, with different surface heterogeneity, charge and hydrophobicity. 
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ABSTRACT
Optical-coherence-tomography (OCT) is a non-destructive tool for biofilm imaging, not requiring 
staining, and used to measure biofilm thickness and putative comparison of biofilm structure based 
on signal intensity distributions in OCT-images. Quantitative comparison of biofilm signal intensities in 
OCT-images, is difficult due to the auto-scaling applied in OCT-instruments to ensure optimal quality 
of individual images. Here, we developed a method to eliminate the influence of auto-scaling in order 
to allow quantitative comparison of biofilm densities in different images. Auto- and re-scaled signal in-
tensities could be qualitatively interpreted in line with biofilm characteristics for single and multi-spe-
cies biofilms of different strains and species (cocci and rod-shaped organisms), demonstrating qual-
itative validity of auto- and re-scaling analyses. However, specific features of pseudomonas and oral 
multi-species biofilms were more prominently expressed after re-scaling. Quantitative validation was 
obtained by relating average auto- and re-scaled signal intensities across biofilm images with volu-
metric-bacterial-densities in biofilms, independently obtained using enumeration of bacterial numbers 
per unit biofilm volume. The signal intensities in auto-scaled biofilm images did not significantly relate 
with volumetric-bacterial-densities, whereas re-scaled intensities in images of biofilms of widely dif-
ferent strains and species increased linearly with independently determined volumetric-bacterial-den-
sities in the biofilms. Herewith, the proposed re-scaling of signal intensity distributions in OCT-images 
significantly enhances the possibilities of biofilm imaging using OCT.
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INTRODUCTION
Biofilms mostly grow on surfaces in aqueous environments, that range from marine and industrial to 
biomedical environments (1, 2). Biofilms have complicated, heterogeneous structures that influence 
their resistance to mechanical or chemical challenges (3-5), such as fluid shear or detergents and 
other antimicrobials. However, microscopic methods available for non-destructive analysis of biofilm 
structure, while not requiring staining, are scarce and frequently only provide low resolution images 
covering a small field of view. By consequence, these methods yield simple morphological charac-
teristics, such as substratum surface coverage or thickness (6, 7). Low load compression testing and 
analysis of stress relaxation over time has also been suggested as a means to evaluate biofilm struc-
ture over a large surface area (8), but does not provide detailed structural information. Magnetic res-
onance imaging (MRI) or magnetic resonance microscopy can track free water molecules in biofilm 
structures on non-metal surfaces with a limited resolution (9), as opposed to bound, interfacial water 
present on any surface (10). 

Optical coherence tomography (OCT) is a rapid, real-time, in situ and non-destructive imaging 
method, not requiring any staining, and is widely used in biofilm research to measure biofilm thick-
ness and morphology (11-16). OCT is based on light scattering by a substratum surface, including 
biofilms grown on these surfaces. Accordingly, objects with higher light scattering will yield higher 
signal intensities, than objects with lower scattering, yielding a signal intensity distribution in OCT 
images of a biofilm, usually visualized as different shades of white-black in OCT images. In order 
to measure biofilm thickness from an OCT image, the whiteness of the biofilm reflecting high signal 
intensities has to be distinguished from the relatively black background of its aqueous environment, 
which can be done by proper thresholding (17) to define the exact position of the biofilm surface. 
However, since the biofilms itself also contains water, relatively black pixels reflecting low signal 
intensities are left inside the biofilm which have been tentatively ascribed to water-filled pores (18). 
In addition, limited attention has been given to relatively white pixels in biofilm images with a signal 
intensity above the threshold and how they possibly reflect different biomass components, such as 
bacteria and aggregates of water-insoluble extracellular polymeric substances (EPS) (19). Haisch 
and Niessner (20) were the first to introduce a whiteness scale bar in OCT biofilm imaging, repre-
senting the signal intensity of the scattered light and suggested signal intensities to increase with 
volumetric bacterial density in a biofilm, but without supporting data. Signal intensity increases in 
OCT images of biofilms have been observed after antimicrobial treatment of a biofilm, without rigor-
ous interpretation (21). Signal intensities and comparisons of OCT images may be influenced by the 
auto-scaling applied in OCT instruments to ensure that each image contains an intensity distribution 
that covers the entire signal intensity range available. Auto-scaling of signal intensities in biofilm im-
ages has been applied to staphylococcal biofilms on stainless steel surfaces, but only yielded a qual-
itative relation between volumetric bacterial density in a biofilm and biofilm intensity in OCT images 
(22), presumably due to differences in intensity distribution across different individual images created 
by the auto-scaling. 

The objective of this study was to develop a method to analyze and quantitatively compare the 
intensity distribution in different OCT images of biofilms from which biofilm structure and volumetric 
bacterial density can be derived. A re-scaling method was developed that effectively removes the in-
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fluence of auto-scaling across different images and allows to quantitatively relate volumetric bacterial 
density with biofilm signal intensity in OCT images. Auto- and re-scaling methods, will be applied on 
single- and multi-species (or sometimes called “mixed-species” or “co-culture”) biofilms composed of 
Gram-positive and Gram-negative strains (cocci and rod-shaped organisms) with known properties, 
such as EPS production and ability to (co-)aggregate, as grown on different substratum surfaces 
under widely different conditions (static, under flow or in a constant depth film fermenter). Correspon-
dence between expectations based on known properties of the biofilm forming strains with conclu-
sions drawn from the auto- or re-scaling methods and enumeration of the number of bacteria in a 
biofilm, will be taken as a validation for the respective methods (see Table 1 for an overview of the 
biofilm cases involved). 

TABLE 1 Summary of the different biofilm cases involved in this study, specifying the strains and 
substratum materials, growth conditions and media as well as the characteristics of the biofilms, ex-
pected on the basis of literature.

Case Strain Material Growth 
condition

Growth  
medium

Expected biofilm 
characteristics

Case 1 S. epidermidis 
252

stainless steel static TSB higher EPS produc-
tion by S. epidermidis 
ATCC 35984 than S. 
epidermidis 252 (22, 
23) 

S. epidermidis 
ATCC 35984

Case 2 S. mutans UA159 polystyrene static BHI  
+ 0.5% sucrose

more water-filled 
channels upon higher 
sucrose levels (24)BHI  

+ 1.0% sucrose

Case 3 P. aeruginosa 
ATCC 39324

stainless steel constant depth film 
fermenter

LB higher EPS production 
for biofilms grown in 
ASM than in LB (25) 

ASM

Case 4 S. oralis J22 glass flow BHI+ more compact 
multi-species biofilms 
due to co-aggregation 
(26) as compared with 
mono-species biofilms

A. naeslundii 
T14V-J1

BHI+

Multi-species S. 
oralis J22 and 
A. naeslundii 
T14V-J1

BHI+

MATERIALS AND METHODS
Bacterial strains and growth conditions. Non-EPS producing Staphylococcus epidermidis 252 and 
EPS producing Staphylococcus epidermidis ATCC 35984 were isolated from the stool of a patient 
and a catheter-associated sepsis of a patient, respectively (27). Streptococcus mutans UA159 (ATCC 
700610) was isolated from a patient with active dental caries (28), while also Streptococcus oralis 
J22 and Actinomyces naeslundii T14V-J1 (rod-shaped) were both isolated from the human oral cavity 
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(29). Pseudomonas aeruginosa ATCC 39324 (rod-shaped) was isolated from sputum from a cystic 
fibrosis patient (30). Each strain was inoculated from a single colony taken from a blood agar plate, 
in a 10 mL pre-culture and grown for 24 h at 37°C. This pre-culture was inoculated in a 200 mL main 
culture, grown for 16 h at 37°C. The culture medium was Tryptone Soya Broth (TSB, Oxoid, Bas-
ingstoke, UK) supplemented with 0.25% D(+)glucose (C6 H12O6 , Merck, Darmstadt, Germany) and 
0.5% NaCl (Merck) for S. epidermidis 252 and S. epidermidis ATCC 35984; Brain Heart Infusion (BHI, 
Oxoid, Basingstoke, UK) supplemented with 0.5% or 1% (w/v) sucrose for S. mutans UA159; TSB for 
P. aeruginosa ATCC 39324; Todd Hewitt broth  (THB, Oxoid) for S. oralis J22; BHI+ (BHI supplement-
ed with 1 g L-1 yeast extract, 50 mg L-1 hemin and 1 mg L-1 menadion) for  A. naeslundii T14V-J1. A. 

naeslundii T14V-J1 was cultured in an anaerobic cabinet, S. mutans UA159 in 5% CO2 while all other 
strains were cultured in ambient air. Bacteria were harvested from their main cultures by centrifuga-
tion at 5000 g, 10°C, and washed twice with buffer, after which bacteria were enumerated using a 
Bürker-Türk counting chamber. 

Biofilm formation. Biofilms of the different strains were grown on different substrata according to 
previously used protocols that will be briefly repeated for clarity for the different cases (see also Table 
1). S. epidermidis ATCC 35984 and S. epidermidis 252 biofilms were grown on sterile, stainless steel 
304 (SS) surfaces (15 x 15 x 1 mm) coated with 10% fetal bovine serum (FBS) under static condi-
tions (22). After allowing bacterial adhesion for 1 h from a 1 × 109 mL-1 bacterial suspension in TSB, 
the suspension was replaced by medium without staphylococci and biofilms were grown for 48 h at 
37°C, after which biofilms were washed with reduced transport fluid (31) for subsequent experiments. 

For S. mutans UA159 biofilms, a buffer suspension (1 mM CaCl2, 2 mM potassium phosphate, 50 
mM KCl, pH 6.8, bacterial concentration of 3 × 108 mL-1) was added in a 24 wells polystyrene plate 
(Greiner Bio-One GmbH, Frickenhausen, Germany) under static conditions for 2 h at 37°C under 5% 
CO2 to allow streptococci to adhere. After adhesion, the buffer was removed and carefully washed 
with buffer, 1 mL BHI with 0.5% or 1% sucrose (w/v) was added and the plate was incubated for 24 
h under static conditions after which biofilms were washed with buffer for subsequent OCT experi-
ments.   

Biofilms of P. aeruginosa ATCC 39324 were grown on SS disks in a constant depth film fermenter 
(CDFF) (25) at 37°C. Sample holders were recessed to a well-depth of 100 µm and placed into so-
called pans (5 sample holders per pan), of which 15 pans could be placed in the CDFF turntable. Two 
hundred mL bacterial (5 × 107 mL-1) suspension in TSB was drop-wise added on the turntable during 
1 h, while the turntable was rotating at 3 revolutions per minute and bacterial suspension was distrib-
uted over the sample holders in the various pans by a Teflon scraper-blade. After 1 h, rotation was 
stopped for 30 min to allow bacteria to adhere to the stainless steel surfaces. Next, rotation was con-
tinued and Luria Bertani (LB, Sigma-Aldrich, St Louis, MO, USA) broth or artificial sputum medium (32) 
(ASM, per liter: 4 g DNA, 5 g mucin, 5 mL egg yolk emulsion, 5 g NaCl, 2.2 g KCl, 5 g amino acids, 
pH 7.0) was drop-wise added at a flow rate of 15 mL h-1 for 18 h, while the scraper blade removed 
biofilm growing above the wells in order to grow constant depth biofilms with 100 μm thickness. After 
18 h, the stainless disks with biofilms were washed and submerged in phosphate buffered saline (PBS, 
10 mM potassium phosphate, 150 mM NaCl, pH 7.0) for subsequent experiments.
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Multi-species biofilms of the coccal S. oralis J22 and rod-shaped A. naeslundii T14V-J1 co-ad-
hering pair and each single strain were grown on a salivary conditioning film covered glass surface, 
constituting the bottom plate of a parallel plate flow chamber (17.5 x 1.7 x 0.075 cm) at 37°C (33). A. 

naeslundii T14V-J1 was suspended in buffer (1 mM CaCl2, 2 mM potassium phosphate, 50 mM KCl, 
pH 6.8) supplemented with 2% BHI+ to a concentration of 1 × 108 mL-1, while S. oralis J22 was sus-
pended to a concentration of 3 × 108 mL-1. Briefly, for single strain biofilms, bacterial suspension was 
perfused through the flow chamber at 10 s-1 for 2 h after which the buffer was replaced by growth 
medium for overnight growth at 3 s-1. For biofilms of the co-adhering pair, A. naeslundii T14V-J1 was 
adhered first for 15 min at 10 s-1, followed by rinsing and co-adhesion of S. oralis J22 for 2 h and buf-
fer was replaced by 50% diluted BHI+ in buffer for 16 h growth at 3 s-1. After growth, the flow chamber 
was rinsed with buffer and biofilms were imaged using the OCT while in the flow chamber and subse-
quently removed for further experiments.

OCT measurements and signal intensity analysis of OCT 2D images. Biofilms were imaged us-
ing an OCT Ganymede II (Thorlabs Ganymede, Newton, NJ, USA) with a 930 nm center wavelength 
white light beam and a Thorlabs LSM03 objective scan lens, able to provide a maximum scan area 
of 100 mm2. Imaging frequency was 30 kHz with a sensitivity of 101 dB and the refractive index of 
biofilm was set as 1.33, equal to the one of water. 2D images had fixed 5000 pixels with variable 
pixel size, depending on magnification in the horizontal direction, while containing a variable number 
of pixels with 2.68 µm pixel size in the vertical direction. Images were created by the OCT software 
(ThorImage OCT 4.1) using 32 bit data, but methods outlined are equally applicable to 8 or 16 bit im-
ages. The back-scattered light from a sample was captured by a CCD camera and the analogue volt-
age output of the camera was set such that the average light signal intensity over an entire 2D image 
was zero. Next, signal intensity was expressed in decibel units with respect to an internal reference 
signal intensity, generated in the OCT. Decibel units digitized over a discrete intensity scale ranging 
from 0 a.u. (arbitrary units, with 0 a.u. reflecting the darkest pixel, i.e. the lowest signal intensity in the 
image) to 255 a.u. (whitest pixel. i.e. highest signal intensity in the image) in order to generate a 2D 
“auto-scaled” image. Thus, obtained signal intensities associated with each pixel were collected from 
ten randomly chosen 2D images of each biofilm (Labview 2014, National Instrument, Austin, Texas, 
USA) and computer-stored for further analysis. The thickness of the biofilms was calculated after Otsu 
(17) thresholding of a biofilm image, while averaging biofilm thicknesses obtained over ten images.

In addition to imaging biofilms, bacterial suspensions of the different strains in an aqueous medium 
over a wide range of bacterial concentrations in a 24 wells plate without a cover, were also imaged 
using OCT. Bacterial concentrations were quantitated by their optical density OD600nm in polystyrene 
cuvettes after appropriate dilution to different concentrations. PBS was used as a control in OCT (no 
bacteria) and its optical density subtracted from all densities measured on a bacterial suspension. 
The bacterial concentration in aqueous medium was subsequently related with signal intensities in 
OCT images.  

Calculation of volumetric bacterial density. For the determination of the volumetric bacterial den-
sity in the different biofilm cases, biofilms were removed from the different sample surfaces with a 
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sterile disposable cell scraper (Merck, Darmstadt, Germany), after which bacteria were dispersed in 
buffer by vortexing. The dispersed biofilms were sonicated 3 times on ice at 30 W (Vibra Cell Mod-
el 375, Sonics and Materials Inc., Danbury, CT, USA) for 10 s each time with 30 s interval to obtain 
single bacteria. Then, the bacterial concentrations in the suspensions were enumerated in a Bürker–
Türk counting chamber and the volumetric bacterial density in the biofilms was calculated by dividing 
the total number of bacteria on a sample by the total biofilm volume, i.e. the biofilm covered substra-
tum surface area multiplied by the biofilm thickness, as determined using OCT.

RESULTS AND DISCUSSION
OCT imaging. First, 2D OCT images were made of the biofilms (Fig. 1), representing the four dif-
ferent cases summarized in Table 1. All four cases showed distinctly different features within 2D 
cross-sectional OCT images of the different biofilms. For statically grown staphylococcal biofilms, 
EPS producing S. epidermidis ATCC 35984 possessed a smoother biofilm surface than its non-EPS 
producing counterpart. Statically grown S. mutans biofilm surfaces appeared quite rough and had 
clearly enhanced porosity when grown at the higher sucrose concentration. Both CDFF grown P. 

aeruginosa biofilms had the same thickness and were relatively smooth at their surfaces, due to the 

action of the CDFF scraper. 

  
             

FIG 1 2D cross-sectional OCT images of the four case biofilms evaluated. The scale bars indicate 

100 µm.

The S. oralis single-species biofilm grown under flow, appeared smoother than the S. mutans 
biofilms grown statically, while single-species biofilms of rod-shaped A. naeslundii and A. naeslundii 
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containing multi-species biofilms looked rougher despite also being grown under flow. 

FIG 2 Influence of the OCT focus point on the signal intensity distribution across a 2D cross-sectional 
image of a homogeneous agar layer. OCT images represent the cross-sectional view of an MRS agar 
layer at different focus points, indicated by the arrows. For each image, the average signal intensity is 
presented as a function of the height in the agar layer. Scale bars equal 200 µm. a.u. denotes “arbitrary 
unit”.

Most noticeably, whereas the aqueous environments above the different case biofilms appeared 
relatively black in OCT images (auto-scaled signal intensity of the blackest pixel 0 a.u.), the substra-
tum surfaces, i.e. either stainless steel, polystyrene or glass, appeared as the most intense signal 
region (auto-scaled signal intensity of the whitest pixel 255 a.u.). Despite the auto-scaling, the image 
examples in Fig. 1 represent different signal intensities for water above the biofilms, with the water 
above the multi-species biofilms composed of cocci and rod-shaped organisms, yielding the highest 
signal intensity (case 4). Although there evidently is water above all biofilms, the region above the 
biofilms appears to yield the lowest signal intensity above the examples of staphylococcal biofilms 
(case 1). This represents the main problem in comparing OCT images of different biofilms or on dif-
ferent substrata based on signal intensities and associated whiteness scale bars. The first reason 
that water yields a different signal intensity above different biofilms is due to the occurrence of single, 
extremely black pixels, invisible by the naked eye in an image due to their small size, but determinant 
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for the auto-scaling. A second reason is that proper focusing is extremely important. According to 
the Thorlab OCT manual, the focus point should be set just below the surface of the object to be im-
aged, which is not trivial for a biofilm surface. This is illustrated in Fig. 2, showing the effect of slightly 
miss-focusing too high above, or too low inside a 300 µm thick homogeneous MRS agar layer. A 
constant signal intensity across the entire thickness of the agar with a relatively black background 
(signal intensity around 28 a.u.) is obtained for the “correct” focus point just below the agar surface. 
Purposely focusing too high or too low, not only led to signal intensities that varied over the thickness 
of the homogeneous agar layer, but also to a different signal intensity of the water above the agar, 
similar to the differences in signal intensities seen above the different biofilm cases in Fig. 1. The 
constant intensity over the depth of a 300 µm thick homogeneous MRS agar layer, also implies that 
signal intensity analysis along the depth of a biofilm is not influenced by the decline of the signal-to-
noise ratio (also called “drop-off”) (16) along the optical axis of the OCT device over the thickness of 
the biofilms studied.

FIG 3 Average intensity (auto-scaled) in OCT images of bacterial suspensions in PBS as a function 
of the optical density, OD600, of the suspensions. Data involve different concentrations of widely dif-
ferent strains and species (S. epidermidis 252, S. epidermidis ATCC 35984, P. aeruginosa 39324, S. 

mutans UA159 or S. oralis J22). Different strains are indicated by different symbols, but not further 
specified due to overlap of data points at similar optical densities. Drawn lines represent the best fit 
to an assumed linear relation with correlation coefficient R2 and significance of the slope P indicated.        

Re-scaling of the signal intensity distribution. Since OCT measures the intensity of back-scat-
tered light from a sample, large objects like bacterial aggregates will scatter more strongly light than 
a single bacterium or EPS molecules and thus bacterial aggregates will yield a higher signal intensity 
than EPS molecules or water. This is demonstrated in Fig. 3, in which the OCT signal intensity taken 
of bacterial suspensions in an aqueous medium, is plotted as a function of the bacterial concentra-
tion in suspension, expressed as an optical density. Clearly, signal intensity increases linearly with 
increasing bacterial concentrations regardless of the strain or species involved. Therefore, the inten-
sity distribution within a biofilm image can be expected to reflect bacterial presence, or the presence 
of (non-water-soluble) EPS molecules. In order to allow quantitative comparison of different biofilm 
images, the influence of the auto-scaling (see Fig. 1), needs to be eliminated to which end we devel-
oped a new, re-scaling method, as explained in Fig. 4. Note that in the re-scaling method proposed, 
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the average signal intensity in an image of a biofilm-free substratum is used as the new maximal sig-
nal intensity and adjusted to a value of 255 a.u. The biofilm-free substratum is preferred to this end, 
as it is much easier to focus upon than on a biofilm-covered substratum, especially when covered by 
a thin biofilm. For the widely different materials used in this study, average substratum signal inten-
sities in absence of biofilm prior to re-scaling were 84, 85 and 83 a.u. for SS, glass, and polystyrene, 
respectively. The rescaled intensity of pixel i (I0) is  

                                                                                                                                           
                                                                                                                                           (1)

where I0 is the original intensity associated with a pixel before rescaling, Iw is the average intensity of 
pixels representing water above the biofilm excluding the potential pixels that are regarded by Otsu 

thresholding as floating bacteria or bacterial clusters, Is is the intensity of the biofilm-free substratum. 

