
 

 

 University of Groningen

Bacterial mass transport and adhesion using macroscopic fluorescense imaging
Li, Jiuyi

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2014

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Li, J. (2014). Bacterial mass transport and adhesion using macroscopic fluorescense imaging. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/3a05e7fa-2174-4f0a-a77f-4dd38c422f44


 

 

Chapter 4 

Surface enhanced bacterial fluorescence and enumeration of 

bacterial adhesion 

 

 

 

 

 

 

 

 

 

 

 

Reproduced with permission of Taylor & Francis from: J. Li, H. J. Busscher, 

H. C. van der Mei, J. Sjollema, (2013) Biofouling, 29, 11–19. 

 

 



Chapter 4  

54 

 

 

ABSTRACT  

The use of flow displacement systems for studying initial bacterial adhesion to 

surfaces is mostly confined to transparent substrata. The objective of this 

study is to present a method based on macroscopic fluorescence imaging to 

enumerate adhering fluorescent bacteria on non-transparent substrata, real-

time and under flow. To this end, a stepwise protocol is described to 

quantitate adhesion of green-fluorescent-protein producing Staphylococcus 

aureus on polished and non-polished metal and polymer surfaces accounting 

for surface-enhanced-fluorescence on metal surfaces, quantitated by the ratio 

of the single cell fluorescence observed for adhering and planktonic bacteria. 

Enumeration of adhering fluorescent staphylococci by the proposed method 

coincides with results obtained using metallurgical microscopy. As an 

advantage however, non-homogeneous surface coverage and surface 

roughness do not limit the applicability of the method. Moreover, the accurate 

quantitation of surface-enhanced-fluorescence arising from adhering bacteria 

offers a new pathway to evaluate bacterial cell surface deformation during 

adhesion.  
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INTRODUCTION 

Biofilms are matrix enclosed populations of microorganisms that can adhere to 

biological as well as non-biological surfaces of widely varying origin [1, 2]. 

Adhesion of microorganisms to substratum surfaces constitutes one of the 

initial steps in biofilm formation and the role of these initial colonizers is not to 

be underestimated as they link the entire biofilm that grows on top of them to 

the substratum surface [3, 4]. Flow displacement systems have become widely 

used to obtain controllable hydrodynamic conditions for studying initial 

microbial adhesion to substratum surfaces [2, 4, 5]. Often conventional phase 

contrast microscopy in combination with long working distance objectives has 

been applied for real time observation of initial bacterial adhesion [6]. 

However, these measurements are restricted to transparent substrata, 

whereas substrata applied in practice are not always transparent.  

Fluorescence and bioluminescence imaging do not have the drawback 

of restricting their applicability to non-transparent substrata and the wide-

spread availability of genetically modified bacterial strains offers the possibility 

to study bacterial adhesion on e.g. metals and ceramics. Bio-optical imaging is 

a rapidly emerging technique to study drug efficacy in cancer research, but has 

also been applied to study biofilms formed in animal models in situ [7-10]. 

However, bio-optical imaging does not necessarily need to be confined to in 

vivo imaging, but can also be employed to study bacterial adhesion in vitro. 

Macroscopic bio-optical fluorescence imaging of bacterial deposition in a 

parallel plate flow chamber (PPFC) on transparent substrata for instance, has 

been described earlier [11] and allows microbial enumeration over larger 
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substratum areas than can be achieved by microscopic methods. This yields an 

obvious statistical advantage.  

Application of fluorescence imaging to study bacterial adhesion on 

non-transparent substrata is not trivial, because the vicinity of a reflecting 

substratum surface can enhance the emission of fluorescence [12]. Surface 

Enhanced Fluorescence (SEF) is due to the reflection of radiation emitted by 

the fluorescent molecule itself, bringing the excited molecule into a forced 

oscillation enhancing the emission of light. This effect is strongest near a 

surface and decays exponentially with distance and is almost vanished beyond 

20 nm. Recently, SEF of bacteria stained with a fluorescent dye has been 

described when adhering to gold surfaces [13]. Clearly, surface enhanced 

bacterial fluorescence may interfere with enumeration of bacterial adhesion 

using macroscopic methods, such as bio-optical imaging. 