FIG 4 Auto- and re-scaling based analyses of 2D cross-sectional OCT images. (A) The back-scat-
tered light from the measured sample is collected by the OCT camera and its intensity outputted as 
analogue voltage. Panel A showed an example of the output voltage in the Z-direction perpendicular 
to the substrate. Note the OCT adjust the level of zero voltage to ensure zero average output over 
an entire image. (B) In the subsequent auto-scaling process, voltage is firstly expressed in decibel 
units with respect to a reference intensity provided by the instruments after which the decibel scale is 
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digitized in 256 discrete values from to 0 and 255 a.u. (panel B1) to yield the image provided in panel 
B2. Intensity distribution in auto-scaled images is created by the OCT instrument to ensure optimal 
quality of an individual image. (C) Next, Otsu thresholding (17) is applied on the OCT image to deter-
mine the biofilm surface (green line), while the substratum surface is visually identified based on the 
abrupt increase in intensity as compared with the biofilm interior. In order to avoid a potential impact 
of the intensity of the substratum material on the intensity of the biofilm, for calculational purposes 
the substratum surface was positioned 3 µm above the visually identified surface (red line). (D) In 
the proposed re-scaling process of OCT images, the average auto-scaled signal intensity above the 
biofilm surface, as identified by Otsu thresholding, is given a new  intensity value of 0 a.u., while the  
separately measured, average intensity of a biofilm-free substratum is used and adjusted to an in-
tensity value of 255 a.u. (panel D1). A new OCT image is subsequently generated with the re-scaled 
signal intensity distribution (panel D2). 

Comparison of auto- and rescaling methods for analysis of biofilm structure: Signal intensity 
as a function of height in the biofilm. The auto- and re-scaling based analyses were applied on 
OCT images of the four biofilm cases (see Table 1, Fig. 1). In order to determine the validity of both 
methods, results will first be compared with the expected structural properties of each of the biofilm 
cases.                                       

In order to evaluate the merits of the different methods with regards to EPS production in biofilms, 
S. epidermidis 252 (non-EPS producing) and S. epidermidis ATCC 35984 (EPS producing) were 
included (Fig. 1, case 1). Under the static growth conditions applied, both staphylococcal strains 
grew biofilms with a similar thickness of 50 µm (S. epidermidis 252) to 54 µm (S. epidermidis ATCC 
35984). EPS producing S. epidermidis ATCC 35984 had slightly lower bacterial density (0.16 bacteria 
µm-3) than non-EPS producing S. epidermidis 252 (0.20 bacteria µm-3). These structural features are 
schematically summarized in Fig. 5A. Both auto- and re-scaling analyses (Fig. 5B and C, respective-
ly) showed a significantly (one-tailed and paired student t-test with P < 0.05) higher average signal 
intensity in biofilm images across the height of EPS producing S. epidermidis ATCC 35984 than of 
non-EPS producing S. epidermidis 252, although significance was not observed when comparing 
intensities at a given height. Volumetric bacterial density of the EPS producing S. epidermidis ATCC 

35984 was probably lowest due to volume occupation by EPS. 
Higher amounts of sucrose during growth of S. mutans biofilms yields biofilms with more wa-

ter-filled channels (see Table 1) (24). In our study, biofilms grown with 1% sucrose added were found 
to be twice as thick (119 µm), but with lower bacterial density (0.08 bacteria µm-3) than biofilm grown 
with 0.5% sucrose added. The above characteristics are shown schematically in Fig. 6A. Accordingly, 
OCT images of streptococcal biofilms grown with a higher amount of sucrose appeared on average 
significantly (one-tailed and paired student t-test with P < 0.05) with a lower signal intensity across 
the entire depth of the biofilms both in auto- and re-scaling analyses (Fig. 6B and C, respectively) 
due to the possession of more water-filled voids and pores. In addition, intensity analyses indicated 
that especially at heights in the middle of the biofilms, significantly more water-filled voids and pores 

are present.   
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FIG 5 Signal intensity analysis of OCT images: biofilms of non-EPS producing S. epidermidis 252 
and EPS producing S. epidermidis ATCC 35984. (A) Schematic presentation of non-EPS producing 
S. epidermidis 252 and EPS producing S. epidermidis ATCC 35984 biofilms (see Table 1) and their 
measured thickness (derived using Otsu thresholding of auto-scaled OCT images) and volumetric 
bacterial density, calculated from the biofilm thickness and enumeration of the number of bacteria in 
the biofilm. (B) Intensity as a function of biofilm height (%) for S. epidermidis 252 and S. epidermidis 
ATCC 35984 biofilms in auto-scaling analysis. (C) Same as (B), but now in re-scaling analysis. Error 
bars indicate standard deviations over triplicate experiments with separate bacterial cultures.

FIG 6 SIgnal intensity analysis of OCT images: S. mutans UA159 biofilms grown in medium with 
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0.5% or 1% sucrose added. (A) Schematic presentation of S. mutans biofilms grown in medium with 
0.5% or 1% sucrose added (see Table 1) and measured thickness and volumetric bacterial density. 
(B) Intensity as a function of biofilm height (%) for S. mutans biofilms grown with 0.5% or 1% sucrose 
added in auto-scaling analysis. (C) Same as (B), but now in re-scaling analysis. Error bars indicate 

standard deviations over triplicate experiments with separate bacterial cultures.

Biofilms of P. aeruginosa strains (case 3) were grown in a CDFF to yield a thickness of 100 µm 
in LB and ASM medium. Biofilms grown in LB had similar bacterial density (0.21 bacteria µm-3) as 
in ASM (0.22 bacteria µm-3). Growth in ASM medium was expected to yield a more EPS-rich matrix 
than growth in LB medium (25), as schematically indicated in Fig. 7A. However, auto-scaling analysis 
did not show any significant difference between intensity distribution across images of LB and ASM 
grown biofilms (Fig. 7B). Re-scaling analysis on the other hand (Fig. 7C), showed pseudomonas re-
gions in biofilm images with significantly higher signal intensities (one-tailed and paired student t-test 
with P < 0.05) near to the substratum surfaces when grown in ASM than when grown in LB medium. 
This presents a clear advantage over re-scaling analyses compared to auto-scaling analyses. Poten-
tially, scraper action has dragged EPS out of the outer regions of the biofilms.

FIG 7 Signal intensity analysis of OCT images of P. aeruginosa ATCC 39324 biofilms grown in LB 
and ASM medium. (A) Schematic presentation of P. aeruginosa biofilms grown in LB and ASM medi-
um (see Table 1) and measured thickness and volumetric bacterial density. Note that due to growth 
in a CDFF, thicknesses are identical. (B) Intensity as a function of biofilm height (%) for P. aerugino-

sa biofilms grown in LB or ASM medium in auto-scaling analysis. (C) Same as (B), but now in 
re-scaling analysis. Error bars indicate standard deviations over triplicate experiments with 
separate bacterial cultures.

Single-species and multi-species oral biofilms of co-aggregating pairs were grown, giving rise to 
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variations in thickness, but most notably to a higher volumetric bacterial density in multi-species bio-
films (see Fig. 8A for schematics) due to co-aggregation of S. oralis J22 with A. naeslundii T14V-J1 
(see also Table1), yielding less water voids or channels (26). Image intensities across the depth of 
the biofilms obtained by auto-scaling analyses did not reveal any significant difference between sin-
gle-species biofilms nor between single- and multi-species biofilms (Fig. 8B). On average across the 
depth of the biofilms, the re-scaling analyses showed the expected higher signal intensities in imag-
es of multi-species biofilms as compared with S. oralis J22 (P < 0.05, one-tailed and paired student 
t-test), but not with respect to A. naeslundii T14V-J1 probably because volumetric bacterial densities 
were similar for A. naeslundii and multi-species biofilms (Fig. 8C). Higher signal intensity in images 
of multi-species biofilms after re-scaling analyses was especially evident nearest to the substratum. 
This suggest a gradient in bacterial composition in multi-species biofilms across the depth of the 
biofilms, created because A. naeslundii was first seeded on the substratum surface after which the 
streptococci were allowed to co-adhere and grow in concert with the adhering actinomyces.

FIG 8 Signal intensity analysis of OCT images of single-species S. oralis J22 and A. naeslundii 
T14V-J1 biofilms and multi-species biofilms. (A) Schematic presentation of the biofilms for both sin-
gle-species and the more compact multi-species biofilms (see Table 1) and measured thickness and 
volumetric bacterial density. (B) Intensity as a function of biofilm height (%) for both single-species 
and multi-species biofilms, in auto-scaling analysis. (C) Same as (B) but now for re-scaling analysis. 
Error bars indicate standard deviations over triplicate experiments with separate bacterial cultures.

Comparison of auto- and rescaling methods for analysis of biofilm structure: Relation be-
tween signal intensity and volumetric bacterial density in biofilms. In order to make a com-
parison between auto- and re-scaling methods of OCT images, volumetric bacterial densities of all 
biofilms are presented as a function of the average signal intensity over each OCT image of the 
biofilms, as calculated from auto- (Fig. 9A) and re-scaling (Fig. 9B) analyses. Eliminating auto-scal-
ing by our proposed re-scaling method, yielded a significant linear relation between signal intensities 



 2

45

and volumetric bacterial density in a biofilm with signal intensity increasing with increasing density. 
Auto-scaling of OCT images clearly does not yield statistically reliable, quantitative conclusions to be 
drawn across different biofilms and different substratum surfaces regarding volumetric bacterial den-
sity. Thus, it can be concluded that the proposed re-scaling removed the impediment associated with 
auto-scaling to quantitatively compare individual images. Accordingly, the wide variety of different 
strains and species involved in the relation between signal intensity and volumetric bacterial density 
(Fig. 9B) enables to derive volumetric bacterial densities in biofilms from the re-scaled OCT intensity 
in biofilm images, without need to culture. 

FIG 9 Average signal intensity in OCT images of biofilms as a function of the volumetric bacterial 
density for all individual biofilms grown of the different cases in auto- (panel A) and re-scaling analy-
sis (panel B). Drawn lines represent the best fit to an assumed linear relation with correlation coeffi-
cient R2 and significance of the slope P indicated. Dotted lines represent 95% confidence intervals.

Within the current collection of biofilms, volumetric bacterial densities of the different biofilms var-
ied by a factor of 3, which covers the range of density variation for different biofilms in the literature 
(34-36). Since distances between biofilm inhabitants have been reported to range between 1 and 3 
µm (37), volumetric bacterial densities in biofilms are generally low (38), as compared e.g. with the 
closest hexagonal packing of a 1 µm diameter sphere yielding a volumetric density of 1.5 µm-3. This 
confirms that most volume in biofilms is occupied by water with or without dissolved EPS. 

The relation between signal intensity and volumetric bacterial density presented in Fig. 9B is 
obtained using averaged signal intensities over the entire biofilm height. This was needed in order 
to relate signal intensity with numbers of bacteria, which could not be determined as a function of 
height in the biofilm. In most biofilms, volumetric bacterial density decreases towards the top of a 
biofilm, where a more open structure prevails. Structural differences across the depth of a biofilm are 
strain-dependent and furthermore arise from different nutrient availability, physical stresses and many 
other environmental factors. However, based on Fig. 9B, local volumetric bacterial densities across 
the depth of a biofilm can now be derived from signal intensity distributions. This may be a major 
asset in biofilm research, particularly since antimicrobial exposure of biofilm has been described to 
be accompanied by an increase in signal intensity in OCT images (21) that can now be more solidly 
interpreted.

Although the current study indicates that light scattering by bacteria is the overriding cause of sig-
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nal intensity distributions in OCT images, else a relation as in Figure 9B would not develop, a disad-
vantage of OCT remains that also with the current methodology, the chemical composition of biofilm 
(matrix) cannot be directly determined. 

CONCLUSIONS
A re-scaling method is presented that undoes the effects of auto-scaling in OCT images and therewith 
allows to compare signal intensity distributions in different OCT images of different biofilms, including 
single- and multi-species ones (coccal and rod-shaped) and on different substratum materials. Quali-
tatively, both auto- and re-scaled signal intensities in biofilm images as a function of depth in different 
biofilms could be interpreted in line with biofilm characteristics expected on the basis of literature 
for the different biofilms. However, specific features of pseudomonas and oral multi-species biofilms 
were more prominently expressed after re-scaling. Average re-scaled signal intensities in OCT imag-
es of different biofilms increased linearly with independently determined volumetric bacterial densities 
in the biofilms, therewith quantitatively validating the re-scaling method proposed. Theoretically (16), 
the signal-to-noise ratio of the back-scattered light declines along the optical axis of the OCT device, 
which might create an impact of biofilm thickness on the measured light intensities. However, since 
signal intensity in our OCT images remained constant over the depth of 300 µm homogeneous agar 
layers (Fig. 2), we believe that our proposed method will be valid in biofilms of at least this thickness. 
Herewith the proposed re-scaling of the signal intensity distribution in OCT images of biofilms signifi-
cantly enhances the usefulness of OCT biofilm imaging, as applicable on an entire biofilm image, but 
as can also be applied on image sections, representing e.g. high density bacterial clusters. 
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ABSTRACT 
Bacterial adhesion is accompanied by altered gene expression, leading to “emergent” properties of 
biofilm bacteria that are alien to planktonic ones. With the aim of revealing the role of environmental 
adhesion forces in emergent biofilm properties, genes in Streptococcus mutans UA159 and a quo-
rum-sensing-deficient mutant were identified that become expressed after adhesion to substratum 
surfaces. Using atomic force microscopy, adhesion forces of initial S. mutans colonizers on four 
different substrata were determined and related to gene expression. Adhesion forces upon initial 
contact were similarly low across different substrata, ranging between 0.2 and 1.2 nN regardless of 
the strain considered. Bond maturation required up to 21 s, depending on the strain and substratum 
surface involved, but stationary adhesion forces also were similar in the parent and in the mutant 
strain. However, stationary adhesion forces were largest on hydrophobic silicone rubber (19 to 20 
nN), while being smallest on hydrophilic glass (3 to 4 nN). brpA gene expression in thin (34 to 48 µm) 
5 h S. mutans UA159 biofilms was most sensitive to adhesion forces, while expression of gbpB and 
comDE expressions was weakly sensitive. ftf, gtfB, vicR, and relA expression was insensitive to ad-
hesion forces. In thicker (98 to 151 µm) 24 h biofilms, adhesion-force-induced gene expression and 
emergent extracellular polymeric substance (EPS) production were limited to the first 20 to 30 µm 
above a substratum surface. In the quorum-sensing-deficient S. mutans, adhesion-force-controlled 
gene expression was absent in both 5 and 24 h biofilms. Thus, initial colonizers of substratum surfac-
es sense adhesion forces that externally trigger emergent biofilm properties over a limited distance 
above a substratum surface through quorum sensing.

IMPORTANCE 
A new concept in biofilm science is introduced: “adhesion force sensitivity of genes”, defining the de-
gree up to which expression of different genes in adhering bacteria is controlled by the environmental 
adhesion forces they experience. Analysis of gene expression as a function of height in a biofilm 
showed that the information about the substratum surface to which initially adhering bacteria adhere 
is passed up to a biofilm height of 20 to 30 µm above a substratum surface, highlighting the impor-
tance and limitations of cell-to-cell communication in a biofilm. Bacteria in a biofilm mode of growth, 
as opposed to planktonic growth, are responsible for the great majority of human infections, predict-
ed to become the number one cause of death in 2050. The concept of adhesion force sensitivity of 
genes provides better understanding of bacterial adaptation in biofilms, direly needed for the design 
of improved therapeutic measures that evade the recalcitrance of biofilm bacteria to antimicrobials.
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INTRODUCTION
Biofilms are surface-adhering and surface-adapted communities of microorganisms (1), in which ad-
hesion to a substratum surface is the initial step. Two surfaces, including the surface of bacteria ad-
hering on a substratum surface, can be attracted to each other by a combination of Lifshitz-Van der 
Waals, electrostatic double-layer, and acid-base forces (2). The sum total of these forces is generally 
called the “adhesion force”. The environmental adhesion forces by which a bacterium adheres to a 
surface are orders of magnitude larger than the gravitational forces bacteria experience and give rise 
to nanoscopic deformation of the cell wall (3, 4). Cell wall deformation in its turn causes changes in 
lipid membrane surface tension that provides a stimulus for the environmentally triggered expression 
of a great number of genes in adhering bacteria (5) to facilitate their surface adaptation. This leads to 
new, so-called “emergent” properties of adhering bacteria in their biofilm mode growth (6). Emergent 
properties reflect bacterial surface adaptation and arise only after bacteria have adhered to a surface. 
According to their definition (6), emergent properties of bacteria in biofilm mode growth are alien to 
their planktonic counterparts and cannot even be predicted on the basis of the properties of plankton-
ic bacteria. The most prominent, landmark emergent property of adhering bacteria is the production 
of an extracellular polymeric matrix in which biofilm bacteria protect themselves against host defens-
es (7) and antimicrobial agents (8, 9) and through which they enforce their bond with a substratum 
surface (10).

Adhesion-force-induced surface adaptation in adhering bacteria has been observed in Staphylo-

coccus aureus biofilms for the icaA gene, regulating production of extracellular polymeric substances 
(EPS). However, adhesion-force-induced surface adaptation was not observed for the cidA gene, 
which is associated with cell lysis and extracellular DNA (eDNA) release (11). Also, nisin clearance in 
staphylococci through the two-component NsaRS intramembrane-located sensor NsaS and NsaAB 
efflux pump (12) was enhanced when staphylococci adhered more strongly to a substratum sur-
face (13). Hitherto, adhesion force sensing and associated cell wall deformation have appeared as 
an appealing concept to explain what environmental stimulus externally triggers the development 
of emergent properties of bacteria in biofilm mode growth. Yet, there still are many questions to be 
addressed, most urgently concerning the range over which adhesion force sensing operates in a 
biofilm. Typically, biofilms are much thicker than the range of the adhesion forces extending from a 
substratum surface. Adhesion forces can yield an attraction that can be sensed up to maximally 0.5 
µm into a biofilm (2, 3). The exact magnitude and range of an adhesion force depend on the hydro-
phobicity and charge properties of the bacterial cell and substratum surfaces. Compared with the 
thickness of a biofilm, the range over which adhesion forces operate is relatively short. This suggests 
that quorum sensing plays a role in spreading the “news” that initial colonizers in a biofilm have “land-
ed” on a substratum surface exerting a specific adhesion force. However, this suggestion has never 
been confirmed. Furthermore, adhesion force sensing has never been confirmed in other species 
than staphylococci. 

Adhesion to surfaces is a survival mechanism for streptococci in the oral cavity (14). Accordingly, 
Streptococcus mutans has the ability to adhere to oral hard and soft tissues, abiotic restorative dental 
materials, and other bacteria in the oral cavity (15). Frequently studied genes involved in S. mutans 
initial adhesion and biofilm formation are summarized in Table 1. Based on the definition of “emergent” 
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properties as given by Flemming et al. (6) and literature description of gene functions, a hypothetical 
distinction is made between genes whose expression prepares planktonic bacteria for adhesion to a 
substratum surface and genes relevant for the development of emergent properties in adhering bac-
teria. For instance, genes that regulate synthesis of specific ligands of planktonic streptococci for op-
timal initial adhesion to saliva-coated surfaces, such as ftf and gtfB (16-19), are not considered to be 
involved in the development of emergent properties that arise by definition in already adhering bac-
teria. Also, genes regulating bacteriocin production, cell death, and chemical stress responses (com-

DE, vicR, gbpB, and relA), although vital in biofilm formation, may not bear direct relevance to EPS 
production, enforcing strong adhesion of biofilm inhabitants to a substratum surface (20–22). Autoin-
ducer 2 in the S. mutans luxS qurum-sensing system (see also Table 1) coordinates communication 
in S. mutans biofilms (23) and may be expected to impact the extension of adhesion-force-sensitive 
genetic programming into a mature biofilm, as adhesion forces can only be directly sensed by initial 
colonizers (4).

TABLE 1 Summary of genes involved in S. mutans UA159 initial adhesion and subsequent process-
es occurring during biofilm formation. 

Genea Function References
Genes relevant to prepare initial adhesion in planktonic S. mutans
ftf Catalysis of sucrose cleavage to synthesize fructan to promote initial adhesion to 

salivary films
(16, 17) 

gtfB Synthesis of water-insoluble glucans (α 1,3-linked) to promote initial adhesion to 
saliva-coated tooth surfaces and establishment of microcolonies in biofilm

(18, 19)

Genes relevant to develop emergent properties in adhering S. mutans
brpA Regulation of cell wall stress responses, biofilm cohesiveness, and biofilm forma-

tion
(24, 33, 34) 

comDE Persister cell formation, bacteriocin production (30)

vicR Synthesis of EPS matrix components, regulation of bacteriocin production and cell 
death

(44, 45)

gbpB Regulation of sensitivity to antibiotics, osmotic and oxidative stress, cell wall con-
struction and maintenance, cell shape, hydrophobicity and sucrose-dependent 
biofilm formation

(28, 29)

relA Regulation of stringent response, acid tolerance and biofilm formation (46, 47)

luxS Coordination of collective behaviors and cohesiveness in biofilms (48, 49)
aA hypothetical distinction has been made with respect to genes relevant to prepare initial adhesion in planktonic 

streptococci and genes involved in the development of emergent properties in adhering bacteria.

In order to further advance the concept of adhesion-force-induced gene expression in relation to 
emergent biofilm properties, the aim of this article is first to identify genes involved in biofilm forma-
tion by S. mutans and an isogenic, quorum-sensing-deficient mutant whose expression is controlled 
by environmental adhesion forces. This would confirm the hypothetical distinctions made in Table 1 
between genes preparing planktonic bacteria for adhesion to a substratum surface and genes rel-
evant for the development of emergent properties in adhering bacteria. To this end, biofilms of S. 
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mutans UA159 and its ∆luxS isogenic mutant were grown on four substratum surfaces with different 
hydrophobicities, and single-bacterial contact probe atomic force microscopy (AFM) was applied to 
measure the forces by which both strains adhere to each substratum surface. Gene expression was 
evaluated using RT-qPCR. Up- or downregulation of selected genes upon adhesion was related to 
the forces by which the streptococci adhere to yield a new concept of “adhesion force sensitivity of 
gene expression”. Uniquely, the extension of adhesion-force-induced genetic programming over the 
height of the biofilms above a substratum surface was investigated in cryosections of the biofilms 
taken at different heights above a substratum surface. Herewith it can be determined to what extent 
quorum sensing controls adhesion-force- induced gene expression in later biofilm inhabitants, resid-
ing further away from the substratum surface and not in direct contact with the substratum surface. 
Whiteness analyses of optical coherence tomography (OCT) images of biofilms was employed to 
support the conclusions regarding height-dependent gene expression taken from cryosections of the 
S. mutans biofilms.

RESULTS
Bacterial cell and substratum surface characteristics. First, it was established that S. mutans 
UA159 and its isogenic mutant UA159 ∆luxS exhibited comparable cell surface characteristics, de-
spite exchange of the luxS gene using an erythromycin resistance determinant (24). Hydrophobicity 
and charge are both important physico-chemical bacterial cell surface characteristics involved in 
adhesion and in combination with comparable properties of the substratum surface define the mag-
nitude of the adhesion forces (2). Cell surface hydrophobicity of bacteria is reflected among other 
characteristics by their removal from an aqueous phase by a hydrophobic ligand (see Fig. S1A in the 
supplemental material). Hydrophilic bacteria prefer to remain in the aqueous phase rather than being 
removed from it by adhesion to a hydrophobic ligand (25). Based on their equally low removal rates 
by hexadecane (P > 0.05, Mann-Whitney test), both strains can be classified as hydrophilic (Fig. S1B 
and C). In addition, streptococcal zeta potentials, reflecting surface charge, were slightly negative 
between -7 and -3 mV, with no significant differences between strains (P > 0.05, Mann- Whitney test). 
Like the hydrophobicity of the bacterial cell surfaces, the hydrophobicity of the substratum surfaces 
is also involved in bacterial adhesion and the forces by which bacteria adhere to a substratum sur-
face. Water contact angles on substratum surfaces reflect the hydrophobicity of a material surface 
and were measured using the sessile drop technique (Fig. S1D). Water contact angles ranged from 
11 to 103° for glass and silicone rubber surfaces, respectively, and differed significantly between all 
surfaces (P < 0.05, Mann-Whitney test). Also, hydrophobic, bacterial-grade and more hydrophilic, tis-
sue-grade polystyrene surfaces (Fig. S1D) demonstrated a significant (P < 0.05, Mann-Whitney test) 
difference in water contact angles.

Bacterial adhesion forces. Streptococcal adhesion forces were measured on different substra-
tum surfaces using single-bacterial-contact probe AFM (Fig. 1A). In single-bacterial-contact probe 
AFM, a bacterium attached to a flexible cantilever is brought into contact with a substratum surface 
and retracted after a specified time (the so-called “surface delay” or “bond maturation” time). Upon 
retraction, the cantilever bends until the bacterial bond with the substratum is disrupted. The force 
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at which this occurs is subsequently calculated from the cantilever bending and recorded as the ad-
hesion force of the bacterium to the substratum surface. Adhesion forces increased with increasing 
bond maturation time between the bacterium and a substratum surface. (See Fig. 1B for examples of 
force-distance curves taken after different bond maturation times for the parent strain and its isogen-
ic, quorum-sensing-deficient mutant.) Adhesion forces as a function of bond maturation time followed 
an exponential increase (Fig. 1B). Accordingly, adhesion forces as a function of bond maturation time 
were fitted to equation 1
                                             
                                                                                                                                            (1)

in which t denotes the surface delay time, F0 is the initial adhesion force at 0 s surface delay time, Ft 

is the adhesion force after surface delay time t, and Fstationary indicates the stationary adhesion force, 
while 𝜏 is the characteristic time constant for bond maturation. Initial adhesion forces, F0 (Fig. 1C), 
were all in the sub-nN range on each substratum for the parent and the isogenic mutant strain (P > 
0.05, one-way analysis of variance [ANOVA]). Bond maturation (compare 𝜏 values in Fig. 1C) oc-
curred slower in the parent strain than in the isogenic mutant, especially on the silicone rubber. Like 
initial adhesion forces, stationary adhesion forces were similar in the parent strain and the isogenic 
mutant (P > 0.05, one-way ANOVA) when measured on the same material and increased for both 
strains with increasing hydrophobicity of the substratum surfaces. The difference between the two ex-
tremes in hydrophobicity on the glass and silicone rubber surfaces was significant within each strain (P 
< 0.05, one-way ANOVA). 

FIG 1 Bacterial adhesion force characteristics of both streptococcal strains on four substratum sur-
faces with different hydrophobicities. (A) Schematics of single-bacterial-contact probe atomic force 
microscopy. A bacterium is attached to a tipless AFM cantilever and brought to contact with a sub-
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stratum surface, after which the cantilever is retracted following a surface delay that can be varied up 
to a maximum of 30 s. Upon retraction, the adhesion force by which the bacterium was attracted to 
the surface can be calculated from the cantilever bending. (B) Example of retraction force-distance 
curves taken after different surface delay times for S. mutans UA159 on a bacterial-grade polysty-
rene (PS) surface. (The arrow points to the force value, taken as the adhesion force.) Also included 
is a graph of streptococcal adhesion forces as a function of surface delay time for the parent strain 
and its quorum-sensing-deficient isogenic mutant. (C) Initial and stationary streptococcal adhesion 
forces F0 and Fstationary, together with the characteristic bond maturation time constant 𝜏 on the different 
substratum surfaces. All data represent averages over 8 spots on 4 different surfaces of each sub-
stratum, measured with 4 different probes and bacteria from 4 different cultures, with ± signs repre-
senting standard deviation (SD) values over 32 measurements. Superscript letters in panelC indicate 
statistical significance as follows: a, statistically significant (P < 0.05, one-way ANOVA) differences 
from silicone rubber; b, statistically significant (P < 0.05, one-way ANOVA) differences between tis-
sue-grade and bacterial-grade PS surfaces.

Streptococcal biofilm growth and gene expression. Streptococcal biofilms were grown, and their 
thicknesses were evaluated using optical coherence tomography (OCT) (see Fig. S2A in the sup-
plementary material). Twenty-four-hour biofilms were all significantly (P < 0.05, Mann-Whitney test) 
thicker than 5 h biofilms. Five-hour biofilms showed thicknesses ranging from 34 to 48 µm for S. 

mutans UA159 and from 26 to 34 µm for its isogenic mutant, UA159 ΔluxS (Fig. S2B). Comparison 
within each substratum surface showed these differences between strains to be not statistically sig-
nificant (P > 0.05, Mann-Whitney test).

Next, gene expression was evaluated in all streptococcal biofilms and normalized with respect to 
gene expression in planktonic streptococci of the corresponding strain (Fig. S3A). (Examples of am-
plification and melting curves are presented in Fig. S4). An example of a heat map for the different 
genes expressed on different substrata for S. mutans UA159 is given in Fig. S3B. Note, that all gene 
expressions were also normalized with respect to expression of the internal control gene 16S rRNA 
and thus, different bacterial numbers will not affect the evaluation of gene expression. Gene ex-
pression as normalized with respect to planktonic streptococci, varied in each strain on the different 
substratum surfaces, both in 5 h and 24 h biofilms (Fig. S3C and D, respectively). Subsequently, nor-
malized gene expressions on different substrata were plotted as a function of the environmental ad-
hesion forces experienced by each of the two streptococcal strains (Fig. 2, see Fig. S5 and Fig. S6 in 
the supplementary material). In the parent strain, significant, linear relations (correlation coefficients 
0.7 or higher, [Fig. 2]) were observed for three (brpA, comDE and gbpB) out of the seven genes 
evaluated in 5 h biofilms. However, in 5 h biofilms of the isogenic quorum-sensing-deficient mutant, 
none of the genes showed such linear relationships (correlation coefficients less than 0.7) and gene 
expression was considered not to be governed by adhesion forces. In cases where correlation co-
efficients were 0.7 or higher, the slopes in the graphs representing gene expression versus adhesion 
force can be interpreted as the sensitivity of a given gene to adhesion forces (Table 2). This renders 
expressions of comDE and gbpB genes as weakly sensitive to environmental adhesion forces, while 
externally triggered expression of brpA was strongly adhesion force sensitive in the parent strain. 
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Note that when evaluated over the entire thickness of the 3- to 4-fold-thicker 24 h biofilms, none of 
the genes showed adhesion-force-induced expression (Fig. S6), regardless of the strain involved.  
                                                                                                                          

FIG 2 Normalized fold gene expression with significant relationships to adhesion forces in S. mutans 

UA159 as a function of the stationary adhesion force to different substratum surfaces over the entire 
height of 5 h biofilms. Error bars denote SD values in fold gene expression over triplicate experi-
ments, while the solid lines represent assumed linear relationships through the data points, with the 
correlation coefficient R2 as presented. Dotted lines represent 95% confidence intervals.

TABLE 2 Adhesion force sensitivity of different genes over the entire height of 5 and 24 h S. mutans 

UA159 and UA159 ΔluxS biofilmsa.

S. mutans UA159 S. mutans UA159 ∆luxS

Adhesion-force sen-
sitivity (nN-1)

R2 Adhesion-force sen-
sitivity (nN-1)

R2

Gene 5 h 24 h 5 h 24 h 5 h 24 h 5 h 24 h
ftf - - 0.3 0.4 - - < 0.1 0.4

gtfB - - 0.1 0.5 - - 0.3 0.1

brpA 1.6 - 0.96 < 0.1 - - 0.6 0.2

comDE 0.2 - 0.7 0.2 - - 0.1 0.2

vicR - - 0.3 0.1 - - < 0.1 0.2
gbpB 0.1 - 0.7 0.1 - - 0.6 0.2
relA - - 0.3 < 0.1 - - 0.3 < 0.1

aLinear relationships between gene expression and stationary adhesion force with a correlation coefficient of less 

than 0.7 were considered insignificant, and no sensitivity values were derived. Data in boldface are considered 

significant.
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Extension of adhesion-force induced gene expression into a biofilm. In order to determine how 
far adhesion-force induced gene expression extended into a biofilm, gene expressions at different 
heights above a substratum surface (Fig. 3A) were evaluated in cryosectioned slices with a thickness 
of approximately 30 µm. Silicone rubber was chosen, because in 5 h biofilms grown on silicone rub-
ber most genes studied were expressed most strongly (see Fig. S3C). Since 5 h biofilms were too 
thin for sectioning, sectioning was only done on 24 h biofilms. Setting gene expression normalized 
with respect to the internal 16S rRNA control, and closest to the substratum surface at 100%, it can 
be seen in Fig. 3B that the adhesion-force induced expression of brpA and comDE was significantly 
decreased (p < 0.05, one-way ANOVA) in middle and top layers of the biofilm compared to 30 µm 
bottom layers, reducing to 30-70% in the top layer of the biofilm, depending on the gene considered. 

FIG 3 Gene expression in different layers of 24 h S. mutans UA159 biofilm on a silicone rubber sur-
face. (A) Schematics of biofilm cryosectioning and gene expression in three biofilm slices taken at 
different heights in the biofilm above the substratum surface. (B) Percentage of normalized (with 
respect to the internal 16S rRNA control) adhesion-force-induced expression of selected genes at 
different heights above a silicone rubber surface in 24 h S. mutans UA159 biofilm, expressed relative 
to gene expression in the bottom layer of the biofilm closest to the substratum surface, set at 100%. 
Error bars denote SD values over triplicate experiments. *, statistically different at P < 0.05 by one-
way ANOVA.

Extension of water- and EPS-filled pockets in streptococcal biofilms. OCT imaging of biofilms 
allows comparison of biofilm regions with different levels of back- scattering of incident light that can 
be associated with bacteria, insoluble EPS, and water- and soluble EPS-filled pockets (26). (See Fig. 
4A for schematics.) Since bacteria are much larger than insoluble EPS molecules, most back-scat-
tered light originates from bacterial presence, as confirmed recently for a wide variety of bacterial 
strains and species by a relationship between signal intensities in OCT images and volumetric bacte-
rial densities (26). Using an artificial whiteness scale (white representing the highest signal intensity 
of back-scattered light), the average whiteness in images of 24 h S. mutans UA159 biofilms was 
significantly (P < 0.05, Mann-Whitney test) lower on all substratum surfaces than in biofilm images 
of S. mutans UA159 ΔluxS (Fig. 4B). This suggests that the great majority of individual bacteria in S. 

mutans UA159 biofilms were triggered to produce soluble EPS, while biofilm images of quorum-sens-
ing-deficient S. mutans UA159 ΔluxS appeared much whiter in the absence of water- and soluble 
EPS-filled pockets. As a consequence of differential soluble EPS production, the volumetric density of 
bacteria in streptococcal biofilms (i.e., the number of bacteria per unit of biofilm volume, determined by 
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enumeration of the number of bacteria after biofilm dispersal from a defined substratum surface area, 
and subsequently divided by the biofilm volume) was lower (P < 0.05, Mann-Whitney test) for the 
parent strain than for the quorum-sensing-deficient mutant and related linearly to the average signal 
intensity in OCT images (Fig. 4C). Analysis of the local signal intensity in OCT images as a function 
of height above the substratum surfaces demonstrates that signal intensities of the S. mutans UA159 
ΔluxS images (Fig. 4D) varied in a nearly identical fashion above both surfaces. However, in biofilm 
images of the parent strain, local signal intensities as a function of height above the surface suggest 
more extensive (P < 0.05, Student’s t test) soluble EPS production on the hydrophobic silicone rub-
ber surface than on the hydrophilic glass surface up to a height of 20 to 25 µm above the surfaces.

FIG 4 Analysis of OCT images of 24 h S. mutans UA159 and UA159 ΔluxS biofilms. (A) Schematics 
of signal intensity development by back-scattered light in OCT: based on an artificial whiteness scale, 
bacteria yield white regions (high signal intensity) due to back-scattering, while water- and soluble 
EPS-filled pockets do not back-scatter light and appear as black regions (low signal intensity). (B) 
Average signal intensity over an entire biofilm in 24 h streptococcal biofilms on the four different 
substratum surfaces. The superscript letter a in panel B indicates significant difference between S. 

mutans UA159 and UA159 ΔluxS (P < 0.05, Mann-Whitney test). (C) Average signal intensity over an 
entire biofilm as a function of the volumetric bacterial density for 24 h streptococcal biofilms of both 
strains on the four different substratum surfaces. Dotted lines represent 95% confidence intervals. (D) 
Local signal intensity in OCT images of 24 h streptococcal biofilms on glass and silicone rubber as a 
function of the biofilm height above the substratum surface. There are no statistically significant (P > 
0.05, Mann-Whitney test) differences at corresponding heights for the mutant strain on hydrophobic 
silicone rubber and hydrophilic glass, while for the parent strain, signal intensities are lower on sili-
cone rubber than on hydrophilic glass up to a thickness of 20 to 25 µm. Error bars indicate SD over 
different experiments with separately cultured bacteria (n=3).
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DISCUSSION
S. mutans is an avid sugar consumer in the oral cavity, allowing it to produce acids that make it one 
of the world’s most wide-spread pathogens, responsible for the decalcification of oral hard tissues. 
For its survival in the oral cavity, S. mutans needs to adhere (14). Once adhering, S. mutans enforc-
es its adhesion to oral surfaces through the production of EPS (27) as a landmark, emergent biofilm 
property. In this article, we identified gbpB, brpA, and comDE as genes that became more strongly 
expressed upon adhesion of S. mutans UA159, compared with ftf, gtfB, vicR, and relA. This confirms 
our hypothetical distinction (Table 1) of ftf and gtfB genes being more relevant for the preparation of 
planktonic streptococci for their initial adhesion to surfaces. Also, it justifies the classification of the 
gbpB, brpA, and comDE genes as more relevant for the development of emergent properties in ad-
hering streptococci. The vicR and relA genes play roles with respect to diverse processes occurring 
during biofilm formation (Table 1), but these are not exclusively involved in directly enforcing the initial 
adhesion of S. mutans to oral surfaces.

Based on the differential expression of the gbpB, brpA, and comDE genes in streptococci adhering 
on different substratum surfaces and relating it to the adhesion forces experienced by adhering bac-
teria, a new concept of “adhesion force sensitivity of gene expression” is introduced. Adhesion force 
sensitivity reflects whether expression of a gene is more or less strongly influenced by the adhesion 
force sensed by bacteria upon their adhesion to a substratum surface. Among the three genes iden-
tified, gbpB had the weakest adhesion force sensitivity. However, gbpB is not only involved in enforc-
ing initial streptococcal adhesion but also possesses an array of other pivotal functions in biofilm for-
mation (Table 1) (28, 29). comDE is also weakly adhesion force sensitive and also possesses other 
functions than enforcing initial adhesion, including persister cell formation (30). However, persister 
cell formation usually involves bacteria closely associated with a substratum surface (31), and hence 
the weak control of adhesion forces over comDE expression as determined over the entire height 
of a biofilm is not surprising. Moreover, these weakly adhesion-force-sensitive genes as identified in 
this study have also been found to be upregulated in biofilm detached cells (32). Detachment is an 
important mechanism for bacterial survival, since it protects the biofilm from overpopulation, which is 
opposite from enforcing initial adhesion. Expression of brpA was by far several fold more sensitive to 
adhesion forces than gbpB and comDE, and its role in biofilm formation has been forcefully empha-
sized in the literature (24, 33, 34).

When averaged over the entire height of relatively thin, 5 h biofilms of S. mutans UA159, biofilms 
demonstrated adhesion-force-controlled gene expression, but this was not observed in thicker, 24 h 
biofilms (Table 2). In order to study the biofilm height above a substratum surface over which initially 
adhering streptococci in direct contact with a substratum surface can signal the news of being in an 
adhering state on a specific surface, 24 h biofilms on silicone rubber were sliced (Fig. 3A). Biofilm 
slices taken at different heights were examined for expression of the three adhesion-force-sensitive 
genes identified. In 24 h biofilms, slices taken closest to the substratum surface demonstrated higher 
expression of the three adhesion-force-sensitive genes than slices of biofilm taken more distant from 
the surface (Fig. 3B). Thus, adhesion-force-induced gene expression extended over at least half of 
the biofilm height above a surface, which represents a considerably larger distance than that over 
which adhesion forces arising from the substratum surface can range (2, 3). In addition to this, most 
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bacteria in a biofilm have never visited a substratum surface (35). This implies that quorum sensing 
must be responsible for the extension of adhesion-force-induced gene expression in biofilms. This 
conclusion is supported by the observation that adhesion- force-induced gene expression of quo-
rum-sensing-deficient S. mutans UA159 ΔluxS was fully absent in both 5 and 24 h biofilms (Table 2).

Moreover, in quorum-sensing-deficient S. mutans UA159 ΔluxS, EPS production reflected by lo-
cal back-scattered light intensities (Fig. 4D) showed identical distributions of soluble EPS over the 
height of biofilms on silicone rubber and glass (Fig. 4D). Alternatively, in biofilms of S. mutans UA159 
with the ability of quorum sensing, soluble EPS production on hydrophobic silicone rubber was high-
er than on hydrophilic glass up to a distance of around 20 to 25 µm above the substratum surface. 
Thus, it can be concluded based on height-dependent gene expression and local EPS production, 
that adhesion-force-induced expression of genes extends into a biofilm through quorum sensing over 
a height limited to 20 to 30 µm above the substratum surface, beyond which auto-inducer concentra-
tions become below their threshold concentrations required to invoke a response. “Calling” distances 
over which bacteria can communicate through quorum sensing have been reported between 5 µm (36) 
and 200 µm (37), which indicates that our estimate of 20 to 30 µm as the calling distance in strepto-
coccal biofilms is reasonable.

In summary, this work extends our understanding of emergent properties in streptococcal biofilms 
and the role of quorum sensing herein. Environmental adhesion  forces have been identified to ex-
ternally control expression of genes that are directly involved in the development of emergent biofilm 
properties in adhering S. mutans, leading to a new concept of “adhesion-force-induced gene expres-
sion in adhering bacteria”. brpA was the most adhesion-force-sensitive gene, as well as the most 
strongly expressed gene in adhering streptococci. Extension of its expression decreased with height 
above the substratum surface. Adhesion-force-induced gene expression was fully absent in a quo-
rum-sensing-deficient isogenic streptococcal mutant. The concept of adhesion-force-induced gene 
expression and its extension through a biofilm through quorum-sensing mechanisms advance our 
understanding of why biofilms of the same strain or species may possess different properties when 
grown on different substrata, which is relevant in all environmental, industrial, and biomedical appli-
cations where biofilms develop.