Therefore, the objective of this study is to present a method based on 

macroscopic fluorescence imaging to enumerate the number of adhering 

bacteria on non-transparent substrata real-time and under flow, that not only 

accounts for effects of the substratum surface on fluorescence, but also allows 

to quantify substratum induced changes in single cell fluorescence due to the 

vicinity of a substratum. To this end, a green fluorescent protein (GFP) 

producing Staphylococcus aureus strain will be adhered on different metallic 

and polymeric substrata in a PPFC and adhesion will be enumerated with the 

method proposed and substratum effects on single cell fluorescence quantified.  
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MATERIALS AND METHODS  

Bacterial strain and growth conditions  

To generate GFP expressing bacteria, pMV158 GFP was introduced into S. 

aureus ATCC 12600, as described earlier [11, 14]. The fluorescence of S. aureus 

ATCC 12600 pMV158 GFP (S. aureus ATCC 12600GFP ) suspended in phosphate 

buffered saline (PBS; 5 mM K2HPO4, 5 mM KH2PO4, 0.15 M NaCl, pH 7.0) was 

stable over time and decreased only 5% over a 13 h time-span. S. aureus ATCC 

12600GFP was routinely cultured aerobically at 37°C on a blood agar plate 

containing tetracycline. One colony was used to inoculate 10 cm3 tryptone 

soya broth (TSB, OXOID, Basingstoke, England) with 5 µg cm-3 tetracycline and 

this preculture was grown statically for 24 h at 37°C. The preculture was 

diluted 1:20 in 200 cm3 TSB and grown statically for 16 h at 37°C. Cultures were 

harvested by centrifugation (Beckman J2-MC centrifuge, Beckman Coulter, Inc. 

Brea, CA, USA) for 5 min at 4000 g in a JA14 rotor and the bacteria were 

resuspended in 10 cm3 PBS. Centrifugation was done twice in order to remove 

all traces of growth medium. To break staphylococcal aggregates, sonication at 

30 W (Vibra Cell Model 375, Sonics and Materials Inc., Danbury, CT, USA) was 

applied (3 times 10 s), while cooling in an ice/water bath. Staphylococci were 

resuspended in PBS to a number concentration, c0, of 3  108 bacteria cm-3 as 

determined in a Bürker-Türk counting chamber. 

Materials 

As substrata, AISI 316L stainless steel (SS, Stryker Corp, Kiel, Germany), a 

titanium alloy (Ti6Al4V-ELI, Salomon BV, Groningen, The Netherlands) and 
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black polyvinyl chloride (PVC, ISPA BV, Groningen, The Netherlands) were used. 

Materials were machined to obtain samples with a diameter of 8 mm and a 

thickness of 1 mm. Sample surfaces were used as manufactured (non-polished) 

or after grinding (1200 grit sand-paper) and consecutive polishing with a 

diamond-paste (3 m and 1 m ) suspension in water (Buehler, Lake Bluff, 

USA). All samples, polished and non-polished, were cleaned by sonication in 

2% RBS35 for 5 min, followed by thorough rinsing with tap water, sonication in 

ethanol and rinsing in ultrapure water and immediately used. Surface 

roughnesses Ra amounted between 2 µm (for titanium and PVC) and 10 µm 

(for stainless steel) for non-polished samples, while polished samples had a 

roughness of around 200 nm, as determined by atomic force microscopy.  

Samples were mounted in a polymethylmethacrylate (PMMA) plate, 

constituting the bottom plate of a PPFC. To this end, the bottom plate was 

equipped with nine cylindrical indentations (diameter 8.0 mm, depth 1.0 mm), 

allowing insertion of different samples for simultaneous analysis. The materials 

were fixed into the indentations using a silicon glue.  

Fluorescence imaging and enumeration of bacterial adhesion in a 

parallel plate flow chamber (PPFC)  

Adhesion of S. aureus ATCC 12600GFP was determined in a PPFC, constructed of 

a nickel coated brass body with a glass cover plate and an optically clear 

PMMA bottom plate (76  50 mm), containing nine samples. Spacers were 

used to set its height, h, at 0.58  0.01 mm. The flow chamber was positioned 

between two communicating vessels, and the system was filled with PBS, while 

care was taken to remove all air bubbles. In- and outlet vessels with PBS and 
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bacterial suspension were placed at different heights to create a pulse-free 

flow by hydrostatic pressure. All experiments were carried out in triplicate at 

20C at a flow rate, Qf,
 of 0.0833 cm3 s-1, corresponding with a shear rate of 82 s-1. 

For fluorescence imaging, the entire flow chamber was placed on the 

sample stage inside a bio-optical imaging system (IVIS Lumina II, Caliper 

LifeScience, Hopkinton, MA, USA), yielding a field of view of 7.5  7.5 cm. The 

excitation wavelength was set at 465 nm, while a broad band-pass emission 

filter (515-575 nm) was used to measure fluorescence emission, with an 

exposure time of 5 s. Images were taken every 2 min and displayed on a 

pseudocolor scale, overlaid on a gray-scale image of the PPFC.  

Average fluorescence radiances, R (p s-1 cm-2 sr-1) over a region of 

interest (ROI) equal to the sample size were calculated with the Living Image 

software package 3.1 (Caliper LifeScience) which transforms electron counts on 

the CCD camera to an average fluorescence radiance emitted, taking into 

account the current optical parameters (area of the ROI, magnification, binning, 

diaphragm, exposure time and light collecting ability of the camera as 

calibrated with standard light sources. The detection limit of this approach is 

determined by the fluorescence detection limits of the optical setup, the 

fluorescent photon flux of single GFP producing bacterium and extent of 

fluorescence enhancement. The lower detection limit can be calculated to be 

around 5 x 105 bacteria cm-2 [9]. The upper detection limit is determined by the 

saturation level of the optical setup which can be adapted to high photon 

yields by several settings, as binning and aperture and has not been reached in 

this research. The limit for a linear range will be equal to bacterial monolayer 

coverage (around 108 bacteria cm-2). 
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Figure 1. Average fluorescence radiance, R(t) of S. aureus ATCC 12600 GFP as a 
function of time in a parallel plate flow chamber with a stainless steel bottom plate 
from a flowing suspension (a) and from a stagnant suspension (b). Note that after 
120 min, the bacterial suspension in the chamber was replaced with cell-free PBS 

to obtain the fluorescence radiance of adhering staphylococci. Nomenclature is 
explained in Eqs. 1-6. 

The flow chamber was first perfused for 30 min with PBS buffer after 

which the fluorescence radiance arising from the sample material and the 

buffer, R0, was measured (see Fig. 1a). Next the chamber was perfused for 120 

min with a bacterial suspension during which the fluorescence radiance R(t) 
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was monitored as a function of time. Since the measured radiance R(t) is 

determined both by fluorescence from adhering and flowing bacteria, the 

fluorescence signal from flowing and adhering bacteria needs to be unmixed. 

The radiance arising from flowing bacteria in suspension, Rsusp , was measured 

at the beginning of each experiment from the difference between R0 and R(0). 

In order to verify that the fluorescence radiance arising from the flowing 

suspension had remained constant during an experiment, Rsusp was also 

determined at the end of an experiment by switching the flow from a bacterial 

suspension to PBS for another 30 min and measuring the resulting difference 

in radiance again.  

Subsequently, the fluorescence radiance from the adhering bacteria on 

each sample, Ra (t) could be simply calculated from 

  susp0a RRR(t)(t)R                                    (1) 

in which Rsusp was taken as the average over the values obtained at the 

beginning and end of an experiment. 

In order to calculate the number of adhering bacteria from the 

calculated fluorescence radiance, Ra (t), the single cell fluorescent flux of an 

adhering bacterium has to be determined, while accounting for the fact that 

bacterial fluorescence may be influenced by reflection at the substratum 

surface. To this end, adhesion experiments were carried out in the PPFC in the 

absence of flow, allowing bacteria to sediment to the different substrata for 

120 min (see Fig. 1b), after which buffer was perfused at a flow rate of 0.0833 

cm3 s-1 through the chamber for 30 min to remove all remaining planktonic 

bacteria. Fluorescence radiances were measured twice, i.e. after filling the 
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chamber with buffer and immediately after filling it with bacterial suspension. 

Assuming that bacterial adhesion can be neglected immediately after filling the 

chamber with a bacterial suspension, the difference in fluorescence radiance, 

ΔR(0)static (see also Fig. 1b) can be applied to calculate the single cell 

fluorescence of planktonic bacteria, p (p s-1) as  

hc

ΔR(0)4π

0

static
p


                                                   (2) 

The concentration of planktonic bacteria after 120 min sedimentation, 

c120 (cm-3) can be calculated from the difference in fluorescence radiance, 

ΔR(120)static measured upon replacing the suspension with buffer according to 

static

static
0120

ΔR(0)

ΔR(120)
cc                           (3) 

During sedimentation and adhesion, the total fluorescence flux may 

increase due to SEF depending on the substratum material, while the total 

number of bacteria present remains unaltered. Hence the single cell 

fluorescence per adhering bacterium, a is equal to the fluorescence radiance 

of a planktonic bacterium increased with the additional contribution of SEF. 