MATERIALS AND METHODS
Bacterial strains, growth conditions and harvesting. S. mutans UA159 and UA159 ∆luxS were 
cultured at 37°C in 5% CO2 on blood agar for 24 h. One colony was inoculated in 10 mL brain heart 
infusion (BHI) broth (Oxoid, Basingstoke, United Kingdom) with 1% (wt/vol) sucrose added at 37°C 
in 5% CO2 for 24 h. These precultures were used to inoculate the main cultures (1:20 dilution), which 
were grown for 16 h. For S. mutans UA159 ∆luxS, 30 µg mL-1 erythromycin was added to both pre-
cultures and main cultures. Bacteria were harvested by centrifugation (Beckman J2-MC centrifuge; 
Beckman Coulter, Inc., Pasadena, CA, USA) for 5 min at 5,000 ×g and washed twice with freshly 
made buffer (1 mM CaCl2, 2 mM potassium phosphate, 50 mM KCl, pH 6.8) and resuspended in 
buffer. In order to break streptococcal chains, bacterial suspensions were sonicated 3 times for 
10 s each with 30 s intervals at 30 W (Vibra cell model 375; Sonics and Materials, Inc., Danbury, 
CT, USA), while cooling in an ice-water bath. The bacterial suspensions were diluted in buffer to a 
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concentration appropriate for the respective experiments, as determined by enumeration in a Bürk-
er-Türk counting chamber or measurement of the optical density at 600 nm (OD600).

Bacterial cell surface characterization. Microbial adhesion to hydrocarbons (MATH) (Fig. S1) was 
carried out in its kinetic mode (25) to reveal possible differences in adhesive cell surface properties 
between S. mutans UA159 and UA159 ∆luxS. To this end, streptococci were suspended in buffer to 
an OD600 of between 0.4 and 0.6 (A0), and 150 µL hexadecane was added to 3 mL of bacterial sus-
pension. The two-phase system was vortexed for 10 s and allowed to settle for 10 min. The optical 
density (At) was measured, this procedure was repeated 6 more times, and the results were plotted 
as log(At/A0 × 100) against the vortexing time (t) to determine the rate of initial bacterial removal, R0 
(min-1), from the aqueous phase (i.e., their hydrophobicity) as by the kinetic MATH assay, according 
to equation 2:         
                                                                                                                                            (2)

Zeta potentials of both S.  mutans strains (3 X 108 mL-1) were determined in buffer by particulate 
microelectrophoresis (Zetasizer nano-ZS; Malvern Instruments, Worcestershire, United Kingdom) at 
37°C. All bacterial cell surface characterizations were done in triplicate with different bacterial cul-
tures, and data are presented as averages + standard deviations (SD) of the mean.

Substratum materials and characterization. Four different substratum materials were used in this 
study: glass (Thermo Scientific, Braunschweig, Germany), bacterial-grade polystyrene (Greiner Bio-
One GmbH, Frickenhausen, Germany), tissue-grade polystyrene (Greiner Bio-One GmbH), and 
medical-grade silicone rubber (ATOS Medical B.V., Zoetermeer, The Netherlands). Polystyrene is a 
hydrophobic material, mostly applied in microbiology for well plates to keep bacteria in suspension. 
Therefore, the company also advocates it for use as “suspension culture plates” made of hydropho-
bic “bacterial-grade” polystyrene. In cell biology, a hydrophilically modified type of polystyrene is pre-
ferred, since cells grow on surfaces. These plates are called “tissue culture plates” made of relatively 
hydrophilic “tissue-grade” polystyrene. All materials were made to fit into a 24-well plate, allowing 
samples with a surface area of 1 cm2. Polystyrene surfaces were used as received, while glass and 
silicone rubber surfaces were cleaned first with 2% RBS (Rue Bollinckx, Brussels, Belgium) under 
sonication and rinsed with warm tap water, sterilized in ethanol (96%), and finally washed with steril-
ized buffer.

The hydrophobicities of the different substratum materials were determined through water contact 
angle measurements. Water contact angles were measured at 25°C using the sessile drop technique 
with a home-made contour monitor. Droplets of 1.5 -2 µL ultra-pure water were put on the different 
surfaces and the contours of the droplet were measured between 5 and 10 s after placing a droplet, 
from which contact angles were subsequently calculated after grey-value thresholding. Contact an-
gles were measured in triplicate on each of the four materials.

Adhesion-force measurement. Single-bacterial-contact probes were prepared by attaching strep-
tococci to a tipless cantilever (NP-O10; Bruker AFM Probes, Camarillo, CA, USA) via electrostatic 
interaction with poly-L-lysine (PLL) (molecular weight, 70,000 to 150,000; Sigma-Aldrich, St. Louis, 
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MO, USA) adsorbed to the cantilever using a micromanipulator (Narishige Groups, Tokyo, Japan). 
Cantilevers were calibrated using the thermal method (38), yielding spring constants in the range of 
0.03 to 0.12 N m-1. Briefly, the far end of a tipless cantilever was dipped in a droplet of PLL for 1 min 
and dried in air for 2 min,  followed  by 2 min of immersion in a droplet of bacterial suspension (3 × 
107 mL-1 in buffer) to allow one bacterium to adhere to the cantilever. Attachment to the PLL-coated 
cantilever did not affect the viability of the bacteria (39, 40). Freshly prepared bacterial probes were 
directly used for adhesion force measurements. Adhesion force measurements (Fig. 1A) were per-
formed at room temperature in buffer using a Dimension 3100 system (Nanoscope V; Digital Instru-
ments, Woodbury, NY, USA). For each bacterial probe, force-distance curves were measured with 0, 
2, 5, 10, and 30 s of surface delay at a 5 nN trigger threshold. In order to verify whether a measure-
ment series had disrupted bacterial integrity, five force-distance curves at a loading force of 5 nN and 
surface delay of 0 s were measured at the beginning and end of each experiment on glass. When the 
adhesion forces measured differed more than 1 nN from the beginning to the end of an experiment, 
data were discarded and the probe was replaced by a new one.

Biofilm formation. Silicone rubber and glass samples were put in 24-well plates of either bacterial or 
tissue grade, and initial bacterial adhesion was allowed by adding 1 mL of streptococcal suspension 
(3 × 108 mL-1) in buffer to each well under static conditions for 2 h at 37°C under 5% CO2. In addition, 
initial adhesion was allowed on the bottom of 24-well plates of either bacterial or tissue grade. After 2 
h, the bacterial suspension was removed, and each well was carefully washed once with 1 mL buffer, 
after which 1 mL BHI with 1% sucrose (wt/vol) was added to each well to allow biofilm growth under a 
static condition in 5% CO2 at 37°C. After 5 or 24 h of growth, biofilms were carefully washed with buf-
fer and then imaged with OCT (Thorlabs Ganymede, Newton, NJ, USA) to determine their thickness 
and whiteness distribution over the biofilm height above the substratum surface. Then streptococcal 
biofilms were carefully scraped off the surfaces and resuspended in buffer for gene expression or for 
bacterial enumeration in a Bürker-Türk counting chamber as described above in order to calculate 
volumetric bacterial densities in the biofilm, defined as the number of bacteria divided by the volume 
they occupy in a biofilm. Alternatively, intact biofilms were embedded in Tissue-Tek OCT compound 
(Sakura Finetek USA, Inc., Torrance, CA, USA) and stored at – 80°C for later cryosectioning.

Gene expression of planktonic and biofilm-grown bacteria. (i) Gene expression in planktonic 
and resuspended biofilms. Planktonic as well as resuspended biofilm-grown streptococci were cen-
trifuged at 6,500 × g for 5 min, the supernatant was removed, and pellets were stored at – 80°C until 
RNA isolation. In order to prevent possible alterations in gene expression during sample collection, 
resuspension, centrifugation, and freeze storage were done as fast as possible (less than 45 min). 
Total RNA was isolated using RiboPure bacterial kit (Ambion, Invitrogen, Foster City, CA) according 
to the manufacturer’s instructions. Traces of genomic DNA were removed using the DNAfree kit (Am-
bion, Applied Biosystems, Foster City, CA). The amount and quality of extracted RNA were based on 
the 260/280-nm ratio measured using a NanoDrop ND-1000 (NanoDrop Technologies LLC, Thermo 
Fisher Scientific, Wilmington, DE). A ratio of A260/A280 around 2.0% (±10%) was accepted as ‘‘pure” for 
RNA. A mixture of 200 ng RNA, 4 µL 5 × iScript reaction mixture, and 1 µL iScript reverse transcrip-
tase, in a total volume of 20 µL (Iscript; Bio-Rad, Hercules, CA), was used for cDNA synthesis ac-
cording to the manufacturer’s instructions. Real-time reverse transcription-quantitative PCR (RT-qP-
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CR) was performed in a 384-well plate (HSP-3905; Bio-Rad Laboratories, Foster City, CA, USA) with 
the primer sets for the selected genes (see Table S1 in the supplementary material). The following 
thermal conditions were used for all RT-qPCRs: 95°C for 3 min and 39 cycles of 95°C for 10 s and 
59°C for 30 s. The mRNA levels were quantified in relation to endogenous control gene coding for 
16S rRNA. Gene expression levels in the biofilms were normalized to planktonic S. mutans UA159. 
Gene expression was assessed in triplicate experiments with separately grown cultures.

(ii) Gene expression in biofilm slices as a function of biofilm height above a substratum 
surface. Twenty-four-hour biofilms grown on silicone rubber surfaces were washed with freshly made 
buffer and removed from their 24-well plates. Tissue-Tek OCT compound (Sakura Finetek USA, 
Inc., Torrance, CA, USA) was applied to the biofilm surface, and thus embedded biofilms were sub-
sequently stored at – 80°C. Embedded biofilms were sliced using a cryostat into 10-µm-thick slices 
taken parallel to the substratum surface. The top, middle, and bottom slices of biofilm (6 slices of 10 
µm of the biofilm) were collected separately in 1.5 mL tubes and stored at – 80°C for further RNA iso-
lation and analysis of the expression of selected genes, as described above. Finally, gene expression 
was normalized with respect to gene expression in the layer adjacent to the substratum surface (i.e., 
the bottom slices).

OCT imaging. Biofilms were imaged using an OCT Ganymede II (Thorlabs Ganymede, Newton, NJ, 
USA) with a 930-nm center wavelength white light beam and a Thorlabs LSM03 objective scan lens, 
providing a maximum scan area of 100 mm2. The imaging frequency was 30 kHz, with a sensitivity 
of 101 dB, and the refractive index of biofilm was set as 1.33, equal to the one of water. Two-dimen-
sional (2D) images had fixed 5,000 pixels with variable pixel size, depending on magnification in the 
horizontal direction, while containing a variable number of pixels with a 2.68 µm pixel size in the ver-
tical direction. Images were created by the OCT software (ThorImage OCT 4.1) using 32 bit data and 
signal intensities of back scattered light were reflected by a whiteness distribution in OCT images (41). 
Biofilm thickness was subsequently determined from the OCT images after Otsu thresholding (42). To 
eliminate the influence of autoscaling by the instrument on signal intensities of back-scattered light, 
rescaling was applied (26, 43). Rescaled signal intensities have been demonstrated to reflect the ab-
sence or presence of water- and EPS-filled pockets in a biofilm and relate to the volumetric bacterial 
density in biofilms (26, 43).

Statistical analysis. GraphPad Prism, version 7 (San Diego, CA) was employed for statistical analy-
sis. Significance among groups was assessed by one-way analysis of variance (ANOVA) followed by 
Dunn’s multiple comparisons test. Alternatively, Mann-Whitney test was used to compare two sets of 
data at a time. For comparison of OCT signal intensities at different biofilm heights Student t-test was 
applied. Significance was adapted at p < 0.05.
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SUPPLEMENTARY MATERIAL

FIG S1 Bacterial cell and substratum surface characteristics involved in adhesion. (A) Microbial 
Adhesion to Hydrocarbons (MATH) in its kinetic mode (25) measures the removal of bacteria by a 
hydrophobic ligand from an aqueous phase as a function of vortexing time. Streptococci were sus-
pended in buffer (1 mM CaCl2, 2 mM potassium phosphate, 50 mM KCl, pH 6.8) to an optical density 
OD600nm between 0.4 and 0.6 (A0), and 150 µL hexadecane was added to 3 mL bacterial suspen-
sion. The two-phase system was vortexed for 10 s and allowed to settle for 10 min and the optical 
density (At) was measured. This procedure was repeated 6 more times, and results were plotted 
as log (At/A0×100) against the vortexing time (t) to determine the rate of initial bacterial removal R0 

(min-1) from the aqueous phase, i.e. their hydrophobicity as by the kinetic MATH assay, according 
to                                                                                                           

Hydrophilic bacteria prefer to remain in the aqueous phase rather than be removed from it by 
adhesion to a hydrophobic ligand and have a low removal rate. (B) OD ratios log (At/A0) x 100 of 
S. mutans UA159 and S. mutans UA159 ∆luxS grown in BHI with 1% sucrose added as a function 
of vortexing time. Error bars, indicating SD over triplicate experiments with different streptococcal 
cultures, are smaller than the data points. (C) Hydrophobicities of bacterial cell and substratum sur-
faces, expressed by initial removal rates in MATH and water contact angles (WCA), respectively 
together with the bacterial zeta potentials measured in buffer (3 x 108 bacteria mL-1) using particulate 
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microelectrophoresis (Zetasizer nano-ZS; Malvern Instruments, Worcestershire, UK) at 37°C. Bacte-
rial cell surface characteristics are averages over triplicate experiments with different streptococcal 
cultures. ± indicates SD values over three separate MATH assays, while in case of zeta potentials ± 
represents average SD values over a population of around 50 streptococci in a separate culture. (D) 
The hydrophobicities of the different substratum materials were determined through water contact 
angle measurements. Water contact angles were measured at 25°C using the sessile drop technique 
with a home-made contour monitor. Droplets of 1.5 -2 µL ultra-pure water were put on the different 
surfaces, and the contours of the droplet were measured between 5 and 10 s after placing a droplet, 
from which contact angles were subsequently calculated after grey-value thresholding. Water contact 
angles are averages over triplicate experiments with different samples (with at least 3 spots were 
chosen on each sample), with ± indicating SD values. *PS is polystyrene. Superscript letters a to d in 
panel D indicate significant differences (p < 0.05, Mann-Whitney test) between four surfaces used. 
Shown is spreading of sessile water droplets on the different substratum surfaces used. Note that 
part of a droplet reflects in the surface, enabling the determination of the exact position of the surface 
relative to which the contact angle must be calculated.

FIG S2 Examples of OCT images of S. mutans UA159 and UA159 ΔluxS biofilms and their thick-
nesses. (A) OCT cross-sectional images of 5 and 24 h streptococcal biofilms on the different substra-
tum surfaces involved in this study. The scale bar represents 100 μm. (B) Thicknesses (μm) of 5 and 
24 h streptococcal biofilms on the different substratum surfaces, determined from the OCT images 
after Otsu thresholding (42). All 24 h biofilms are significantly (P < 0.05, Mann-Whitney test) thicker 
than corresponding 5 h biofilms. “±” indicates SD over different experiments with separately cultured 
bacteria (n = 3).
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FIG S3 Biofilm gene expression in S. mutans UA159 and UA159 ΔluxS biofilms, grown on four differ-
ent substratum surfaces, after 5 and 24 h. (A) Gene expression in biofilms was normalized to plank-
tonic streptococci in each of the two strains used. (B) Heat map of gene expression in 5 h biofilms of 
S. mutans UA159 on the different substratum surfaces. The pseudocolor scale represents the level 
of expression of the respective genes. (C) Fold expression of selected genes in 5 h streptococcal 
biofilms on different substratum surfaces, normalized with respect to planktonic streptococci in each 
of the two strains used. (D) Same as panel C, now for 24 h biofilms.

FIG S4 Example of brpA amplification and melting curves in 5 h biofilms of both streptococcal strains 
on silicone rubber surfaces (results from duplicate wells). The green line indicates background fluo-
rescence.
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FIG S5 (to be continued.)
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FIG S5 (continued.) Normalized fold gene expression with insignificant relationships with adhesion 
forces in S. mutans UA159 and its ΔluxS isogenic mutant as a function of the stationary adhesion 
force to different substratum surfaces over the entire height of 5 h biofilms. Error bars denote SD 
values in fold gene expression over triplicate experiments, while the solid lines represent assumed 
linear relationships through the data points, with the correlation coefficient R2 as presented. Dotted 
lines represent 95% confidence intervals. 

FIG S6 (to be continued.)
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FIG S6 (continued.) Normalized fold gene expression with insignificant relationships to adhesion 
forces in S. mutans UA159 and its ΔluxS isogenic mutant as a function of the stationary adhesion 
force to different substratum surfaces over the entire height of 24 h biofilms. Error bars denote SD 
values in fold gene expression over triplicate experiments, while the solid lines represent assumed 
linear relationships through the data points, with the correlation coefficient R2 as presented. Dotted 
lines represent 95% confidence intervals.
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TABLE S1 Primer sequences for RT-qPCR used in this study.

Gene Primer sequence (5′ to 3′)
Forward Reverse

16SrRNA
CCTACGGGAGGCAGCAGTAG CAACAGAGCTTTACGATCCGAAA

ftf
AAATATGAAGGCGGCTACAACG CTTCACCAGTCTTAGCATCCTGAA

gtfB
AGCAATGCAGCCAATCTACAAAT ACGAACTTTGCCGTTATTGTCA

brpA
GGAGGAGCTGCATCAGGATTC AACTCCAGCACATCCAGCAAG

comDE
ACAATTCCTTGAGTTCCATCCAAG TGGTCTGCTGCCTGTTGC

vicR
TGACACGATTACAGCCTTTGATG CGTCTAGTTCTGGTAACATTAAGTCCAATA

gbpB
ATGGCGGTTATGGACACGTT TTTGGCCACCTTGAACACCT

relA
ACAAAAAGGGTATCGTCCGTACAT AATCACGCTTGGTATTGCTAATTG
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ABSTRACT
Bacteria utilize chemical and mechanical mechanisms to sense their environment in order to survive 
hostile conditions. In mechanical-sensing, intra-bilayer pressure profiles change due to deformation 
induced by the adhesion forces bacteria experience on a surface. Emergent properties in mono-spe-
cies Streptococcus mutans biofilms, like extracellular-matrix production, depend on the adhesion 
forces that streptococci sense. Here, we determined whether and how salivary conditioning film 
(SCF)-adsorption and the multi-species nature of oral biofilm influence adhesion force sensing and 
associated gene-expression by S. mutans. Hereto, Streptococcus oralis, Actinomyces naeslundii 
and S. mutans were grown together on different surfaces in absence and presence of an adsorbed 
SCF. Atomic force microscopy and RT-qPCR were used to measure S. mutans adhesion forces and 
gene-expressions. Upon SCF-adsorption, stationary adhesion forces decreased on a hydrophobic 
and increased on a hydrophilic surface to around 8 nN. Optical coherence tomography showed that 
triple-species biofilms on SCF-coated surfaces with dead S. oralis adhered weakly and often de-
tached as a contiguous sheet. Concurrently, S. mutans displayed no differential adhesion force sens-
ing on SCF-coated surfaces in the triple-species biofilms with dead S. oralis, but once live S. oralis 
were present S. mutans adhesion force sensing and gene-expression ranked similar as on surfaces 
in absence of an adsorbed SCF. Concluding, live S. oralis may enzymatically degrade SCF-compo-
nents to facilitate direct contact of biofilm inhabitants with surfaces and allow S. mutans adhesion 
force sensing of underlying surfaces to define its appropriate adaptive response. This represents a 
new function of initial colonizers in multi-species oral biofilms.  
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INTRODUCTION
Environmental sensing is of vital importance for bacteria to counter the many hostile conditions they 
may endure during their growth. Bacteria can sense and respond to chemical signals such as pH, 
ionic strength or auto-inducers involved in quorum sensing (1). However, bacteria also respond to 
a variety of mechanical signals (2), such as adhesion forces arising from a surface to which they 
adhere. Upon adhesion to a surface, bacterial cell surfaces slightly deform under the influence of 
the adhesion forces (3), which impacts the intra-bilayer pressure profile across their lipid membrane 
(4). These pressure profile changes can stimulate gene expressions in bacteria upon adhesion to a 
surface that are important for the adaptation of planktonically growing bacteria into a biofilm mode of 
growth. In a biofilm mode of growth, biofilm inhabitants often possess new, emergent properties alien 
to their planktonic counterparts (5). Increasing adhesion forces of Staphylococcus aureus on surfac-
es decreased expression of icaA genes and production of poly-N-acetylglucosamine and eDNA, both 
of direct relevance as a glue in the formation of the extracellular polymeric substance (EPS) matrix of 
a biofilm (6). Also, NsaS sensor and NsaAB efflux pump transcript levels in S. aureus were enhanced 
as a response to antibiotic presence when staphylococci were adhering to a surface (7). Streptococ-

cus mutans, one of the main cariogenic strains in the oral cavity, has been demonstrated to possess 
three adhesion force sensitive genes (brpA, gbpB, comDE) responsible for emergent EPS production 
on silicone rubber, bacterial grade polystyrene, tissue-grade polystyrene and glass (8) (these surfac-
es are listed in the order of decreasing water contact angle (“hydrophobicity”), corresponding with 
a decrease in adhesion forces from 20 nN to 3 nN). Adhesion force induced gene-expression and 
emergent EPS production in S. mutans biofilms were limited to the first 20-30 µm above a substra-
tum surface, but fully absent in a quorum-sensing deficient S. mutans strain. A distance of 20-30 µm 
above a substratum surface is within the “calling-distances” reported for producing, releasing, sens-
ing and responding to auto-transducer gradients in quorum-sensing (9-11). Collectively, this suggests 
that the results of adhesion force sensing by streptococci directly in contact with a surface are carried 
into a biofilm through quorum-sensing. This highlights the interplay between chemical and mechani-
cal, environmental sensing by adhering bacteria and their role in biofilm formation. 