The increase in fluorescence radiance due to SEF follows from the difference in 

initial fluorescence radiance and the radiance after sedimentation and 

adhesion of all bacteria in the system divided by the total number of bacteria 

and accordingly 

   
h)c(c

R(0)R(120)
4π

1200

staticstatic
pa




                                 (4) 

in which R(120) static is the radiance after 120 min of sedimentation (see Fig. 2b).  
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Combining Eqs. 2 and 4 yields the ratio of fluorescence from adhering 

and planktonic bacteria, as a measure of the surface enhanced bacterial 

fluorescence 

staticstatic

staticstatic

p

a

ΔR(120)ΔR(0)

R(0)R(120)
1









                                  (5) 

Finally, the number of adhering bacteria on a substratum surface can 

be calculated by combining Eqs. 1 and 4 

a

a(t)R4π
n(t)




                                                       (6) 

Validation of the enumeration protocol on stainless steel 

In order to validate the enumeration protocol, deposition of S. aureus ATCC 

12600GFP on polished stainless steel was monitored using a metallurgical 

microscope for observation, i.e. not employing the bacterium’s fluorescent 

properties. A stainless steel substratum surface (76  50 mm) was ground and 

polished as described above, and used as the bottom plate of the flow 

chamber. Subsequently, the deposition of S. aureus ATCC 12600GFP was 

monitored over a surface area of 2.3  10-4 cm2 in the center of the bottom 

plate. The protocol for observation of bacterial deposition with metallurgical 

microscopy has been reported previously in details [6]. Note that the surface 

area examined here is much smaller than with macroscopic bio-optical imaging. 

Statistics 

Data were statistically analyzed using paired, two tailed Student t-tests. 

Significance was established at p < 0.05.  



 

 

Table 1. Summary of the different parameters derived from fluorescence radiance data simultaneously obtained for all of the 

materials in each of the experiments, including the fluorescence radiance arising from the substratum surface, R0 and from flowing 

bacteria in suspension, Rsusp as well as the fluorescence flux arising from a single planktonic (
p
) and adhering (

a
) S. aureus ATCC 

12600GPF. All data are presented ± standard deviations over five separate experiments with different bacterial cultures. 

 

Fluorescence parame-

ter 
Stainless steel Titanium PVC PMMA 

polished non-polished polished non-polished polished non-polished non- polished 
R

0
 (10

6 
p s

-1
 cm

-2
 sr

-1
) 3.2 ± 0.7 11.0 ± 3.9 8.6 ± 2.8 11.6 ± 3 10.1 ± 1.0 11.0 ± 0.9 11.8 ± 0.1 

R
susp 

(10
6 

 p s
-1

 cm
-2

 sr
-1

) 12.8 ± 5.8 10.6 ± 5.8 7.4 ± 4.2 11.4 ± 3.8 4.7 ± 5.2 4.8 ± 5.2 5.7 ± 2.9 


p 

(p s
-1

) 13.1 ± 6.0 10.8 ± 5.1 8.1 ± 3.9 11.6 ± 5.4 4.8 ± 2.2 5.0 ± 2.3 5.4 ± 2.1 


a
(p s

-1
) 16.1 ± 7.2 12.7 ± 5.7 9.2 ± 3.8 13.6 ± 6.1 5.0 ± 2.2 5.0 ± 2.4 

 

5.6 ± 2.0 
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RESULTS  

In Fig. 1a the average radiance, R(t), arising from S. aureus ATCC 12600GFP is 

shown during the course of an adhesion experiment using stainless steel as an 

example substratum. According to the protocol outlined, the fluorescence 

radiance arising from a substratum after filling the flow chamber with buffer, R0, is 

measured first. In Table 1 it can be seen that R0 is lower on polished metal 

surfaces than on non-polished ones, whereas the fluorescence radiance R0 on PVC 

was only slightly affected by polishing. Roughness of the substrata did not 

significantly influence the radiance arising from flowing planktonic bacteria, Rsusp, 

but in case of metal substratum surfaces a roughly two-fold higher fluorescence 

radiance arising from planktonic bacteria was observed than in case of the 

polymeric ones (Table 1).   