In oral biofilm formation, adsorption of salivary proteins precedes adhesion of initial bacterial col-
onizers to a surface, modulating bacterial adhesion to surfaces (12) and possibly adhesion force 
sensing and associated surface adaptation. Moreover, oral biofilms are composed of many different 
bacterial strains and species that are all involved in biofilm formation in a spatio-temporal sequence 
(13, 14). Streptococcus oralis and Actinomyces naeslundii have their own role in this sequence and 
are among the dominant initial colonizers that adhere to the adsorbed salivary conditioning film and 
form a co-aggregating pair. After adhesion of initial colonizers, later colonizers, such as S. mutans 
and other oral bacterial strains come into play, due to coaggregation (13) or local changes in the 
environment(15, 16), giving them a different position in the spatio-temporal sequence of oral biofilm 
formation. Oral bacteria not only adhere to tooth surfaces, but also to the surfaces of composite res-
torations, orthodontic appliances (17) and other oral bacterial cell surfaces. Accordingly, oral bacteria 
encounter many different surfaces, each with their own surface charge and hydrophobicity, to which 
they may adhere and adapt with different emergent properties (11). 

The aim of this article is to determine whether and how salivary conditioning film adsorption and 
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the presence of S. oralis and A. naeslundii influence adhesion force sensing and associated ex-
pression of brpA, gbpB and comDE by S. mutans in a triple-species, oral biofilm model. In order to 
evaluate possible interference by S. oralis or A. naeslundii on S. mutans adaptive gene expression, 
live and dead S. oralis and/or A. naeslundii were used to grow triple-species biofilms. Single bacterial 
contact probe atomic force microscopy (AFM) was applied to measure the adhesion forces that S. 

mutans senses on different surfaces in the absence and presence of an adsorbed conditioning film, 
while adaptive gene expressions in biofilms were evaluated using RT-qPCR. Genes were selected 
that all have a demonstrated role in adhesion and growth of S. mutans: brpA regulates cell wall stress 
responses, biofilm cohesiveness and biofilm formation, while gbpB regulates antibiotic sensitivity, os-
motic and oxidative stresses, cell wall construction and maintenance, cell shape, hydrophobicity, and 
sucrose-dependent biofilm formation and comDE relates with persister cell formation and bacteriocin 
production (8).  

RESULTS
Physical interactions in triple-species biofilms
(i) S. mutans adhesion-forces. S. mutans adhesion forces on different surfaces were measured 
using single bacterial contact probe AFM. The bacterial probe was brought to a surface and after dif-
ferent time periods retracted from the surface. During this bond maturation time period, bacterial cell 
surface appendages re-arrange, molecules change conformation and water is removed from in be-
tween the bacterial cell surface and a substratum surface to increase the adhesion force. These pro-
cesses are all physico-chemical in nature and equally occur in bacteria as well as in inert polystyrene 
particles (18). All S. mutans adhesion forces increased with increasing bond maturation times (Fig. 
S1) between the bacterium and any surface, whether glass, silicone rubber or a bacterial cell surface. 
Accordingly, adhesion forces were plotted as a function of bond maturation time (Fig. S2) and fitted to 
an exponential function, yielding an initial adhesion force F0 measured immediately upon contact, a 
characteristic bond maturation time 𝜏 and a stationary adhesion force, Fstationary reached after complete 
bond maturation (see Supplementary material for calculational details). All initial adhesion forces 
were significantly lower than the stationary adhesion forces calculated (Table 1). Initial adhesion forc-
es increased fastest on hydrophilic glass surfaces (𝜏 is 4 s), and slowest on hydrophobic silicone rub-
ber surfaces (𝜏 equals 21 s). S. mutans adhesion forces with any of the other two strains increased 
with intermediate bond maturation times. Stationary adhesion forces on glass increased after adsorp-
tion of a salivary conditioning film (P > 0.05, Mann-Whitney test), while on silicone rubber stationary 
adhesion forces decreased (P < 0.05, Mann-Whitney test). Interestingly, both surfaces displayed 
similar stationary S. mutans adhesion forces after adsorption of a salivary conditioning film (P > 0.05, 
Mann-Whitney test). Stationary adhesion forces between S. mutans and S. oralis and A. naesliundii 
were all smaller than the adhesion forces arising from the substratum surfaces (P > 0.05, one-way 
ANOVA). Live and dead, heat-killed S. oralis and A. naeslundii presented the same stationary adhe-
sion forces to S. mutans, indicating that heat-killing did not affect the adhesive surface properties of 
the strains. This was confirmed by zeta potential measurements, showing similarly negative zeta po-
tentials for live and dead bacteria (Table S1, P > 0.05, Mann-Whitney test). Summarizing, S. mutans 
stationary adhesion forces differed greatly on silicone rubber and glass surfaces, but converged upon 
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adsorption of a salivary conditioning film to these surfaces. S. mutans stationary adhesion forces to S. 

oralis and A. naeslundii cells were smaller than to the materials surfaces, regardless whether these 
bacteria were dead or alive.

TABLE 1 Initial and stationary streptococcal adhesion forces F0 and Fstationary, together with the char-
acteristic bond maturation time constant 𝜏 for S. mutans UA159 with different substratum surfaces in 
the absence and presence of an adsorbed salivary conditioning film (SCF) and with S. oralis J22 and 
A. naeslundii T14V-J1. ± signs represent standard deviations (SD) over 35 force-distance curves. 
The force-distance curves were recorded using 3 separately prepared bacterial probes, taken out of 
3 different bacterial cultures, each measuring adhesion forces on 7 different contact points and mea-
suring 5 force-distance curves for on each contact point. 

S. mutans UA159 
adhesion to

F
0 
(nN)  𝜏 (s) F

stationary 
(nN)

glassa 0.7 ± 0.1bc 4 ± 3c 4.1 ± 1.3c

SCF-coated glass 0.4 ± 0.1 8 ± 4 7.9 ± 4.3

silicone rubbera 1.2 ± 0.4b 21 ± 11 19 ± 14b

SCF-coated silicone rubber 0.3 ± 0.1c 14 ± 9 7.8 ± 2.6

live S. oralis 0.4 ± 0.1 13 ± 3 2.8 ± 0.1

dead S. oralis 0.5 ± 0.2 13 ± 5 3.4 ± 0.9

live A. naeslundii 0.6 ± 0.3 11 ± 9 4.1 ± 1.5

dead A. naeslundii 0.8 ± 0.3 9 ± 4 5.5 ± 1.1

a Data taken from Wang et al (8). 
b Significantly different from SCF-coated substrata (P < 0.05, Mann-Whitney test). 
c Significantly different from corresponding data on silicone rubber (P < 0.05, Mann-Whitney test). 

(ii) (Co-)aggregation of different strain combinations. The adhesion forces measured using AFM 
occurred after forced contact between the interacting surfaces. In order to determine up to what ex-
tent the three strains can be expected to adhere to each other and sense adhesion forces exerted 
upon each other during adhesion and biofilm formation from suspension, a co-aggregation assay was 
carried out. Co-aggregation of the three bacterial strains was investigated using the well-established 
and generally-accepted, semi-quantitative assay proposed by Kolenbrander and Andersen (19). In 
the assay, equal volumes of one or more of the bacterial suspensions are mixed. Aggregation of any 
of the bacterial strains in mono-species suspension in absence of other strains did not occur (Table 2), 
regardless of whether bacteria were alive or dead. Also, S. mutans did not co-aggregate with S. oralis 
nor A. naeslundii in dual-species suspensions, also regardless of whether alive or dead. This implies 
that in triple-species biofilms, S. mutans is unlikely to sense any adhesion forces arising from either S. 

oralis or A. naeslundii. Both alive and dead S. oralis and A. naeslundii co-aggregated in dual-species 
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suspensions, while also triple-species suspensions demonstrated clear co-aggregation.

TABLE 2 (Co-)aggregation scoresa of different combinations of S. mutans UA 159, live or dead S. 

oralis J22 and A. naeslundii T14V-J1 in mono-, dual- and triple-species suspensions. Experiments 
were done in triplicate with separately cultured bacteria, yielding similar scores.  

Mono-species suspensions Scorea

S. mutans S. oralis A. naeslundii

live - - 0

- live - 0

- dead - 0

- - live 0

- - dead 0

Dual-species suspensions Scorea

S. mutans S. oralis A. naeslundii

live live - 0

live dead - 0

live - live 0

live - dead 0

- live live 3

- live dead 2

- dead live 2

- dead dead 2

Triple-species suspensions Scorea

S. mutans S. oralis A. naeslundii

live live live 3

live live dead 2

live dead live 2

live dead dead 2

a Score 0: no change in turbidity and no visible co-aggregates; Score 1: weak coaggregation with dispersed ag-

gregates in a turbid background; Score 2: clearly visible, small co-aggregates, not settling immediately; Score 3: 

large settling co-aggregates, leaving a slightly turbid suspension; Score 4: maximum coaggregation large co-ag-

gregates settled immediately leaving a fully clear supernatant (19). 

Thickness and composition of biofilms. S. mutans mono-species biofilms and different triple-spe-
cies biofilms were grown on SCF-coated glass and silicone rubber surfaces for 5 h and 24 h. In order 
to determine their thickness, biofilms were imaged using optical coherence tomography (OCT) (Fig. 1). 
Thickness could only be measured in cases of bacteria initially adhering to substratum surfaces in a-
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FIG 1 Examples of OCT images of S. mutans UA159 mono-species biofilm and different triple-spe-
cies biofilms. The triple-species biofilms included live or dead S. oralis J22 and A. naeslundii T14V-J1 
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in addition to live S. mutans UA159 after 5 h and 24 h growth on different substratum surfaces. OCT 
images of S. mutans mono-species biofilms on glass and silicone rubber surfaces in the absence of 
an adsorbed salivary conditioning film (SCF) are taken from (8). Scare bars indicate 50 µm.

bsence of a salivary conditioning film, and in cases where live S. oralis were present. All 24 h biofilms 
were thicker than 5 h biofilms. 
Contiguous sheets of S. mutans mono-species biofilms as well as of triple-species biofilms in the ab-
sence of live S. oralis detached during handling of the biofilms from SCF-coated substrata, as caused 
by even the slightest fluid flow within the wells. This may well be due to the relatively small adhesion 
forces of the initial colonizers to salivary conditioning films as compared to bare substratum surfaces 
(20). Moreover, it indicates that only live S. oralis paves a way through the salivary conditioning film 
to ensure direct, strong contact of individual biofilm inhabitants and strong adhesion of an entire tri-
ple-species biofilm to a substratum surface.

TABLE 3 The number of CFU per unit substratum surface area (107/cm2) of each strain in S. mutans 
UA159 mono-species and in different triple-species biofilms with live or dead S. oralis J22 and A. 

naeslundii T14V-J1 on salivary conditioning film (SCF)-coated glass and silicone rubber surfaces. Ex-
periments were done in triplicate with separately cultured bacteria, ± signs represent standard devia-
tions (SD).

Biofilm Biofilm  
inhabitants

SCF-coated
glass

SCF-coated  
silicone rubber

5 h 24 h 5 h 24 h

Mono-species live S. mutans 4.3 ± 0.6 19.0 ± 6.3 9.4 ± 2.4 16.3 ± 6.6

Triple-species live S. mutans 1.5 ± 0.3 4.6 ± 2.7 1.8 ± 0.3 6.3 ± 3.1

live S. oralis 33.4 ± 7.2 0.1 ± 0.1 41.6 ± 0.3 0.3 ± 0.1

live A. naeslundii 5.2 ± 1.9 0.1 ± 0.0 5.4 ± 3.3 0.1 ± 0.1

Triple-species live S. mutans 4.1 ± 1.2 17.3 ± 3.5 3.5 ± 0.8 15.4 ± 3.2

dead S. oralis 0 0 0 0

dead A. naeslundii 0 0 0 0

Triple-species live S. mutans 1.1 ± 0.5 0.5 ± 0.1 0.8 ± 0.3 0.3 ± 0.1

live S. oralis 35.5 ± 5.8 0.1 ± 0.0 28.9 ± 13.4 0.1 ± 0.04

dead A. naeslundii 0 0 0 0

Triple-species live S. mutans 6.6 ± 1 10.0 ± 0.4 3.6 ± 1.1 10.0 ± 5.6

dead S. oralis 0 0 0 0

live A. naeslundii 2.8 ± 2.1 ND* 2.0 ± 1.2 ND*

*ND is not detectable CFU < 103 /cm2.

In order to monitor the composition of the triple-species biofilms grown as a function of time, bio-
films were scraped off the surfaces, suspended in buffer and serial dilutions grown on different (se-
lective) agar plates. Growth on blood agar allowed growth of all strains, while selective agar plates 
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only allowed growth of exclusively S. mutans or A. naeslundii. S. oralis counts were then determined 
by subtraction from the blood agar count. S. mutans mono-species biofilms contained between 4.3 
x 107 CFU/cm2 and 9.4 x 107 CFU/cm2 after 5 h of growth on salivary conditioning films adsorbed on 
glass and silicone rubber surfaces, respectively. S. mutans numbers increased to 19.0 x 107 CFU/
cm2 and 16.3 x 107 CFU/cm2 after 24 h of growth (Table 3). 

FIG 2 The percentage composition of different triple-species biofilms containing S. mutans UA159, in 
combination with live or dead S. oralis J22 and A. naeslundii T14V-J1. The percentage composition 
was expressed relative to the total number of CFU/cm2 in a biofilm. Error bars represent SD values 
over triplicate experiments with different bacterial cultures.

The percentage composition of each strain in different biofilms was calculated by dividing the 
number of CFU of each strain by the total number of CFUs in a biofilm, as displayed in Fig. 2. Biofilm 
compositions were similar on SCF-coated glass and SCF-coated silicone rubber. Whenever present 
as a live organism, S. oralis was the dominant strain in 5 h old triple-species biofilms, whereas in 
corresponding 24 h old biofilms S. mutans became the dominant strain. A. naeslundii presence re-
mained low, except when grown in triple-species with dead S. oralis.

S. mutans gene expressions in different biofilms. Adaptive gene expression of brpA, gbpB and 
comDE in S. mutans UA159 biofilms, previously demonstrated to be most adhesion force sensitive 
genes (8), was determined in planktonic and mono-, dual- and triple-species biofilms with RT-qPCR. 
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In the absence of an adsorbed salivary conditioning film, 5 h S. mutans mono-species biofilm dis-
played brpA gene expression that increased from a planktonic state to an adhering state. Expression 
of brpA gene was higher on hydrophobic silicone rubber than on hydrophilic glass (Fig. 3A). Once 
coated with a salivary conditioning film, differences in brpA gene expression in S. mutans biofilms 
on both substratum surfaces completely disappeared, but expression remained higher than for S. 

mutans in a planktonic state. This typical ranking of brpA gene expression observed in S. mutans 

mono-species biofilms in absence of an adsorbed salivary conditioning film was nearly fully restored 
in triple-species biofilms containing live S. mutans and S. oralis in combination with dead A. naeslun-

dii. Triple-species biofilms in which all three strains were alive suggest the on-set of restoration of 
the ranking observed for S. mutans mono-species biofilms, but not as convincingly as when dead A. 

naeslunddii were included in the biofilm.

FIG 3 Gene expression in S. mutans UA159 mono-species biofilms and different triple-species oral 
biofilms. Different triple-species biofilms were comprised of S. mutans UA159 (S. m.) in combination 
with live or dead S. oralis J22 (S. o.) and A. naeslundii T14V-J1 (A. n.) in the absence and presence 
of an adsorbed salivary conditioning film on different substratum surfaces. (A) brpA gene expres-
sion. (B) gbpB gene expression. (C) comDE gene expression. Error bars represent SD values over 
triplicate experiments with separately grown biofilms. Data on brpA, gbpB and comDE expressions 
in S. mutans UA159 mono-species biofilms on glass and silicone rubber surfaces in absence of an 
adsorbed salivary conditioning film were taken from (8). 

Restoration of the ranking as observed for brpA gene expression in S. mutans mono-species bio-
films in absence of an adsorbed salivary film on the different surfaces by live S. oralis, was confirmed 
in triple-species biofilms for gbpB (Fig. 3B) and comDE (Fig. 3C) gene expression on SCF-coated 
surfaces. Differences in gene expressions were minor in 24 h mono-species and triple-species oral 
biofilms (Fig. S3).
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DISSCUSSION
In this article we aimed to determine whether the principles of mechano-microbiology (2), most nota-
bly adhesion force sensing (21) with respect to environmental sensing by bacteria adhering to sub-
stratum surfaces, are preserved in multi-species biofilms in absence and presence of an adsorbed 
salivary conditioning film on the surfaces. The early dominance of S. oralis in 5 h old triple-species 
biofilms followed later by S. mutans dominance in 24 h old biofilms. In absence of the ability to co-
aggregate with the two initial colonizers involved in this study (see Table 2), S. mutans appears later 
in spatio-temporal sequence of multi-species biofilm growth in vitro (22) and oral biofilm formation in 
general (13) due to the acid environment it needs to create for itself (15,16).

Hydrophobicity is an important substratum surface characteristic determining bacterial adhesion 
forces. Generally, bacterial adhesion forces are stronger on hydrophobic surfaces than on more hy-
drophilic surfaces (23,24). In an environment, laden with proteins, protein adsorption proceeds fast-
er than bacterial adhesion because proteins diffuse faster towards a surface than bacteria (25,26). 
Hence in many environments, bacteria adhere to a protein film coated surface (27). Saliva is com-
posed of a large variety of proteins that maintain surface thermodynamic homeostasis (28,29) and 
converge differences in the hydrophobicity of surfaces exposed to the oral cavity to a well-controlled, 
narrow range. Oral surface thermodynamic homeostasis is achieved by polar-apolar layering in SCF 
adsorption (28), i.e. hydrophilic surfaces, such as a glass surface, are made more hydrophobic by 
allowing protein adsorption in a conformation that presents hydrophobic groups to its outer surface, 
while on a hydrophobic surface the opposite occurs. Polar-apolar layering therewith explains why 
stationary adhesion forces sensed by S. mutans decreased on hydrophobic silicone rubber and in-
creased on hydrophilic glass upon SCF-coating to a similar value (Table 1). Oral surface thermody-
namic homeostasis therewith fully explains why S. mutans did not display differential adhesion force 
sensing in 5 h mono-species biofilms on SCF-coated surfaces (Fig. 3). 

Having excluded differential adhesion force sensing on different SCF-coated materials surfaces, 
we now address the probability of S. mutans sensing of adhesion forces arising from other species 
in our triple species biofilms. The probability that S. mutans also senses adhesion forces arising from 
other bacteria is considered low, as co-aggregation between S. mutans and any of the two initial col-
onizers involved in this study, was absent (Table 2). Also, volumetric bacterial densities of different 
biofilms in absence of co-aggregating strains and species are generally less (30) than 0.3 bacteria 
µm3 with distances between biofilm inhabitants between 1 and 3 µm (31). This is far beyond the 
range (< 500 nm) of adhesion forces between surfaces (32,33) and excludes interferences in S. mu-

tans adhesion force sensing by direct contact with other bacteria in a multi-species biofilm.
The ranking of gene-expression by planktonic S. mutans and S. mutans adhering on substratum 

surfaces in the absence of a salivary conditioning film was only restored in triple-species biofilms with 
live S. oralis present (see also Fig. 3). S. mutans gene expression in the presence of live S. oralis 
was weaker in the additional presence of live A. naeslundii than in the presence of dead A. naeslun-

dii on SCF-coated silicone rubber, presumably because both initial colonizers in a live state compet-
ed for real estate of a SCF-coated substratum. Having now excluded S. mutans sensing of adhesion 
forces arising from different SCF-coated materials and from other bacteria in our triple-species bio-
films, this leaves the question how S. mutans adhesion force sensing on SCF-coated surfaces is re-
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stored to the ranking observed on uncoated materials surfaces.
To answer this question, we turn to the sheet-detachment observed. Sheet-detachment of oral 

biofilm from SCF-coated substrata is a new phenomenon to us, that may have remained unnoticed, 
also in the literature, because the field of view of microscopic observation applied in most studies 
is much smaller than in optical coherence tomography (approximately 10 mm2 in OCT as applied in 
this study versus 0.1 mm2 e.g. in CLSM at 40 × magnification). Also, the search for beautiful images 
as common in microscopic observation may have biased the literature and prevented observation 
of sheet-detachment of biofilm. Sheet-detachment from SCF-coated surfaces of our S. mutans mo-
no-species and S. mutans containing triple-species biofilms exclusively occurred in absence of live 
S. oralis. Oral bacteria adhere significantly with weaker forces to SCF-coated surfaces as compared 
with surfaces in the absence of salivary conditioning films (20,34). It may be considered a new, befit-
ting role for initial colonizers to facilitate direct adhesion of other biofilm inhabitants to a substratum 
surface and therewith establish much stronger adhesion forces of bacteria with a substratum surface 
than established when the salivary conditioning film is in between. S. oralis with its high prevalence 
in triple-species biofilms as opposed to A. naeslundii (see Fig. 2), is ideally equipped for enzymatic 
degradation of salivary proteins. S. oralis is known to possess glycosidase and proteolytic activities 
to break down salivary conditioning film components into metabolizable fragments (35). Opposite-
ly and in addition to its low prevalence, A. naeslundii is not able to degrade oral mucins, unless in 
combination with Streptococcus mitis, Streptococcus gordonii and Streptococcus cristatus (36). Col-
lectively, these considerations lead to the conclusion that S. oralis clears the way through a salivary 
condition film for strong adhesion forces of a biofilm and direct contact of other biofilm inhabitants to 
directly contact a surface. This allows S. mutans surface sensing to define its appropriate response 
to SCF-coated substratum surfaces in multi-species biofilms. 

Adhesion force sensing was not observed in 24 h triple-species biofilms, nor in mono-species S. 

mutans biofilms regardless of the absence or presence of an adsorbed salivary conditioning film on 
a substratum surface (Fig. S3). Previously, we attributed this to the limited calling distance of quo-
rum-sensing (8). Analysis of gene-expression of cross-sections of mono-species S. mutans biofilms 
on substrata in absence of a salivary conditioning film demonstrated extension of adhesion force in-
duced gene expressions up to a height of 20 – 30 µm above a surface, far above the thickness of our 
24 h triple-species biofilms (Fig. 1). 

In summary, bacteria cause infections by adhering to a variety of protein coated natural or syn-
thetic surfaces in the human body (37,38). Most human infections are caused by bacteria in a bio-
film-mode of growth, in which they surface-adapt (39). This study shows, that in multi-species oral 
biofilms adhering to SCF-coated surfaces, surface-adaptation by S. mutans to surfaces remains to 
exist. Based on available literature, this is suggested to occur through breaking down of the salivary 
conditioning film by initial colonizers, most notably S. oralis. The three genes considered in this article 
to establish this conclusion (gene brpA, gbpB and comDE) are all relevant for the production of the S. 

mutans protective extracellular matrix (40-42). Since S. mutans is a prominent cariogenic pathogen 
(43) whose colonization of the oral cavity may initiate serious organ infection (44) including endocar-
ditis (45), the importance of this conclusion extends far beyond oral health.
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METHODS
Substratum materials and salivary conditioning film adsorption. Glass (Thermo Scientific, 
Braunschweig, Germany) and medical-grade silicone rubber (ATOS Medical B.V., Zoetermeer, The 
Netherlands) were used as substrata, as they have been previously shown to represent two ends of 
the scale with respect to hydrophobicity (water contact angles 11 and 103 degrees, respectively) and 
S. mutans gene expression (brpA gene expression was maximal on hydrophobic medical-grade sili-
cone rubber surface and minimal on hydrophilic glass surface) in mono-species biofilms (8). All ma-
terials were made to fit into a 24 well-plate, allowing samples with a surface area of 1 cm2, cleaned 
with 2% RBS 35 detergent (Omnilabo International BV, The Netherlands) under sonication for 5 min, 
rinsed with warm tap water, sterilized with 70% ethanol, and finally washed with sterilized demineral-
ized water.

Depending on the experiment, cleaned surfaces were coated with a salivary conditioning film. 
To this end, human whole saliva was collected and prepared, as previously described (27,46). 
Briefly, human whole saliva from 20 healthy volunteers of both sexes was collected into ice-chilled 
Erlenmeyer flasks after stimulation by chewing Parafilm®. Saliva was collected with the informed 
consent of the voluntary saliva-donors, in accordance with the rules set out by the Ethics Commit-
tee at the University Medical Center Groningen. After collection, the salivary samples were pooled 
and centrifuged twice (10,000 × g, 15 min, 4⁰C), and phenylmethylsulfonyl fluoride was added to a 
final concentration of 1 mM as a protease inhibitor. Afterwards, the solution was centrifuged again, 
dialyzed (24 h, 4⁰C) against demineralized water, and freeze-dried for storage. For salivary con-
ditioning film adsorption, freeze-dried saliva was dissolved in a calcium-phosphate buffer (1 mM 
CaCl2, 2 mM potassium phosphate, 50 mM KCl, pH 6.8) at a concentration of 1.5 mg mL-1 and 
samples were immersed in 1 mL of reconstituted human whole saliva for overnight adsorption. Af-
ter salivary conditioning film adsorption, samples were immediately used for further experiments.

Bacterial strains, growth conditions and harvesting. All bacterial strains used were cultured on 
blood agar (Mediaproducts BV, Groningen, The Netherlands) plates from a frozen stock. S. mutans 
UA159 was grown at 37°C in 5% CO2 for 24 h, S. oralis J22 at 37°C in ambient air for 24 h and A. 

naeslundii T14V-J1 at 37°C under anaerobic conditions for 48 h. Next, one colony of each strain was 
inoculated in 10 mL brain heart infusion (BHI) broth (Oxoid, Basingstoke, United Kingdom) with 1% 
(wt/vol) sucrose added and cultured at 37°C in 5% CO2 for 24 h. These pre-cultures were used to in-
oculate main cultures (1:20 dilution), which were grown for 16 h. Bacteria were harvested by centrifu-
gation (Beckman J2-MC centrifuge; Beckman Coulter, Inc., Pasadena, CA, USA) for 5 min at 5000 × 
g and washed twice in buffer. In order to break streptococcal chains, bacterial suspensions were son-
icated once for 30 s at 130 W (Vibra cell model VCX130, Newtown Connecticut USA) while cooling 
in an ice-water bath. The bacterial suspensions were diluted in buffer to a concentration appropriate 
for the respective experiments, as determined by enumeration in a Bürker-Türk counting chamber. 
Non-viable S. oralis J22 and A. naeslundii T14V-J1 suspension were prepared by heat-killing of the 
suspended bacteria in a water bath, kept at 60°C for 30 min. Heat-killing was confirmed using plate 
counting (see below).
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Bacterial cell surface characterization. Zeta potentials are an important characteristic of bacteria, 
relevant for initial adhesion (32) and were determined in bacterial suspensions (3 ×108 mL-1) in the 
above described calcium-phosphate buffer using particulate microelectrophoresis (Zetasizer na-
no-ZS; Malvern Instruments, Worcestershire, United Kingdom) at 37°C. Zeta potentials of all strains 
were measured in triplicate with different bacterial cultures, and data are presented as averages ± 
standard deviations (SD) of the mean.

Co-aggregation assay. Pairwise co-aggregation properties of the three bacterial strains involved in 
the biofilm model applied were measured in order to determine whether or not bacteria in different 
combinations had direct adhesive contact with each other. For co-aggregation measurements, we 
have used the well-established and generally-accepted, semi-quantitative Kolenbrander assay (19). 
Co-aggregation was assayed by mixing equal volumes (0.5 mL) of one or more bacterial suspen-
sions (1 x 109 mL-1) in buffer during 120 min and subsequently monitoring the decrease in turbidity 
of the suspension due to co-aggregation. After mixing, co-aggregation was scored on a scale from 0 
(evenly turbid suspension) to 4 (fully clear suspension) (19). A full description of all scores is given in 
the footnote to Table 2 and visual images of each score are presented in  Fig. S4.

Adhesion-force measurements. For adhesion force measurements, single bacterial contact probes 
(47) were prepared as described before (7,48). First, S. mutans was attached to a tipless cantilever 
(NP-O10; Bruker AFM Probes, Camarillo, CA, USA) via electrostatic double-layer interaction with 
poly-L-lysine (PLL) (molecular weight 70,000 to 150,000; Sigma-Aldrich, St. Louis, MO, USA) ad-
sorbed to the cantilever using a micromanipulator (Narishige Groups, Tokyo, Japan). Cantilevers 
were calibrated using the thermal method, yielding spring constants in the range of 0.03 to 0.12 N 
m-1. Briefly, the far end of a tipless cantilever was dipped in a droplet of PLL for 1 min and dried in air 
for 2 min, followed by 2 min of immersion in a droplet of a streptococcal suspension at a relatively 
low concentration (3 × 107 mL-1 in buffer) to allow one bacterium to adhere to the cantilever. Single 
bacterial adhesion from low concentration suspensions was demonstrated previously using fluo-
rescence microscopy of LIVE/DEAD stained (Baclight viability stain; Molecular Probes Europe BV, 
Leiden, The Netherlands) staphylococci (7) and streptococci (48) attached to a PLL coated cantile-
ver. Use of LIVE/DEAD staining furthermore allowed us to conclude that the viability of bacteria was 
not affected by adhesion to a PLL coated cantilever, as also demonstrated by others for Escherichia 

coli (49). For the inadvertent event that multiple bacteria might have adhered to a cantilever, bacte-
rial probes were used for imaging. All bacterial probes made in the above way, correctly imaged and 
reflected the dimensions of AFM calibration grids (7,48) without the occurrence of double-contour 
lines indicative of double-contact. S. mutans probes in the current study were checked for single 
bacterial adhesion to the cantilever (Fig. S5A) andabsence of double-contour lines generation by 
imaging streptococci adhering to a glass surface (Fig. S5B). Freshly prepared streptococcal probes 
were directly used for adhesion force measurements. Adhesion force measurements were performed 
at room temperature in the calcium-phosphate buffer using a Dimension 3100 system (Nanoscope 
V; Digital Instruments, Woodbury, NY, USA). Adhesion forces were measured on glass and silicone 
rubber surfaces with and without a salivary conditioning film and bacterial cell surfaces. Briefly, the 
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cantilever with an attached S. mutans was brought into contact with a substratum surface or a bac-
terial cell surface and retracted after a specified time (bond maturation time). Upon retraction, the 
cantilever bends until the bacterial bond with the surface under probing was disrupted. The force 
at which this occurred was subsequently calculated from the cantilever bending and recorded as 
the adhesion force of the bacterium to the surface probed. For each bacterial probe, force-distance 
curves were measured after 0, 2, 5, 10, and 30 s of bond maturation time at a 5 nN loading force. 
In order to verify whether a measurement series had disrupted bacterial integrity, five force-distance 
curves at 0 s bond maturation time were measured at the beginning and end of each experiment 
on glass. When the adhesion forces measured differed more than 1 nN from the beginning to the 
end of an experiment, data were discarded, and the bacterial probe was replaced by a new one. 

Single bacterial probes were directly used on the different substratum surfaces to measure the ad-
hesion force between the bacterium and the surface in the absence and presence of a salivary condi-
tioning film. S. mutans probes were in addition used to measure its adhesion forces with S. oralis or A. 

naeslundii. To this end, S. oralis or A. naeslundii were immobilized on glass slides, in essence similar-
ly as described above for the preparation of a streptococcal probe. In short, a droplet of PLL was ad-
sorbed to a cleaned glass surface and dried in air, after which a droplet of a bacterial suspension (3 × 
108 mL-1) was pipetted onto the surfaces and dried in air for another 15 min. Surfaces were rinsed with 
demineralized water and dried in air for 15 min, resulting in partly dehydrated bacteria on the surface 
by the loss of free water from its surface (50), without removal of internally bound water. This type of 
drying did not affect bacterial viability (7,48), as can also be seen from the green fluorescence of the 
single LIVE/DEAD stained bacterium on the cantilever in Fig. S5A. Before adhesion force measure-
ments, the surfaces were scanned using the AFM and zoomed in to ensure the contact between the S. 

mutans probe and a single target bacterium (either S. oralis or A. naeslundii) attached to the surface.

Triple-species biofilm formation. Bacterial suspensions of the three bacterial strains were mixed 
(1:1:1 volume) to provide an inoculum with a defined final concentration of S. mutans (1 x 108 mL-1), A. 

naeslundii (either live or dead, 1 x 109 mL-1), and S. oralis (either live or dead, 1 x 108 mL-1).
To grow a triple-species biofilm, 1 mL of the mixed bacterial suspension was added to a 24-well 

plate containing a glass or silicone rubber sample with an adsorbed salivary conditioning film. Wells 
were kept under static conditions for 2 h at 37°C in 5% CO2 to allow bacterial sedimentation and ad-
hesion. After 2 h, the bacterial suspension was removed, and each well was carefully washed once 
with 1 mL buffer, after which 1 mL BHI complemented with 1% (wt/vol) sucrose was added to each 
well to allow biofilm growth under static conditions in 5% CO2 at 37°C. After 5 or 24 h of growth, all 
biofilms were carefully washed with buffer and imaged using Optical Coherence Tomography (OCT) 
to determine their thicknesses (see below). Subsequently, biofilms were carefully scraped off the 
surfaces and resuspended in buffer for plate enumeration of colony forming units (CFU) or for RNA 
isolation and gene expression (see below).

Enumeration of colony forming units (CFU). For enumeration of the number of CFUs in different 
biofilms, bacteria were scraped off the different surfaces, suspended in buffer, ten-fold serially diluted 
and agar plated. Selective agar plates were used to differentiate between the different strains isolat-
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ed from triple-species biofilms. Home-made TSY20B agar (51) plates were used for enumeration of 
S. mutans, commercially-bought blood agar plates were used for enumeration of S. oralis and home-
made CFAT (52) agar plates for A. naeslundii enumeration. Briefly, 100 µL of a bacterial dilution was 
pipetted onto the corresponding agar plate, spread using a glass swab and left to incubate under 
different conditions. Blood agar plates were kept in ambient air at 37°C for 24 h, TSY20B agar plates 
in 5% CO2  at 37°C for 48 h and another 24 h in ambient air and CFAT agar plates were left at 37°C 
under anaerobic conditions for four days. Bacterial colonies were enumerated using a plate counter 
(New Brunswick Scientific Edison, N.J., USA) after incubation. 

Optical coherence tomography imaging. Biofilm thicknesses were measured using OCT (Gany-
mede II, Thorlabs Ganymede, Newton, NJ, USA) equipped with a 930-nm center wavelength white 
light beam and a Thorlabs LSM03 objective scan lens. The imaging frequency was 30 kHz, with a 
sensitivity of 101 dB, and the refractive index was set as 1.33 for the biofilm, equal to the one of wa-
ter. Two-dimensional (2D) images had fixed 5,000 pixels with variable pixel size while containing a 
variable number of pixels with a 2.68 µm pixel size in the vertical direction. Images were created by 
the OCT software (Thor-Image OCT 4.1) using 32-bit data, and signal intensities of back-scattered 
light were reflected by a whiteness distribution in OCT images. Biofilm thickness was subsequently 
determined from the OCT images after thresholding as described by Otsu (53). 

Gene expression of planktonic and biofilm-grown bacteria. Planktonic as well as resuspended 
biofilm bacteria were centrifuged at 6500 ×g for 5 min, supernatants removed and pellets stored at 
-80°C until RNA isolation. Total RNA was isolated using RiboPure bacterial kit (Ambion, Invitrogen, 
Foster City, CA) according to the manufacturer’s instructions. Traces of genomic DNA were removed 
using the DNAfree kit (Ambion, Applied Biosystems, Foster City, CA, USA). The amount and quality 
of extracted RNA was based on the 260/280-nm ratio measured using a NanoDrop ND-1000 (Nan-
oDrop Technologies LLC, Thermo Fisher Scientific, Wilmington, DE, USA). A ratio of A260/A280 absor-
bance of around 2.0 (± 10%) was accepted as ‘‘pure” for RNA. A mixture of 200 ng RNA, 4 µL 5 × 
iScript reaction mixture, and 1 µL iScript reverse transcriptase, in a total volume of 20 µL (Iscript; Bio-
Rad, Hercules, CA, USA), was used for cDNA synthesis according to the manufacturer’s instructions. 
Real-time reverse transcription-quantitative PCR (RT-qPCR) was performed in a 384-well plate (HSP-
3905; Bio-Rad Laboratories, Foster City, CA, USA) with the primer sets for the selected genes (Table 
S2). The following thermal conditions were used for all RT-qPCRs: 95°C for 3 min and 39 cycles of 
95°C for 10 s and 59°C for 30 s. The mRNA levels were quantified in relation to endogenous control 
gene coding for 16S rRNA. Gene expression levels in the biofilms were normalized to planktonic S. 

mutans UA159. Gene expression was assessed in triplicate experiments with separately grown cul-
tures. Specific primers were chosen for analyzing gene expression of S. mutans. None of the primers 
presents cross-reaction between streptococci and actinomyces or between different streptococcal 
strains (54), as independently confirmed for our triple-species biofilms (data not shown).

Statistical analysis. GraphPad Prism, version 7 (San Diego, CA, USA), was employed for statistical 
analysis. Significant differences between groups were assessed by one-way analysis of variance 
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(ANOVA) followed by Dunn’s multiple-comparison test. Alternatively, the Mann-Whitney test was used 
to compare two sets of data at a time. Significance was adapted at P < 0.05.

Data Availability
The datasets generated in this study are available from the corresponding author upon request.
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SUPPLEMENTARY MATERIAL

TABLE S1 Zeta potentials measured in a calcium-phosphate buffer (1 mM CaCl2, 2 mM potassium 
phosphate, 50 mM KCl, pH 6.8) of the three bacterial strains involved in this study, demonstrating 
similar zeta potentials of live and dead S. oralis J22 and A. naeslundii T14V-J1 (no significant differ-
ence at P > 0.05, Mann-Whitney test). ± signs stand for standard deviation (SD) over triplicate exper-

iments.

Strains Live/dead Zeta potential (mV)

S. mutans UA159 live -2.8 ± 0.3

S. oralis J22 live -8.4 ± 0.2

dead -8.7 ± 0.5

A. naeslundii T14V-J1 live -4.6 ± 0.3

dead -5.3 ± 0.5

TABLE S2 Primer sequences of the genes used in this study.

Gene Primer sequence (5′ to 3′)
Forward Reverse

16SrRNA ACCAGAAAGGGACGGCTAAC TAGCCTTTTACTCCAGACTTTCCTG

brpA GGAGGAGCTGCATCAGGATTC AACTCCAGCACATCCAGCAAG

gbpB ATACGATTCAAGGACAAGTAAG TGACCCAAAGTAGCAGAC

comDE ACAATTCCTTGAGTTCCATCCAAG TGGTCTGCTGCCTGTTGC

Calculation of initial adhesion forces, characteristic bond maturation times and stationary ad-
hesion forces. Adhesion forces have been described (1) to increase with contact time between the 
interacting according to an exponential function  

in which Ft is the adhesion force after bond maturation time t, F0 is the initial adhesion force at 0 s 
bond maturation time and Fstationary indicates the stationary adhesion force reached after complete 
bond maturation, while 𝜏  is the characteristic time constant for bond maturation. Least-square fitting 
of F0, 𝜏  and Fstationary to the adhesion forces measured as a function of time was applied for their cal-
culation. 
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FIG S1  Examples of retraction force-distance curves taken after different bond maturation times for a 
S. mutans UA159 probe on SCF-coated glass (left) and SCF-coated silicone rubber (right) surfaces, 
on live S. oralis J22 and A. naeslundii T14V-J1 cell surfaces (left) and on dead S. oralis J22 and A. 

naeslundii T14V-J1 cell surfaces (right). The arrow points to the most-negative force value, taken as 
the adhesion force for a given curve. 

FIG S2 (to be continued.)
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FIG S2 (continued.) S. mutans UA159 adhesion forces as a function of bond maturation time on 
SCF-coated glass (left) and SCF-coated silicone rubber (right) surfaces, on live S. oralis J22 and A. 

naeslundii T14V-J1 cell surfaces (left) and on dead S. oralis J22 and A. naeslundii T14V-J1 cell sur-
faces (right). Error bars represent standard deviations (SD) over example measurements, each taken 

on 5 contact points with 1 S. mutans probe.

FIG S3 Gene expression in 24 h S. mutans UA159 (S. m.) mono-species biofilms and different tri-
ple-species oral biofilms. Biofilms comprised of S. mutans UA159 (S. m.) in combination with live or 
dead S. oralis J22 (S. o.) and A. naeslundii T14V-J1 (A. n.) on different substratum surfaces in the 
absence and presence of a salivary conditioning film. (A) brpA gene expression. (B) gbpB gene ex-
pression. (C) comDE gene expression. Error bars represent SD values over triplicate experiments 
with separately grown biofilms. Data on brpA, gbpB and comDE expressions in S. mutans UA159 
mono-species biofilms on glass and silicone rubber surfaces in absence of a salivary conditioning 

film were taken from Wang et al (2).
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FIG S4 Visual aggregation assay showing different coaggregation scores. Score 0: no change in tur-

bidity and no visible co-aggregates; Score 1: weak coaggregation with dispersed aggregates in a tur-

bid background; Score 2: clearly visible, small co-aggregates, not settling immediately; Score 3: large 

settling co-aggregates, leaving a slightly turbid suspension; Score 4: maximum coaggregation large 

co-aggregates settled immediately leaving a fully clear supernatant (3) (Reprinted with permission 

from Taylor & Francis Ltd., www.tandfonline.com).

FIG S5 Demonstration of single bacterial probe use. (A) Fluorescence image of a single LIVE/DEAD 

stained S. mutans UA159 bacterium adhering on a tipless AFM cantilever. Green fluorescence 

demonstrates bacterial viability. Scale bar represents 20 μm. (B) Verification of the absence of dou-

ble-contour lines upon imaging S. oralis adhering to a glass surface, using a S. mutans probe. Scale 

bar represents 2 μm.
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ABSTRACT
Bacteria respond to adhesion forces arising from a surface to which they adhere through adaptation 
of gene expression. In previous chapters (Chapters 3 and 4), we found that emergent EPS-produc-
tion in S. mutans biofilms was controlled through adhesion-force sensing and maintained in multi-spe-
cies biofilms on salivary-conditioning film coated surfaces through the action of initial colonizers, most 
notably S. oralis. Adhesion-force induced gene-expressions were limited to the first 20-30 µm above 
a substratum surface. To further advance our understanding of the influence of surface heterogeneity 
on adhesion-force sensing and development of phenotypically heterogeneous micro-environments in 
biofilms, as discussed in Chapter 1.1 of this thesis, S. mutans biofilms were grown at the border be-
tween hydrophobic silicone rubber and hydrophilic glass. To this end, after various other trials, clamp-
ing together of both substratum materials turned out to be the most suitable method to create such 
a border. Horizontal ranges of adhesion-force induced gene expression in biofilm samples taken at 
different spots at increasing distances from each side of the border were determined using RT-qPCR. 
Preliminary results of four pilot experiments were irreproducible, but suggest that gene expression 
in adhering bacteria around a border of hydrophilic and hydrophobic surfaces may be a stochastic 
process due to stochasticity in adhesion, growth and quorum-sensing processes. If this is the case, 
reproducible experiments are inherently impossible. However, this conclusion needs to be confirmed 
using more accurate experimental protocols, including e.g. better spot-size confined collection of bio-
film. 
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INTRODUCTION
In the introductory chapter (Chapter 1.1) to this thesis, adhesion-force sensing by adhering bacteria 
was described as an important tool for bacteria to define their proper adaptation to their adhering 
state. Individual, adhering bacteria were hypothesized to adhere to intrinsic, stochastically distributed 
substratum surface heterogeneities yielding different adhesion forces over a substratum surface that 
trigger emergence of heterogeneous micro-environments in biofilms.