As a next step in the protocol, static adhesion experiments were carried 

out to determine the fluorescence flux per adhering bacterium. Fig. 1b shows the 

average radiance, R(t), arising from S. aureus ATCC 12600GFP during the course of a 

static experiment using stainless steel as an example substratum. After replacing 

the buffer with a bacterial suspension, a steady increase in fluorescence radiance 

was observed during bacterial sedimentation toward the metal surface to a stable 

value R(120)static. After replacing the bacterial suspension with buffer, the radiance 

only decreased slightly, indicating that virtually all bacteria in suspension had 

sedimented and adhered to the substratum surface. Longer durations of flushing 

with buffer up to 2 h, did not result in a further decrease in fluorescence radiance, 

indicating that bacterial adhesion has entered its irreversible stage (data not 

shown). Similar patterns of fluorescence radiance in time were found for all 

materials. 
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Figure 2. Surface enhanced bacterial fluorescence, expressed as the ratio between 
the single bacterial fluorescence of adhering and planktonic S. aureus ATCC 
12600

GFP
, φa /φp , on the different materials included in this study. Error bars 

indicate the standard deviation over five experiments with separate bacterial 
cultures. * Indicate significant differences between respective samples (polished 
versus non- polished or metal versus non-metal). 

Eqs. 2 and 4 allow calculation of the fluorescence flux arising from a single 

planktonic (
p
) and adhering (

a
) staphylococcus, respectively (Table 1). The 

measured fluorescence fluxes for a single planktonic and adhering organism are 

significantly higher on metal substrata than on PVC and PMMA. Polishing did not 

significantly influence the fluorescence fluxes arising from single planktonic and 

adhering staphylococci, within the large standard deviations (SDs) observed over 

multiple bacterial cultures. The ratio φa / φp can be calculated from data over one 
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and the same bacterial culture as a quantitative measure of surface enhanced 

bacterial fluorescence and shows surprisingly small SDs over multiple experiments 

(see Fig. 2). Surface enhanced bacterial fluorescence as indicated by the ratio φa / 

φp was found to be significantly higher than unity for the metallic substratum 

surfaces and equal to unity for the non-reflecting polymer surfaces.   
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Figure 3. Number of adhering S. aureus ATCC 12600
GFP

 as a function of time on the 
different materials (a) stainless steel, (b) titanium and (c) PVC as determined using 
macroscopic, bio-optical fluorescence imaging. Open symbols refer to polished 
samples, closed symbols to non-polished samples. Error bars represent the SDs 
over three experiments with separate bacterial cultures. 
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The number of bacteria adhering to the different materials as determined 

using macroscopic fluorescence imaging according to Eq. 6 are presented in Fig. 3 

as a function of time. Numbers of adhering staphylococci increase as a function of 

time, with steady state values developing after 120 min. Whereas on steel and 

PVC substrata the number of adhering staphylococci is slightly higher on polished 

than on non-polished surfaces, for titanium no significant effect of polishing has 

been observed.  

0

2

4

6

8

10

0 2 4 6 8 10

Adhering bacteria  (106cm-2, microscopic observation)

A
d

h
e
ri

n
g

 b
a
c
te

ri
a
 (

1
0

6
c
m

-2
, 
fl

u
o

re
s
c
e
n

c
e
 i
m

a
g

in
g

 )

0 2 4 6 8 10

0

2

4

8

6

10

A
d

h
er

in
g 

b
ac

te
ri

a 
(1

06
cm

-2
, f

lu
o

re
sc

en
ce

 im
ag

in
g)

Adhering bacteria (106 cm-2, microscopic observations)
 

Figure 4. Numbers of S. aureus ATCC 12600
GFP

 adhering to polished stainless steel 
in a parallel plate flow chamber obtained using macroscopic, fluorescence imaging 
as a function of results obtained using metallurgical microscopic observation. All 
data pertain to numbers of adhering bacteria observed at similar time points, but 
obtained in separate experiments for each enumeration method, while the dashed 
line indicates full correspondence between methods. Error bars represent SDs over 
five experiments with different bacterial cultures. 
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The proposed macroscopic enumeration protocol has been validated 

against routine microscopic enumerations on polished stainless steel using 

metallurgical microscopy, as presented in Fig. 4. Data obtained using both 

methods spread closely to the line of correspondence, but are about 5% higher 

using macroscopic fluorescence imaging. Moreover, the SDs in data obtained 

using macroscopic fluorescence imaging are larger within the first 50 min of an 

experiment, but smaller at later time points than obtained using microscopic 

imaging.  