In the previous chapters (Chapters 3 and 4), we have demonstrated that S. mutans senses a 
different adhesion force on hydrophilic glass than on hydrophobic silicone rubber and adapts accord-
ingly with different gene expression to both surfaces. Importantly, S. mutans surface sensing and 
adaptation was maintained in a multi-species oral biofilm and on salivary conditioning film covered 
surfaces in presence of live S. oralis, producing protein-degrading enzymes.

In the previous Chapters 3 and 4, it was assumed that the glass and silicone rubber surfaces 
were “homogeneous” in surface properties relevant for adhesion force sensing, although they likely 
possessed intrinsic heterogeneities. 

In order to better verify the role of surface heterogeneity in adhesion force sensing and emergence 
of heterogeneous micro-environments in S. mutans biofilms, we here aim to study gene expression 
and surface adaptation of S. mutans at the border between hydrophilic glass and hydrophobic sili-
cone rubber. Several concepts were considered to create such a border. Our initial concept was to 
fabricate a heterogeneous surface with hydrophilic and hydrophobic patches, each with water con-
tact angles similar as on glass and silicone rubber surfaces, respectively. To this end, we modified 
a hydrophobic polydimethylsiloxane (PDMS) surface (water contact angle 107 degrees, similar as 
of silicone rubber) with a hydrophilic microgel (poly(N-isopropylacrylamide). However, AFM images 
showed that the distribution of the microgel was not homogeneous. Besides, water contact angles 
on the microgel coated hydrophilic patch were 35 degrees, failing to meet our expectation of a water 
contact angle similar to the one on glass (11 degrees). We also tried to coat PDMS surfaces with 
different concentrations of APTES (3-aminopropyl)triethoxysilane) in a longitudinal gradient manner. 
This method was discarded either because of instability of the water contact angles on the modified 
surface or limited difference in adhesion forces between both ends of the gradient. After these, we 
considered coating of hydrophilic glass surfaces with different silanes, including 0.05% APTES, 0.05% 
Bis(2-hydroxyethyl)aminopropyltriethoxysilane) and 0.05% PTS (N-propyltrichorosilane). Whereas 
these modifications created the desired differences in hydrophobicity, they failed to yield to similar 
stationary adhesion forces on S. mutans as observed on silicone rubber and glass. Probably for this 
modification, surface charge played an important additional role above hydrophobicity in determining 
adhesion forces between bacteria and the surfaces (1), as streaming potentials demonstrated that 
APTES modification resulted in a coating with positively-charged amine groups (–NH2), Bis modifica-
tion yielded a negatively-charged coating (–OH), and PTS modification yielded an uncharged coating 
(see also Fig. 1). Finally we turned to mechanical means to create a border by pressing a glass and 
a silicone rubber sample as closely and evenly together as possible and studied the pattern of hori-
zontal gene expression around the border for the most adhesion-force sensitive genes of S. mutans: 
brpA, comDE and gbpB (see Chapter 3). 
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FIG 1 Charged groups on a glass surface, coated with different silanes. 

METHODS
Substratum materials, bacterial strains, growth conditions and harvesting, biofilm growth, Optical 
Coherence Tomography (OCT), gene expression and statistical analyses have all been described in 
Chapter 3 and are therefore not repeated. Unique to this chapter is the preparation of the border be-
tween glass and silicone rubber and its characterization. 

Glass (Thermo Scientific, Braunschweig, Germany) and medical-grade silicone rubber (ATOS 
Medical B.V., Zoetermeer, The Netherlands) were used as substrata, as they have been previously 
shown to represent two ends of the scale with respect to hydrophobicity (water contact angles 11 and 
103 degrees, respectively). Moreover, S. mutans brpA gene expression was maximal on hydropho-
bic medical-grade silicone rubber surface and minimal on hydrophilic glass surface in mono-species 
biofilms (2) leading to “emergent” properties of biofilm bacteria that are alien to planktonic ones. With 
the aim of revealing the role of environmental adhesion forces in emergent biofilm properties, genes 
in Streptococcus mutans UA159 and a quorum-sensing-deficient mutant were identified that become 
expressed after adhesion to substratum surfaces. Using atomic force microscopy, adhesion forces 
of initial S. mutans colonizers on four different substrata were determined and related to gene ex-
pression. Adhesion forces upon initial contact were similarly low across different substrata, ranging 
between 0.2 and 1.2 nN regardless of the strain considered. Bond maturation required up to 21 s, 
depending on the strain and substratum surface involved, but stationary adhesion forces also were 
similar in the parent and in the mutant strain. However, stationary adhesion forces were largest on 
hydrophobic silicone rubber (19 to 20 nN). Glass and medical-grade silicone rubber surface were cut 
into 1 cm × 0.5 cm and placed in a PMMA mold as shown in Fig. 2, clamping both materials together 
as tightly as possible in view of elastic bolding of the silicone rubber. To compensate for differences 
in thickness between glass and silicone rubber surface, the mold had slightly different depths on both 
sides. This yielded a tightly clamped border with a maximal height difference between both sides of 
around 11 ± 7 μm, as measured using Sony magenscale LY-101. 

The surface and the mold were cleaned with 2% RBS under sonication for 5 min, rinsed with warm 
tap water, sterilized with 70% ethanol, and finally washed with sterilized demineralized water.
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FIG 2 Mold used to create a glass-silicone rubber border. (A) Side-view. (B) Top-view. 

Importantly, after 5 h growth of S. mutans biofilms around the border as described before (Chapter 
3), biofilms were picked up using the far end of a sterile disposable inoculation loop (Greiner Bio-One 
GmbH, Frickenhausen, Germany) at different spots away from the glass-silicone rubber border (Fig. 
3) to determine gene-expressions. The end of the loop had a thickness of approximately 1 mm and 
by scraping along the width of samples, parallel to the border, biofilm was collected from an area of 1 
mm × 10 mm for each spot (see Fig. 3). 5h old biofilms were chosen, because they yielded the best 
indication of adhesion-force induced gene expression on different surfaces (see Chapter 3).

FIG 3 Schematics of biofilm samples selection at three spots at different distances away from the 
border. (A) Inoculation loop with the end used for biofilm collection indicated in the orange square. (B) 
Spot 1, approximately 0.5 mm away from the border; spot 2, approximately 2.5 mm away from the 
border; spot 3, approximately 4.5 mm away from the border (Top view). 

RESULTS AND DISCUSSION
Four pilot experiments were done with independent bacterial cultures and separately prepared bor-
ders, with the goal to see whether the method to create a hydrophilic-hydrophobic border and hori-
zontal biofilm picking yielded results within expectation. 

Expression of adhesion-force sensitive genes far away from either side of the border was expected 
to be the same as observed on “homogeneous” glass or silicone rubber surfaces. We did not have 
clear expectations about gene expression close to the border. However, it is within reason to expect 
that border gene-expression will gradually change away from either side of the border to the gene 
expression observed before on “homogeneous” glass and silicone rubber surfaces. 
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FIG 4 Horizontal pattern of normalized fold gene expressions in 5 h S. mutans biofilms around a 
glass-silicone rubber border. (A) Normalized gene expression with respect to the internal 16S rRNA 
control, at different spots away from each side of the border in 5 h S. mutans UA159 biofilms. Gene 
expressions in 5 h biofilms on “homogeneous” glass or silicone rubber surfaces were included for 
comparison, i.e. as a control as taken from Chapter 3. (B) Quantitative presentation of the data in 
panel (A). Data represent a single experiment.

The first trial yielded fairly interpretable results. Gene expression on the glass side of the border 
were comparable within the limitations of a single pilot experiments as observed on “homogeneous” 
glass, especially for brpA and gbpB gene expression. Potentially, expression of comDE was some-
what lower. This similarity persisted to spot 1, closest to the border. Gene expression of brpA is great-
ly reduced on the silicone side of the border as compared to “homogeneous” silicone rubber. Possibly 
this might also be said for the other two, less adhesion force sensitive genes. Reduced gene expres-
sion at the silicone rubber side of the border might indicate that auto-inducers produced on the glass 
side of the border overrule adhesion force sensing close to the border, bearing similarity to collective 
oscillations in biofilm growth benefits to a community. These collective oscillations may result in sub- 
population conflicts (3), as potentially occurring at the border between hydrophilic and hydrophobic 
substratum surfaces. Reduced gene expression further away from the border at spots 2 and 3 is fully 
unexpected. 

Three other pilot experiments could not confirm these tentative conclusions and moreover, did not 
yield a single pair or triplet of data with reproducible results within the four pilot experiments. There-
with the reliability of these pilot experiments and the tentative conclusions drawn from the first pilot 
experiment must be cautiously treated. This leaves as a major point for discussion the reasons for 
our inability to reproduce. We like to list a number of potential reasons for this:

1. the numbers of bacteria collected from each spot was very low, despite the use of a relatively 
large size of the end of the collection loop and cDNA concentrations remained below detection. This 



  5

105

is evidenced by the fact that no melting curves were obtained after running PCR.
2. spot-size confined collection of biofilm at reproducible distances from the border was extremely 

difficult to do manually, particularly considering the size of the collection loop end.
3. the silicone rubber surface might not present itself with the same physico-chemical properties in 

a clamped state.
4. the behavior of bacteria at glass-silicone rubber borders in our study likely depends stochastical-

ly on whether more bacteria, or more metabolically active (we have only partly synchronized cultures) 
adhere first and on which side of the border and spread the news about their arrival with the help of 
the well-known quorum sensing system.

Amidst many other possible reasons, the first two reasons tend to explain the major obstacle in the 
interpretation of the first pilot experiment in a better way, i.e. why gene expression far away from the 
border on the silicone rubber side does not resemble gene expression observed on “homogeneous” 
silicone rubber. 

Irreproducibility might be a result of our experimental protocol, but could also be inherently associ-
ated with quorum-sensing mechanisms as such. QS-controlled behavior is known to be unproductive 
when undertaken by a single bacterium and only becomes effective when performed in synchrony (4) 
by a large number of bacteria (5). Stochastically-governed adhesion around the border may therefore 
yield heterogeneous domains, each with their own unique evolution track (6). 

Summarizing, these pilot studies tentatively show the study of gene expression in adhering bac-
teria around a border of hydrophilic and hydrophobic surfaces may be a stochastic process due to 
the stochasticity in adhesion, growth and quorum-sensing processes. If this is the case, reproducible 
experiments are inherently impossible. However, this conclusion needs to be confirmed using more 
accurate experimental protocols, particularly with respect to spot-size controlled biofilm sampling.
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Biofilms are defined as surface-adhering and surface-adapted communities of microorganisms (1). 
Bacterial attachment to a surface is the initial step in biofilm formation. Upon adhesion to a surface, 
bacterial cell surfaces slightly deform under the influence of the adhesion-forces experienced. This in 
turn, causes changes in lipid membrane surface tension that provides a stimulus for the environmen-
tally triggered expression of a great number of genes in adhering bacteria (2) to facilitate their surface 
adaptation from planktonically growing bacteria into a biofilm mode of growth. Understanding bacteri-
al adhesion, surface adaptation and emergent biofilm properties are critical in bacterial pathogenicity 
and control of biofilm-related infections. This thesis focuses on adhesion-force sensing, surface ad-
aptation and emergent biofilm properties relevant in oral biofilm formation. 

Relevance of adhesion-force sensing in the oral cavity
The oral cavity houses many different soft (mucosa, gingiva) and hard surfaces. The variety of hard 
surfaces is huge and encompasses teeth, dental implants or restorative materials, surfaces of den-
tures and denture liners and orthodontic appliances. All differ in chemical and physical properties. 
Hydrophobicities of common surfaces found in the oral cavity are listed in Table 1. As can be seen, 
water contact angles (WCA) on these surfaces vary between the two extreme hydrophobicities of 
glass and silicone rubber surfaces used in this PhD research. Adsorption of salivary conditioning films 
varies on different oral surfaces (3) and precedes adhesion of bacteria and subsequently influences 
bacterial adhesion forces and biofilm detachment (4). Based on the literature data compiled in Table 1, 
it can be observed that here too surface thermodynamic homeostasis occurs equalizing hydrophobic-
ities upon salivary conditioning film formation (see Chapter 4). 

TABLE 1 Water contact angle (WCA) on different surfaces occurring in the oral cavity with or without 
an adsorbed salivary conditioning film.

Surfaces WCA (degrees) References
without SCF with SCF

Hydroxyapatite 30 ± 1 26 ± 1 (8)
Commercial CAD/CAM composite
Cerasmarta 63 ± 2 95  ± 2 (9)
Katana Avenciab 64 ± 4 95  ± 2
Lava Ultimatec 76 ± 4 95  ± 2
Block HCd 65 ± 3 95  ± 2
Solidexe 60 ± 2 95  ± 2
Stainless steel 49 ± 2 23 ± 2 (8, 10)
Dental implants
ZrO2 63 ± 3 7 ± 4 (11)
Ce- ZrO2/ Al2O3 R 70 ± 3 10 ± 2
Ti 57 ± 8 28 ± 10
Ti-6AI-4V 69 56 ± 3 (10, 12)
Tongue 77 ± 4 51 ± 2 (13)
Gingiva - 72 ± 10 (14)
composition of the CAD/CAM composites: a Bis-MEPP, UDMA, DMA based; SiO2, Baglass filler (71 wt%); b UDMA 

based; SiO2, Al2O3 filler (62 wt%); c Bis-GMA, UDMA based, Bis-EMA, TEGDMA based; SiO2 ZrO2 aggregated, 

ZrO2/SiO2 cluster filler (80 wt%); d UDMA, TEGDMA based; SiO2 microfumed, SiO2 zirconium silicate filler (61 

wt%); e UDMA based; SiO2, Al2O3 filler (53 wt%);
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Biofilms form on all surfaces exposed to the oral cavity and can cause serious issues, such as 
dental caries, secondary caries, denture stomatitis, periodontitis, and dental implant failure (5). While 
some dental materials promote selective bacterial adhesion during early biofilm formation (6), other 
biomaterials may provide resistance to bacterial adhesion and biofilm formation (7). This is controlled 
to a large extent by the hydrophobicity of the surfaces.

Generally, bacterial adhesion forces are stronger on hydrophobic surfaces than on more hydro-
philic surfaces (15). However, preference for surface hydrophobicity differs among different bacterial 
species and usually more hydrophobic strains prefer hydrophobic surfaces for adhesion and more 
hydrophilic bacteria have a preference to adhere to hydrophilic surfaces. Moreover, in the oral cavity, 
the constant presence of salivary conditioning films on surfaces can also greatly affect how hydro-
phobicity influences the interaction between oral bacteria and dental materials (16), either by physi-
cally blocking the direct contact between bacteria and the underlying surfaces, or by surface thermo-
dynamic homeostasis phenomena (Table 1). Streptococcus mutans, the most prevailing cariogenic 
strain (17), experienced the lowest adhesion force on the most hydrophilic surface (water contact 
angle WCA 11 degrees) and the highest adhesion force on the most hydrophobic surface (silicone 
rubber WCA 103 degrees) (Chapter 3). Therewith, biofilms on different surfaces occurring in the oral 
cavity are not only different due to selective adhesion of bacterial strains from the enormous vari-
ety of strains and species in saliva (18) but biofilm inhabitants are also subject to different adhesion 
forces sensed on different surfaces. Based on the results of this thesis, even biofilms of the same 
composition found on different oral surfaces may be expected to carry different adaptive properties, 
that are particularly relevant for biofilms with S. mutans as an inhabitant due to its role in (secondary) 
caries formation.

Clinical relevance of bacterial surface adaption in oral biofilm
Bacteria tailor their adaptive response to the characteristic properties of the surface they adhere to 
(19). Bacterial adhesion force sensing constitutes an environmental trigger for EPS production, one 
of the most important adaptive responses within a biofilm. Previous research has shown that gene 
expression of S. mutans differed in biofilms formed on different dental surfaces (20). In this thesis, 
three genes related with biofilm formation and EPS production including brpA, gbpB and comDE in S. 

mutans were identified to become expressed upon adhesion to a substratum surface and displayed 
a linear relation with the magnitude of the adhesion force that is sensed when adhering to a surface 
(Chapter 3). 

At a first glance, this may look like a highly scientific result, bearing little clinical relevance. There-
fore, it is considered appropriate to speculate on its clinical relevance. If we accept the simple fact 
that bacteria will stick to every surface in absence of (sufficiently strong) removal forces (21), manip-
ulation of their adaptive response by adjusting the hydrophobicity of the surfaces they adhere to may 
be the only option that is left to aid further improving oral health. All genes evaluated here for possible 
adhesion-force sensitivity have relevance for matrix production. The oral biofilm matrix prevents (22, 
23) deep penetration in biofilms of oral antimicrobials from toothpastes or mouthrinses (24) and reg-
ulates much of the forces required to remove tenaciously adhering oral biofilms during toothbrushing 
(25) or by naturally occurring oral shear forces, as during eating, drinking or swallowing. Modification 
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of the properties of dental materials, including the tooth surface may be a worthwhile path to go in or-
der to exploit the results of this thesis for the benefit of oral health (see Fig. 1) (26).

FIG 1 Non-disturbed, oral biofilm formation on a moderately hydrophobic tooth surface (left) and a 
highly hydrophobic PTFE (Teflon) surface (right) after nine days exposure to the oral cavity. The dif-
ference in oral biofilm formation shows the impact of naturally occurring shear forces upon the ease 
with which oral biofilm on different surfaces can be removed (27). Reprinted with permission from 
Journal of Dental Research. Note biofilm formation near the gingival margin where removal forces 
are small, also on hydrophobic PTFE.

Future research
At the on-set of this PhD research, it was decided to focus on adhesion-force sensing and adaptive 
responses in S. mutans, because S. mutans is a key cariogenic pathogen in the oral cavity. However, 
considering the new role attributed in this thesis (Chapter 5) to S. oralis as an initial colonizer of sur-
faces exposed to the oral cavity in paving the way for S. mutans to directly contact a surface (Chapter 
5), it would be worthwhile to study whether this feature of S. oralis is also initiated by adhesion force 
sensing. 

As another initial decision taken at the on-set of this PhD research, it was first established whether 
S. mutans adaptive gene expression was under control of adhesion forces. As a result, the topic of 
possible phenotypically heterogeneous domains in oral biofilms due to inherent surface heterogene-
ity of virtually all surfaces had remained being understudied. A pilot in vitro experiment on S. mutans 
gene expression at the border between a glass and a silicone rubber surface had been performed 
with inconclusive results mainly related to technical limitations to achieve reproducible, small spot-
size confined biofilm collection. Possible future experiments to this end, may include laser capture 
scanning microscopy, allowing isolation of small groups of bacteria from defined locations within a 
biofilm, combined with multiplex quantitative real-time reverse transcriptase PCR (28). Also advanced 
optical coherence tomography as outlined in Chapter 2 might be helpful for analysis of such localized 
responses.

Ultimately, in vivo experiments on oral biofilms, such as might be formed in and on a variety of 
container devices glued or otherwise attached by orthodontic means to the dentition to allow non-dis-
turbed oral biofilm formation (29, 30), must be carried out to confirm the clinical relevance of the re-
sults from this thesis.
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The aim of this thesis was to investigate bacterial adhesion-force sensing by the oral pathogen Strep-

tococcus mutans in mono-species S. mutans biofilms and in multi-species biofilms comprising S. 

mutans amongst others. Therefore, we started with a review in Chapter 1 on how substratum hetero-
geneity and bacterial adhesion-force sensing may influence heterogeneous microenvironments in bio-
films. Phenotypically heterogeneous microenvironments emerge as biofilms mature across different 
environments. Phenotypic heterogeneity in biofilm sub-populations not obeying quorum sensing-dic-
tated, collective group behavior may be considered as a strategy allowing non-conformists to survive 
hostile conditions. Heterogeneous phenotype development has been amply studied with respect to 
gene expression and genotypic changes, but “biofilm genes” responsible for preprogrammed devel-
opment of heterogeneous microenvironments in biofilms have never been discovered. Moreover, the 
question of what triggers the development of phenotypically heterogeneous microenvironments has 
never been addressed. The definition of biofilms as “surface-adhering” and “surface-adapted” micro-
bial communities contains the word “surface” twice. This leads us to hypothesize that phenotypically 
heterogeneous microenvironments in biofilms develop as an adaptive response of initial colonizers to 
their adhering state, governed by the forces through which they adhere to a substratum surface. No 
surface is entirely homogeneous, while adhering bacteria can substantially contribute to stochastical-
ly occurring surface heterogeneity. Accordingly, bacterial adhesion forces sensed by initial colonizers 
differ across a substratum surface, leading to differential mechanical deformation of the cell wall and 
membrane, where many environmental sensors are located. Bacteria directly adhering to heteroge-
neous substratum domains therewith formulate their own local responses to their adhering state and 
command non-conformist behavior, leading to phenotypically heterogeneous microenvironments in 
biofilms.