DISCUSSION 

A stepwise protocol has been presented to quantitate adhesion of GFP producing 

S. aureus to polished and non-polished metal and polymer surfaces in a PPFC 

using macroscopic fluorescence imaging. The proposed method accounts for the 

fact that material surfaces may enhance bacterial fluorescence, not only of 

bacteria in suspension but, depending on the substratum, of adhering bacteria to 

even a larger extent.  

The observed fluorescence radiance of bacteria in suspension, as 

indicated by both Rsusp and 
p
, appeared to be significantly higher on metals than 

on non-reflecting surfaces. Enhancement of fluorescence from bacteria relatively 

far away from the surface can be explained by specular reflection of both 

excitation and emission light against the substratum surface. As a result, this 

increase in observed fluorescence of planktonic bacteria is directly related to the 

reflectivity of the surface and to this point, the ratio in reflectivities of stainless 

steel (0.55) and titanium (0.3) [15, 16] nearly equals the ratio φp in single cell 
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fluorescence of planktonic bacteria in the presence of a polished stainless steel 

and titanium surface (Table 1).  

An additional fluorescence enhancement was observed for adhering 

bacteria on metal surfaces as related to planktonic bacteria. Enhancement of the 

fluorescence arising from adhering bacteria is short-ranged and mechanistically 

different from specular reflection. Short-ranged fluorescence enhancement is 

known as Metal Enhanced Fluorescence (MEF) or Surface Enhanced Fluorescence 

(SEF) and has been described for GFP molecules [17], GFP expressing epithelial 

cells [18] and very recently for adhering bacteria [13], although our current 

protocol is the first protocol enabling reliable quantitation of SEF of adhering 

bacteria by the ratio φa / φp, which exceeds unity on stainless steel and titanium 

(see Fig. 2). SEF is caused by a decrease in the radiative decay of fluorophores due 

to the reflected emitted field which is equivalent to a higher quantum efficiency, 

in combination with a local concentration of the electromagnetic excitation field 

due to the reflecting nature of the metal [19, 20]. The concentration of the 

excitation field is confined to an effective range of 10 nm, whereas the radiative 

decay of fluorophores ranges over 20 nm. Interestingly, no fluorescence 

enhancement was observed of bacteria when adhering to a 150 µm thick glass 

slide, placed on top of a polished stainless steel surface, attesting to the short-

ranged nature of surface enhanced bacterial fluorescence and confirming its 

mechanistic difference from specular reflection. 

 The different steps in the protocol proposed for the enumeration of fluo-

rescent bacteria on non-transparent materials ensures that the influences of 

specular reflection and SEF are properly accounted for. This is evidenced by a 

comparison of the numbers of bacteria adhering to stainless steel using 
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macroscopic fluorescence imaging and metallurgical microscopy (see Fig. 4). Only 

minor differences between macroscopic and microscopic evaluations appear, 

which could be due to the fact that the bacterial concentration in suspension 

cannot be accurately determined and generally constitutes the largest source of 

error on bacterial adhesion studies [21]. Also relatively high SDs found in bacterial 

enumeration in the early stages of an experiment may be attributed to deviations 

in bacterial concentration, as these stages of the adhesion process are highly mass 

transport controlled and thus susceptible to small variations in bacterial 

concentration. Higher SDs for microscopic enumeration at later time points are 

probably due to non-homogeneous coverage of the substratum by adhering 

bacteria [11], attesting to an advantage of macroscopic enumeration covering a 

larger substratum surface than can be obtained in microscopic methods.  

 The lower detection limit was calculated to be ~5 
 105 bacterial cells cm-2 

and can be decreased ten-fold to ~5  104 bacterial cells cm-2 [9], corresponding to 

0.05% coverage, by summing more pixels prior to read out (‘binning’) and 

increasing the exposure time to 60 s. Therewith the method becomes more 

sensitive than traditional phase-contrast or metallurgical microscopy for studying 

initial bacterial adhesion. As an additional advantage the authors’ fluorescence 

based method does not require image analysis procedures to de-convolute 

clusters of adhering bacteria, and also the area investigated with macroscopic 

fluorescence imaging is much larger than with a microscopic method thus yielding 

more accurate data especially at low coverage. The method is directly applicable, 

without the use of additional protocols up to an upper limit of 1  108 bacteria  

cm-2, rougly equivalent to bacterial monolayer coverage. If, after growth, bacteria 

form multi-layered consortia, bio-optical imaging can still be used, as also 
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fluorescence emanating from deeper layers of a biofilm is easily captured by the 

highly sensitive camera systems of bio-optical imaging devices, which are 

designed to detect light emanating from inside live animals. However, because in 

this case it is difficult to differentiate between the fluorescence enhancement 

derived from SEF and specular reflection, strict linearity between the fluorescence 

measured and the number of bacteria in a biofilm, as existing up to monolayer 

coverage, is lost. This then necessitates the construction of a calibration curve by 

independent methods, such as, for instance plate counting. 

 

Figure 5. Illustration of the calculation of bacterial fluorescence for a planktonic, 
adhering, un-deformed and adhering, deformed bacterium. The volume of a 
bacterium is sliced up into cylindrical disks, over which the total fluorescence can 
be easily calculated by summation over all disks, yielding the total fluorescence per 
bacterium. For adhering bacteria (either un-deformed or deformed), surface 
enhanced fluorescence has been accounted for by assuming the distance 
dependence of GFP fluorescence, as described by Malicka et al. [12]. Bacterial cell 
wall deformation as a result of adhesion is approximated by an increase of the 
contact volume from 0.13% (un-deformed) to 0.3% of its volume within the range 
of SEF, while keeping the bacterial volume constant. 
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As another advantage, macroscopic fluorescence imaging can be applied 

regardless of the roughness of the substratum surfaces, which is not the case for 

example with metallurgical microscopy. Macroscopic fluorescent imaging shows 

that initial bacterial deposition rates are not impacted by the roughness of the 

substratum surfaces (Fig. 3), probably because adhesion is mass transport 

controlled. In the later stages of adhesion, non-polished surfaces with a roughness 

Ra ≥ 10 µm, as unpolished stainless steel, may provide less protection for micro-

organisms against shear forces. This is in line with previous observations that 

adhesion is most favorable on substrates with a roughness around 1 μm [22].  

Because the ratio φa / φp is independent of the bacterial concentration c0, 

the SDs of this ratio is relatively low as compared with the SDs over the φa and φp 

values themselves, turning the ratio φa / φp into a sensitive measure of SEF. The 

ratio φa / φp amounts around 1.2 for both metal surfaces, whereas for the polymer 

surfaces in this study this ratio is almost equal to 1. It is interesting to calculate 

whether a surface enhanced bacterial fluorescence ratio φa / φp of around 1.2 can 

be theoretically calculated based on the dimension and shape of an adhering 

bacterium. Assuming that the GFP molecules are homogeneously distributed 

throughout the entire volume of a bacterium, the fluorescence arising from a 

planktonic bacterium can be easily calculated by integration of the fluorescence 

over the volume of the bacterium (see Fig. 5). The distance dependence of SEF has 

been described for cyanine-dye-labeled oligonucleotides on silver [12], and 

assuming a similar distance dependence is valid for GFP molecules on stainless 

steel, it can be calculated (see also Fig. 5) that for an un-deformed spherical 

bacterium adhering to a metal surface, 0.13% of its volume is in range of SEF, 

yielding a surface enhanced bacterial fluorescence ratio φa / φp of 1.01, which is 
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lower than experimentally determined in this study. Adhesion of a bacterium 

towards a substratum, however, inevitably leads to minor deformation of the 

bacterium as a whole due to the viscoelastic response of the outer cell wall in 

response to the adhesion force exerted by the substratum surface [23]. When the 

contact volume is increased to possess 0.3% of its volume within the range of SEF, 

while keeping the bacterial volume constant, as is illustrated in Fig. 5, a surface 

enhanced bacterial fluorescence ratio φa / φp of 1.2 arises. Therewith the proposed 

method not only constitutes a new method to enumerate adhering fluorescent 

bacteria on a surface, but also to calculate the deformation of adhering bacteria 

under the influence of the adhesion forces exerted by a substratum. Importantly, 

whereas currently used atomic force microscopy-based methods to this end 

operate at the level of a single bacterium, macroscopic fluorescence imaging 

includes all bacteria adhering to a substratum surface, yielding statistically more 

reliable data over a larger population. 
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