Biofilms have complicated and heterogeneous structures and microscopic methods available for 
non-destructive analysis of biofilm structure without requiring staining are scarce and frequently only 
provide low resolution images covering a small field of view. Optical-coherence-tomography (OCT) is 
a non-destructive tool for biofilm imaging, not requiring staining, and used to measure biofilm thick-
ness and putative comparison of biofilm structure based on signal intensity distributions in OCT-im-
ages. Quantitative comparison of biofilm signal intensities in OCT-images, is difficult due to the au-
to-scaling applied in OCT-instruments to ensure optimal quality of individual images. In Chapter 2, a 
novel method was developed to eliminate the influence of auto-scaling in order to allow quantitative 
comparison of biofilm densities in different images. Auto- and re-scaled signal intensities could be 
qualitatively interpreted in line with biofilm characteristics for mono- and multi- species biofilms of 
different strains and species (cocci and rod-shaped organisms), demonstrating qualitative validity of 
auto- and re-scaling analyses. However, specific features of pseudomonas and oral multi-species 
biofilms were more prominently expressed after re-scaling. Quantitative validation was obtained by 
relating average auto- and re-scaled signal intensities across biofilm images with volumetric-bac-
terial-densities in biofilms, independently obtained using enumeration of bacterial numbers per unit 
biofilm volume. The signal intensities in auto-scaled biofilm images did not significantly relate with 
volumetric-bacterial-densities, whereas re-scaled intensities in images of biofilms of widely different 
strains and species increased linearly with independently determined volumetric-bacterial-densities in 
the biofilms. Herewith, the proposed re-scaling of signal intensity distributions in OCT-images signifi-
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cantly enhances the possibilities of imaging phenotypic micro-environments in biofilms.
Biofilm formation in the oral cavity is an ordered process and starts with the adhesion of initial colo-

nizers to salivary conditioning film coated surfaces, followed by adhesion of later colonizers, amongst 
which S. mutans is the most prevailing cariogenic strain. As a further complication in oral biofilm for-
mation, the oral cavity accommodates up to more than 700 bacterial strains and species. According-
ly, oral biofilm possesses many different strains and species. These different bacteria have all their 
own adhesion-force sensing with the different surfaces in the oral cavity. Co-adhesion between pairs 
of strains potentially interferes with adhesion-force sensing. The question is whether adhesion-force 
sensing by initial colonizers of oral surfaces persists in multi-species biofilms and in the presence of a 
salivary conditioning film. Therefore, it was investigated how bacterial adhesion-force sensing by the 
important oral pathogen S. mutans plays a role in mono-species S. mutans biofilms (Chapter 3) and 
in multi-species biofilms on different bare and salivary conditioning film coated surfaces (Chapter 4).

In Chapter 3, we aimed at revealing the role of environmental adhesion forces in emergent mo-
no-species S. mutans biofilm properties. Genes in S. mutans UA159 and a quorum-sensing-deficient 
mutant were identified that become expressed after adhesion to substratum surfaces. Using atomic 
force microscopy, adhesion forces of initial S. mutans colonizers on four different substrata were 
determined and related to gene expression. Adhesion forces upon initial contact were similarly low 
across different substrata, ranging between 0.2 and 1.2 nN regardless of the strain considered. Bond 
maturation required up to 21 s, depending on the strain and substratum surface involved, but sta-
tionary adhesion forces also were similar in the parent and in the mutant strain. However, stationary 
adhesion forces were largest on hydrophobic silicone rubber (19 to 20 nN), while being smallest on 
hydrophilic glass (3 to 4 nN). brpA gene expression in thin (34 to 48 µm) 5 h S. mutans UA159 bio-
films was most sensitive to adhesion forces, while expression of gbpB and comDE expressions was 
weakly sensitive. ftf, gtfB, vicR, and relA expression was insensitive to adhesion forces. In thicker (98 
to 151 µm) 24 h biofilms, adhesion-force-induced gene expression and emergent extracellular poly-
meric substance (EPS) production were limited to the first 20 to 30 µm above a substratum surface. 
In the quorum-sensing-deficient S. mutans, adhesion-force-controlled gene expression was absent 
in both 5 h and 24 h biofilms. Thus, initial colonizers of substratum surfaces sense adhesion forces 
that externally trigger emergent biofilm properties over a limited distance above a substratum surface 
through quorum sensing. Herewith we introduced a new concept in biofilm science: “adhesion force 
sensitivity of genes”, defining the degree up to which expression of different genes in adhering bacte-
ria is controlled by the environmental adhesion forces they experience. Analysis of gene expression 
as a function of height in a biofilm demonstrated that the information about the substratum surface to 
which initially adhering bacteria adhere is passed up to a biofilm height of 20 to 30 µm above a sub-
stratum surface, highlighting the importance and limitations of cell-to-cell communication in a biofilm. 

In Chapter 4, it was determined whether and how salivary-conditioning-film (SCF)-adsorption and 
the multi-species nature of oral biofilms influence adhesion-force sensing and associated gene ex-
pression by S. mutans. Hereto, Streptococcus oralis, Actinomyces naeslundii and S. mutans were 
grown together on different surfaces in absence and presence of an adsorbed SCF. Atomic-force-mi-
croscopy and RT-qPCR were used to measure S. mutans adhesion-forces and gene-expressions. 
Upon SCF-adsorption, stationary adhesion-forces decreased on a hydrophobic and increased on a 
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hydrophilic surface to around 8 nN. OCT showed that triple-species biofilms on SCF-coated surfaces 
with dead S. oralis adhered weakly and often detached as a contiguous sheet. Concurrently, S. mu-

tans displayed no differential adhesion-force sensing on SCF-coated surfaces in the triple-species 
biofilms with dead S. oralis, but once live S. oralis were present S. mutans adhesion-force sensing 
and gene-expression ranked similar as on surfaces in absence of an adsorbed SCF. Concluding, live 
S. oralis may enzymatically degrade SCF-components to facilitate direct contact of biofilm inhabitants 
with surfaces and allow S. mutans adhesion-force sensing of underlying surfaces to define its ap-
propriate adaptive response. This represents a new function of initial colonizers in multi-species oral 
biofilms.   

To further advance our understanding of the influence of surface heterogeneity on adhesion-force 
sensing and development of phenotypically heterogeneous micro-environments in biofilms, as dis-
cussed in Chapter 1.1 of this thesis, in Chapter 5 S. mutans biofilms were grown at the border be-
tween hydrophobic silicone rubber and hydrophilic glass. To this end, after various other trials, clamp-
ing together of both substratum materials turned out to be the most suitable method to create such 
a border. Horizontal ranges of adhesion-force induced gene expression in biofilm samples taken at 
different spots at increasing distances from each side of the border were determined using RT-qPCR. 
Preliminary results of four pilot experiments were irreproducible, but suggested that gene expression 
in adhering bacteria around a border of hydrophilic and hydrophobic surfaces may be a stochastic 
process due to the stochasticity in adhesion, growth and quorum-sensing processes. If this is the 
case, reproducible experiments are inherently impossible. However, this conclusion needs to be con-
firmed using more accurate experimental protocols, including better small spot-size confined collec-
tion of biofilm. 

In the general discussion of this thesis (Chapter 6), an overview is given of the variety of different 
surfaces on which oral biofilm grows in the human oral cavity. Also, the wide range of hydrophobic-
ities they represent is highlighted and the clinical relevance of adhesion-force sensing and surface 
adaptation is discussed. Future studies to further advance the results of this PhD thesis are given.
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In Hoofdstuk 1 is een overzicht gegeven van de verschillende wijzen waarop de heterogeniteit van 
een oppervlak van invloed kan zijn op bacteriële hechtingskrachten en daarmee op de heterogeniteit 
van biofilms. Fenotypische verschillen tussen bacteriën in heterogene micro-omgevingen in biofilms 
worden deels verklaard door verschillen in hechtingskrachten over een oppervlak. Quorum-sensing is 
bepalend voor het groepsgedrag binnen een biofilm, maar mogelijk stelt fenotypische heterogeniteit 
van subpopulaties in een biofilm, die niet gehoorzamen aan het collectieve groepsgedrag, bacteriën 
in staat om specifieke, ongunstige omstandigheden te overleven. Hechting en hechtingskrachten 
kunnen hiervoor bepalend zijn.

De definitie van biofilms als "hechtend aan een oppervlak en aangepast aan het oppervlak" van 
microbiële gemeenschappen bevat het woord "oppervlak" twee keer. Dit leidde tot de hypothese dat 
fenotypisch heterogene micro-omgevingen in biofilms zich ontwikkelen als een reactie van initiële 
hechtende bacteriën aan een oppervlak en bepaald worden door de krachten waarmee ze hechten 
aan het oppervlak. 

Het doel van dit proefschrift was te onderzoeken of de hechtingskrachten die worden gevoeld door 
de orale pathogeen Streptococcus mutans tijdens hechting op een oppervlak de genexpressie van 
de bacterie beïnvloeden.

Niet-destructieve microscopische methoden om de gecompliceerde en heterogene structuren 
van biofilms te analyseren zonder dat de biofilm gekleurd wordt, zijn schaars en geven vaak lage 
resolutiebeelden, die een klein gezichtsveld bestrijken. ‘Optical-coherence-tomography’ (OCT) 
is een niet-destructieve methode om de biofilm te visualiseren zonder kleuring en wordt gebruikt 
voor het meten van biofilm dikte en structuur op basis van de verandering van signaal intensiteiten 
in de OCT-beelden. Kwantitatieve vergelijking van signaalintensiteiten in OCT-beelden van een 
biofilm is moeilijk door de automatische schaling die in OCT-instrumenten wordt toegepast om 
een optimale kwaliteit van de individuele beelden te garanderen. In Hoofdstuk 2 is een nieuwe 
methode ontwikkeld om de invloed van automatische schaling te elimineren zodat een kwantitatieve 
vergelijking van biofilm dichtheden in verschillende beelden mogelijk gemaakt wordt. Automatisch 
geschaalde en her-geschaalde signaalintensiteiten konden kwalitatief worden geïnterpreteerd 
conform de eigenschappen voor verschillende biofilms. Kwantitatieve validatie werd verkregen door 
het relateren van automatisch en her-geschaalde signaalintensiteiten aan bacterie dichtheden per 
volume-eenheid in deze biofilms. In tegenstelling tot automatisch geschaalde signaalintensiteiten, 
namen de her-geschaalde intensiteiten van verschillende biofilms lineair toe met bacteriële volume 
dichtheden in een biofilm. Derhalve worden met de opgestelde her-schalingsmethodiek, de 
interpretatie mogelijkheden van OCT-afbeeldingen sterk vergroot. 

Biofilmvorming in de mond begint met de hechting van bacteriën aan een geadsorbeerde speeksel 
laag op orale oppervlakken. Na initieel hechtende bacteriën, volgen latere hechters, waaronder S. 

mutans (de meest voorkomende cariogene bacterie stam). Orale biofilmvorming is complex omdat 
de mondholte plaats biedt aan meer dan 700 bacterie stammen. Deze verschillende bacteriën voelen 
allemaal een eigen hechtingskracht met de verschillende oppervlakken in de mond. Hechting tussen 
verschillende bacteriën interfereert mogelijk met het waarnemen van de hechtingskrachten vanuit 
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een ander oppervlak. De vraag is of de hechtingskracht vanuit een oppervlak waargenomen door 
de initieel hechtende bacteriën van invloed blijft in biofilms met meerdere bacterie soorten en in de 
aanwezigheid van een speeksel laag op het oppervlak. Daarom werd onderzocht hoe de bacteriële 
hechtingskrachten zoals gevoeld door S. mutans een rol blijven spelen in biofilms bestaande uit 
alleen S. mutans (Hoofdstuk 3) en biofilms bestaande uit S. mutans en nog twee bacterie stammen 
op oppervlakken met en zonder een geadsorbeerde speeksel laag (Hoofdstuk 4).

In Hoofdstuk 3 werden met behulp van atomaire kracht microscopie de hechtingskrachten van 
S. mutans op vier verschillende oppervlakken gemeten en gerelateerd aan de genexpressie. De 
hechtingskrachten bij het eerste contact waren laag voor de verschillende oppervlakken en varieerde 
tussen 0.2 en 1.2 nN. Tot 21 s werd de hechtingskracht steeds sterker, maar dit was afhankelijk 
van of de gebruikte S. mutans stam quorum-sensing eigenschappen had of niet. Stationaire 
hechtingskrachten waren vergelijkbaar voor beide stammen. Echter, stationaire hechtingskrachten 
waren het grootst op hydrofoob siliconenrubber (19 tot 20 nN), terwijl ze het kleinst waren op 
hydrofiel glas (3 tot 4 nN). De expressie van het brpA gen in dunne (34 tot 48 µm), 5 uur gegroeide 
S. mutans UA159 biofilms was het meest gevoelig voor hechtingskrachten, terwijl expressie van 
de genen gbpB en comDE niet erg gevoelig waren voor hechtingskrachten. De expressie van de 
genen ftf, gtfB, vicR, en relA waren ongevoelig voor hechtingskrachten. In dikkere (98 tot 151 µm), 
24 uur gegroeide biofilms, waren de geïnduceerde genexpressies en extracellulaire polymere 
substantie (EPS) productie door de hechtingskracht beperkt tot de eerste 20 tot 30 µm boven 
een substraatoppervlak. In de quorum-sensing-deficiënte S. mutans was de hechtingskracht 
gecontroleerde genexpressie afwezig in zowel 5 uur als in 24 uur gegroeide biofilms. Dus initiële 
hechters voelen de hechtingskrachten van oppervlakken maar geven die informatie slechts over een 
beperkte afstand door aan later hechtende bacteriën. Hiermee hebben we een nieuw concept in de 
biofilm wetenschap geïntroduceerd: "hechtingskrachtgevoeligheid van genen". De hechtingskracht 
bepaalt de mate waarin de expressie van verschillende genen in hechtende bacteriën wordt 
gecontroleerd door de hechtingskrachten die ze ervaren. 

In Hoofdstuk 4 werd bepaald of en hoe een geadsorbeerde speeksel laag in een orale biofilm met 
meerdere bacterie stammen van invloed is op de hechtingskracht gevoeligheid en  genexpressie 
door S. mutans. Hiertoe werden biofilms gegroeid van Streptococcus oralis, Actinomyces naeslundii 
en S. mutans op verschillende oppervlakken met en zonder een geadsorbeerde speeksel laag. 
Atomaire kracht microscopie en RT-qPCR werden gebruikt om de hechtingskrachten van S. 

mutans en genexpressies te relateren. De stationaire hechtingskrachten van S. mutans namen af in 
aanwezigheid van een geadsorbeerde speeksel laag op een hydrofoob oppervlak en namen toe op 
een hydrofiel oppervlak. OCT liet zien dat een biofilm met drie bacterie stammen op een oppervlak 
met speeksel laag zonder of met dode S. oralis zwak hechtte. In een biofilm met drie bacterie 
stammen waarin S. oralis levend was, vertoonde S. mutans een sterkere hechting en genexpressie 
die vergelijkbaar was met die op oppervlakken zonder speeksel laag. De conclusie werd getrokken 
dat S. oralis geadsorbeerde speeksel componenten afbreekt zodat S. mutans direct contact met 
een speeksel bedekt oppervlak kan maken, de krachten vanuit het oppervlak waarneemt en een 
vergelijkbare genexpressie kan vertonen als op een oppervlak zonder speeksel laag. Deze afbraak 
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functie geeft een nieuwe functie aan van initieel hechtende bacteriën in een orale biofilm, waarmee 
initiële hechters de biofilm beter kunnen aanpassen aan een oppervlak.

In Hoofdstuk 5 werd een S. mutans biofilm gegroeid op de grens tussen hydrofoob siliconenrubber 
en hydrofiel glas. Hiertoe bleek het samenklemmen van beide materialen de meest geschikte 
methode om een dergelijke grens te creëren. Genexpressie werd gemeten in biofilms die op 
verschillende afstand van de grens werden gesampled. Resultaten van de vier pilot-experimenten 
waren niet goed reproduceerbaar, maar suggereerden dat genexpressie in hechtende bacteriën 
rond de grens van hydrofiele en hydrofobe oppervlakken een stochastisch proces kan zijn als gevolg 
van de toevalligheden in hechting-, groei- en quorum-sensing processen. Als dit het geval is, zijn 
reproduceerbare experimenten inherent onmogelijk. Deze conclusie kan echter ook sterk beïnvloed 
zijn door de gebruikte sample methode en nauwkeuriger sampling van kleinere hoeveelheden 
biofilms moet deze conclusie bevestigen.

In de algemene discussie van dit proefschrift (Hoofdstuk 6) wordt een overzicht gegeven van de 
verscheidenheid aan verschillende oppervlakken waarop een orale biofilm groeit in de mond. Ook 
wordt het brede scala aan hydrofobiciteit van al deze oppervlakken belicht en wordt de klinische 
relevantie van het waarnemen van hechtingskrachten en gerelateerde genexpressie besproken. 
Toekomstige studies om de resultaten van dit proefschrift verder uit te bouwen worden gegeven.
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make me laugh) and Hans (thank you for your help with WCA and Zeta Potential measurements), I 
am grateful for all your assistance, instructions and help in the lab.

JP, thank you so much for all the nice discussions for our OCT paper. You are so smart and inspired 
me for lots of my projects. You are always helpful and patient. Particularly, thank you for the Ski tips, 
and all the other useful advices and suggestions which could not be learned in the lab. I sincerely 
wish you a happy life with Fangjie and Olio in Netherlands.

Yong and Yuanfeng, thank you for your help and sharing your experience in and out of the lab. The 
meals that I had when we shared the apartment together were the best that I ever had in the past 
four years in Groningen. Wish you both a fruitful life in the academia and a cozy daily life with your 
two cats ‘monster Hua’ and ‘princess Dog II’. 

Yiwen, you are always full of positive energy, in you the tiger sniffs the rose. With your help I started 
boxing course two years ago and am still enjoying it. Climbing out of all these blue days, we are both 
stronger soldiers. I wish you a colorful life in the United States. Olga, my dear friend, thank you for 
being around. All the talks in the coffee room, corridor, and office with you were so good. You seemed 
to know everything. Whenever I came to you with questions, you always had nice suggestions. Also 
thank you for the book <Emma>. I really enjoyed it. Abigail, my beautiful Abby, it was nice to meet 
you in BME. Every time when you called me beautiful Can just made my day. Thank you for being my 
paranymph and helping me with Samenvattiing. I wish you enjoy your PhD days in BME and always 
be the beautiful and graceful Abby. Aryan, thank you for your nice cookies, cakes and comfort words 
when I was down. Thank you for sharing your nice trips. I wish you will enjoy your life as a teacher 
(and professor in the near future, I know you can make it) when you are back in the university in In-
donesia. I hope we could meet again later. Yafei and Niar, thank you for your company and cheering 
me up at the very beginning of my PhD. Vera, thank you for your tips for my oral presentation. Ma-
ria, thank you for your guidance in the gym. Damla, Mari, Matheus, Sara Lu, it’s great to meet all 
you guys. Our Wadlopen trip was amazing. Ruifang, our holiday in Portugal 2017 was such a nice 
memory that I would treasure for a long time. Linzhu, my flamingo princess, our 2018 Christmas tour 
around Netherlands was wonderful. Sending you my wishes for your PhD life (with tons of papers) 
and beautiful life. Hao, thank you for being my paranymph, I wish you a fruitful work in BME and a 
happy life with Yu. Probably we will meet soon in Wuhan. Shaomin, thank you for straightening me 
up from those dark days. You are unique and quite a personality. I learned a lot from you and your 
point of views for life, some of which never occurred to me before.

Brian and Qiutong, Qihui, Sara lu, Yanyan, Lu Ge and Liangliang, Xiaoxiang, Hongping  
Yuchen, Linyan, Huaiying, Guangyue, Zhiwei, Kaiqi, Ke Ren, Lais, Rene, Neda, Kiran, Yori, Je-
roen, Valentina, Colin, together with all past and present PhD colleagues, thank you all for your 



  A
125

company and help in BME. I wish you all shiny futures. 

      亲爱的爸爸妈妈，谢谢你们的养育，教导，关心和爱护。父母在，不远游，很

抱歉不能时时陪在你们身边照顾你们；父母在，不远游，游必有方，谢谢你们给我

选择的自由和前行的动力。还有亲爱的弟弟，谢谢你和爸妈一直在我身后，给予我

无尽的爱与包容和支持。希望今后的每一天你们都自在充实，福乐安康！   

   相彼鸟矣，犹求友声。   芳芳，于你，结交在相知，何必骨肉亲。奇君，浮云一别，

数年流水。赖交情兰臭，绸缪相好。待他日相逢，须斗酒醉倒。

   四年倏忽而过。对我来说，这四年是跳出舒适区的四年，是接受一系列挫败的

四年，是不是我想赢就能赢的四年；这四年也是吹灭读书灯一身皆是月的四年，是

游走山川大地呼吸自由的四年，更是一次次撕裂原我重塑新我的四年。我能坚持下

来，要感谢李宗盛的歌，苏东坡的词和彭于晏的肌肉。世路无穷，劳生有限。平凡

而安稳的人生并不存在，云朵以上的风景，只有与山齐高者才能看到。人生短暂宝

贵，有限的时间应该用来成为自己 , 不被周遭的事物和价值观裹挟，给自己留有试

错的勇气和空间，同时不丧失快乐的能力。良师益友在侧，诗书礼乐于前，有幸奋斗，

不负少年。

相聚别离，人生何处知相似，应似飞鸿踏雪泥。自知理之所在，下峥嵘而无地，

上寥廓而无天。日居月诸，音容或易，初心未改；余心所善，跨马著鞭，无惧不悔。


